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This research investigates the compression behavior of bare cellular steel columns
and concrete-encased cellular steel (CECS) columns subjected to concentric and eccentric
loadings. First, the experimental study of the cellular steel and CECS columns was
conducted in the laboratory. For the cellular steel columns subjected to concentric loading,
the failure mode of the bare cellular steel columns was local buckling at both web and
flanges at the hole section. All cellular steel columns exhibited yielding and hardening
behavior. The cellular columns had the average yield loads less than the parent column by
15 %. For the CECS and CES columns subjected to concentric loading, the failure mode
and load — deformation relationships were similar with the CES columns having a similar
stirrup spacing. The failure of CECS and CES columns in this research was cover concrete
spalling and buckling of the longitudinal rebars at the maximum loads. The CECS columns
had the averaged maximum loads less than the CES column by 3 — 6 %. For the cellular
steel columns subjected to eccentric loading, the failure mode was local buckling at
compression web and flange at the hole section. The cellular columns had the yield loads
slightly less than the parent column by 4 % for large eccentricity in this research. For the
CECS and CES columns subjected to eccentric loading, the failure mode was concrete
crushing at compression side at mid-height at the maximum loads followed by the failure of
concrete at tension side. Second, the analytical models were proposed to predict the load —
strain relationships of the cellular steel columns and CES columns. In addition, the
equations were proposed to predict the yield load and axial stiffness of the cellular steel
columns and the maximum loads and axial stiffness of the CECS columns. Finally, the
plastic stress distribution and modified AISC 360-16 methods for the strength interaction
diagram of the cellular steel and CECS columns were proposed. The proposed strength
interaction diagrams show that the cellular and CECS columns had higher strength than the
parent columns at high load eccentricity.
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CHAPTER 1
INTRODUCTION

1.1 Background of research

At present, steel-concrete composite columns are widely used in high rise
buildings. The main advantages of the composite columns are high load capacity, high
ductility and high fire resistance. Nowadays, the steel-concrete composite columns are
five types as shown in Figure 1.1. First, partially encased composite (PEC) column
shows in Figure 1.1 (a). Second, concrete-encased steel (CES) column, as shown in
Figure 1.1 (b). Third, concrete filled steel tube (CFT) columns, as shown in Figure 1.1 (c).
Forth, concrete filled double-skin steel tube (CFDT) columns, as shown in Figure 1.1
(d). Fifth, steel reinforced-concrete filled-steel tube (SRCFT) columns, as shown in
Figure 1.1 (e).

Steel
Section

Reinforcement Steel
Tube Concrete

(b) ()

Steel Steel Steel

Tube Section ¢operete

(d) (e)

Figure 1.1 Five types of concrete-steel composite columns
(a) PEC column (b) CES column (c) CFT columns (d) CFDT columns
(e) SRCFT column (Karimi et al., 2011).



Two types of concrete-encased steel composite columns, the PEC and CES
columns, are popular type of composite columns. The composite columns consist of a
wide flange steel and filled concrete, as shown in Figure 1.1 (a-b). The main advantages
of the PEC and CES columns are higher load capacity and ductility than reinforced
concrete (RC) columns and higher fire resistance than steel columns. There are many
researches investigated the PEC and CES columns, as presented in chapter 2.

On the other hand, cellular steel members (cellular beams and columns) are
popular for in residential and nonresidential building. Cellular steel members are wide
flange steel members with circular web openings. The cellular member produced by
cutting and re-welding a standard wide flange steel member along longitudinal axis,
as shown in Figure 1.2. The main advantages of the cellular members are high major
axis moment capacity, cost saving and passageway of pipe and other service systems.

Generally, the cellular members are used as beams. However, the cellular
members become used as columns in the present. The main advantage of the cellular
columns is high major axis moment capacity. In addition, there are many researches

investigating on the cellular columns in the past, as presented in chapter 2.

Typical Cut of Castellated Members .
Castellated Members after Welding

Computerized Cut of Cellular Members ]
Cellular Members after Welding

Figure 1.2 Fabrication of castellated and cellular steel member
(Sweedan et al., 2009).

1.2 Motivation and significance of research

Literature reviews show that there have been many researches investigated the
PEC, CES and cellular steel columns in the past. Fewer researches investigated
composite columns with web opened steel member. However, the concrete-encased

steel columns with cellular steel member have not been investigated yet.



This research investigates the concrete-encased cellular steel (CECS) columns.
The new composite column is concrete-encased steel column using cellular steel
member instead of traditional wide flange steel member. Expectation of researcher is
the combined advantages of CES columns and cellular steel columns. The main
expected advantages of the CECS columns are high axial load capacity from CES
columns and high major axis moment capacity and cost saving from cellular steel
columns. In addition, the weak web of the cellular steel columns is protected by
encased concrete.

The main contributions of this research are to study structural behaviors of the
CECS columns subjected to concentric and eccentric loads, to develop analytical
models for predicting axial compressive capacity of the CECS columns, and to
develop strength interaction diagrams of the CECS columns to show the advantages
of the CECS columns. In addition, other objectives are to study structural behaviors of
the cellular steel columns subjected to concentric and eccentric loads, and to develop
strength interaction diagram of the cellular steel columns.

It is expected that the CECS columns will be used instead of the traditional
CES columns in the future, and PEC columns with cellular steel member will be

investigated in the future.

1.3 Research objectives

The main purposes of this research are as follows:

1. To develop an analytical model to predict the load-deformation of the
CES columns.

2. To develop an analytical model to predict the load-deformation of the
CECS columns.

3. To experimentally investigate structural behaviors of the cellular steel
columns subjected to concentric and eccentric loads.

4. To experimentally investigate structural behaviors of the CECS columns
subjected to concentric and eccentric loads.

5. To develop strength interaction diagrams of the cellular steel columns.

6. To develop strength interaction diagrams of the CECS columns.



To study the effects of design parameters on the strength interaction
diagrams of the cellular steel columns.

To study the effects of design parameters on strength interaction
diagrams of the CECS columns.

1.4 Scope of research

The scope of this research is listed below:

1.

2
3
4.
5

Studied columns are stub columns.
Studied columns are square and rectangular sections.
Studied wide flange steel members are hot-rolled steel.
Structural behaviors are studied by experimental studies.
Studied structural behaviors are as follows:
- Failure mode
- Deformed shape
- Load-deformation relation
- Concrete confinement
The proposed analytical models predict axial load-strain relations of
cellular steel and CECS columns.
Strength interaction diagrams are developed by analysis models.
Effect of design parameters are studied by experimental studies and
analysis models.
Studied design parameters are as follows:
- Hole diameter of the cellular member
- Hole spacing of the cellular member
- Stirrup spacing

- Concrete strength

10. Failure of weld is not considered.



1.5 Expected benefits of research

The expected benefits of this research are as follows:

1.
2.

The advantages of the cellular steel and CESC columns are proposed.
The proposed analytical models are used to predict axial load-
deformation of the cellular steel, CES, and CECS columns.

The proposed strength interaction diagrams are used to design the
cellular steel and CECS columns.

The effects of design parameters on strength interaction diagrams of the

cellular steel and CECS columns are investigated.

1.6 Research methodology

The methodologies of this research are listed below:

1.

2
3.
4

© © N o O

10.

11.

12.

Review literatures and theories.

Define research objectives, scopes, and specify research methodology.
Develop the analytical model of the CES columns.

Provide experimental specimens of the cellular steel, CES and CECS
columns.

Perform specimens testing of the cellular steel columns.

Perform specimens testing of the CES and CECS columns.

Develop the analytical model of the cellular steel and CECS columns.
Develop interaction diagrams of the cellular steel columns.

Develop interaction diagrams of the CES and CECS columns.

Study the effect of design parameters to strength interaction diagrams of
the cellular steel columns.

Study the effect of design parameters to strength interaction diagrams of
the CECS columns.

Discuss and conclude research findings.



1.7 Organization of dissertation

The outline of this research is as follows,

Chapter 1 presents background, motivation and significance, objectives, scope,
expected benefits, and methodology of this research.

Chapter 2 collects the reviews of previous studies about the PEC columns,
CES columns, steel columns with web openings and composite columns with web
opened steel member.

Chapter 3 describes the theoretical backgrounds of concrete confinement
models, analytical models to predict axial load-deformation relation of CES column,
simplified methods to predict axial compression of CES column. strength interaction
diagram of CES column, design of CES column by AISC 360-16, analytical models
to predict axial load-deformation relation of steel column with web opening, design of
steel beam with web opening by AISC design guide 2 (1992), and design of cellular
steel beam by AISC design guide 31 (2016).

Chapter 4 presents the experimental program of this research. This chapter
consists of experimental specimens, material properties, and test setup.

Chapter 5 reports the experimental results of cellular steel columns subjected
to concentric loads, CECS columns subjected to concentric loads, cellular steel
columns subjected to eccentric loads, and CECS columns subjected to eccentric loads.

Chapter 6 proposes analytical models to predict axial load-deformation
relation of cellular steel, CES, and CECS columns. In addition, the simplified and
modified simplified equations to predict axial compressive strength of CES, and
CECS columns are proposed.

Chapter 7 proposes strength interaction diagram of cellular steel columns, and
CECS columns. The plastic stress distribution method, and modified AISC 360-16
section | and section H method were proposed in this chapter.

Chapter 8 presents the research conclusions and proposes recommendations

for future works.



CHAPTER 2
LITERATURE REVIEW

From the literature review, PEC or CES columns with web-opened steel
member have not been investigated. This chapter reviews the investigations of PEC
columns, CES columns, castellated and cellular steel columns, and composite

columns with web-opened steel member.

2.1 Partially encased composite columns

In this section, the previous investigations of the PEC columns subjected to
concentric and eccentric loadings are summarized.

In 1991, Elnashai et al. investigated the PEC columns strengthening with
transverse links under cyclic and pseudo-dynamic loadings. The main purposes of
additional transverse links restrained local buckling at large displacements and
increase interaction between concrete and steel. A sections of modified PEC column
with transverse links and conventional PEC column was compared. The test results
showed that the transverse links significant restrain local buckling, increase
interaction between concrete and steel, and increase concrete confinement. The
deflection ductility of the modified columns increasing 50-80%.

In 1993, Elnashai and Elghazouli investigated the PEC columns strengthening
with transverse links subjected to dynamic and cyclic loads. An analytical model of
the PEC beam-column considering nonlinearity geometry and inelastic material. The
model considers confinement effect of concrete and local buckling effects of steel.
The model was validated with experimental data of PEC columns by Elnashai et al. in
1991. In addition, parameter studies were presented in a companion paper.

In the companion paper, Elghazouli and Elnashai (1993) presented parametric
studies of PEC columns strengthening with transverse links subjected to dynamic and
cyclic loads. The results showed that confinement of concrete influences the ultimate
moment capacity and no effect to yield moment capacity of partially encased

composite columns. Moment capacity equations based on a linear curvature



distribution were found to give conservative results. In addition, an adopted approach
about the concrete model in Eurocode 8 was shown to be viable for design.

In 1994, Hunaiti and Fattah investigated the PEC columns subjected to
eccentric loadings. Nineteen full-scale PEC columns with a length 2.4 m were tested
under minor axis bending and compared with twentieth bare steel columns. The
results showed that the tested PEC columns had full flexural strength of section and
had not local and overall buckling. Next, effects of eccentricity, concrete strength and
shear studs were investigated. The results showed that shear studs had not affect to
strength of the tested PEC columns, but shear studs will be required in actual design
because a bond between concrete and steel was affected by several factor, such as age
of concrete. And increasing of the concrete strength more than three times made the
strength of PEC columns increase 30%. In addition, design considerations of PEC
columns were proposed in this paper. A design calculations of bridge code - BS5400
(1979) were good agreement with the tested results in case of equal end eccentricities
and high strength concrete, but were conservatively in case of unequal end
eccentricities and low strength concrete.

In 2001, Uy investigated local and post local buckling behaviors of PEC
columns fabricated from very slender steel plates. Eight specimens of welded box and
wide flange columns filled with concrete were tested under axial compressive loads
and compared with eight bare steel columns. Four specimens of wide flange were
slenderness limit values vary from 20 to 35 filled with concrete which nominal
strength 20 MPa. The results showed that the filled concrete increase strength and
local buckling stress of the columns. Next, a finite strip method was proposed to
calculate an initial local buckling stress by considering residual stress of the welded
columns. The finite strip method considered residual compressive stresses up to 30%
of the yield stress. In addition, an effective width model existing in international code
was used to calibrate and determine axial compressive strength of the welded
columns.

In 2002, Chicoine et al. investigated the built-up PEC short columns with
transverse links. Welded steel in the PEC columns were slender wide flange section.
Five large-size 600 x 600 mm were tested under axial compressive loads. All columns

had a height 5d which controlled uniform transverse links over the central 3d segment



(d was column depth). The results showed that the failure of specimens was concrete
crushing together with local buckling of steel flange. High stress occurred in
transverse links from lateral expansion of the filled concrete. In addition, the results
showed that closer link spacing can improve load capacity in post peak behavior. In
case of link spacing equal to column depth, steel flange of the specimens buckled at
around 75% of the peak loads. In case of link spacing equal to half of column depth,
steel flange of the specimens did not occur local buckling before the peak loads.
Moreover, the results showed that the additional reinforcement bars improve post
peak capacity and ductility of the columns, but the additional reinforcement bars did
not improve concrete confinement of the columns.

In 2003, Chicoine et al. investigated the long-term behavior of built-up PEC
short columns with transverse links. Welded steel in the PEC columns were slender
wide flange section. Five 300 x 300 mm and two 450 x 450 mm were tested under
axial compressive loads. Four specimens were tested about 150 days, and five
specimens were tested until failure. All columns had a height 5d which controlled
uniform transverse links over the central 3d segment (d was column depth). A load
sequence of the test had 3 stages. At first stage, construction loads were applied in the
steel. At second stage, service loads were applied in the concrete and steel and hold
the loads about 150 days. At third stage, the columns were tested until failure. The
results showed that the failure mode of the specimens subjected to long-term loadings
were same as the specimens subjected to short-term loadings. The failure of
specimens under long-term loads were concrete crushing together with local buckling
of steel flange. In addition, the results showed that an existing model to evaluate the
ultimate loads under short-term loadings had an accurate prediction in the ultimate
loads under long-term loadings.

In 2007, Begum et al. investigated the PEC columns with transverse links by
numerical method. The finite element models of PEC columns were proposed by
considering effect of rapid volumetric expansion of concrete and local buckling of
steel flange. A concrete damage plasticity and a formulation of dynamic explicit were
used in the model. The model results were in good agreement with the experimental
data at maximum loads, failure modes and post-peak behaviors of the PEC columns
subjected to concentric and eccentric loadings. The numerical results showed that the
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effect of the transverse links spacing equal to half of column depth is slowly failure
than transverse links spacing equal to column depth.

In the same year, Marinopoulou et al. investigated simulation of PEC columns
with steel columns. The presented method was proposed for purposed of linear elastic
analysis. The fictitious cross-section consists of actual steel cross-section and two
additional pairs of plates, the additional plates were added at the web of actual steel
cross-section. The new fictitious cross-section was represented the actual section and
material properties of the PEC columns. The advantage of this proposed method is
widely available to model the PEC columns in linear elastic steel analysis software.

In 2012, Kim et al. investigated the CES and PEC columns with high strength
steel and high strength concrete. Seven CES columns were tested under eccentric
axial compressive loads. The yield stress of structural steel was 913 and 806 MPa and
the compressive strength of concrete cylinder are 94 and 113 MPa. Because of high
strength of structural steel, the yield strain (=0.004) higher than crushing strength of
concrete (~0.003), the investigation focused on early crushing of concrete and the
tested columns showed ductile flexural behavior. In the CES specimens, the structural
steel start to yield after the concrete crushing and the column loads increase to second
peak load. In the PEC specimen, the transverse links welding failure and the steel
flange local buckling occurred after the first peak and the column loads continued to
decrease. In addition, ACI 318-08 method and Eurocode 4 (2005) method to calculate
the strength capacity of CES and PEC columns were discussed in this investigation.
The result showed that ACI 318-08 method underestimate load capacity of the
specimens. The Eurocode 4 (2005) method overestimate load capacity of the
specimens.

In 2013, Begum et al. investigated the PEC columns with transverse links and
high strength concrete by numerical method. The steel of the PEC columns was built-
up slender section. All columns had a height 5d which controlled uniform transverse
links over the central 3d segment (d was column depth). A finite element model by
software ABAQUS was developed to predict behavior of the PEC columns subjected
to concentric and eccentric loadings. In the model, material property of the steel used
tri-linear elasto-plastic model including strain hardening, and material property of
concrete used damage plasticity model in ABAQUS. The contact pair algorithm in
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ABAQUS was used to model the steel-concrete interface in the composite columns.
The load-deformation relationship and failure mode from finite element analysis were
accurately verified with existing experimental results. Finally, the finite element
model was used to parametric study. The results showed that the axial capacity of the
PEC columns with slender steel section and transverse links is very increased in case
of high strength concrete (60 MPa) instead of normal strength concrete (30 MPa) by
average increasing 55%.

In 2016, Pereira et al. investigated the PEC columns which replacing steel bars
by welded wire mesh by experimental and numerical methods. Four PEC columns
were tested under axial compressive loads. The results showed that the PEC columns
reinforced by welded wire mesh no significant difference failure mode and crack
pattern with the PEC columns reinforced by steel bars. Next, software DIANA was
used to develop finite element models. The models have assumption that perfect bone
between concrete and steel and not considering on local buckling of steel. The finite
element models were verified with experimental results in both capacity and
deformation of PEC columns. The analysis results showed good agreement with the
experimental data. In addition, the finite element models were used to study design
parameters. The results showed that thickness of steel profile and steel strength no
significant change to behavior of PEC columns, but concrete strength significant
change to post peak behavior of PEC columns.

In the same year, Song et al. (2016) investigated local and post-local behavior
of PEC columns with transverse links by numerical method. The steel of the PEC
columns was built-up slender section. Nonlinear finite element models were
developed to predict strength and buckling behaviors of steel plates and the PEC
columns which considering residual stress of the steel shapes. The finite element
models by software ABAQUS with Explicit module were verified with existing
experimental results. Because of the steel web of the PEC column was supported by
concrete encasement, the steel flanges which supported by transverse links were
focused to study local buckling and post local buckling behaviors. Two modeling
formats used in this investigation were overall model which modeling whole PEC
column and single plate model which modeling symmetric partition separated from

overall model. The separated model consisted of half of the steel flange and a quarter
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of the concrete encasement. In the finite element models, shell elements (S4R) were
applied to be steel plates, brick elements (C3D8R) were applied to be concrete and
linear beam element (B31) were applied to be transverse links. The results showed
that smaller transverse links spacing and width-to-thickness ratio made higher critical
stress in steel flange. Finally, two formulas for predict critical stress of steel flanges
for analytical and design were proposed in this investigation. The formulas were
accurately verified with finite element and experimental results.

Piquer and Hernandez-Figueirido (2016) investigated fire performance of PEC
columns. Comparison of the fire resistance of the PEC columns with steel columns
with and without fire protection was proposed. The results showed that the most
protected steel columns were resist before column collapse around 120 min. In case of
the PEC columns, the columns had good performance subjected to fire. In addition,
the PEC columns had more saving cost around 50% than other protected steel
columns.

In 2019, Jamkhaneh et al. investigated the octagonal PEC columns under axial
and bending loads by experimental study. The main parameters were failure modes
and reinforcement details. The results showed that the local buckling and concrete
crushing occurred at the ultimate stage. In addition, finite element analysis of the
octagonal PEC columns under combined axial-torsional loads were investigated in
this study.

In 2020, Jamkhaneh et al. investigated concrete confinement factors, partially
and highly confined concrete, in PEC columns. 3D nonlinear finite element analysis
of PEC columns was developed based on the dynamic explicit method. The load-
displacement relation and bearing capacity of the models were verified with
experimental results from the literatures. The parametric study which using finite
element models consisted of concrete strength, structural steel shape and transverse
link spacing. The results showed that structural steel section had greatly influences on
partially and highly confined area.
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2.2 Concrete-encased steel columns

In this section, previous investigations of the CES columns subjected to
concentric and eccentric loadings are summarized.

In 1979, the SSRC council proposed a specification for composite columns
design. The design of concrete-encased steel (CES) columns and concrete filled steel
tube (CFT) columns subjected to concentric and eccentric loading were included.
General requirements recommended for design the steel-concrete columns were cross-
section area of structural steel shape at least 4% of total cross-section area,
compressive strength of concrete between 3000 to 8000 psi, yield stress of structural
steel less than 55 ksi and others. In addition, design of axial compressive loads and
eccentric loads of the composite columns were proposed by considering columns
slenderness. The recommended design was compared safety with experimental data
reported from several laboratories.

In 1991, Mirza and Skrabek investigated the strength interaction diagram of
CES short beam-columns. This study focused on variability of the ultimate strength of
CES columns by considering concrete confinement. Strength ratio (Theoretical
strength model divided by ultimate strength by ACI Standard 318-89) was proposed
to represent the variability of the CES columns. The results showed that structural
steel ratio, concrete strength and load eccentricity ratio had effect on strength of CES
columns, but steel grade had not effect on the strength of CES columns. In addition,
the CES columns with slenderness ratio near ACI Building code limit had lower
strength than cross-section calculation.

In 1992, Mirza and Skrabek investigated the strength interaction diagram of
CES slender beam-columns. This study focused on variability of the ultimate strength
of CES slender columns by considering concrete confinement. Strength ratio was
proposed to represent the variability of the CES columns. The results showed that
structural steel ratio, load eccentricity ratio and slenderness ratio had effect on
strength of CES columns, and Concrete strength had effect on strength of CES
columns only non-slender columns, but steel grade had not effect on the strength of

CES columns.
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In 1994, Ricles and Paboojian investigated the CES columns under seismic
loads by experimental study. Eight specimens were tested under simulated seismic
loading conditions. The tested specimens had flange shear studs for shear resistance
mechanism. The behavior of concrete confinement was included in this study. The
results showed that CES columns were excellent strength and ductility under cyclic
loads if longitudinal reinforcement buckling was inhibited. The shear studs had not
effect on the strength of CES columns. The proposed analytical models of CES
columns under combine axial loads and moments were good agreement with
experimental results. In addition, ultimate strength predicted by ACI and AISC
standard had conservative results with experimental results.

In 1996, Kato investigated the buckling strength of CFT and CES columns
subjected to concentric loadings. Buckling strength design formulas by Eurocode4
and 1SO standard for structural steel were applied for the CFT and CES columns. And
Columns curves of the composite columns were proposed in this studied. The results
showed that the applied buckling curve of Eurocode4 and ISO standard could be used
for design CFT and CES columns. In addition, suggested design formulas for CFT
and CES columns were proposed in this study.

In the same year, Mirza et al. investigated the CES beam-columns axial loads
and moments by experimental and analytical. Sixteen specimens were tested which
loaded to failure. The tested CES columns had steel rib connector at the top and
bottom flanges. The results showed that strain at ultimate loads of tested specimens
close to 0.003 which strain at maximum compression of concrete of ACI Standard
318. The prediction strength of ACI318 and Eurocode4 were adequately estimate
strength of the tested columns. In addition, nonlinear finite element analysis by
ABAQUS program of CES beam-columns were developed in this study. The results
showed that ultimate strength and load-deflection relation from finite element analysis
were good agreement with experimental results.

In 1999, Wang investigated the slender CFT and CES slender columns. Eight
specimens of CFT columns and seven specimens of CES columns were test under
eccentric loads. This paper focused on comparison of ultimate strength of test result
with ultimate strength calculated from Eurocode4, BS5400 and applied BS5950
method. The result showed that these methods given conservative results. Eurocode4
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predicted closer than BS5400. The applied BS5950 method predicted similar to
Eurocode4 and closer than BS5400. Moreover, the applied BS5950 method had easier
calculated than Eurocode4 and BS5400.

In 2002, Weng and Yen investigated design provisions of CES columns by
AISC specification (LRFD, 1993) and ACI code (ACI318-99). Comparison of
strength calculated by design provisions and 78 experimental results by previous
studies were investigated. The comparison was proposed inform of maximum strength
and interaction diagrams of the CES columns. The results showed that ACI code
predicted closer the experimental results than AISC specification. The mean value of
predicted-to-tested strength ratios were 0.9 and 0.73 for ACI code and AISC
specification respectively.

In 2003, Al-Shahari investigated behavior of the CES columns with
lightweight aggregate concrete subjected to eccentric loadings. Sixteen full-scale
specimens were tested under axial loads and bending moments about major axis. This
study focused on verifying and checking in predicting strength of AISC (LRFD,
1993) and BS5400 specification of the CES columns with lightweight aggregate
concrete. The tested results showed that the lightweight aggregate concrete provided
perfect bond between concrete and steel up to failure of the CES columns, improved
load capacity of the steel section but decreased ductility of the steel section. In
addition, the investigation showed that the AISC (LRFD) and BS5400 could to
predicting the strength of the CES columns with lightweight aggregate concrete.

In 2006, Chen and Lin proposed an analytical model for predicting axial
compressive strength of CES stub columns. The model was developed for predicting
loads-strain relation of the CES stub columns with various structural steel and
reinforcement steel condition. The strength model was determined from strength
assembled of concrete, structural steel and reinforcement steel by considering
confinement effect of concrete and buckling effect of structural steel. The model
showed good agreement with previous experimental results, could provide axial-strain
relation, maximum axial strength and post-peak behavior of the CES columns. Details
of the analytical model will be shown in Chapter 3.

In 2011, Ellobody and Young investigated the CES columns subjected to axial
loads by numerical analysis. Nonlinear 3D finite element models by ABAQUS
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programs were developed by considering confinement behavior of concrete and
inelastic behavior of steel. This study focused on using finite elastic to predict
maximum loads and failure mode of the CES columns, study effect of design
parameters and verify AISC360-05 and Eurocode4 (2004). The results showed that
AISC360-05 given conservative results for all CES specimens and Eurocode4 given
accurately results in limited material properties of the code.

