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ABSTRACT

Concrete filled double skin steel tubular circular (CFDSSTC) column is a creative innovation of
steel-concrete composite construction, which are filled with concrete and supported by circular
steel tubes on the interior and exterior. These steel tubes serve as formwork and hence these
members are economical and quicker to construct when compared to conventional reinforced
concrete columns. They are also efficient because they take advantage of the higher compressive
strength of the concrete and high tensile strength of steel. CFDSSTC columns are proved to have
good structural performance in terms of strength, stiffness, ductility and fire resistance.

This paper represents circular structural inner and outer steel tube filled with self-compacting
concrete. Concrete filled double skin steel tubular circular (CFDSSTC) columns were modeled
non-linearly by finite element method and analyzed in order to investigate the axial compression
behavior of the specimens. The model of CFDSSTC column consisted of 3D solid elements to
represent the inner and outer steel, concrete and, thick plate shell element to model the whole
specimens.

The study proceeded by simulating of the model of the axial loads using Static, Riks non-linear
finite element code. Different parametric studies were carried out. In the parametric studies,
length of the column, hollowness ratio, internal and outer steel tubes thickness were taken as a
parameter and the specimens were loaded in a concentric axial compression to investigate
regarding their influence on the behavior of the columns. The result obtained from finite element
analysis was carried out and verified with the experimental results obtained from the journal and
used as a viable tool to expand the investigation into the axial behavior of CFDSSTC columns
without having to conduct further expensive and time consuming tests. A parametric sensitivity
analysis was performed using the validated finite element model to develop an in-depth
understanding of the effects of various structure-related parameters on the impacts response of
axially loaded CFDSSTC columns

Finally, the modeled columns were analyzed on ABAQUS 6.14 and their load displacement
diagrams were drawn. The ultimate axial load capacities of all the columns were determined
from these non-linear load-displacement curves. The study show that as the length and
hollowness ration increase, the load resisting capacity of the column was decreased and there is
an improvement on the behavior and axial load carrying capacity of concrete filled double skin
steel tubular circular column due to the change in thickness of outer and inner steel tube. The
strength of the column increase by 2.52% - 8.73% and 4.84% - 12.27% when the thickness of
inner and outer steel tube thickness change from 2mm to 4mm respectively.

Keywords: CFDSSTC, Axial strength, inner and outer tube thickness, hollowness ratio, length of
the column.
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CHAPTER ONE
INTRODUCTION

1.1 Background of the study
Composite steel-concrete construction has become a widespread solution in modern

construction. It ideally combines the advantage of both steel and concrete, namely fast
construction, high strength and light weight of steel together with inherent mass, stiffness,
damping and economy of concrete. A creative innovation of composite steel-concrete
construction is the concrete-filled double skin steel tube (CFDSST), which is formed by two
concentric steel tubes separated by concrete filler.

Due to the excellent composite action between the steel tubes and concrete, concrete-filled
double skinned steel tubular (CFDSST) columns are becoming increasingly popular and used in
various structures throughout the world.

The concrete filled steel tube (CFST) structural system is a system based on filling steel tubes
with high-strength concrete. It is one of the modifications to composite steel-concrete structures.
CFST structure is a type of the composite steel-concrete structures used presently in civil
engineering and consists of steel tube and concrete core inside it. Combining the advantage of
both hollow structural steel (HSS) and concrete, concrete filled steel tubes (CFST) are being
used widely in real civil engineering projects due to their excellent static and earthquake resistant
properties, such as high strength, high ductility and large energy absorption capacity. Concrete
filled steel tubes (CFST) are also used extensively in other modern civil engineering
applications. When they are used as structural columns, especially in high-rise buildings, the
composite members may be subjected to high shearing force as well as moments under wind or

seismic actions [1].
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Figure 1.1: Cross sectional view of hollow steel column in-filled with concrete [1].

In composite construction, the concrete and steel are combined in such a fashion that the
advantages of both the materials are utilized effectively in composite column. The lighter weight
and higher strength of steel permit the use of smaller and lighter foundations. The subsequent
concrete addition enables the building frame to easily limit the sway and lateral deflections.
Hollow column has less self-weight and a high flexural stiffness and hence its usage in seismic
zone proves promising. It reduces requirement on formwork, labor, construction time, and
maintains the construction quality. It also provides spaces for facilities such as power cables,
drainage pipes and telecommunication line where needed. The presence of concrete core in a
CFDST can effectively restrain and delay local buckling of the steel tubes. The tubes act as
longitudinal reinforcement, provide a confining effect for the concrete and control the damage of
the concrete. The synergy between the tubes and concrete core results in a more redundant
section which completely fails only when all three layers of materials fail. These members are
economical and quicker to construct when compared to conventional reinforced concrete (RC)
members as the tubes serve as the permanent form work. A CFDSSTC member requires a
smaller cross sectional area; hence less self-weight, to achieve the same axial or bending
capacity compared to RC members. Additionally, isolation of concrete core by the tubes, reduce

concrete maintenance requirements.
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1.2 Statements of the Problems
Concrete filled steel tube columns have been adopted widely for column construction of tall

buildings due to its excellent confining effect. However, the central part of concrete in CFST
columns have relatively high cross sectional area, which can be effectively replaced by another
hollow steel tube with much smaller area without reducing the load carrying capacity due to
composition action. This structural form with the in-between annulus of inner and outer steel
tubes filled with concrete is called concrete-filled double-skin steel tubular circular (CFDSSTC)
columns. Nonetheless, similar to CFST columns, the imperfect steel-concrete interface bonding
of the outer tube will take place in the initial elastic stage because steel dilates more than
concrete. It consequently reduces the confinement and stiffness of the CFST columns [2].

Several studies have been conducted to investigate the strength of concrete filled double-skin
steel tubular circular (CFDSST) short columns under axial compression and bending loads.
However, very few studies have been conducted on long columns to investigate their axial load
resisting performance. These studies are limited in scope and their conclusions are preliminary.
They lack experimental insight into the response of CFDSSTC members when used as structural
columns subjected to axial load induced by live and dead loads of building slabs or bridge decks.
Additionally, from a through literature search, no reference was found on the use of a validated
finite element model to simulate the load resisting performance of axially loaded CFDSSTC
columns [3].

Therefore, it is necessary to establish a systematic research program to examine the structural
response of both short and long CFDSSTC columns under axial compression loading,
characterizing their potential to mitigate the risk from failure and collapse of columns under
axially compression loading and generate information on the effects of controlling parameters
through an experimental study and a parametric study using a validated numerical model, which

can adequately replicate the response of such columns.
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1.3 Objectives of the study

1.3.1 General objective

The general objective of this thesis was to assess the axial compressive behavior of concrete
filled double skin steel tubular circular (CFDSSTC) columns.

1.3.2 Specific objective
The specific objectives of this research are:

v To investigate the influence of parameters such as hollowness ratio, length of the column
(L) and thickness of the outer and inner steel tubes on ultimate load carrying capacity of
the columns.

v" To give a numerical base of information for the design of circular columns consisting of
concrete filled hollow steel sections.

v To develop a numerical model in order to simulate the behavior of concrete filled double
skin steel tubular circular (CFDSSTC) columns under axial loading.

1.4 Research question
In order to achieve the aim of this research, the following question are posed

v' What are the appropriate numerical techniques which should be employed to be able to
create a robust and efficient finite element model that can be accurately simulate and
predict the response of axially loaded CFDSSTC columns?

v" What should be the key load and structure-related parameters and what should be the
response parameters?

v' Can the information generated through this research be analyzed and the outcome is
presented through graphs?

v Does the length of the column are the cause of failure of CFDSSTC column?

v" What programs or tool can be developed to be used in practical situations to increase the

axial load carrying capacity of CFDSSTC columns?
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1.5 Significance of the study
This research tried to contribute the proper understanding of the axial behavior of concrete filled

double-skin steel tubular circular columns and possible cause of failure on building due to
columns properties; this may lead to one of the correct application of remedial measures.

The study motivate those who are interested to conduct further research on axial behavior of
concrete filled double-skin steel tubular circular columns and the result should be of interest to
engineers considering the use of such columns in various structural applications. Practical use of
double skin steel tubular circular (CFDSSTC) columns requires knowledge of the basic
compressive behavior of the concrete as well as knowledge of the interrelationship between
stress and strain. The research discussed here in focuses on determining the basic behavior and
defining the interrelationships.

An advanced finite element model of CFDSSTC columns subject to axial load was developed
which show to be valid, with excellent correlation with the experimental result obtained from the
journal. This validated model can be used as a viable tool in analyzing or designing the
CFDSSTC columns under axial load. This research also provided new information on the
influence of important structural and related variables on the key response parameters of
CFDSSTC columns. This information can be used to develop guidelines for the safe designs of
such columns. It will also provide the basis for development of simple analysis methods so that

complicated numerical analysis may be dispensed with in practical design procedure.

1.6 Scope and limitation of the study
The scope of the research study focused on the numerical investigation of axial loading response

of CFDSSTC columns. In this paper, the behavior of concrete filled double skin steel tubular
circular (CFDSSTC) column under axial compression load was studied. The parameters used in
this study were the hollowness ratio ( 0, 0.25, 0.5, 0.75,1), length of the column (0.6m, 1m, 1.5m,
2m, 2.5m, 3m, 3.5m, 4m), thickness of the outer steel tube (2mm, 2.5mm, 3mm, 3.5mm, 4mm),
and thickness of the inner steel tube (2mm, 2.5mm, 3mm, 3.5mm, 4mm) in order to determine
the axial load carrying capacity and the axial deformation of different models. The response of
the columns for both short and long columns was studied. It was also assumed that the columns
consist of compact mild steel hollow sections and filled with self-compacting concrete with

standard compressive strength, which commonly used in industry. Loads were limited to
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concentric axial load. The most important works to be done are outlined in the research
methodology.

The study was limited by the following
v Only circular columns were studied.
v Due to budget and laboratory constraints, experimental work was not conducted.
v In this study only C25 concrete was used for the investigation of the load carrying
capacity of all CFDSSTC columns
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CHAPTER TWO
LITERATURE REVIEW

2.1 General
The steel-concrete composite was a compression member, comprising either a concrete encased

hot-rolled or cold formed steel section or a concrete filled tubular section of hot-rolled or cold-
formed steel and is generally used as a load bearing member in a composite framed structure.
The combination is done in such fashions that, advantage of both the materials are utilized
effectively [4].

In paper [5] Composite action between the various structural elements in a structural always
exists when they are continuous. Depending on the size the building, certain simplifications may
be made to approximate their interaction, as isolated structural components, in a conservative
manner. The use of higher strength materials and composite action are important factors in
making entire systems work economically. Tall buildings require additional considerations such
as slenderness, flexibility, and sensitivity to differential effects. Steel and concrete are the major
materials used in composite systems. Although they have several dissimilar physical
characteristics, it is possible to use them together, beneficially, in different ways. A number of
systems have been developed in the last few decades which successfully combine steel and
concrete.

As mentioned above, the combination of concrete and steel in the column structure was initially
aimed towards achieving fire resistance. The steel concrete composite action which occurred
owing to the bonding between concrete and steel materials was later found to have an effect on
the structures strength. As a result, an extensive study concerning the assessment of the
composite action in the columns was conducted.

Self-compacting concrete (SCC) is highly workable concrete that can flow through densely
reinforced and complex structural elements under its own weight and adequately fill all voids
without segregation, excessive air migration (air-popping), or other separation of materials, and
without the need for vibration or other mechanical consolidation.

