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ABSTRACT

INVESTIGATION OF CONCRETE-FILLED
STEEL TUBES UNDER CYCLIC BENDING AND BUCKLING

by

Zhiyuan Liu
and
Subhash C., Goel

In recent years cold-formed rectangular tubular bracing
members have become popular for steel structures in seismic
regions. It is known that these bracing members can provide
considerable strength and lateral stiffness to a structure in
an economical manner. But tubular bracing members with large
width-thickness ratio (yet within the limits specified by
current codes) are susceptible to early cracking due to local
buckling and subsequenent loss of ductility and strength when
subjected to cyclic deformation. This study was concerned
with finding a suitable solution to premature fracture problem
in cold-formed rectangular tubular bracing members.

Review of the past related studies and results of
preliminary concrete~filled beam and stub column tests in this
study gave a clue that filling concrete in tubular bracing
members might improve the local buckling behavior. A series
of hollow and concrete-filled tubular beams, stub columns, and
full size bracing specimens were tested in this study to
understand how concrete and steel work together in these
composite bracing members.

On the basis of the test results it was concluded that




the presence of concrete could change the local buckling mode,
reduce its severity, and increase the plastic hinge moment
capacity, energy dissipation capacity and fracture life.
Concrete filling also increased compression forces and tensile
forces depending on the ratio of area of concrete to steel and
the slenderness ratio. The strength of concrete and steel
fibers did not have significant effect on the behavior of
these composite bracing members.

An empirical hysteresis model is proposed for concrete-
filled tubular bracing members. This model considers the
incereases in tension and compression forces and "fuller"

shape of hysteresis loops due to the presence of concrete.
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CHAPTER I

INTRODUCTION

1.1 Introduction

In recent years, braced frames have become popular in
seismic regions especially for high rise structures. It is
well known that bracing members can provide considerable
strength and lateral stiffness to a structure in an economical
manner (9,10,12,16,20,30). However, in the event of a severe
earthquake it is the bracing members which experience severe
cyclic deformations. As a result, the survival of a braced
frame during a severe earthquake strongly depends on the
energy dissipation capacity of the bracing members through
their post-buckling hysteresis behavior.

Recently, cold-formed rectangular steel tubes have become
increasingly common for bracing members (13,15,18,34,40).
There are several structural and non-structural advantages
that these tubes have over other shapes, for example:

1l). Tubes are more efficient compression members due to
their larger radius of gyration for the same cross section
area compared with other shapes.

2) . The closed shape of tube sections provides greater
torsional strength and stiffness.

3) . Their smooth outside surface reduces potential
corrosion, and minimizes the surface area that may need to be

1




painted and maintained.

In spite of having the above advantages, steel tubes are
susceptible to early cracking due to local buckling and
subsequent loss of ductility and strength. Past studies have
shown that the hysteresis behavior of tubes depends heavily on
the slenderness ratio and width-thickness ratio. A member
with small slenderness ratio may not be able to withstand a
severe shaking without fracture when subjected to cyclic
post-buckling deformation (9,11,13). On the other hand,
members with large slenderness ratio may not provide enough
strength due to overall buckling. A balance between strength
and ductility is sought in earthquake resistant structural
members.

Past studies have also shown that cracking in rectangular
tubes starts at the corners of the compression flange and webs
soon after local buckling because of cold work and
concentration of strains (11,13). Preventing severe local
buckling is the key to solving this problem. Review of past
studies on concrete-filled columns provides the clue that
concrete filling might be an effective way to delay or prevent
early cracking caused by severe local buckling. The concrete
inside the tubes can change the mode of local buckling of thin
steel tubes and the steel tube in turn provides confinement to
concrete. Therefore, such members should have excellent
ductility and strength.

In order to study the behavior and to evaluate the
ductility and strength of concrete-filled rectangular steel

tubular bracing members under cyclic loads, experimental and
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theoretical studies are needed. For this purpose a series of
concrete-filled beams, stub columns, and bracing members were
tested. This report will focus on presenting and discussing

the results of this study in detail.

1.2 Review of Related Studies

There have been numerous experimental and analytical
studies related to steel tubes in the past. In general these
studies can be divided into three groups: The first group is
hollow steel tubes used as bracing members. The second group
is concrete-~filled tubular columns, in which tubes provide
confinement to concrete. For this reason a more appropriate
name for members in this group might be tube-confining
concrete columns rather than concrete-filled tubular columns.
The third group is very slender concrete-filled tubes, such as
bracing members, in which the primary purpose of concrete
filling is to prevent severe local buckling of the flat walls
of tubes. Most of the past studies were limited to the first
two groups. Almost no research has been conducted to-date on
members in the third group.

It is believed that through reviewing the earlier studies
on members in the first two groups (hollow tubular bracing
members and tube-confining concrete columns), some concepts
can be identified that can be related to the third group
(concrete-filled rectangular tubular bracing members). In the
following three sections research on the first two groups will
be reviewed and discussed with the main points being

summarized in regards to how rectangular tubular bracing
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members can be improved and what needs to be carried out in

this study for such composite members.

1.2.1 Researxch on Hollow Tubular Bracing Members

Cold-formed rectangular tubes have become quite popular
in recent years especially as bracing members in multi-story
steel structures. Nevertheless, it has been recognized that
these members may not possess adequate ductility or energy
absorption capacity to survive severe earthquake motions. In
a few of the more recent studies (9,11,13), bracing members of
rectangular section showed premature fractures following

severe local buckling in regions of plastic deformation.

Experimental results show:

1l). Rectangqular tubes fractured much earlier than the

wide~flange and other shapes.

2) . Specimens with small slenderness ratios cracked
earlier than those with larger slenderness ratios.

3). The larger the width-thickness ratio, the shorter the
fracture life. For example, even when a width-thickness ratio
of 30 was used, which is within the AISC Specification (3)
limit, the tubes cracked very early.

From these studies, it can be seen that the fracture life
of hollow tubular bracing members is, in some way,
proportional to the slenderness ratio and inversely
proportional to width-thickness ratio. In conclusion, tubular
bracing members are favored, but further studies are needed.
The main concern will center on how to delay or lessen local

buckling to prevent premature fractures,
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1.2.2 Researxch on Tube and Concrete Composite Members

Most of the past studies on concrete-filled steel tubes
have focused on ultimate capacity and maximum deformation
under monotonic loading for round columns. The purpose is to
provide confinement to concrete from steel and to increase the
ductility of concrete (21,23,27). In these cases round tubes
have been found to be desirable. However, no studies have
been made on concrete-filled rectangular tubular bracing
members in which the main purpose of concrete is to change the
mode of local buckling and lessen its severity. This section
focuses on reviewing studies on tube-confining concrete beams
and columns.

In the U.S.A., Chen's work (6,7) provides a good summary
of the work done. According to Chen limited experimental
results and analyses are available only for monotonic loads.
Theoretically, these analyses have focused on some specified
sections and did not take into account the local or overall
buckling. The members were treated just like normal
reinforced concrete sections except that because the concrete
was encased in steel tubes a higher value was used for the
strength of the concrete and concrete was considered more
ductile.

In Japan, several experimental studies were carried out
by Masahide Tomii, et al (28,35,36,37). Most of their work
was limited to very stocky columns or beam-columns and main
conclusions can be summarized as follows:

1) . Compressive strength of the concrete core cured in

steel tubes may have a higher value than that of concrete




cylinders cured otherwise,

2) . The magnitude of axial force and width-thickness
ratio of tubes had a significant effect on the inelastic
behavior of the concrete-filled tubular beam-columns.

3). The existence of encased concrete can prevent or
delay severe local buckling in steel tubes. This increases
the ductility of such members.

In China, researchers led by 2Zhong (41,42) have carried
out much research on concrete-filled tubular columns both
experimentally and theoretically. Their results and findings
can be summarized as follows:

1). Several strength calculation methods to predict the
capacity of these composite members were formulated by using
different theories and verified by experiments.

2) . Different types of tests for the composite material
of concrete-~filled steel tube were carried out. The

microdeformation behavior was analyzed and integrated to

understand the working mechanism.

3). Their tests showed that the load bearing capacity is
greater than the sum of the capacity of the two alone, and is
in fact approximately 1.7 to 2 times greater.

4) . These composite members have good toughness and
plasticity.

On the analytical side the available formulas for the
concrete-filled steel tubular columns can give the ultimate
capacity under monotonic loads. There are no procedures
available for determining the hysteresis relationship between

force and deformation under cyclic loads. Park (24) in New




—

7 |
Zealand has not only carried out a series of experiments to
investigate the hysteresis behavior of concrete-filled tubular
beams, but has also developed a computer program to determine
the relationship between moment and curvature. In his program
idealized stress-strain relationship for both concrete and
steel were used. But again, no overall and local buckling

behavior was considered.

1.2.3 Summarxy of Related Studies

Earlier studies mentioned in the Section 1.2.1 show that
the main weakness of hollow tubular bracing members is
premature cracking caused by severe local buckling, In order
to lessen local buckling it is necessary to either increase
the slenderness ratio or decrease the width-thickness ratio.
However, the former is at the expense of lower strength and
the latter simply means more steel used.

On the other hand, the research on the concrete-filled
columns mentioned in Section 1.2.2 showed that apart from the
increase in strength caused by using concrete, the mode of
local buckling was changed and the local buckling was much
less severe. Although, the behavior of columns and bracing
members differs, it is expected that concrete filling should
also improve the behavior of bracing members, particularly in
regards to local buckling.

In conclusion, it can be said that steel tubes,
particularly those with small slenderness ratios and large
width-thickness ratios crack very early under cyclic loads due

to local buckling. Filling with concrete is a potential way
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to delay or alleviate local buckling and to prevent premature
fractures,

Since no tests and studies have been carried out for the
hysteresis behavior of concrete-filled steel tubular bracing
members under cyclic loads, it is necessary to understand how
concrete helps steel tubes and how the two work together. 1In
other words, further research is needed in this area in order
to develop more rational models for the behavior of such
members and to find the most effective way to use concrete and

steel tubes together.

1.3 Qbjectives and Scope

The present research focuses on studying experimentally
the behavior of concrete-~filled steel tubular bracing members
under cyclic loading. The main parameters in this study are
the mode of local buckling and the effects of varying strength
of concrete. Although most of the specimens have equal
slenderness ratio and width-thickness ratio, the effect of
slenderness ratio and width-thickness ratio on the behavior
was also studied.

The primary objectives of this study are:

l). To experimentally study the hysteresis behavior and
modes of buckling and failure for concrete-filled steel
tubular bracing members under cyclic loading.

2) . To theoretically develop procedures to synthesize the
hysteresis behavior of these composite members.

3). To recommend practical ways to prevent or delay local

buckling of steel tubes thereby improving their ductility and




energy dissipation capacity.

The scope of this research is limited to rectangular
tubes made of A500 Grade B steel and concrete made of Porland
Type I cement. The effective slenderness ratio of most of the
specimens is about 60. A few specimens with an effective
slenderness ratio of about 100 were also tested. The
width~thickness ratio of all the specimens was 30, except for
one pair of specimens which had width-thickness ratio of 14.
Quasi-static cyclic loading was used for the tests because
little difference between results from static and dynamic
loadings has been reported by a number of investigators in the
past (14,18,19).

Bracing members have their unique behavior under cyclic
loading. This is due to their geometric characteristics and
the nature of the force. From the geometric point of view,
they are slender enough to experience overall buckling in
compression and relatively large lateral deformation which
introduces bending. Under cyclic axial force and bending
moments, local buckling strongly influences the fracture life.
The behavior of bracing members combines the characteristics
of beams and columns at different stages of loading.
Therefore, test on concrete-filled columns and beams can be
very helpful in studying the behavior of concrete-filled
bracing members.

Past studies on concrete-filled beams and columns focused
their attention mainly on overall behavior under monotonic
loading. Since local buckling is a key factor influencing the

hysteresis behavior of bracing members preliminary tests on




10
hollow and concrete-~filled tubular beams and stub columns were
also carried out to supplement the main tests on bracing
members. Special attention was paid to local buckling modes
under different conditions. The purpose was to find the
change in pattern of local buckling due to the presence of
concrete under bending and compression.

Therefore, this study was performed in two phases. The
first phase was the preliminary tests, in which both hollow
and concrete-filled beams and stub columns made of rectangular
tubes were tested. In the second phase, which is the main
part of this study, full-scale hollow and concrete-filled
rectangular steel tubular bracing members were tested.

Chapter II will discuss the preliminary test program.
Preparation and processes for the main tests are presented in
Chapter III. The results and observations of the main tests

are presented in Chapter IV, and an empirical hysteresis model

is proposed in Chapter V.




CHAPTER II

PRELIMINARY TEST PROGRAM

2.1 Introduction

As discussed in the previous chapter, due to lack of test
results on concrete-filled tubular bracing members, series of
preliminary tests were performed on beams and stub columns as
an aid to understand the basic behavior of composite tubular
bracing members. Although beams and stub columns work in ways
different from bracing members, the bracing members are kind
of special beam-columns under combined axial forces and
bending. Furthermore, these preliminary beam and stub column
tests show more clearly the effect of each parameter one at a
time. It is much easier to study the effect of a combination
of parameter by knowing their individual effects.

For this purpose, six hollow and concrete-=filled tubular
beams, and eight stub columns were tested in the preliminary
program of this study. During the preliminary tests, both
overall and local behaviors of the specimens were carefully
observed. Special attention was paid to recognizing the
difference in local buckling modes between hollow and
concrete~-filled beams and stub columns. This chapter will
present test observations and discussion of results for beam
specimens first and then stub column specimens. Following
these preliminary tests, the main full-scale hollow and

11
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concrete-filled tubular bracing member tests were carried out.
The next chapter, Chapter III, will present the details of the
test set-up and procedure for the main test program. The test
observations and discussion of results of the main test

program will be presented in Chapter IV,

2.2 Hollow And Concrete-Filled Tubular Beams

In the following first half part of this chapter, the
test program on hollow and concrete-filled tubular beams is
presented. The test program on hollow and concrete-filled

stub columns will be presented in the second half of this

chapter, beginning with Section 2.3,

Six square steel tubes of size 2.5x2.5x0.105"
(64x64x2.7 mm) were used. A typical specimen is shown in
Figure 2.1. The tubes were made of AS500 Grade C steel by
cold-forming. These specimens are divided into two groups,
Group 1 and Group 2. In Group 1 there are two specimens
designated BH and BHA, where B stands for "Beam"; H for
"Hollow"; and A for "Annealed". In Group 2 there are four
specimens designated BC6, BC6F, BC6A, and BC8F, where B stands
for "Beam"; C for "Concrete-filled"; the number following C
for the strength of concrete in unit of ksi; A for "Annealed";
and F for "Fibers". Group 1 specimens are hollow and Group 2
specimens were filled with different types of concrete. The
properties of the specimens are listed in Table 2-1.

In both groups, only lateral loading was applied to the
specimens. The variable parameters were the presence of

concrete, the strength of concrete, the annealing of the steel
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tubes, and the existence of steel fibers.
The concrete was compacted on a vibrating table during
and after placement. A number of 2x2x2" (51x51x51 mm)
concrete cubes were taken from each batch in order to

determine the properties of concrete.

2.2.1 Apparatus and Procedure

Figure 2.2 shows the test set-up, and Figure 2.3
schematically shows the test machine and specimen. The
specimens were placed on two roller supports. A dial gage
reading 1/1000 inch (0.025 mm) was placed at the mid point of
the specimen to measure the vertical deflection. When the
hydraulic table moved up, the loading beam which reacted
against the top beam of the test machine applied two
concentrated downward forces on the specimen at the
third-points. The beam span was 30 inches (76 cm).