In the same year, Ellobody et al. investigated CES columns subjected to
eccentric loadings by numerical analysis. Nonlinear 3D finite element models by
ABAQUS programs were developed by considering confinement behavior of concrete
and inelastic behavior of steel. The eccentricity was varied between 0.125-0.375 of
total depth of the sections. The finite element results were used to study effect of
design parameters and verify an interaction diagram from Eurocode4 (2004). The
results showed that Eurocode4 given accurately results for CES columns subjected to
eccentric loadings in limited material properties of the code.

In 2015, Ky et al. investigated post-collapse behavior of CES columns
subjected to concentric loadings by numerical method. Fiber element model with
additional additive technique were proposed. The proposed models provided
confinement effect of concrete, buckling effect of reinforcement steel and local
buckling of structural steel of the CES columns. The results showed that the proposed
models were good agreement with previous experimental results. In addition, effects
of design parameters were proposed in this study. Increasing concrete strength was
increase column strength but decrease column ductility. Closer spacing of stirrups was
increase column ductility only stub columns.

In 2016, Zhu et al. investigated the CES columns by experimental study. Total
21 CES columns with high strength concrete were tested under axial compressive load
and cyclic lateral loads with constant axial load. The studied design parameters
consisted of stirrup arrangement, axial load level, structural steel details and studs.
The results showed that the CES with high strength concrete with multiple stirrups
and normally structural steel ratio show excellent seismic behavior. Stirrups had little
effect on stiffness. Structural steel is obviously effective in significant axial loads.
Studs did not significantly effect on stiffness in early stage; but, it’s effect on energy

dissipation.
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In 2017, Chen and Wu proposed an analytical model for predicting axial
compressive strength of CES columns with cross shape steel section. The strength
model was determined from strength assembled of concrete, structural steel and
reinforcement steel by considering confinement effect of concrete. The concrete
confinement zone divided into 3 parts as highly confined concrete, partially confined
concrete and unconfined concrete. In case of highly confined concrete, the confined
mechanism of structural steel was proposed. In case of partially confined concrete, the
confined mechanism of stirrups was proposed. The proposed model was verified with
experimental results of CES and PEC columns with cross shape steel section. In
addition, a simplified method for estimated real stress in stirrups of the CES columns.
Details of the analytical model of the CES and PEC will show in chapter 3.

Next, Lai et al. (2019a) proposed a unified approach to evaluate strength
interaction diagram of CES columns which made of different concrete and steel
grade. The compressive strength of concrete varies from 20 to 104 MPa and the yield
stress of structural steel varies from 280 to 913 MPa. Analytical study was based on
material strain compatibility principle. The proposed approach was validated with test
results. In addition, the existing EC4 methods, plastic design method, was predicting
un-conservatively the strength interaction diagrams of CES columns with high
strength steel and high strength concrete.

In the same year, Lai et al. (2019b) investigated the CES columns with high
strength concrete by experimental study. Six CES specimens with high strength
concrete were tested by axial compressive loads. The studied structural behaviors
consisted of failure mode, load-deformation relation, load-carrying capacity and post
peak behavior. The results showed that the failure mode of the CES columns with
high strength concrete was concrete covering spalling, and the compressive loads
suddenly dropped when the loads reaching the peak loads. The experimental results
indicated that the concrete with 0.5% volume of steel fiber was able to prevent the
concrete cover spalling. Moreover, two analytical methods were proposed for design
CES columns with high strength concrete in this study.

Lai et al. (2019c) investigated the CES stub columns with S690 steel and C130
concrete by experimental study. The studied structural behaviors consisted of failure
mode, load-deformation relation, load-carrying capacity and post peak behavior.
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A total of 14 CES specimens with high strength steel and concrete were tested by
axial compressive loads. Two steel grades (S500 and S690) and two concrete grades
(C90 and C130) were used to prepare the specimens. Steel fiber (0.5% of volume)
was added into the concrete for reducing the inherent brittleness of high strength
concrete. The results showed that the existing design codes had inability to estimate
CES columns with high strength concrete. In addition, the parametric study showed
that the steel contribution ratio had effect on the ductility of the CES columns,
whereas, increasing of steel fiber and hoop reinforcement ratio had negligible effect.
Finally, a simplified formula was proposed to evaluate ductility of the CES columns
with high strength concrete.

Lai et al. (2019d) investigated the buckling behavior of CES columns with
high strength concrete by experimental, numerical and analytical analysis. Three long
CES columns with high strength concrete C100 and S355 steel member were tested
axial compressive loads. The load capacities of the tested specimens were compared
with the load capacity predicting from EN 1994-1-1, ACI 318-08 and AISC 360-10.
Nonlinear finite element analysis was used to predict the load-displacement behavior
and the buckling resistance of these columns. The results showed that EC4 and AISC
methods predicted conservatively the buckling resistance compared with these tested
results. AISC method, ACI method and Tikka’s model conservatively predicted
effective flexural stiffness of CES columns. EC4 method closely predicted effective
flexural stiffness of CES columns than other methods.

In 2020, Lai et al. investigated the CES columns with high strength concrete
and steel. Fourteen CES specimens with different steel section and material properties
were tested under axial compressive loads. Compared with EN 1994-1-1 and JGJ 138-
2016 design methods show that the design methods predicted overestimate axial
compressive loads of CES columns with high strength concrete. In addition, a new
test database consisting of 51 PEC columns and 82 CES columns were established.
For PEC columns, a simplified method was proposed to compute the enhanced
concrete strength based on regression analysis. For CES columns, a concrete strength
reduction factor was proposed to predict the compressive strength.

In the same year, Lai and Liew (2020) investigated the axial-moment
interaction diagram of CES columns with high strength concrete by numerical
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method. Nonlinear numerical model is developed by considering concrete
confinement effect, concrete cover spalling, buckling of longitudinal bars and strain-
hardening of structural steel. The load-deformation relation, moment curvature
relation, and strength interaction diagram were predicted from the model. The model
was validated with experimental results in the companion paper and literatures test
data. The parametric study performed the effect of yield stress of structural steel,
compressive strength of concrete, steel area ratio, and load eccentricity. In addition, a
simplified method to construct the strength interaction diagram of CES columns,
which it could be used for CES columns with steel grade up to S960 and concrete

grade up to C100, was proposed.

2.3 Cellular and castellated steel columns

In this section, previous investigations of cellular members, castellated
members and steel members with web openings under axial compressive loads or
axial compressive loads and moments are summarized.

In 2009, Sweedan et al. investigate the elastic buckling capacity of cellular
steel columns under axial compressive loads. The investigation focuses on elastic
buckling load capacity about major axis of the cellular columns. Finite element

models by ANSYS software were developed and used to calculate a dimensionless

reduction factor, ﬂ -factor. The models were developed as 3D structural models by

using solid element SOLID45 in the ANSYS software. The reduction factor was
investigated under various support condition. And the reduction factor from finite
element models was compared with a dimensionless reduction factor from a proposed
buckling load capacity equation. In addition, a simplified method to evaluate elastic
buckling load of cellular columns with various column support conditions were
proposed.

In the same year, Sawy et al. investigated the elastic buckling capacity of
castellated steel columns under axial compressive loads. The investigation focuses on
elastic buckling load capacity about major axis of the castellated columns. Finite

element models by ANSYS software were developed and used to determine the
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buckling load reduction due to combined flexural and shear deformation. In addition,
the numerical results were used to calculate a dimensionless buckling modification

factor (77). The models were developed as 3D structural models by using solid

element SOLID45 in the ANSYS software. In addition, a simplified method to
evaluate elastic buckling load of cellular columns with various column support
conditions were proposed.

In 2011, Sweeden and El-Sawy investigated the elastic local buckling capacity
of perforated web of cellular columns under axial and flexural stress. Finite element
(FE) models by ANSYS software were developed and used to study design
parameters of the web of cellular columns. The FE models were developed as 2D
structural models by modeling web of the cellular columns only and using shell
element SHELL63 in the ANSYS software. The considered parameters in this
investigation are length of the web, width of the web, diameter of the opening and
spacing of the opening. The studied showed that when hole spacing-to-web width
ratio to be 1.5, the elastic buckling stress are peak value. When hole spacing-to-
diameter ratio exceeds 3.5, the elastic buckling loads are not change and converges to
the elastic buckling loads of solid web columns.

In the same year, Sonck et al. (2011) investigated the weak-axis flexural
buckling of cellular members. A design approach of buckling load of cellular columns
was proposed. The design approach was adopted from a design approach of buckling
load of traditional steel member in EC3. In addition, Numerical simulations of cellular
column were proposed. Finite element models of the column were developed by
ABAQUS programs. Nonlinear geometry, nonlinear material properties, geometry
imperfection and residual stress of the cellular column were considered. Column
buckling curves from the proposed design approach and numerical simulation were
compared. The comparison showed that the weak-axis flexural buckling load of
cellular columns from numerical simulation was higher than proposed design
approach. As a result, the proposed design approach was conservative to design
cellular columns.

In 2012, Sonck et al. investigated the global buckling loads of cellular
columns under compression and bending. The buckling modes in these cases were

lateral torsional buckling and weak-axis flexural buckling. In bending moment case,
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existing design approaches were examined. In compression case, a new design
approach was proposed and examined. These approaches based on plain-web design
beam existing in Eurocode3. The results of these approaches were compared. In
addition, parametric studies of cellular member geometries were investigated and the
design approaches which have the best results were proposed. The results showed that
2T approach combined with buckling curve of the parent sections had very
satisfactory results in compression case. In bending moment case, 2T approach
combined with buckling curve b and c of the parent sections had the best approximate
the numerical results.

In 2014, Sonck et al. investigated the residual stresses of cellular and
castellated steel members by experimental method. It was expected that the residual
stresses in the cellular and castellated members was different than the traditional steel
members, because of the effect of cutting and welding processes. And it was expected
that the additional residual stresses are influence on global buckling behaviors of
cellular and castellated steel members. The investigation studies residual stresses of
cellular and castellated steel members compared with their parent steel members. A
section method which a destructive relaxation method was used to measure the
residual stresses in each member sections. The residual stresses ware calculated from
metered relaxation strain attached in the tested members. The investigate results
showed that the compressive residual stresses in web post and tee section of the
castellated steel member are increased. In cellular steel member, the residual stresses
in the flange are increased and became totally in compression, because of heat from
cutting are close to the steel flange. As a result, the residual stresses of cellular and
castellated steel members are influence on global buckling resistance than the residual
stresses of traditional steel members.

In the same year, Yuan et al. (2014) investigated the buckling capacity of
castellated steel columns under axial compressive loads. An analytical model to
predict critical buckling loads about major axis of castellated columns was proposed.
The model which considering web shear deformation was derived by using stationary
principle of potential energy. The analytical results were validated with numerical
results publishes by other. The result showed that the web shear deformations

significantly reduces the buckling capacity about major axis of the castellated
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columns. In addition, buckling capacity calculation by not considering web shear
deformation has overestimate up to 25%.

In 2016, Serror et al. investigated the influence of design parameters to elastic
and inelastic buckling of steel web of cellular and castellated steel members. The
parameters were opening shape, opening size, opening spacing, end distance to first
opening, plate slenderness ratio, steel grade and initial imperfection. Finite element
method with ANSY'S software was used in this study, and the finite element models
were verified with both experimental and numerical results in literatures. In addition,
a buckling stress modification factor (3 -factor) which present as a ratio of buckling
stress of web plate with opening and solid web plate was proposed. The results

showed that the minimum of the f -factor was 0.9 for web plates with opening under

axial compression and 0.7 for web plates with opening under bending moment. The
web plate with circular opening has closely same behavior with the web plate with
square opening. The recommended ratio of web opening size and web height are
greater than 0.5 for circular and rectangular opening and less than or equal to 0.7 for
non-square opening.

In the same year, Sonck and Belis (2016) investigated the weak-axis flexural
buckling of cellular and castellated steel members by taking into effect of modified
geometry and modified residual stress pattern. Numerical models by ABAQUS
program were used in this study. The residual stresses of cellular and castellated
members from production were measured and considered in the models. A 2T
approach combined with European buckling curve in Eurocode3 was proposed for
calculating flexural buckling resistance of the cellular and castellated columns. The
preliminary best fit curves of European buckling curves were buckling curve ¢ and d
which depending on a ration of height and width of the members.

Gu and Cheng (2016) investigated the major-axis buckling loads of cellular
columns which considering shear deformation. An analytical model to predict critical
buckling loads of cellular columns was derived by using stationary principle of
potential energy. The derived model was validated with numerical results from finite

element method with ANSYS software. The results from verified analytical model
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showed that the effect of shear deformation was significantly reduce the buckling
loads of cellular columns.

In the same year, Najafi and Wang (2017) investigated the steel members with
web openings under combined bending, shear and compression. This investigation
developed analytical models to evaluate strength capacity of steel members with web
openings under pure compression, pure bending, combined compression and bending
and combined compression, bending and shear by including buckling behavior of T-
section of the members. The analytical models were compared with numerical models
which using finite element model by ABAQUS program. The finite element models
were validated with experimental results of castellated beams and steel beams with
web openings by others. The results showed that the comparison between the
analytical results and numerical results are very good agreement. Details of the
analytical models for calculate strength capacity of steel members with web openings
will show in chapter 3.

In 2019, Panedpojaman et al. investigated the elastic buckling of cellular
columns subjected to concentric loadings. A simplified calculation method for
predicting elastic buckling loads about major axis of cellular column with pin-ended
supports. This method based on column geometry and considered on shear effect. The
proposed loads were validated with finite element analysis results. The parameter
study consisted of the section ratio, the spacing ratio, the opening ratio and the
slenderness. The results showed that the spacing ratio effect on the buckling loads

more than the opening ratio.

2.4 Composite members using steel members with web openings

In this section, previous investigations of composite members with steel
members with web openings are summarized.

In 2014, Junus et al. investigated the castellated beam-column and castellated
beam-column with concrete under seismic loads. Experimental results of traditional
steel beam-column, castellated beam-column and castellated beam-column with
concrete under cyclic loadings were compared. The comparison showed that the

castellated member had higher energy absorption and flexural capacity than the
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traditional member about 74.3% and 100.5% respectively, but the castellated member
had lower partial ductility and full ductility than traditional member about 12.6% and
18.1% respectively. In addition, the disadvantage of the castellated member was
accelerating the degradation rate of stiffness ratio about 31.4% and decrease
resistance ratio about 29.5%. On the contrary, the result of the castellated member
with filled concrete showed that the castellated member with filled concrete had
higher energy absorption, flexural capacity, partial ductility, full ductility and
resistance ratio than the castellated member without concrete about 217.1%, 184.8%,
27.9%, 26% and 52.5% respectively. Moreover, the advantage of the castellated
member with filled concrete slow the rate of degradation of the stiffness ratio 55.1%

In 2017, Farajpourbonab et al. investigated the concrete filled steel tube (CFT)
columns with castellated steel members. The structural steel in the composite columns
are castellated cruciform steel members. Four small size and short columns as shown
in Figure 2.1 were tested under concentric loadings. A comparison of compressive
strength of CFT columns with a traditional steel member and a castellated steel
member fabricated from the traditional steel member were proposed. The results
showed that the CFT columns with castellated steel members have higher maximum
strength and post yield stress than CFT columns with traditional steel members.
Moreover, this paper presented numerical study of traditional and castellated steel
columns. Finite element model of the columns was developed by using ANSYS
software. In addition, an equation for predict maximum axial compressive loads of
castellated steel columns were proposed. And the maximum loads from numerical
studies were good agreement with proposed equation.

In the same year, Ahmad et al. investigated the PEC beams with web
openings. PEC beams with web openings were tested and compared with PEC beams
without web openings. The tested specimens of the beam with web openings had
similar steel-to-concrete volumetric ratios to beam without web openings, but had not
similar dimension. The steel to concrete volumetric ratios proposed in this study were
1%, 2% and 3%, and all tested specimens had not shear studs. The results showed that
the tested beams with web openings provided higher maximum loads and stiffness
than tested beams without web openings for all steel ratios. And the tested beams with

web opening provided full bond interaction between concrete and steel section.
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In addition, finite element models by ABAQUS program were proposed in this study.

The numerical results were good agreement with the experimental results.

(a) (b)

Figure 2.1 Steel reinforced-concrete filled with (a) castellated cruciform steel section;
and (b) traditional cruciform steel section (Farajpourbonab et al., 2017).

2.5 Conclusions

The literature reviews of partially encased composite (PEC) columns show
that the PEC columns have been widely investigated. The PEC columns were
investigated by both experimental and numerical methods. In the experimental
studies, the PEC was tested under concentric loads, eccentric loads and dynamic
loads. In the numerical studies, analytical models and numerical models of the PEC
columns were proposed. Some models were used to predict the local and post local
behaviors of the PEC columns. The investigation showed that the PEC columns have
high strength and ductility. Moreover, some research showed that the PEC columns
had good performance subjected to fire resembling steel columns with fire protection.
In addition, the PEC columns were investigated in many forms, the PEC columns
with standard sections, the PEC columns with thin-walled built-up sections and the
PEC columns with thin-walled built-up sections strengthened by transverse links.
However, the PEC columns with cellular steel member have not been investigated.

The literature reviews of concrete-encased steel (CES) columns show that the
CES columns have been widely investigated. The CES columns were investigated by
both experimental and numerical methods. In the experimental studies, the CES were
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tested under concentric loads and eccentric loads. In the numerical studies, analytical
models and numerical models of the CES columns were proposed. Some models
predicted the confinement behaviors of the CES columns. The investigation showed
that the CES columns have high strength, high ductility and high fire resistance. In
addition, some results were compared with predictions by design provision.
Moreover, the CES columns were investigated with many steel shapes. However, the
CES columns with cellular steel member have not been investigated.

The literature reviews of cellular columns show that the cellular columns are
new type of steel columns. The investigations on cellular columns range from 2009 to
2019. All cellular columns were investigated by numerical methods. Analytical
models and finite element models of the cellular columns were proposed. These
models predicted local buckling behavior of the cellular columns. Moreover, the
cellular columns were investigated with many steel shapes. However, using cellular
columns with PEC and CES have not been investigated.

The literature reviews of the composite members with steel members with web
openings show that this is a new type of composite members. The reviews show three
investigations in 2014 and 2017. The first research investigated castellated beam-
column filled with concrete. The second research investigated concrete filled steel
tube columns with castellated steel members. The third research investigated PEC
beams with web openings. All researches show that using cellular member in
composite member had more efficiency than using traditional steel member.
However, PEC and CES columns with cellular members have not been investigated.

Therefore, this research investigates concrete-encased cellular steel (CECS)
columns. It is expected that the CECS columns combines the advantages of composite
columns and cellular members. In addition, the partially concrete-encased cellular

steel columns will be investigated in the future.
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CHAPTER 3
THEORETICAL CONSIDERATIONS

3.1 Concrete confinement models for reinforced concrete columns

In this section, concrete confinement models of reinforced concrete columns
of Mander et al. (1988) and Cusson and Paultre (1995) are proposed.

3.1.1 Concrete confinement model of Mander et al. (1988)

In the investigation of Mander et al. (1988), a model to predict stress-strain
relation of confined concrete was proposed. This research focus on the model of
confined concrete of reinforced concrete columns subjected to concentric loadings.

The stress-strain relation of confined concrete in reinforced concrete columns
subjected to concentric loadings shown in Figure 3.1 was developed by Popovics

(1973). The stress-strain relation of confined concrete is

f_'xr
f=—%— 3.1
r—1+x’ (3.1)
Where
gC
X ="t (3.2)
gCC
f 1
Ep =&, {1+ 5[% —1)} (3.3)
et (3.4)
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E, =5000,/f,' MPa (3.5)
By = (36)
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E. = elastic modulus of concrete;
E.. = secant modulus of concrete at peak strength of confined concrete;
f.' = compressive strength of confined concrete;
f,' = compressive strength of concrete cylinder;
&~ = corresponding strain of concrete;
&, = corresponding strain at compressive strength of concrete cylinder.
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Figure 3.1 Stress-strain relation of confined concrete of reinforced concrete columns
subjected to concentric loadings (Mander et al., 1988).

For concrete confined by active hydrostatic fluid pressure, the compressive

strength and corresponding strain of confined concrete is

f.'= T, +kf (3.7)
fl
Eec =& 1+ k2 T (38)
Where

k1 and k2 = coefficients of confined concrete;

fi = lateral pressure.
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Richart et al. (1928) proposed the value of k; to be 4.1 and k, =5k, and

Balmer (1949) proposed the average value of k; to be 5.6.

For concrete confined by circular hoop stirrups or circular spiral stirrups, the
confined core of reinforced concrete columns with circular hoop stirrups or circular

spiral stirrups, as shown in Figure 3.2. The compressive strength of confined concrete is

f'= fco'(—1.254+2.254 /1+ 7'9f4f} _2 I' J (3.9)

Where
fi "= fik (3.10)
kﬁ% (3.11)
T s\’
=—|d, - 3.12
A 4( . Zj (3.12)
'%c = A:,core (1_pcc) = %dsr2 (1_10cc) (313)
f=tp,f 3.14
,=Eps ysh (3.14)

A = cross-sectional area of concrete core bounded by closed stirrup;

A, = effective area of confined concrete;

d, = diameter of spiral,

fe = specified minimum yield stress of stirrup;

s = longitudinal spacing of stirrup;

p.. = ratioof longitudinal reinforcement area to core section area,;

p, = ratio of stirrups volume to concrete core volume.
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Figure 3.2 Area of confined concrete by circular hoop stirrups or circular spiral
stirrups (Mander et al., 1988).

For concrete confined by rectangular hoop stirrups, the confined core of
reinforced concrete columns with rectangular hoop stirrups is shown in Figure 3.3.

The compressive strength of confined concrete which it’s depends on effective lateral

pressure was presented in Figure 3.4. The effective lateral pressure is

fI>'< = kepx fysh (315)
fy = k.0, (3.16)
Where
2 '
e S
~ehd |7 20, |7 2d,
k, = (3.17)
(1_ pcc)
P = a (3.18)
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A
p, = j (3.19)

A

area of stirrups in the x direction;

A, = areaof stirrups in the y direction;
bC = diameter of stirrups in x direction;
dC = diameter of stirrups in y direction;
$' = clear longitudinal spacing of stirrup;
w. = clear distance between adjacent longitudinal bars.
bC
Effectively w’
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Figure 3.3 Area of confined concrete by rectangular hoop stirrups
(Mander et al., 1988).
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Figure 3.4 Factor of compressive strength of confined concrete of rectangular hoop
stirrups (Mander et al., 1988).

3.1.2 Concrete confinement model of Cusson and Paultre (1995)

In the investigation of Cusson and Paultre (1995) a concrete confinement
model for reinforced concrete columns with high-strength concrete and a method to
compute the stress in stirrup were proposed.

The proposed stress-strain relation of unconfined and confined concrete was
shown in Figure 3.5. The stress-strain curve of confined concrete in ascending part
(OA) was proposed by Popovic (1973); and, the curve in descending part (ABC) was
proposed by Fafitis and Shah (1985). The stress-strain relation of confined concrete of
was given as follows,

For the ascending part (OA)

. f{ k(2./2) } (3.20)
k—1+(s,/5,)

Which & £¢,

Ke— o (3.21)
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&, = 0.002
For the descending part (ABC)

fo= foexp| by (2, - 2 | (3.22)

Which &,2¢&,

k = Lskz (3.23)
(gcsoc - gcc)

14
f
k, =0.58 +16{f—'.j as shown in Figure 3.6 (3.24)

co

Ecsoc = longitudinal strain - of confined concrete at 50% of the maximum

compressive stress.

The ratio of compressive strength on confined concrete to unconfined concrete

(strength ratio) was given to be

. 0.7
]%. =10+ 2.1[ ]% ) as shown in Figure 3.7 (3.25)

The peak strain of confined concrete was given to be

17
Ee =& + 0.21[ % J as shown in Figure 3.8 (3.26)

The Longitudinal strain of confined concrete at 50% of the maximum

compressive stress was given to be

11
Ecsoc = Ecsou +0.15( % ) as shown in Figure 3.9 (3.27)
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Ecsou = longitudinal strain  of unconfined concrete at 50% of the maximum

compressive stress (= 0.004).

Concrete Axial Stress, f, (MPa)

Unconfined
Concrete

Confined
Concrete

QY PRI SIS Y

0 En o & Eo

Concrete Axial Strain, &,

Figure 3.5 Stress-strain relation of confined concrete of reinforced concrete columns
subjected to concentric loadings (Cusson and Paultre, 1995).
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Figure 3.6 Effect of effective confinement index on coefficient k,

(Cusson and Paultre, 1995).
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Figure 3.7 Effect of effective confinement index on strength ratio
(Cusson and Paultre, 1995).
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Figure 3.8 Effect of effective confinement index on peak strain of confined concrete
(Cusson and Paultre, 1995).
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Figure 3.9 Effect of effective confinement index on Longitudinal strain of confined
concrete at 50% of maximum compressive stress (Cusson and Paultre, 1995).

The effective confinement pressure was given to be

f'=K_f (3.28)
Where
f| — fhcc [A%hx + Ashy J (3 29)

s | b +d, '

1\ 2 ) )
W) s (s
' 6b.d_ 2b, 2d,

K, = =) (3.30)
A,, = area of stirrups in the x direction;

A,,, = area of stirrups in the y direction;

f... = stress in the transverse reinforcement at the maximum strength of confined

concrete.
The stress in the lateral reinforcement was determined from the corresponding
stirrups strain which assuming the lateral strain of stirrups equal to lateral concrete

strain. The lateral strain of stirrups was determined to be



37

1-v)f'
Ehee = Vel — ( C) I (331)
Esec
Where
v. = Poisson’s ratio of concrete.
When used Poisson’s ratio of concrete to be 0.5
fI '
Enee =056 | 1—— (3.32)
fCC

In this investigation, the Poisson’s ratio of concrete was used to be 0.5. In

addition, above equation had three unknowns: the peak strain of confined concrete

(&), the effective confinement pressure ( f,') and the compressive strength of
confined concrete ( f..) which all variables were function of stress in the transverse

reinforcement at the maximum strength of confined concrete ( f,..). The method to

compute the variables followed an iterative procedure as follows,

1. Assume f, . = f, and compute f .

hce
2. Compute f and & .

