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ABSTRACT

Extensive investigations have verified that frame systems consist of concrete-filled
steel tubular (CFST) columns have more benefits than ordinary reinforced concrete and
steel systems. The CFST column increases earthquake resistant capabilities due to the
concrete filling inside the steel tubes and are ideal for buildings subjected to large
compressive stress. The use of CFST columns is drawing attention due to their strength
and quake-proof advantages. Local buckling of the steel tube is delayed by the restraint of
the concrete, and the strength of concrete is increased by the confining effect of the steel

tube.

This thesis deals with the local buckling restraining behavior of thin-walled CFST
columns under seismic loads by conducting a bidirectional cyclic loading numerical
analysis. The CFST columns are modeled and analyzed, by the commercial computer
program ABAQUS, to calculate the responses of the CFST columns under bidirectional
cyclic load. The obtained results from analysis indicate that the buckling deformation
should be slowed for the reduction in compressive force on buckled part due to shifting of
compressive force from steel tube to the in-filled concrete. In addition, under a cyclic load
applied after the occurrence of local buckling, the opening and closing of major horizontal
cracks and dilation occur in the in-filled concrete. As a result, a predominant tensile axial
force will act repeatedly on the buckled part of the outer steel tube. This tensile force

restrains or restores the local buckling deformations by stretching them. The magnitude of

xii



the tensile force could be enhanced by installing diaphragms on the steel tube at the upper
surface of the in-filled concrete. The ratio between the residual sway displacement 6r and
the maximum response sway displacement dm, defined as 8,/0m for partially CFST columns,
is smaller than that for hollow columns because of the enhanced strength and ductility of
CFST columns. An extensive study will be carried out to derive seismic design equations

for Concrete Filled Steel Tubular Columns.
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CHAPTER1

INTRODUCTION

With the technological advancement, structural engineers are always trying to push the
limit of accuracy and predictability, which seemed impossible before. One of the great
challenges in structural engineering is to design infrastructures which can withstand all
kinds of extreme load even seismic load which is highly unpredictable in nature. Recent
advancement in structural material, member fabrication method, material modeling, and
computer technology provides the tools to improve the design standard and increase the
accuracy in predicting. The use of thin-walled steel tubular columns in highway bridge
systems as bridge piers is increasing in Japan and other countries (Mamaghani et al., 2010).
These steel bridge piers are light, ductile, and can be built in limited spaces which made
these advantageous, especially in highly populated urban areas, over other types of
reinforced concrete bridge piers (Goto et al., 2006). Recent research shows the ductile
behavior of steel tubular column under seismic loading (Mamaghani et al., 2014a, 2014b,
2015a, 2015b, 2015c¢).

However, after the Kobe earthquake (Japan, 1995) a lesson was learnt about the
stability and ductility of thin-walled hollow tubular steel columns which motivated
researchers to do more research on concrete-filled tubular columns. During the earthquake,
most of the hollow steel bridge piers failed except some of the partially concrete-filled

piers. In Japan, prior to the Kobe earthquake, concrete was poured in hollow steel piers to



prevent the column from indenting due to accidental car crashes, not for structural load-
transfer mechanism purposes.

The concrete-filled steel tubular (CFST) columns have evolved an alternative to the
conventional hollow steel and reinforced concrete (RC) columns in recent years. Its usage
as a structural member in transferring load from super structure is increasing as the in-filled
concrete increases the strength and ductility of columns without increasing the given
amount of steel. Research shows, by using concrete-filled steel columns, 60% of structural
steel can be saved for a given load (Zhong, 1988). Because of its high strength, stability,
ductility and better seismic resistance, found by most of the researchers, CFST is more
advantageous than ordinary RC columns, and is even more advantageous than the hollow
steel column (Patil, 2012). The main reason for its high-strength and ductility lies in the
composite in-filled concrete-steel interaction. The concrete is confined by outer steel which
acts like longitudinal and transverse reinforcement. Moreover due to the confinement, the
inner concrete core experiences tri-axial compression which restrained the formation of
tension crack in concrete. Conversely, the outer steel shell is strengthened by the inner core
which delays the inward local buckling and causes the outward buckling of steel member
(A.Z. Y. H. Fam, 2000). Therefore the outer thin-walled steel can reach to the yield stress
before local buckling occurs (Lu and Kennedy, 1994). Hence strength and stability of the
CFST column is increased by 50% just because of introducing concrete (A. Fam et al.,
2004; A. Z. Fam and Rizkalla, 2002). In addition strength deterioration in CFST is not
severe compared to hollow steel columns because the spalling of concrete is restrained by
outer steel (Patil, 2012). CFST shows enhanced ductility and delayed buckling under

seismic load (Mamaghani et al., 2015d). On the other hand, CFST has higher fire resistance



compared to hollow steel column, especially when the concrete core is designed to sustain
the dead and live load (Kodur, 1997), as concrete has a larger thermal resistance than air
which is entrapped in hollow columns. Besides, due to the steel confinement the use of
formwork can be discarded. The potential economic advantages are more apparent for tall
buildings or heavy superstructures where the axial load is higher. Because of the lower
poisson’s ratio of the core concrete at the initial stages which impairs the advantageous
composite interaction by weakening the steel-concrete bonding, the outer steel has no
confining effect on the concrete core (Furlong, 1967). However, with the increase of strain,
the lateral expansion of the concrete core become larger than the outer steel tube expansion
(Patil, 2012).

This manuscript provides an insight about the local buckling behavior of concrete-
filled tubular columns. Chapter 2 discusses the previous work of researchers regarding the
strength and stability of hollow thin-walled steel tubular columns and concrete-filled thin-
walled steel tubular columns. This chapter will also give the idea about the constitutive
material property and FEM modeling of CFST columns. Chapter 3 provides a comparison
between the experimental result and FEM analysis for stability and buckling behavior of
hollow thin-walled steel columns subjected to multi-axial loading. Restrained buckling
behavior of CFST columns and a comparison between hollow steel columns and CFST
columns is explained in Chapter 4. Chapter 5 presents the suggested design equation for

CFST columns. Chapter 6 gives conclusions and discusses the scope of future research.



CHAPTER 11

LITERATURE REVIEW

2.1 Background

Due to the increasing popularity of CFST columns throughout the world for its
excellent seismic resistance, extensive experimental and analytical studies have been
conducted to understand the composite behavior of CFST columns since early 1960’s.
These studies were carried out to understand the confined concrete material behavior and
composite concrete-steel interaction by applying compressive axial loads by early
investigators (Chen and Chen, 1973; Furlong, 1967; Gardner and Jacobson, 1967; Ghosh,
1977; Knowles and Park, 1969; Zhong, 1988) and very recently (Ellobody et al., 2006;
Patil, 2012; Susantha et al., 2001, 2002; Tao et al., 2009; Tao et al., 2013; Thai et al.,
2014). To understand the seismic property, in recent decades the researchers are
investigating the cyclic behavior of CFST columns by applying lateral cyclic load in the
presence of axial load (A. Fam et al., 2004; Ge and Usami, 1996; Gourley et al., 2008; Hu
et al., 2005; Mamaghani and Packer, 2002; Nie et al., 2013; Usami and Ge, 1994) and
torsion (Han et al., 2007; Nie et al., 2012, 2013). Using these studies many countries, such
as Australia, China, Japan, USA and European countries are developing their design code,

design philosophies and analysis criteria for CFST columns (Brian Uy et al., 2008).



The development in finite element technique has provided with a new dimension
for modeling of CFST columns. Nowadays, using commercially available modern
softwares, such as ABAQUS and ANSYS, allows us to model the composite interaction
between concrete core and outer steel as well as other different factors such as residual
stress, initial imperfection and, different boundary condition in a highly precise manner.
Expensive experimental studies are giving place to new analytical simulations and hence
are enabling researchers to carry on extensive studies to investigate the behavior of CFST

columns more accurately.

To understand the behavior of CFST columns, researchers are investigating the
influencing factors on strength and ductility. B Uy (2001), Gho and Liu (2004), Sakino et
al. (2004) and, Patton and Singh (2014) investigated the effect of the constituent material
property, such as concrete compressive strength, concrete tensile strength and, steel yield
strength, on the ultimate strength of CFT column. The influence of the confining pressure
of concrete, which is determined by the shape of the tube, on the overall behavior of CFT
column was discussed by Susantha ef al. (2001) and, Hu et al. (2003). The effects of the
geometric properties of the outer steel tubes such as diameter-thickness ratio, spacing of
the diaphragms and spacing of the longitudinal stiffeners were investigated by Schneider
(1998), Huang et al. (2002), Giakoumelis and Lam (2004), Sakino et al. (2004) and, Tao
et al. (2009). The effects of some other important parameters such as column slenderness
ratio and height of the concrete infills on the ductility and stability of CFST are discussed
by Mamaghani and Packer (2002). The effect of initial imperfections, residual stress and
different steel grades, which affects the thermal stress, is also considered by Tao et al.

(2009), Brian Uy et al. (2011) and, Thai et al. (2014).



The magnitude of compressive axial load considerably affects the overall seismic
behavior of CFST columns. An extensive experimental were carried out to understand the
behavior of CFST columns under low axial load and cyclic lateral load. The seismic
response of CFST columns subjected to higher axial load is important because during
severe earthquakes such as Kobe Earthquake, the column of structures such as the bridge
piers, suspension bridge tower, arch ribs etc. are subjected to higher axial load. But the
cyclic behavior and seismic performance of CFST columns under high axial load is known

a little.