The mix composition of SCC are same as those used in traditional vibrated concrete, but
additional care is needed in the initial selection of materials used for producing SCC. The
materials are included powder materials (cement, fly ash, silica fume, ground blast furnace slag,

limestone and pigments), aggregates (fine and coarse aggregate) and water.
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The paper in [6] reported that the compressive strength of SCC depends on (water/(cement +
powder)) ratio, degree of compacting, type of cement and aggregate, age of aggregate and other
factors, the compressive strength increases with the decrease of (w/c+p) material ratio. In rich
SCC mixes increasing the maximum size of aggregate lead to decrease the compressive strength.
In recent few decades, finite element (FE) technique is becoming increasingly popular for
modeling CFST columns. FE analysis allows the direct modeling of the composite action
between the steel and concrete components, and different factors, such as local and global
imperfections, residual stresses and boundary conditions, can be considered more precisely. The
prediction accuracy of a FE model, however, is greatly affected by the input parameters,
especially by the selection of a suitable concrete model.

Recently, the concrete filled double skin steel tubular circular tube section was introduced in the
hollow tube family. Since it is the newest steel section, only a handful of investigations on the
application of this column structure had been undertaken. However, most of the researchers
conducted so far have involved such type of composite columns. Therefore, it is considered that
further investigations and experimental data are needed in order to develop a better

understanding of the CFDSSTC columns particularly on slender columns behavior.

2.2 Types of concrete filled steel columns
Different types of composite columns are generally in use which can be categorized as steel

section encased in concrete and steel section in-filled with concrete. Concrete-encased composite
columns have structural steel components that could be either one or more rolled steel sections.
In addition to supporting a proportion of the load acting on the column, the concrete encasement
enhances the behavior of the structural core by stiffening it, and so makes it more effective
against both local and overall buckling.
A concrete filled steel tubular (CFST) structure consists of steel hollow tube of square,
rectangular or circular cross-section filled with either plain concrete or concrete with longitudinal
and transverse reinforcement.in these paper concrete-filled steel tubes without reinforcement
bars are covered.
Following are the various types of CFST columns:

v' composite column systems

v' reinforced composite column systems

v'concrete-filled double skin tubes(CFDST)
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v Reinforced concrete-filled double skin tubes (CFDST)

v Concrete-encased CFST columns

v' Stiffened CFST columns
In paper [7] Concrete filled steel tubular (CFST) members comprise of a steel hollow section of
circular or rectangular shape filled with plain or reinforced concrete. They exploit the advantage
of both steel and concrete. They are extensively used in high-rise and multistory buildings as
columns and beam-columns, and as beams in low-rise industrial buildings where a strong and

efficient structural system is required.

a) Fully encased composite b) Partially encased
column composite columns
— [~
d

2 .

c) Concrete-filled column with reinforcement d) Concrete-filled tube without

(L

e) Concrete-filled tube with structural steel sections

reinforcement

Figure 2.1: Typical cross section of composite columns ( Ermiyas Ketema, A.A University
thesis).
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2.3 Behavior of CFT column
A column is a structural element which primarily loads in compression along its length. It can be

either subjected to axial compression loads or combined with eccentric load or bending moment.
The failure of short compression columns is the result of compression axial loads, whereas in the
case of longer columns, compression members are affected by the strength and stiffness of the
material, as well as the geometry of the members.

The outer and inner steel hollow section is known to be a very efficient structure in terms of
resisting compression axial loads, and has been widely used in the case of framed structures in
industrial buildings.

In spite of this, as the development in the steel industry has moved forward, there have been
many approaches to fire protection offered for exposed steel columns. Furthermore, as the
construction technology advances, concrete infill in the hollow section are not only expected to
increases the capacity of the structure, but also to increase its overall fire resistance.

In [8] found that there are several factors which may have a considerable effect on the ultimate
strength of CFT columns, such as slenderness ratio, thickness, cross-section shape, and the
mechanical properties of steel and concrete.

The paper in [9] reported that the compression axially loaded long CFT members can fail in two
ways: in terms of slenderness and material properties. In the case of short columns, mechanical
properties play a significant role in their behavior. The failure state is attained when the steel
tube reaches the limit state of yielding and concrete crushing. On the other hand, stability will
essentially govern the ultimate load capacity of slender CFT columns, where the members are
more likely to fail as a result of buckling and second-order effects becoming more critical.

The shape of the column has also contributed to the strength and behavior of CFT column.
Comparing the open section and the hollow tube, the latter is considered to be the most efficient
shape for the compression member owing to its material distribution, which is further away from
the center of the cross-section. However, the disadvantage remains that the structure member is
difficult in terms of connection.

Nowadays, there are many types of hollow steel tubes available in the market. Amongst them,
the circular hollow section is evidently the most efficient for compression members. The effect
of the cross-section shape and thickness on the ultimate axial strength of CFT columns has been

acknowledged from research carried out by [10] from the study, it was concluding that the short
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axially loaded circular CFT columns have an elastic-perfectly plastic behavior, and also offer
more post-yield axial ductility when compared with the square or rectangular CFT column. This
exhibited by the significant strain hardening behavior of the circular column, whilst various post-
yield behavior depending on the tube wall thickness of the tube column, were exhibited in the

case of square and rectangular tubes.

2.4 CFDSSTC column under axial compression loads
Axial force is the major force applied to columns in tall buildings. The benefit of using concrete

filled columns is to enhance the load carrying capacity of columns. Many experiments were
conducted on concrete filled columns subjected to axial loads. The ultimate loads of short
columns with stocky tubular sections are considerably larger than the nominal axial load
capacities. The reason for this increase in the ultimate load is attributed to the strain hardening
effect of steel tubes and confinement effect of concrete [11].
In [12] found that, the measured axial load carrying capacities of concrete filled steel tubes was
greater than the nominal capacity, which was defined as the sum of the compressive strength of
the unconfined concrete and steel. This was related mainly to triaxial containment of the concrete
and the strain hardening of the steel.
There are a number of researches and articles which address the analysis of concrete filled
double skin steel tubular circular column under axial loads. One of the papers in [13] reported
that, when the concrete filled double skin steel tubular circular (CFDSSTC) column member is
axially compressed, the three components, inner tube, outer tubes, and the concrete are supposed
to be subjected to the same axial strain. The axial load sustained at this strain is the sum of the
forces acting on the three components.
N=A f+Aifir+Aotfor )
Where:
A= cross sectional area of concrete.

A= cross sectional area of inner steel tube.
A= cross sectional areas of outer tube.
fir= axial stress of the inner steel tube.

fo= axial stress of the outer tube.
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In paper [14], a set of CFDSSTC columns with inner and outer tubes made of steel and have
circular shape have been prepared according to the experimental program to be tested, figure 2.2

shows a schematic view of the CFDSSTC columns specimens.
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Figure 2.2: CFDSSTC columns details [14], a) cross section, b) longitudinal section.

2.5 Advantage and disadvantage of CFDSSTC columns

There are many relative advantages of using CFDSSTC columns rather than using the other
columns types. These are:

v Concrete and steel are completely compatible and complementary to each other as they
have almost same thermal expansion and they have an ideal combination of strengths
with the concrete efficient in comparison and the steel in tension.

v' Composite construction, particularly that uses CFTs, allows rapid construction as there is
no need for form work construction. In addition, waiting for curing time of concrete is
not necessary as construction of upper story can proceed before curing of concrete in the
lower story.

v’ Steel is positioned at the furthest location of the cross-section to produce the maximum
flexural moment due to the maximum level arm. Whereas, in reinforced concrete the
possible position of reinforcement is within the cross-section allowing for cover

requirement.
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v The steel section can replace the function of longitudinal reinforcement and transverse
confinement by carrying longitudinal and transverse load and at the same time providing
confinement (even in a better way). As a result, provision of longitudinal and transverse
reinforcement may be eliminated.

v’ continuous confinement provided by the steel tubes prevent excessive spalling of
concrete and on the other hand, the concrete filled inside the steel tubes prohibits local
inward buckling of the steel tube wall, consequently providing efficient system.

v’ Suitable for high rise structures or structures that need wider free space because of their
high strength and flexibility.

v The ductility requirement for earthquake resistant design is easily achieved by using CFT
than the common reinforced concrete column or encased composite column.

v Vibrations caused by earthquakes and winds can be reduced due to its higher rigidity than
that of steel columns.

v" Column sections in the composite structural system can be reduced because of its high
strength. It is also possible to keep the same column dimensions over several story of a
building, which provides both functional and architectural advantages.

v Due to interactions of three components of CFDSST (outer steel, concrete and inner steel
pipe) column they have high flexural stiffness, avoiding instability under external
pressure, results in a good position stability, increased section modulus, improved overall
stability, better seismic strengthening, better coupled with a circular steel columns, light
weight, and performance characteristics of a good attenuation [15].

Disadvantages of CFST columns are:

v Under uni-axial compression, steel shares a larger part of the external load than concrete
per same cross-section area because of higher stiffness under composite action.

v Under flexural, the central concrete, which is closed to the neutral axis, has insignificant
contribution to the flexural strength.

v"Under torsion, the central concrete has insignificant contribution to the torsion strength.

v The initial elastic dilation of concrete under compression is small and thus the confining
pressure provided by the steel tube to concrete is relatively low during elastic stage. It can
only develop more rapidly until micro-cracking of concrete have been formed.

v Composite construction need to provide corrosion and fire resistant coatings [16].
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2.6 Structural behaviors of CFDSSTC columns

2.6.1 Effect of Confinement
Concrete filled steel tubular circular (CFSTC) columns are found to be possessing improved

structural properties compared to conventional columns due to the composite action of steel tube
and core concrete. CFST columns are considered to be efficient in providing a significant
amount of confinement while this effect is not remarkable in the rectangular sections or square
sections. An increase in strength takes place due to the increases in compressive strength of the
in-filled concrete that is particularly restrained laterally by the existence the surrounding steel
tube. This rise in concrete strength offsets the reduction in the vertical compression yield
strength of steel due to the confinement required to constrain the concrete. The confinement
effect does not occur in concrete filled rectangular hollow sections uniformly, as the hoop
tension induced along the rectangular tube walls is not constant as reported by many researchers.
In the circular sections of in-filled concrete the effect of confinement is brought down by the
application of bending moments or columns subjected to eccentric load. This is because the
mean compressive strain in the concrete (and the combined lateral expansion) is reduced.

It is also reduces with the increase in slenderness ratio of the columns, since, lateral deflection
before failure increases the confinement which may occur for columns where in-filled concrete is
crushed in advance to local buckling of steel and this would generally hold for columns, where
the plate slenderness limit is notably small.

The confinement effect introduced by the steel tube in the concrete core is an important aspect of
the structural behavior of CFDSST columns. In paper [17] discuss the confinement mechanism
in the early stage of loading is minimal and can be neglected, since the poisons coefficient of the
concrete is smaller than the steel poisons coefficient. Therefore, the steel tube expands faster
than the concrete core in the radial direction and the steel tube does not restrain the concrete
core. At this point no separation does exist between the steel and the adjacent concrete. However,
when the applied load reaches the uniaxial strength of concrete, the concrete micro cracking
initiates and propagates. The concrete lateral expansion reaches its maximum, mobilizing the
steel tube and efficiently confining the concrete core. The ultimate capacity of the CFT columns
is therefore higher than the sum of the resistance of their components. The radial stress

introduced by the steel tube on concrete is responsible for the additional resistance of the
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concentrically loaded CFT columns where the concrete core is subjected to a triaxial stress state
and the steel tube is under a biaxial stress state.

The sections shape effect on confinement was investigated in paper [18], as has been ascertained
from the study, the confinement is found to be superior in circular and octagonal CFT columns,
but not in CFT columns with a square steel section. This is owing to the uniformed lateral
pressure in the circular tube which confines the concrete core; in the case of the square section,
however, higher confining pressure only occurs at the center and corner of the section compared
to the other side.