3. Estimate &, .

4. Find new value of f, ., from estimated ¢, .

5. Reevaluate f,'.

6. Repeat step 2 to 5 until the values are convergence.

3.2 Analytical load-deflection models for concrete-encased steel columns

In this section, analytical models for predicting the axial load-deformation of
CES stub columns of Chen and Lin (2006) and Chen and Wu (2017) are proposed.
The effect of concrete confinement and buckling of steel are considered in these

models.
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3.2.1 An analytical model of Chen and Lin (2006)

In the investigation Chen and Lin (2006), the axial load-deformation model
was proposed based on strain compatibility method of the composite cross-section.
The axial loads of the CES columns were computed from assembled the axial stress of
structural steel, longitudinal reinforcement steel and concrete in the CES columns.
Assumptions of the model were as follows: (1) the model assumed uniform
distribution on the cross-section; (2) axial stress of each materials used uniaxial stress-
strain relationships; (3) the model considered confinement effect of concrete; (4) the

model assumed local buckling of structural steel and reinforcement steel.

Longitudinal reinforcing bar

,Unconfined concrete

Lateral tie L—Partially confined concrete

Highly confined concrete

Structural steel

Figure 3.10 Materials and concrete confinement zone of concrete-encased steel
columns (Chen and Lin, 2006).

The concrete in the CES columns was divided into three parts as unconfined
concrete, partially confined concrete and highly confined concrete, as shown in Figure
3.10. The confined areas are assumed as parabolic arching referenced confinement
areas of reinforced concrete columns. The unconfined concrete zone is outside the
parabolic arching formed by reinforcement steel. The highly confined zone is inside
the parabolic arching formed by flange of structural steel. The partially confined zone
is outside the highly confined zone and inside the unconfined zone.

The axial load-deformation of the CES columns was proposed in terms of the
axial loads and axial strain relationships. The axial loads from the model were
determined by assembling axial capacity of all materials in the CES columns, as
shown in Figure 3.11. The analytical axial loads were given to be



Pana = fs& + fsrAsr + fucA\jc + fpcApc + fhcAhc

Where

A, = cross-sectional area of highly confined concrete;
A, = cross-sectional area of partially confined concrete;
A, = cross-sectional area of unconfined concrete;

f.n' = compressive strength of highly confined concrete;
f., = compressive strength of partially confined concrete;
f...' = compressive strength of unconfined concrete.

Highly confined concrete
Partially confined concrete
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I
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Figure 3.11 Axial loads of CES columns by analytical model of Chen and Lin (2006).

The concrete referenced model of unconfined and confined concrete by

Mander et al. (1988), but the compressive strength of partially and highly confined

concrete defined as follows,

For partially confined concrete
fcc,p ‘= Kp fco l
For highly confined concrete

1
h fco

fcc,h ‘= K

(3.34)

(3.35)
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Where
K, = confinement factor of highly confined concrete;
K, = confinement factor of partially confined concrete.

The stress-strain relationships of unconfined, partially confined and highly
confined concrete were shown in the Figure 3.12. The strain at maximum compressive
stress of unconfined concrete was assumed to be 0.002. In addition, the concrete
confinement factors of partially confined and highly confined concrete were

proposed, as shown in Figure 3.13.

A
Highly confined concrete
—— = Partially confined concrete
----- Unconfined concrete
K/lf -
2 pJ cof ———=—= — — !
2] L L o s e - | ~
el Af co % I -~ < I ~—
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1 1 I~o
/ | | | s
| | | e
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| | | >
€co sqz Ech
Strain

Figure 3.12 Stress-strain relationships of unconfined, partially confined and highly
confined concrete (Chen and Lin, 2006).
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Figure 3.13 Concrete confinement factors of partially confined and highly confined
concrete (Chen and Lin, 2006).
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Figure 3.14 Stress-strain relationships of longitudinal reinforcement steel
(Chen and Lin, 2006).

The steel models considered buckling behavior of steel in compression. The
stress-strain relationships of structural steel and longitudinal reinforcement steel were
assumed, as shown in Figure 3.14-3.15. The structural steel and reinforcement steel
reached the yield stress of steel. After that, the reinforcement steel was assumed to
buckle after spalling of the unconfined concrete, and the stress of the longitudinal
reinforcement steel became degrade. Moreover, the structural steel was assumed to

buckle after crushing of the partially confined concrete.

Compression

Stress

0.2f,,

\ 4

Vs ce,p ce,p

Strain

Figure 3.15 Stress-strain relationships of structural steel (Chen and Lin, 2006).
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3.2.2 An analytical model of Chen and Wu (2017)

In the investigation Chen and Wu (2017), the axial load-deformation model
was proposed based on strain compatibility method of the composite cross-section as
same as Chen and Lin (2006), but the equation to compute the lateral confinement
pressure were thoroughly proposed. The axial loads of the CES columns were
computed from assembled the axial stress of structural steel, longitudinal
reinforcement steel and concrete in the CES columns. The concrete in the CES and
PEC columns were divided into three parts and two parts respectively, as shown in
Figure 3.16. Definition of the concrete confinement zone in this model was similar to

the concrete confinement zone of Chen and Lin (2006).

— Partially confined concrete

Highly confined concrete

Steel section

(a) SRC column. (b) PSRC column.

Figure 3.16 Materials and concrete confinement zone of concrete-encased steel
columns (Chen and Wu, 2017).

The highly confined concrete of the PEC columns was confined by structural
steel only, but the highly confined concrete of the CES columns was confined by
structural steel and reinforcement steel. The effective lateral confining pressure of

PEC and CES columns were defined as follows,

For partially encased composite columns

f|I,h = fll,s (3.36)
For highly concrete-encased steel columns

f,:h = f

l,s

+ 1, (3.37)
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Where
fl:s = the effective lateral confining pressure from structural steel;
fl:p = the effective lateral confining pressure from stirrups.

The effective lateral confining pressure from structural steel (f,) was

determined from lateral confining pressure, stress effectiveness coefficient and
confinement effectiveness coefficient. The lateral confining pressure are determined
from the pressure by the expansion of the concrete to the structural steel flange. The
stress effectiveness coefficient is the coefficient considering uneven distribution of
confining pressure. The confinement effectiveness coefficient is the coefficient
different confining states. The effective lateral confining pressure from structural steel

pressure could be determined to be

fl,s = keskea fI,s (338)
Where

kea = confinement effectiveness coefficient;

kes = stress effectiveness coefficient;

f, . = lateral confining pressure.

The lateral confining pressure was determined from the pressure by the
expansion of the concrete to the structural steel flange. The edge of steel flange was
assumed to yield. The biaxial ellipse theory was used to calculate the maximum
tensile stress at the edge of the steel flange. And experimental found that the nonlinear
expansion of concrete occurred at 0.75 times of the yielding strength of PEC columns.
From calculated of the biaxial ellipse theory, the maximum tensile stress of the steel
flange against the lateral expansion of concrete to be 0.375 times of yielding of
structural steel, as shown in Figure 3.17. The lateral confining pressure was
determined to be

2

f.=— 3.39
l,s 3 qu ( )



Where

q, =
t7

T

b =

maximum lateral confining pressure;

f

y

clear width of steel flange.

Deformed shape
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(3.40)
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Figure 3.17 Lateral confining pressure from structural steel (Chen and Wu, 2017).

The stress effectiveness coefficient was used to adjust the direct confining

pressure to the average confining pressure ( f

), as shown in Figure 3.18. The

equations to calculate the stress effectiveness coefficient was given to be

> O
1 1

clear width of steel flange;

clear height of steel web.

(3.41)

(3.42)
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Figure 3.18 Average confining pressure of highly confined concrete
(Chen and Wu, 2017).

The cross-section of the PEC columns with cross-shape structural steel is

shown in Figure 3.19.

’ Quater-concrete model

Figure 3.19 Cross-section of PEC columns with cross-shape structural steel
(Chen and Wu, 2017).

The confinement effectiveness coefficient was used to adjust the total area of
concrete to area of effective highly confined zone, as shown in Figure 3.20. The
equation to calculate the confinement effectiveness coefficient was given to be

/1( /1)2

1-%1-2

kea=4p‘*= 41 & (3.43)
A 1—5(1—/1)2

Where

A, = area of effective highly confined zone.
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Figure 3.20 Adjustment of highly confined concrete zone (Chen and Wu, 2017).

The effective lateral confining pressure from stirrups which confining lateral
pressure to both highly confined concrete and partially confined concrete was
determined based on lateral confining pressure of Mander model in 1988. But,
Mander model assumed yielding of stirrups which the stirrups may not yield in some
case. In 1995, Cusson and Paultre proposed an iterative procedure to determine real
stress in stirrups which proposed in section 3.1. The effective lateral confining
pressure from stirrups was defined to be

1:I,p ‘= kepsh frh (344)
Where

ke = area ratio of effectively confined area of partially confined concrete;

Py, = effective volume ratio of stirrups;

frh

real stress in stirrups which determined based on Cusson and Paultre

iterative procedure.
The stress-strain of all part of concrete referred the stress-strain relation of
confined and unconfined concrete of Mander et al. (1988) as shown in Figure 3.21
which the maximum compressive stress of highly confined, partially confined and

unconfined concrete was defined to be

/ 7.94f ' f "
fcch'thco'(—1.254+2.254 1+ f L2 f"hlme' (3.45)
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7.94f1 ' f .
fo. . =K, f,'=|—-1.254+2.254 1+ P _p P f,' (3.46)
Y fCO' fCOI
fcc,u = fco ' (347)
Where

f,,h "= effective lateral confining pressure of highly confined concrete;

f,’p "= effective lateral confining pressure of partially confined concrete.

Highly cofined concrete

Partially cofined concrete

Compressive stress

Uncofined concrete

Y

Strain

Figure 3.21 Stress-strain relation of highly, partially confined and unconfined
concrete (Chen and Wu, 2017).

For structural steel, biaxial stress ellipse theory was adeptly used for web plate

of structural steel. The biaxial stress ellipse theory was defined as follows,

fst2 + fsi - fst fsv = fy2 (348)
Where
f. = maximum lateral tensile stress in web:

st

fsv maximum vertical stress in web.

For the structural steel web, the maximum lateral tensile stress was determined
from force equilibrium of steel section, as shown in Figure 3.17. The maximum lateral

tensile stress was defined to be
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4b
fo=— 3.49
st 3tW qu ( )
Where
b = clear width of steel flange;
g, = maximum lateral confining pressure.

For the stress-strain relation of steel, the Giuffre-Menegotto model without
considering hardening effect was adapted for the structural steel web and flange, as
shown in Figure 3.22. Radius of transition part between elastic range and hardening
branch was to be 10, R =10. For the steel flange of structural steel, buckling effect of

steel flange due to lateral expansion of concrete was not considered.

Stress

— Steel web

— — — Steel flange

-_—

0.75¢_,

Strain
Figure 3.22 Stress-strain relation of structural steel (Chen and Wu, 2017).

For stress-strain relation of longitudinal reinforcement steel, the stress-strain
model of Chen and Lin (2006) as shown in Figure 3.23 was used in this model. The
longitudinal reinforcement bars were assumed to buckle after the unconfined concrete
crushing. And the strength of longitudinal reinforcement bars was decreased to 20%
of the yield stress. The stress-strain relation of longitudinal reinforcement bars was

shown as follows,
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Stress

Y

Strain

Figure 3.23 Stress-strain relation of longitudinal reinforcement bars
(Chen and Wu, 2017).

Finally, the examples of the predicted load-strain relation of this model were
shown in Figure 3.24. The axial loads from the model were determined by assembled

axial capacity of all materials in the CES columns similar to model of Chen and Lin
(2006).

— Whole specimen .7,.’”," —— Wholspecimen
----- Steel section ) %,/?‘ === Steel section
mesmeny Steel reinforcement .‘*ﬁ ”y" T Steel reinforcement

; — — Highly confied concrete
— Highly confied concrete
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Figure 3.24 Axial loads of concrete-encased steel columns by analytical model of
(Chen and Wu, 2017).
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3.3 Simplified methods to predict axial compression of concrete-encased steel

columns

In this section, squash load and simplified methods of Lai et al. (2019) are
proposed.

3.3.1 Squash load method

Squash load method is a simplified method for predicting axial compressive
load of stub columns. The model defined by assuming all material reaches its ultimate
strength. The squash load method of CES columns defined to be

Psquash = As fy + A%r fysr + 085A: fco ' (350)
Where

A, = cross-sectional area of concrete;

A, = cross-sectional area of structural steel;

A, = cross-sectional area of longitudinal rebar;

f,,' = compressive strength of concrete cylinder;

f, = Yyield stress of structural steel;

f = Yield stress of longitudinal rebar.

3.3.2 Simplified methods of Lai et al. (2019)

In case of CES columns with high-strength concrete, Lai et al. (2019) found
that the concrete cover had failure before the columns reaches peak load. The squash

load method was adopts as shown to be

Psquash = A% fy + A%r fysr + 0'85'6\:,core fco ' (351)

Where

A .. = Cross-sectional area of core concrete.
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3.4 Strength interaction diagram of CES columns

In this section, a unified approach of Lai et al. (2019) for developing the
strength interaction diagram of CES columns based on strain compatibility method is
proposed. Strength interaction diagram based on plastic stress distribution method is

described in section 3.5.3.
3.4.1 A unified approach of Lai et al. (2019)

The section analysis by strip element method was performed, which was the
same approach as ACI 318-14 method. The nonlinear material properties of concrete
and steel were used. The CES section was discretized into a number of equally
thickness strip element, as shown in Figure 3.25. Assumption of strain compatibility
and linear strain distribution over the cross-section were used in this model. The
longitudinal stress of each material components was obtained by using material
constitutive relation. Axial force and bending moment capacity were calculated by
combining the axial force and the bending moment about the geometric centroid of
each strips. In addition, several assumptions used in strip element method were

1.Perfectly bonds about concrete and steel materials.

2.Plane section remains plane after deformation.

3.Tensile strength of concrete is small which can be neglected.

4.Initial residual stressed of steel is small which can be neglected.

5.Shear deformation of CES columns is small which can be neglected.

6.Effect of concrete confinement is carefully evaluated and include in analysis

for well-confined CES columns, as shown in Figure 3.26.

7.Failure of the CES columns occurred when concrete reaches crushing strain.

Ly

Strain Concrete Steel Rebar

Figure 3.25 Determination of strength interaction diagram based on strip element
method (Lai et al., 2019).
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Figure 3.26 Concrete model used in strip element method (a) stress-strain relation of
unconfined and confined concrete; (b) Different of strain gradient of concrete
(Lai et al., 2019).

3.5 Design of concrete-encased steel columns by AISC 360-16

In this section, design of composite members by AISC 360-16 which reference
some part of ACI 318-14 are proposed. This review focus on concrete-encased steel

(CES) columns only.
3.5.1 General provision

The design provisions had limitations of material and section properties. The
limitation of compressive strength of concrete is not less than 21 MPa (210 ksc) nor
more than 69 MPa (700 ksc). The minimum vyield stress of steel shall less than 525
MPa (5350 ksc) for structural steel and 550 MPa (5600 ksc) for reinforcement steel.
The limitation of minimum longitudinal reinforcement steel section area is 0.4% of
total section area. But the limitation of minimum longitudinal reinforcement steel
section area is 1% of total section area in the ACI 318-14. The maximum spacing of
transverse reinforcement steel is 300 mm for bar diameter to be 10 mm and 400 mm
for bar diameter equal or larger than 13 mm. Minimum clear spacing between
structural steel and longitudinal reinforcement steel shall be more than 1.5 of

reinforcement bar diameters, but not less than 38 mm.
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Nominal cross-section strength of the composite members is predicted by 4
methods as follows: plastic stress distribution method, strain compatibility method,
elastic stress distribution method and effective stress-strain method.

The plastic stress distribution method is a general method for compact section.
Material properties of concrete and steel are assumed to be rigid-plastic behavior
under uniaxial force. The yield stress of steel material is to be yield stress in
compression and tension. The compressive stress of concrete to be 0.85 of specified
compressive strength in compression for CES columns and to be zero in tension.

The strain compatibility method is an alternative method for compact section.
Strain in the cross-section is assumed to be a linear distribution. The maximum
compressive strain of concrete is assumed to be 0.003 mm/mm. Material properties,
stress-strain relationships of steel and concrete, shall be get from test results.
Guidelines of the strain compatibility method are shown in AISC Design Guide 6
(1992) and ACI 318-14.

The elastic stress distribution method is a general method for composite beam
with noncompact web. The nominal strength is determined from superposition of
elastic stress of each material properties.

The effective stress-strain method is added method in this AISC 360-16 for
noncompact and slender section. This method referenced strain compatibility method,
but used effective stress-strain relationships of steel and concrete which considering

effect of confinement of concrete and local buckling of steel.
3.5.2 Compressive strength

The nominal compressive strength of CES columns with double symmetric
section and axially loaded is determined by considering flexural buckling behavior

based on slenderness ratio of the columns as follows,

When P,/ P, < 2.25
P, = P, x0.658™ '" (3.52)

When P,/ P> 2.25
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P =0.877P, (3.53)

Where

I:)no = & fy + A%r fysr + 085A: fco I (354)

P, = 7El,, / (KL)’ (3.55)

El, =El,+ E]l,+ CE.I (3.56)

C,= 025 + S(MJ <07 (3.57)
A

A, = total cross-sectional area;

E. = elastic modulus of concrete;

E, = elastic modulus of structural steel;

E, = elastic modulus of reinforcement bars;

El,; = effective flexural rigidity;

I, = moment of inertia of concrete section about elastic neutral axis of composite
section;
I, = moment of inertia of structural steel section about elastic neutral axis of

composite section;
I, = moment of inertia of longitudinal rebars about elastic neutral axis of

composite section;

—
1

column length.
3.5.3 Strength interaction diagram

Four methods to determine the nominal strength of the CES columns subjected
to combined axial and flexural force include interaction equations of section H1 of
AISC 360-16, interaction curves from the plastic stress distribution method, method

by design guide 6 and direct interaction method for noncompact and slender filled
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sections. In this study, the interaction curves from the plastic stress distribution
method is proposed because it is high accurate and appropriate with CES columns
which does not consider local buckling of structural steel.

The interaction curves from the plastic stress distribution method is a section
approach for double symmetric columns which determined by plastic stress
distribution method. The interaction diagram of this method constructed by
interpolated four points, point A — D, as shown in Figure 3.27. Point A is defined by
pure axial compressive strength of composite columns. Point B is defined by flexural
strength of composite columns. Point C is defined by corresponds to a plastic neutral
axis location that determined by point B, but considering axial compression. Point D
is defined by corresponds to one-half of axial compressive strength that determined by
Point A.

Plastic stress distribution
Reduction for slenderness, A'= 1A

Reduction for design, A= ¢A’ or A'/Q
/

A = slenderness reduction

Figure 3.27 Interaction diagram by plastic stress distribution method of AISC 360-16.

3.6 Analytical load-deformation models of cellular steel columns

In this section, analytical models to predict behavior of steel columns with
web openings under non-combined axial compression and bending moment, and
under combined axial compression and bending of Najafi and Wang (2017) is

described.
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3.6.1 An analytical model of steel columns with web openings under

axial compression and bending moment

For steel columns with web openings, section properties of a tee-section which
it’s a cross-section at the centerline of the opening as shown in Figure 3.28 (a) was
used to calculate the axial compression and bending moment capacities. Three types
of openings were proposed including circular, rectangular and elongated circular

openings, as shown in Figure 3.28 (b).

lo

‘. lo

lo"=15-0.55d,

A ’o=do
ﬂ-tw ' a—
: 1 = : ]t
R
Io,=0.45do
(@) (b)

Figure 3.28 Tee-section, rectangular opening, elongated circular opening and circular
opening (Najafi and Wang, 2017).

In case of steel columns with circular web openings, the tee-section of the
circular openings was very short. Therefore, failure of the columns was plastic
capacity of the tee-section. The plastic axial compressive capacity and plastic bending
moment capacity of the steel columns with circular openings were given as follows,

For plastic axial compressive capacity

No,pl = &,net fy (358)
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For plastic bending moment capacity

ot oz,
Mo,pl = Zx,o fy = (Zx _TJ fy =M pl _T fy (359)

Where
As,net = cross-section area of tee-section;

Z.. = plastic section modulus of cross-section at opening about x axis.

S,0

3.6.2 An analytical model of steel columns with web openings under

combined axial compression and bending moment

In case of steel columns with web openings under combined axial compression
and bending moment as shown in Figure 3.29, plastic neutral axis (P.N.A.) of the
cross-section of the tee-section was changed by the magnitude of the axial forces, as
shown in Figure 3.30. The bending moment capacity was reduced by according to
increasing of the axial force. The equations to compute the reduced plastic bending
moment capacity were given as follows,

For P.N.A is in bottom web of tee-section

2 2
My =M, |1~ Ane [ Ny | _AD | Ny (3.60)
’ 4thx,o No,pl sz,o No,pl

For P.N.A is in bottom flange of tee-section

B A (05d,-05t ) N
My =M, 7 {1— Noﬂ (3.61)
Where
N =((d, =D, )t, —2dyb; ) f, (3.62)

dy = height of flange thickness subjected to axial compressive force;
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M = reduced plastic bending moment capacity;

N, = axial compressive force.
==
My : M
UB457x152x82 o= do 2do, 3do Id.= 0.75h N
]< 3m > :
’ 6m ”

Figure 3.29 Column with web opening under combined axial compression and
moment (Najafi and Wang, 2017).

Details of derived reduced plastic bending moment capacity were shown in
Najafi and Wang (2017). Examples of strength interaction diagrams shown in Figure

3.30. The figure shown that the prediction had high accuracy in circular opening.

- Tension W) compression

T

Mid-height  PN.A

daun=d M.y

SNNNNNNAY
o
2
'!>
4
2

;///////A V2224

\

Mid-height

(a)Noaxialload  (b) Withaxiallad (C) With axial load (d) With axial load

P.N.A inthe P.N.A in the P.N.A at bottom P.N.A in the
middle bottom web web-flange junction bottom flange

Figure 3.30 Plastic interaction of axial force and bending moment in tee-section
(Najafi and Wang, 2017).
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Figure 3.31 Interaction diagrams of section UB457x152x82 (Najafi and Wang, 2017).

3.7 Design of cellular steel beams by AISC design guide 2 (1992)

In this section, design of steel beam with web opening by AISC design guide 2
(1992) is proposed. Bending moment capacity of bare steel beam with circular web

opening is described in this part.
3.7.1 Maximum moment capacity of steel beam with web opening

The bending moment capacity of a steel beam with web opening is to be

D
&,hole (J_ej
M, =M |1- (3.63)
Zs,g
Where
As,hole = Dotw (364)
My = f,Z,, (3.65)
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D, = hole diameter of cellular column;

e = eccentricity of opening;

t, = web thickness of structural steel;

f, = specified minimum yield stress of steel,

Z,, = plastic section modulus of gross section about x axis.

3.8 Design of cellular steel beams by AISC design guide 31 (2016)

In this section, design of cellular steel members by AISC design guide 31 was
proposed. The proposed design guide was focus on cellular steel beam. At present, the
proposed design guide was lack of method to design of cellular steel columns.
Therefore, the proposed design guide of cellular steel beam was proposed.

The cellular beams had limit states as follows,

1. Vierendeel moment of tee
Local buckling and compactness

. Axial compression and tension

2
3
4. Flexural strength of Beam
5. Buckling of web post
6. Horizontal shear
7. Vertical shear
8. Lateral-torsional buckling

This review focused on Vierendeel moment of tee, axial compressive strength,

axial tensile strength, flexural strength, and combined flexural and axial force of non-

composite cellular beam only.
3.8.1 Vierendeel moment

Vertical global shear force at the openings was the cause of Vierendeel
moment. The shear force increases the internal moment in the top and bottom tee-
sections. This failure occurred from plastic hinges at the comers of the openings and
checked from global moment and shear in all openings. Three steps to check the

Vierendeel moment failure was given as follows,
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1. Calculate axial forces in the top and bottom tees due to global moment;
and, calculate Vierendeel moment at each opening due to global shear.
2. Calculate axial tensile and compressive strength of the tees using
Chapter D and E of AISC360-16 and calculate flexural strength of the
tee section using Chapter F of AISC360-16.
3. Check the failure of combined axial force and Vierendeel moment using
Chapter H of AISC360-16.
Equations to calculate the axial forces in the top and bottom tees due to global
moment, as shown in Figure 3.32, and Vierendeel moment at each opening due to
global shear, as shown in Figure 3.33, were given as follows,

For axial forces due to global moment

P == (3.66)

For Vierendeel moment due to global shear

Mvr :VI‘[ Aee_](&} (367)
As,net 2

Where

A.. = area of tee-section;

d.. = distance between centroids of bottom and top tee;

= require flexural strength;

V, = require shear strength.
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Figure 3.32 Axial forces in the top and bottom tees due to global moment
(AISC design guide 31, 2016).

s |a Do e | 2
¢ ENA of top tee
>~} f/—PNA of top tee

7% |4

Global shear - V

ENA of bottom tee 7
PNA of bottom tee

Ytee-bot

Figure 3.33 Vierendeel moment at each opening due to global shear
(AISC design guide 31, 2016).