2.2 Material Properties and Constitutive models
2.2.1 Concrete modeling

In a CFST column under axial loading and lateral displacement, the confined
concrete core expands. This expansion is restrained by the outer steel tube which exerts tri-
axial stress on concrete core while the steel tube itself is in bi-axial stress state. It is
important to consider this confined pressure as this pressure increases the strength, ductility
and enhance the behavior of concrete core. There are many models to describe the behavior
of this composite confined concrete such as Mander et al. (1988), Sakino and Sun (1994),
Susantha et al. (2001), Hu et al. (2005) etc. There are some models for high strength
concrete material (Thai et al., 2014) and pure torsion (Han et al., 2007). It is worthy to
mention that one model is not a corrected or updated version of another model, each of the

existing model has its own advantages and limitations.

Confined concrete model of Susantha et al. (2001) is based on the steel thickness,

circumferential stress of steel and concrete material property.
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Figure 1: Confined stress-strain diagram used by Susantha et al. (2001)

For CFST columns, in triaxial stress state the peak stress of the confined concrete can be

defined as the equation below.

f’cczf’c+mfrp (5)



Here, f;, 1s the maximum radial pressure on concrete and m is an empirical coefficient

whose value is taken 4.0 by Susantha et al. (2001). For circular section,

2t
D -2t

fro = for (6)

Here, f,, t and D denote the circumferential stress in steel, thickness and the outer diameter

of the steel column section.

Mamaghani (2005) developed a new confined concrete model under cyclic loading
that has a better prediction of confined concrete behavior than Susantha ez al. (2001) model.
Confined concrete strength is not only a function of geometry properties such as plate
width-to-thickness ratio, R, and column’s slenderness ratio, A, but also a function of other
material properties, which Sakino and Sun (1994) model take into consideration.

According to them:

f,CC = yuflc + 41ﬁp (7)
Here, y,, is the shape factor and other terms are defined previously. The shape factor is a

function of the diameter of the steel column and defined as the equation below.

Yu = 1.67D7%112 (D in mm) (8)

2t
D2 ©)

fip = —0.19

Here, D is the diameter of the tube and ¢ is the thickness of the tube. To describe the post
buckling behavior of the confined concrete, which is expressed by r and is a function of D,

t, ¥, and concrete strength parameter, another control parameter K is used where,

!
:fcc

K Yuf . (10)
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Sakino and Sun (1994) model is good enough to predict the strength of column
under compressive axial load. But applying higher bending moment or lateral displacement
may cause the tension crack in concrete core, which is not considered in this model. Hu et
al. (2005) assume a strength factor (k4), where k4 < 1, in the original equation to consider

the tensile stress. The stress-strain diagram of confined concrete used by Hu et al. (2005)

is depicted in Figure 2. According to their model:
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Figure 2: Stress-strain diagram of confined concrete used by Hu et al. (2005)
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In this figure:
f,cc = k4f,c + klfTP (13)

glcc = S’c ll + k; <]{_,1>l (14)



Here, ki, k2, k4 are the constants and can be obtained from the experimental result.
On the basis of Richart e al. (1928) works, the constant k; and k;are set 4.1 and 20.5 and
the value of k4is kept < 1 by Hu et al. (2005). &', is taken 0.002 in their confined concrete

model.

!
When ¢, < €',

f = E. <.
c — 2 3
_ &\ _ Ec Ec (15)
1+ (R + Ry —2) (E,CC) (2R — 1) (e’cc) +R (e’cc)
When €, > €',
fe = k3ec (16)
and
&, = 11€', (17)

The lateral confining pressure on concrete calculated by Hu et al. (2005) is depicted in
Figure 3. Here, lateral confining force on the concrete is defined by the following

equations.
fro/ fy = 0; 0 <F/E, <0.23

< 0.56

F F
frp/f, = —0.00859 + 0.0373 (—); 023 < —<
el ly F Fy (18)

u

F
fip/f, = 0.0104 + 0.00333 (F—>; 0.56 < F/F, < 0.74
u
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Figure 3: Lateral confining pressure on concrete calculated by Hu et al. (2005)

Where, F is the applied vertical load on CFST column and F is the axial ultimate strength
of the column. The degrading slope of the confined concrete stress-strain diagram k3 is

expressed as a function of F /F,.
F
k; =1-0.304 (F—>, 0<F/F, <0.23
u

F F 16
ks = 1.195 — 1.152 (—); 0.23<—<0.56 (19)
E, F,

ks = 0.55; 0.56 < F/E, < 0.74
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Figure 4: k4 as a function of Fi as calculated by Hu et al. (2005)

Figure 4 illustrates k3 as a function of Fi as calculated by Hu et al. (2005). Figure 5

u

illustrates k, as a function of Fi as calculated by Hu et al. (2005). For the value of k4, a

constant for tension crack adjustment, which is less than equal to 1 the equations are:

F
k, = 0.7 + 1.304 (F—>; 0<F/E, <023
: (20)
k, =1; 0.23 < F/E,

12



11

<
4
1 » -
’I
4
4
,I
0.9 y
,l
4
’I
’
0.8 /’
4
,I
’
,I
4
0.7 W
F/F
0.6 u
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Figure 5: k, as a function of Fi as calculated by Hu et al. (2005)

Concrete is a composite anisotropic material and its behavior in compression and tension
is considerably different. So, to model the confined concrete in the column under bending
moment or cyclic lateral load, the constitutive material model for concrete should have
different sets of criteria for tensile and compressive response. Patton and Singh (2014) use
the original Mander’s model (Mander et al., 1988) for confined concrete. Where the

confined pressure is calculated from the values measured by Hu et al. (2003).
flcc =f,c +k1fTP

21
=6 ll + k, (}{,1 )l -

Here, k, and k, are taken 4.1 and 20.5 respectively. The constitutive equations are assumed

below.
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Figure 6 illustrates the stress-strain diagram of confined concrete by Mander, Priestley et

Figure 6: Stress-strain diagram of confined concrete by Mander, Priestley et al. 1988

al. (1988).
When g < 0.5f"_ ; this part is assumed straight line as within proportional limit.

fe = Ecec

Here,
E. =4700 ’f’cc

When 0.5f" <
ECSC

SC
8,
cc

IR

SC
8,
cc

;

fC:
1+(R+RE—2)(€,CC

14

) - @rR-1)(

(22)

(23)

(24)



Where:

_ Ecg,cc
Rg = o (25)
_ RE(RO' - 1) 1
" (R.—1)? R, (26)

The constants R, and R, are assumed 4.0 by Hu et al. (2003).

When &, > f'

fe = ksec 27)

and

&, = 11€', (28)
Here, k5 is the softening factor and is a function of the geometric parameter (D/¥).

According to Hu et al. (2003):

D
ks =1; 217 < () < 40
(29)

D D D
ks = 0.0000339 (?) +2 —0.010085 (?> + 1349140 < () < 150
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Figure 7: k5 as a function of ~as calculated by Hu et al. (2003)

Properties on confined concrete depends on the confining pressure of the concrete. For the
case of Circular Concrete Filled Tube, the confined pressure is a function of diameter and
thickness of the steel tube. Figure 7 illustrates the lateral confining pressure on concrete
calculated by Hu et al. (2003). According to Hu et al. (2003) confining pressure on the

concrete is calculated from the given equations.
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Figure 8: Lateral confining pressure on concrete calculated by Hu et al. (2003)
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In this figure:

D D
fin/f, = 0.043646 — 0.000832 (?>; 217 < () <47
(30)

D D
frp/fy = 0.006241 — 0.0000357 (?), 47 < (?) < 150

For the tensile behavior, which is characterized by the fracture energy balance approach

(Hillerborg et al., 1976) and fracture energy, Gy is calculated from the equation given by

Bazant and Becq-Giraudon (2002).
f, 0 7
Gr = (0.0469d 0y — 0.5d gy + 26) <1—OC> G1)

Here, f'_ is in MPa and d  is the aggregate size (in mm). When there no data is available,

dmax could be taken as 20 mm.

Another approach to define the damage is to use “damage parameter” d. and d; Goto

et al. (2010). To calculate the damage parameter the following equations are used.

Compressive damage parameter, d.:

d. = kcigc
[1 + (Sc/eo)n]

d, = 0.3485; £, > 0.0184

2 €. < 0.0184
(32)

Here, k.; = 155,¢, = 0.0035,n = 1.08

Tension damage parameter, d;:

17



L24k, o, .
o (33)

t =

Here, k¢, 01, u" depends on the concrete material property.

2.2.2 Steel Modeling

To model the steel material in CFST, different stress-strain data such as elastic-
perfectly plastic (Schneider, 1998), elastic-plastic with linear hardening (Guo et al., 2007)
and, elastic-plastic with multi-linear hardening (Han et al., 2007) was used by different
investigators. Within the general strain of interest, normally < 5%, steel doesn’t show
significant hardening. Tao et al. (2013) shows structural response, axial load- axial strain,
is almost independent of used stress-strain model such as linear hardening, multi-linear
hardening and, elastic-perfectly plastic model. Figure 9 illustrates the stress-strain diagram
of steel proposed by Tao et al. (2013). Tao et al. (2013) used elastic-plastic model with

linear hardening where the hardening modulus E, is 0.5% of steel elastic modulus Ej.

fio bommeamemmmmemnmemaaa

arctan(£)

fy

Stress o

| arctan(E,)

Strain £

Figure 9: Stress-strain diagram of steel proposed by Tao et al. (2013)

18



In the case of rectangular CFST columns, due to easier local buckling and less effective

steel confinement leads them to use elastic-perfectly plastic model.