In paper [19] stated that the confinement effect of concrete core results in triaxial state of stress
of concrete core thereby avoids the inward buckling of steel tube and thus increasing the strength
and stability of CFT columns. The failure load will be considerably larger than the sum of steel
and concrete failure loads. The level of increase in the failure load of CFTs caused by the
confining effect of the steel tube on concrete core is influenced by factors such as cross-sectional
shape, length to diameter ratio, diameter to thickness ratio or thickness of steel tube, eccentricity
of loading, concrete core strength and steel strength. And also investigate concrete under triaxial
loads has a larger capacity and filling the tube with concrete must increase its ultimate strength
and concluded that for concrete filled circular steel sections, axial strength of column increases
due to confinement effect as concrete core is restrained laterally by the surrounding steel tube
The increase of concrete resistance from 0.85fck to fck for concrete-filled hoolow sections as
compared with reinforced concrete and concrete encased columns is due to the effect of
confinement (EBCS 2 1995, section 2.4).

In paper [20] states that on rectangular tube the tension hoop developed along the side of the tube
was not constant, and therefore seems to be the reason as to why a confinement effect was not
present except in the corner of the steel tube. In paper [21] suggested that confinement is
considered to be more significant in the case of circular CFT columns rather than square CFT
columns, where the column only shows a small increment in axial strength the confinement in

the square section was found to be more effective than the rectangular section.
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2.6.2 Axial buckling
Buckling is one of the structural behavior and an instability form which should be considered

primarily for compression members, such as columns. Its presence obviously reduces the
capacity of the structure. Eurocode 4 (EC4), for instance, has imposed some restrictions on the
allowable diameter-to-thickness ratio, D/t in order to prevent local buckling from influencing
structure capability as indicated in table 2.4a in BS EN 1994-1-1:2004.

2.6.2.1 Local buckling
There are two types of buckling: local buckling and overall buckling. Local buckling occurs

when the thin steel elements are compressed in their planes. In paper [22] states that in order to
fully utilize the steel strength, the failure mode should be prevented before the steel reaches its
yield stress. In the case of thin walled steel tubes, the influence of local buckling is significant is
significant to its strength. This type of failure is indicated by the growth of bulges, waves or
ripples. In the case of CFT columns, the presence of concrete infill has an effect in prolonging
the local buckling of the tube wall. In [23] the contribution of concrete core in delaying the
occurrence of inward local buckling could insure that the steel would reach its longitudinal yield
strength before buckling took place. The other advantage of having only outward mode failure
mechanism is the prevention of significant decreases in the section modulus. This is owning to
the fact that the distance between the top and bottom flanges of the steel increases rather than
decreases (as without) the concrete core when local buckling occurred. The presence of local
buckling is also known to affect the confinement is limited as the tube sections were prevented
from providing a continuous restrain on the concrete for confinement. However, if the local

buckling is inelastic, then the confinement of concrete can nevertheless develop.

Most researcher validated local buckling in the steel sections does not occur. To prevent
premature local buckling, the width to thickness ratio of the steel sections in compression must

satisfy the following limits:

. . . 250
< 85¢2 for concrete filled circular tubular sections, where € = Ty

d
. —
t

The initiation of local buckling can be determined by examination of the contact force between

the outer and inner steel tube and concrete core. The variation of internal force is similar to the
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changes in confining pressure. The aspect ratio has a significant effect on the local buckling of

steel tube.

The plastic resistance to compression of a concrete steel composite cross-section Pp, represents
the maximum load that can be applied to a short column. For slender columns with low elastic
critical load, overall buckling may be critical. In a typical buckling curve for an ideal column
shown below (a), the horizontal line represents Pp, while the curve represents Pcr, which is a
function of the column slenderness. These two curves limit the compressive resistance of ideal
column.

For convenience, column strength curves are plotted in non dimensionalized form as shown in
figure (b), the buckling resistance of a column may be expressed as a proportion F of the plastic
resistance to compression, Pp, there by non-dimensioning the vertical axis of figure (a), where F
is called the reduction factor. The horizontal axis may be non-dimensionalzed.

'y a

P 1=P/P,

Y

Y

(t/¥) Slenderness ratio Y Py/P.y

Figure 2.3: Idealized column buckling curve (a), non-dimensional column buckling curve (b).

2.6.2.2 Overall buckling

Overall buckling generally occurred in the case of long or slender columns. The failure is
illustrated by sideways bending where, for the particularly columns, the global stability is more
vulnerable, as the columns tend to fail owning to flexural buckling [24]. This failure occurs when
the condition of a stable equilibrium between the internal and external forces in the structure is
no longer possible. The behavior of these columns is influenced by the slenderness ratio, with the

slenderness also contributing to the so-called second order effects.
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2.6.3 Bond between concrete and steel
Bond develops either from adhesion between concrete and steel or from friction due to normal

stress. Since adhesion is active mainly at the early stage of loading, it is assumed that bond
between the concrete and the steel is mainly contributed by friction [25]. Friction develops
between the concrete core and the steel tube due to the coefficient of friction and normal contact
pressure, which is caused by lateral expansion of the concrete core when subjected to
compressive loading. The magnitude of the friction force developed in CFDSST columns
depends on the rigidity of the tube walls against pressure perpendicular to their plane.

The significance of bond strength of the composite section depends of the condition of load
applications. When the load is applied at the column end only to the steel section or only to the
concrete section, the load must be transferred over the contact surface from the concrete core to
the steel tube or vice versa. For this transfer sufficient bond is necessary. Otherwise, the load will
not be shared between the concrete and steel in proportion to their strength.

When the load is applied to the entire section, the contributions by the concrete core and steel
tube to the total load carrying capacity are in proportion to strength and will be constant along
the height of the column, and thus, bond will not affect the strength significantly.

In [26] Experiments when the load is applied to the steel section, the steel tube carried almost the
whole load through the column and a higher coefficient of friction gave just a small increase in
the load resistance. That is, transfer of load from steel to concrete is hardly achieved by the
natural bond between concrete and steel. A better load transfer is observed when the load is
applied to the concrete, although not sufficient to assume full composite strength.

It is the opinion of many researchers that at the initial stage, the applied load is resisted
individually by the steel and concrete elements. That too, the steel sustains larger part of the
loading, until yielding. At the early stages of increment of loads, the poisons ratio of concrete
lies far below than that of the steel whereas, steel tube causes no confinement on the concrete.
With the increase in the longitudinal strain beyond a particular stage, an increase in the poisons
effect in the concrete attains, as a result of lateral expansion of the concrete. At this stage, the
longitudinal and hoop stresses in the steel plate are becoming equal. Steel plate is bi-axially
stressed and concrete being tri-axially stressed the expansion of the concrete takes place more
than that of the steel. It is followed by the redistribution of load from concrete to outer steel

mainly. At this stage, the steel shows hardening character [27].
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The transmission length of the shear force should not be assumed to exceed twice the transverse
dimension. If the bond is not sufficient to transfer the load within this length, it is necessary to
provide the top region of the steel tube with mechanical shear connectors at the inside to ensure
full composite action. Thus, effect of bond has to be considered for the design of connectors. For
the purpose of calculation, the design shear strength due to bond for concrete-filled tube not be
taken more than 0.4Mpa to take large value, it should be verified by tests [EBCS4-1995].
Experiments also indicate that bond strength is larger in circular verses rectangular CFTs, and
that it decreases with an increase in the depth to steel thickness ratio [28].

In [29] the bond strength between the steel tube and core concrete in full scale concrete filled
steel tubes. The parameters such as steel type (stainless steel and carbon steel), concrete type
(normal and expansive concrete), age of concrete (28 days and 3 years) and interface type
(normal interface, interface with shear studs and interface with an internal ring). The result show
that the concrete filled stainless steel tubular column have lower bond strength compared with
the concrete filled carbon steel tubular column. Meanwhile, the bond strength decreases

remarkably with increasing concrete age.

2.6.4 Roles of steel tubes in composite columns
In paper [30], experiments test were studied to assess the behavior of six inner and outer steel

tubes without concrete core. The length of all the stub columns was 400mm. the diameter of
external tubes (Do) was varied from 114 to 165 mm and that of the inside tubes (Di) was varied
from 48 to 102mm. the diameter to thickness ratio of the outer and inner tubes range from 19 to
57 and 17 to 33mm respectively. When an axial load was applied the axial load capacity increase

as the thickness of both inner and outer tube increase.
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Table 2.1: Axial load resisting performance of different outer and inner tube thickness [30].

Test Location Diameter(mm) NT(KN)
Outer 114.5 927

2 Outer 114.6 719

3 Outer 114.4 560

4 Outer 114.2 454

5 Outer 165.1 674

6 Outer 165.3 553

7 Inner 48.4 228

8 Inner 101.8 414

2.6.5 Load transfer mechanisms
In paper [31] stated that the ultimate axial capacity of CFT columns is larger than the sum of

uncoupled steel and concrete failure loads. The increase in the failure load is caused by the
confining effect of steel tube on the concrete core. The structural behavior of CFTs is
considerably affected by the difference between the poisons ratio of the steel tube and concrete
core. In the initial stage of loading, the poisons ratio for the concrete is lower than that of the
steel. Thus, the steel tube has no confining effect on the concrete core. As longitudinal strain
increases, the lateral expansion of concrete core gradually becomes greater than expansion of
steel tube. At this stage, the concrete core becomes triaxially stressed and steel tube biaxially
stressed. The steel tube under a biaxially state of stress cannot sustain the normal yield stress,
causing a transfer of load from tube to the core. In the first stage of loading the steel tube
sustains most of the load until it yields (point A). at this point (A) there is a load transfer from
the steel tube to the concrete core. The steel tube exhibits a gradual decrease in load sharing until
the concrete reaches it maximum compressive strength (A to B). After this stage of loading
(point B), there is a redistribution of load from concrete core to the steel tube. At this point (B)
the steel exhibits a hardening behavior with almost the same slope as in the uniaxial stress-strain
hardening relationship (Et). The maximum confined compressive stress of concrete core in

circular columns is higher than square columns.
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2.6.6 Columns load capacity

2.6.6.1 Axial compression

Resistance of a composite cross-section subject to different loading is discussed based on EBCS
4, 1995. The cross-sectional resistance of a composite column to axial compression is the

aggregate of the plastic compression resistances of each of its constituent elements as follow:
Npl,Rd = As * fyd + Ac * fcd

_fy _ fck
where fyd = m2 and fcd = ”

As and Ac are respectively the cross-sectional areas of the profile and the concrete

Fy and fck are characteristic steel and concrete strength in accordance with EBCS 3-1995 and
EBCS 2-1995, respectively.

ysand y. are partial safety factors for steel and concrete respectively.
ys = 1.10 and yc = 1.5

For a concrete —filled circular hollow section, a further increase in concrete compressive
resistance is caused by hoop stress in the steel section. This happens only if the hollow steel
profile is sufficiently rigid to prevent most of the lateral expansion of the concrete under axial
compression. This enhanced concrete strength may be used in design when the relative
slenderness of the composite column does not exceed 0.5 and the greatest bending moment
Mmax.sd (calculated using first-order theory) does not exceed 0.1Nsd, where d is the external
diameter of the column and Ngd is the applied design compressive force. The plastic

compression resistance of a concrete-filled circular section can then be calculated as:
t
Npl,Rd = As *ns * fyd + Ac * fcd[1 + nc * " fyd]

In which t represents the wall thickness of the steel tube. The coefficient ns and nc are defined as

Mmax.sd

follows for 0< e < %, where e = is the effective eccentricity of the axial compressive

force:
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ns=nso+(1—nso)*(10*§)
nc=nc0*(1—10*§)

d o, . ) .
e>— It is necessary to use ns=1.0 and nc=0 in equations above the terms ms, ans 1, are the

values of ms and nc for zero eccentricity e. they are expressed as functions of the relative

slenderness A as foolows:
nso = 0.25(3 + 21) <1

nco = 4.9 — 1851+ 172> 0

The presence of a bending moment Msd has the effect of reducing the average compressive
stress in the column at failure thus, reducing the favorable effect of hop compression on its
resistance. The limits imposed on the value of ns and nc, and on nso and nco, represent the
effects of eccentricity and slenderness respectively on the load-carrying capacity.