The loading history was controlled by the deflection of
the beam at the middle. Each time when the deflection reached
the specified value the load was brought to zero. Then the
specimen was turned upside down. In this way the test machine
applied force on the specimen in the "opposite"” direction,
thus, simulating reversed cyclic loading. The history of

loading is shown in Figure 2.4.

2.2.2 summary of Experimental Observation
From the observation of the experiment, it is clear that
specimens in two groups have large differences in local

buckling modes, ductility, and ultimate moment capacity. But
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within each group, the differences are small. These features

are discussed in detail in the following:

2.2.2.1 General Behavior

As shown in Figures 2.5 to 2.7, the hysteresis curves
exhibit a linear response early in the virgin state of loading
until the initial yielding. The decrease in resistance
(moment capacity) due to cyclic loading occurred more rapidly
in the first group than in the second group. After yielding,
the specimens in Group 1 were divided by two concentrated
plastic hinges into three almost straight segments. Also,
major inelastic local deformation occurred under the two load
points where both moments and shear forces reached their
maximum values, Figure 2.8. On the other hand, in Group 2
specimens the plastification or local buckling was spread over
the entire middle segment where the beam had the maximum
moment, Figure 2.9. The failure mechanism for both groups was
low cycle fatigue. After certain number of cycles of loading
small cracks formed at the bottom of the specimens under load
points, which then propagated very quickly into the webs of
the specimen. Concrete fill in the specimens changed the mode
of local buckling, reduced its severity, and lengthened the
fracture life, and thus increased their strength and

ductility.

2.2.2.2 Local Buckling Modes

There was large difference in the local buckling modes

between specimens in the two groups. In the first group the
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main local buckling was concentrated under the load points.
However, for the second group the local buckling was spread
over the mid segment of the specimen and some bumps formed,
(Figure 2.9), and when the loads were applied in the opposite
direction these bumps disappeared. The other point is that
the compression flange of specimens in Group 1 buckled
inwards, while that in Group 2 buckled outwards forming
several waves. The severe local buckling in the first group
was the principal cause of rapid deterioration of strength and
failure of the specimens. The local buckling in the second
group was not that severe. This showed that the presence of

concrete could change the local buckling mode and reduce its

severity.

2.2.2.3 Ultimate Moments

The measured ultimate moments were defined as values
corresponding to unloading points on the hysteresis curves.
Figures 2.10 to 2.12 show the ultimate moment capacity in
each half cycle. It can be seen from these figures that for
the specimens in Group 1 the maximum moments decreased rapidly
with each cycle. However, in Group 2 the ultimate moments in
each cycle remained very stable. But within each group, the
differences are very small. This can be explained by the
presence of concrete which prevented severe local buckling and
crumbling and allowed the steel to undergo strain hardening
over much larger length of the beam.

The theoretical ultimate moments were calculated by a

simple method proposed in Reference 24. Rectangular stress
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blocks of concrete and steel were assumed. The results from
the tests and the theoretical values are summarized in Table

2=2.

2.2.2.4 Ductility and Energy Absorption

Table 2-3 shows the number of cycles and the energy
absorbed per cycle by specimens at each displacement
amplitude. It is clear that the energy absorbed by the
tubular beams filled with concrete was much higher than the
beams without concrete. But the concrete inside the tube did
not increase the number of cycles by very much except when
high strength concrete was used. Possible explanation is
given in the following:

The failure mechanism of test specimens under two point
loads is mainly due to low cycle fatigue and local deformation
under load points. The higher the strength of concrete the
more effectively the concrete prevents the local deformation
and increases the number of cycles to failure.

Because the main function of concrete is to prevent tube
from local buckling and crumbling in compression, the steel
fibers (in the amounts as used in these specimens) did not

help much.

2.3 Concrete-Filled Stub Columns

In the preceding sections, the test results of hollow and
concrete-filled tubular beams were presented. Beginning with
this section, the test program and results of hollow and

concrete-filled tubular stub columns are summarized:

|
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2.3.1 Experimental Program
2.3.1.1 Specimens

Eight hollow and concrete-filled tubular stub columns
were tested. All specimens were made of AS500 Grade B
cold-formed tubes which were cut in lengths of 9 inches (23
cm) from the same tubes used as bracing members in the main
test program (Chapter III). These column specimens are also
divided into two groups. In the first group, there are four
columns designated C633HS, C424H, C633H, and C422H, where C
stands for "Column"; the first two numbers following C for
width and depth of tube section in unit of inch, respectively;
the third number for the thickness of tube wall in unit of
1/16 inch (1.6 mm); H for "Hollow"; and S for "Stiffened by
angles"”. In this group, no tubes are filled with concrete,
but each tube has different section. Specimen C633HS was made
from 6x3x3/16" (152x76x4.8 mm) tube and two 1lxlx1/10"
(25%25x2.5 mm) angles which were welded on both broad sides of
the tube in the longitudinal direction as shown in Figure
2.14(b). The effect of width-thickness ratio on the local
buckling behavior is studied in this group. In the second
group, there are also four specimens designated CC4, CCA4F,
CC6F, and CC8F, where the first C stands for "Column"; the
second C for "Concrete-filled”; the number for the strength of
concrete in unit of ksi; and F for "Fibers". All of them had
the same tube size of 6x3x3/16" (152x76x4.8 mm) but each was
filled with different grade of concrete with or without steel
fibers. The purpose of using specimens in this group was to

investigate the influence of different types of concrete.
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Comparison between results from these two groups could show
how concrete changes the overall and local behavior of these
stub columns. A typical specimen is shown in Figure 2.1l4(a).
Table 2-4 gives the summary of all specimens used in this
series.

Concrete used for Group 2 specimens was from the same
batch as for bracing members in the main test program for
different types of concrete. Chapter III gives more detailed
information on mixing and curing of concrete.

Two to four strain gages were used for each stub column,
which were mounted in the center of each side of the tube.
The purpose of this was twofold: 1) Strain gages indicated how
much force was carried by steel alone in a concrete-filled
column particularly in the linear stage, 2) The strain level
could be measured at which local buckling started for

specimens with different width-thickness ratios.

2.3.1.2 Apparatus and Procedure

Figure 2.13 shows the test set-up for stub column
testing. The column was placed into a hydraulic
compression-only machine. When the central piston moved up it
applied the compression force to the column which sat on the
piston. All specimens were subjected to monotonic compression
load until failure or deformation reached 2 inches (51 mm).
Two dial gages were placed on in each side of the column to
measure the axial deformation.

Test was controlled by the force at the step of 5 (22 KN)

or 10 kips (44 KN) depending on the cross-section area of
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specimens. At each load level the readings of dial gages were
taken manually. Strain gage readings were scanned by an HP
data acquisition system, stored onto a tape, and also printed

on paper.

2.3.2 Summary of Experimental Observation
2.3.2.1 Gepneral Behavior

Figure 2.15 shows the relationship between force and
deformation for the specimens in Group 1. From zero loading
to yield force the relationship between force and deformation
remains linear and no any local buckling was observed. After
yielding the load was maintained for a while depending on
different width-thickness ratio till local buckling occurred.
As soon as first local buckling occurred outwards on two wider
sides of the tube, the force began to drop at rates depending
on the width~-thickness ratio. Then the local buckling
occurred on the two narrow sides which buckled inwards. The
force decreased continuously but at lower rate. When
deformation reached about 1 inch (25 mm) the force ceased to
drop because the loss due to local buckling was offset by
strain hardening. The force at 1 inch (25 mm) deformation was
about 30% to 50% of the peak force depending on the
width-thickness ratio.

Figure 2.16 shows the relationship between force and
deformation for the specimens in Group 2. The concrete-filled
stub columns in this group exhibited essentially similar
behavior as the specimens in the first group except for the

following differences:
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1) . Larger peak force was observed compared with the
hollow counterpart. The difference is mainly attributed to
concrete.

2). Although the first local buckling in the wide sides
was outwards as in hollow sections, the second local buckling
in the narrow sides was also outwards due to the presence of
concrete rather than inwards as in hollow specimens.

3). The compression force had chance to go up back after
the second local buckling. This was because the loss of
compression capacity of the tube due to local buckling was
compensated by not only strain hardening of steel tube but

also due to concrete filling in the local buckled region,

2.3.2.2 Reak Forces

The slenderness ratio of stub columns in the study ranges
from 6 to 9, as such overall buckling is not a problem.
The peak force was almost equal to the yield force for the
hollow specimens in Group 1. According to coupon tests yield

stress and ultimate stress were very close for the steel of

these cold-formed tubes, which is around 60 ksi (41 KN/cm?) .
Previous researchers had made similar observation (13).
Therefore, the peak force of hollow stub columns can be
calculated as the product of cross-section area and the yield
stress.

On the other hand, the peak force of Group 2 specimens
was slightly larger than the sum of forces taken by concrete
and steel if they experienced compression independently.

According to the test results the following formula can be
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used to calculate the peak force for concrete-filled

rectangular tubular stub columns.

Po=A; £," + A, T, £.' S 6 ksi (2.1)

P, = Peak compression force

As = Cross-section area of concrete

Hh
]

c Strength of concrete
I e Cross-section area of steel tube
FY = Yield strength of steel

fc' is the strength of concrete from standard cylinder

tests. If it is larger than 6 ksi (4.1 KN/cmz), it is taken

equal to 6 ksi (4.1 KN/cm?). The reason why higher strength of
concrete does not increase the compression capacity of stub
column specimens can be explained as follows:

When high strength concrete approaches its ultimate
strength, it develops relatively large lateral deformation
which pushes rectangular tube walls to local buckling, in
turn, concrete loses confinement from the tube. This is
different from a round section, the lateral expansion of
concrete introduces hoop stress in round tube wall which in
turn provides very good confinement to concrete to help reach
its high strength. This has been verified in previous studies

(21,44).
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2.3.2.3 Local Buckling Mode

All specimens, with or without concrete, had local
buckling outwards on two broad sides of the tube first. As
the axial deformation increased, the hollow columns had the
second local buckling inwards on the narrow two sides, while
concrete~-filled columns buckled outwards due to the presence
of concrete, Figure 2.17. This difference in the mode of
local buckling between hollow and concrete-filled specimens is

of major importance.

The strain level at which local buckling occurred was
mainly dependent on width-thickness ratio of the tube walls
and had no significant relationship to the presence of
concrete. The larger the width-thickness ratio, the lower the
strain level at which local buckling occurred. The hollow
column specimen C633H made from 6x3x3/16" (152x76x4.8 mm) tube
with width-thickness ratio of 30 had the first buckling at
average strain level of about 0.008, while specimen C424H made
from 4x2x4/16" (102x51x6.4 mm) tube which had width-thickness
ratio of 14 did not show any local buckling until strain
reached up to 0.03,

Specimen C633HS was made from 6x3x3/16" (152x76x4.8 mm)
tube with width-thickness ratio of 30. Two 1x1x1/10"
(25x25x%x2.5 mm) angle stiffeners were welded on both broad
sides. Although this specimen followed similar local buckling
pattern as other hollow tubular columns, shown in Figure 2.18,
it did not exhibit any local buckling until strain reached up
to 0.03 as in specimen C424H which had width-thickness ratio

of 14. Thus, it is evident that use of angle stiffeners may
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be as effective in delaying local buckling as decreasing
width-thickness ratio. However, the use of stiffeners in the
way described above does not change the local buckling mode.

All specimens in Group 2 had the same width-~thickness
ratio of 30 and were filled with different types of concrete,
Test results showed that concrete could not delay the
occurrence of local buckling. All of them had local buckling
at strain of about 0,008 which was the same as in hollow
specimen C633H with width-thickness of 30.

The reason why concrete could not delay the local
buckling can be explained as follows. When compression force
is small and before steel yields, both concrete and steel work
independently. In other words, the interaction between
concrete and steel is negligible. As compression force
increases, the poisson's ratio of concrete finally becomes
larger than that of steel. Then concrete tries to push the
tube walls out causing bending in the tube walls. Since the
thin tube walls have low stiffness for bending, the tube walls
would buckle out until enough membrane stress develops to
offset the outward force from concrete. Therefore, concrete
can not delay the time local buckling occurs. But the
important difference between hollow columns and
concrete-filled columns lies in that concrete can change the

local buckling mode. This will be discussed in more detail in

Chapter IV,

2.3.2.4 Rlateau of Peak Compression Force

As mentioned earlier, the peak force for all hollow
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columns was almost equal to their yield force. But how long
the peak force could be maintained before dropping as
deformation increases is another question. In other words,
what is the duration between yielding up to local buckling
when the force begins to drop? Here the duration refers to
the length of plateau of peak compression force.

For hollow specimens in Group 1, width-thickness ratio is
the dominant factor effecting the plateau of peak forces.
Specimens C422H and C633H were made from 4x2x2/16" (102x51x3.2
mm) and 6x3x3/16" (152x76x4.8 mm) tubes, respectively, which
had the same width-thickness ratio of 30. Both specimens
showed very similar behavior at peak force. Soon after the
load reached the yield value it began to drop as shown in
Figure 2.19(a). That means that local buckling which caused
the decrease of the force occurred immediately after yielding.
On the other hand, specimen C424H was made of 4x2x4/16"
(102x51x6.4 mm) tube with width-thickness ratio of 14, and the
peak force remained very stable before dropping as shown in
Figure 2.19(b). Local buckling did not occur until strain
reached about 0.03.

The behavior of specimen C633HS is quite interesting.
Although it is made from the same tube as specimen C633H with
width-thickness ratio of 30, two 1x1x1/10" (25x25x2.5 mm)
angles were welded as stiffeners. From the point of view of
stability of peak compression force, it behaved just like
specimen C424H with width-thickness ratio of 14. The peak
force did not drop as immediately and suddenly as it did in

specimen C633H. It remained stable until local buckling
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occurred later as shown in Figure 2.19(b).

Figure 2.20 shows the test results for all Group 2
specimens and one Group 1 specimen C633H for comparison. All
curves for Group 2 specimens are very similar except for
different peak forces due to different strength of encased
concrete. Like hollow specimens C633H and C422H, local
buckling occurred soon after yielding following which force
began to drop. The reason is that concrete could not delay
the local buckling in a rectangular tubular column as was
discussed earlier in Section 2.3.2.3. But unlike the hollow
tubes the force in concrete-~filled columns dropped some after
local buckling, but started increasing as soon as the force
taken by confined concrete was enough to offset the loss of
the force due to local buckling.

It is clear that larger the width-thickness ratio less
stable is the peak force, and the more quick the drop after
local buckling. On the other hand, smaller the
width-thickness ratio more stable the peak force, and slower
the drop of force. Thus, the width-thickness ratio dominates
the stability of peak compression force for stub columns. An
alternative way may be to stiffen the tube walls as was done
in specimen C363HS. The presence of concrete does not affect
the yield plateau, but it reduces the force drop after local

buckling and in fact the force increases after some drop.

2.3.2.5 Effect of Steel Fibers
According to the test results, the effect of steel fibers

was negligible in tubular columns. Specimens CC4 and CCAF
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were identical except that specimen CC4F had 2.5% steel fibers
mixed in concrete. Figure 2.21 shows the force and
deformation relationship for the two specimens. Like beam
tests discussed in Section 2.1, no significant difference can
be seen. This phenomenon can be explained as following. The
basic purpose of using fibers is to improve the ductility of
concrete for large deformation. But in a concrete-filled
column, the steel tube provides confinement to concrete and
make it behave in a ductile manner. Because of this the
difference between tubular columns with and without fibers

becomes rather insignificant.