Ee 0<e=<g
fy & SE<¢g,
P
o= &y — €
fu_(fu_fy)< = ) <c-'p<‘c-'<£ (34)
l Eu — &
fu E=¢&y,

Here, f,, is the ultimate strength, €, &, &, are the yield strain, onset hardening strain and

ultimate strain respectively. p is the strain-hardening exponent, which is expressed by:

= (eu—es)
P Eu— & (35)

E, is the modulus at the onset of hardening, &, and &, are determined by the following

equations.

15¢, f, <300 MPa

= [15 - 0.018(f, — 300)] &, 300 < £, < 800 MPa (36)
100¢, f, <300 MPa

= 1[100 - 0.15(f, — 300)] &, 300 < f, < 800 MPa G7)

This following equation could be used to calculatef,,, if the value is not given to make sure

the continuity of the stress strain diagram. This equation is proposed by Nie et al. (2013).

_ { [1.6 — 2 x 1073(F, — 200)]f, 200 < f, < 400 MPa
T [1.2-3.75 x 1074(f, — 400)]f, 400 < £, <800 MPa (3%
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2.3 Finite element modeling
2.3.1 Geometry

Lot of experiments have been carried out ranging from short columns to long
columns to predict the strength of circular or rectangular CFST columns. Most of the
analytical or experimental studies include the end rigid plate in order to distribute axial
load uniformly over the cross-section. However, Liew ef al. (2011) didn’t use any end plate
in their experiment. In their analytical analysis, Tao et al. (2013) fixed all the degrees of
freedom except displacement at end surface of the specimen to represent the Liew et al.
(2011) model. They showed that, in the case of circular CFST columns almost the same
result is obtained irrespective of end plate (Tao er al., 2013). However, in the case of

rectangular CFST columns there is an effect of end plate on buckling behavior.

SO0 -
B=150 mm, =8 mm, L=450 mm,
=779 MPa, f'=157 MPa
2 6GO0O |-
I~
= e
= 4000 - -
g 1/ e Te51 13 ]
~ } = Clamped
é 2000 s Pinned
]" Square specimen SSH-1-2
0 “' 1 1 1 L 1 )
0 3 6 Q 12 15 18

Axial shortening A (mm)

Figure 10: Effect of boundary condition experimented by Tao et al. (2013)

2.3.2 Material and Geometric Initial Imperfection
In the case of hollow steel columns, initial imperfection and residual stress has an
effect on the behavior of thin walled steel member. But in CFST the effect of residual stress

is minimized by introducing concrete in the hollow section and hence in modeling this
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effect can be ignored (Tao et al., 2011). Using the model from Tomii et al. (1977), Tao et
al. (2013) showed the effect of L/D on initial imperfection by comparing axial load-axial
strain graph. They showed that, even though the effect of initial imperfection increases

when L/D < 2 and L/D>5, the effect is almost negligible when 2 < /D < 5.

2.3.3 Material property

To model the concrete property in ABAQUS, damaged plasticity model was used
by most of the investigators (Hu et al., 2003; Patton and Singh, 2014; Tao et al., 2013; Thai
et al., 2014). Though for axial compressive force there is no formation of tension cracks,
the non-linearity of concrete was modelled as plastic material without considering damage
variables by most of the researchers such as Tao et al. (2013), Patton and Singh (2014). In
this manuscript, due to applying lateral displacement, concrete stiffness softening as a
result of crack formation is considered. Damage variables for both tension damage and
compression damage is calculated as discussed in ABAQUS theory manual (23.6.3) and
Jankowiak and Lodygowski (2005). Figure 11 illustrates the damage parameters for

concrete embedded in the ABAQUS software that is used in this study.
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Figure 11: Damage parameter for concrete in ABAQUS

An important parameter of damaged plasticity model is Kc, the ratio of the second
stress invariant of tensile meridian to the same of compressive meridian, defines the yield
surface. The effect of K. on the CFST column behavior is shown by Tao et al. (2013). K.
is a function of concrete strength, /"¢, and calculated by the experimental equation given by

Yu et al. (2010a).

55
e 2f,co_o75 (39)

c

Generally the value of K. ranges from 0.715 to 0.703 depending on the concrete

compressive strength.

The behavior of CFST column is also influenced by another important parameter known
as dilation angle ¥, which define the plastic flow potential. The effect of ¥ in CFST

strength prediction is discussed by Tao et al. (2013). According to Yu et al. (2010b) ¥'is a
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function of steel confining stress and concrete plastic deformation and is calculated by

given regression equation.

56.3(1-6G,); G.<0.5
Y = 7.4

= ' 40
6.672e%64t5c;  C. > 0.5 (40)
Where, the confinement factor G, is defined as:
o _ Ay
¢ ACf,C (41)

Here, A and A, are the cross sectional area of the steel tube and concrete.

Other important factor to define damaged plasticity model is concrete elasticity

modulus, E., which is calculated from the equation recommended by ACI-318. The ratio

fbo
f,

of equibiaxial concrete strength to axial compressive concrete strength, ==, is calculated

[

by the empirical equation given by (Papanikolaou and Kappos (2007)).

fro ~0.075

7= L5(f",) 42)

2.3.5 Element

Most of the researchers used 3D solid element to model concrete and 2D shell
element to model steel. For circular concrete section to have a good mesh agreement 6 node
wedge shape 3D element, C3D6, is used while rest of it is 8 node C3D8 element. For steel,
a uniform plane stress shell element S4 is used. Even though almost all of the recent
researcher use C3D8 and S4 elements, some early investigation were carried out (Susantha

et al., 2001) using a combined complex interface between shear flexible beam-column
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element B21 using Timoshenko beam theory. In this study the adopted finite elements in

analysis are illustrated in Figure 12.

a) Wedge Element (C3D6) b) Solid Element (C3DS8) c¢) Shell Element (S4R)

Figure 12: Elements used in analysis

2.4 Interface Modeling
2.4.1 Interface between Concrete

Even though, when structure is under cyclic load, using Damage Plasticity Model
gives more numerical stability compared to other concrete modeling but it has some
drawback. Damage Plasticity Model assumes isotropic plasticity, so there is a strength
enhancement of concrete due to steel confinement in compression side and tension side as
well. Therefore this model fails to predict the behavior of crack more specifically opening
and closing of cracks. To fix this problem, a discrete crack is inserted horizontally at the

place where maximum tension occurred in the preliminary analysis. To model this discrete
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crack, hard contact surface (ABAQUS 2013) is used between the facing concrete surfaces

as normal behavior and penalty frictional surface (ABAQUS 2013) as tangential behavior.

2.4.2 Interface between Steel and Concrete

To simulate the contact between steel and concrete hard contact model is used. Hard
contact model allows separation after contact and it calculates the over closure pressure on
concrete from the penetration resisting force. Penalty frictional surface model is used as
tangential behavior between the steel-concrete interfaces. The frictional force at the
interface is expressed by the Coulomb friction model. The resulting shear force at the

interface is calculated by:

Ty = VT2 + 10 (43)
Where, 75 is total shear stress acting on the plane; 7, and 7, are the orthogonal stress. The

maximum shear stress 7., is proportional to the contact pressure p, and expressed as, T =

up. If Tz = 1., then sliding will occur.
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CHAPTER III

HOLLOW STEEL COLUMN

3.1 Introduction

Frequent use of thin-walled steel columns as piers in urban areas for elevated
highways in Japan draw the attention of the researcher. As to ensure the safety of the
structure during earthquakes the seismic behavior of thin-walled piers should be predicted
accurately. This is done by applying cyclic load on the structure and comparing its
hysteresis behavior. It is well-established that the major influencing factors affecting
seismic behavior of the thin-walled member are cyclic material plasticity and the local
buckling behavior of the plates (Goto et al., 1998). There are many reliable finite element
material models to describe the plasticity of steel. The main focus of the first portion of
this chapter is to show the differences in inelastic cyclic behavior due to different hardening

rules, namely Isotropic hardening and Kinematic hardening.

As mentioned earlier, cyclic behavior of thin-walled members depend on the local
buckling which is a key factor of stiffness degradation. The earthquake waves consist of
3D components, especially two horizontal components of the earthquake create torque
which has a highly deteriorating effect on ultimate strength (Goto et al., 2006). Hence the
simulating input cyclic data should be multidirectional in order to predict the seismic

behavior more accurately.
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While designing the thin-walled member, the most important parameters which are
considered for design and ductility evaluation are the width-to-thickness ratio
parameter,Ry, radius-to-thickness ratio, R, and the slenderness ratio parameter, A. The

equations given by Mamaghani and Packer (2002) are given below:

b 1 i
Rr=2— [3(1- v2) % (For box section) (44)

Ry = %,/3(1 —v?) % (For circular section) (45)

2h1 fay
A= —— [—=
Ty T E (46)

Where, b = flange width; 7 = plate thickness; oy = yield stress; E = Young’s modulus; v =
Poison’s ratio; n = number of subpanels; » = outer radius of the circular section; h = column

height; r, = radius of gyration of the cross section.