The elastic critical load Ncr of a composite column is calculated using the usual Euler buckling

equation

2 (Ele

= l—Z
In which (El)e is the bending stiffness of the composite section about the buckling axis
considered, and [ is the buckling length of the column. If the column forms part of a rigid frame

this buckling length can conservatively be taken equal to the system length.

2.6.7 CFDSSTC columns modes of failure
The compressive axial strength of CFDSSTC columns is governed by a combination of yielding

of the steel and crushing of the concrete. CFDSSTC columns with small length to depth ratios
typically fail near their cross-section strength. Intermediate length or long (slender) CFDSSTC
columns are governed by flexural instability, usually involving at least some crushing of the
concrete and yielding of the steel prior to buckling.

Based on the mode of failure, composite columns are classified as stub or short columns which
attain failure are generally governed by the vyield strength fy of the steel and characteristic

strength fck of the concrete. Hence, the stocky columns are termed as material dependent.
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Moreover, such short tubes in-filled with concrete are also liable to local buckling and this is
very true for the application of thin walled tubes in construction.

Whereas the long or slender columns do fail by so called flexural buckling as that of steel
columns. In such situation, the composite columns become unsteady and undergo buckling
laterally with the buckling half wavelength being in the order of the length of the columns.
Certain important structural considerations that shall be kept in mind when comparing basic
behavior of composite columns, whether the type is enclosed columns or in filled concrete steel
tubes are a) in-filled concrete tubes are like to be affected by local buckling of the steel skin
which in many cases is very thin, b) lateral restraint is offered by the tube against the possible
expansion of core concrete in compression. This ultimately improves overall strength of short
columns, but it is irrelevant in slender columns, c) steel tube mitigates the ingress of moisture,
which results in minimizing creep and shrinkage effects. Research on time dependent
deformations of concrete filled tubes has proven to reduce creep and shrinkage response. Hollow
sections in-filled with concrete have many benefits such as higher dial load carrying capacity and
elimination of the need of formwork. In addition to all these, the concrete being in a confined
state dissipates more energy and also leads to increased local buckling strength of the steel
sections in general.

In [32] conducted an experimental behavior of circular concrete-filled steel tube columns. This
paper presented on experimental study on behavior of circular in-filled steel tube (CFT) columns
with self-compacted concrete (SCC) concentrically loaded in compression to failure. Seventeen
specimens were tested to investigate the effects of concrete strength and different loading
conditions on ultimate capacity and load-deformation behavior of columns. Specimens with
entire section loaded experience a significant increase in ultimate capacity, but their residual
after failure is almost constant. It was observed from the tests, that the failure mode of the hollow
composite columns depends on slenderness ratio. When the slenderness ratio is very less, the
column fails due to yielding of steel and crushing of concrete under direct compression. When
slenderness ratio is more, the column fails by elastic buckling.

In paper [33] stated that the collapse of CFDSST columns is mainly due to the failure of the
outer steel tube, which is caused by the combined axial compression and concrete expansion.
The failure modes of outer steel tubes included the outward local buckling, while no failure was
found in the inner steel tube. The cross sectional area of the confined concrete by the outer and
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inner steel tubes has the most significant effect on the ultimate axial load capacity and
corresponding axial shortening of CFDSST columns. There is a linear relationship between the
outer steel tube thickness and the ultimate axial capacity of CFDSST, where an improved of
about 8% was obtained when the thickness changed from 2mm to 4.5mm. The axial strength
decrease with the increase of hollowness ratio, this degradation in strength is almost linear when
hollowness ratio changed from 0.381 to 0.714, where about 20% lose in strength occurred.

In paper (34) discuses concrete have higher compressive strength and steel have higher tensile
strength. In CFDSSTC column is a merging of the property steel and concrete. It can be seen that
both inward and outward buckling failure is found in the steel tube, and shear failure is happen
for the plain concrete stub column. For the concrete-filled steel tube, only local buckling is found

in the tube, and the inner concrete fails acts like a ductile material.

Outward C oncrete
Steel tube buckline Conerete

VRS
e
BRI (racks Qutward
| buckling
Inward | \
buckling | Concrete
R rush
L CIU\h ae

Figure 2.4: Schematic failure modes of hollow steel tube, concrete and CFST stub columns [34].

In paper [35] double skinned columns fail in the same pattern of overall buckling and local
buckling of outer steer plate in compression flange in the vicinity of mid height leads the failure.
It was found that because of the infill of concrete, the tested beam-columns behaved in a
relatively ductile manner and testing proceeded in a smooth and controlled way. The enhanced

structural behavior of the composite specimens can be explained in terms of “composite action”
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between the steel tubes and the filled SCC concrete. CFT columns carry almost similar load but

the failure is sharp and brittle as in a RCC column.

2.6.8 Buckling resistance
A composite column has sufficient resistance to buckling if, for each of the planes of buckling,

the design axial loading Nsd satisfies the inequality:

Nsd < x * Npl,Rd

In which the value of x, the strength reduction factor in the plane of buckling considered, is a
function of the relative slenderness A and the appropriate buckling curve. The buckling curves
which apply to composite concrete filled columns is “curve a” which is given in [EBCS 3-1995].
The plastic compression resistance of a composite cross-section represents the maximum loads
that can be applied to concrete filled double-skin steel tubular columns. The concrete filled
circular tubular sections exhibits enhanced resistance due to the tri-axial confinement effects.
Fully or partially concrete encased steel sections and concrete filled rectangular tubular section
do not achieve such enhancement.

For composite columns using circular tubular sections, there is an increased resistance of
concrete due to the confining effect of the circular tubular section. However, this effect on the
resistance enhancement of concrete is significant only in stocky columns. In general, the
resistance of a concrete filled circular tubular section of compression may increase by 15% under

axial load only when the effects of tri-axial confinement are considered.

2.6.9 Stress-strain relationship for concrete core and steel tube
In paper [36] states that Circular and square CFT columns exhibits different pattern of cross-

section stress distribution in concrete core. In the case of square columns, the cross-sectional
stress distribution is not uniform. The center and the corners of square section go under a higher
confining pressure than the side. In case of circular columns, the axial and lateral stress
distribution at the cross section is radially uniform. An equivalent axial stress is defined which is
obtained by dividing the total concrete core axial load by the cross-sectional area of concrete
core. It is well know that confined concrete exhibits higher compressive strength and larger

ductility than unconfined concrete.
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CHAPTER THREE

RESEARCH METHODOLOGY

3.1 General
In this paper, a total of 23 models were created and analyzed in ABAQUS software to determine

the axial capacity and failure modes of concrete filled double-skin steel tubular circular columns.
The top and bottom surface of the concrete-filled steel tubular circular columns were fixed
against all degrees of freedom except for the displacement at the loaded end, which is the top
surface, in the direction of the applied load. This was done using remote displacement support
for the top surface and fixed support for the bottom surface. In this section of the report; sample
detailing, the study variables, non-linear Finite Element modeling and analysis steps of the

selected columns were discussed in detail.

3.2 Sample Detailing
In order to study the behavior of concrete filled double skin steel tubular circular (CFDSSTC)

columns in-filled with self-compacting concrete (SCC) under compression, the hollowness ratio
(%), length of the column, the thickness of the outer and inner steel tube were the parameters
investigated throughout this study. Each column was analyzed under axial compression loading
which marked as (CFST). Table 3.1 show detail of the analyzing program of CFDSSTC
specimen’s.

Table 3.1: Analyzing program and CFDSSTC specimen’s details.

Specimen Column Do to Di ti X L
no designation | (mm) (mm) (mm) (mm) (mm)

1 CFST-1 114 4.5 40 3.3 - 600

2 CFST-2 114 4 0 0 0 1000

3 CFST-3 114 4 26.5 3 0.25 1000

4 CFST-4 114 4 53 3 0.5 1000

5 CFST-5 114 4 79.5 3 0.75 1000

6 CFST-6 114 4 - - 1 1000

7 CFST-7 114 4 45 2 - 1000

8 CFST-8 114 4 45 2.5 - 1000

9 CFST-9 114 4 45 3 - 1000
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10 CFST-10 114 4 45 3.5 - 1000
11 CFST-11 114 4 45 4 - 1000
12 CFST-12 114 2 45 3 - 1000
13 CFST-13 1145 |25 45 3 - 1000
14 CFST-14 115 3 45 3 - 1000
15 CFST-15 1155 |35 45 3 - 1000
16 CFST-16 116 4 45 3 - 1000
17 CFST-17 152 3 76 2 - 1000
18 CFST-18 152 3 76 2 - 1500
19 CFST-19 152 3 76 2 - 2000
20 CFST-20 152 3 76 2 - 2500
21 CFST-21 152 3 76 2 - 3000
22 CFST-22 152 3 76 2 - 3500
23 CFST-23 152 3 76 2 - 4000
Where: X = Doflzw

Do: diameter of the outer steel tube
t, : thickness of the outer steel tube
Di: diameter of inner steel tube
ti: thickness of inner steel tube

L: length of the steel tube and y: hollowness ratio
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3.3 Non-linear Finite element analysis
The finite element method is a technique for approximating the governing different equation for

a continuous system with a set of algebraic equations relating a finite number of variables. These
method are popular because they can be easily programmed the FE techniques problems.

The finite element method is useful for the understanding of the behavior of concrete filled
double skin steel tubular circular columns under axial compression loads. Experimental tests are
needed to provide input data to the model and for the purpose of verification of simulation
results. When the model has been validated it can be used for parametric studies to investigate
the influence of various parameters.

The analysis of this study presented a nonlinear three-dimensional finite element modeling of
circular tubular steel section filled with concrete for the investigation of the behavior of axially
loaded composite concrete filled steel tubular circular columns strengthened with steel tube as
external and internal confinement. The analysis was done using ABAQUS version 6.14 to build a
finite element model for concrete filled double-skin steel tubular circular columns. The modeling
and analysis procedure was described as shown below.

Note: all the specimens were modeled and analyzed after the FE software was validated for the

specific case of this research.

3.3.1 Parts (geometry) modeling
a) plain concrete columns

Plain concrete column parts were modeled on a 3D modeling space as deformable type with

solid and extrusion base feature.
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Figure 3.1: Plain concrete part for the first column.

b) steel columns
Steel column parts were modeled the same procedure as plain concrete columns. The steel part

for the first column is shown in figure 3.2.

Figure 3.2: Steel column part for the first column.

c) loading steel plates
Thick Steel plates were used at the top and bottom end of the columns. They were modeled on
3D modeling space as discrete rigid type with shell and planar base feature. Since they are not

study variable, they were kept similar for all columns.
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Figure 3.3: Loading steel plate part for the first column.

3.3.2 Part assembly and their interaction
After material properties, profiles and sections were created and assigned for the parts; instances
were created for all parts and assembled to their relative position. Dependent instance was used

for all parts.

Figure 3.4: Assembled CFDSSTC column using ABAQUS for the first column.
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The outer steel tube, inner steel tube and concrete core composite must behave as single member
and not merely as a combination of three different materials. This makes the simulation of
composite action between concrete, inner and outer steel tube the single most important factor
guiding the behavior of the composite member. A General contact was used for the interaction
simulation of the outer and inner steel tube with concrete. A contact surface pair comprised of
the inner surface of the outer steel tube with outer face of concrete and outer surface of inner
steel tube with inner face of the concrete core can be defined. “Hard contact” in the normal
direction and a coulomb friction model in the tangential directions can be specified for the
interface, which allows the separation of the interface in tension and no penetration of that in
compression. For CFDSSTC columns, there is little or no slip between the steel tube and
concrete since they are loaded simultaneously. For this reason, the columns behavior is not
sensitive to the selection of friction coefficient between steel and concrete. Hence, a friction
coefficient of 0.3 was used in the analysis.