2.3.3 Summary of Conclusions

From the observation of tests of hollow and
concrete-filled steel tubular beams and stub columns the
following conclusions can be drawn:

1) . Width-thickness ratio is a key factor influencing
local buckling and the stability of peak compression force.
The severity of local buckling could be reduced by either
using smaller width-thickness ratio or stiffening the tube
walls.

2) . Concrete can change the local buckling modes in both
beams and columns by preventing tube walls from buckling
inwards. This reduces the severity of local buckling.
Nevertheless, concrete can not delay local buckling and can
not improve the plateau of peak compression force very much

in stub columns.

3) . Concrete can increase the load capacity in both beams

‘- " Am = =m am =-.




—

27
and columns. It also prevents the load from dropping
continually. High strength concrete and steel fibers did not
provide extra benefit in either preventing local buckling or
increasing strength in rectangular tubular beams and columns.

These observations and conclusions are only based on
limited tests. More tests are needed for more general
conclusions and quantative analyses, such as developing
mathematical relationship between width-thickness ratio and
strain level at which local buckling occurs.

Although more study and tests may be needed to have more
rational and general conclusions, the test results discussed
in this chapter have shown quite clearly that concrete filling
can change the mode of local buckling and reduce its severity.
This aspect could be very helpful in improving the hysteresis
behavior of tubular bracing members. In testing of full-scale
hollow and concrete-filled steel tubular bracing members,
these concepts were utilized. The detailed procedure and
results of the main test program are presented in the

following two chapters, Chapters III and IV.




CHAPTER III

MAIN EXPERIMENTAL PROGRAM

3.1 Introduction

Previous research has shown that local buckling in
tubular bracing members occurs at locations of plastic hinges
soon after overall buckling. Cracking caused by severe local
buckling starts at the corners between compression flange and
webs just after a few cycles and propagated very quickly into
the flange and the webs. Such early cracking could be delayed
or prevented by either increasing the slenderness ratio of the
member or decreasing width-thickness ratio. But the former is
at the expense of reduced compression strength and the latter
will require more steel. A better solution is desired.

From the preliminary tests presented in the previous
chapter it was learned that filling tubular beams and columns
with concrete could change the mode of local buckling and
delay or prevent premature fractures so that these members
could absorb more energy after local buckling. This gave a
clue that tubular bracing members should have similar
improvement in their performance if they are also filled with
concrete as the behavior of bracing members combines the
characteristics of beams and columns.

The purpose of the main test program is to experimentally
verify the above idea which is based on the past related
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studies and the preliminary tests. It is also desired to
understand how concrete changes the local buckling mode and
lessen its severity, and what is the hysteresis behavior of
these composite bracing members. Based on these test results
a theoretical hysteresis model can be formulated for dynamic
analysis for structures with these members. This study can
also provide information for further research in this area.

In the main test program a series of full-scale hollow
and concrete-filled tubular bracing members were tested. This
chapter will present the procedure for the main tests. This
includes preparation of specimens, test set-up and loading
history. The test observation and discussion of results will
be presented in Chapter IV, and an empirical hysteresis model

will be proposed in Chapter V.

3.2 Test Specimens

Nine specimens were selected for this study. The
specimens were selected to fit the existing test set-up and
designed to reflect the effects of major parameters on
behavior of concrete-filled steel tubular bracing members when
subjected to severe cyclic loading. The main parameters were:
a) strength of concrete, b) effective slenderness ratio, KL/r,
c) width-thickness ratio, b/t, and d) presence of steel fibers
in concrete.

The specimens employed in the experimental program are

divided into two groups according to the size of the steel

tubes.




1. Size 6x3" Tubes

Six specimens designated as T633H, T633C6, T633C4,
T633C4F, T633C6F, and T633C8F were included in the first
group, where T stands for "Tubular brace"; the first two
numbers for width and depth of tube section in unit of inch;
the third number for the thickness of tube wall in unit of
1/16 inch (1.6 mm); H for "Hollow"; C for "Concrete-filled";
the number following C for the strength of concrete in unit of
ksi; and F for "Fibers"”. All of them had the same tube
section of 6x3x3/16" (152x76x4.8 mm). Specimen T633H is
hollow bracing member which was used for reference to study
the general difference in behavior between hollow and
concrete-filled bracing members. The rest five specimens were
filled with different strengths of concrete with or without
steel fibers. Therefore, these six specimens had identical
properties except for different types of concrete. The

details of these specimens are shown in Figures 3.1 to 3.6.

2. Size 4x2" Tubes

Three specimens designated as T424H, T424C6, and T422H
were included in this group. Specimen T424H and specimen
T424C6 had the same wall thickness of 4/16 inch (6.4 mm), the
difference being that specimen T424C6 was filled with 6 ksi
(4.1 KN/cm?) concrete while specimen T244H was hollow.
Specimen T242H was hollow with wall thickness of 2/16 inch
(3.2 mm). Specimens T424H, T424C6, and T422H are shown in
Figures 3.7 to 3.9, respectively. The purpose of using

specimens in this group was to investigate the effect of
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concrete to members with different slenderness ratios and
different width-thickness ratios by comparing with specimens
in the first group. The geometrical and physical properties
of all specimens are tabulated in Table 3-1.

All specimens were made of AS500 Grade B cold-formed steel
tubes, and A36 steel plates were used to for the gusset
plates. The welds between gusset plates and end plates, and
between tube and gusset plates were designed according to AISC
Specification (3) and UBC (38) so that allowable strength of
plates and welds would be thirty three percent higher than
that of the tubes. The typical shape and size of gusset
plates are shown in Figures 3.10 and 3.11 for size 6x3"

(152x76 mm) and 4x2" (102x51 mm) tubes, respectively.

3.3 Material properties
3.3.1 Steel Tube

All steel tubes were ordered as ASTM-A500, Grade B
cold-formed structural tubes. The actual material properties
were derived from two different types of tensile test. One
was determined from yield force during initial tensioning. 1In
addition, 3-inch (76 mm) gage-length coupon tests were
performed to find stress-strain relationship and ultimate
strength and elongation. Average values of coupon tests are
listed in Table 3-2 for different parts of the tube sections
and compared with nominal values. Typical stress-strain
curves from coupon tests are shown in Figure 3.12.

Size 3x6" tubes were ordered at two different times. It

was noted that even for the same specified tubes, significant




32
difference in ultimate strength and elongation was found. The
difference was about 10% according to the coupon tests. The
tube from which specimens T633H and T633C6 were made was more
ductile and had low strength than the tubes which were ordered
the second time and from which specimens T633C4, T633C4F,
T633C6F, and T633C8F were fabricated. This explained why
these four specimens cracked earlier than specimens T633H and
T633C6 under the same load history. The same phenomenon was
observed in stub columns in the preliminary tests.
Concrete-filled stub columns made from tubes ordered the first
time did not show fracture. However, the columns made from
the tubes ordered the second time had vertical fractures along
the corner after local buckling on four sides formed a
ring. Figure 3.13 shows the difference between stub columns
made from tubes ordered the first and second time,
respectively.

The material properties in the flat sides of structural
tubes exhibited about 20% lower strength than in corner areas,
which was also associated with a drastic decrease in fracture
strain by a factor of 20 to 30% in corner areas. Whereas, the
decreased strength in flat sides is only of minor consequence
for tube section, the reduction in fracture strain in corner
area has important implications for fatigue life of members.
Such differences are typical for cold-formed shapes. This is

one reason why tubes always show cracks at the corners first.
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3.3.2 Concrete

The mixtures of different strengths of concrete were
designed according to the method recommended by Portland
Cement Association (25). Portland Type I cement was used for
all specimens. Round coarse aggregate of 1/4 inch (6.4 mm)
maximum size and sand of 1/10 inch (2.5 mm) maximum size were
used. The mix proportions for different strengths of concrete
are listed in Table 3-3.

The same percentage of steel fibers, which were 1.2
inches (30 mm) in length with two hooks at both ends as shown
in Figure 3.14, was used in different batches of concrete.

The initial purpose of using fibers was to increase the
ductility of concrete. As recommended by Reference 22, fibers
in the amount of 2.5% of mortar volume was used.
Superplasticizer in the amount of 0.5% of cement weight was
used during concrete mixing to improve workability. The
volume of concrete in each batch was determined so that it was

enough for one bracing specimen, one stub column, and two

standard concrete cylinders.

The results of standard concrete cylinder tests showed
that the final strength, except for 8 ksi strength concrete,
was generally 10% above the design strength which is
recommended by ACI Committee (1). The presence of fibers did
not change the strength of concrete much, but it increased the
ultimate strain of concrete quite substantially. The results
of cylinder tests are shown in Figure 3.15, and the average

strength of concrete is also listed in Table 3-3.
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3.4 Eabrication Process
3.4.1 Tubes filled with Concrete

The fabrication process for concrete-filled tubular
bracing specimens can be summarized as follows:

1) . After the tube was cut to required length, slots for
gusset plates at both ends of the tube were cut by a band saw.
Two pieces of wood were inserted into the slots and one end of
the tube was sealed for concrete casting, Figure 3.16.

2) . Concrete was mixed according to design proportions.
While concrete was filled into the tube from the open end, a
steel bar was used for compact. A vibrator was also used
outside the tube at several areas along the length.

Concrete from the same batch was filled into two standard
modules to make concrete cylinders. Procedure recommended by
ACI was followed for making and testing cylinders.

3). After 24 hours the pieces of wood were removed from
slots and the both ends of the tube were covered by plastic.
Specimens were cured at room temperature for 28 days before
testing. The same method was used to cure concrete cylinders.

4) . Gusset plates were welded to the end plates by fillet
welds (E7018 electrodes) of predetermined length and size as
shown in Figures 3.10 and 3.11. Welding was done by an
experienced welder under careful supervision to ensure
adequate penetration of the weld and orthogonality and
concentricity of the gusset-end plate junction.

5). The end and gusset plate assemblies were then placed
in an assembly jig as shown in Figure 3.17. The jig has the

same diagonal dimension as the test frame. Four 1 1/4 inch
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(32 mm) HS bolts were used to hold the assemblies in the jig.
Following that, the concrete-filled steel tube was put in
place for welding to gusset plates. The tubes were welded
to the gusset plates with fillet welds. Special attention was
paid here to minimize any kind of distortion of the tube and
concrete, and to prevent or reduce shrinkage. Short weld
segments were used at strategic locations to hold the tube in
place. Continuous welds were then placed between the short
segments. This procedure is compatible with the Structural

Welding Code Specification (33).

6) . At certain predetermined locations along the
specimen, the surface was cleaned and a number of strain gages
were applied. Figures 3.1 to 3.9 show the location of these
strain gages. Finally the specimen was hoisted from the jig
and placed in the testing frame. Ten to eleven 1 1/4 inch (32
mm) HS bolts were used to connect the end plates to the
testing frame.

7). The specimen then was wiped to remove dust and dirt.
After mounting the instrumentation, the initial crookedness
was measured. Then the specimen was coated with hydrated lime

(white wash) for visual observation of the yield zones.

3.4.2 Hollow Tubular Specimens

The fabrication method used for hollow tubular specimens
essentially followed the same procedure as employed in the
fabrication of the ones filled with concrete except omit steps

2) and 3) in which concrete was mixed, placed and cured.
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3.5 Test Set-Up

3.5.1 Loading System
The loading system is combination of a four-hinged

testing frame, reaction wall, and a double-acting hydraulic
actuator. Figure 3.18 shows the complete test-up and Figure
3.19 schematically shows the test frame and the reaction wall,
The four-hinged frame, in which the concrete-filled steel
tubular specimen is diagonally mounted, consists of two
horizontal beams of W14x153 and two vertical columns of
W14x53. The horizontal beams and columns are connected by

four 3-1/2 inch (182 mm) pins with additional reinforcement

plates installed at the hinge locations. These connections
yield to a null stiffness of the testing frame in response
to the horizontal force. Thus, the behavior of bracing
specimens can be studied in absence of any interaction with
the surrounding frame.

The reaction wall provides a strong reaction support
which is necessary for the hydraulic actuator and forces the
vertical columns of the frame to rotate about their base
hinges. The four large columns, two of which are braced
together at each end of the testing frame, provide lateral
support.

The push-pull double-~acting hydraulic actuator is mounted
horizontally on the top beam of the testing frame. The active
end of the actuator is connected to a bracket attached to the
upper beam of the four-hinged frame while the fixed end is
connected to the reaction wall.

The actuator has a capacity of 250 kips (1110 KN) in
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tension and 330 kips (1470 KN) in compression and a stroke of
16 inch (41 cm). The zero position of the piston is fixed so
as to allow about 8 inches (20 cm) of stroke length to be
utilized in each direction. The movement of the piston is
controlled by a servovalve unit which, in turn, is controlled
manually through the set point of a 406.11 model controller by
MTS. The piston is powered by a 15 gallons per minute
(57 liters/min.) Vickers pump.

The loading system performed well during the entire
experimental program except for one problem. The hysteresis
loops recorded on the X-Y Recorder showed a rigid (stiff)
response (vertical drop) at each reversal. This phenomenon

has been observed by previous investigators also who used this

test set-up (4,5,8,13)

3.5.2 Instzumentation

The instrumentation consisted of linear potentiometer
rods, a wire transducers, a load cell and EP series strain
gages. These instruments were used to measure axial and mid
point lateral deformations, actuator horizontal force and
strains in specimens at predetermined hinge locations.

According to the available test set-up and
instrumentation, the axial deformation of the specimens was
defined by the average of the relative movement of the two
moving parts of the telescope rods. The relative movement of
each rod, equal to the axial deformation of the specimen,
caused a change in voltage of the attached transducer.

Significant difference between these two transducers existed
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and average of these was used as the axial deformation. The
lateral displacement at the mid point was measured by a wire
position transducer, model 1850-SMM-50. Both wire and rod
transducers were calibrated before and after each test.

The horizontal force of the actuator was measured by a
load cell, Lebow Model 13129-122, and recorded on a data
acquisition system (HP 3497A) and an X-~Y Recorder. Assuming
the beams and columns of the test frames are rigid and because
they are hinged together, the force applied to the specimens

is related to that of actuator as follows:

Pay = Py / Cosa (3.1)

where,

P51 = Axial load applied to the specimen

P = Actuator force applied to the testing frame

a
o = The angle which the bracing specimen makes with
the horizontal

Eight to twenty EP series strain gages were placed on
each specimen at prescribed sections as shown in Figures
3.1 to 3.9. Their purpose was to measure the axial force
carried by the steel tube and for hollow specimens to
simultaneously cross-check the actuator force by using the
above formula. It is also important to measure the strain
levels at which local buckling occurred in the specimens. The

output of strain gages was recorded and printed by the HP data
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acquisition system mentioned above. The instrumentation
performed well during testing except the wire position

transducer, which sometime gave erroneous readings.

3.5.3 Data Acquisition System

The data acquisition system, Figure 3.20, mainly
consisted of the following components:

1l). X-Y Recorder: An HP X-Y Recorder, Model HP 7015B, was
used to plot the hysteresis loops during testing. It served
two basic functions: 1) to monitor the axial displacement and
control the test, and 2) to facilitate visual observation
regarding degradation of hysteresis loops, local buckling,
yielding in the member and its connections, and checking the
rod transducers performance.

2) . Scanning of Data Channels: Hewlett Packard Data
Acquisition System, Model HP 3497A, was used to scan the
channels during testing. The data was stored on a cassette
tape and portions of the data were also printed as desired.