The hysteresis diagram is normalized by using yield strength, H,o and the yield

deformation, d,0. The equations for Hyp and 0,0 are given below:

My
Hyo = =~ 47)
H,oh3
y0
%0 = 3 (48)

Where, M, = yield moment and / = moment of inertia of the cross section. Under the case
of combined effect of multidirectional loading and axial compression, yield strength and
yield deformation reduced to H, and &,. The following equations are used to define these

two parameters.
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R P 49
u My(l—P—E) (49)
P Hyh
B, M, (50)

Here, P = the axial load; P, = the yield load; P, = the ultimate load; and Pg = the Euler

load.

3.2 Specimen

The model used in the cyclic loading test at the Public Work Research Institute of

Japan (Nishikawa et al., 1996) was scaled down to 1/3 of the original one. The details of

the specimens are given in Table: 1.

"h"e:rl.i.ca]LundPl ;
— g
~ Horizontal Load H, "
o - A A
=8
fa2
\:‘L ] a
| | -
- b
[} H
E”/ — Rectangular cross section
Y - A - A

Figure 13: Detailing of the cross section of specimen (Nishikawa et al., 1996).
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Table 1: Geometric properties of test specimens (Nishikawa et al., 1996).

Specimen No.6 No.8 KC-1 No.2 KD-3
h (mm) 3403 3403 3303 3403 3303
hi (mm) 3173 3173 3173 3173 3173
d (mm) 900 900 600 900 750
b (mm) 1300 1300 1300 1300 1300
t (mm) 16 9 20 9 12
bs (mm) - - - 80 90
ts (mm) - - - 6 9
(ns+1) x 1 - - - 4x 225 3 x 246
A (m?) 0.04435 0.025192 0.036442 0.032076 0.035424
R 0.076 0.115 0.031 - -
Ry - - - 0.56 0.46
A 0.30 0.26 0.37 0.26 0.30
3.3 Material Modeling

In the experiment SS400 steel, which is comparable to A36, is used for fabricating the

specimen. The detailed steel property is given in Table 2 and stress-stain curve is shown in

Figure 18. For comparison, both multi-linear isotropic hardening and multi-linear

kinematic hardening is taken into consideration for simulation to find out the better

hardening rule in predicting seismic behavior more accurately.

Table 2: Material properties of test specimens (Nishikawa et al., 1996).

Specimen Material | E (GPa) v 6,(MPa) | o, (MPa) g, sypo
No. 6 SM490 206.0 0.3 344.3 610.0 0.0017 | 0.0133
No. 8 SS400 206.0 0.3 289.6 495.0 0.0014 | 0.0183
KC-1 SS400 206.0 0.3 269.1 464.4 0.0013 | 0.0170
No. 2 SM490 206.0 0.3 378.6 630.0 0.0018 | 0.0165
KD-3 SM490 206.0 0.3 363.7 607.0 0.0018 | 0.0159
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Figure 14: Stress strain behavior of used material (Nishikawa et al., 1996)

3.4 Finite element modeling
3.4.1 Mesh and Element

To reduce the simulation clock time the model is simplified to the combination of
beam and shell element. The bottom half of the column is modeled as shell element (S4R)
and the upper half of the column is modeled as beam element (B31). To facilitate the
understanding of buckling shape, denser mesh is used at the bottom 60% of the column.
After analysis for mesh sensitivity, in the lower denser part the mesh size is B/15 while for
the rest of the shell element the mesh size is B/10 and for the beam element the mesh size

is B/8. Figure shows the loading and the meshing of the specimen.
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Figure 15: Boundary condition and meshing of the specimen

Figure 16: Meshing of No. 2 specimen
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Figure 17: Meshing of KD-3 specimen

3.4.2 Loading Program
For loading, unidirectional loading along X direction is used. The amplitude of the load is
an integer multiplication of yield displacement &,. An axial load P is applied at the top of

the column. &y, is calculated from the given equation.

H,h3

y
63’ = 3E] (51)

Here, Hy = (oy - P/A)z/h and represents the horizontal force, A = the cross-sectional
area, h = the column height, EI = the bending rigidity, and z = the plastic modulus of

section. The loading parameters for each specimen is given in Table: 3

Table 3: Loading of test specimens (Nishikawa et al., 1996).

Specimen a Py (KN) P (KN) H, (KN) S (mm)
No. 6 0.138 15299.0 2111.0 848.6 12.5
No. 8 0.124 7295.6 9046.5 414.9 10.6
KC-1 0.091 9806.5 8923.9 378.6 14.4
No. 2 0.122 12143.9 1481.5 1039 13.8
KD-3 0.117 12883.7 1507.3 931.5 15.1
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Loading pattern on the specimens are given in the figures. Though it’s a static analysis so

time has no physical interpretation.
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Figure 18: Loading pattern on the specimens
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3.5 Result

3.5.1 Material Behavior

Figure 23 shows the material behavior for isotropic hardening. This figure shows that yield
surface is increasing radius in both direction until it touches ultimate stress or bounding
surface. Once it touches bounding surface then it becomes constant. Increasing bounding
surface is more obvious from Figure 24. After yielding, yield surface is increasing in both

direction and it is symmetric about X-axis.
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Figure 19: Material behavior for isotropic hardening
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Figure 20: Expansion of yield surface for isotropic hardening

The following figures show the kinematic behavior of material. Figure 25 proves
Bauschinger effect, translation of yield surface without changing radius. Figure 26 shows,
after yielding, the radius of yield surface is constant due to yield plateau. Then the yield

surface starts to translate, moving without changing the radius of yield surface.
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Figure 21: Material behavior for kinematic hardening
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Figure 22: Translation of yield surface, kinematic hardening

3.5.2 Structural Behavior

All the above mentioned models are analyzed by commercially available software
ABAQUS. Then the horizontal load H and the horizontal displacement & were normalized
by yield horizontal force Hy and yield displacement &y. The hysteresis diagrams, buckling
patterns, and envelop curves are compared with the experimental results carried by Public

Works Research Institute of Japan.

Figure 23 shows a comparison between hysteresis diagrams using different hardening rules
of specimen No.6. This diagram shows a clear difference between kinematic hadening rule
and isotropic hardening rule. Isotropic hardeing overestimate the maximum load carrying

capacity and underestimate the deteroration of post buckling envelop curve.
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Figure 23: Comparison of hysteresis diagram for specimen No.6

Figure 24 shows the comparison of specimen No.8. Hysteresis diagram comparison shows
eventhough the peak normalized horizental force value is same for both isotropic hardening
and kinematic hardening but there is a subtle difference in hysteresis envelop curve which

is inflected in the buckling behavior. Eventhough Initial stiffness, shape of the hysteresis
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diagram and the value of the peak normalized horizental force colsely matches with the

experimental values in initial cycles but both types of hardening overestimate pock

buckling strength of the specimen.
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Figure 24: Comparison of hysteresis diagram for specimen No.8
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From the analysis of spimen KC-1, in Figure 25, difference between kinematic hardeing
rule and isotropic hardening rule is noticable. Influence of hardenng rule in material
behavior is more apparent in the shape of normalized hysteresis diagram. For isotropic
hardeing material is getting stronger in both direction while for kinemetic hardeing when

material is getting stronger in one direction become weaker in another direction.
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Figure 25: Comparison of hysteresis diagram for specimen KC-1
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Figure 26: Comparison of hysteresis diagram for specimen No.2

In Figure 27, for the specimen KD-3, behavior of column matches more with experimental
result for kinematic hardening. Eventhough in experiment peak normalized horizental force

is slightly greater then the value obtained from kinemetic hardening but the post buckling
behavior closely matches with kinematic hardening.
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Figure 27: Comparison of hysteresis diagram for specimen KD-3

There is also a difference in the buckling shape and positon in the specimens. The following

figures shows the buckling comparison between the used hardening rule. Figure 28 shows
the buckling shape and position in the specimen No.6 for isotropic hardening while Figure

29 shows for kinematic hardening. In kinematic hadening, elephant foot shape bulging
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occurrs where in the case of isotropic hardeing a different shape of buckling occurs. There

is also a difference in the position of buckling. Buckling occurs more close to the base in

the case of kinematic hardeing.

S, Mises

SNEG, (fraction = -1.0)

Figure 28: Buckling behavior of No.6 specemen at 10 dy using Isotropic Hardening
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Figure 29: Buckling behavior of No.6 specemen at 10 dy using Kinematic Hardeing
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Figure 30 and 31 shows the buckling shape of the specimen No.8. For kinematic hardeing
buckling shape is elephant foot bulging and occurs at the bottom of the specimen while for

isotropic hardening buckling shape is different and location of the buckling moves upward.

¢ ] I 1

Figure 30: Buckling behavior of No.8 specemen at 9 dy using Isotropic Hardening rule

Figure 31: Buckling behavior of No.8 specemen at 9 0y using Kinematic Hardening
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For the specimen KC-1, Figure 32 and 33, buckling shape and location is same regardless
of the hardeing rule. In both cases, a outward buckling occurs at the bottom of column,

close to the base.

(fraction

(fraction = -1.0)

Figure 33: Buckling behavior of KC-1 specemen at 9 dy using Kinematic Hardening
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Figure 34 and 35 shows a comparison between buckling shape for the specimen No.2. In
both cases buckling shape is same: outward buckling in web and inward buckling in the

compression flange.