3.8.2 Axial compressive strength of tee

Nominal compressive strength of tee section was lowest of limit states of
flexural buckling and flexural-torsional buckling. This section focuses on calculation

of nominal compressive strength for checking Vierendeel failure. Section properties

of the tee-sections were given as follows,

200,000 MPa.

w
1

77,200 MPa.
0.65 (Fixed-free condition).

X X O m

= 10



L = Lateral unbraced length.
_D /
L="9
L, = Effective length.
LKt
“ KL
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(3.68)

(3.69)

For limit states of flexural buckling, the nominal compressive strength of tee-

section depended on slenderness of elements of the tee-section. If the tee-section

member without slender element, the calculations using section E3 of AISC360-16

were given as follows,
I:)n = FcrAg

Ag = A%,net

L E f
When —=<4.71 [= or X <2725
r fy F,
fy
F, = [0.6585 J f,
f
When 5 >4.71 E or X >2.25
r fy F,

F, =0.877F,

(3.70)

(3.71)

(3.72)

(3.73)

(3.74)
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Where
r = minimumof I, and ;.

If the tee-section member with slender element, section E3 of AISC360-16
was used to calculate critical stress.
For limit states of flexural-torsional buckling, section E4 of AISC360-16 was

used to calculate nominal compressive strength of tees. The nominal compressive
strength (P,) was calculated according to Equation 3.70 and critical stress (F,)
according to Equation 3.72-3.73. The equations to calculate flexural-torsional

buckling stress (F,) were given as follows,

. :[Fey ¥ FeZJ e 4FeyFeZH2 (3.75)
2H (F, +F.)
7r2ES
F, = . (3.76)
ry
2
F =z ESZCW +G,J 1_2 (3.77)
ch Ag ro
X2 + 2
H=1-%"Yo (3.78)
r-0
L, =KL (3.79)
L, =K,L (3.80)
L, =KL (3.81)
— I +1
ro2 =x +yl+2 (3.82)
A,



65

Where

J = torsion constant;

K, and K, = effective length factor about x and y axis;

K, = effective length factor about longitudinal axis;
X, and Y, = coordinates in x and y axis of the shear center and centroid.
3.8.3 Axial tensile strength of tee

Section D2 in AISC360-16 was referred to determined nominal strength of

tee-section. Equation to calculate the nominal tensile strength were given to be
Pn = fyAs,net (383)

3.8.4 Flexural strength of tee

Nominal flexural strength (Mn) of tee section was lowest of limit states of

yielding, local buckling of flange, local buckling of tee stems and lateral-torsional
buckling. This section focuses on calculation of nominal compressive strength for
checking Vierendeel failure. Section properties of the tee-sections were given as

follows,

L= D% (3.84)

L, = Unbraced length.

M
1

. = 200,000 MPa.

@
I

s 77,200 MPa.

For limit states of yielding, the nominal flexural strength of tee-section using
section F9.1 of AISC360-16 was given to be

M, =M

n

p (3.85)
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Where

M, =M, (3.86)
M, = fyS)Hee (3.87)
S, = modulus of elastic of tee-section about the x-axis.

x-tee
For limit states of lateral-torsional buckling, the nominal flexural strength of

tee-section using section F9.2 of AISC360-16 was given as follows,

When L, <L,

M, =M, (3.88)
When L, <L, <L,

Mn:Mp,—(Mp,—My)[l:::::] (3.89)
When L, <Ly <L,

M =M, (3.90)
Where

L, =1.76r, '?— (3.91)

1.3 f
L —195 E N 236| 2 |ueSe (3.92)
f | s E, ) J

y X

M, =1'9L5bE5 1,J (B+\/1+ Bz) (3.93)



67

a )
B= 23[t]\/; (3.94)

For limit states of local buckling of flange, the nominal flexural strength of
tee-section using section F9.3 of AISC360-16 is given as follows,

When flange section is a compact
M, =M, (3.95)

When flange section is a noncompact

rf pf

A=Ay
M,=| M, —(M,-07fS,) - <1.6M, (3.96)

When flange section is a slender section

M = O7ESe (3.97)
b
2t,
Where
S,. = elastic section modulus of compression flange about x-axis.
PRl 3.98
"% (3.98)

or = slenderness limit of compact flange;

A, = slenderness limit of noncompact flange.

For limit states of local buckling of tee stems, the nominal flexural strength of

tee-section using section F9.4 of AISC360-16 was given as follows,

M, =FS, (3.99)
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When % <0.84 E
L, f

Fo =1, (3.100)

When 0.84 5<%31.52 E
fy t, fy
d_[f
F =|143-0515—t | X |f (3.101)
cr tw Es y
When %>1.52 5
t, f,

E o 1.52E, (3.102)

3.8.5 Check tees under combined flexural and axial force

For check tees under combined flexural and axial force, equation of interaction
of combined flexural and axial force in section H1 of AISC360-16 was given as
follows,

s)
When —2>0.2
en P

C

P 8(M, M,
S8 My By g g |
P 9(M M ] (3.103)

[ cy

P
When —+<0.2
en P

C



b +(M’X + WJsm

2P, (M, M,

Where

M, = available flexural strength about x axis;
o = available flexural strength about y axis;

M, = flexural moment about x axis;

M, = flexural moment abouty axis;

P, = available axial strength;

P. = axial force.

69

(3.104)
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CHAPTER 4
EXPERIMENTAL PROGRAM

4.1 Experimental program

In the experimental program, the bare steel and composite columns were tested
under concentric and eccentric loadings. The bare steel columns consisted of the
cellular steel columns and hot-rolled wide-flange steel column, so-called “parent
columns”. The composite columns consisted of CECS columns and CES columns.
The CES columns used the parent steel shape, while the CECS used the cellular steel
shapes. The parent steel member was a hot-rolled wide-flange shape with the flange
width (bs ) of 150 mm, total depth ( d ) of 150 mm, web thickness (t,) of 7 mm, and

flange thickness (t; ) of 10 mm. The length-to-width ratios (L/b) were 4 and 3 for

steel and composite columns, respectively.

The experimental program was divided into 2 parts. First part proposed the
bare steel and the composite columns under concentric loadings. The objectives of the
first part are as follows: 1) study the axial compressive behavior of cellular steel and
CECS columns, 2) compare the axial compressive behavior of the cellular steel
columns with the parent columns, 3) compare the axial compressive behavior of the
CECS columns with the CES columns, 4) compare the axial compressive behavior of
bare steel columns with the composite columns, 5) study the effect of design
parameters on the axial compressive behavior of cellular steel and CECS columns

Second part proposed the bare steel and the composite columns under
eccentric loadings. The objectives of the second part are as follows: 1) study
compressive behavior of cellular steel and CECS columns subjected to eccentric
loadings, 2) compare the eccentric compressive behavior of the cellular steel columns
with the parent columns, 3) compare the eccentric compressive behavior of the CECS
columns with the CES columns, 4) compare the eccentric compressive behavior of
bare steel columns with the composite columns, 5) study the effect of design

parameters on the eccentric compressive behavior of cellular steel and CECS columns
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The test variables included the concrete strength, spacing of stirrups and
cellular steel shape for concentric loading columns, and the cellular steel shape and

load eccentricity for eccentric loading columns.

4.2 Concentric loading columns
4.2.1 Cellular steel columns subjected to concentric loadings

Table 4.1 shows the geometric properties of all tested steel columns subjected
to concentric loadings. The dimensions of three cellular steel columns (ST-C1, ST-C2
and ST-C3) and the parent steel column (ST-W) are shown in Figure 4.1. The cross-
section properties were calculated at the net section at the hole center and at the gross

section (solid section). The column length (or height) was 600 mm.

Table 4.1 Geometric properties of cellular and parent steel columns subjected to

concentric loadings.

ol Comparison
Nominal dimensions of steel column Cross-sect_lona [Cellularj
properties
Parent
@ =
D )
[«5)
& £ <
—_ o — o>
% 8 -'g_ s g 5] 3+ 3 3] 3
£ g 0 () £ S )2 o s (] s
o o 3 ©° = T 8_ © " < o
s s 3 |2 z|=| 8 E| s ¢
Steel g 2 & 5 § % z 3 zZ &
column & = =
@ 8
g £
o | 5%
D, S loss g D D W, A et A, A et A,
o 0
mm  mm mm mm - - N/m cm? cm? - -
) (4) (6) (M
1 2 3 4 = 5 6 7 -
@D ) 3 4 0 0 ®) (6) @) (6)° %)
ST-W - - - 150 - - 309 40.15 40.15 - -
ST-C1 90 126 10.0 185 1.40 2.06 300 36.30 42.60 0.90 1.06
ST-C2 75 126 225 165 1.68 2.20 298 35.95 41.20 0.90 1.03
ST-C3 90 108 10.0 185 1.20 2.06 296 36.30 42.60 0.90 1.06

@ Based on the parent steel column (ST-W)
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Figure 4.1 Tested steel columns (a) ST-C1; (b) ST-C2; (c) ST-C3; and (d) ST-W
(dimensions in mm).

Figure 4.2 shows the symbols used for parameters of the cellular steel

columns. Figure 4.3 shows a of cellular steel column after welding process. The loss

value was designed to control the total depth and hole spacing. The total depth (d, ) of

the cellular steel column is

dg =d+&—loss
2

Where
D =
d =
d =

hole diameter of cellular column;

total depth of steel column;

total depth of cellular steel column;

loss from fabrication of cellular steel column.

(4.1)
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The hole diameters ( D,) ranged from 75 to 90 mm. In this study, the total
depth-to-hole diameter (d, / D, ) ratio ranged from 2.06 to 2.20. The hole spacing-to-
hole diameter (S/D,) ratio ranged from 1.20 to 1.68. It should be noted that the AISC
design guide no. 31 recommends the dg / Dy ratio between 1.25 and 1.75, and S/D,

ratio between 1.08 and 1.50 for the web post buckling behavior. The weight per
length, moment of inertia, net cross-sectional area, and gross cross-sectional area of

the cellular steel column are calculated from

D2 \(t
Ws,cellular = psAS,parent + Ps (dg —d )tw —Ps [ 40 J(gwj (42)
&,net = A%,parent _(d _(dg - Do ))tw 4.3)
&,g = A,net + Dotw (44)
Where
A, gross cross-sectional area of cellular steel member (at solid web section);

A e Cross-sectional area of parent steel column;

A .  critical cross-sectional area of cellular steel member (at critical section, i.e.,

double tee section at hole middle, of cellular steel member);

S center-to-center hole spacing of cellular column;
t, web thickness of structural steel;
W, e Weight per length of cellular steel column;

P density of steel.
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Figure 4.2 Parameters of cellular steel column (a) after cutting process;
and (b) after welding process.

Figure 4.3 Cellular steel column (specimen ST-C1) after welding process.

From Table 4.1, the weight per length of the cellular steel columns were
slightly less than the parent column. The net and gross cross-sectional areas of three
cellular columns were almost identical, i.e., 90 and about 106 % of the parent cross-
sectional area. Therefore, the replacement of parent steel column with the cellular one
reduces axial performance and slightly reduces the weight. However, the replacement
of parent steel column with the cellular one can increase flexural performance, which
discussed in section 4.3.1. The effects of hole configuration on the axial stiffness,
yield load, and maximum loads under compression are discussed in section 5.1. In

addition, the equivalent cross-sectional areas are proposed in section 6.1.
4.2.2 CECS columns subjected to concentric loadings

Table 4.2 shows the properties of all tested composite columns. The
dimensions of all composite columns were 340 x 340 mm in cross section and 1100 mm

in height. Figure 4.4 shows the typical reinforcement details of the CECS columns.
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Four 15-mm-diameter round bars ( RB15) were used as the corner longitudinal
reinforcements. The longitudinal reinforcement ratio was 0.006. This value was
slightly above the ANSI/AISC 360-16 minimum value of 0.004 for the CES columns.
The 9-mm-diameter round bars (RB9) were used as the transverse reinforcements
(closed stirrups). The maximum spacing used in this study was limited by the
ANSI/AISC 360-16 maximum spacing requirement. The target compressive strength
of concrete cylinders at 28 days was 21 MPa, the minimum limit specified by the
ANSI/AISC360-16. The shear studs were not installed in all composite columns in

this part. All sketches of tested composite columns are shown in Appendix A.

@) (b)

Figure 4.4 Typical reinforcement details of CECS column (column C1-126);
(a) cross section; and (b) longitudinal section (dimensions in mm).

For the CECS composite columns (Figure 4.5), the parameters of cellular steel
members were identical to the bare cellular steel columns in section 4.2.1. The cross-
sectional properties were calculated at the net and gross section. As shown in section
4.2.1, the net and gross cross-sectional areas of three cellular members were almost
identical, i.e., 90 and about 106 % of the parent cross-sectional area.

Figure 4.6 shows three components of the composite columns. All composite
columns were prepared by casting concrete vertically. During the concrete casting
into the timber formwork, a vibrator was used to remove air bubbles in the concrete
and compact the concrete. After 24 hours, the formwork was dismantled.
Subsequently, the columns were watered and covered with burlap. The standard
concrete cylinders for the material property testing were also prepared using the same
curing method.



Table 4.2 Properties of CECS and CES columns subjected to concentric loadings.

. . . . Cross-sectional
Geometric and material properties of composite column

Properties
B 1
© 2
(5]
_ > S '§ g
§ E e = £ = <5} S <
Z £ 3§ B g8 £| 2 3 g &
s £ 3 =z =z 4| I I s 2
. § =2 =& E 8§ ¥ == g 5
Composite 2 f E = = e 3 ?} (0]
columns n @ 3 =3 S
[
s 8
S d
- D, s d s f | = =X | A A
0 9 co ,net 9
DO DO
mm mm mm mm mm MPa - - cm? cm?
@ @
@ ) (€©) 4 (%) (6) @ @ (7 ®)
W-170 (A) W - - 150 170 20.1 - - 40.15 40.15

C1-170 (A) C1 90 90 185 170 20.1 1.40 2.06 36.30 42.60
C2-170 (A) C2 75 75 165 170 20.1 1.68 2.20 35.95 41.20

C3-170 (A) C3 90 90 185 170 20.1 1.20 2.06 36.30 42.60

W-170(B) | W - - 150 170 183 - - 40.15 | 40.15
C1-170B) | C1 90 90 185 170 183 | 140  2.06 | 36.30 | 42.60
C2-170B) | C2 75 75 165 170 183 | 1.68 220 | 3595 | 41.20

C3-170 (B) C3 90 90 185 170 18.3 1.20 2.06 36.30 42.60

W-126 w - - 150 126 20.1 - - 40.15 40.15
C1-126 C2 75 75 165 126 20.1 1.68 2.06 36.30 42.60
C2-126 C1 90 90 185 126 20.1 1.40 2.20 35.95 41.20
C3-108 C3 90 90 185 108 20.1 1.20 2.06 36.30 42.60
W-63 w - - 150 63 22.9 - - 40.15 40.15
C1-63 C1 90 90 185 63 22.9 1.40 2.06 36.30 42.60

C2-63 Cc2 75 75 165 63 22.9 1.68 2.20 35.95 41.20
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Figure 4.5 Dimensions of steel members in tested composite columns (a) C1; (b) C2;
(c) C3; and (d) W (dimensions in mm).

(@) (b) (c)

Figure 4.6 Components of CECS composite column (a) cellular steel;
(b) steel reinforcements; and (c) composite column after concrete encasement.

In addition, four reinforced concrete (RC) columns (RC-170, RC-126, and
RC-63) were tested for comparing the axial compressive properties with the

composite columns. Figure 4.7 shows the typical reinforcement details of the RC

columns. The dimension, longitudinal reinforcement, and transverse reinforcement of
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the RC columns were similar to the composite columns. The stirrup spacings of RC-
170, RC-126, and RC-63 were 170, 126, and 63 mm, respectively. The concrete
strength of RC-170, and RC-126 were 20.1 MPa. The concrete strength of RC-63 was
22.9 MPa. All sketches of tested composite columns are shown in Appendix A.

I l<72474—l | 46 J—71264—1-7126‘>l<71264>]<71264—l<71264—|-71264—J<712(:74—I<71264—1 46 l‘*
340 1100

(@ (b)

Figure 4.7 Typical reinforcement details of RC column (column RC-126);
(a) cross section; and (b) longitudinal section (dimensions in mm).

4.2.3 Material properties of concentric loading columns

A ready-mixed concrete with the maximum aggregate size of % inch was used.
The target compressive strength of concrete cylinder at 28 days was 21 MPa. The
standard concrete cylinders with diameter of 150 mm and height of 300 mm, as
shown in Figure 4.8 (a), were used. The average compressive strengths of the first
batch concrete cylinders at 14 and 28 days were 18.3 and 20.1 MPa, respectively. The
average compressive strength of the second batch concrete at 14 days was 22.9 MPa.

The structural steel column was the hot-rolled wide-flange steel shape. The
chemical and mechanical properties conformed to TIS 1227, grade SS400. The tensile
steel specimens were cut from both flange and web of the structural steel, as shown in
Figure 4.8 (b). RB9 and RB15 were hot-rolled steel bars conformed to TIS 20, grade
SR24. Three samples, as shown in Figure 4.8 (c), were tested. Table 4.3 shows the
measured tensile properties of structural steel and rebars including the elastic

modulus, yield stress, and ultimate tensile strength.
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The butt welding was used to produce the cellular steel columns. The size of
weld wire was 1.2 mm according to AWS A5.20 (E71T-1). The measured weld size

was 10 mm.

(©

Figure 4.8 Material property testing; (a) concrete; (b) steel plate;
and (c) reinforcement bar.

Table 4.3 Measured tensile properties of structural steel and rebars.

Structural steel Nominal thickness Elastic modulus  Yield stress Yield strain Tensile strength
(mm) (GPa) (MPa) (MPa)
Flange 10 204 306 0.00150 472
Web 7 211 311 0.00148 482
N_omlnal Sl Yield stress . . Tensile strength
Rebars diameter modulus (MPa) Yield strain (MPa)
(mm) (GPa)
615 15.0 210 332 0.00158 522
o9 9.0 213 328 0.00154 471

4.2.4 Test setup and instrumentation of concentric loading columns

Figure 4.9 shows the test setup of the composite columns under concentric
loadings. The 500-ton-capacity testing machine was used. An applied load was
continuously recorded with the load cell positioned on the loading plate at the top of
the tested column. Three Linear Variable Displacement Transducers (LVDTs) were

used to measure the deformation response of the tested columns. The LVDT no.1 and
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no.2 at front and back sides of each tested column were used to record the axial
deformation over a gauge length of 400 mm at mid height. The LVDT no.3 was used
to record the crosshead movement. The crosshead rate was controlled to be 0.3
mm/min from the start to maximum loads, and 1.5 mm/min from the maximum loads
to termination of the testing. The test was terminated when the applied load dropped
to 70% of the maximum loads. The test setup of the bare steel columns (cellular and
parent steel columns) was identical to the composite columns, except that the gauge
length used for LVDT no.1 and no.2 was 200 mm, as shown in Figure 4.10.

Direction of load Direction of load

77 . »<Redvaed

Load cell =

Loading plate —

1

f 1'1
1 LECT N LR gy
%% %% e Rigidpate =3

Direction of load Direction of load

(a) (b)
Figure 4.9 Static test setup of composite column under concentric loads;
(a) side view; and (b) front view.
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%% e Risidvae 7777777

Direction of load Direction of load

a b
Figure 4.10 Sgaiic test setup of steel column under cc()n)centric loads;
(a) side view; and (b) front view.

Figure 4.11 (a) shows the location of strain gauges installed to capture the
local strain response in both longitudinal and transverse directions of the steel
columns (cellular and parent steel columns). In each column, eight strain gauges were
installed. Four strain gauges in the longitudinal direction included SG1 and SG4 at the
outside of both steel flanges and SG2 and SG3 at the steel web. Another four strain
gauges in the transverse direction included SG5 and SG6 at the steel web; SG7 at the
outside steel flange; and SG8 at the inside of the steel flange.

Figure 4.11 (b) shows the location of strain gauges in the composite column
(CECS and CES columns). Twelve strain gauges were installed in each column. Four
strain gauges in the longitudinal direction included SG1 and SG2 at outside of steel
flange and SG3 and SG4 at outside of the longitudinal rebars. Another eight strain
gauges in the transverse direction included SG7 and SG8 at the steel web; SG5, SG6,
SG9, and SG10 at outside and inside of the steel flanges; and SG11 and SG12 at
outside of the closed stirrup.
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Note: @ =strain gauge in longitudinal direction, < and t= strain gauge in transverse direction.
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Section A-A’ Section B-B’

Note: @ =strain gauge in longitudinal direction, <= and t= strain gauge in transverse direction.

(b)

Figure 4.11 Location of strain gauges (a) cellular steel column; and (b) CECS
composite column subjected to concentric loadings (dimensions in mm).

4.3 Eccentric loading columns
4.3.1 Cellular steel columns subjected to eccentric loadings

In this part, three types of cellular steel columns and a parent steel column
were tested under two load eccentricity values (E1 and E2). All column properties
(hole diameter, hole spacing, hole spacing to diameter ratio, total depth to hole
diameter ratio and weight per length) are similar with the bare steel columns in
section 4.2.1. The load eccentricity E1 and E2 are 17.5 and 35 mm, respectively.
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Table 4.4 shows the geometric properties of all tested steel columns subjected to
eccentric loadings. The column length (or height) was 600 mm.

The moment of inertia of the cellular steel column, which the cross-section
property was calculated at the net section at the hole center, are calculated from

bt d t, V) [t(d -2t,)) (tD2
st,cellular =2 = +bftf [_g__f] + ( g f) _[ Ty j (45)

12 2 2 12 12

Table 4.4 Geometric properties of cellular and parent steel columns subjected to

eccentric loadings.

. Cross- Comparison
. . . Loading .
Nominal dimensions of steel column condition sectional Cellular
properties Parent
E) S
D L
E ()
. £ 2| 8| z g
2 £ £V/SHE | 5 2 2 s
= & ) £ = N 1 iz =
ks =3 o o iT 8 ] 5] P
© @ [ (o)) g — 8 € 8
2 —_ ° c end L= [} =
Steel = [} = 'S f=% 2 g IS O
T T I @ ) S S
column 2 = = | s
) #il
2 P
S d
D S d — 2L lw E I
0 g D0 D0 S X SX
mm mm  mm - - N/m mm cm? -
2 €) (6)
@ 2) 3) n 7y 4 ) (6 2
@ Oy o @ ) ) ©)
ST-W-E1 - - 150 - - 309 17.5 1640 -
ST-C1-E1 90 126 185 1.40 2.06 300 17.5 2519 1.54
ST-C2-E1 75 126 165 1.68 2.20 298 175 1958 1.19
ST-C3-E1 90 108 185 1.20 2.06 296 175 2519 1.54
ST-W-E2 - - 150 - - 309 35 1640 -
ST-C1-E2 90 126 185 1.40 2.06 300 35 2519 1.54
ST-C2-E2 75 126 165 1.68 2.20 298 35 1958 1.19
ST-C3-E2 90 108 185 1.20 2.06 296 35 2519 1.54

2 Based on the parent steel column (ST-W-E1 and ST-W-E2)
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From Table 4.4, the weight per length of the cellular steel columns were
slightly less than the parent column. However, the tested cellular columns had the
major-axis moment of inertia higher than the parent steel column from 19 to 54 %.
Therefore, the replacement of parent steel column with the corresponding cellular one
can increase the flexural performance and slightly reduce the weight. The effects of
hole configuration and load eccentricity on the stiffness, yield load, and maximum
loads of the cellular steel columns subjected to eccentric loadings are discussed in
section 5.2.

4.3.2 CECS columns subjected to eccentric loadings

In this part, two types of CECS columns and one type of CES column were
tested under two load eccentricity values (E1 and E2). The load eccentricity E1 and
E2 were 35 and 70 mm, respectively. The typical reinforcement details of the CECS
and CES are shown in Figure 4.12. The dimensions of all composite columns were
340 x 340 mm in cross section and 1100 mm in height. Four 15-mm-diameter round
bars (RB15) were used as the corner longitudinal reinforcements. The 9-mm-diameter
round bars (RB9) were used as the transverse reinforcements (closed stirrups). The
spacing used in this study was 63 mm. The target compressive strength of concrete
cylinders at 28 days was 21 MPa. The cellular and parent steel members used in this
part were similar with the cellular and parent steel member in section 4.2.2. The shear
studs were installed in all composite columns in this part.

Table 4.5 shows the geometric properties of all tested CECS and CES columns
subjected to eccentric loadings. All sketches of tested composite columns are in
Appendix A. The effective flexural rigidities of CECS and CES columns are
calculated using the ANSI/AISC360-16 equations as follows,

El, =EI, +E,I, +CE.l (4.6)

C, =025+ 3{%} <0.7 (4.7)

Where
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cross-sectional area of structural steel;
cross-sectional area of longitudinal rebar;
total cross-sectional area;

elastic modulus of concrete;

elastic modulus of structural steel;

elastic modulus of reinforcement bars;

moment of inertia of concrete section about elastic neutral axis of composite
section;

moment of inertia of structural steel section about elastic neutral axis of
composite section;

moment of inertia of longitudinal rebars about elastic neutral axis of

composite section;

| [’y S— | ‘_'46 l63-L63--63 16316363 ~163~L-63 163 L6363~ 63 L6363~ 63 L 63 -] 46|__

340 1100

@ (b)

Figure 4.12 Typical reinforcement details of CECS column (column C1s-63);

(a) cross section; and (b) longitudinal section (dimensions in mm).

From Table 4.5, the tested CECS columns had the major-axis flexural rigidities

higher than the CES columns from 2 to 12 %. Therefore, the replacement of CES with

CECS columns can increase the moment capacity. The effects of hole configuration

and load eccentricity on the stiffness, yield load and maximum loads of the cellular

steel columns subjected to eccentric loadings are discussed in section 5.2.