3). Voltmeters: Several voltmeters were used mainly to
calibrate the transducers and to control the voltage changes

of the servovalve unit during testing.

3.6 Loading History
3.6.1 Consideration of Loading History

Different basic ideas might be employed as starting point
for forming a loading history for concrete-filled steel tube
bracing member tests. But a desirable pattern of deformation

sequences should satisfy the following two main purposes.
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First, it should enable study of repeatability of the
hysteresis loops with respect to strength degradation.
Second, it should allow comparisons to be made with previous
investigators' results.

Since, no previous test results for concrete-filled steel
tubular bracing members are available, it is helpful to
compare test results in this study with the results of hollow
tubular bracing member tests under the same loading history.
This would provide opportunity to study the effects of
concrete filling directly. Gugerli (13) used a loading
history to test hollow tubular bracing members which had
similar dimensions as the specimens in this study. After
carefully reviewing his loading history it was found that it
could also service the first purpose as stated above,
Accordingly, his loading history shown in Figure 3.21 was used
in this study. This loading history is discussed in more

detail in the following two sections.

3.6.2 Definition of Ay"

The loading sequence was devised to provide information
regarding:

1) . Hysteresis loops for cyclic loading between the same
deformation limits during different sequences of the tests.

2) . Maximum compressive and tensile forces throughout the
test.

3) . Number of cycles till fracture.

In most previous studies on bracing members the specimens
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usually were initially tensioned to yield load to make them
straight or to eliminate residual stresses. But cold-formed
tubular members do not exhibit a sharp yield point and the
difference between yield stress and ultimate stress is small
as shown in Figure 3.12. 1In such case the yield stress is
generally defined as the stress (read from the stress-strain
curve) corresponding to a permanent strain of 0.2% as shown in
Figure 3.22. Therefore, all specimens in this study were

pulled to a strain offset approximately 0.2% in the first

cycle.

For setting some reference point as well as for
comparison with previous studies, it is convenient to
normalize axial deformations rather than using absolute
deformations. For this purpose, a basic normalizing yield
deformation, Ay*, is introduced. The maximum tension or
contraction in the loading history is expressed in terms of

this basic normalizing axial deformation.

In this study, Ay* was defined corresponding to a nominal
yield strength of 36 ksi (25 KN/cm?) . The reasons of using a

nominal yield value of 36 ksi (25 KN/cm?) rather than the
measured one from coupon tests are the following. As
discussed earlier, cold-formed tubes have relatively higher
yield strength than the more commonly used steel for hot
rolled shapes. If the actual yield stress is used to define
the normalized deformation, this means that the tubes will be
subjected to larger deformation. This may not be very

realistic since bracing members with higher yield strength may
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not necessarily be subjected to larger deformation during a

strong ground motion. Also 36 ksi (25 KN/cm?) is nominal yield

strength for most common grade of structural steel.

Based on the above thoughts, 36 ksi (25 KN/cm?) was used
to define the basic normalizing axial deformation for tests in
this study. At the same time it also prevented tubes from
being subjected to large absolute deformations which could
cause severe early cracking because the difference between
yield stress and ultimate stress is small. If the measured
yield strength from coupon tests was used to define Ay*, tubes
might have fractured too early to study the effect of other
parameters which would show their influence in later cycles.
However, this was done at the expense of direct comparability
of normalized hysteresis loops with members having yield
strengths, and direct application of normalized hysteresis

models as will be discussed later in Chapter V.

3.6.3 Deformation Sequences Used

The same basic pattern was repeated for maximum absolute

contraction between —Say* up to —ISAY* in steps of SAY*. If

specimen did not fracture early, the repetitive nature of
loading history allowed a meaningful interpretation of
fracture of specimens. At each level of maximum compressive
deformation, two different sequences were followed. In the

first, the specimen was cycled between AY* as a fixed limit
and *SAY* etc., until the maximum contraction for that

sequence was reached. In the second part, the fixed point was
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at the maximum contraction and the deformation amplitude was
increased by 5AY* in each cycle until the yield force was
reached.
The loops of the first of sequence are comparable and
provided information regarding cycles between fixed

deformation limits whereas the second part mapped out the

compression envelope.



CHAPTER IV

EXPERIMENTAL RESULTS OF MAIN TEST PROGRAM

4.1 Introduction

Nine full-scale hollow and concrete-filled tubular
bracing specimens as mentioned in the previous chapter were
tested. Overall behavior, such as hysteresis loops and
overall buckling mode as well as local performance such as
local buckling, cracking and fracture modes were carefully
monitored and watched by either instruments or visual
observations. All specimens, test set-up, and instruments
were carefully fabricated, checked, or calibrated. The whole
system performed well during the entire process of testing.

Significant differences were found between the
performance of hollow and concrete-filled tubular bracing
specimens with width-thickness ratio of 30. According to the
test results local buckling was found to be the most important
factor influencing strength and ductility of tubular bracing
members. The presence of concrete can change the local
buckling mode and reduce its severity. As a result, the
strength of specimens increased and ductility improved.

While the design criteria, preparation of specimens,
and test set-up were discussed in Chapter III, this chapter
will focus on presenting experimental observations and
discussing test results in detail.

44
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4.2 Geperal Observations and Discussions

Concrete and steel are two major building materials.
Generally speaking, steel has high strength both in
compression and tension and is also ductile, while concrete is
good in compression and lacks ductility. Although combination
of these two materials is so commonly used in reinforced and
prestressed concrete structures, this idea can be used in a
number of other ways since each material has its unique
characteristics depending on the way the loads are applied,
and geometrical configuration.

As a new combination, concrete-filled tubular bracing
members certainly have their own special properties. Usually,
these members are slender and perform their function as
bracing members by providing desired strength and absorbing
energy mainly in post-buckling stage under severe cyclic
deformation. The presence of concrete provides support to the
tube walls in local buckling, thereby increasing fracture
life, and also increasing energy dissipation through
crushing of confined concrete,

An understanding and knowledge of general behavior and
failure modes of the test specimens will help in discussion
of their characteristics in detail. Therefore, the general
observations and failure modes of all tested specimens are
presented in the following two sections first. The detailed
observations and discussion of hysteresis behavior will

be given thereafter.
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4.2.1 General Observations

The general observations of tests in this program can be
summarized in the following five points:

1) . The presence of concrete can increase the number of
cycles to failure, and dissipate more energy than the hollow
counterpart under the same loading history except in tube
specimens with rather small width-thickness ratio.

2) . Concrete can change the local buckling mode, reduce
its severity, and delay the occurrence of cracking. These are
strong points for using concrete.

3). The effect of concrete depends on the slenderness
ratio of a specimen. The less slender a specimen, the more
benefit can be obtained from concrete. However, if a bracing
member is stocky enough and becomes a tube-confining concrete
column, it will behave like a stub column as discussed in
Chapter II. In that case, it is concrete that receives
confinement from steel tubes rather than providing help to the
tubes.

4). The effect of concrete shows strong dependency on the
width-thickness ratio. Specimens with large width-thick ratio
display significant improvement when filled with concrete. On
the other hand, if the walls of a tubular specimen are thick
enough not to have severe local buckling, the effect of
concrete becomes very small. Generally speaking, the
contribution or effect of concrete may be considered as being
inversely proportional to the width-thickness ratio.

5). Unlike tube-confining concrete stub columns where the

steel provides confinement to concrete and makes it stronger
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and more ductile, concrete-~filled tubular bracing specimens
work in an opposite way. It is concrete that provides lateral
support against the inward local buckling. Because the main
function of concrete in this case is to change the mode of
local buckling, increase in the strength or ductility of
concrete does not show any significant influence on the

behavior of these composite bracing specimens.

4.2.2 Fallure Modes of Specimens

All specimens experienced essentially the same loading
history as discussed in the previous chapter. The following
is the summary of failure modes of all specimens as well as
hysteresis loops and the number of cycles where the specimens
crack and fail. Some brief cross comparisons are also made
between these specimens.

Hollow specimen T633H is made from 6x3x3/16" (152x76x4.8
mm) tube ordered the first time having width-thickness ratio
of 30 and effective slenderness ratio of about 60. This
specimen began to crack at cycle 4 and failed at cycle 9 as
shown in Figure 4.1.

Specimen T633C6 is the same as specimen T633H except this
one is filled with 6 ksi (4.1 KN/cm?) concrete. The specimen

began to crack at cycle 9 and failed at cycle 14 as shown in

Figure 4.2,
Specimens T633C4, T633C4F, and T633C6F were all made from

6x3x3/16"™ (152x76x4.8 mm) tubes ordered the second time, but
filled with 4 ksi (2.8 KN/cm?) concrete, 4 ksi (2.8 KN/cm?)

concrete with steel fibers, and 6 ksi (4.1 KN/cm?) concrete
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with steel fibers, respectively. The behavior of all these
three specimens was very similar, cracking at cycle 8 and
failure at cycle 9 as shown in Figure 4.3. Although these
specimens behaved similar to specimen T633C6 before cracking,
they cracked and failed much earlier than specimen T633C6. It
is mainly caused by different properties of the tube material
received in the two orders. According to coupon tests
discussed in the previous chapter, the tube material ordered
the second time had slightly higher strength but about 10%
lower ultimate strain than tubes ordered the first time. This
explains why specimens T633C4, T633C4F, and T633C6F cracked
and failed earlier. But results of these three specimens show
that the variation in types and strength of concrete does not
change the behavior of specimens.

Specimen T633C8F is made from the same stock as specimens

T633C4, T633C4F, and T633C6F, but filled with 8 ksi (5.5

KN/cm?) concrete with steel fibers and two 30 inch (76 cm)
1x1x1/10" (25x25x2.5 mm) angles welded on both broad sides in
the middle of the span in the longitudinal direction as shown
in Figure 3.6. The idea was to see how the angle stiffeners
would check outward local buckling of the compression flange.
The behavior of this specimen basically turned out similar to
specimens T633C4, T633C4F, and T633C6F. But plastic hinge and
local buckle formed at one end of the angles instead in the
middle of the specimen as shown in Figure 4.4 since the middle
part was stiffened by the two angles.

Specimens T424H and T424C6 were made from 4x2x4/16"

(102%x51%x6.4 mm) tube ordered the first time with
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width-thickness ratio of 14 and effective slenderness ratio of
about 95. Specimen T424H is hollow, while specimen T424C6 is
filled with 6 ksi (4.1 KN/cm?) concrete. These two exhibited
very similar behavior. Both showed cracking at cycle 15, and
failed at cycles 16 and 18, respectively, Figure 4.5.

Hollow specimen T422H is made from 4x2x2/16" (102x51x3.2
mm) tube ordered the first time with width-thickness ratio of
30 and effective slenderness ratio of about 90. It began to
crack at cycle 4 and failed at cycle 9 as shown in Figure

4.6.
Based on the observation that increase in strength of

concrete over 4 ksi (2.8 KN/cm?) and use of steel fibers do not
change behavior of these composite bracing specimens, specimen
T633C6 will be used in the following discussion to represent
all 6x3x3/16" (152x76x4.8 mm) tubular specimens filled with
concrete.

All of the above points will be further explored in the
study of two pairs of specimens. The first pair consists of
4x2x4/16" (102x51x3.2 mm) section tubular bracing specimens
with width-thickness ratio of 14 and effective slenderness
ratio of about 95 - hollow specimen T424H and the same filled
with 6 ksi (4.1 KN/cm?) concrete, specimen T424C6. The second
pair consists of 6x3x3/16" (152x76x4.8 mm) tubular bracing
specimens with width-thickness ratio of 30 and effective
slenderness ratio of about 60 - hollow specimen T633H and the
same filled with 6 ksi (4.1 KN/cm?) concrete, specimen T633C6.
The purpose of using these two pairs of specimens is twofold:

(a) To study the differences in behavior between hollow and
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concrete~filled specimens, and (b) To study the effect of

concrete on specimens with different width-thickness ratio and

effective slenderness ratio.

4.3 Buckling Modes
4.3.1 Qverall Buckling

Specimens made from rectangular tubular sections, either
hollow or filled with concrete, have two axes of symmetry.
Thus, these specimens may buckle in flexure in either
principle direction, i.e., the in-plane or the out-of-plane.
In this study all the tested specimens buckled in pure
flexural mode over the entire length in the in-plane
direction, either upward or downward. No torsional
deformation was observed.

Although the end connections in the in-plane direction
are much stiffer than in the out-of-plane direction, the
moment of inertia of specimens in the in-plane direction is
smaller than in the out-of-plane direction. According to the
previous researchers and the buckling mode exhibited in tests

in this study, effective length factor in in-plane direction,

Ky is taken 0.5 and the length of the specimens is taken as

the distance between two center points of the end plates,
Figure 4.7. Equivalent sections based on transformed area

method as shown in the same figure are used to compute the

radius of gyration, r, and r The computed K,L/r, is

Yt
approximately 60 for 6x3x3/16" (152x76x4.8 mm) specimens and

95 for 4x2x4/16" (102x51x6.4 mm) specimens. Effective length
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factor for out-of-plane direction, K,, is dependent on the

x!

relative stiffness of tubes and gusset plates. For the

specimens tested, the computed value of K, ranged from 0.8 to

0.83 according to the method recommended by Jain (18). Thus,

the value of KxL/rx is about 55 for 6x3x3/16" (152x76x4.8 mm)

specimens and about 85 for 4x2x4/16" (102x51x6.4 mm)

specimens. In each case, KYL/rY in the in-plane direction is

larger than K,L/r, in the out-of-plane direction. This

confirms the cobserved overall buckling in the in-plane
direction for all specimens used in this study.

Test results show that there is no significant difference
in overall buckling mode between hollow and concrete-filled
bracing specimens before local buckling occurred or plastic
hinges formed. However, after plastic hinges appear, some
difference in overall buckling mode is exhibited between
hollow and concrete-filled specimens, and among specimens with
different width-thickness ratios. The main difference is that
hollow specimen T633H with width-thickness ratio of 30 was
divided into two almost straight segments by plastic hinges as
shown in Figure 4.8(a), while hollow specimen T424H with
width-thickness ratio of 14 and all concrete-filled specimens
bent in a more curvilinear cosine shape after plastic hinges
formed as shown in Figure 4.8(b). This is because that
plastic hinge moment capacity in concrete-filled specimens and
hollow specimens with thicker walls remain very stable without

much reduction after plastification.
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4.3.2 Local Buckling

Bracing members usually have slenderness ratios large
enough to cause overall buckling under compression force.

At the same time, this is usually companied with local
buckling in plastic hinge zones due to high compression
stresses, How well a bracing member performs under these
conditions determines its ductility and energy dissipation
capacity. Mode and severity of local buckling play an
important role in this issue. It is one of the main purposes
of this study to find the difference in local buckling modes
between the hollow and concrete-filled tubular bracing
members. At the same time, the local buckling behavior among
hollow tubular specimens with different width-thickness ratios
is also studied.

All specimens tested in this study develop plastic
hinges near the mid span and also at both ends after buckling.
Therefore, local buckling tends to localize within these
zones. In the hollow tubular bracing specimens,
width-thickness ratio is the main factor governing the
severity of local buckling as also discovered by previous
researchers. Although slenderness ratio of the specimen is
also a factor, no significant difference is found in specimens
tested in this study because of limited range of slenderness

ratios used.