G, (fraction = -1.0)

Figure 35: Buckling behavior of No.2 specemen at 7 0y Kinematic Hardening
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Figure 36 and 37 shows a comparison between buckling shape for the specimen KD-3. In
both cases buckling shape and location is almost same: outward buckling in web and

inward buckling in the compression flange.

Figure 37: Buckling behavior of KD-3 specemen at 11 0y Kinematic Hardening rule
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The following Figure 38, shows a comparison of isotropic hardening and kinematic
hardening result with its experimental counterpart. From the diagrams it is apparent that
even though the initial stiffness of the structure is same for isotropic hardening, kinematic
hardening and experimental one but the envelop curve changes after couple of cycles.
Isotropic hardening overestimate the normalized hysteresis peak values but underestimate

the deterioration of specimen.

H/Hy

-15 15

4 8/8y

==fp=-EXP ——@— |sotropic = @ = Kinematics

Figure 38: Comparison between envelop curve for specimen No.6

Figure 39 shows the comparison of different used hardening rule for specimen No.8. The
initial stiffness is same but it changes after 2 cyclic load. Experimental values are lower
than the analytical values. Higher magnitude of analytical normalized horizontal force
indicates the underestimate of buckling in case analytical simulation. The reason could be

due to the residual stress. In case of experiment, the specimens were fabricated by welding
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cold-formed steel thin plates. This welding process left residual stress in specimen which

is not considered in analytical simulation.
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Figure 39: Comparison between envelop curve for specimen No.8

The following Figure 40 shows the comparison of different used hardening rule for
specimen KC-1. Initial stiffness is same for isotropic hardening, kinematic hardening and
experimental one but it changes after 2 cyclic load. Even though for isotropic hardening
shows higher normalized horizontal force than kinematic hardening but it drops rapidly
with the increase of cycles, indicates more severe buckling compare to kinematic

hardening.
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Figure 40: Comparison between envelop curve for specimen KC-1

The following Figure 41 shows the comparison of different used hardening rule for
specimen No.2. The initial stiffness is same but it starts to change after couple of cycles.
Even though at the initial cycles the experimental values are lower than the analytical
values but eventually experimental values supersede the analytical values. In the initial
cycles, specimen behavior was same for both isotropic and kinematic hardening but more

severe buckling takes form for the isotropic hardening at higher cycles.
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Figure 41: Comparison between envelop curve for specimen No.2

Figure 42 shows the comparison between different hardening rules for specimen KD-3.
The initial stiffness is same for isotropic hardening, kinematic hardening and experiments
but it changes after 3 cycles and experimental values become higher than the analytical
values. In the initial cycles, specimen behavior was same for both isotropic and kinematic

hardening but at the higher cycles more severe buckling appears for the isotropic hardening

than kinematic hardening.
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Figure 42: Comparison between envelop curve for specimen KD-3

3.6 Conclusion

In this study, the analytical results are obtained using ABAQUS 6.13. Then the results are
compared with the experimental data to observe the validity of available material modeling.
As it is apparent that, behavior of specimen is dependent on the used material modeling.
The initial slope of the envelop curve which represent the stiffness of the structure is same
regardless used material modeling but the value changes after couple of cycles. The reason
is that, after some cycles structures enter into plastic zone, behavior of structure in plastic
zone totally depends on the used hardening rule. In isotropic hardening material strength
increases in both tension and compression side, moreover it allows the increment of yield

surface with every cycles. Though the radius of yield surface increases so the material
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become stronger and gives a higher normalized horizontal force. On the other hand,
kinematic hardening rule allows to translate the yield surface without increasing the size.
That’s why when material become stronger in one direction, it become weak in another
direction. These differences are apparent in normalized hysteresis behavior. There is also
some differences in the pattern and location of buckling. For kinematic hardening rule,
buckling occurs at the base of the column and buckling shape is either elephant foot bulging
or outward bulging. While in the case of isotropic hardening location of buckling moves
upward and shape of buckling is different from that of kinematic hardening.

In essence, by comparing the finite element analysis results to the experimental results the

following observations can be made:

e There is a considerable deference in the cyclic seismic behavior of pier between
two used material model, namely isotropic hardening model and kinematic
hardening model.

e For kinematic hardening model either elephant foot bulging or outward buckling
takes form at near to the base while for isotropic hardening model a different
buckling shape occurs and the location of buckling moves upward from the
buckling positon for kinematic hardening.

e The isotropic hardening model slightly overestimate the load carrying capacity and
also overestimate the deterioration of envelop in the normalized hysteresis diagram
than kinematic hardening model

e The difference between analytical results and experimental results can be explained
by several factors, such as presence of residual stress and initial crookedness in the

column, which are not considered in numerical analysis.
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e Between two material models, kinematic hardening model predict the behavior
more accurately than isotropic hardening model as kinematic hardening consider

Bauschinger effect.
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CHAPTER 1V

CONCRETE FILLED STEEL COLUMN

4.1 Introduction

After a lesson obtained from Kobe earthquake (1995), the use of concrete filled
tube is increased for highway bridge piers. Researchers show that the strength and ductility
of the thin-walled members are augmented considerably by the use of concrete, filling the
hollowed steel section with concrete (Ge and Usami, 1996). In the recent era, the uses of
concrete filled tube for elevated bridge in urban areas is increasing because of its high
seismic resistance. These CFT are advantageous over concrete column even thin-walled
steel member because of ductility enhancement without increasing or affecting other

parameters.

Some experiments were carried out by Goto et al. (2010) to show the enhancement
in ductility and strength due to concrete filling. In this chapter, FEM is used for numerical

simulation to show this experimental fact.

One of the most important factor, while analyzing concrete filled tube discrete crack model
is used to define the concrete property. Inserting a crack in the position of maximum stress
is important because in plastic damage model, because of the isotropic property, strength
in concrete increases in both side which affects the late formation of tension crack. To solve

this problem, a crack is inserted and representative frictional behavior defined at the place

54



of maximum stress. It represent the pinching behavior, showing in the Figure 43, of

concrete filled tubular steel column.

Concrete crack
closing
Load M

Concrete .
crack opening

>

>
" Displacement

Concrete crack
opening

Concrete crack
closing

Figure 43: Pinching behavior of Concrete Filled Tube

4.2 Specimen

In this thesis, numerical studies on concrete filled tube are carried out by
commercially available software ABAQUS (v 6.13). Using this software, two test
specimen were analyzed, named: No. 16 and No. 30. Both of the specimen possess same
geometrical properties e.g. height, thickness, diameter of column, thickness of diaphragm
and height of the concrete, only normalized axil load and concrete strength are varied.
Another two hollow specimen identical to No. 30 and No. 16, except no infill concrete, is
analyzed to show the improvement in the seismic behavior due to concrete. Figure 44
shows the schematic diagram of the specimen. Geometrical and material properties of the

specimens that were used by Goto et al. (2010) are mentioned in Table 4.
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Figure 44: Dimension detailing of the Specimen

Table 4: Geometric and Material Properties of Specimens Goto et al. (2010)

Specimen | No.16 (CFT) | No.30 (CFT) | No.16 (Hollow) | No.30 (Hollow)
Material SS400 SS400 SS400 SS400
h (mm) 3423 3423 3423 3423
t (mm) 9.0 9.0 9.0 9.0
D (mm) 900 900 900 900
y) 0.268 0.268 0.268 0.268
R¢ 0.123 0.123 0.123 0.123
Ho (kN) 443.94 400.82 443.94 400.82
do (mm) 11.53 10.5 11.53 10.5
P/a,As 0.114 0.199 0.114 0.199
f'. 27.93 21.46 27.93 B
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a) Boundary conditions for Steel column b) Boundary conditions for Concrete

Figure 45: Boundary and loading condition of the specimen

Figure 45 shows the used boundary conditions for the simulation of the columns. For

parametric studies, concrete height of the column is varied which is shown in Table 5.

Table 5: Height of concrete in Concrete Filled Tube

h/hc 30% 50% 53% 67 %
No.16 1030 1712 1815 2303
No.30 1030 1712 1815 2303
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Here, R; = radius-to-thickness ratio, and, A = the slenderness ratio parameter, are two
important parameters for concrete filled tube which are considered for design and ductility
evaluation. These parameters are expressed by the following equations (Mamaghani and

Packer, 2002):

O'
R 31-v ) (52)

[ 2

Where, ¢ = plate thickness; o, = yield stress; E = Young’s modulus; v = Poison’s ratio; r =
radius of the circular section; h = column height; I = Moment of inertia of the steel, and

A= area of the cross section of steel.

Other two parameter, Hy = yield strength of the steel column and, §, = yield deformation

of the steel section is defined by the given equations.

Z
Hy = (oy - P/A)E (54)
5 = Hyh3
0= 35y (55)

Where, I = moment of inertia of the steel cross section, P = axial load, A = the steel cross-
sectional area, i = the column height, EI = the bending rigidity of steel section, and z = the

second modulus of steel section.

4.3 Material Modeling
4.3.1 Steel Modeling
In the experiment steel SS400, which is comparable to A36, is used for fabricating the

specimen. The detailed steel property is given in Table 6 and stress-stain curve is in shown
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in Figure 46 and 47. As kinematic hardening predicts seismic behavior more accurately,
for numerical simulation kinematic multilinear hardening is used for steel in this

simulation.