The contact surfaces can model infinitesimal sliding and friction between the concrete core and
interior and exterior steel tube, in which either contact or separate are allowed but not to
penetrate each other. For the region between column end and steel plate, tie constraint was used
by taking column surface as a master and plate surface as slave. This constraint enables both
column and steel plate to act as one body. The final constraint which was used in the modeling
was the rigid body constraint. This constraint makes the steel plate to act as discrete rigid and

prevents deformation due to applied loading on its surface.

3.3.3 Materials modeling of steel
In paper [37] the bilinear kinematic hardening model as shown in figure 3.5, was used to

simulate the stress-strain curve of steel and assumed to be an elastic-perfectly plastic material.
The bilinear model requires the yield stress (fy) and the hardening modulus of the steel (Es), the

constitutive low for steel behavior is:
OSTESES i es<gy
OS=fY+ESES ciiiiiiiiiiiiiiiiian, ES > ey

Where, os is the steel stress, €s is the steel strain, Es is the elastic modulus of steel, E’s is the
tangent modulus of steel after yielding, E’s=0.01Es, fy and ¢y are the yielding stress and strain of

steel, respectively.
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Statistical analysis indicates that high strength steel exhibits less strain hardening than normal
strength steel. A ¢ — & model was proposed by many researcher for structural steel with a
validity range of fy from 200Mpa to 800Mpa. This model was used to simulate the steel material

in circular CFDSST columns.

F'y

v

Figure 3.5: Elastic perfectly plastic model for steel tube [37].

The parameters which were used in this model that was input for the ABAQUS 6.14 were
tabulated in table 3.2.
Table 1.2: Properties of steel.

Density 7850Kg/m’
Modulus of elasticity 200Gpa
Poisons ratio 0.3

Yield stress (fy) for outer steel 375Mpa
Yield stress (fy) for inner steel 250Mpa

3.3.4 Material modeling of concrete

For CFDSSTC columns under axial compression, the concrete core expands laterally and is
confined by the outer and inner steel tube. This confinement is passive in nature, and can
increase the strength and ductility of concrete. This mechanism is well understood and is often
referred to as “composite action” between the steel tube and concrete in paper [38] state that the
confined concrete is in a triaxial stress state and the steel is in a biaxial state after interaction

between the concrete and steel occurs.
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In paper [39] States that concrete exhibits nonlinear stress-strain response mainly because of
micro-cracking. Cracks are oriented as the stress field and generate the failure modes. In tension,
failure localized in a narrow band, stress-strain behavior is characterized by sudden softening
accompanied with reduction in the unloading stiffness.

The equivalent uniaxial stress-strain curves for both confined and unconfined concrete are as
shown in figure below, where fc’ is the unconfined concrete cylinder compressive strength,
which is equal to 0.8 (fcu), and fcu is the unconfined strain (€’c) is taken as 0.003. The confined
concrete compressive strength (f°cc) and the corresponding confined strain (g’cc) can be

determined from the eqgs below.
e (o [ i (1)

€7 0C=€ C(1HR2HFEL/(£7C) e, 2)

fe

o CONFINED CONCRETE

cc

ksf, e
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Figure 3.6: Uniaxial stress-strain curves for confined and unconfined concrete.

Self-compacting concrete (SCC) is highly workable concrete that can flow through densely
reinforced and complex structural elements under its own weight and adequately fill all voids
without segregation, excessive bleeding, and excessive air migration (air-popping), or other
separation of materials, and without the need for vibration or other mechanical consolidation.

The mix composition of SCC are same as those used in traditional vibrated concrete, but
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additional care is needed in the initial selection of materials used for producing SCC. For
concrete, ABAQUS requires an input data for material properties, which are elastic modulus
(Ec), ultimate uniaxial compressive strength (fc’), and ultimate uniaxial tensile strength, poison’s

ratio (v). The characteristic’s cube strengths of concrete (fck)cu, is measured at 28 days.

a) concrete damage plasticity model

The concrete damaged plasticity model available in ABAQUS was used. Since this paper only
deals with columns under monotonic loading, damage variables were not defined. Therefore,
concrete nonlinearity was modeled as plasticity only. In this model, key material parameters to
be determined include the ratio of the second stress invariant on the tensile meridian to that on
the compressive meridian (kc), dilation angle (y), and strain hardening/softening rule. Other
parameters include the modulus of elasticity (Ec), flow potential eccentricity (e), ratio of the
compressive strength under biaxial loading to uniaxial compressive strength (fbo/fc’), viscosity
parameter and tensile behavior of concrete. For the FE model presented by [34], constant values
of 20° up to 30°, 0.1, 1.16, and 2/3 were used for v, e, kc, and fbo/fc', respectively. Default
values of 0.1 and O were used for the flow potential eccentricity and viscosity parameter,
respectively. These two parameters have no significant influence on the prediction accuracy.
Although CFDSSTC columns are not sensitive to tensile behavior of concrete when subjected to
axial compression, tension stiffening need to be defined in ABAQUS. The parameters which
were used in ABAQUS software was tabulated in table 3.3.

Table 3.3: Properties of concrete.

Density 2400Kg/m®
Modulus of elasticity 31.476Gpa
Poisons ratio 0.2

Dilation angle 30

Eccentricity 0.1 (default)
Fooffeo 1.16 (default)
Constant,Kc 0.6667 (default)
Viscosity 0 (default)
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3.3.5 Meshing
a) Mesh size
Different analysis was done in validation work using different mesh size until the analysis result
was conforming to experimental result obtained from the journal. So, 24mm mesh size gave the
best result which conforms to the result obtained from the journal and takes reasonable running
time for the model. Since dependent instances were used and mesh was done for parts.

b) Element type
For plain concrete column part C3D8R was used which are 8 nodes linear brick, reduced
integration hourglass control element, outer and inner steel tubes were simulated by using Four-
node solid elements with reduced integration (S4R) and for loading steel plates R3D4 which is a
discrete rigid element were used. Finally, job was created and the result was taken when the
analysis was completed. Though load vs axial displacement data was collected for each
specimens. This load — displacement data was collected for all columns is presented in chapter

four. The maximum loads were taken for quantification of the thickness, length and hollowness

ratio effects.

Figure 3.7: Finite element mesh for one of the CFDSSTC column analyzed.

JIT, Structural engineering stream Page 35



FE analysis of CFDSSTC columns under axial compression loads 2020

3.3.6 Analysis step

In addition to initial steep only one step was created. In the created step static, riks method was
selected. Static, Riks method includes material nonlinearity and also geometrical nonlinearity.
By specifying maximum numbers of increments ABAQUS /Standard automatically choses the

size of the subsequent increments. Finally, the required field output and history was selected.

3.3.7 Boundary condition

A concrete filled double-skin steel tubular circular column was normally placed in to a testing
machine and the load was applied on the specimens directly. To minimize the influence of end
conditions on CFDSSTC columns, most researchers used end plates or stiffeners welded to both
ends of a tube. For columns with welded end plates or stiffeners, there is no need to include the
end plates or stiffeners in the model. Instead, the top and bottom surfaces of the steel tube and
concrete can be fixed against all degree of freedom except for the displacement at the loaded
end. In these research end plates was used to minimize the influence of end conditions on the

specimens and to apply the load directly in to the columns.

JIT, Structural engineering stream Page 36



FE analysis of CFDSSTC columns under axial compression loads 2020

Figure 3.8: Boundary condition for one of CFDSSTC column analyzed.
3.3.8 Loading

The testing program was performed through universal loading system which applies the vertical
load and the load was applied incrementally by subjecting a constant displacement through each
cycle of loading. All the entire section of concrete filled double-skin steel tubular circular
columns was loaded axially. In short axially loaded filled steel tube, the core concrete is acted
upon by a confining stress, which results in higher axial strength of the column than another
column. Displacement control method was adopted for loading. Loading was done for each
specimen at the center. Load in (KN) and displacement in (mm) were automatically recorded by

the system.
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3.4 study variables
The study variables both dependent and independent were assessed in this research.

3.4.1 Dependent variable:
The dependent variable of this study was:

v Axial load capacity of the column

3.4.2 Independent variable:
The independent variables include:

v" the hollowness ratio
v" length of the column

v" The outer and inner steel tube thickness.

3.5 Sample size and sampling procedures
The procedure utilized throughout the conduct of this research study was as follow: a continuous

reviewed related literature on relevant areas of CFDSSTC columns under axial compression
loads including articles, reference books, research papers, and standards specifications.

Based on the axial compression behavior of CFDSSTC columns, for the section which exhibits a
failed and serious condition, an experimental (laboratory) investigation result was taken from the
research and conducted analytical behavior of the columns. A conclusion and recommendation
are drawn based on the results.

3.6 Data collection process.
Since this research was mainly about parameters affecting axial compression behavior of

concrete filled double skin steel tubular circular columns. As a result, the only materials used in
all of the models were concrete and steel.

The data for numerical analysis was obtained from ABAQUS and the secondary data was
collected from literature.

3.6.1 Materials properties
Steel strength: all structural steel members were taken fyk = 375Mpa and fyk=250Mpa for outer

and inner steel tube respectively, which was obtained from the journal.
Concrete strength: concrete strength is classified according to the minimum 28 days crushing
compressive strength of 150mm cubes in N/mm?. All structural concrete members were used

C25 for the all structural models.
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3.7 Data processing and analysis.
The numerical analysis was done using ABAQUS and conducted by the procedure of software

standards.

3.8 Data quality assurance
In order to assure data quality the following measure are taken:

v' The ABAQUS software was checked for the known simple structural element to check
whether it was working well or not.

v" The loading and all structural modeling was double checked to remove errors.

v In case of any unreliable (illogical) results due to some unobserved errors, the structure
was remodeled and reanalyzed.

v A due attention and care was taken when extracting results from ABAQUS and plotting

them in Excel.

3.9 Validation of the model

Before starting modeling of all specimens, the validation work was done in order to decide on
different parameters. The model with mesh size of 24mm had given the load that was closest to
the experimental result (1188KN) obtained from the journal. The ultimate axial load resisting
capacity of the model column found to be 1256.124KN. So, to evaluate the validation of the
numerical model of the axially loaded CFDSSTC columns, the results from the numerical
simulations of the experimental testing were compared with those from the experimental testing
data obtained from the journal. The comparisons were carried out and the experimental result
was about 87.57% of the FE results. The axial loads vs axial displacement curves of the FE

analysis was matched with Axial load vs Displacement curves of the experimental result.
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Axial Loads vs Displacement
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Figure 3.8: FE Load-Displacement curve vs experimental Load-Displacement curve.
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CHAPTER FOUR

RESULT AND DISCUSSION

4.1 Effects of hollowness ratio on the behavior of CFDSSTC columns.
According to axial load and axial displacement data taken from the software, hollowness ratio is

an important parameter that affects CFDSSTC columns behavior. If hollowness ratio is equal to

zero for a CFDSSTC column, the column is actually a conventional concrete-filled steel tube

(CFST). This parameter was included in the analysis program to study its effect on the ultimate
axial strength. Five CFDSSTC specimens named as (CFST-2, CFST-3, CFST-4, CFST-5, and
CFST-6) with the same length, outer diameter and thickness, but with different hollowness ratio,
the value of (y) are (0, 0.25, 0.5, 0.75 and 1), respectively.
Load and displacement data for the specimens (CFST-2, CFST-3, CFST-4, CFST-5, and CFST-
6) are presented in table 4.1.
Table 4.1: Load and Displacement data for (CFST-2, CFST-3, CFST-4, CFST-5, and CFST-6).