4.3.2.1 Hollow Specimens

For hollow rectangular tubular bracing specimens, test

results show that all specimens follow similar local buckling
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pattern except for its severity and time of occurrence in the
load history. After a specimen undergoes overall buckling in
compression, the compression flange at plastic hinges begins
to buckle inwards which is also accompanied by the webs
bulging outwards. How late this happens depends on
width-thickness ratio as well as slenderness ratio of the
specimen. The local buckling is concentrated in narrow
zones in the middle of the span and at each end of the
specimen, Figure 4.9(a). As the number of cycles increases,
the bulges at the corners grow, leading to opening of small
cracks which spread very quickly into the flange and both
webs. When 50 percent or more of the section has fractured
the specimen is considered to have failed.

Although all hollow tubular specimens follow similar
local buckling pattern as discussed above, the time when local
buckling occurs and its severity depend mainly on
width-thickness ratioc of the walls. In this study, hollow
specimens T424H and T422H have effective slenderness ratio of
about 90, but different width-thickness ratio. The specimen
T424H is made from 4x2x4/16" (102x51x6.4 mm) section with
width-thickness ratio of 14, while specimen T422H is made from
4x2x2/16" (102x51x3.2 mm) tube with width-thickness ratio of
30, which is within the AISC Specification limit (3). When
subjected to the same loading history the two specimens
behaved differently with respect to local buckling. Local
buckling occurred in specimen T422H with width-thickness ratio
of 30 almost immediately after first overall buckling. At

this stage, the strain level at the plastic hinge was about
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0.008 which is the same strain level at which local buckling
occurred in the stub column specimens C633H and C422H with
width-thickness of 30. This specimen showed visible cracks at
cycle 4. However, specimen T424H with width-thickness ratio
of 14 did not experience any local buckling until cycle 15
when cracking also occurred rather suddenly, Figure 4.9(b).

Hollow specimens T633H and T422H have the same
width-thickness ratio of 30, but different effective
slenderness ratios. The effective slenderness ratio of T633H
is about 60 and that of T422H is 90. Test results show that
both have very similar local buckling behavior. These two
specimens had local buckling and cracking almost at the same
instant in the deformation history. This also shows that

effect of width-thickness is more significant than that of the

slenderness ratio.

4.3.2.2 Concrete-Filled Specimens

For the concrete-filled specimens, the local buckling
follows a different pattern. Although local buckling occurs
in compression flange at the location of plastic hinges, there

are two major differences from the hollow specimens:

1) . Unlike hollow tubular bracing specimens the flange of
concrete~filled specimens buckles outwards rather than inwards
due to the presence of concrete.

2) . The local buckling is not concentrated in a narrow
band as in hollow specimens. It forms a rather flat dome
whose length is close to the width of the tube as shown in

Figure 4.10(b). As number of cycles increases, the webs near




55
the buckled flange begin to buckle inwards, although, quite
restricted by concrete fill. Following this, cracks form
at the corners and propagate along the flange and the webs
until the specimen fails. Thus the concrete fill reduces the
severity of local buckling and consequently delays cracking
in the specimen.

The change in the local buckling mode and the reduction
in severity due to the presence of concrete are beneficial for
these bracing specimens in two ways. First, after local
buckling the section modulus of the buckled sections does not
decrease since the distance between the top and bottom flanges

increases instead of decreasing as shown Figure 4.11. This

holds the plastic hinge moment without too much reduction.
Secondly, severe strain concentrations are avoided due to
restrained local buckling, thereby increasing the fracture
life of the specimen. In other words, a specimen can survive

more cycles and have larger post-buckling strength in each

cycle than the hollow counterpart.

4.4 Behavior of Specimens under Tension
4.4.1 Eirst Yield Force

In the first half of the initial cycle, all specimens
were pulled to a strain offset approximately 0.2% as discussed
in the previous chapter. According to the results shown in
Figure 4.12(a), it can be seen that for 4x2x4/16" (102x51x6.4
mm) specimens T424H and T424C6, the first peak tension force
of hollow specimen T424H is close to the concrete-filled

specimen T424C6. No recognizable difference is found. This
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is probably due to small A /A, ratio (A /A, = 2.0), where A,

is the cross section area of concrete and A, of steel. On the

other hand, for the 6x3x3/16" (152x76x4.8 mm) section

specimens T633H and T633C6 which have relatively larger

A_ /A, value (A./A, = 4.7), about 15% increase in the first peak

tension force is noticed when compared with the hollow
specimen T633H, Figure 4.12(b). Precise mechanism for such
increase in peak tension force due to the presence of concrete
is not entirely clear. But it is considered that the increase
in tension force is mainly the result of the following two
effects.

1) . After the strain in a specimen reaches the fracture
strain of concrete under tension, the concrete begins to crack
at certain sections. But the concrete segments between two
adjacent cracked sections still have bond force with steel
tube and share some portion of the total tension force. The
specimen can be simplified into an unequal cross section
tension member as shown in Figure 4.13.

Because the test is controlled by deformation, a larger
force is needed for the same deformation in an unequal cross

section specimen whose smallest section is equal to that of

the hollow counterpart. But when the A /A, is too small, the

bond force in the interface between steel and concrete may not
be that effective to transfer significant tension force to

concrete such as in 4x2x4/16" (102x51x6.4 mm) specimen. As a
result, the portion of force carried by concrete is negligible

in this case.
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2) . Under tension force the steel tube has longitudinal

positive strain, €. At the same time, it also develops

negative strain, &y, in the transverse direction due to

Poisson's effect. Concrete inside the tube does not permit
free negative lateral strain in the tube. Thus, the tube is
restricted laterally by concrete and is subjected to biaxial
stress condition as shown in Figure 4.14. In order to compute
the net longitudinal deformation of the specimen, it is
necessary to consider the effect of lateral restraint from

concrete. For the stress state as shown in Figure 4.14, we

have:

g = 01/2 - B'0,/E (4.1)

where,

€, = Strain in steel in longitudinal direction

O, = Stress in steel in longitudinal direction

E = Modulus of elasticity of steel

B = Poisson's ratio of steel

Oé = Stress in steel in lateral direction

For simplicity, let it be assumed that the volume of
concrete remains constant. In other words, lateral strain in
concrete is zero and so is the lateral strain in tube.

Therefore, 82 can be set to zero.
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€, = 0,/E - | 01/3 =0 (4.2)
or
o, = Ho, (4.3)

Substituting Equation (4.3) into Equation (4.1), we have

the following expression for g, :

e, = O,/E - L LO,/E (4.4)
or
g, = 0,/(E/(1-p?)] (4.5)

Let E, = E/(l—u?} be an equivalent modulus for considering

the effect of concrete. The following formula can be used to
compute the axial tension force for concrete-filled steel

tubes:

E (4.6)

If u= 0.3, E, = E/(1—0.32) = 1.1 E. This means that the

specimen is 10 percent stronger than the hollow one under
tension. For the same reason as mentioned in point 1), the 10
percent extra force is required to have the same deformation

as a hollow specimen when only considering the lateral
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restriction effect from concrete.

It should be pointed out that Equation (4.2) gives an
ideal situation in which the change in volume of concrete is
assumed to be zero. In the real case the force should be
smaller than the value given by Equation (4.6), since some
lateral deformation exists in concrete. In other words, g, is

not really equal to zero. Particularly, when A, /A, is

relatively small the stiffness of steel is much larger than
that of concrete. This will cause concrete to have some
lateral deformation. 1In this case the increase in tension
force due to concrete will become negligible. If the above
two effects are considered together, the maximum increase in
tension force due to concrete is about 15%. Some previous
researchers have also reported similar results (32).

In this study, bracing specimen T424C6 made of 4x2x4/16"

(102x51x6.4 mm) tube belongs to the case where A /A, is small.

Large lateral stiffness of thick tube walls cause more
deformation in the concrete inside the tube. Therefore,
Equation (4.6) gives an upper limit on the increase in tension
force due to lateral restraining effect of concrete.

As the number of cycle increases during testing, concrete
inside the tube loses its integrity gradually in the plastic
hinge zones. The increase in tension force due to the factors
discussed above should remain effective at location away from
the plastic hinges. This is confirmed by the test results in

this study as will be discussed in the next section.
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4.4.2 Cyclic Peak Tension Forces

The peak tension forces in each cycle for specimens
T633H and T633C6 are shown in Figure 4.15(a). The force for
concrete-filled specimen T633C6 is about 15 percent larger
than the hollow specimen T633H. This confirms the conclusion
presented in the previous paragraph. It can also been noticed
in this figure that, besides the difference in cyclic peak
tension forces, the specimen T633C6 filled with concrete has
much longer fracture life than the hollow specimen T633H.
However, the difference in cyclic peak tension forces between
specimens T424H and T424C6é with width-thickness ratio of 14 is
very small as can be seen in Figure 4.15(b). The reasons for

this were also discussed in the previous section.

4.5 Behavior of Specimens under Compression Force
4.5.1 Eirst Buckling Load

There are several methods available to estimate the first
buckling load for hollow tubular compression members such as
the SSRC Basic Column Strength formulas used by AISC for
allowable stress design. It has been shown in some previous
studies that the test results agreed very well with the
computed values from this procedure (13). In this study three
hollow tubular bracing specimens are included. The computed
forces from the procedure by AISC agree well with the forces
from test results as shown in Figure 4.16. The effective
length factor, K, is taken equal to 0.5 and L is equal to 142"
(361 cm). This means that AISC procedure for allowable stress

design (deleting the factor of safety) can be used to predict
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the first buckling load for hollow tubular specimens.

No formula or procedure was available for computing
buckling loads for composite bracing members until the first
edition of "Load and Resistance Factor Design" (2) was
published by AISC recently. A procedure is given to compute
the capacity for concrete-filled tubular compression members.
That procedure is based on test results and concrete is
considered by modifying yield stress and modulus of elasticity
of steel, thereafter the procedure for steel column design is
followed (31). After studying this procedure and comparing
the results with test results in this study it is found that
this method is rather crude and gives results which are
generally quite conservative. Therefore, it is necessary to
develop more rational procedures to predict the first buckling
load for concrete-filled tubular bracing members,

According to the test results, before compression force
reaches the first buckling load, no local buckling was
observed in concrete-filled specimens tested in this study.
This means that the first buckling load is mainly controlled
by overall buckling without any effect of local buckling.
Test results also show that variation of concrete strength
does not change the value of the first buckling load by
significant amount. Specimen T633C4, T633C4F, T633C6F, and
T633C8F, made from 6x3x3/16" (152x76x4.8 mm) section, have
identical properties except for different types of concrete.
First buckling loads for all these specimens are almost the
same as seen in Figure 4.17. For specimens T424H and T424C6,

made from 4x2x4/16" (102x51x6.4 mm) section, which are slender
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and more compact than 6x3x3/16" (152x76x4.8 mm) specimens, the
first buckling load for concrete-filled specimen T424C6 is
only slightly larger than the hollow counterpart T424H.

Two procedures have been developed to compute the first
buckling load for concrete-filled tubular bracing members in
this study. The characteristics discussed above have been
reflected in these two methods. The details of these two

methods are given in the following sections.

4.5.1.1 Iangent Modulus Method

According to the above discussion, the most rational
starting point, therefore, will be to assume that the first
buckling load is governed by overall stability. In this
method to compute the first buckling load, Euler's theory is
used with the some modifications to consider the contribution

of concrete.

1. Basic Assumptions

1) . Members are assumed to be in axial compression only
with pin supports at both ends. An effective length factor,
K, can be introduced to consider different end conditions.

2). The moment of inertia of both steel and concrete is
considered in computing the stiffness of the section, EI.

3) . Tangent modulus is used in place of elastic modulus

for both concrete and steel.

2. Detailed Procedure

The detailed procedure and its verification by using test
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results form this study are described in the following.

1), The Euler formula for a composite section gives,

2
X ‘ E!tIl * EctIc )

2 (4.7)
( KL/r )

P, = The first buckling load

Egy = Tangent modulus of steel
E.¢ = Tangent modulus of concrete
Ig = Moment of inertia of steel

P Moment of inertia of concrete

=
I

Effective length factor for the member
L = Length of the member.
2) . According to coupon tests the following function is
chosen to define the stress-strain relationship for AS00 Grade
steel. A comparison between a typical curve from coupon tests

and the plot of Equation (4.8) is shown in Figure 4.18, Both

agree with each other very well.

15

g, - o, / E + 0.002 {03 / FY) (4.8)
and

Egr = doa / d£s

or
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E“-l/[l/E+0.03031‘/E‘Y15]

Where,

E = Elastic modulus of steel

es = Strain of steel

08 = Stress of steel

FY = Yielding stress of steel

(4.9)

3). For concrete the following expression is commonly

used to describe the stress-strain relationship.

Figure 4.19

shows a typical curve from concrete cylinder tests and the

plot of Equation (4.10).

9= | 02.0852 § (0.8502)2]
and
Ect - dUc / d.ec
or
= Lo - (0.20?22) ]
where,

oc = Stress of concrete

EC = Strain of concrete

(4.10)

(4.11)

fc' is the strength of concrete. If it is larger than 6 ksi
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(4.1 KN/cm?), it is taken to equal to 6 ksi (4.1 kN/cm?). The

reason for this is that it is very difficult to control the
quality of concrete above 6 ksi (4.1 KN/cm?) inside a slender
tube. The strength above 6 ksi (4.1 KN/cm?) obtained in

cylinder tests does not guarantee such high strength inside a
tube, since, to produce concrete above 6 ksi (4.1 KN/cm?) more

stringent quality control is essential according to some

previous researchers (29).

4) . We have compatibility condition,

8, =g (4.12)

and the equilibrium condition,

P, = O, A, + O_ A, (4.13)

where,

As = Area of steel

A, = Area of concrete
6) . Solving Equations (4.7) to (4.13) gives the buckling
load Pb‘

The solution is obtained by a trial and error method
using a computer. The flow chart for the solution algorithm
and the computer program in BASIC Language is presented in
Appendix A.

The above procedure is used to compute the first buckling

load for specimens T633H, T633C6, T424C6, T424H, and T422H.
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Figure 4.20 shows results from the tests and the computation.
It is evident from this figure that this procedure can very
well estimate the first buckling load for both hollow and
concrete-filled tubular bracing specimens. When it is used
for a hollow tubular specimen just set the area of concrete
equal to zero. The limitations of this procedure are also

discussed in Appendix A.

4.5.1.2 Approximate Method

Although the above method gives satisfactory results
which fit test results for concrete-filled tubular bracing
members, it requires complex calculations and the use of a
computer is essential. It is not very convenient for
practical structural analysis and design. The second method
presented herein attempts to combine the main characteristics

of these composite bracing members with computational

simplicity. The method is based on the following assumptions:

1l). Steel tube and concrete work independently for the
purpose of computing the first buckling load. Thus AISC (3)
Formula (1.5-1) can be used to compute the force taken by
steel.

2) . The stress—-strain relationship of steel is linear
before the force reaches the buckling load.

3). The strain in concrete is the same as in steel so
that the stress in concrete can be computed by Equation
(4.10) .

The following is the detailed procedure:

1). Use the AISC Formula (1.5-1) to compute the buckling
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stress for steel without considering the presence of concrete

and the factor of safety.

6, =[1-0.5 (KL/r)2/C2 ) F (4.14)

) Y

where,

O, = Stress in steel
K = Effective length factor, assumed equal to 0.5
L = Length of member, taken equal 142" (361 cm)

r = The radius of gyration of tube section

C. = Slenderness ratio that separates elastic and
inelastic buckling
FY = Nominal yield strength of steel tube

2) . Compute strain and stress in concrete.

e, =¢ =0, / E, (4.15)
and
= N Pat 2
oc fc [ 2 ec / 0.002 ( Ec J B.002 )+ ] (4.10)
Where,

ec = Strain in concrete

es = Strain in steel

Gc = Stress in concrete



68

£.' is the strength of concrete, as discussed in the

previous method it is taken no more than 6 ksi (4.1 KN/cm?) .