Table 6: Parameters for steel Goto et al. (2010)

Property No.16 (Hollow & CFT) No.30 (Hollow & CFT)
Es 205.8 GPa 205.8 GPa
gy 308 Mpa 308 Mpa
Oy 559.5 Mpa 534 Mpa
Us 0.3 0.3
600
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X
= -

Stress, Mpa

400
300
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100
Strain, mm/mm
0@
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Figure 46: Stress-Strain diagram of steel SS400 Goto et al. (2010)
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Figure 47: Stress-Plastic Strain of Steel SS400 Goto et al. (2010)

4.3.2 Concrete Modeling

For concrete modeling damage plasticity model is used. For the concrete under cyclic load
damage plasticity model predicts better than smeared crack modeling in ABAQUS as it
can express crack formation more accurately than other existing model. Axial compression
and tension data is obtained from the test results while input damage data is calculated from

the given equations:

Compressive damage parameter, d.:

kcigc

d, = —; & < 0.0184
£ n

d. = 0.3485; ¢, > 0.0184
Here, k.; = 155,¢, = 0.0035,n = 1.08

Tension damage parameter, d::
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1.24k,

Oto

cr

u (57)

t =

Here, k¢, 01, u" depends on the concrete material property.

To define the post peak hardening for damage plasticity model ABAQUS use Drucker-
Prager hardening rule. The hyperbolic Drucker-Prager flow potential function G is shown

below.

G = /(eoy, tan )2 + g2 — ptany (58)

Here, o;,= tensile strength, y= dilation angle, e= flow potential eccentricity, g = Mises

equivalent effective stress defined in terms of ¢ , p = effective hydrostatic pressure.

Figure 48 shows the compressive behavior of concrete and Figure 49 shows plastic strain-

stress for the concrete while Figure 50 shows the compressive damage of concrete.
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Figure 48: Compressive Stress-Strain of Concrete Goto et al. (2010)
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Figure 51 shows the tensile behavior of concrete while the tensile damage of concrete is

descried in Figure 52.
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Figure 49: Compressive Plastic Stress-Strain curve of Concrete Goto et al. (2010)
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Figure 50: Compressive damage of Concrete Goto et al. (2010)
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Figure 51: Tensile stress- crack opening of Concrete Goto et al. (2010)
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Figure 52: Tension Damage of Concrete Goto et al. (2010)

Other input parameter in ABAQUS for damage plasticity model is described in the given

Table 7. To facilitate converging to solve the contact equations, it is recommended to input

very little value in viscosity parameter instead of zero.
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Table 7: ABAQUS material parameter for Concrete

Parameter No. 16 No. 30
E 18670 16620
\% 0.2 0.2
U] 38 38
e 0.2 0.2
Kc 0.7 0.7
foo/fc 1.1 1.1
w 0.001 0.001

Here, E= modulus of elasticity of concrete, v= poison ratio, y= dilation angle, e= flow
potential eccentricity, Kc= compressive meridian, fyo/fc= ratio of the compressive strength

under biaxial loading to uniaxial compressive strength, = viscosity parameter.

4.4 Finite element modeling
4.4.1 Mesh and element

In order to reduce the analysis time these models are simplified to combination of
beam, shell and solid element. Infilled concrete is modeled using 8 node solid element
C3D8, and steel column is modeled as a combination of shell and beam element to reduce
the number of unknowns. Bottom part, almost 3h/4, is modeled with shell element S4R (4
node shell element) while top h/4 is modeled using beam element B31 (2 node beam
element). More the element the more accurately the result is but it also increases the
simulation time greatly. To select the optimum element size without effecting the precision
of result, sensitivity test was performed. For the case of infilled concrete, bottom D/5 is
finely meshed in order to facilitate interaction between the discrete crack and mesh size is
D/15. The rest of the part is relatively coarsely meshed and mesh size is approximately

D/10. For the steel column in bottom part of the shell the mesh size was D/15, rest of the
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part up to infilled concrete height mesh size was approximately D/10 while the rest of the
mesh size was D/8. In case of the beam element the mesh size is selected as D/5. Figure 53

shows the meshing of the specimen.

Tt
FLEE y—F T e

a) Steel Column Meshing b) Meshing of Concrete

Figure 53: Meshing of the specimen

4.4.2 Interface
Though damage plasticity model assume isotropic plasticity in tension zone similar
to compression zone so it approximates in terms of tension behavior. So it can’t express

the crack opening and closing accurately when structure is under cyclic load. To define
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crack behavior properly, a discrete crack is introduced in the concrete at the place where
maximum tensile stress occurred during loading. The effect of crack is shown in Figure 54.
To state the interaction between two separate part tangential behavior and normal was
defined. For tangential interaction, frictional penalty surface is defined where friction
coefficient is 0.5 for steel-concrete interface and 1.0 is for concrete-concrete interface.
ABAQUS uses Mohr-Coulomb friction model to define the frictional interaction and
default Lagrangian for contact formulation. For defining normal behavior hard contact
surface model is used which allows separation after contact but no penetration. For defining
the surface, steel surface is considered as master surface where concrete surface is defined
as slave surface. For concrete-concrete interface bottom part of the top concrete portion is

defined as master surface while bottom surface is selected as slave surface.
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Figure 54: Crack behavior of the CFT

4.4.3 Loading
All the specimen were subjected to vertical axial load and horizontal displacement.

Unidirectional displacement was applied along X direction. The amplitude of the load is
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an integer multiplication of yield displacement &,. An axial load P is applied at the top of

the column. &,, is calculated from the given equation.

5 — H,h? s
Y~ 3EI (59)

Here, Hy = (oy - P/A)z/h and represents the horizontal force, A = the cross-sectional
area, h = the column height, EI = the bending rigidity, and z = the plastic modulus of
section. Load was applied in two step. First vertical load was applied to established contact
between the steel and concrete surface. Then in the second step horizontal displacement

was applied. Figure 55 shows the applied horizontal displacement for the specimen.
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a) No.16 Loading b) No.30 Loading

Figure 55: Loading condition of specimen

4.5 Result

Specimen No.16 and No0.30 models are analyzed by commercially available
software ABAQUS both for hollow section and concrete filled section. Then these modeled
are analyzed by varying height of concrete fill to observe the effect of concrete fill in

buckling behavior. Another important observation is gotten from the analysis that is the
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effect of diaphragm on the behavior of CFT. Introducing diaphragm on top of the concrete
increases the ductility and strength at a great deal. The normalized hysteresis curve,
buckling pattern and envelop curve is used to compare the data. For describing the steel
behavior kinematic hardening rule is used. The effect of hardening rule is illustrated in

chapter 3.

4.5.1 Behavior of Specimen:

Behavior of No.16

After analyzing concrete filled tubular steel column specimen No. 16, the horizontal force,
H and horizontal displacement, & were normalized by yield horizontal force Hy and yield
displacement dy. Then this normalized value was compared with the experimental result to

show the accuracy and acceptability of the model.

-3.0
— = — Experimental

Analysis

Figure 56: Comparison between Experimental and Analytical data
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There is a small discrepancy between experimental result and the result got from numerical
simulation. The reason could be attributed to some factors, such as presence of residual
stress, initial crookedness etc. which are not considered in analytical modeling. The
specimen was fabricated by wielding cold-formed steel thin plates together and this
procedure left residual stress in the specimen, causes buckling at lesser load. Initial
crookedness creates additional moment in the specimen which is also responsible for

buckling taking place at lower horizontal force.

Figure 57- Figure 61 show the buckling shape and buckling location of the specimen No.16

for different height of concrete fill.

Figure 57 shows the geometry, meshing and buckling of specimen No.16 without any infill
concrete. Finer mesh was created at the bottom part of column as buckling will take place

here. A severe buckling takes place at the bottom of column.

Figure 58 shows geometry, meshing and buckling of No.16 specimen, which has infill
concrete upto 30% of column height. Finer mesh was created at the bottom part of column
and above the top of the infill concrete, assuming buckling will take place at either of these
two section. Analyse shows a severe buckling is taking place at the top of the concrete

infill.

Figure 59 shows geometry, meshing and buckling of No.16 specimen, which has infill
concrete upto 50% of column height. Finer mesh was created at the bottom part of column
and above the top of the infill concrete, assuming buckling will take place at either of these

two section. Analyse shows a outward buckling is taking place at the location of second
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diaghram. The reason is stress concentration is taking palce at the location of second

diaphargm as the area of concrete is less that section.

a) Geometry and BC b) Meshing

c) Bucklingat 11 &y
Figure 57: Details of No.16 hollow specimen
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a) Geometry and BC b) Meshing

T
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c) Buckling at 11 9y

Figure 58: Details of No.16 specimen with 30% concrete fill
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a) Geometry and BC b) Meshing

c) Bucklingat 11 9y

Figure 59: Details of No.16 specimen with 50% concrete fill
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Figure 60 shows geometry, meshing and buckling of No.16 specimen, which has infill
concrete upto 53% of height, just touching the diaphragam. Finer mesh was created at the
bottom part of column and above the top of the infill concrete, assuming buckling can take
place at either of these two section. Analyse shows a small outward buckling is taking place

at the lower section of column even at 11 dy.