HR=0 HR=0.25 HR=0.5 HR=0.75 HR=1
Disp. Load Disp. Load Disp. Load Disp. Load Disp. | Load
0 0 0 0 0 0 0 0 0 0

0.0621 | 142.514 | 0.0691 | 139.458 | 0.0721 | 127.459 | 0.0921 | 156.231 | 0.0782 | 94.125
0.1351 | 321.561 | 0.1154 | 246.125 | 0.1151 | 224.125 | 0.1351 | 246.125 | 0.1324 | 159.847
0.2135 | 526.325 | 0.2061 | 465.239 | 0.203 | 423.125 | 0.213 | 408.956 | 0.1858 | 230.154
0.3015 | 762.354 | 0.2723 | 610.458 | 0.2815 | 586.127 | 0.2714 | 510.124 | 0.3541 | 301.958
0.3795 | 943.621 | 0.3456 | 786.231 | 0.3538 | 746.329 | 0.3731 | 706.149 | 0.4847 | 432.368
0.3915 | 981.234 | 0.3945 | 896.235 | 0.4019 | 845.673 | 0.4124 | 793.486 | 0.4983 | 478.315
0.4698 | 1165.235 | 0.4665 | 1045.236 | 0.4679 | 985.126 | 0.4479 | 864.138 | 0.6371 | 513.146
0.5005 | 1231.514 | 0.5143 | 1140.569 | 0.5055 | 1037.458 | 0.5061 | 972.135 | 0.8356 | 622.315
0.5896 | 1436.251 | 0.6031 | 1310.841 | 0.5807 | 1178.457 | 0.6013 | 1146.325 | 0.9142 | 660.785
0.6795 | 1618.235 | 0.6954 | 1453.267 | 0.6365 | 1286.457 | 0.6272 | 1189.624 | 0.9854 | 716.125
0.7121 | 1684.235 | 0.7159 | 1489.561 | 0.6828 | 1362.514 | 0.7036 | 1317.125 | 1.1013 | 753.124
0.7941 | 1865.124 | 0.8124 | 1645.238 | 0.6952 | 1387.126 | 0.7258 | 1356.128 | 1.1288 | 799.439
0.8304 | 1936.215 | 0.8451 | 1684.125 | 0.8008 | 1568.541 | 0.7656 | 1411.854 | 1.1984 | 745.128
0.8534 | 1976.235 | 0.8701 | 1719.658 | 0.9147 | 1711.326 | 0.7952 | 1459.125 | 1.2169 | 723.629
0.8795 | 2004.635 | 0.88243 | 1729.568 | 0.9661 | 1742.918 | 0.8061 | 1472.365 | 1.2355 | 694.125
0.8959 |2211.362 | 0.9654 | 1802.005 | 0.995 | 1716.32 | 0.861 | 1521.659 | 1.2754 | 645.128
1.0161 | 2304.193 | 1.0621 | 1862.655 | 1.0981 | 1623.154 | 0.981 | 1587.997 | 1.3167 | 587.169
1.1249 | 1765.239 | 1.1477 | 1635.124 | 1.2251 | 1326.154 | 1.1951 | 1145.236 | 1.3971 | 463.157
1.1925 | 1536.548 | 1.2482 | 1365.147 | 1.2592 | 1245.695 | 1.273 | 986.125 | 1.4451 | 386.245
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Load and displacement data were taken from ABAQUS and the load vs displacement curves are
drawn. From this curve, the ultimate loads were taken for all of the specimens and presented in
tabular form as shown in table 4.2 and the load — displacement curves for the specimens is
plotted and presented in figure 4.1.

Table 4.2: Axial load capacity of the specimens (for CFST-4 to CFST-8).

Specimens Hollowness ratio Ultimate load capacity (KN)
CFST-4 0 2304.193

CFST-5 0.25 1862.655

CFST-6 0.5 1742.918

CFST-7 0.75 1587.997

CFST-8 1 799.439

As shown in table 4.2 the axial strength decrease with the increase of hollowness ratio, this
degradation in strength is almost linear when hollowness ratio change from 0% to 0.75%, where
about 4.5% up to 11.5% loss in strength and the degradation in strength for hollowness ratio
change from 0.75% to 1% was about 38.3% is occurred. Also it can be observed that the ultimate

load decrease as the hollowness ratio increase.

Load vs Displacement
2500
Z 2000
<
-c.‘g 1500 —HR-1
< ——HR-2
—l 1000 ——HR-3
= /\ ——HR-4
> 500 )
~
< —HR-5
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 16
Axial Displacement (mm)

Figure 4.1: Load -Displacement curve for column (CFST-2 to CFST-6).
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4.2 Effects of outer steel tube thickness on the behavior of CFDSSTC columns.
The load — axial displacement curves of CFDSSTC specimens with outer steel tube thickness of

2mm up to 4mm are as shown in figure 4.3. It can be seen from the results that when the

thickness of outer steel increase to 4mm, the ultimate load capacity of the specimens is increased
by 7.55%, 4.84%, 6.18%, and 12.27% respectively. Therefore, the thickness of the outer steel

tube has a great influence on the ultimate load capacity of the member.
Five CFDSSTC specimens name as (CFST-12, CFST-13, CFST-14, CFST-15, and CFST-16)

with the same length, inner diameter and thickness, but with different thickness and diameter of

outer steel, the value of outer tube thickness are (2mm, 2.5mm, 3mm, 3.5mm and 4mm),
respectively. Load and displacement data for the specimens (CFST-12, CFST-13, CFST-14,
CFST-15, and CFST-16) are as shown in table 4.3.
Table 4.3: Load Displacement data for columns (CFST-12 to CFST-16).

OST-1 OST-2 OST-3 OST-4 OST-5
Disp. | Load Disp. | Load Disp. Load Disp. | Load Disp. | Load

0 0 0 0 0 0 0 0 0 0
0.0857 | 122.365 | 0.0857 | 135.124 | 0.0857 | 145.695 | 0.0857 | 153.267 | 0.0857 | 183.264
0.1005 | 136.265 | 0.1003 | 154.126 | 0.1003 | 168.541 | 0.1006 | 182.695 | 0.1005 | 211.695
0.1321 | 186.594 | 0.1297 | 204.561 | 0.1365 | 224.598 | 0.1337 | 241.569 | 0.1351 | 272.154
0.2352 | 335.169 | 0.2342 | 359.124 | 0.2312 | 384.159 | 0.2311 | 425.624 | 0.231 463.125
0.3267 | 436.268 | 0.3017 | 457.169 | 0.3227 | 526.124 | 0.2536 | 459.847 | 0.3725 | 736.124
0.3492 | 461.597 | 0.3188 | 479.184 | 0.3765 | 607.158 | 0.3847 | 684.107 | 0.3841 | 756.317
0.4863 | 635.198 | 0.4853 | 683.125 | 0.4121 | 659.136 | 0.4577 | 813.074 | 0.4365 | 856.397
0.5041 | 653.126 | 0.4891 | 689.154 | 0.4741 | 754.139 | 0.4758 | 846.597 | 0.4841 | 962.873
0.5962 | 753.692 | 0.5836 | 807.456 | 0.5617 | 863.154 | 0.5902 | 1045.635 | 0.5273 | 1057.128
0.7096 | 896.235 | 0.6894 | 959.482 | 0.6596 | 1004.564 | 0.6004 | 1063.265 | 0.6306 | 1249.567
0.7413 | 936.126 | 0.7063 | 984.157 | 0.7441 | 1126.594 | 0.728 | 1245.635 | 0.748 | 1472.395
0.8365 | 1056.325 | 0.8276 | 1048.695 | 0.7654 | 1161.634 | 0.7312 | 1254.632 | 0.7565 | 1487.625
0.8922 | 1136.235 | 0.8684 | 1154.265 | 0.8252 | 1249.856 | 0.853 | 1436.235 | 0.8225 | 1597.263
0.9806 | 1236.564 | 0.9686 | 1211.06 | 0.8469 | 1286.514 | 0.8989 | 1521.036 | 0.8665 | 1674.891
1.0102 | 1274.365 | 0.9952 | 1285.412 | 0.9102 | 1376.514 | 0.9365 | 1578.564 | 0.9374 | 1784.562
1.1041 | 1365.236 | 1.0616 | 1365.128 | 1.0432 | 1565.344 | 0.9787 | 1601.365 | 0.9806 | 1810.561
1.1441 | 1387.457 | 1.1277 | 1404.265 | 1.1435 | 1465.312 | 1.0145 | 1621.272 | 1.0087 | 1838.773
1.1954 | 1341.235 | 1.1492 | 1487.530 | 1.2045 | 1345.187 | 1.1096 | 1615.324 | 1.1072 | 1823.954
1.2378 | 1236.148 | 1.1594 | 1301.265 | 1.2391 | 1265.415 | 1.1678 | 1532.104 | 1.2084 | 1563.259
1.2405 | 1236.845 | 1.2043 | 1278.965 | 1.2643 | 1204.156 | 1.2222 | 1387.072 | 1.2413 | 1451.267
1.3797 | 968.453 | 1.3109 | 1245.639 | 1.2914 | 1136.514 | 1.2674 | 1278.253 | 1.2597 | 1385.451
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The ultimate loads were taken for all of the specimens for outer steel tube thickness and
presented in table 4.4 as shown below.
Table 4.4: Axial load capacity of the specimens (CFST-12 TO CFST-16).

Specimens Thickness of outer steel tube | Ultimate load capacity
(mm) (KN)

CFST-14 2 1387.457

CFST-15 2.5 1487.530

CFST-16 3 1565.344

CFST-17 3.5 1621.272

CFST-18 4 1838.773

Load vs Displacement
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Figure 4.2: Load-Displacement curve for increasing outer steel tube thickness.
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4.3 Effects of inner steel tube thickness on the behavior of CFDSSTC columns
As the thickness of inner steel tube of specimens (CFST-7, CFST-8, CFST-9, CFST-10, and

CFST-11) increase from 2mm to 4mm, the ultimate load capacity also increased. Increasing the
thickness of inner steel tube means an increase in the cross sectional areas, and then the axial
strength of this tube increases in both case of acting alone or in composite action. Load and
displacement data for the specimens (CFST-7, CFST-8, CFST-9, CFST-10, and CFST-11) are
presented in table 4.5.

Table 4.5: Load and displacement data for specimens (increasing inner steel tube thickness).