The methods of welding process of the cellular specimens and preparing

process of the composite specimens were similar with the specimens in section 4.2.
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Table 4.5 Properties of CECS and CES columns subjected to eccentric loadings.

Loadin Cross-
Geometric and material properties of composite column . g sectional
condition .
properties
B 1
E 5 =2 3 %’ % 2 %
8 2 o < £ 2 = S =
= g 5§ 3 § g/| 5 2 £ E
T § & £ § ®B| £ 2 = 5
3 S o = = £ > = g =
Composite S =2 S S 2 5 £ £ = b
5 £ T Y 7 5 g £ g 2
column (2 » 8 =3 5 o s
s = &
s ¢ g
S d
- D S d S f'] = =X E El
0 g co eff
DO DO
mm mm mm mm mm MPa - - cm2 cm2
@ @
(€ B 3 B ) B € B ) (6) 2 2 (7 ()
Ws-63 w - - 150 63 229 - - 0 13657
C1s-63 C1 90 90 185 63 229 1.40 2.06 0 15112
C2s-63 C2 75 75 165 63 229 1.68 2.20 0 13992
Ws-63-E1 W - - 150 63 22.9 - - 35 13657
Cls-63-E1 C1 90 90 185 63 22.9 1.40 2.06 35 15112
C2s-63-E1 C2 75 75 165 63 229 1.68 2.20 35 13992
WSs-63-E2 w - - 150 63 229 - - 70 13657
Cls-63-E2 C1 90 90 185 63 22.9 1.40 2.06 70 15112
C2s-63-E2 C2 75 75 165 63 229 1.68 2.20 70 13992

4.3.3 Material properties of eccentric loading columns

In this part, used ready-mixed concrete, structural steel members and
reinforced concrete members were similar to the specimens in the section 4.2. The
target compressive strength of concrete cylinder at 28 days was 21 MPa. The standard
concrete cylinders with diameter of 150 mm and height of 300 mm were used. The
average compressive strength of the concrete cylinders at 14 days was 22.9 MPa. The
structural steel column was the hot-rolled wide-flange steel shape. The chemical and
mechanical properties conformed to TIS 1227, grade SS400. The RB9 and RB15 were
hot-rolled steel bars conformed to TIS 20, grade SR24.
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Because the used steel members in this research were small size members, the
small size shear studs were specially ordered. Figure 4.13 shows the used shear stud.
The shear studs were produced by lathing steel round bars, grade SS400. From
measured properties, the yield stress was 439 MPa and tensile strength was 527 MPa.

25 5 [<—
l B
A
A' B
Section A-A' Section B-B'

Figure 4.13 Sketch of shear stud (a) section A-A’; (b) longitudinal section;
and (c) section B-B’ (dimensions in mm).

4.3.4 Test setup and instrumentation of eccentric loading columns

Figure 4.14 and 4.15 show the test setup of the composite and steel columns
under eccentric loadings, respectively. The 500-ton-capacity testing machine was
used. An applied load was continuously recorded with the load cell positioned on the
loading plate at the top of the tested column. Ball joints were added to apply the load
eccentricity to the columns. For the tested steel columns, three Linear Variable
Displacement Transducers (LVDTs) were used to record the crosshead movement.
The LVDT no.1 and no.2 at front and back sides of each tested column were used to
record the axial deformation over a gauge length of 200 mm at mid height. The LVDT
no.3 was used to record the crosshead movement. For the tested composite columns,
the only LVDT no.3 was used to record the crosshead movement. Because of safety
of instruments, LVDT no.1 and no.2 were not used. The crosshead rate was controlled
to be 0.3 mm/min from the start to maximum loads, and 1.5 mm/min from the
maximum loads to termination of the testing. The test was terminated when the

applied load dropped to 70% of the maximum loads.
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Figure 4.14 Static test setup of composite column under eccentric loads;
(a) side view; and (b) front view.
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Figure 4.15 S(t;tic test setup of steel column under e(cgentric loads;
(@) side view; and (b) front view.

Figure 4.16 (a) shows the location of strain gauges installed to capture the
local strain response in both longitudinal and transverse directions of the steel
columns (cellular and parent steel columns). In each column, four strain gauges were
installed. Two strain gauges in the longitudinal direction included SG1 and SG2 at the
outside of both steel flanges. Another two strain gauges in the transverse direction
included SG3 and SG4 at the steel web.

Figure 4.16 (b) shows the location of strain gauges in the composite column
(CECS and CES columns). Fifteen strain gauges were installed in each column. Eight
strain gauges in the longitudinal direction included SG1, SG2, SG3, and SG4 at
outside of steel flanges and SG5, SG6, SG7, and SG8 at outside of the longitudinal
rebars. Another five strain gauges in the transverse direction included SG9 and SG10
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at the steel web and SG11, SG12, and SG13 at outside of the closed stirrup. Two
strain gauges in the longitudinal direction included SG14 and SG15 at concrete

surfaces.

14

2.

PO
Section A-A’ Section B-B’

Note: @ = strain gauge in longitudinal direction,  <=»and t= strain gauge in transverse direction.

A B
Section A-A’ Section B-B’

Note : ® = strain gauge in longitudinal direction, <= and t = strain gauge in transverse direction.

(b)

Figure 4.16 Location of strain gauges (a) cellular steel column; and (b) CECS
composite column subjected to eccentric loadings (dimensions in mm).
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CHAPTER S
EXPERIMENTAL RESULTS

5.1 Experimental results of cellular steel columns subjected to concentric

loadings

In this section, failure mode, load — deformation curves, load — axial strain
curves, and load — transverse strain curves on axial compressive load of cellular steel

columns subjected to concentric loadings are discussed.
5.1.1 Failure mode

Figure 5.1 shows the failure characteristics of bare steel columns. In the parent
steel column (ST-W), the local buckling at the steel flanges occurred near mid-height
after the yield point. In all cellular steel columns (ST-C1, ST-C2, ST-C3), both web
and flange local buckling occurred at the hole section. No failure of weldment was
observed.

(@) (b) (© (d)
Figure 5.1 Failure of steel columns (a) ST-C1; (b) ST-C2; (c) ST-C3; and (d) ST-W.

5.1.2 Load - deformation curves

Figure 5.2 shows a comparison of the load - deformation curves of the cellular

steel columns ( ST-C1, ST-C2 and ST-C3) with the parent steel column ( ST-W).
Similar to the parent column, all cellular steel columns exhibited yielding and
hardening behavior. However, the hardening behavior became less obvious as hole
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size increased. In addition, effect of residual stress on load — deformation curves are
obvious in cellular steel columns with closely hole spacings only, as shown in zoom
of Figure 5.2. The axial stiffness of cellular and parent steel calculated by initial slope
of these curves are shown in Table 5.1. The comparison shows that the cellular steel

columns have axial stiffness similar to the parent steel column.

1600
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2 400 [! >
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0 2 4 6 8 10 12

Axial deformation (mm)

Figure 5.2 Load — deformation curves of bare steel columns ST-W, ST-C1, ST-C2,
and ST-C3.

Table 5.1 Test results of bare steel columns subjected to eccentric loadings.

- Comparison
Experimental results (Cellular / Parent)
B S
o o
2 = IS @ = B
<] e o o <] IS =] o
@ ‘E = E £ E = ‘_8 £
> © h=} = > © k=] 2
E = S g £ = S 2 £
[S) = = > < < £ > ]
O < <3 b < 8 S
2 o
o [a
(EA/L)exp Pp Py, exp Pmax (EA/L)exp Pp Py, exp Pmax
MN/m kN kN kN MN/m kN kN kN
(1 [2 [3] [4] /P 21702F BI/BFE [4/[4P
ST-W 4175 1214 1292 1453 - - - -
ST-C1 4477 995 1094 1170 1.07 0.82 0.85 0.81
ST-C2 4114 994 1099 1264 0.99 0.82 0.85 0.87
ST-C3 4193 1035 1103 1194 1.00 0.85 0.85 0.82
Average 1.02 0.83 0.85 0.83

2Based on the parent steel column (ST-W).
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5.1.3 Load - axial strain curves

Figure 5.3 shows the load - axial strain curves of the cellular steel columns

(ST-C1, ST-C2 and ST-C3) and parent steel column (ST-W). The axial strain was
measured from the strain gauges at steel flanges (SG 1 and SG 4), the strain gauges at
steel web (SG 2 and SG 3) and LVDT (averages of LVDT 1 and LVDT 2).

From the strain gauges located at steel flanges, unlike the parent steel column,
all cellular steel columns experienced a sudden reduction in axial strain at the hole
center, i.e., the minimum (net) section, at the yield point. The sudden reduction
indicates the onset of flange local buckling at the holes of the cellular steel columns.

From the strain gauges located at the steel web (SG 2 and SG 3), the captured
strain of the web is more than the steel flanges at same load level. The difference
levels are small in the parent column and are large in the cellular columns.

From the LVDT (averages of LVDT 1 and LVDT 2) curves, the measured
axial deformation is transformed axial strain for comparing with the strain gauges.
The initial slope measured by LVDT is similar to the strain gauges located at the steel
flanges. In addition, the curves obtained from LVDT shows effect of residual stress
more than the ones from strain gauges.

Because strain gauges SG 1 and SG 4 at the steel flanges were at the same
position with those in the composite columns, they were chosen to evaluate the load at
proportional limit, and yield load of all columns. In this study, the proportional limit
denoted the point at 5% deviation from the initial slope. The yield point was based on
the yield strain of steel specimens. Table 5.1 summarizes the test results of all bare
steel columns.

From Table 5.1, the loads at proportional limit of all cellular columns ranged
from 90 to 94 % of the yield load, while it was 94 % in a case of the parent column.
This implies a comparable magnitude between residual stresses in the cellular steel
columns and that in the parent column. A change in magnitude of residual stresses
due to the cutting and welding processes was minimal. Also, the cellular columns had
the proportional limit load, yield load, and maximum loads lower than the
corresponding values of the parent column. The cellular columns ST-C1 (90-mm-

diameter holes and 126-mm-spacing holes) had the proportional limit, yield, and
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maximum loads less than the corresponding values of the parent column by 18, 15,
and 19 %, respectively. The cellular column ST-C2 (75-mm-diameter holes and 126-
mm-spacing holes) had the proportional limit, yield and maximum loads less than the
corresponding values of the parent column by 18, 15, and 13 %, respectively. The
cellular column ST-C3 (90-mm-diameter holes and 108-mm-spacing holes) had the
proportional limit, yield and maximum loads less than the corresponding values of the
parent column by 15, 15, and 18 %, respectively. Therefore, the axial stiffness or
strength of the cellular column was not sensitive to the different hole diameter and
spacing values used in this study. A comparison between the axial stiffness and

strength of the bare steel columns and composite columns is discussed in section
5.2.6.
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Figure 5.3 Loads at proportional limit and yield point of steel columns (a) ST-W;
(b) ST-C1; (c) ST-C2; and (d) ST-C3.
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5.1.4 Load - transverse strain curves

Figure 5.4 shows the load - axial and transverse strain curves of the cellular

and parent steel columns. In a case of the parent column, the transverse tensile strain
at the web increased proportionally to the axial compressive strain. A ratio between
the transverse and axial strains was 0.30 at the proportional limit. After the yield

point, the transverse strain at the web suddenly increased in tension.
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Figure 5.4 Load — axial and transverse strain curves (a) ST-W; (b) ST-C1; (¢c) ST-C2;
and (d) ST-C3.

In case of the cellular columns: for the steel flange, the transverse tensile strain
increased proportionally to the axial compressive strain. A ratio between the
transverse and axial strains was 0.30 at the proportional limit. After the yield point,
the transverse strain at the web suddenly increased in tension. For the steel web, the
transverse tensile strain increased proportionally to the axial compressive strain. A

ratio between the transverse and axial strains was less than 0.30 at the proportional
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limit. After that, the transverse strain at the web reversed into compression due to

flange local buckling. A visual inspection confirmed that the flange local buckling at

the opened section did push the steel web into compression.

5.1.5 Conclusions

The conclusions of the experimental results of the cellular steel columns

subjected to concentric loadings are as follows,

Failure mode of the cellular steel columns are both web and flange local
buckling occurred at the hole section. No failure of weldment was
observed.

Load — deformation curves of the cellular steel columns are similar to the
parent column. All cellular steel columns exhibited yielding and
hardening behavior. However, the hardening behavior became less
obvious as hole size increased.

Load — axial strain curves of the cellular steel columns are mainly similar
to the parent column with a few differences. For the strain gauges at the
steel flange, the strain is suddenly reduced after the yield point
corresponding to the observed local buckling failure. The measured strain
at steel web is greater than the measured strain of the steel flanges at same
load level.

Load — transverse strain: for the steel flange, the transverse tensile strain
increased proportionally to the axial compressive strain. A ratio between
the transverse and axial strains was 0.30 at the proportional limit. After
the yield point, the transverse strain at the web suddenly increased in
tension. For the steel web, the transverse tensile strain increased
proportionally to the axial compressive strain. A ratio between the
transverse and axial strains was less than 0.30 at the proportional limit.
After that, the transverse strain at the web reversed into compression due
to flange local buckling.

Axial stiffness of the cellular steel columns is close to the axial stiffness

of the parent steel column.
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- The cellular columns had the averaged proportional limit, yield and
maximum loads less than the corresponding values of the parent column

by 17, 15 and 17, respectively.

5.2 Experimental results of CECS and CES columns subjected to concentric

loadings

In this section, failure mode, load — deformation curves, load — axial strain
curves, load — transverse strain curves, ductility, and effect of design parameters of
CECS and CES columns subjected to concentric loadings are discussed. In addition, the
RC columns, which have column properties similar to the composite columns, were
tested for comparing with the composite columns. The experimental results of RC

columns are shown in Appendix B.
5.2.1 Failure mode

Figures 5.5 to 5.8 show the tested columns with stirrup spacing of 63, 108,
126, and 170 mm, respectively, at different stages as follows: (a) before testing, (b) at
proportional limit, (c) at maximum loads, and (d) post peak of the composite columns.

Both CECS and CES columns exhibited similar failure characteristics.

3 Vi \ X
3 o A N -
- - -
“ i
i d i
[ 3 ‘ ! ¢
* i e [
f \‘:“ x
¢ L
g | L
d xr . | 1
¥ g -

Longitudinal~ s

(a) (b) (©) (d)

Figure 5.5 Failure of CECS column W-63 (a) before test; (b) at proportional limit
load; (c) at maximum load; and (d) post peak.



98

Figure 5.6 Failure of CECS column C3-108 (a) before test; (b) at proportional limit
load; (c) at maximum load; and (d) post peak.

Figure 5.7 Failure of CECS column C1-126 (a) before test; (b) at proportional limit
load; (c) at maximum load; and (d) post peak.

A combination of concrete spalling and buckling of longitudinal rebars was
observed. Except in the columns with the smallest stirrup spacing (63 mm), the
longitudinal cracks formed at the proportional limit in the columns with larger stirrup
spacings (108, 126, and 170 mm) . These cracks then extended rapidly as the
maximum loads was approached.
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Figure 5.8 Failure of CECS column C2-170 (A) (a) before test; (b) at proportional
limit load; (c) at maximum load; and (d) post peak.

Figure 5.9 shows the failure characteristics of the tested columns with different
stirrup spacings after removal of the spalling concrete. The buckling of longitudinal
rebars was evident in the columns with large stirrup spacing. A widening at hooks of
the closed stirrups was also observed in columns with stirrup spacing of 108, 126, and
170 mm.

Figure 5.9 Failure of composite columns with different stirrup spacings after removal
of spalling concrete (a) W-63; (b) C1-126; (c) C2-170 (A); and (d) C3-108.
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5.2.2 Load - deformation curves

Figure 5.10 shows the typical load — deformation curves of the composite
columns up to the proportional limit. Because the longitudinal LVDTs were attached
to the concrete surface, the measured deformations were found to be unreliable after
the concrete cracking at the proportional limit. Therefore, all load-deformation curves
were truncated at this load level. Up to the proportional limit, a good agreement
between an average strain over the 200 mm gauge length (from the LVDT reading)
and local strain measured from the strain gauge at the structural steel was observed.
With the same stirrup spacings, the axial stiffness of the CECS columns were slightly
higher than the CES columns, as shown in Figure 5.10 (a). With the same cellular
steel, the stiffness reduced as stirrup spacing increased, as shown in Figure 5.10 (b).
The axial stiffness of CECS and CES are shown in Table 5.2. The comparison shows
that the CECS columns have axial stiffness similar to the CES column; and, the CECS

columns have greater axial stiffness than the CES columns in the closely stirrup

spacings.
4000 : : | 4000
Stirrup spacing - 63 mm
1500 P Spacing 2500 Steel member - C1
g 3000 263 3000
2500 [ cl1-63 z
2500
g / «—W-63 % 183
_‘_5‘ 2000 y £ 2000 ¥ 7 Cl-126
é‘ 1500 E 1500 l/** Cl-ITOCéA)
: «—CI-170 (B)
1000 ,I é 1000
500 500
0 0 f
0.0 0.4 0.8 12 1.6 0.0 04 0.8 12 1.6
Axial deformation (mm) Axial deformation (mm)

(@) (b)

Figure 5.10 Load — deformation of curves; (a) columns with stirrup spacing at 63 mm;
and (b) C1 columns.

Table 5.2 summarizes the test results of all composite columns. The
proportional limit was defined as the point at 20 % deviation from the initial slope
based on the strain gauges at the structural steel. The loads at the proportional limit
ranged from 50 to 60 % of the maximum loads. In this study, the CECS columns had
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slightly less compressive strength values than the CES columns with the average ratio

of 0.94 —0.97.

Table 5.2 Test results of composite columns subjected to concentric loadings.

Experimental result (ggggirggg)
kS S
o o
g = B 5 2 = B
2 = k= g 2 |5 S
2o £ = £ 'z E = E
g < > K S 2 > EE S
E3 % £ 3 S X £ 3
o ° < 2 = a) < S >
o o
(a [a
(EA/L)exp Pprop Pmax DI (EA/L)exp Pprop Pmax
MN/m kN kN - MN/m kN kN
[1] [2 [3] [4] [N Y L A W 4 L ST DA ]
W-170 (A) 8228 1744 2744 3.28 - - -
C1-170 (A) 8175P 1673 2636 2.64 0.99 0.96 0.96
C2-170 (A) 8236° 1536 2572 3.30 1.00 0.88 0.94
C3-170 (A) 9151° 1496 2637 3.14 111 0.86 0.96
Average 1.04 0.90 0.95
W-170 (B) 7626 1322 2632 3.30 - - -
C1-170 (B) 7896P 1561 2478 3.17 1.04 1.18 0.94
C2-170 (B) 8164° 1519 2480 3.45 1.07 1.15 0.94
C3-170 (B) 8095P 1418 2493 3.16 1.06 1.07 0.95
Average 1.06 1.13 0.94
W-126 8402 1567 2868 3.29 - - -
C1-126 8974° 1426 2809 2.78 1.07 0.91 0.98
C2-126 8601° 1652 2782 2.63 1.02 1.05 0.97
Average 1.05 0.98 0.97
C3-108 9319 1538 2906  3.98 - - -
Average - - -
W-63 8807 2081 3469 1.65 - - -
C1-63 10250° 1761 3307 2.63 1.16 0.85 0.95
C2-63 10644° 1589 3270 3.19 1.21 0.76 0.94
Average 1.19 0.80 0.95

aBased on the CES columns; ? Based on the actual LDVT gauge.
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5.2.3 Load - axial strain curves

Figure 5.11 shows the typical load — axial strain curves of the CES or CECS
columns with stirrup spacing of 63, 108, 126, and 170 mm, respectively. With the
same stirrup spacings, both CES and CECS columns had similar load — axial strain
curves. The axial strains were measured with the strain gauges installed at the flanges
of structural steel and longitudinal rebars. The curve can be divided into three stages:
(1) linear elastic stage (from origin to the proportional limit) where the initial slope
was the axial rigidity. This load level also corresponded to the stage at which the
longitudinal cracks started to develop in the composite columns. Up to the
proportional limit, the compressive strains at the structural steel flange and
longitudinal rebar were identical; (2) nonlinear elastic stage (from the proportional
limit to the maximum load) . The structural steel flange started to exhibit higher
compressive strains than the longitudinal rebars due to buckling of the longitudinal
rebars. The difference between structural steel and rebar strains was obvious in the
CECS columns with large stirrup spacings. The strain gauges positioned at outside of
the longitudinal rebars also detected the outward buckling that reduced the
compressive strains in the rebars. At the maximum loads, the strain in structural steel
almost achieved the coupon yield strain. Meanwhile, the strain in reinforcement bars
did not achieve the yield strain of rebars; and (' 3) post-peak stage ( beyond the
maximum load), the strain in structural steel suddenly dropped, but the columns were

capable of sustaining 80% of the maximum loads until steel strain at about 0.004.
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Figure 5.11 Load — strain curves (a) W-63; (b) C3-108; (c) C1-126; and (d) C2-170 (A).

5.2.4 Load - transverse strain curves

Figures 5.12 to 5.15 show the load — axial and transverse strain curves of all
CECS and CES columns. In both CECS and CES columns, the transverse strain
(in tension) at the steel flange increased as axial strain (in compression) increased.
The Poisson’s ratio was constant at about 0.3 up to 60 — 80 % of the maximum loads.
Beyond this load level, the confinement effect from the steel web and flanges was
triggered. The steel web and flanges started to resist the concrete expansion and
provided the confining pressure to the inner concrete. In effect, the transverse strain at
the inner face of the steel flange continued to increase, while one at the outer face did
not increase or turned into compression. Meanwhile, the transverse strains at the steel

web also increased.



3500
Flange (Out) - SG 10 W-170 (A)
8P, [W-170 &) |
3000 - Flange (In)-SG9 Flange 1
2500 _Web-fGT J‘ l /E(Out)-SGl_
Z 2000 \L/
"'g 1500 ‘ Strain at
= peak load
10001 Yield
-
500 - stram
0 < JTension , Compression
-0.004 -0.002 0.000 0.002 0.004
Transverse strain | Axial strain
()
3500 - ; 3 T
Flange (Out) - SG 10 C1-170 (A)
3000 1T yebSG g NI [ '
2500 - | 4! o~ Flange
o B 0.:’;}',,,,‘r £ (Out) - SG 2|
% 2000 Fanoe (ln) 1 SG 9 _
S 1500 - Strain at |
= e | peak load
INo | Yield
fe— 3
500 - | strain
0 - Tension Compression
-0.004 -0.002 0.000 0.002 0.004
Transverse strain | Axial strain
(©)
3500
T Flange (Out) - SG 5 £2:170.(8)
Web - SG 7 i Flange
g 2500 ;o.fP.,., * / i‘ (Out)- SG 2
< 2000 ? \
3 Flange (In) - SG 6 Strain at
l—] 1500 TTiTSITEIYTITIIEII TR I N "“'p}aﬁlbad
1000 5
InnN Yle!d
500 | stram
0 Tension Compression
-0.004 -0.002 0.000 0.002 0.004
Transverse strain | Axial strain
(e
3500 T 7 T
5
Flange (Out) - SG 3170 (A)
3000 T R7ebLSGE j '
Flange
25 / |
L g/_(olu) -SG 1
% 2000 ' Strain at
«< -
2 1500 Flange (In) - SG 6 | peak load
1000 o Yicld
stram
500
0 Tension Compression
-0.004 -0.002 0.000 0.002 0.004
Transverse strain | Axial strain
(2

Load (kN)

Load (kN)

Load (kN)

Load (kN)

104

3500
55 Stirrup - SG 11 _ |
5560 0.8P,,,. l . “<—Longitudinal
i Bar - SG 3
2000 | Stirrup-SG 127 ‘ /
Strain at Strain at
1500 1T oedk Toad Deakibad] |
1000 e 1 | —
\le!d [ A Yle!d
500 strain |_strain
0 Tension Compression
-0.004 -0.002 0.000 0.002 0.004
Transverse strain | Axial strain
(b)
3500 — -
Stirrup - SG 11 C1-170 (A)
3000 T stiup - SG 12 '
. — Longitudinal
2500 > e Cagitucmal
500 “ggp f<’ Bar- $G3
2000 f
1500 Strain at | i Strain at
. peak load peak load
1000 v L Yield
500 - strain_| | strain
Tension Compression
-0.004 -0.002 0.000 0.002 0.004
Transverse strain | Axial strain
(d)
3500 3
i Stirrup - SG 11 C2.170 (A)
3000 Stirup - SG 12 ' '
2500 LT L. i | ,Longitudinal
(08P, ol / \{ Bar - SG 3
[
HH0 | Strainat | il | Strainat
1500 | Peak load » | peak load |
R
1000 L Yield | Yield
| strain strain
500
| |
0 Tension Compression
-0.004 -0.002 0.000 0.002 0.004
Transverse strain | Axial strain
®
3500 - T I
Stirrup - SG 12 C3-170 (A)
3000 T Shup <SG 11 j ‘
2500 - N I‘,/_Longimdina[
08Py ﬂ Bar- SG 4
2000 -
Strain at Strain at
1500 7 eak load - | peak load |
1000 Yield || | Yield
500 | strain | _ | strain |
0 Xension Compression
-0.004 -0.002 0.000 0.002 0.004
Transverse strain | Axial strain
(h)

Figure 5.12 Load - axial and transverse strain curves @by W-170 (A); «¢-d) C1-170 (A);
- C2-170 (A); and (g-h)C3-170 (A).
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Figure 5.13 Load — axial and transverse strains (a-b) W-170 (B); (c-d) C1-170 (B);
(e-f) C2-170 (B); and (g-h) C3-170 (B).
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Figure 5.14 Load — axial and transverse strain curves (a-b) W-126; (c-d) C1-126;
(e-f) C2-126; and (g-h) C3-108.
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Figure 5.15 Load — axial and transverse strain curves (a-b) W-63; (c-d) C1-63;

and (e-f) C2-63.