Figure 61 is showing geometry, meshing and buckling of No.16 specimen, which has infill
concrete upto 67% of height. Finer mesh was created at the bottom part of column,
assuming buckling will take place at this section. Analyse shows a small outward buckling

is taking place at the lower section of column even at 11 Jy.

Figure 62 shows the varying buckling postion with height of concrete fill. For hollow steel
section, 67% concrete and 53% concrete buckling occurred at the bottom of the column.
Where for 50% concrete buckling occures near the second diaphram because of the lack of
concrete support at the part. For 30% concrete buckling occurs at the top part of filled-

concrete.
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a) Geometry and BC b) Meshing

¢) Buckling at 11 dy

Figure 60: Details of No.16 specimen with 53% concrete fill
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a) Geometry and BC b) Meshing

¢) Bucklingat 11 9y

Figure 61: Details of No.16 specimen with 67% concrete fill
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The following figure, Figure 63, shows the improvement in CFST due to concrete fill. This
improvement can be describe in two ways: firstly restraing buckling which provides greater
stability and secondly higher energy absorption which provides greater ductility. For
hollow steel column buckling at 4 3y is comparable with buckling at 11 3, for CFST, to be
more specific 53% and above height of concrete. Even though a increased ductility is
observed for 30% and 50% height of concrete but severe buckling is occurred at heigher

cyclic displacement.
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a) Hollow steel column b) 30% height of concrete

Figure 62: Buckling height for different concrete fill height (continued)
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e) 67% height of concrete

Figure 62: Buckling height for different concrete fill height
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a) 30% concrete hieght, 11 Jy

O s

i

¢) 53% concrete hieght, 11 oy d) 63% concrete hieght, 11 oy

e) Hollow steel column, 4 oy

Figure 63: Improvement in buckling pattern for different concrete height
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Figure 64 shows the improvement in normalized hysteresis diagram for infill concrete. It
shows column is gaining ductility for concrete infill. Although for 30% and 50% column
is gaing ductility but severe buckling is taking place at higher cycles. But for 53% and
above column is performing at its best, no severe buckling is taking place even at higher
cycles. This figure also shows, there is no significance improvement in ductility by adding

more concrete after 53% height of infill concrete.
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Figure 64: Improvement in hysteresis diagram for different height of concrete
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Behavior of No.30

The following sets of figures shows the behavior of CFST column No.30 varying height of
concrete fill. Figure 65 shows the detailing of hollow No.30 specimen: boundary condition,
meshing and buckling shape. Finer mesh was created at the bottom part of column,
assuming buckling will take place at this section. Analyse shows a severe elephant foot

bulge shape buckling is taking place at the bottom.

Figure 66 shows the detailing of No0.30 specimen: boundary condition, meshing and
buckling shape, having 30% height of infill concrete. Finer mesh was created at the bottom
part of column and top the infill concrete, assuming buckling will take place at either of
these two section. Analyse shows a severe buckling is taking place at the the top of the

concrete section.

Figure 67 shows the detailing of No.30 specimen: boundary condition, meshing and
buckling shape, having 50% height of infill concrete. Finer mesh was created at the bottom
part of column and top the infill concrete, assuming buckling will take place at either of
these two section. Analyse shows a severe buckling is taking place at the location of first
diphram. Lack of concrete support at the top of concrete in fill causes the formation of

buckling at the location of least concrete section.
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a) Geometry and BC b) Meshing

¢) Buckling at 10 dy

Figure 65: Details of No.30 hollow specimen
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a) Geometry and BC b) Meshing

¢) Buckling at 10 oy

Figure 66: Details of No.30 specimen with 30% concrete fill
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a) Geometry and BC b) Meshing

c) Buckling at 8 dy

Figure 67: Details of No.30 specimen with 50% concrete fill
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Figure 68 shows the detailing of No0.30 specimen: boundary condition, meshing and
buckling shape, having 53% height of infill concrete. The reason for making 53% is, so
that the top of the infill concrete touches the diaphragm. Finer mesh was created at the
bottom part of column and top the infill concrete, assuming buckling will take place at
either of these two section. Analyse shows a severe outward buckling is taking place at
bottom at initial cycles but the reason for failure of the column is formation of severe

elephant foot bulging at the top of concrete infill.

Figure 69 is showing geometry, meshing and buckling of No.30 specimen, which has infill
concrete upto 67% of height. Finer mesh was created at the bottom part of column,
assuming buckling will take place at this section. Analyse shows even at 10 &y a small

outward buckling is taking place at the lower section of column,

Figure 70 shows the varying buckling postion with height of concrete fill. For hollow steel
section and 67% concrete buckling occurred at the bottom of the column. Where for 50%
concrete buckling occures near the second diaphram because of the lack of concrete support
at the part. For 30% concrete buckling occurs at the top part of filled-concrete. In the case
of 53% concrete, at lower cycles buckling takes place near the base. But the reason for
failure the column is loosing structural stability due to severe buckling at the height of top

of the concrete.
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b) Meshing
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¢) Buckling at 8 oy d) Buckling at 10 Jy

Figure 68: Details of No0.30 specimen with 53% concrete fill
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b) Meshing

¢) Bucklingat 11 9y

Figure 69: Details of No.30 specimen with 67% concrete fill
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d) 53% height of concrete, 85y

Figure 70: Buckling position in column, specimen No.30 (continued)
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e) 53% height of concrete, 10 Oy f) 67% height of concrete, 80y

Figure 70: Buckling position in column, specimen No.30

The following figure, Figure 71, shows the improvement in CFST due to concrete fill. This
improvement can be describe in two ways: firstly restraing buckling which provides greater
stability and secondly higher energy absorption which provides greater ductility. For
hollow steel column buckling at 8 &y severe elephant foot bulging is taking place. But in
the column having 53% height of concrete infill less severe outward buckling is taking
place, indicating increased ductility. Column having 50% concrete infill also shows less
severe outward buckling. Eventhough column having only 30% concrete infill shows
severe buckling, but yet it shows higher energy absorption capability from hysteresis

diagram.
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a) 30% concrete hieght, 8 dy b) 50% concrete hieght, 8 oy

d) 53% concrete hieght, 10 &y

e) 67% concrete height, 8 &y f) Hollow steel column, 8 &y

Figure 71: Improvement in buckling pattern for different concrete height
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Figure 72 shows the improvement in normalized hysteresis diagram for infill concrete. It
shows column is gaining ductility for concrete infill. Although for 30% and 50% column
is gaing ductility but severe buckling is taking place at higher cycles. But for 53% and
above column is performing at its best, no severe buckling is taking place. This figure also
shows, there is no significance improvement in ductility by adding more concrete after

53% height of infill concrete.

3.0
2.0
1.0
0.0
-1.0
2.0 .
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a) 30% height of concrete fill b) 50% height of concrete fill
3.5 3.5
25 25
15 15
0.5 0.5
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33 35
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c) 53% height of concrete fill d) 67% height of concrete fill

Figure 72: Improvement in hysteresis diagram for different height of concrete
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4.5.2 Effect of diaphragm

Eventhough there is no signeficant difference between 50% and 53% height of filled-
concrete in terms of concrete amount but the analysis result shows a great difference in the
cyclic behavior. The presence of dipham effects the behavior of CFT at a great deal. Figure

73 shows the effect of diaphram.
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¢) Hysteresis diagram

Figure 73: Effect of diaphragm in concrete filled tubular structure, No.16
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Eventhough there is no signeficant difference between 50% and 53% height of filled-
concrete in terms of concrete amount but the analysis result shows a great difference in the
cyclic behavior. The presence of dipham affects the behavior of CFST at a great deal. For
53% concrete infill CFST still shows ductility as no severe buckling is taking place but in
case of 50% concrete infill outward buckling is taking place. Moreover, energy absoroption
capacity is more in the case of 53% concrete than 50% concrete infill. Figure 74 shows the

effect of diaphram for No.30 specimen.

a) Buckling, 50% concrete

3.0

2.0

1.0

0.0

-1.0
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-10 10

5
53P

¢) Hysteresis diagram

Figure 74: Effect of diaphragm in concrete filled tubular structure, No.30
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4.5.3 Comparison

The following Figure 75 and Figure 76 shows a comparison between different axial load.
For the hollow steel column, the hysteresis diagram shows, even though normalized axial
reaction is almost same in initial stages but, due to severe buckling, behavior changes after
couple of load cycles, in this case after 3 cycles. At the end of 10" loading cycles severe
buckling occurred in case of No.30 hollow steel column and it looses its stability. Compare

to No.30 hollow column, No.16 specimen shows more stability at the higher cycles.

In case of CFST columns, cyclic bevhior is considerably different from hollow steel
column. For 50% and 53% concrete height, in case of No.30, the peak normalized
reaction is higher than No.16 secemen despite of lower strength concrete used in No.30
specimen. This could be explained by late formation of crack. In the case of No.30
specimen, higher axial load caueses more compressive stress on inner concrete core and
delays the formation of crack which gives high axially loaded CFST columns more
ductility compare to low axially loaded CFST columns at the initial stages. Although
No.30 specimen shows higher energy absorption capacity but it looses its stability faster
than No.16 specimen. Because once bucling takes place in No.30, higher axially loaded

specimen, the severity of buckling become faster due to the presence of high axial load.