IST-1 IST-2 IST-3 IST-4 IST-5

Disp. | Loads Disp. | Loads Disp. Loads Disp. | Loads Disp. | Loads

0 0 0 0 0 0 0 0 0 0

0.1391 | 186.325 | 0.1329 | 190.351 | 0.11702 | 184.235 | 0.116 | 198.125 | 0.0991 | 199.539

0.1896 | 249.367 | 0.1796 | 253.885 | 0.1534 | 245.632 | 0.1554 | 265.135 | 0.1596 | 297.206

0.3035 | 399.078 | 0.2738 | 378.459 | 0.2616 | 389.265 | 0.2341 | 379.168 | 0.2235 | 399.078

0.3315 | 439.268 | 0.3319 | 469.235 | 0.3002 | 450.863 | 0.2826 | 456.326 | 0.2515 | 445.129

0.4112 | 562.349 | 0.4018 | 586.948 | 0.3593 | 551.055 | 0.3486 | 576.238 | 0.2912 | 523.624

0.4525 | 627.391 | 0.4322 | 641.655 | 0.4318 | 680.209 | 0.4112 | 689.123 | 0.3725 | 674.126

0.5293 | 759.634 | 0.5062 | 776.235 | 0.5083 816.25 | 0.4467 | 756.326 | 0.4193 | 784.125

0.5926 | 874.236 | 0.5526 | 855.543 | 0.5591 | 924.107 | 0.4842 | 836.129 | 0.4326 | 818.779

0.6531 | 990.687 | 0.6337 | 1023.625 | 0.5999 | 1008.117 | 0.5421 | 974.136 | 0.4931 | 982.535

0.6957 | 1089.756 | 0.6785 | 1129.365 | 0.6531 | 1157.532 | 0.6001 | 1123.698 | 0.5557 | 1146.291

0.7403 | 1197.234 | 0.7207 | 1238.125 | 0.7006 | 1268.369 | 0.6642 | 1299.843 | 0.6203 | 1310.047

0.7865 | 1296.247 | 0.7367 | 1283.311 | 0.7714 | 1446.915 | 0.7231 | 1463.294 | 0.6865 | 1473.803

0.8412 | 1425.872 | 0.8126 | 1456.948 | 0.8434 | 1623.514 | 0.7541 | 1563.126 | 0.7421 | 1637.559

0.9148 | 1516.312 | 0.8737 | 1589.398 | 0.8812 | 1698.265 | 0.7913 | 1653.259 | 0.8032 | 1801.315

0.9647 | 1555.496 | 0.9459 | 1711.081 | 0.90535 | 1736.268 | 0.8154 | 1703.262 | 0.8256 | 1868.659

1.0111 | 1535.987 | 1.0305 | 1769.177 | 0.9943 | 1834.023 | 0.8821 | 1822.65 | 0.9003 | 2013.635

1.0131 | 1528.549 | 1.1314 | 1536.248 | 1.0723 | 1635.124 | 1.0012 | 1857.564 | 1.0101 | 2058.655

1.0765 | 1513.658 | 1.1602 | 1468.367 | 1.1114 | 1536.231 | 1.1521 | 1546.935 | 1.1265 | 1745.235

1.1293 | 1436.268 | 1.1781 | 1418.368 | 1.1453 | 1456.235 | 1.1747 | 1485.625 | 1.1893 | 1563.268

The ultimate loads were taken for all of the specimens for inner steel tube thickness are presented

in tabular form as shown in table below
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Table 4.6: Axial load capacity of the specimens for inner steel tube thickness.

Specimens Thickness of inner steel tube | Ultimate load capacity
(t?) (KN)

CFST-9 2 1555.496

CFST-10 2.5 1769.177

CFST-11 3 1834.023

CFST-12 3.5 1857.564

CFST-13 4 2058.655

As seen in table 4.6 above, percentage increase in axial capacity of a column for increasing
thickness from 2mm — 4mm, was 3.13%, 2.52%, 4.42%, and 8.73% respectively. The load —

displacement curves for the specimens is plotted and presented in figure 4.3.

Axial Loads vs Displacement
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Figure 4.3: Load-Displacement curve for the specimens (increasing inner steel tube thickness).
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4.4 Effects of length of the columns on the behavior of CFDSSTC columns.
As shown in figure 4.5, the load vs displacement graph for different length of the CFDSSTC

column with the same outer tube diameter and thickness, and inner tube diameter and thickness.
The percentage decrease in axial strength of columns for increasing length from 1m to 4m was
3.54%, 5.82%, 6.07%, 8.02%, 7.04%, 5.32% respectively. This indicates that the column
expected to decrease in axial strength when the length of the column increases from 1000mm to
4000mm. The ultimate loads were taken for all of the specimens for increasing length of the
columns and presented in tabular form as shown in table 4.7 below.

Table 4.7: Ultimate load capacity of the specimens with increasing length of the column.

Specimens Length of the column | Ultimate load capacity (KN)
(mm)
CFST-17 1000 2965.182
CFST-18 1500 2758.349
CFST-19 2000 2537.656
CFST-20 2500 2434.391
CFST-21 3000 2323.185
CFST-22 3500 2109.220
CFST-23 4000 2025.359
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The load — displacement curves for the specimens is plotted and presented as shown in figure
4.4,

Axial loads vs Displacement L1
3500 LC2
——1C-3

LC-4

—LC-5

—LC-6

LC-7

Axial Loads (KN)

0 02 04 06 08 1 1.2 14 16 1.8
Axial Displacement (mm)

Figure 4.4: Load-Displacement curve for column with increasing length.
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Load and displacement data for the specimens (CFST-17, CFST-18, CFST-19, CFST-20, and
CFST-21) are tabulated in table 4.8.

Table 4.8: Load-Displacement data for the specimens (increasing length of the column).

LC-1 LC-2 LC-3 LC-4 LC-5 LC-6 LC-7
Disp load Disp | load | Disp load Disp load Disp | load | Disp | load | Disp load
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0.0967 | 165.298 | 0.1167 | 174.265| 0.1407 | 183.647 | 0.1408 | 156.327 | 0.1456 | 148.629 | 0.1625 | 154.635 | 0.1581 | 152.314
0.1405 | 236.659 | 0.1505 |228.947| 0.1804 | 243.519 | 0.2105 | 256.329 | 0.2454 | 286.549 | 0.2554 | 269.548 | 0.2585 | 243.625
0.1921 | 326.985 | 0.2121 | 335.129| 0.2462 | 356.128 | 0.2931 | 389.257 | 0.3225 |395.623 | 0.3361 | 384.265 | 0.3554 | 395.627
0.2852 | 478.695 | 0.2932 |459.637| 0.3236 | 468.237 | 0.3465 | 461.238 | 0.3614 | 449.632 | 0.3668 | 438.627 | 0.3758 | 423.657
0.3267 | 549.638 | 0.3437 | 536.149 | 0.3863 | 554.391 | 0.4225 | 572.168 | 0.4461 | 584.163 | 0.4654 | 576.213 | 0.4659 | 554.692
0.3763 | 623.598 | 0.4057 | 629.416 | 0.4667 | 678.239 | 0.4751 | 658.125 | 0.5151 | 674.235 | 0.4965 | 623.549 | 0.4963 | 584.128
0.4572 | 759.394 | 0.4926 |769.359 | 0.5061 | 746.329 | 0.5306 | 736.259 | 0.5625 | 756.298 | 0.5789 | 741.27 | 0.5256 | 625.351
0.5056 | 845.693 | 0.5463 | 865.603 | 0.5839 | 869.613 | 0.6862 | 1008.698| 0.6984 | 985.635 | 0.6798 | 912.475 | 0.6053 | 744.029
0.5913 | 1004562 | 0.6232 | 1014 | 0.6301 | 1057.102 | 0.7811 |1200.354| 0.8058 | 1196.32 | 0.7387 | 1022.25 | 0.6789 | 865.041
0.7522 | 1365.485 | 0.7601 | 1305.46 | 0.8122 | 1345.683 | 0.8702 |1388.118| 0.8258 | 1235.7 | 0.8095 | 1144.77 | 0.7759 | 1036.548
0.8406 | 1564.158 | 0.8661 | 1551.18 | 0.9209 | 1586.118 | 0.9501 |1566.678| 0.9381 | 1463.03 | 0.9196 | 1365.21 | 0.8387 | 1154.256
0.9241 | 1789.653 | 0.9401 |1735.01| 1.0013 | 1799.003 | 1.0304 |1755.658| 1.0487 | 1704.33 | 0.9656 | 1452.64 | 0.9048 | 1265.837
0.9974 |2001.456 | 1.0371 |2009.41| 1.0976 | 2049.365 | 1.1101 |1958.564 | 1.1361 | 1921.22 | 1.0648 | 1658.39 | 0.9558 | 1365.894
1.0854 | 2256.418 | 1.1154 |2260.02| 1.1305 | 2160.018 | 1.1254 |2003.658| 1.1658 | 2006.31 | 1.1065 | 1756.33 | 1.0435 | 1532.247
1.1795 | 2569.845 | 1.2204 | 2574.84 | 1.1757 | 2290.145 | 1.1751 |2156.415| 1.2187 | 2136.55 | 1.1279 | 1806.75 | 1.1454 | 1749.259
1.1937 | 2635.458 | 1.2507 |2640.45| 1.2063 | 2365.478 | 1.2563 |2339.548 | 1.2495 | 2189.63 | 1.1865 | 1936.67 | 1.1854 | 1829.564
1.2641 | 2869.124 | 1.2821 |2694.13| 1.2314 | 2435.654 | 1.2909 | 2385.624| 1.2654 | 2215.63 | 1.2203 | 2009.9 | 1.2556 | 1959.991
1.3156 | 2965.182 | 1.3352 | 2758.35| 1.3039 | 2537.656 | 1.3812 |2434.391| 1.3406 | 2323.19 | 1.2954 | 2109.22 | 1.3761 | 2025.359
1.3625 | 2839.137 | 1.3854 |2635.15| 1.3949 | 2365.014 | 1.4461 |2263.004 | 1.4225 | 2135.07| 1.3801 | 1996 | 1.4653 | 1635.214
14175 | 2614.983 | 1.4201 | 2536.25 | 1.4443 | 2165.326 | 1.5013 |2003.451| 1.4801 | 1865.26 | 1.4212 | 1862.54 | 1.5035 | 1435.629
14952 | 2135.629 | 1.5101 | 2218.13| 1.4795 | 2001.659 | 1.5501 |1736.265| 1.5191 | 1652.36 | 1.4797 | 1435.63 | 1.5321 | 1286.354

4.5 Modes of failure
As shown in figure 4.5, 4.6, and 4.7 most of the failure of the CFDSSTC specimens is mainly

due to crushing of concrete at mid height and the yielding of the outer steel tube, which is mainly
due to the combined effect of axial compression loads and expansion of the in-filled concrete. No
failure was found in the inner steel tube.

The CFDSSTC columns of HR=1 was failed by steel tube buckled outward and 1.5m, 2m, 2.5m,
3m, 3.5m, and 4m length specimens failed by crushing of concrete at mid height and a little
buckling outward of the outer steel tube. All the yielding of the steel tubes occurs in short

column are in the upper part.
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Figure 4.5: Failure on OST=3mm specimens. Figure 4.6: Failure on 0.6mm specimens.

Figure 4.7: Failure on HR=1 CFDSSTC columns.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATION

5.1 Conclusion
This paper has presented non-linear finite element analysis of concrete filled double skinned

steel tubular circular column under axial compression loads. The analysis involved twenty three
different specimens were modeled and analyzed on ABAQUS, to investigate the behavior, the
ultimate load carrying capacity and the effect of the key parameter on the axial load-
displacement relationship of the column. Before modeling of the whole specimens one
CFDSSTC columns was modeled and analyzed for validation. The validation results show that
the experimental ultimate strength of the column was 87.57% of FE strength of the same column.
The key parameters studied were hollowness ratio varies from 0 - 1 with a constant interval of
0.25, outer and inner steel tube thickness range from 2mm - 4mm with a constant interval of
0.5mm, and length of the columns range from 1m — 4m with an interval of 0.5m. On the base of
the results presented in this paper, the following conclusions can be drawn.

v" Columns under increasing hollowness ratio demonstrates an almost decreasing the
ultimate load carrying capacity of the specimens, this degradation in strength is almost
linear when hollowness ratio change from 0 to 0.75, where about 4.5% up to 11.5% loss
in strength and the degradation in strength for hollowness ratio change from 0.75 to 1was
about 38.3% is occurred.

v" Inner and outer steel tube thickness has a significant influence on the axial loads-
displacement behavior of CFDSSTC columns. As expected, increasing the outer and
inner steel tube thickness leads to increase in the axial load carrying capacity of the
specimens. It can be seen from the results that when the thickness of outer steel tube
increase to 4mm, the ultimate load capacity of the specimens was increased by 7.55%,
4.84%, 6.18%, and 12.27% and percentage increase in axial capacity of a column for
increasing thickness of inner steel tube from 2mm — 4mm, was 3.13%, 2.52%, 4.42%,
and 8.73% respectively.
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v" Increasing the length of CFDSSTC columns leads to a decrease in the ultimate axial load
carrying capacity. The percentage decrease in axial strength of columns for increasing
length from 1m to 4m was 3.54%, 5.82%, 6.07%, 8.02%, 7.04%, 5.32% respectively.
This indicates that the column expected to decrease in axial strength when the length of
the column increases from 1000mm to 4000mm.

v Most of the failure of the CFDSSTC specimens is mainly due to crushing of concrete at
mid height and the yielding of the outer steel tube, which is mainly due to the combined
effect of axial compression loads and expansion of the in-filled concrete. No failure was

found in the inner steel tube.
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5.2 Recommendation
The following recommendations are suggested for further studies:

v' In this study only circular CFDSST columns were investigated. Therefore it’s
recommended if columns with different shape are investigated for axial compression
behavior of CFDSST columns.

v Experimental and numerical studies on changing grade of concrete should be performed
on this parametric study.

v’ Effect of confinement co-efficient and it value is another important focus of this area.

v" The study considered only the effect of concentric axial load on ultimate load capacity of
the column. However, in real life situations, many columns are subject to eccentric
loading due to different situation. Therefore, the study can be furthered by incorporating

the influence of eccentric axial load on ultimate load resisting capacity of the columns.
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APENDIX A

MATERIAL PROPERTIES
A.1 Concrete properties

Table A.1: Compressive stress-total strain of concrete.