3). The buckling force, P,, can be computed by the

following equation.

Py = O, A, + O A, (4.16)

If KL/r of a member is larger than C, the first buckling

load may be computed by using the AISC procedure without
considering the effect of concrete since the contribution from
concrete is samll. This method is used to compute the first
buckling load for the five specimens mentioned in Tangent
Method. The results are shown in Figure 4.20. It is clear
from this figure that this Approximate Method can also predict
the first buckling load very well.

The procedure given by AISC for load and resistance
factor design is also used to compute the buckling locads. The
results are also shown in Figure 4.20. It can be seen that
this method generally underestimates the buckling loads and is

on the conservative side.

4.5.2 Cyclic Peak Compression Forces

Peak compression force in each cycle is an important
factor in determining the energy absorption capacity of a
bracing member. Past studies have shown that compression

loads suffers steep reduction from the first cycle to the
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second cycle, but become quite stable after about the third
cycle (13,18). The test results of both hollow and
concrete~filled tubular specimens in this study show similar
trend. At the same time, some significant difference is also
found between hollow and concrete-filled bracing specimens.

Generally speaking, the deterioration of cyclic peak
forces in a deformation controlled testing is mainly due to
the following reasons., The first is the residual deformation
accumulated from previous cycles. The second is the severe
local buckling which reduces the moment capacity in plastic
hinge zones. There may be some other factors responsible for
deterioration, but these two factors have been recognized
quite widely. As discussed in Section 4.3.2 (Local Buckling
Mode), the presence of concrete can change the mode of local
buckling and reduce its severity. This helps to maintain the
plastic hinge moments. Thus, the portion of deterioration of
cyclic peak forces due to local buckling becomes very small or
nearly zero. Test results in this study show that the cyclic
peak forces in a concrete-filled specimen decrease at lower
rate than hollow tubular specimens due to less severe local
buckling.

Apart from the number of cycles to failure for a
specimen, it is thought in this study that the rate of drop in
cyclic peak forces is also important. For the purpose of
evaluation, the slope of dashed line AB as shown in Figure
4.21 can be used to reflect the rate of drop in cyclic peak
force.

During cyclic loading the specimens are usually pulled to
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different levels of tensile deformation. While in most cycles

a specimen is pulled to Ay*, in some cycles the specimen is

only brought to zero deformation or is pulled to its yield
force. This variation in tension deformation affects the
compression force following the tension deformation in the
same cycle, such as points "a" and "b" in Figure 4.21. The
higher cyclic compression force at point "a" is due to
over-elongation in the first half cycle, and force at point
"b" is because the specimen is only pulled to zero deformation
in the first half cycle. These points should not be
considered when computing the rate of drop in cyclic peak
force in order to apply this concept to different loading
histories. A suggested loading history for obtaining the line
AB is recommended as shown in Figure 4.22. The main purpose
is to eliminate the influence of variable tension deformation.
It is expected that if the specimens in this study had
experienced the loading history shown in Figure 4.22 all
points representing the cyclic peak compression forces would
have fallen on line AB, Figure 4.23.

Figure 4.24 shows the measured compressive peak forces in
each cycle for specimens T633H and T633C6, made from
6x3x3/16" (152x76x4.8 mm) tubes. Specimen T633H is hollow,
while specimen T633C6 is filled with 6 ksi (4.1 KN/cm?)
concrete. From the second cycle on, although the peak
compression forces drop in both specimens, the rate of drop is
different. For the hollow specimen T633H, not only does the
cyclic peak force drops at a larger rate, but also it fails

earlier due to the severe local buckling. The decrease in
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cyclic peak forces for the concrete-filled specimen T633C6 is
much slower and lasts longer. In terms of steady drop rate
(slope of line AB in Figure 4.24) the value for hollow
specimen T633H is about 7 kip/cycle and only 3.2 kip/cycle for
its concrete-filled counterpart, specimen T633C6.

As discussed above, the deterioration of cyclic peak
force is mainly due to severe local buckling, which in turn is
the consequence of large width-thickness ratio. The presence
of concrete can change local buckling mode and reduce its
severity. Therefore, the presence of concrete can decrease

the rate of drop in cyclic peak forces as seen in specimens

T633H and T633C6.

On the other side, if the width-thickness of a specimen
is small enough in itself to prevent severe local buckling,
the merit of using concrete becomes negligible. Figure 4.25
shows the cyclic peak compression forces for hollow specimen
T424H and concrete-filled specimen T424C6. Both specimens are
made from 4x2x4/16" (102x51x6.4 mm) tube. Since the tube has
small width-thickness ratio of 14, no visual local buckling
occurred until just before failure even for hollow specimen as
discussed earlier in Section 4.3.2. Therefore, the presence
of concrete changed nothing since local buckling was not a
problem to begin with. It can be seen from Figure 4.25 that
the drop rate of cyclic peak compression forces in both
specimens and the number of cycles to failure are very
similar.

The cyclic peak compression forces for specimens T633H

and T422H, made from 4x2x2/16" (102x51x3.2 mm) tube, are shown
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in Figure 4.26. Both specimens are hollow and have the same
width-thickness ratio of 30, but different slenderness ratio.
It can be seen that both bracing specimens have almost the
same drop rate in cyclic peak forces and the same number of
cycles to failure under the same loading history. On the
other hand, Figure 4.27 shows the result for specimens T424H
and T422H which are very similar excepts for width-thickness
ratio. Two points of difference between the two can be
noticed in this figure. The first is the slope of line AB,
and the second is the number of cycles to failure. The
comparison of the two sets of specimens, T633H - T422H, and
T424H - T422H, shows that width-thickness ratio is more
important than slenderness ratio in determining the rate of
drop in cyclic peak compression force and the number of cycles
to failure.

It is also interesting to note the difference in
compression forces at reversal points in each cycle for
specimens T633H and T633C6é as shown in Figure 4.28. Upto the
reversal point from maximum contraction in each cycle all
specimens had experienced significant overall buckling and the
local buckling reached its maximum level in the cycle. The
measured compression forces at reversal points for the
concrete~filled is larger than the hollow one. The difference
is mainly due to differences in local buckling mode and its
severity as discussed earlier. On the other hand, Figure 4.29
shows the cyclic compression force at reversal point from
maximum contraction for specimens T424H and T424C6 with

width-thickness ratio of 14. As expected, the difference
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between the two is small.

4.6 Hysteresis Behavior

In earthquake resistance structures the energy dissipated
by bracing members is a very important factor. It is the area
enclosed by hysteresis loops in each cycle. Figures 4.30 to
4.34 show the hysteresis loops for hollow specimen T633H and
concrete-filled counterpart, specimen T633C6, in cycle 1,2,4
and 7. The energy dissipated in these cycles as well as the
total by each specimen is listed in Table 4-1. It is clear
from these figures and the table that the two specimens
dissipate a significant amount of energy during the first
cycle. But in subsequent cycles the area under the hysteresis
loops began to drop rapidly. On other hand, in each cycle the
composite bracing specimen absorbs much more energy than the
hollow one. Furthermore, the former has longer fracture life
and also absorbs a lot of energy in cycles beyond cycle 9,
where the hollow specimen T633H had failed.

It is easy to expect that the difference in hysteresis
loops between hollow specimen T424H and concrete-filled
specimen T424C6 with width-thickness ratio of 14 would be very
small., This is because both have very similar behavior and
concrete does not provide any noticeable help to a tube with
small width-thickness ratio. More detailed discussion of
hysteresis behavior will be presented in the next chapter
where the hysteresis loops are studied in more detail and an

empirical hysteresis model is proposed.




CHAPTER V

MODELING THE HYSTERESIS LOOPS

5.1 Introduction

A quantitative knowledge of hysteresis behavior of
bracing members is essential in order to compute the seismic
response of steel frames braced with concrete-filled tubular
bracing members. This requires a quantitative model to
describe the real hysteresis loops as closely as possible.
Several types of analytical models have been developed
in the past to represent the cyclic buckling behavior of steel
bracing members (13,16,17,26,30). Reference 16 gives a very
good summary of these different types of models.

The first type is a finite element model. This type of
models generally subdivides a bracing member longitudinally
into a series of segments which are further subdivided into a
number of smaller units as shown in Figure 5.1(a). While
providing the most realistic representation of the behavior of
a bracing member, this type of models usually demands
computations which are too costly to be applied to practical
analyses of large-scale braced structures.

The second type is physical theory models. This type of
models applies simplified theoretical formulations based on
physical considerations that permit the cyclic inelastic
behavior to be computed by use of the model as shown in Figure

74
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5.1(b). Although these models attempt to combine the realism
of finite element approaches with the computational
simplicity, they still require material property and geometric
property inputs and a lot of calculation work and
interpretation for the input data. This would be even more
difficult for this new type of composite bracing members since
the interaction between concrete and steel is not yet quite
fully understood on a micro level.

Phenomenological models (Empirical models) are the third
type of models. Models of this type are based on a set of
simplified hysteresis rules as shown in Figure 5.1 (c)
which mimic the observed axial force - axial deformation
curves of a bracing member. Currently, empirical models
are most commonly used for analysis of large-scale braced
structures. Users of such models only need to specify some
simple input data. Models in this group require minimum
computations, and have no complex processing of section and
material property inputs as in the previous two types of
models. This is particularly suitable for composite bracing
members whose properties at micro level have not been fully
explored yet.

After reviewing and comparing of these three different
types of model, it is considered to formulate an empirical
model for concrete-filled tubular bracing members based on
limited test results obtained in this study. Among available
empirical models for steel bracing members, Jain's model (18)
has been used quite extensively by numerous researchers in the

past. Jain's model is a modified version of Singh's model
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(30) . Comparing hysteresis loops from Jain's model and the
test results of tubular bracing specimens shows that Jain's
model generally follows the hysteresis loops measured from
tests except for the effect of local buckling. This should
not be much of a problem for concrete-filled tubular bracing
members since severe local buckling is prevented due to the
presence of concrete. However, Jain's model needs to be
adjusted to fit the test results.

This chapter will first introduce Jain's model and study
the discrepancies between hysteresis loops obtained from his
model and the test results. This will help identify the areas
which need to be modified to consider the effect of concrete.
Finally, an empirical model is proposed and verified by the

test results in this study.

5.2 Review of Jain's Model

A brief review of Jain's model is given in this section.
His model is basically a refined version of Singh's hysteresis
model (30). These two models essentially share the same basic
assumptions and detailed procedure. The main difference is
the force values at control points. Therefore, in the
following sections, the basic assumptions are given first.
Then the detailed procedure of this empirical model is

described, which includes the modifications made by Jain.

5.2.1 Basic Assumptions
Jain's model is modified Singh's model which originally

was based on Prathuangsit's semi-empirical model (26) which




-

§ &
required some assumptions and calculations similar to those in
a physical model. Therefore, while most of assumptions made
by Prathuangsit are common to these three models, some may not
be necessary for either Jain's or Singh's model which belongs
to empirical type of models. A brief summary of basic
assumptions made by Prathuangsit are given in the following.
Points which do not apply to Jain's model are also indicated.

1) . Bracing members have an elastic-perfectly plastic
stress-strain relationship.

2) . Both, members and connections have elastic-perfectly
plastic moment-curvature relationship with the fully plastic
moment modified due to the presence of axial force.

3). The member is of uniform cross-section and supported
laterally along its length such that no out-of-plane
deformation can occur.

4). End rotations of the rigidly connected columns and
girders in braced frames may be neglected as compared to the

rotations at the connections of the bracing members.

5). The magnitude of initial plastic rotation, Bp' was

selected on the basis of the agreement of theoretical maximum
compressive load carried by the member with the load capacity
of the same member as computed by using the column axial
strength formula in Part 2 of AISC Specification (3).

This assumption may not be necessary in an empirical
model since it is assumed that members are perfectly straight
initially. Furthermore, maximum compression loads are usually

computed by empirical formulas such as AISC equations rather

than by theoretical analyses.
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6) . An approximate expression for curvature (¢==d2y/dx2)
was used to obtain the force deformation relation in a closed
form. This solution was used to generate hysteresis curves
for bracing members. This assumption is only necessary for
physical models since empirical models in most cases do not

need the expression for curvature.

5.2.2 Detailed Procedure

A brief description of this model in non-dimensional form

(i.e. P/PY vs. A/AY plot) is given in the following, P, and Ay

Y
being the tensile yield force and yield displacement,
respectively.

Assuming that an initially straight member is loaded

first in tension the member will elongate elastically along
the branch OE as shown in Figure 5.2 until yield load PY is

reached. If the load is further increased the member will
follow the yield path EF and an elastic unloading along FM.
On compression the initial elastic curve can be plotted
at a slope, §, equal to AE/L from point O as shown by segment
OA in Figure 5.3, where A (in AE/L) is the area of
cross—-section and E is the modulus of elasticity. The member
will buckle at a maximum compression load, point A, which is
obtained by using AISI or AISC equations in the first cycle.
Continued compression results in path ABC, where point B is

the compression load at SAy and point C is the compressive

load at 12Ay. Control points B and C are given by 18/ (KL/r)
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Py and 12/ (KL/r) Py, respectively, for all cycles,

If the direction of axial displacement is reversed at
point C it results in compression load decreasing to zero
followed by an increasing tensile load along the path CDEF.
Based on the maximum compressive displacement as given by
point C and the effective slenderness ratio of the member,

residual strain € can be computed from the following equation:

€ = 0.0175 [0.55 {A/AY)/(KL/r} + 0.0002 (A/&y)z] (5.1)

Coordinates of point E are given by (P/Py, A/Ay} where
P/Py is equal to 1.0 and A/Ay is equal to (1+ EL/A?). L is

the length of the member. To locate the point D, a line OD'
is drawn from the origin at a slope of 1/3 times the initial

elastic slope, 8, which intersects the line CE at point D'.

Intercept OD is taken as 60/ (KL/r) times the distance OD'.

A line DH is drawn parallel to the initial elastic
slope to distinguish the loading history in the region CDH
from that in AHDE. If the direction of axial displacement is
reversed anywhere along CG, member retraces the same path. If
reversal occurs from the branch GD, the member unloads
elastically along KL and further reversal occurs either along
LK or L'K. Similarly, if reversal occurs from the branch DE,
the member unloads elastically along IJ. If reversal occurs
before H, the member follows the path JI or J'I, otherwise the

return is along J"D.
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A new hysteresis loop is assumed to have begun when the
member starts unloading from point E or F or the member
exceeds the previous maximum compressive displacement, point

C. The maximum compression load in the second hysteresis loop

is given by 30/ (KL/r) P, and in the third and subsequent loops

by 25/ (KL/x) P A new hysteresis loop is established by

v*

selecting new points A, B, C, D and E.

5.2.3 Comparison of Test Results with Jain's Model

Experimental hysteresis loops for hollow specimen T633H
of effective slenderness ratio of about 60, specimen T422H of
effective slenderness ratio of about 88, and specimen T424H of
effective slenderness ratio of about 92 are shown in Figures
5.4 to 5.13 respectively. These hysteresis loops are from
deformation sequence cycles 1,2,5 and 10 (for specimen T424H
only). Theoretical loops were obtained using Jain's model
and also plotted in the same figures.