93



3.0

2.0

1.0

0.0

-1.0

-2.0

-3.0

2.00

1.50

1.00

0.50

0.00

-0.50

-1.00

-1.50

-2.00

-10.0

Figure 75: Comparison between hysteresis diagram of hollow steel columns
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Figure 76: Comparison of hysteresis diagram for different axial load (continued)
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c) 53% concrete d) 67% concrete

Figure 76: Comparison of hysteresis diagram for different axial load

4.6 Conclusion

In this study, the analytical results are obtained using ABAQUS 6.13. Then these results
are compared with the experimental data to observe the accuracy of model. Even though
there is small discrepancy, due to some factors such as presence of residual stress, initial
crookedness etc., between experimental result and numerical result, this model is accurate
enough to predict the behavior of concrete filled column. Analytical simulation of both
specimen shows the improvement due to infill concrete even though the degree of
improvement depends on the several factors, such as, height of the infill concrete, presence
of the diaphragm etc. For 30% height of the infill concrete usually severe buckling takes
place at the top of the concrete. Although by increasing the height of the infill concrete up
to half of the column, an increase in strength and ductility could be achieved, but

introducing a diaphragm on the top of the concrete affects the stability significantly.

95



Introducing a diaphragm on the top of the concrete keeps the infill concrete in triaxial
compression state, which prevent the crack formation or, if any, resist crack opening. This
attributes in the column stability at a great deal. Usually, increasing the height of the infill
concrete more than 50% height of column has an inconsequential effect on column

strength.
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CHAPTER V

CONCLUSION

The use of thin-walled steel tubular columns in highway bridge systems as bridge piers is
increasing in Japan and other countries with severe constructional restrictions such as areas
with high population, soft ground, bay areas or reclaimed area that cannot sustain heavy
structures. Light in weight, greater ductility and high earthquake resistance can be
attributed to the continuing popularity of thin-walled tubular steel column over the other
conventional practices such as reinforced concrete bridge piers.

New ways to improve design procedures constantly are a major concern of the
structural engineers. Specially, the necessity to accurately predict the ultimate behavior of
thin-walled steel bridge piers during severe earthquakes is one of the major areas of great
concern. In this thesis, behavior of tubular steel column under cyclic load is analyzed using
different material model available in ABAQUS and compared with the experimental result
obtained from cyclic loading test at the Public Work Research Institute of Japan
(Nishikawa et al., 1996) in order to get the material model which could comparatively
describe the column behavior more accurately. This material model is used to analyze the
steel column in CFST.

From the analysis in Chapter 3, it is apparent that, behavior of specimen is
dependent on the used material modeling. The initial slope of the envelop curve which

represent the stiffness of the structure is same regardless used material modeling but the
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value changes after couple of cycles. The reason is that, after some cycles structures enter
into plastic zone, behavior of structure in plastic zone totally depends on the used hardening
rule. In isotropic hardening material strength increases in both tension and compression
side, moreover it allows the increment of yield surface with every cycles. Though the radius
of yield surface increases, the material become stronger and gives a higher normalized
horizontal force. On the other hand, kinematic hardening rule allows to translate the yield
surface without increasing the size. That’s why when material become stronger in one
direction, it become weak in another direction. These differences are apparent in
normalized hysteresis behavior. There are also some differences in the pattern and location
of buckling. For kinematic hardening rule, buckling occurs at the base of the column and
buckling shape is either elephant foot bulging or outward bulging. While in the case of
isotropic hardening location of buckling moves upward and shape of buckling is different
from that of kinematic hardening.In summarizing the Chapter 3, behavior of tubular steel
column depends on the material model that is used to describe the evolution of yield surface
in elastic zone. Between two available material models, namely: Isotropic hardening model
and Kinematic hardening model, kinematic hardening rule best predict the behavior of
column as it consider Bauschinger effect. On the other hand, even though at the initial
loading cycles, isotropic hardening shows the same behavior but it significantly changes
when the material enters into plastic zone.

Recent advancement in structural material, member fabrication method, material
modeling, and computer technology provides the tools to improve the design standards,
increase the accuracy in predicting and even change the design procedure to a new one if

necessary. Lessons from Kobe earthquake (Japan, 1995), especially the performance of the
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hollow tubular column which were inadvertently partially filled with concrete, gave a new
insight about column stability and ductility, hence create an opportunity to study and do
research in this field.

In Chapter 4, numerical studies on concrete filled tube are carried out by
commercially available software ABAQUS (v 6.13). Using this software, two test
specimens, named: No. 16 and No. 30, experiment carried out by Goto et al. (2006), having
same geometrical properties e.g. height , thickness, diameter of the column, thickness of
the diaphragm and height of the concrete, only varies in normalized axial force and
concrete strength. For describing the steel behavior multi-linear kinematic hardening rule
is used. Another two hollow specimen No. 30 and No. 16 except the filled concrete, is
analyzed to show the improvement in the seismic behavior due to concrete. The normalized
hysteresis curve, buckling pattern and envelop curve is used to compare the data.

After analyzing CFST columns, the normalized values were compared with the
experimental result to show the accuracy and acceptability of the model. There is a small
discrepancy between experimental result and the result got from numerical simulation. The
reason could be attributed to some factors, such as presence of residual stress, initial
crookedness etc. which are not considered in analytical modeling. Those specimens were
fabricated by wielding cold-formed steel thin plates together and this procedure left
residual stress in the specimen, causes buckling at lesser load. Initial crookedness creates
additional moment in the specimen which is also responsible for buckling taking place at
lower horizontal force.

Once the reasonability of model is confirmed, these models are analyzed by varying height

of concrete infill to show the effect of infill concrete on the strength and stability of column.
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From the analysis, it is obvious that infill concrete has a significant effect on the strength
and ductility of the column. However, the degree of improvement depends on several other
factors. Analysis shows that, improvement in the strength of column could be achieved just
by introducing concrete in the hollow section. But from the analysis, 30% height of the
infill concrete shows a premature buckling in column at the top of the concrete level, hence
loses its stability rapidly. On the other hand adding concrete more than 50% height of
column has inconsequential effect on strength and stability of the column.

Analysis also reveals an interesting fact about the effect of diaphragm. Presence of
diaphragm affects the strength and stability of the column at a great deal. Introducing a
diaphragm at the top of concrete increases the strength of the column as well as its ductility.
Introducing a diaphragm on the top of the concrete keeps the infill concrete in triaxial
compression state, which prevents the crack formation or, if any, resist crack opening. Thus
by resisting crack progression, diaphragm prevents buckling and hence increases the
strength and stability of column. To get the maximum benefit from concrete infill, it is
recommended, on the basis of this analysis, to fill the hollow column up to 50% height and
introduce a plate on the top of concrete.

This thesis finds another interesting fact about CFST that is; it works better for the
higher axial load. While hollow steel column shows reduced strength and ductility for
higher normalized axial load, CFST shows higher values in strength and ductility at the
earlier stages of the loading. But at the higher loading stage, CFST under higher axial load
loses stability rapidly compare to lower axial loaded one. The reason could be higher axial
load create a better interaction between infill concrete and steel. The differences in posion

ratios of concrete and steel, may be, offset by the higher axial load. But once the crack is
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created, at the higher loading stage, it loses stability rapidly. Further research could be done
to evaluate this hypothesis: the effect of axial load on the improvement in the performances
of CFST.

The concrete-filled steel tubular (CFST) columns have evolved an alternative to the
conventional hollow steel and reinforced concrete (RC) columns in recent years. Its usage
as a structural member in transferring load from super structure is increasing as the in-filled
concrete increases the strength and ductility of columns without increasing the given
amount of steel. Because of its high strength, stability, ductility and better seismic
resistance, CFST is more advantageous than ordinary RC columns, and is even more
advantageous than the hollow steel column. The main reason for its high-strength and
ductility lies in the composite in-filled concrete-steel interaction. The concrete is confined
by outer steel which acts like longitudinal and transverse reinforcement. Moreover due to
the confinement, the inner concrete core experiences tri-axial compression which
restrained the formation of tension crack in concrete. Conversely, the outer steel shell is
strengthened by the inner core which delays the inward local buckling and causes the
outward buckling of steel member. Therefore the outer thin-walled steel can reach to the
yield stress before local buckling occurs. Hence strength and stability of the CFST column
is increased by 50% just because of introducing concrete. In addition, strength deterioration
in CFST is not severe compared to hollow steel columns because the spalling of concrete
is restrained by outer steel. On the other hand, CFST has higher fire resistance compared
to hollow steel column, especially when the concrete core is designed to sustain the dead

and live load (Kodur, 1997), as concrete has a larger thermal resistance than air which is
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entrapped in hollow columns. Besides, due to the steel confinement the use of formwork
can be discarded.

In this thesis, thickness of column and diaphragm is kept constant. Using this model
further studies could be done to observe the effect of thickness of diaphragm and column
on the improvement in strength and ductility of column. Also, research could be done to
increase the material economy by varying the arrangement of diaphragm.

In summary, by comparing the finite element analysis results to the experimental
results and from parametric study, the following conclusion can be made:

* A reasonably good agreement between the experiment and the analysis confirms
the validity of the finite element modeling adopted in this study

* The optimum ductility capacity of thin-walled steel tubular columns can be
achieved by arranging the column parameters such as Ry, 4, h -/ h, and axial load.

* Ductility of the column is improved for the height of concrete fill between 30 to 50
percent of the column height.

* Ductility of the column is improved as a diaphragm is placed on top of in-fill

concrete
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