6c¢c

Ec

14.34701201

0

19.92898409

0.000116848

24.48583677

0.000222074

28.04336806

0.00035905

30.6265175

0.000526982

32.25940163

0.000725105

32.96534764

0.000952677

33

0.001020942

32.76692539

0.001208981

31.6859779

0.001493323

29.7436504

0.001805031

26.96041794

0.002143456

23.35611175

0.002507966

18.94994436

0.002897952

Table A.2: Compressive stress-crushing strain.

6c¢

Ein

14.34701201

0

19.92898409

0.116847541

24.48583677

0.222074357

28.04336806

0.359050047

30.6265175

0.52698227

32.25940163

0.725104834

32.96534764

0.952676623

33

1.020941951

32.76692539

1.208980584

31.6859779

1.493322754

29.7436504

1.80503134

26.96041794

2.143455842

23.35611175

2.507966211

18.94994436

2.897952058

Table A.3: Concrete damage variable vs crushing strain.
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Dc ein
0 0.044189213
0 0.116847541
0 0.222074357
0 0.359050047
0 0.52698227
0 0.725104834
0 0.952676623
0 1.020941951
0.007062867 | 1.208980584
0.039818851 | 1.493322754
0.098677261 | 1.80503134
0.183017638 | 2.143455842
0.292239038 | 2.507966211
0.425759262 | 2.897952058

Table A.4: Tensile stress-cracking strain of concrete.

6t et
2.56496392 0
1.638124916 0.000197956
1.241466537 0.000460558
1.055597892 0.000716463
0.940855698 0.000970109

0.860516128

0.001222661

0.799993606

0.001474584

0.752155785

0.001726104

0.713035284

0.001977347

0.703376857

0.00204702

0.680220964

0.002228389

0.652149275

0.002479281

0.627754655

0.002730056

0.606281781 0.002980738
0.587177865 0.003231345
0.570027492 0.00348189
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Table A.5: Tensile damage variables-cracking strain of concrete.

Dt Ot

0 2.56496392
0.361345825 1.638124916
0.515990643 1.241466537
0.588455072 1.055597892
0.6331895 0.940855698
0.66451141 0.860516128
0.688107267 0.799993606
0.706757752 0.752155785
0.722009624 0.713035284
0.725775146 0.703376857
0.734802911 0.680220964
0.745747193 0.652149275
0.7552579 0.627754655
0.763629509 0.606281781
0.771077534 0.587177865
0.777763934 0.570027492
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APENDEX B

Axial loads for all CFDSSTC columns

RF, Magnitude

+2.30424-06
+2.1122406
+1.920e4-06
+1.7282406
+1.536e4-06
+1.34424-06
+1.15224-06
+9.601=2405
+7.6812405
+5.7602405
+3.840e4-05
+1.920=2405
+0.000=4-00

Figure B.1: Axial loads for HR=0 CFDSSTC columns.

RF, Magnitude
+1.863e+06
+1.707e406
+1.552e+06
+1.397e+06
+1.242e+06
+1.087e+06
+9.313e+05

+7.761e+05
+6.209e+05
+4.657e+05
+3.104e+05
+1.552e+05
+0.000e+00

Figure B.2: Axial loads for HR=0.25 CFDSSTC columns.
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RF, Magnitude

+1.743e+06
+1,598e+06
+1.452e+06
+1.307e+06
+1.162e+06
+1.017e+06
+8.715e+05
+7.262e+05
+5.810e+05
+4.357e+05
+2.905e+05
+1.452e+05
+0.000e+00

Figure B.3: Axial loads for HR=0.5 CFDSSTC columns.

RF, Magnitude

+1.588e+06
+1.456e+06
+1.323e+06
+1.191e+06
+1.059+06
+9.263e+05
+7.940e+05
+6.617e+05
+5.293e+05
+3.970e+05

+2.647e+05
+1.323e+05
+0.000e+00

Figure B.4: Axial loads for HR=0.75 CFDSSTC columns.
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RF, Magnitude

+7.994e+05
+7.328e+05
+6.6622+05
+5.996e+05
+5.330e+05
+4.663e+05
+3.997e+05
+3.331e+05
+2.665e+05
+1.999e+05
+1.332e+05
+6.662e+04
+0.0002+00

Figure B.5: Axial loads for HR=1 CFT columns.

RF, Magnitude

+1.555e+06
+1.426e+06
+1.296e+06
+1.167e+06
+1.037e+06
+9.074e+05

+7.777e+05
+6.481e+05
+5.185e+05
+3.889%+05
+2.592e+05
+1.296e+05
+0.000e+00

Figure B.6: Axial loads for IST=2mm CFDSSTC column.
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RF, Magnitude

+1.7692+06
+1.622e+06
+1.474e+06
+1.327e+06
+1.179e+06
+1.032e+06

+8.846e+05
+7.372e+05
+5.897e+05
+4.4232+05
+2.9492+05
+1.474e+05
+0.000e+00

Figure B.7: Axial loads for IST=2.5mm CFDSSTC column.

RF, Magnitude

+1.83424-06
+1.681e+06
+1.528e4+06
+1.376e4-06
+1.223e+06
+1.070e406

+9.170e+405
+7.642e4+05
+6.113e405
+4.585e+05
+3.057e+05
+1.528e4-05
+0.000e400

Figure B.8: Axial loads for IST=3mm CFDSSTC column.
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RF, Magnitude

+1.858e+06
+1.703e+06
+1.548e+06
+1.3940 406
+1.23%9+06
+1.0842+06

+9.290e405
+7.7422+4+05
+6.194e+405
+4.6452+4+05
+3.097e405
+1.5482+05
+0.000e+00

Figure B.9: Axial loads for IST=3.5mm CFDSSTC column.

RF, Magnitude
+2.05%e+06
+1.887e+06
+1.716e+06
+1.544e+06
+1.372e+06
+1.201e+06
+1.0292+06

+8.578e+05
+6.862e+05
+5.147e+405
+3.431e+405
+1.716e+05
+0.000e+00

Figure B.10: Axial loads for IST=4mm CFDSSTC column.
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RF, Magnitude

+1.387e+406
+1.272e406
+1.156e+406
+1.041e+406
+9.250e4+05
+8.094e405

+6.937e+405
+5.781e+405
+4.625e+405
+3.469e+405
+2.312e4+05
+1.156e4+05
+0.000e+00

Figure B.11: Axial loads for OST=2mm CFDSSTC column.

RF, Magnitude

+1.488e406
+1.3642406
+1.240e4-06
+1.116e406
+9.917e405
+8.677e+4+05

+7.438e4+05
+6,198e405
+4.958e4+05
+3.719e405
+2.479e405
+1.240e405
+0.000e+400

Figure B.12: Axial loads for OST=2.5mm CFDSSTC column.
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RF, Magnitude

+1.565e+06
+1.435e+06
+1.304e+06
+1.174e+406
+1.044e406
+9.131e+405

+7.827e+405
+6.522e+405
+5.218e+405
+3.913e+05
+2.609e+405
+1.304e+05
+0.000e+00

Figure B.13: Axial loads for OST=3mm CFDSSTC column.

RF, Magnitude

+1.621e+06
+1.486e+06
+1.351e+06
+1.216e+06
+1.081e+06
+9.4572+05

+8.106e+05
+6.755e+05
+5.4042+05
+4.053e+05
+2.702e+05
+1.351e+05
+0.000e+00

Figure B.14: Axial loads for OST=3.5mm CFDSSTC column.
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RF, Magnitude

+1.839e 406
+1.686e+06
+1.532e406
+1.379e+4+06
+1.226e4+06
+1.073e406
+9.194e2405
+7.662e4+05
+6.129e+4+05
+4.597e4+05
+3.065e4+05
+1.532e+4+05
+0.000e+4-00

Figure B.15: Axial loads for OST=4mm CFDSSTC column.

RF, Magnitude

+2.965e+06
+2.718e+406
+2.471e4-06
+2.224e+06
+1.977e+06
+1.730e+06
+1.483e4-06
+1.235e+06
+9.884e+05
+7.413e+05
+4.942e 405
+2.471e+405
+0.000e+00

Figure B.16: Axial loads for L=1m CFDSSTC column.

RF, Magnitude

+2.758e4-06
+2.528e4-06
+2.299e 406
+2.069e406
+1.839e4-06
+1.609e4-06
+1.379e+406
+1.1492+06
+9.194e4-05
+6.896e+405
+4.597e405
+2.299e+05
+0.000e+4-00

Figure B.17: Axial loads for L=1.5m CFDSSTC column.
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RF, Magnitude

+2.538e+06
+2.326e+06
+2.115e+06
+1.903e+06
+1.692e+06
+1.480e+06
+1.269e+06
+1.057e+06
+8.459e+05
+6.344e+05
+4.229e+05
+2.115e+05
+0.000e+00

Figure B.18: Axial loads for L=2m CFDSSTC column.

RF, Magnitude

+2.434e+06
+2.232e+06
+2.029e+06
+1.826e+06
+1.623e+06
+1.420e+06

+1.217e406
+1.014e+06
+8.115e+05
+6.086e+05
+4.057e+405
+2.029e+05
+0.000e+00

Figure B.19: Axial loads for L= 2.5m CFDSSTC column.
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RF, Magnitude

+2.323e406
+2.130e+406
+1.936e406
+1.742e406
+1.549e406
+1.355e406

+1.162e406
+9.680e+405
+7.7442+405
+5.8082405
+3.872e+405
+1.936e+405
+0.000e4-00

Figure B.20: Axial loads for L= 3m CFDSSTC column.

RT, Magnitude

+2.109e 406
+1.933e+406
+1.758e+406
+1.582e406
+1.4062406
+1.230e+06

+1.055e406
+8.788e+405
+7.031e405
+5.273e+405
+3.515e405
+1.758e+405
+0.000e+400

Figure B.21: Axial loads for L=3.5m CFDSSTC column.
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RF, Magnitude

+2.0252+06
+1.857e+06
+1.688e+06
+1.519e+06
+1.350e+06
+1.181e+06
+1.013e+06
+8.439e+05

+6.751e+05
+5.063e+05
+3.376e+05
+1.688e+05
+0.0002+00

Figure B.22: Axial loads for L=4m CFDSSTC column.

RF, Magnitude

+1.281=406
1742406
0672406
6042405
5372405
4702405
.4032+4-05
.335e+05
.2682+4+05
2012405

.134=2405
0672405

0002400

Figure B.23: Axial loads for 0.6m CFDSSTC column.
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