In addition, the closed stirrups provided the confining pressure to the enclosed

concrete. A sudden increase in stirrup strain occurred at 60 — 80 % of the maximum

loads. The maximum transverse strains in the closed stirrups increased as spacing of

the stirrups increased. However, no yielding of the stirrups in all columns occurred at

the maximum loads.
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5.2.5 Ductility

The ductility index was defined to investigate the range from the onset of
concrete cover cracking to the maximum loads. Because of the LVDT readings were
not reliable after the proportional limit, the ductility index was defined in terms of the

axial strain at structural steel as follows,

DI = Zmax (5.1

The measured ductility indexes of all tested composite columns are shown in
Table 5.2. An average ductility index of the CECS and CES columns was about 3.

5.2.6 Effect of design parameters

Figure 5.16 shows a comparison between the compressive strength of bare
steel columns and composite columns. The composite design enhanced the
compressive strength of the CES and CECS columns with respect to the bare steel
columns by 104 — 168 % and 126 — 202 %, respectively. Also, it increased the axial
stiffness by 76 — 159 % . The effects of design parameters including the concrete
strength, cellular steel configuration, and stirrup spacing on the compression
properties of the CES and CECS columns can be summarized as follows,

Effect of concrete strength: a comparison of columns W-170 (A), C1-170 (A),
C2-170 (A), and C3-170 (A) with columns W-170 (B), C1-170 (B), C2-170 (B), and
C3-170 (B) showed that the compressive strength of CECS and CES columns increased
by 3.7 — 6.4 % as concrete strength increased from 18.3 to 20.1 MPa (9.8 %).

Effect of stirrup spacings: a comparison of columns W-170 (A), C1-170 (A),
C2-170 (A), and C3-170 (A) with columns W-126, C1-126, C2-126, and C3-108
showed that the compressive strength of CECS and CES columns increased by 4.5 —
10.2 % as stirrup spacing decreased.

The combined effect of concrete strength and stirrup spacing: a comparison of
columns W-63, C1-63, and C2-63 with columns W-126, C1-126, and C2-126 showed
that increase concrete strength from 20.1 to 22.9 MPa (13.9 %) and reducing stirrup
spacing by a half increased the strength of CECS and CES columns by 17.5 — 21.0 %.
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Effect of hole diameter: a comparison of column series C1 with column series
C2 showed that the compressive strength of the CECS and CES columns decreased
slightly as hole diameter increased.

Effect of hole spacing: a comparison of column series C1 with column series
C3 showed that different hole spacings used in the study did not significantly
influence the compressive strength of the CECS columns.
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Figure 5.16 Comparison of compressive strength of concentric loading columns;
(@) W columns; (b) C1 columns; (c) C2 columns; and (d) C3 columns.
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5.2.7 Conclusions

The conclusions of the experimental results of the CECS columns subjected to

concentric loadings are as follows,

Failure mode: with similar stirrup spacing, failure mode of the CECS
columns are similar to the CES columns. Failure of CECS and CES
columns in this research are cover concrete spalling and buckling of the
longitudinal rebars at maximum loads.

Load — deformation curves: with similar stirrup spacing, the load —
deformation curves of the CECS columns are similar to the CES columns.
The initial slope of the curves of the CECS columns are slightly less than
the slope of the curves of the CES columns.

Load — axial strain curves: The curve can be divided into three stages: (1)
linear elastic stage (from origin to the proportional limit) where the initial
slope was the axial rigidity. (2) nonlinear elastic stage (from the
proportional limit to the maximum load) . At the maximum loads, the
strain in structural steel almost achieved the coupon vyield strain.
Meanwhile, the strain in reinforcement bars did not achieve the yield
strain of rebars; and (3) post-peak stage (beyond the maximum loads), the
strain in structural steel suddenly dropped. But the columns were capable
of sustaining 80% of the maximum loads until steel strain at about 0.004.
Load — transverse strain curves: the transverse strain (in tension) at the
steel flange increased as axial strain increased. The Poisson’s ratio was
constant at about 0.3 up to 60 — 80% of the maximum loads. Beyond this
load level, the steel web and flanges started to resist the concrete
expansion and provided the confining pressure to the inner concrete.
However, no vyielding of the stirrups in all columns occurred at the
maximum loads.

The measured ductility indexes of the CECS columns was about 3
similarly to the CES columns.

Axial stiffness of the CECS columns is close to the axial stiffness of the

CES columns.
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- The CECS columns had the averaged maximum loads less than the CES
columns by 3 — 6 %.

- Effect of increase concrete strength or decreasing stirrup spacing of CECS
columns are increase strength of the CECS columns.

5.3 Experimental results of cellular steel columns subjected to eccentric loadings

In this section, failure mode, load — deformation curves, load — axial strain
curves and load — transverse strain curves of cellular steel columns subjected to

eccentric loadings are discussed.
5.3.1 Failure mode

Figures 5.17 and 5.18 show the failure characteristics of bare steel columns
subjected to eccentric loadings E1 (17.5 mm) and E2 (35 mm), respectively. In the
parent steel column (ST-W), the local buckling at the compression flanges occurred
near mid-height after the yield point. In all cellular steel columns (ST-C1, ST-C2, and
ST-C3), both compression web and flange local buckling occurred at the hole section.
No failure of weldment was observed. The local buckling and bending failure of the

specimen are obvious in eccentric loadings E2.

Figure 5.17 Failure of steel columns (eccentricity 17.5 mm); (a) ST-C1-E1;
(b) ST-C2-E1,; (c) ST-C3-E1; and (d) ST-W-EL.



Figure 5.18 Failure of steel columns (eccentricity 35 mm); (a) ST-C1-E2;
(b) ST-C2-E2; (c) ST-C3-E2; and (d) ST-W-E2.

5.3.2 Load — deformation curves

Figures 5.19 and 5.20 show a comparison of the load - deformation curves of

the cellular steel columns (ST-C1, ST-C2, and ST-C3) with the parent steel column
(ST-W). Similar to the parent column, all cellular steel columns exhibited yielding
and slight hardening behaviors. From the LVVDT at compression flange, the curves of
the bare steel columns subjected to eccentric loads is the same as the bare steel
columns subjected to concentric loads. From the LVDT at tension flange, the curves
of bare steel columns increased in compression in linear elastic state; and, the curves
returned to tension at near yield point. In addition, increase the eccentricity has an
effect on the curves of LVDT at tension flange only. The LVDT at tension flange of
the bare steel columns with eccentric loading E2 are nearly to be zero in linear elastic

state.
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Figure 5.19 Load — deformation curves of (a) ST-C1-E1; (b) ST-C2-E1,
(c) ST-C3-E1; and (d) ST-W-EL.
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Figure 5.20 Load — deformation curves of (a) ST-C1-E2; (b) ST-C2-E2,;
(c) ST-C3-E2; and (d) ST-W-E2.

5.3.3 Load — axial strain curves

Figures 5.21 and 5.22 show the load - axial strain curves of the cellular steel

columns (ST-C1, ST-C2, and ST-C3) and parent steel column (ST-W). The axial
strain was measured from the strain gauges at steel flanges.

From the strain gauges located at compression flanges, the curves of the

cellular steel columns subjected to eccentric loads are the same as the cellular steel

columns subjected to concentric loads. Unlike the parent steel column, all cellular

steel columns experienced a sudden reduction in axial strain at the hole center, i.e., the

minimum (net) section, at the yield point. The sudden reduction indicates the onset of

flange local buckling at the holes of the cellular steel columns.

From the strain gauges located at tension flanges, the curves of strain gauges

are similar to the curves of LVDT at tension flanges. The curves increased in
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compression in linear and nonlinear elastic state; and, the curves turned to in tension

at near yield point. In addition, increase the eccentricity has effect on the curves of

strain gauges at tension flanges only.
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Figure 5.21 Load — axial strain curves of (a) ST-C1-E1; (b) ST-C2-E1,
(c) ST-C3-E1; and (d) ST-W-EL1.
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Figure 5.22 Load — axial strain curves of (a) ST-C1-E2; (b) ST-C2-E2;
(c) ST-C3-E2; and (d) ST-W-E2.

Observation shows that the compression flange and web local bucking
occurred at yield point; and the strain in tension flange returned to tension at the
moment. Therefore, the yield point was based on the return point, as shown in Figures
5.21 and 5.22. Table 5.3 summarizes the test results of all bare steel columns
subjected to eccentric loadings.

From Table 5.3, the cellular columns had the lower yield and maximum loads
than the parent column. The cellular columns under eccentric loads 17.5 mm (E1) had
the yield and maximum loads less than the parent column by average 16 and 10 %,
respectively. The cellular steel columns under eccentric loads 35 mm (E2) had the
yield and maximum loads less than the parent column by average 4 and 4 %,
respectively. Therefore, the strength cellular steel columns are close to the strength of

the parent columns when the eccentricity is 35 mm. A comparison between the axial
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stiffness and strength of the bare steel columns and composite columns is discussed in

section 5.4.4.

Table 5.3 Test results of cellular steel columns subjected to eccentric loadings.

) Comparison
Experimental results
(Cellular / Parent)
S 8
o o =} o
o S £ ks £
: g g g g
S > § > §
Py, exp Pmax Py, exp Pmax
kN kN kN kN
[1] [2] []/[1 [2]/[2]*
ST-W-E1 959 978 - -
ST-C1-E1 772 853 0.81 0.87
ST-C2-E1 77 826 0.81 0.84
ST-C3-E1 861 976 0.90 1.00
Average 0.84 0.90
ST-W-E2 775 851 - -
ST-C1-E2 738 801 0.95 0.94
ST-C2-E2 707 787 0.91 0.92
ST-C3-E2 787 861 1.02 1.01
Average 0.96 0.96

@Based on the CES columns.

5.3.4 Load - transverse strain curves

Figures 5.23 and 5.24 show the load - axial and transverse strain curves of the

cellular and parent steel columns. In this part, the strain gauges were installed at steel
web only, as shown in Figure 4.16. In a case of the parent column, the transverse
tensile strain at the web increased proportionally to the axial compressive strain. A
ratio between the transverse and axial strains was 0.30 at the proportional limit. After
the yield point, the transverse strain at the web suddenly increased in tension.

In case of the cellular columns: the transverse tensile strain increased
proportionally to the axial compressive strain. A ratio between the transverse and
axial strains was less than 0.30 at the proportional limit. Because of SG 3 is installed
at compression side, it captured larger value than SG 4. After the yield point, the

transverse strain at the web reversed into compression due to flange local buckling. A
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visual inspection confirmed that the flange local buckling at the opened section did

push the steel web into compression.
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Figure 5.23 Load — transverse strain (SG 3 and SG 4) curves of
(a) ST-C1-E1; (b) ST-C2-E1; (c) ST-C3-E1; and (d) ST-W-EL.
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Figure 5.24 Load — transverse strain (SG 3 and SG 4) curves of
(a) ST-C1-E2; (b) ST-C2-E2; (c) ST-C3-E2; and (d) ST-W-E2.

5.3.5 Conclusions

The conclusions of the experimental results of the cellular steel columns

subjected to eccentric loadings are as follows,

- Failure mode of the cellular steel columns were both compression web
and compression flange local buckling occurred at the hole section. No
failure of weldment was observed.

- Load — deformation curves: similar to the parent column, all cellular steel
columns exhibited yielding and slight hardening behaviors. In the LVDT
at compression flange, the curves are the same as the columns subjected to

concentric loads. In the LVDT at tension flange, the curves of bare steel
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columns increased in compression in linear elastic state; and, the curves
returned to tension at near yield point.

- Load — axial strain curves: from the strain gauges located at compression
flanges, the curves of the cellular steel columns subjected to eccentric
loads are the same as the columns subjected to concentric loads. the
cellular steel columns experienced a sudden reduction in axial strain at the
hole center, i.e., the minimum (net) section, at the yield point. From the
strain gauges located at tension flanges, the curves increased in
compression in linear and nonlinear elastic state; and, the curves turned to
in tension at near yield point.

- Load — transverse strain curves: the transverse tensile strain increased
proportionally to the axial compressive strain. A ratio between the
transverse and axial strains was less than 0.30 at the proportional limit.
After the yield point, the transverse strain at the web reversed into
compression due to flange local buckling. A visual inspection confirmed
that the flange local buckling at the opened section did push the steel web
into compression.

- The cellular columns had the averages yield and maximum loads less than
the parent column by 16 % and 10 %, respectively, for eccentricity 17.5
mm and by 4 % and 4 %, respectively, for eccentricity 35 mm.

5.4 Experimental results of CECS and CES columns subjected to eccentric

loadings

In this section, failure mode, load — axial strain curves, load — transverse strain
curves and effect of design parameters of CECS and CES columns subjected to
eccentric loadings are discussed. Shear studs were installed in these CECS and CES
columns. In addition, the CECS and CES columns with shear studs subjected to

concentric loadings are proposed in this section.
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5.4.1 Failure mode

Figures 5.25 and 5.28 show the tested columns with load eccentricity E1
(35 mm) and E2 (70 mm), respectively: at different stages as follows (a) before
testing, (b) at maximum loads and (c) post peak of the composite columns. For the
concentric loading columns (C1s-63, C2s-63 and Ws-63), failure of the specimens
was spalling of cover concrete and buckling of longitudinal bars, which similar to the
specimens (C1-63, C2-63 and W-63), as shown in section 5.2.1.

For the composite columns subjected to eccentric loads E1: near the maximum
loads, longitudinal crack occurred at the compression side and corner. At the
maximum loads, concrete crushing occurred in the compression side at mid-height of
the columns, as shown in Figure 5.26 (b). After that, transverse crack expanded
rapidly from the compression side to the tension side. The load carrying capacity of
the column reduced immediately. Finally, transverse crack occurred at the tension
side; and, the column deformed as bending failure occurred as seen in Figure 5.26 (c).
Figures 5.26 and 5.27 show failure of the specimens C1s-63-E1 and C2s-63-EL.
Crushing of concrete occurred in the compression side; and, cracking of concrete

occurred in the tension side.

@ (b) (©)

Figure 5.25 Failure of CECS column C1s-63-E1; (a) before test;
(b) at maximum loads; and (c) post peak.



@ (b) ©

Figure 5.26 Failure of CECS column C1s-63-E1; (a) tension side; (b) side view;
and (c) compression side.

@ (b) (©

Figure 5.27 Failure of CECS column C2s-63-E1; (a) tension side; (b) side view;
and (c) compression side.
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For the composite columns subjected to eccentric loads E2: near the maximum
loads, longitudinal crack occurred at the compression side; and, transverse crack
occurred at the tension side at the same time. At the maximum loads, concrete
crushing occurred in the compression side at mid-height of the columns, as shown in
Figure 5.28 (b). After that, transverse crack expanded rapidly from the compression
side to the tension side. The load carrying capacity of the column reduced
immediately. Finally, transverse crack occurred at the tension side; and, the column
deformed as bending failure occurred. Figures 5.29 and 5.30 show failure of the
specimens C1s-63-E2 and C2s-63-E2.

Figures 5.31 and 5.32 show the comparison of the failure of the CECS and
CES columns. Both CECS and CES columns exhibited similar failure characteristics.
The failures on compression side of the columns with eccentric load E1 and E2 are
similar. However, the failures on tension side have difference with an increase of the
eccentricity. As the columns with eccentricity E2 have deep transverse crack than the

columns with eccentricity E1.

@ (b) (©

Figure 5.28 Failure of CECS column C1s-63-E2; (a) before test;
(b) at maximum loads; and (c) post peak.



124

@ (b) ©

Figure 5.29 Failure of CECS column C1s-63-E2; (a) tension side; (b) side view;
and (c) compression side.

@ (b) (©

Figure 5.30 Failure of CECS column C2s-63-E2; (a) tension side; (b) side view;
and (c) compression side.
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@ (b) ©

Figure 5.31 Failure of CECS column after tested; (a) Ws-63-E1; (b) C1s-63-E1,
and (c) C2s-63-EL1.

@ (b) (©

Figure 5.32 Failure of CECS column after tested; (a) Ws-63-E2; (b) C1s-63-E2;
and (c) C2s-63-E2.
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5.4.2 Load - axial strain curves

For the tested composite columns with shear studs subjected to concentric
loadings, the axial compressive behavior of the columns is the same as the composite
columns without shear studs as presented in section 5.2. However, the columns with
shear studs have slightly higher axial compressive strength than the columns without
shear studs. The maximum loads of C1s-63, C2s-63, and Ws-63 are 3482 kN, 3508
kN, and 3659 kN, respectively. Load — axial strain curves of the tested columns are
shown in Figure 5.33.
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Figure 5.33 Load — strain curves; (a) C1s-63; (b) C2s-63; and (c) Ws-63.

For the tested composite columns with shear studs subjected to eccentric
loadings, load — axial strain curves of the columns with eccentricity E1 and E2 are
shown in Figures 5.34 and 5.35, respectively. The Figures 5.34 (a, ¢, and €) and
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Figures 5.35 (a, ¢, and e) show the curves of strain gauges positioned at mid-height
section (center of hole), as shown in Figure 4.16 (Section A-A’). Figures 5.34 (b, d
and f) and 5.35 (b, d, and f) show the curves of strain gauges positioned at solid web
section, as shown in Figure 4.16 (Section B-B’).

For the load — axial strain curves of the columns with eccentricity E1, all strain
increased in compression at initial state. However, the strain at different position
depended on load distribution. For SG 15, which was positioned on concrete surface
at compression side, the axial strain increased the most in compression from start to
post-peak state. For SG 1 and SG 3, which were positioned on steel flange at
compression side, the axial strain increased in compression from start to post-peak
state. The curves showed that the compression steel yielded at maximum loads. For
SG 2 and SG 4 which were positioned on steel flange at tension side, the axial strain
increased in compression from start to maximum loads. After that, the strain returned
to tension in post-peak state. For the SG 14, which was positioned on concrete surface
at tension side, the axial strain increased in compression from start to maximum loads.
After that, the strain returned to tension in post-peak state.

For the load — axial strain curves of the columns with eccentricity E2, most of
the curves are similar to the columns with eccentricity E1 (except SG 14). For SG 14,
which was positioned on concrete surface at tension side, the axial strain increased in

tension from start to post-peak state.
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Figure 5.34 Load — axial strain curves; (a-b) C1s-63-E1; (c-d) C2s-63-E1;
and (e-f) Ws-63-EL1.
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Figure 5.35 Load — axial strain curves; (a-b) C1s-63-E2; (c-d) C2s-63-E2;
and (e-f) Ws-63-E2.
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Figure 5.36 shows comparison of the curves of strain gauges positioned at
solid web section and at center of hole section. The comparison shows that the strain
gauges positioned at solid web section are slightly more axial strains than the strain
gauges positioned at center of hole section. Because of specimens Ws-63-E1 and Ws-
63-E2 have no openings, the strain gauges of two positions are similar.

Figure 5.37 shows axial strain contribution along column depth in each load
state. The axial strain is collected by SG 1, SG 2, SG 14, and SG 15. The results
showed that the strain distribution across the section remained linear up to over 80 %
of maximum loads. The figure showed that the hypothesis plane-section remain plane
is satisfied.

Table 5.4 shows maximum loads of the CES and CECS columns subjected to
eccentric loadings. The CECS columns had slightly less compressive strength values
than the CES columns with the average ratio of 0.96, 0.94, and 0.97 for concentric

loadings, eccentric loadings E1, and eccentric loadings E2, respectively.
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Figure 5.36 Comparison of load — axial strain curves between at solid web section and
at center of hole section; (a) C1s-63-E1; (b) C1s-63-E2; (c) C2s-63-E1;
(d) C2s-63-E2; (e) Ws-63-E1; and (f) Ws-63-E2.
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Figure 5.37 Axial strain at different load states of (a) C1s-63-E1; (b) C1s-63-E2;
(c) C2s-63-E1; (d) C2s-63-E2; (e) Ws-63-E1; and (f) Ws-63-E2.
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Table 5.4 Test results of cellular steel columns subjected to eccentric loadings.

Experimental results (ggggirgggl)
o g g
: $E £ E
3 - =
Pmax Pmax
kN kN
(1] 1]/ 1
WSs-63 3659 -
C1s-63 3482 0.95
C2s-63 3508 0.96
Average 0.96
Ws-63-E1 2913 -
C1s-63-E1 2728 0.94
C2s-63-E1 2753 0.95
Average 0.94
Ws-63-E2 2003 -
C1s-63-E2 1852 0.92
C2s-63-E2 2042 1.02
Average 0.97

aBased on the CES columns.

5.4.3 Load - transverse strain curves

Figure 5.38 shows load — transverse curves of the tested composite columns
with shear studs subjected to concentric loadings. The curves are similar to the curves
of the composite columns without shear studs as presented in section 5.2.

Figure 5.39 shows load — transverse curves of the tested composite columns
with shear studs subjected to eccentric loadings. All curves increased in tension from
start to post-peak state. For SG 9 and SG 10, which were positioned on steel web
compression and tension sides, the curves two different position are similar. For SG
11, SG 12, and SG 13, which were positioned on stirrup at different position, tension

in the curves of compression side increased more than the curves of tension side.
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Figure 5.38 Load - axial and transverse strain curves; @-b) C1s-63; (c-d) C2s-63;
and e-fy Ws-63.
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Figure 5.39 Load - transverse strain curves; (a) C1s-63-E1; (b) C1s-63-E2;
(c) C2s-63-E1; (d) C2s-63-E2; (e) Ws-63-E1; and (f) Ws-63-E2.
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5.4.4 Effect of design parameters

Figure 5.40 shows a comparison between the compressive strength of bare
steel columns and composite columns. The composite design enhanced the
compressive strength of the CES and CECS columns with respect to the bare steel
columns by 242 % and 241 — 250 %, respectively. The effects of eccentricity on the
strength of bare steel and composite columns can be summarized as follows,

Effect of eccentricity on the strength of the bare steel columns: the strength of the
parent steel column decreased by 13 % as eccentricity increased from 17.5 to 35 mm.
On the other hand, the strength of the cellular steel columns decreased by 5 — 6 % as
eccentricity increased from 17.5 to 35 mm.
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Figure 5.40 Comparison of compressive strength of eccentric loading columns;
(a) W columns; (b) C1 columns; (c) C2 columns; and (d) C3 columns.
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Effect of eccentricity on the strength of the composite columns: the strength of the

CES columns decreased by 20 % and 31 % as eccentricity increased from 17.5 to 35 mm
and 35 to 70 mm. On the other hand, the strength of the CECS columns decreased by 22

% and 26 — 32 % as eccentricity increased from 17.5 to 35 mm and 35 to 70 mm.

5.4.5 Conclusions

The conclusions of the experimental results of the CECS columns subjected to

eccentric loadings are as follows,

Failure mode of the composite columns subjected to eccentric loads E1
(35 mm): near the maximum loads, longitudinal crack occurred at the
compression side and corner. At the maximum loads, concrete crushing
occurred on the compression side at mid-height of the columns. After that,
transverse crack expanded rapidly from the compression side to the
tension side. The load carrying capacity of the column reduced
immediately. Finally, transverse crack occurred on the tension side.
Failure mode of the composite columns subjected to eccentric loads E2
(70 mm): near the maximum loads, longitudinal crack occurred on the
compression side; and, transverse crack occurred on the tension side at the
same time. At the maximum loads, concrete crushing occurred on the
compression side and large transverse crack occurred on the tension side
at the same time at mid-height of the columns.

Load — axial strain curves of the columns with eccentricity E1 (35 mm): all
strain increased in compression at initial state. For the strain gauges
positioned on concrete surface on compression side, the axial strain
increased the most in compression from start to post-peak state. For the
strain gauges positioned on steel flange on compression side, the axial
strain increased in compression from start to post-peak state. The curves
showed that the compression steel yielded at maximum loads. For the strain
gauges positioned on steel flange on tension side, the axial strain increased
in compression from start to maximum loads. After that, the strain returned
to tension in post-peak state. For the strain gauges positioned on concrete

surface on tension side, the axial strain increased in compression from start
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to maximum loads. After that, the strain returned to tension in post-peak
state.

Load — axial strain curves of the columns with eccentricity E2 (70 mm):
most of the curves are similar to the columns with eccentricity E1. Except
strain gauge positioned on concrete surface on tension side, the axial
strain increased in tension from start to post-peak state.

Axial strain contribution along column depth: the strain distribution across
the section remain linear up to over 80 % of maximum loads. The
hypothesis plane-section remain plane is satisfied.

Maximum loads of the CES and CECS columns: The CECS columns had
slightly less compressive strength values than the CES columns with the
average ratio of 0.96, 0.94, and 0.97 for concentric loadings, eccentric
loadings E1 (35 mm) and eccentric loadings E2 (70 mm), respectively.
Load — transverse strain curves: All curves increased in tension from start to
post-peak state. For the strain gauges positioned on steel web compression
and tension sides, the curves from two different position are similar. For the
strain gauges positioned on stirrup at different position, the curves of
compression side increased in tension more than the curves of tension side.
Comparison between the compressive strength of bare steel columns and
composite columns: the composite design enhanced the compressive
strength of the CES and CECS columns with respect to the bare steel
columns by 242 % and 241 — 250 %, respectively.

Effect of eccentricity on the strength of the bare steel columns: the
strength of the parent steel column decreased by 13 % as eccentricity
increased from 17.5 to 35 mm. On the other hand, the strength of the
cellular steel columns decreased by 5 — 6 % as eccentricity increased from
17.5to 35 mm.