Figures 5.4 to 5.13 show that Jain's model follows the
general shape of experimental curves. But significant
discrepancies exist for specimens T633H and T422H with
width-thickness ratio of 30 between measured hysteresis loops
and Jain's model. These discrepancies are in the following
three aspects:

The first is the difference in compression forces at
reversal point (maximum contraction) in the first cycle. The
load obtained from Jain's model is overestimating the measured

one from tests as shown in Figures 5.4 and 5.7. This is due
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to the fact that Jain's model does not consider the decrease
in hinge moment due to severe local buckling. As discussed in
Chapter IV regarding local buckling behavior, severe local
buckling in specimens T633H and T422H with width-thickness
ratio of 30, which is within the AISC Specification Limit (3),

caused drop in compression forces.

On the other hand, Figure 5.10 shows the first hysteresis
cycle for specimen T424H with width-thickness ratio of 14.
According to this figure, both measured and computed
hysteresis loops in first cycle agree very well and no
significant difference exists between the forces at reversal
point. This is confirmed by the tests that no visible local
buckling was observed in specimen T424H till failure, and no
force drop occurred due to local buckling.

The second discrepancy lies in general overestimation of
compression forces for members in which severe local buckling
occurs., Figures 5.6 and 5.9 show hysteresis loops in cycle 5
for specimens T633H and T422H, respectively, with
width-thickness ration of 30. From the second hysteresis loop
on the measured compression forces from tests in both
specimens are generally lower than the forces given by Jain's
model. It is believed that this difference in compression
forces is also caused by severe local buckling which occurred
in the first cycle.

On the other hand, Figures 5.12 and 5.13 show very good
agreement between forces from tests and the model in cycles 5
and 10 for specimen T424H with width-thickness ratio of 14.

This confirms that while the forces computed from the model
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are quite reasonable for a member in which no severe local
buckling occurs, it overestimates the compression forces for
members with large width-thickness ratios which is likely to
cause severe local buckling.

The fact that this model does not consider the decrease
in hinge moments due to local buckling limits its use only to
members with small width-thickness ratios. It is suggested
that in order to make this model more generally applicable
width-thickness ratio would need to be considered.

The third discrepancy between Jain's model and test
results lies in the compression loads in intermediate
cycles as shown in Figures 5.5, 5.8 and 5.11 for specimens
T633H, T424H and T422H, respectively. It can be seen from
these figures that compression loads in intermediate cycles
are much smaller than those predicted by Jain's model.
Specimen T424H with width-thickness ratio of 14 did not
exhibit any local buckling during test, yet it shows the same
discrepancy between the model and test results as specimens
T633H and T422H. Therefore, local buckling can not be
responsible for this difference between the model and test
results. Jain's model overestimates the compression loads in

intermediate cycles by big margins.

5.3 Proposed Model
5.3.1 Modifications in Jain's Model

Width-thickness ratio is not too critical for
concrete-filled bracing members since severity of local

buckling is reduced due to the presence of concrete.
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Therefore, Jain's model can serve as the basis of the proposed
model for composite bracing members. Study of hysteresis
loops from the tests and Jain's model showed that the

following factors in Jain's model may need to be modified to

include the effect of concrete:

1. Maximum Tension force

Cyclic tension forces obtained from test results and the
discussion presented in Section 4.4 (Behavior of Specimens
under Tension Forces) showed that the first yield force and
cyclic tension forces increase in comparison to their hollow
counterparts due to the presence of concrete. The first
yield force vs. different A /A, ratios for specimens T633C6 and
T424C6 and their hollow counterparts are plotted in Figure
5.14, where A, is the area of concrete and A, that of steel.
The increases in tension force in specimens T633C6 with A_ /A,

ratio of 4.7 is about 15%. Tension force in specimen T424C6

with A /A, ratio of 2.0 is nearly the same as for hollow

specimen T424H. As per the discussion presented in Section
4.4.1 (First Yield Force), it is believed that the increase in
tension force due to concrete will not be larger than 15%.
Therefore, these two specimens give two extreme cases.

Although no test results of increase in tension force for
intermediate Ac/Aa ratio between 2.0 and 4.7 are available
in this study, it is assumed that the increase in tension

force due to concrete varies linearly with A /A, ratio between




84
2.0 and 4.7 as shown in Figure 5.15. When A /A, is smaller
than 2.0, the increase is taken equal to zero, and the

increase in tension forces is 15% when A_ /A, ratio is larger

than 4.7. The following is the mathematical expression to

compute the increase in tension force due to concrete:

Ac/As £ 2.0
015
Increase P = 29 [ Ac/As -2 ] 2.0 < Ac/As < 4.7 (5.2)
0.15 4.7 £ Ac/Asg

Therefore, the yield force of a member filled with

concrete, P can be computed by expression (1+f) Py, where PY

yc'!

is the yield force of steel tube. The force, P will be used

ye’

instead PY to locate points E and F in this model as shown in

Figure 5.16.

2. Maximum Compressive Loads

Figure 5.17 shows the measured first buckling loads for
specimens T633C6 and T424C6 as well as their hollow
counterparts, specimens T633H and T424H. The curves from SSRC
Formulas by AISC are also shown in the same figure. The
figure shows that direct use of AISC equations does not give
good estimate of the first buckling load for specimens filled
with concrete. On the other hand, the procedures developed in

Section 4.5.1 (First Buckling Load) can predict the first

buckling loads, P,, very well.
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Maximum compression load in the second and subsequent
hysteresis loops can be calculated as 35/(KL/x,) Py, where r,

is the radius of gyration of transformed section. Comparison
of the second and third hysteresis loops from test results
with the computed loads indicated that these are reasonable

approximations.

3. Compression Envelope

The initial elastic branch can be approximately plotted

at a slope, 8, equal to A,E/L where A, is the area of

cross-section of steel and E is the modulus of elasticity of
steel as obtained from the tension tests. This is shown by
segment OA in Figure 5.16. Compression envelope is
represented by segment OABC, where point B is the compression
load at 5AY and point C is the compression load at 12Ay.
Control points B and C are given by 22/ (KL/r,) P, and

>
15/ (KL/x,) Py, respectively. These values were obtained by

empirical fit with the test results.

4. Tension Envelope

The tension envelope is represented by segment CDE in
Figure 5.16. Based on the maximum compressive displacement as
given by point C and effective slenderness ratio of the member
residual strain € can be computed from Equation (5.1) which is

the same as in Jain's model. The increase in tension force,

B, can be calculated based on A./A, ratio from Equation (5.2).

Coordinates of point E are given by (pry, A/Ay) where P/Py is
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equal to (1 + PB) and A/Av is equal to (1 + eL/Ay). P, is the

yield force of tube and L is the length of the member. To
locate point D, the slope of line OD' is taken 1/9 times the
initial elastic slope, d, instead of 1/3 8 in Jain's model. At

the same time, intercept OD is taken as 80/(KL/r,), instead

60/ (KL/r) in Jain's model, times the distance OD' for first
two new cycles. The reason for these two modifications is to
reflect the less "pinched" shape of tension envelope curves in

concrete-filled bracing members. However, from the third new

cycle on, intercept OD is taken as 60/(KL/r,) times the
distance OD' to consider the reduction of hinge moment

capacity due to local buckling in web areas and crushing of

concrete which occur in later cycles.

5. Subsequent Hysteresis Loops and Cycles
The definition of a new hysteresis loop is the same as
in Jain's model discussed earlier in Section 5.2.2. But the

maximum compression load in the second and subsequent

hysteresis loops is given by 35/ (KL/r,) P. This is based on

the fact that no significant difference was found in tests
between maximum compression forces from the second new cycle
on.

Intermediate cycles essentially follow the same rules

as discussed earlier in Section 5.2.2. But one modification

is made. Line I'C is introduced which is parallel to the A/AY

axis and passes through the maximum compression displacement

in the previous hysteresis loop, point C, as shown in Figure

i
.
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5.18. 1If reversal occurs from the branch GD, the member
unloads elastically along KK'. Further reversal occurs either
along K'K or L"K. Similarly, if reversal occurs from the
branch DE, the member follows the path I'I or I"I, otherwise

the return is along ND.

5.3.2 Verification of Proposed Model

The proposed hysteresis model is compared with the
hysteresis loops obtained for specimens T633C6 and T424C6.
Effective slenderness ratio of these specimens are about 65
and 100, respectively, and width-thickness ratios are 30 and
14, respectively. These comparisons are presented in Figures

5.18 to 5.23. It can be seen that this model gives reasonable

agreement.
It should be noted that since load history in tests in

this study was controlled by deformation in terms of a nominal

axial yield deformation AY* corresponding to a nominal yield

strength of 36 ksi (25 KN/cm?) rather than the measured one
from coupon tests. The reason for this was discussed in

section 3.6.2 in detail. On the other hand, the yield

deformation AY in this empirical model is based on the real

yield stress. This is approximately 54 ksi (37 KN/cm?) from
coupon tests, being 1.5 times the nominal yield stress of 36
ksi (25 KN/cmz) used in controlling the tests. Therefore,
before comparing with hysteresis loops from the model, the

deformations in terms of Ay' from the test results need to be

transfomed into the deformations in terms of Ay. This can be
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done by multiplying the A/Ay* value by 1/1.5, or 2/3 in order

to get A/Ay values for the model.

5.3.3 Limitations of Proposed Model

This model is based on the test results mainly on two
pairs of specimens, T633C6 and T424C6 and their hollow
counterparts, whose effective slenderness ratio are not too
far apart. Test results show that the effect of concrete

strongly depends on width-thickness ratio, slenderness ratio
as well as Ac!ks ratio. Therefore, It is felt that there is

need for more test results on specimens with wider variation
of these parameters. It is believed that such data will help
in obtaining more precise control points than what has been

proposed in this study.

5.4 Summary

Hysteresis loops for hollow specimens were compared with

those obtained from Jain's model. It was observed that Jain's

model does not consider the decreases in cyclic forces due to

severe local buckling. But this is not a problem in

concrete-filled bracing members since severe local buckling is

prevented due to the presence of concrete. However, it is
still necessary to make some modification in Jain's model to
include the effect of concrete.

Based on limited test results of concrete-filled bracing
members and review of Jain's model, an empirical hysteresis

model is proposed in this study. It is suggested that more
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tests on specimens with wider range of parameters are needed

in order to better define the control points for this model.



CHAPTER VI

SUMMARY AND CONCLUSION

6.1 Introduction

This study was concerned with finding a suitable solution
to premature fracture problem of cold-formed rectangular
tubular bracing members. Previous studies have shown that
rectangular tubular bracing members are likely to crack early
at corners of tube caused by severe local buckling and stress
concentrations at plastic hinge locations. Width-thickness
ratio as well as slenderness ratio of members are cited as two
key factors. On the other hand, test results of
concrete~filled tubular beams and stub columns show that the
presence of concrete not only increases the strength of
members, but also changes the local buckling mode and
reduces its severity. This gives a clue that filling concrete
in tubular bracing members might have similar improvement
since bracing members combine the characteristics of both
beams and columns under bending and axial deformations.

A series of hollow and concrete-filled tubular beams,
stub columns, and full-scale bracing specimens were tested
in this study to understand how concrete and steel work
together in these composite bracing members.

Significant differences and improvement in behavior were

90
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observed in concrete-filled bracing specimens compared to
hollow counterparts. The most significant finding is that
concrete filling can change the local buckling mode, thereby,
reducing its severity, delay cracking, and elongate the
fracture life particularly for specimens with large
width~-thickness ratio. At the same time, different types and
strength of concrete did not have significant influence on the
behavior of such composite bracing members.

This chapter will first summarize the various phases of

this study. Conclusions from tests and analyses as well as

suggested further studies are given thereafter.

6.2 Summary

This investigation began with studying the behavior of
hollow tubular bracing members and concrete-filled steel
tubular beams and stub columns. The concept of concrete
filling is introduced from beams and columns into bracing
members., The major difference between these two types of
composite members lies in that concrete in tubular bracing
members prevents severe inward local buckling of tube walls
rather than receiving confinement from steel tube as in
columns. It is believed that filling concrete in tubular
bracing members should have similar improvement as for beams
and columns. The overall concept, the purpose and objective
of this study were presented in Chapter I.

This study is divided into two phases. The first is
preliminary tests, in which hollow and concrete-filled beams

and stub columns were tested to obtain some basic information
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as to how concrete changes local buckling mode in these
members. The second is the main tests, in which full-scale
hollow and concrete-filled tubular bracing specimens were
tested. The test results were used to formulate an empirical
model to simulate the hysteresis behavior of these composite
bracing members.

The preliminary tests consisted of 12 hollow and
concrete-filled beams and stub columns. The main parameter
for beam tests is the strength of concrete with and without
steel fibers. The main parameters for stub column tests are
different types and strength of concrete and different
width-thickness ratio under monotonic loading. Special
attention is paid here to local buckling behavior of these
specimens at various stages of loading. Test results showed
that in both beams and stub columns the presence of concrete
changed the local buckling mode and reduced its severity.
Strength of concrete and steel fibers did not show significant
effect to improve the ductility in both types of specimens.

Chapter II presented the detailed program of preliminary
tests on beam and stub column specimens. This included the
test procedures and discussion of results.

There are nine full-scale hollow and concrete-filled
tubular bracing specimens in the main tests. The main
parameters are different types of concrete and width-thickness
ratio as well as slenderness ratio of specimens. For the
purpose of comparison, all specimens were tested under the
same loading history. Significant differences between hollow

and concrete-filled tubular bracing specimens with
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width-thickness of 30 were found. The main role of concrete
is to change local buckling mode, prevent premature fractures,
and increase the number of cycles to failure.

For inelastic dynamic analysis of structures with such
compose bracing members, it is required to have a gquantitative
model to describe their hysteresis behavior. After reviewing
several available empirical models it was found that Jain's
model could be adapted for concrete-filled tubular bracing

members with some changes. The proposed model is verified by
the results of tests in this study.

The main test program was presented in Chapters III, IV,
and V. In Chapter III, test procedures was described in
detail, which included preparation of specimens, introduction
of loading system and data acquisition system, and explanation
of loading history. Chapter IV presented the test results and
discussion. Review of Jain's model and the proposed model

were presented in Chapter V.

6.3 Conclusions

The major findings and conclusions from this study can be
summarized as follows:

1). Hollow rectangular tubular bracing members are
structurally efficient. However, some measures are needed to
prevent these members particularly with large width-thickness
ratios from premature fractures.

2) . Width-thickness ratio is a key factor to determine
the fracture life of a hollow tubular bracing member.

Specimens in which the width-thickness ratios met the
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requirement of even Part 2 of the AISC Specification (Plastic
Design) suffered severe local buckling resulting in
deterioration of hysteresis loops and early fractures.
Filling the tubes with concrete is an efficient way to improve
behavior of these members,

3). The effect of concrete in a concrete-filled tubular
bracing member varies according to the width-thickness rgtgo
as well as slenderness ratio. The larger the width-tﬁicé%ess
and the less slender a member, the more prominent is the
influence of concrete. & e ¥

4) . Higher strength of concrete does not seem to show
significant effect on the behavior of such composite bracing
members, nor does the addition of steel fibers.

5). Concrete filling increases the compression strength
and slightly the tension strength depending on A /A, and

slenderness ratio of the member. A modified tangent modulus
theory can be used to estimate the first buckling load. A
simple approximate method is also suggested. The increase in
tensile force due to the presence of concrete compared to the
hollow section ranges from zero to about 15 percent depending
on the ratio of area of concrete to steel.