Effect of eccentricity on the strength of the composite columns: the
strength of the CES columns decreased by 20 % and 31 % as eccentricity
increased from 17.5 to 35 mm and 35 to 70 mm. On the other hand, the
strength of the CECS columns decreased by 22 % and 26 — 32 % as
eccentricity increased from 17.5 to 35 mm and 35 to 70 mm.
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CHAPTER 6
ANALYTICAL MODELS

6.1 Proposed load — axial strain model of cellular steel columns

In this section, equations for predicting the axial stiffness and yield load of the

cellular steel columns are proposed.
6.1.1 Yield loads of cellular steel columns

For the prediction of yield loads of the cellular steel columns, the full yielding
at the net cross-section area is assumed, as shown in [Section A-A’, B-B” and C-C’ at

hole centerline of the cellular steel columns] Figure 4.1 (a-c), which yield loads:

P = A%,net fys (61)

y,ana

Where
A .« = netcross-sectional area of structural steel member, Eg. (4.3);

f, = Yyield stress of structural steel.

As shown in Table 6.1, Eq. (6.1) overestimated the measured yield loads of the

cellular steel columns by 1 %.
6.1.2 Axial stiffnesses of cellular steel columns

The prediction of axial stiffnesses of the cellular steel columns is based on an

equivalent cross-section area of structural steel member, as shown in Eqg. (6.2).
(EA/L),. =EA. /L (6.2)

Where

A ., = equivalent cross-sectional area of structural steel member, Eq. (6.9);

E elastic modulus of structural steel;

S

L

length of column.
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As the cellular steel column is the nonprismatic member, the equivalent cross-

sectional area (A, ,,) can be derived for the prediction of axial stiffness of the cellular

steel columns. Refer to Figure 6.1, the total axial deformation of the cellular steel

column over the gauge length “S” is

Atotal = Asolid + Ahole (63)

PS P(S-D,) 2D°’2 P

- + X (6.4)
&,eq Es A%,g Es 0 ESK(X)

PS _P(S-D,) +23D°I’2 D 65)
A&,eq Es As,g Es Es 0 A%(X)

= +2 j ——dx (6.6)

1 _(52D), 2% 1 o 6.7)
&eq A%gs S 0 &(X)

Where P is the axial load, consider an integral term in Eq. (6.7)

A=A, -2 2] -x ©9)

Then, Eqg. (6.7) becomes

1 _( °)+Ej 1 dx (6.9)
&,eq &gs S 0 D 2
A, -2t, (2") —x°

Eqg. (6.8) can also be written in the polar form as

A)=A,-2t, %cos(é’) (6.10)
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Where
X =%sin(6’) (6.11)
dx :%cos(e)de (6.12)

Then, Eq. (6.7) becomes

1 (S—D ) o 712 &COS(H)
- | 2 R de (6.13)
Acq AgS St A&’Q—thj’cos(e)

Simplifying Eq. (6.13), the equivalent cross-sectional area (A,,) can be

determined from

= + 0
A&eq &gs &gs 0 SGC(Q)—ﬁ

9

do (6.14)

1 (S-D,) D ”f 1

Where
A ., = equivalent cross-sectional area of cellular steel member;
A, = gross cross-sectional area of cellular steel member (at solid web section);
D, = hole diameter of cellular column;
E, = elastic modulus of structural steel;
S = center-to-center hole spacing of cellular column;
t, = web thickness of structural steel;
e = axial deformation along the hole section of the cellular steel column;
Ayiq = axial deformation along the solid web section of the cellular steel column;

A, .. = total axial deformation of the cellular steel column.

total
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Figure 6.1 Determination of equivalent axial stiffness; (a) cellular steel column;
and (b) nonuniform section.

For the equivalent cross-sectional area of each tested column as shown in
Table 6.1, gauge length “S” used the LVDT gauge length. In Table 6.1, Eq. (6.2)

underestimated the axial stiffness of cellular steel columns by 6 %.

Table 6.1 Test and predicted results of bare steel columns.

] - ) Comparison
Section analysis Experimental results - -
Experiment / Analysis
Equivalent Axial Yield Axial Yield Axial Yield
area stiffness load stiffness load stiffness load
Columns (EAL)op  Pyep
Aseq (EA/L)ana Py, ana (EA/L)exp Py, exp - -
(EA/L)ana Py, ana
cm? MN/m kN MN/m kN - -
[1] [2] [3] [4] (5] [41/12] [51/13]
ST-W 40.15 4131 1234 4175 1292 1.01 1.05
ST-C1 39.36° 4047 1114 4477 1094 111 0.98
ST-C2 39.072 4016 1103 4114 1099 1.02 1.00
ST-C3 38.352 3941 1114 4193 1103 1.06 0.99
Average 1.06 0.99

@Based onthe actual LDVT gauge.
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6.1.3 Proposed load — axial strain model of cellular steel columns

To develop the load — strain curve of the cellular steel column, stress — strain
model of steel of Giuffré and Pinto (1970) was used as a prototype. First, the stress —
strain model was transformed into the load — strain model. After that, the equation
was revised with the cellular steel columns. The equation was derived as follows,

The stress — strain model of steel of Giuffre and Pinto (1970) is

f o E& (6.15)

For transform the stress — strain curve to be the load — strain curve, the

equation Eq. (6.15) is transformed as follow,

B2 A (6.16)

R
1+(E585J
f

The Eq. (6.16) is the equation for predicting load — strain curves of the bare

|+

steel columns, as shown in Figure 6.2. For the cellular steel columns, the equation was

transformed as follows,

PS _ Es‘c"sA&,net : (617)
E. "R
1+( sgs]
f,s
Where
E
At (6.18)
&,net

R = parameter (R =10 recommended).
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Figure 6.2 shows proposed load — strain curve model of the cellular steel

columns. The initial slope of the curve is axial stiffness of the columns. The curve is

flat at yield load of the columns.

Load

E v.ana

(EA/L) g

= Analytical

Axial strain

Figure 6.2 Proposed load — strain curve model of cellular steel columns.
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Figure 6.3 Validation of the proposed load — strain curves of tested cellular steel

columns; (a) ST-C1; (b) ST-C2; and (c) ST-C3.
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The load — strain curves were validated with the tested result (ST-C1, ST-C2,
and ST-C3), as shown in Figure 6.3. The verification showed that the model
accurately predicts the axial compressive behavior of the cellular steel columns.
However, the model should be validated with more cellular steel columns in the

future.
6.1.4 Conclusions

In this section, the equations for calculating yield loads, axial stiffnesses, and
load — axial strain curve of the cellular steel columns are proposed. The proposed
equations and curve were verified with the tested cellular steel columns in this
research. However, the model should be validated with more cellular steel columns in

the future.

6.2 Proposed analytical model of CES columns

This section proposes analytical model for predicting the axial load — strain
relation of the CES columns subjected to concentric loading. This model based on the
models of CES columns of Chen and Wu (2017) and Chen and Lin (2006). The
design chart for calculating compressive strength of confined concrete, which
proposed by Mander et al. (1988), was adopted to predict the confined concrete of the
CES columns that contain any doubly-symmetric structural steel shapes. This
proposed analytical model considers the concrete confinement effects, which increase
the compressive strength of confined concrete and reduce the web strength of

structural steel, and the buckling of longitudinal steel reinforcements.
6.2.1 Load - axial strain model

This analytical model predicts the load — axial strain relation of the CES
columns based on section analysis method by combining all materials together. The
CES column section consists of unconfined concrete, partially confined concrete, highly

confined concrete, structural steel and longitudinal bars, as shown in Figure 6.4.
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Reinforcement steel Reinforcement steel Reinforcement steel

Structural steel Structural steel Structural steel

' |
Highly confined concrete Highly confined concrete Highly confined concrete
Partially confined concrete Partially confined concrete Partially confined concrete
Unconfined concrete Unconfined concrete Unconfined concrete

Figure 6.4 Materials in concrete-encased steel columns.

The axial load capacity of all materials is combined to be the capacity of the
CES column. An equation for combining the load at each strain is as follows,

Poa = F A+ T oA+ T AT AL T T A (6.19)
Where
A, = cross-sectional area of highly confined concrete;
A, = cross-sectional area of partially confined concrete;
A, = cross-sectional area of unconfined concrete;
f.. = stress of highly confined concrete;

f.. = stress of partially confined concrete;

f, = stress of structural steel;
f, = stress of longitudinal rebar;
f. = stress of unconfined concrete.

Figure 6.5 shows the use of this model to predict the axial load — strain
relation of the specimens of Chen and Yeh (1996) and Zhu et al. (2014).

Assumptions of the model are as follows,

1. The axial compressive strain is assumed to be uniform distribution.

2. Load capacity of each materials are calculated based on corresponding

uniaxial stress — strain relations.
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3. Local buckling of longitudinal bars is assumed.
4. Strength reduction of web of structural steel is caused by expansion of
concrete.
5. Concrete confinement effect is caused by structural steel and stirrups.
6. Second-order effect is ignored.
Figure 6.6 shows procedure to calculate the axial load — strain relation of each
materials of the CES column. The details to calculate the stress — strain relation of

each materials of the CES column is shown in next sections.

Figure 6.5 Axial load — strain relation of CES columns from (a) Chen and Yeh (1996);

SRC2

Unconfined concrete

= = = Partially confined concrete

= : = Highly confined concrete = = Reinforement steel
— - = Stuctural steel flange —— - - Structural steel web
5000 -
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4000
g 3000
%
3 2000
1000
0 I I I I 1
0.000 0.002 0.004 0.006 0.008 0.010
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----- Unconfined concrete = = = Partially confined concrete
C-+R40 = « = Highly confined concrete = = Reinforement steel
= « = Structural steel flange = : = Structural steel web
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train

and Zhu et al. (2014).
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Figure 6.6 Procedure for predicting axial load — strain relation of the CES column.

6.2.2 Constitutive model for concrete

As shown in Figure 6.4, concrete of the CES columns is divided into 3 zones
consisting of unconfined concrete, partially confined concrete, and highly confined
concrete. The highly confined concrete is the concrete confined by structural steel and
stirrups. The partially confined concrete is the concrete confined by stirrups only. The
unconfined concrete is outside the stirrups. The stress — strain relation of the concrete,

as shown in Figure 6.7, is based on model of Mander et al. (1998) as follows,

f 1
— cc 6.20
Cor-1+X" (6.20)
X =5 (6.21)
€
E
r=—— 6.22
Ec - Esec ( )
E, = (6.23)
&
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g =¢, {1+5[%—1ﬂ (6.24)

&, =0.002 (6.25)
f.'=f," forunconfined concrete (6.26)
f.'=f,, forpartially confined concrete (6.27)
f.'= f,," forhighly confined concrete (6.28)
Where

E. = elastic modulus of concrete;

E.. = secant modulus of concrete at peak strength of confined concrete;

f.' = compressive strength of confined concrete;

f,' = compressive strength of concrete cylinder;

&, = corresponding strain of concrete;

&, = corresponding strain at compressive strength of concrete cylinder.

For the compressive strength of highly confined concrete ( f_,, '), the strength

is calculated using the design chart proposed by of Mander et al. (1988), as shown in
Figure 6.8. The design chart, which was proposed for confined concrete of RC
columns, is adopted for using with confined concrete of CES columns. The

compressive strength is calculated based on lateral confined pressure which it is

confined by structural steel and stirrups ( f,, , '), as shown in Eq. (6.29).

Y, (6.29)

le,r le,s

fle,h '=f

Where
f

lateral confining pressure from stirrups;

le,r

f lateral confining pressure from structural steel.

le,s
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For the compressive strength of partially confined concrete (f__'), the

co,p
strength is calculated by using model proposed by of Cusson and Paultre (1995). The
compressive strength is calculated based on lateral confined pressure which is

confined by stirrups only ( f,_ '), as shown in Eqg. (6.30).

le,p

fiep "= fier” (6.30)

Unconfined concrete

A — = = Partially confined concrete
= « = - Highly confined concrete
'
f cehe fmmmmmmramms -
f' """ g e O RS,
% ce.pe r i i T = e
© 1 -~ S
[} 1 | e s
= fco i P =
xn ! -
] 1 1
| 1
] 1 |
] 1 ]
| 1 1
] 1 ]
] 1 ]
] 1 ]
] 1 ]
] 1 ]
| 1 1 ;
E_ &

co cc.pe gcc.hc
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Figure 6.7 Stress — strain relation of unconfined, partially confined and highly
confined concrete.
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Figure 6.8 Design chart for calculating compressive strength of confined concrete
(Mander et al., 1988).
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The lateral confining pressure caused by stirrups ( f,.. ') is referred to the

le,r
model by Cusson and Paultre (1995). The lateral confining pressure is calculated by

using real stress in stirrups (f,..), as shown in Eqg. (6.31). The equation was

hce
developed from the model of Mander et al. (1988), which was calculated by assuming

yielding of stirrups. Equations for calculating the lateral confining pressure are as

follows,
k f +
f|er __&p hee {A%hx A%hyj (631)
’ S C, +C,
w.? ' '
g2y sy
6c,c, 2C, 2c,

Ke.p = (6.32)

(1_ pcc)
0.7 0.3

fcc = fco +2'1fle,r fco (6-33)
£ 1.7

Ee = &g +O.21( Ie,% j (6.34)

1-v ) f,,"

8hcc — chcc _w (635)
ESEC

fhcc = Esghcc (636)

Where

A, = areaof stirrups in the x direction;

A,, = areaofstirrupsinthey direction;

c, = concrete core dimension to center line of stirrup in x-direction;

¢, = concrete core dimension to center line of stirrup in y-direction;

E, = elastic modulus of structural steel;

E.. = secant modulus of concrete at peak strength of confined concrete;

f.' = compressive strength of confined concrete;
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compressive strength of concrete cylinder;
stress in the transverse reinforcement at the maximum strength of confined

concrete;

lateral confining pressure from stirrups;

clear longitudinal spacing of stirrup;

clear transverse spacing between adjacent longitudinal bars;
ratio of longitudinal reinforcement area to core section area;
corresponding strain at compressive strength of concrete cylinder;

corresponding strain at compressive strength of confined concrete;

Poisson’s ratio of concrete.

For calculating the lateral confining pressure by using the real stress in the

stirrups, iterative procedure was used by following the step as follows,

1.
2.

Assume real stress of stirrup ( .. ) are to be yield stress of the stirrup ( f,).

hce

Find compressive strength ( f,') and corresponding strain (&) of

confined concrete by using Eg. (6.33) and (6.34).
Calculate real strain in the stirrup (,..) by using Eq. (6.35).

Calculate real stress in the stirrup ( f, ) by using Eq. (6.36).

hee

Calculate the updated lateral confining pressure ( f_ ') by using updated

le,r

real stress in the stirrup ( f, .) by using Eq. (6.31).

hce

Repeat the step 2 — 5 until the stress in stirrup is converged to a certain

value.

The lateral confining pressure caused by structural steel ( f,_ '), as shown in

Eqg. (6.37), is referred to the model by Chen and Wu (2017). The assumption of

yielding of steel flange from expansion of concrete was used to calculate the lateral

confining pressure, as shown in Figure 6.9. The steel flange, which resembled a

cantilever beam, is subjected to expansion forced of concrete. The internal moment

(M,) at

support of the cantilever beam is expressed in Eq. (6.39), which assumed

nonlinear expansion of concrete occurring at 0.75 of yielding of structural steel. The
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maximum expansion force of concrete (q, ), which was parabolic curve, is expressed

in Eqg. (6.40). In addition, expansion pressure of concrete acting on structural steel
(fes') isexpressed in Eq. (6.41).

fle,s ‘= ke,h fI,s ' (637)

K, , = 6 (6.38)

f t2
M, =21 6.39
T (6.39)
tr
qu = W fys (640)
. 2
Hs=§% (6.41)
Where
b = clear width of steel flange;
d = total depth of steel column;
k., = arearatio of effective confined concrete to total concrete;
f..' = lateral confining pressure from structural steel;
f = specified minimum yield stress of structural steel;
g, = maximum lateral confining pressure;
t: = flange thickness of structural steel;
t, = web thickness of structural steel.

In addition, the concrete confinement factor of partially and highly confined

concrete are defined as follows,
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f 1
K, =—=E (6.42)
fCO
fcc h l
K, =—= (6.43)
fCO
Where
f..,'= compressive strength of highly confined concrete;
f.., = compressive strength of partially confined concrete;
f,' = compressive strength of concrete cylinder;
K, = confinement factor of highly confined concrete;
K, = confinement factor of partially confined concrete.
b Deformed shape Biaxial 0.75f,¢
| ‘ _____ - stress
| _—__4 state .@70,375&[
(A AN
/1/ 0.375f,f Pl
fua[T1 .

Figure 6.9 Constitutive model for concrete.

6.2.3 Constitutive model for structural steel

For the model of structural steel, Giuffre-Menegotto-Pinto model was used in
this study as shown in Figure 6.10, with R to be 10 for hot rolled steel and to be 3 for

welded steel and ¢, =0.02.

The structural steel in this model was divided into 2 parts consisting of steel
flange and web. The steel web was affected from expansion of concrete. Biaxial
Stress Ellipse Theory, as express in Eqg. (6.44), was used to reduce the strength of
steel web. The expansion force of concrete acted on the steel web is expressed in

Eq. (6.45), which was calculated by equilibrium, as shown in Figure 6.9.
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fst2 + fsi - fst fsv = fy2 (644)
4b
f,.=— 6.45
st 3tW qu ( )
Where
b = clear width of steel flange;

= maximum lateral tensile stress in web;

st

f, = maximum vertical stress in web;
g, = maximum lateral confining pressure;
t, = web thickness of structural steel.
Steel flange
D Steel web
»f
B
g
@
g)swgyf
Strain

Figure 6.10 Constitutive model for concrete.

In addition, the reduction factor of web of structural steel is defined as follows,

K, = o (6.46)
ys
Where
f, = maximum vertical stress in web;
f. = specified minimum yield stress of structural steel;
K. = reduction factor of steel web.
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6.2.4 Constitutive model for longitudinal bar

Figure 6.11 shows stress — strain relation of longitudinal bars referring model

by Chen and Wu (2017). The curve is linear from origin to yield stress ( f,, and &, ).

The stress is to be yield stress until corresponding strain at peak stress of concrete

(&, ). After that, the strain reduces linearly to be 20 % of yield stress (0.2f ) at 4

times of corresponding strain at peak stress of concrete (4¢,, ).

&

f)’,r

Reinforcement Steel

Strain
Figure 6.11 Constitutive model for concrete.

6.2.5 Verification of proposed analytical model

The 22 specimens of CES columns subjected to concentric loadings of Chen
and Yeh (1999), Tsai et al. (1996), Liang et al. (2014), and Zhu et al. (2014) are used
for verification of proposed analytical model.

Chen and Yeh (1999) and Tsai et al. (1996) specimens were 280 x 280 mm in
cross section and 1200 mm in height. Four and twelve 16-mm-diameter bars were
used as the longitudinal reinforcements. The 6 and 9 mm-diameter bars were used as
the transverse reinforcements (closed stirrups). The structural steel was H-shape, I-
shape and cross-shape. The concrete was normal strength concrete.

Liang et al. (2014) specimens were 600 x 600 mm in cross section and 1200
mm in height. Twelve 29-mm-diameter bars were used as the longitudinal
reinforcements. The 13 mm-diameter bars were used as the transverse reinforcements
(closed stirrups). The structural steel was cross-shape. The concrete was normal

strength concrete.
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Zhu et al. (2014) specimens were 200 x 200 mm in cross section and 600 mm
in height. Twelve 10-mm-diameter bars were used as the longitudinal reinforcements.
The 6.5 mm-diameter bars were used as the transverse reinforcements (closed

stirrups). The structural steel was I-shape and cross-shape. The concrete was high

strength concrete.
Figure 6.12 shows cross-sectional of CES columns of Chen and Yeh (1999)

and Zhu et al. (2014).

‘4— 280 mm 4>| ’4— 280 mm 4>| "; 280 mm —p»

‘4— 280 mm 4>|

HI50X 150X 7X 10 mm H175X90X5X8 mm HI150X75X5X7 mm

(a)

«—— 200 mm —p ’4— 200 mm —p|

|—— 200 mm —p|

H100X68X4.5X7.6 mm H100X 68X4.5X7.6 mm

(b)

Figure 6.12 Cross-sectional of CES columns of (a) Chen and Yeh (1999);
and (b) Zhu et al. (2014).

Figure 6.13 shows comparison of the axial load — strain relation of the
analytical model with the experimental results from the literature. The comparison
shows that the model accurately predicts axial load — strain curves and axial
compressive strength of the CES columns. The comparison ratio of the axial
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compressive strength of the model predictions to the experimental results are shown

in Table 6.2. The average ratio is 1.00 with standard deviation is 0.05.

Table 6.2 Comparison of axial compressive strength predicted from analytical model

and experimental results.

Maximum load
Exceriment S?;J:;h Ar:zldy::s Exper+|ment Exper+|ment Ana+ly5|s
Author Specimen Squash Analysis Squash
Pexp Psquash = Pana | Pexp / Psquash  Pexp / Pana | Pana / Psquash
(kN) (kN)  (kN) - - -
[1] [2] [3] [11/12] [11/13] [381/12]
srcl 3602 3227 3587 1.12 1.00 1.11
src2 3502 3202 3567 1.09 0.98 1.11
Tsai et al. src5 3063 2664 2918 1.15 1.05 1.10
(1996) srcé 3009 2684 2974 1.12 1.01 1.11
src8 3088 2703 3000 1.14 1.03 1.11
src9 3748 3515 3533 1.07 1.06 1.01
SRC1 4220 3833 4187 1.10 1.01 1.09
SRC2 4228 3747 4147 1.13 1.02 1.11
SRC3 4399 3851 4385 1.14 1.00 1.14
SRC4 4441 4231 4438 1.05 1.00 1.05
Chen and SRC5 4519 4231 4471 1.07 1.01 1.06
Yeh (1999) SRC6 4527 4213 4549 1.07 1.00 1.08
SRC7 3788 3153 3502 1.20 1.08 1.11
SRC8 3683 3046 3434 1.21 1.07 1.13
SRC9 3630 3153 3502 1.15 1.04 1.11
SRC10 3893 3261 3674 1.19 1.06 1.13
Liangetal. | DH-TI-75 18188 18447 19259 0.99 0.94 1.04
(2014) DH-TI-90 17952 18447 19229 0.97 0.93 1.04
C-1-R40 3809 3685 4088 1.03 0.93 1.11
Zhu et al. C-1-R60 3838 3685 4114 1.04 0.93 1.12
(2014) C-+-R40 3855 3926 4294 0.98 0.90 1.09
C-+-R60 4010 3926 4317 1.02 0.93 1.10
Average 1.09 1.00 1.09
Standard deviation 0.07 0.05 0.03
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Figure 6.13 Verification of axial load — strain relation with the CES specimens of
(a-c) Chen and Yeh (1999); and (d-f) Zhu et al. (2014).
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6.2.6 Squash loads

Squash load equation is a simplified equation for predicting axial compressive
strength of composite stub column. The equation combines ultimate strength of all
material in the composite column without considering the effect of concrete

confinement. The squash load equation for the CES stub column express as follows,

Pouasn = 0-85F"A + f A + f A, (6.47)
Where

A, = cross-sectional area of concrete;

A, = cross-sectional area of structural steel;

A, = cross-sectional area of longitudinal rebar;

f,,' = compressive strength of concrete cylinder;

f, = Yyieldstress of structural steel;

f.. = Yyield stress of longitudinal rebar.

ysr
The comparison ratio of the axial compressive strength of the squash load
equation to the experimental results is shown in Table 6.2. The average ratio is 1.09
and standard deviation is 0.07. The results showed that the squash load equation
underestimate the compressive strength of CES columns from the previous test data.
In addition, the comparison ratio of the axial compressive strength from the
analytical model to the squash load equation is shown in Table 6.2. The average ratio
is 1.09 and standard deviation is 0.03. The results showed that the axial compressive
strength of squash load equation less than the axial compressive strength of the

analytical model.
6.2.7 Parametric study

The analysis model is used to study effect of design parameters on maximum
loads of CES column and design factors. The design parameters consisted of concrete

strength, steel strength, stirrup spacing, flange slenderness ratio, and web slenderness
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ratio. The design factors consisted of partially confined factor (K ), highly confined
factor (K, ), and reduction factor of steel web (K, ).

In the parametric study, the properties of SRC2 specimen of Chen and Yeh
(1999) were used. The column was 280 x 280 mm in cross section and 1200 mm in
height. Twelve 16-mm-diameter bars were used as the longitudinal reinforcements.
The 8 mm-diameter bars were used as the transverse reinforcements with spacing of
50 mm. The structural steel was H-shape with total depth 150 mm, flange width 150
mm, flange thickness 10 mm and web thickness 7 mm. The compressive strength of
concrete was 30 MPa. The yield stress of structural steel and longitudinal bars were
400 MPa. The yield stress of stirrups was 245 MPa.

Figure 6.14 shows effect of concrete strength on maximum loads and the
design factors. The concrete strength varies from 20 to 80 MPa. An increase of
concrete strength increased the maximum loads, reduced the partially confined factor
and highly confined factor. The increase of concrete strength did not affect the

reduction factor of steel web.
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&
= = fll )
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Concrete strength (MPa) Concrete strength (MPa)
(a) (b)

Figure 6.14 Effect of concrete strength on (a) maximum loads of CES column; and
(b) partially confined factor, highly confined factor, and reduction factor of steel web.

Figure 6.15 shows effect of steel strength on maximum loads and the design
factors. The steel strength varies from 200 to 500 MPa. An increase of steel strength
slightly reduced the reduction factor of steel web. The increase of steel strength did not

affect the maximum loads, the partially confined factor, and highly confined factor.
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Figure 6.15 Effect of steel strength on (a) maximum loads of CES column; and
(b) partially confined factor, highly confined factor, and reduction factor of steel web.