6) . The presence of concrete can change the local
buckling mode. In the concrete-filled bracing members tested
the local buckling forms in the following order: flange
buckles outwards first, then webs buckle inwards. This is
different from the hollow specimens in which the flange

buckles inwards and the webs buckle outwards. The change in
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the mode of local buckling increases strength and improves
ductility in the plastic hinge zones.

7). Apart from the change in local buckling mode, the
presence of concrete also reduces its severity. 1In a hollow
tubular bracing member, local buckling concentrates itself
within a very narrow strip. However, in a concrete-filled
tubular bracing member, the local buckling is spread over
larger area to form a flat dome. This decreases the stress
concentration, especially at the corners, thus increasing the
fatigue life.

8). Since concrete filling changes the mode of local
buckling and reduces its severity, the behavior of bracing
members is improved in the following two aspects. The first
is that the hysteresis loops are more "full" than those of the
hollow ones, and the second is that the member can take more
cycles before failure. This means that a concrete-filled
tubular bracing member absorbs more energy than the hollow
counterpart.

9). Jain's empirical hysteresis model can be used for a
concrete-filled tubular bracing member after some
modifications to account for the presence of concrete. The
proposed modifications were presented in Chapter V. The main
changes were that several key points were adjusted to reflect

less "pinched"” shape of hysteresis loops in concrete-filled

bracing members.

6.4 Suggestion for Further Studies

Since concrete-filled tubular bracing specimens tested in
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this study do not cover a wide enough range of parameters
related to such composite members, more studies and tests are
needed in the future to gain better understanding of the
behavior of these members. In the following paragraphs, some
suggestions are given which are based on the knowledge gained
from this study.

Test results from this study and some previous studies
have shown that severe premature local buckling adversely
affects the fracture life of a bracing member under cyclic
loading, and width-thickness ratio is the key factor to
influence the occurrence and severity of local buckling.
Therefore, further research should be carried out to find
possible ways to decrease the effective width-thickness
ratio and to provide stiffening of the tube walls to reduce
the severity of local buckling.

Since this study mainly focussed on the effects of
different types and strength of concrete, tests are needed to
find influence of other parameters such as width-thickness
ratio and slenderness ratio over broader range.

Test results from this study showed that the strength of
concrete does not exhibit significant effect on the behavior
of these composite bracing members. This suggests that low
strength or light weight concrete may be enough for preventing
severe local buckling while cost and weight of members are

reduced.
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Table 2~1 Geometrical Properties of Beam Specimens

Group 1 2
Specimen BH BHA BC6 BCoF BCS8F BC6A
Section 2.5 ¥ 2.5 x 0,108
Length 34
(inch)
Span 30
(inch)
Annealed No Yes No No No Yes
Concrete 6 6 8 6
(ksi)
Steel Fiber No Yes Yes No
Table 2-2 Ultimate Moments of Beam Specimens
Group 1 2
Specimen BH BHA BC6 BC6F BCS8F BC6A
Moment ("k)
42.3 30.0 825 b2 .S 55.0 40.0
(measured)
o (ksi) 46 35 46 46 46 35
fc' (ksi) 3 6 8 6
x' 1.15 | 1.15 | 0.67 | 0.67 0.59 | 0.59
p e 41.6 31.6 46.9
(Computed) - - . 46.9 47.8 36.3
t x is the compression depth of concrete.




Table 2-3 Energy Absorbed by Beam Specimens

Specimen
BH BHA BC6 BNC6F BCSF BC6A
Deformation
Area 23.16 20.16 30.84 31.97 31.88 25.13
1I
Number 2 2 2 2 2 2
of Cycle
Avea 20.06 21.56 47.91 49.88 49.22 41.63
2l
Number
of Cycle 2 2 : . . 2
Area 19.69 23.44 63.19 59:51 63.47 57.00
3 L]
Number
of Cycle 2.?5 3-5 3-5 2 6-5 5
T°ta:”:;‘ergy 105. 85 165.48 378.67 282.72 574.76 | 418.52

66




Table 2-4 Geometrical Properties of Stub Columns

1 2
Specimens C633HS C424H C633H C422H CC4 CCAF CC6F CC8F
6x3x3/16 " n " d
4x2x4/16 | 6x3x3/16 |4x2x2/16 3x6x3/16"
Section + Angle
Steel 3.50 2.59 3.14 1.32 3.14
Area
Concrete 16.74
Width-Thickness
. 14 14 30 30 30
Ratio (b/t)
Strength of 4 i v 8
Concrete (ksi)
Steel Fibers No Yes Yes Yes

00T




Table 3-1 Geometrical Properties of Bracing Specimens

Group 1 2
T633C T633C4F T633CBH T424C6
Specimen T633H TE33C4 T633C6J T424H T422H
Section 6x3x3/16" 4x2x4/16" | 4x2x1/94
Steel 3.14 2.59 1.40
Area
2
(in ) Concrete 14.8 5.2
Yield Strength|
(ksi) 54 60 3¢
¥, KL/r 58 92 88
i3
&
s KL/t 65 100
Width-Thickness
Ratio (b/t) 30 ' o
Strength of
Concrete (ksi) 6 4 4 6 8 6
Steel Fibers No Yes No

T0T



Table 3-2 Results of Coupon Tests of Steel Tubes

Yield Ultimate Fracture
Tube Specimen Location Strength Strength Elongation
T633H Flat 54 62 217
Ordered | T633C6
First T424H
Time T424C6 Measured
T422H
Corner 64 74 19
Flat 60 69 23
Ordered 362304
T633CAF
Second T633C6F Measured
Time T633C8F
Corner 71 82 16
Nominal (ASTM - AS00B) Min 46 Min 58 Min 23

1

20T

e o T e e e e T




Table 3-3 Mix Proportion and Strength of Concrete

Design Strength (ksi)

Material
4 6 8
Cement 1 1 1
Water 0.6 0.45 0.35
Sand 3.0 1.7 1,0
Aggregate 3.0 2 1.56
Superplasticizer 0.005 0.005 0.007
Steel Fibers 0.3 0.26 0.22
(if applicable)
Measured
Strength (ksi) 4.56 6.78 7.78




Table 4-1 Energy Absorbed by Specimens
T633H and T633C6

Energy Absorbed ("K)

Cycle Difﬁz;fnce
Te33C6 T633H
2 230 145 85
2 110 75 35
4 70 50 20
7 180 75 105
SUCAR Sor 1950 700 1250
All Cycles
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APPENDIX A

FIRST BUCKLING LOAD CALCULATION

The detailed procedure and equations to calculate the
first buckling load for concrete-filled tubular bracing
members by Method 1 were discussed and summarized in Chapter
IV. This appendix will focus on discussing the limiting
slenderness ratios within which this procedure can be used,
and also on presenting the flow chart for solution algorithm

and computer program which was written in BASIC Language.

A.l Limiting Slenderness Ratios

The basic assumption in the procedure is that the
buckling load is governed by overall stability. Before the
force reaches buckling load, a member does not develop local
buckling. Alsoc the stresses in both concrete and steel lie in
non-elastic but before plastification stage. If stress in
either concrete or steel lies out this range, this procedure
is not applicable. The following is the detailed discussion

about these limits.

1. Plastification Limit (Lower Limit)
If a concrete-filled tubular bracing member is very
stocky, it is possible that while stress in steel is within

non-linear range, point "b" in Figure A.l(a), stress in
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concrete has reached f_.', point "b'" in Figure A.1l(b), where

the tangent modulus of concrete is equal to zero. For a given
section there is a point where, under the application of the
buckling load calculated from the procedure corresponding to a

certain slenderness ratio of the member, the stress in

concrete just reaches its ultimate compressive strength, fc'.

This particular slenderness ratio is the lower limit below
which the member is too stock to apply this procedure. The

following is the way to determine the lower limit of

slenderness ratio, (KL/r),.

When stress in concrete reaches its strength, fc', the

strain in both concrete and steel is 0.002. The tangent
modulus of concrete is equal to zero. The stress and tangent
modulus of steel at this point can be calculated by the
following two equations which actually are Equations (4.8) and

(4.9), respectively.

15
ea = 05 B+ D002 {05 / £y) (A.1)
and
Bee * 1 /7131 7K+ 0,03 oa“ / FY“ ] (A.2)

If these stress and tangent modulus values of steel are
substituted into Equation (4.7), we have the following

equation according to the definition of lower limit:
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A, £,  +A, 0, =% I B,/ (KL)? (A.3)

c T¢C

Let n be the ratio of area of concrete to steel, Ac/h,.

The above equation can be simplified in the following form:

(KL )2=%I,E, / [ DA, £ +2,0,] (A.4)

or

( KL/r),2 = "By / [ 0 £,' + O,

] (A.5)
Thus, Equations (A.l), (A.2), and (A.5) can be used to
compute the lower limit of slenderness ratio in terms of

radius of gyration of tube section.

2. Proportional Limit (Upper Limit)

If a concrete-filled bracing member is very slender, the
stress in steel is relatively small. Then it would be
reasonable to assume that the relationship between stress and
strain of steel is linear. In other words, the tangent
modulus of steel is constant and equal to elastic modulus, E.
Therefore, there is an upper limit of slenderness ratio for a
given section above which Euler formula can be used to
estimate the buckling load.

Usually, it can be assumed that when stress in steel tube
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is smaller than O.SFy, the relationship between stress and

strain is linear. This value may vary, but procedure

presented below remains the same.

When the stress of steel is O.SFy, the strain for the

member may be given by O.SFY/E. By similar procedure as for

plastification limit, the following equation can be obtained:

2
A, O, + 0.5 F, Ay = R°(EI+E, I.) / ( KL )? (A.6)

where, O, and E,.  can be computed by using the following

two equations, respectively, which are actually Equations

(4.10) and (4.11).

- il 2

o, f. [ 2 €,/0.002 - g / 0.002° ] (A.7)
and

Bee = £,' [ 2/ 0.002 - 28, /0.0022 ) (A.8)

Letting A./A, be n and I_./I, be m, Equation (A.6) can be

expressed as the following equation to compute the upper limit
of slenderness ratio of the member in terms of radius of

gyration of steel tube section:
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(KL/xr),2 =% [E+mEy, ]/ [ no,+0.5F,] (A.9)

For the sections used in this study, the lower and upper

limits for 4x2x1/4" tube with 6 ksi (4.1 KN/cm?) concrete are
34 and 95, respectively. The limits for 6x3x3/16" tubes

filled with different strength of concrete are shown in Figure

A.2.

A.2 Flow Chart and Computer Program

The first buckling load for a concrete-filled member
is obtained by a trial and error method. The first step is to

set a relatively small value of stress for steel, O,, then

compute tangent modulus for both concrete and steel and the
stress in concrete. These values are substituted into Euler's
formula for a composite section, Equation (4.7), and
equilibrium condition, Equation (4.13). If the difference in
the forces from these two equations is acceptable, procedure
is terminated and their average value gives the buckling load.
If the different is too large, set a new value for stress of
steel and repeat these steps until the difference is
acceptable. This section consists of two parts. The first is
the flow chart for the algorithm and the second is a listing

of the computer program.
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Flow Chart

INPUT
PROPERTIES OF
STEEL & CONCRETE

;

ASSIGN STRESS OF STEEL = 0.5 Fy

STRESS OF STEEL INCREASES BY 0.01 Fy

STRAIN

TANGENT MODULUS

COMPUTE OF STEEL

;

STRESS
TANGENT MODULUS

COMPUTE OF CONCRETE

;

COMPUTE FORCE BY EULER'S FORMULA,

Pl

A 4

COMPUTE FORCE BY EQUILIBRIUM, P2
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2. Listing of Computer Program

REM
REM
REM
REM
REM
REM

REM

22 2 SRR RS SERRRRRRttth b  b d b B

PROGRAM FOR COMPUTING BUCKLING LOAD
OF CONCRETE-FILLED STEEL TUBES
APRIL, 1987

AEXARAA AR AR AA A A AR A AR AR AR AR XA A AR A AR XA X

kkkxkkxkkkxk*x NOTATION ek e de ok de ke ke ok ke ok ok ke ok

Al: CROSS-SECTION AREA OF STEEL
El: MODULUS OF ELASTICITY OF STEEL
Fl: YIELD STRENGTH OF STEEL

I1: MOMENT OF INERTIA OF STEEL

A2: CROSS-SECTION AREA OF CONCRETE
F2: STRENGTH OF CONCRETE

I2: MOMENT OF INERTIA OF CONCRETE
K: EFFECTIVE LENGTH FACTOR

L: LENGTH OF MEMBER

FO: GIVEN INITIAL STRESS OF STEEL
S0: INCREASE OF STEEL STRESS

E3: TANGENT MODULUS OF STEEL

F3: STRESS OF STEEL

S§3: STRAIN OF MEMBER

E4: TANGENT MODULUS OF CONCRETE
F4: STRESS OF CONCRETE

de e e e e e ke e ok e ok e sk ke e e e e e ke e e ok ke ke ok e ke ke ok ok e ok e ke

o e e e ok ok ke e ke ek e ok INPUT % ok ok ok oo oo e o e ok ok ok

INPUT Al,F1,I1,El
INPUT A2,F2,12
INPUT K, L

REM
REM

e g e e e o ke ke ke e e e ke ke o ke e o ke o ok ke o ke e ke ke ok ke ok e e ke ke ok
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REM **XXXXAXXKXX%x%x COMPUTING ***X*xAX kA kk*
F0=0.5*F1
SO0=0.01*F1

FOR F3=F0 TO F1 STEP SO
S3=F3/E140.002* (F3/F1) ~15
E3=1/(1/E1+0.03*F3714/F1715)
F4=F2* (2*S3/0.002~-(83/0.002) ~2)
E4=F2*(2/0.002~-(2*83/0.00272))
P1=3.1472*(E3*I1+E4*12)/ (KL) "2
P2=F3*A1+F4*A2

P=P1-P2

P=ABS (P)

IF P < 1 THEN 520

NEXT F3

P=(P1+P2) /2

PRINT "BUCKLING LOAD =";P

REM Yo e s o e o o e e e e e o e ke e ke ok ok ke ke o e e e e e o e e e e ok R
STOP

END

REM %% ok e o o o o o e o ok o o e o ke o ok o ok ok ke e ok ke ok e ok e o ok ke e
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APPENDIX B

EXPERIMENTAL HYSTERESIS LOOPS

In this appendix the recorded hysteresis loops of
concrete-filled specimens T633C6 and T424C6 and their hollow
counterparts, specimens T633H and T424H, as well as hollow
specimen T422H are presented in Figure 3.1 to B.37. Specimens
T633C4, T633C4F, T633C6F and T633C8F had the same tube section
as specimen T633C6 and each was filled with different types of
concrete. Since hysteresis behavior of these four specimens
are similar to specimen T633C6 as discussed in Chapter IV,
their hysteresis loops are not presented here.

The axial deformation was normalized corresponding to a

nominal yield strength of 36 ksi (25 KN/cm?) as discussed in
Chapter III. The yield strength of steel for the specimens

whose hysteresis loops are presented here is about 54 ksi (37

KN/cm?) according coupon tests.

For concrete-filled specimens T633C6 and T424C6, loops of
concrete~filled specimen and its hollow counterpart for each
cycle are presented in the same figure for comparison. The
loops for hollow specimen T422H are presented in the order of

cycles.
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T424H & T424C6 in Cycle 5

Figure B.20 Hysteresis Loops for Specimens

T424H & T424C6 in Cycle 6
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T424H & T424C6 in Cycle 8
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T424H and T424C6 in Cycle 12
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T422H in Cycle 3
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T422H in Cycle 4
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