Figure 6.16 shows effect of stirrup spacing on maximum loads and the design
factors. The stirrup spacing varies from 25 to 200 mm. An increase of stirrup spacing
reduced the partially confined factor and highly confined factor, and slightly reduced

the maximum loads. The increase of stirrup spacing did not affect the reduction factor

of steel web.
=@ Kp iy Kt i K
10000 8 25
&
% 8000 g 20
= B
B 6000 8 15
=1 ¥l
| (=41
H =
g 2000 5 05
L]
0 “g 0.0
&)
0 50 100 150 200 0 50 100 150 200
Stirrup spacing (mmn) Stirrup spacing (mm)
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Figure 6.16 Effect of stirrup spacing on (a) maximum loads of CES column; and
(b) partially confined factor, highly confined factor, and reduction factor of steel web.

Figure 6.17 shows effect of flange slenderness ratio on maximum loads and

the design factors. The flange slenderness ratio varies from 4.8 to 14. An increase of
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flange slenderness ratio slightly reduced the maximum loads, the partially confined
factor and highly confined factor; and the increase of flange slenderness ratio slightly

increased the reduction factor of steel web.
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Figure 6.17 Effect of flange slenderness ratio on (a) maximum loads of CES column; and
(b) partially confined factor, highly confined factor, and reduction factor of steel web.

Figure 6.18 shows effect of web slenderness ratio on maximum loads and the
design factors. The web slenderness ratio varies from 13.7 to 52. An increase of web
slenderness ratio slightly reduced the maximum loads, the partially confined factor,
highly confined factor, and the reduction factor of steel web.
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Figure 6.18 Effect of web slenderness ratio on (a) maximum loads of CES column;
(b) partially confined factor, highly confined factor, and reduction factor of steel web.
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6.2.8 Conclusions

The analytical model which considers the effect of concrete confinement and

strength reduction of steel web accurately predicts the axial compressive behavior of

the CES columns. The effects of the design parameters on the maximum loads of the

CES columns, the partially confined factor, the highly confined factor and the

reduction factor of steel web can be summarized as follows,

Increase of concrete strength increased the maximum loads, reduced the
partially confined factor and highly confined factor of the CES columns.
The increase of concrete strength did not affect the reduction factor of
steel web.

Increase of steel strength slightly reduced the reduction factor of steel
web. The increase of steel strength did not affect the maximum loads, the
partially confined factor, and highly confined factor of the CES columns.
Increase of stirrup spacing reduced the partially confined factor and highly
confined factor, and slightly reduced the maximum loads. The increase of
stirrup spacing did not affect the reduction factor of steel web.

Increase of flange slenderness ratio slightly reduced the maximum loads,
the partially confined factor, and highly confined factor; and the increase
of flange slenderness ratio slightly increased the reduction factor of steel
web.

Increase of web slenderness ratio slightly reduced the maximum loads, the
partially confined factor, highly confined factor, and the reduction factor

of steel web.

6.3 Proposed modified squash load equation for composite columns

As discussed in section 6.2, the analytical model, which considers concrete

confinement effect, accurately predicted the axial compressive strength of tested CES

columns from the previous test data; and the squash load equation predicted

conservatively the axial compressive strength of the tested CES columns from the

previous test data. However, the analytical model and squash load equation
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overestimate the axial compressive strength of the tested CES columns in this
research.

The predicted squash loads of all tested columns are shown in Table 6.3. A
comparison with the test results showed that Eq. (6.47) overestimated the compressive
strength for all CES columns. The overestimation was highest at 19% for the largest
stirrup spacing and decreased as stirrup spacing decreased. This overestimation was
possibly due to the use of total concrete area in Eq. (6.47). In the experiments, the
lateral deformation of longitudinal rebars and spalling of concrete cover occurred
before the maximum loads. Therefore, Eq. (6.47) is not recommended for the CES or
CECS composite columns with low-strength concrete strength, low longitudinal
reinforcement ratio, and large stirrup spacing. In addition, the analytical model is also
not recommended for the CES and CECS columns in this case, because the early
spalling of cover concrete and the concrete confinement effect is not evident in the
experiments.

The cover concrete spalling behavior before the maximum loads was also
observed in the CES columns with high-strength concrete tested by Zhu et al. (2014)
and Lai et al. (2019).

6.3.1 Modified squash loads of CES columns

A modified squash load was proposed by Lai et al. (2019) for high-strength
concrete CES columns. All materials were assumed to reach their maximum strength.

However; only concrete area enclosed by the stirrup was considered, as given by

I:)sq,mod =0.85 fco IAc,core + fysAs + fysr A%r (648)

Where

A ... = cross-sectional area of concrete enclosed by the closed stirrups;

A, = cross-sectional area of structural steel;

A,

f ' = compressive strength of concrete cylinder;

co

cross-sectional area of longitudinal rebar;

f, = yield stress of structural steel;
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f. = vyield stress of longitudinal rebar.

ysr

Because the modified squash load equation has not considering strength of cover
concrete and effect of concrete confinement; therefore, this equation is appropriate with
the experimental results in this research. The predicted compressive strengths by Eq.
(6.48) are shown in Table 6.3. A comparison with the test results showed that Eq. (6.48)
accurately predicted the strength of the CES columns with low-strength concrete and
large stirrup spacing (W-170 (A), W-170 (B), and W-126). However, the Eq. (6.48)
underestimated the strength of the CES column with concrete strength in range of AISC
specification (W-63). Therefore, Eq. (6.48) is recommended for the CES composite
columns with low-strength concrete strength (as low as 21 MPa AISC minimum), low
longitudinal reinforcement ratio (as low as AISC minimum), and large stirrup spacing
(up to the AISC maximum). It should be noted that the squash load equation
conservatively predicts the axial compressive strength of the CES columns in range of
AISC specification; and the analytical model is appropriate with the CES columns with

small stirrup spacing, which have evident effect of concrete confinement behavior.

Table 6.3 Test and predicted results of CES composite columns.

Comparison
Section analysis Experimental result
Experiment / Analysis

7 = = A S 7 = =
£ 9BauBBlve £ £ £ ES
. @ @ S G G 2 b7 % S G
Composite = S = = = S g e g
= [s3 Z = < = = =3 = =

column 2 2 @ = < % a 3
(EA/L)exp Pmax Pmax

(EA/L)ana Psquash Psq, mod (EA/L)exp Prmax -+ - +
(EA/L)ana Psquash Psq, mod

MN/m kN kN MN/m kN - - -
[1] [2] [3] [4] [5] [41/011 [51/[21 [51/13]

W-170 (A) 8402 3396 2688 8228 2744 0.98 0.81 1.02
W-170 (B) 8116 3227 2582 7626 2632 0.94 0.82 1.02
W-126 8402 3396 2688 8402 2868 1.00 0.84 1.07
W-63 8822 3660 2853 8807 3469 1.00 0.95 1.22

@Based on the actual LDVT gauge.
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6.3.2 Axial stiffnesses of CES columns

For the tested CES columns in this research, the axial stiffness was predicted

as follows,

(EA/L),, =(EA +E,A, +EA)/L (6.49)
Where

A, = cross-sectional area of concrete;

A, = cross-sectional area of structural steel;

A, = cross-sectional area of longitudinal rebar;

E. = elastic modulus of concrete (E, =5000,/f, ", MPa);

E, = elastic modulus of structural steel (MPa);

E, = elastic modulus of longitudinal rebar (MPa).

The predicted axial stiffnesses of the CES columns are shown in Table 6.3. A

comparison showed that Eq. (6.49) is applicable for CES columns.
6.3.3 Modified squash loads of CECS columns

For the tested CECS columns with low-strength concrete strength, low
longitudinal reinforcement ratio, and large stirrup spacing, the modified squash load
of the CES columns with similar properties was used. All materials were assumed to
reach their maximum strength. The only concrete area enclosed by the stirrup was
considered. The cellular steel members assumed the full yielding at the net cross-
section area as shown in [Section A-A’, B-B’ and C-C’ at hole centerline of the

cellular steel columns] Figure 4.1 (a-c), is given by

I:)sq,mod =0.85 fco 'Ac,core + fys As,net + fysr Asr (650)

Where

A .. = netcross-sectional area of structural steel, Eq. (4.3).

The predicted compressive strengths of the tested CECS columns by Eqg.
(6.50) are shown in Table 6.4. For the tested CECS columns with low-strength



168

concrete and largest stirrup spacing as up to the AISC maximum spacing [C1-170 (A),
C2-170 (A), C3-170 (A), C1-170 (B), C2-170 (B) and C3-170 (B)], the squash load
equation [Eq. (6.47) by using net cross-sectional area of structural steel]
overestimated the compressive strength of the CECS columns by 20%. The modified
squash load equation accurately predicted the compressive strength of the CECS
columns, the highest average error was 2%. The prediction tended to be less accurate,
I.e., more conservative, as concrete strength increased and stirrup spacing decreased.
Therefore, Eq. (6.50) is recommended for the CECS composite columns with low-
strength concrete strength (as low as 21 MPa AISC minimum), low longitudinal
reinforcement ratio (as low as AISC minimum), and large stirrup spacing (up to the

AISC maximum).

Table 6.4 Test and predicted results of CECS composite columns.

Section analysis Experimeny] C_omparison -
result Experiment/ Analysis
A a B ]
£ B/ EIE (2| & g 3B
G g /5% & E £ = £ e
Composite s % s % s § = § S g
column < @ . & < 3 a 3
(EAL)exp Prmax Prmax
(EA/L)ana  Psquash ~ Psg, mod (EA/L)exp Prmax - -+ -+
(EA/L)ana Psquash Psg, mod
MN/m kN kN MN/m kN - - -
[1] [2 [3] [4] [5] [41/[1  [81/121 [51/[3]
C1170 A 83462 3278 2570 8175 2636 098 0.80 103
C2-170 A 83302 3267 2559 8236 2572 0.99 0.79 101
C3-170 A 834672 3278 2570 9151 2637 110 0.80 103
Average 102 0380 102
C1.170 B) 80592 3108 2463 7896 2478 098 0.80 101
C2.170 B) 80432 3097 2452 8164 2480 102 0.80 101
C3-170 B) 80592 3108 2463 8095 2493 1.00 0.80 101
Average 1.00 0.80 101
C1-.126 8346° 3278 2570 8974 2809 1.08 0.86 109
C2-126 83307 3267 2559 8601 2782 103 085 109
Average 1.05 0.85 109
C3-108 8346° 3278 2570 9319 2906 112 089 113
C1.63 87672 3543 2736 10250 3307 117 093 121
C2-63 87512 3532 2725 10644 3270 122 093 120
Average 119 0.93 120

@Based on the actual LDVT gauge.



169

It should be noted that the squash load equation accurately predicts the axial
compressive strength of the CECS columns with concrete strength in range of AISC
specification; and concrete confinement effect could be considered in the CECS

columns with small stirrup spacing.
6.3.4 Axial stiffnesses of CECS columns

For the tested CECS columns in this research, the axial stiffness was predicted
by using the equivalent cross-sectional area of the cellular steel members. The method
for predicting the equivalent cross-sectional area of the cellular steel members is
proposed in section 6.1.2. The axial stiffness of the tested CECS columns can be

expressed as follows,
(EA/L),, =(EA+E,A +EA) / L (6.51)

Where

A ., = equivalent cross-sectional area of structural steel, Eq. (6.14).

This equation is based on the assumption of neglect of transfer shear force
between the non-prismatic steel member (cellular steel member) and the encased
concrete.

The predicted axial stiffnesses of the CECS columns are shown in Table 6.4.
A comparison showed that Eq. (6.51) accurately predicted the axial stiffness of CECS
columns with high stirrup spacing, and underestimated axial stiffness of CECS

columns with closely stirrup spacing.
6.3.5 Conclusions

The proposed modified squash load and axial stiffness equations for predicting
the tested CES and CECS columns were investigated in this section. The conclusions
of this section are as follows,

Because the analytical model and squash load equation overestimate the axial
compressive strength of the tested CES columns in this research. The overestimation
of the squash load equation was highest at 19% for the largest stirrup spacing. This

overestimation was possibly due to the use of total concrete area. In the experiments,
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the lateral deformation of longitudinal rebars and spalling of concrete cover occurred
before the maximum load; and the effect of concrete confinement of the tested CES
and CECS columns did not evident. Therefore, the modified squash load equations,
which proposed by Lai et al. (2019), was used to predict the axial compressive
strength of the tested CES columns, and adopted to predict the axial compressive
strength of the tested CECS columns. The modified squash load equations accurately
predicted the strength of the CES and CECS columns with low-strength concrete and
large stirrup spacing. The prediction tended to be less accurate, i.e., more
conservative, as concrete strength increased and stirrup spacing decreased. Therefore,
the modified squash load equation is recommended for the CES and CECS columns
with low-strength concrete strength (as low as 21 MPa AISC minimum), low
longitudinal reinforcement ratio (as low as AISC minimum), and large stirrup spacing
(up to the AISC maximum). It should be noted that the squash load equation
conservatively predicts the axial compressive strength of the CES and CECS columns
in range of AISC specification; and the analytical model is appropriate with the CES
columns with small stirrup spacing, which have evident effect of concrete
confinement behavior.

For the axial stiffnesses, the equation to predict the axial stiffnesses of the
CECS columns was proposed by using the equivalent cross-sectional area of the
cellular steel members. The proposed equation accurately predicted the axial stiffness
of CECS columns with high stirrup spacing, and underestimated axial stiffness of

CECS columns with closely stirrup spacing.
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CHAPTER 7
STRENGTH INTERACTION DIAGRAM

7.1 Strength interaction diagrams of cellular steel columns
7.1.1 Plastic stress distribution method

For the plastic stress distribution method, the neutral axis is assumed on the
cross-section of the cellular steel column, as shown in Figure 7.1. The steel is

assumed to reached a yield stress ( f,) in either tension or compression. Axial force

and bending moment are computed over centroid of the section.

[ S [
L ]
Nl I
Ui I
: M
I I I
—_———— e — .I. _____________________ _| _____________________ P
Neutral axis || I 5 I
SR 0 1| e U N -
I\ >
L I 1 » I
| 5 | |
Cross-section Stress Force

Figure 7.1 Determination of P-M interaction based on plastic stress distribution method.

To develop an interaction diagram, the axial force and bending moment are
computed as the neutral axis shifts along cross-section of the cellular steel column.
For the cellular steel columns, an interaction diagram was developed by using over
300 coordinates of axial force and bending moment, as shown in Figure 7.2. It should
be noted that the Vierendeel bending failure is not considered in this method.

Figure 7.3 shows comparison between the interaction diagram developed by
plastic stress distribution method and the experimental results of bare steel columns
subjected to concentric and eccentric loadings. The comparison shows that this
method accurately predicts the interaction diagram with the test results. For the parent
steel columns, this method slightly underestimated the interaction diagram compared
with the test results. For the cellular steel columns, this method overestimated the

interaction diagram in some load cases.
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Figure 7.2 Strength interaction diagram of cellular steel column by plastic stress
distribution method.
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Figure 7.3 Comparison of the strength interaction diagram of cellular steel columns
between plastic stress distribution method and experimental results;
(@) ST-W; (b) ST-C1; (c) ST-C2; and (d) ST-C3.
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Figure 7.4 shows comparison of unit interaction diagrams of the bare steel
columns. The comparison shows that the interaction diagram of the cellular steel
columns (Plastic stress distribution — ST-W) is different from the interaction diagram of
the parent steel columns (Plastic stress distribution — ST-C1). The unit interaction
diagram of specimen ST-C3 is similar to that of specimen ST-C1; and the unit
interaction diagram of specimen ST-C2 is very close to the interaction diagram of

specimen ST-C1.

1.2 T T T
l | Plastic stress distribution method
L0 f’laslic sfresé dish‘ibm'm‘n -ST-W |
= = = Plastic stress distribution - ST-C1
N ® Test-ST-W
0.8 ,."\ ——— A Test-ST-Cl
e o ¢ Test-ST-C2
E*: 06 N Test-ST-C3
T N
~
<
0.4
~
~
~
~
02 ~
~
~
~
0.0 A
0.0 0.2 0.4 0.6 0.8 1.0 1.2
M /M,

Figure 7.4 Comparison of the strength interaction diagram of cellular steel columns
between plastic stress distribution method and experimental results.

7.1.2 Modified AISC 360-16 (Chapter H) method

The modified method proposes an interaction diagram based on the interaction
diagram in Chapter H1.1 of AISC 360-16 (2016), which is proposed for double and
single symmetric members subjected to flexure and compression, is expressed as

follows,

When ﬂ >0.2
P

c

M
ﬂ+§ %+—” <1.0 (7.1)
P 9l M M

c [o% cy

When ﬂ <0.2
P

c
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2FI);C J{I\M/I: +I\I\jIIZJS1'O (7.2)
Where

P. = required axial strength;

P. = available axial strength;

M, = required flexural strength;

M, = available flexural strength;

x = subscript relating symbol to major axis bending;

y = subscript relating symbol to minor axis bending.

When assuming required flexural strength of minor axis bending is to be zero,

the EqQ. (7.1) and (7.2) are expressed as follows,

When 5 >0.2

FLi8My 10 (7.3)
P 9

—+—X%<10 (7.4)

For the available axial strength (P.), the proposed yield load equation as

shown in section 6.1.1 [Eq. (6.1)] is used to predict the axial strength of cellular steel
columns. The prediction of yield load of the cellular steel columns assumed the full
yielding at the net cross-section area.

For the available flexural strength (M, ), flexural strength of overall beam and

Vierendeel bending of tees are considered. For flexural strength of overall beam, the
maximum moment equations of steel beam with web openings, which is proposed in

steel design guide 2 (AISC Design guide 2: Design of steel and composite beams with
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web openings, 1990), is applied. For Vierendeel bending of tees, the method to check
the Vierendeel bending failure, which is proposed in steel design guide 31 (AISC
Design guide 31: Castellated and cellular beam design, 2016), is applied. Because of
load condition, web post buckling, horizontal shear and vertical shear are not
considered in this research. Because this research focused on stub columns only,
lateral torsional buckling is not considered in this research.

For flexural strength of overall beam, the equations to predict flexural strength

of the cellular steel columns, which is proposed in the steel design guide 2, are as

follows,
D
A%,hole (4.0)
M, =M, |l-——F—~ (7.5)
Z,
Where
As,hole = Dotw;
M, =f Z

pl ys s,g;
D, = hole diameter of cellular column;

t, = web thickness of structural steel,

fie

= specified minimum vyield stress of steel;
Z,, = plastic section modulus of gross section about X axis.

For Vierendeel bending failure, this failure is caused by combining of the
shear force across the openings (global shear) and the rate of change of bending along
the beam (global moment). This failure occurred from plastic hinge at four location
around the openings. To check this failure, three steps for checking the Vierendeel
bending failure, which is proposed in steel design guide 31, are carry out as follows,

1. Calculate a require axial force (due to the global moment) and Vierendeel

moment (due to the global shear) on top and bottom tees at each opening,

as shown in section 3.8.1.
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2. Calculate axial tensile and compressive strength of the tees using Chapter
D and E of AISC360-16 and calculate flexural strength of the tee section
using Chapter F of AISC360-16, as shown in section 3.8.2 — 3.8.4.

3. Check the failure of combined axial force and Vierendeel moment using
Chapter H of AISC360-16, as shown in section 3.8.5.

Because this research is focused on the columns subjected to concentric and
eccentric loadings, the global shear is assumed to be zero. Therefore, the Vierendeel
moment (due to the global shear) of top and bottom tees at each opening is to be zero.
From checking the Vierendeel bending failure for all specimens, this failure is not
controlled in this research.

After calculating the available axial strength (P.) and the available flexural
strength (M, ), the interaction diagram by the modified AISC 360-16 (chapter H)
method is developed based on Eq. (7.3) and Eqg. (7.4), as shown in Figure 7.5.

Figure 7.6 shows comparison between the interaction diagram developed by
the modified AISC 360-16 (chapter H) method and the experimental results of bare
steel columns subjected to concentric and eccentric loadings. The comparison shows
that this method accurately predicts the interaction diagram with the test results. For
the parent steel columns, this method slightly underestimated the interaction diagram
compared with the test results. For the cellular steel columns, this method

overestimated the interaction diagram in some load cases.
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Figure 7.5 Strength interaction diagram of cellular steel columns by modified
AISC 360-16 (Chapter H) method.
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Figure 7.6 Comparison of the strength interaction diagram of cellular steel columns
between modified AISC 360-16 (Chapter H) method and experimental results;
(@) ST-W; (b) ST-C1; (c) ST-C2; and (d) ST-C3.

Figure 7.7 shows comparison of unit interaction diagrams of the bare steel
columns. The comparison shows that the unit interaction diagrams of the cellular steel
columns are similar to the unit interaction diagram of the parent steel column. The
unit interaction diagram predicted conservatively for most of the bare steel columns,

and predicted unconservatively for some of the cellular steel columns.
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Figure 7.7 Comparison of the strength interaction diagram of cellular steel columns
between modified AISC 360-16 (Chapter H) method and experimental results.

7.1.3 Comparison of different methods

Figure 7.8 shows comparison of the strength interaction diagram of cellular
steel columns between plastic stress distribution method and modified AISC 360-16
(Chapter H) method. For the parent steel columns, the plastic stress distribution
method predicts conservatively compared with the modified AISC 360-16 (Chapter
H) method. For the cellular steel columns, the plastic stress distribution method
predicts un-conservatively compared with the modified AISC 360-16 (Chapter H)
method.

In addition, a methodology of comparing analytical result with test result is

proposed by Lai et al. (2019) as shown in Figure 7.9. The vector R_, and R

test analysis

(vector from origin to coordinate of test results and interaction diagrams) were

defined. Ratio of R, and R is used to evaluate the accuracy of this method.

The comparison of the ratio of R and R, is shown in Table 7.1. The

analysis test

comparison shows that the modified AISC 360-16 (Chapter H) method has similar
accuracy to the plastic stress distribution method when comparing the specimens in

this research.
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Figure 7.8 Comparison of the strength interaction diagram of cellular steel columns
between plastic stress distribution method and modified AISC 360-16 (Chapter H)
method; (a) ST-W; (b) ST-C1, (¢) ST-C2; and (d) ST-C3.
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Figure 7.9 Methodology of comparing analytical result with test result by Lai et al.

(2019).
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Table 7.1 Comparison between plastic stress distribution method and AISC 360-16
(chapter H) method.

Experimental results Plastic stress distribution (2‘:;;;63_11'?)
Specimen Ranalysis Ranalysis
e P M Pn Mn + Pn Mn +
Riest Riest
mm kN kN-m kN KN-m - kN KN-m -

ST-W 0.0 1292 0.0 1201 0.0 0.93 1212 0.0 0.94
ST-W-E1 17.5 978 17.1 972 16.9 0.99 965 16.9 0.99
ST-W-E2 35.0 851 29.8 815 28.1 0.96 801 28.0 0.94
Average 0.96 Average 0.96
Standard deviation 0.03 Standard deviation 0.03
ST-C1 0.0 1094 0.0 1081 0.0 0.99 1067 0.0 0.98
ST-C1-E1 | 175 853 14.9 907 16.0 1.06 902 15.8 1.06
ST-C1-E2 | 35.0 801 28.0 778 275 0.97 781 274 0.98
ST-C2 0.0 1099 0.0 1070 0.0 0.97 1056 0.0 0.96
ST-C2-E1 | 175 826 145 878 15.7 1.06 876 15.3 1.06
ST-C2-E2 | 35.0 787 275 749 259 0.95 748 26.2 0.95
ST-C3 0.0 1103 0.0 1081 0.0 0.98 1067 0.0 0.97
ST-C3-E1 | 175 976 17.1 907 16.0 0.93 902 15.8 0.92
ST-C3-E2 | 35.0 861 30.1 778 27.5 0.90 781 274 0.91
Average 0.98 Average 0.98
Standard deviation 0.05 Standard deviation 0.05

7.1.4 Parametric study

For parametric study of the cellular steel columns, the modified AISC 360-16
(chapter H) method was used. The design parameters consist of hole diameter to depth

of parent ratio (D, /d) and hole spacing to hole diameter ratio (S/D,). The column

properties consist of depth of cellular steel column to depth of the parent steel column

ratio (d, /d), plastic section modulus of cellular steel column to the parent steel

column ratio (Z I Z, perent ), 108s OF the cellular column (as shown in Figure 4.2)

x,cellular
to depth of the parent steel column ratio (loss/d ), and cross section area of cellular

steel column (at center of hole) to the parent steel column ratio ( Ayuar / Avarent )- THE

paren
hot-rolled wide flange steel columns with flange width 150 mm, total depth 150 mm,
flange thickness 10 mm and web thickness 7 mm were chosen for parametric study.
Yield stress and elastic modulus are 300 MPa and 210000 MPa.
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Figure 7.10 Effect of design parameters on properties of cellular steel columns;

@ d, /d; (b) Z

x,cellular

1z

X, parent ?

(C) IOSS/d ’ and (d) Acellular / Aparent'

As shown in Figure 7.10, the study of the effect of design parameters on the

column properties shows that an increase of the hole diameter to depth of parent ratio

(D, /d) linearly increases d, /d and loss/d , nonlinearly increases Z

ratio, and linearly decreases A.,.. /A

parent *

1z

x,cellular X, parent

The study of hole spacing to hole

diameter ratio (S/D,) shows that an increase of S/D,decreases d,/d,

z

x,cellular

1z

X, parent !

and A%ellular / A

parent

and, an increase of S/ D, increases loss/d .

From the study effect of design parameters on the column properties, it was

concluded that the smallest value of S/ D, should be chosen, because of the highest

saving of the loss and the highest value of d, /d, Z

/Z and A:ellular / A

x,cellular X, parent parent *
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Figure 7.11 shows the effect of hole diameter to depth of parent ratio (D, /d)

on strength interaction diagrams of cellular steel columns. The study shows that an

increase of D, /d decreases axial capacity (the maximum reduction is less than 30 %),

but increases bending capacity (the maximum increase is more than 50 %) of the

cellular steel columns.
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Figure 7.11 Effect of hole diameters on strength interaction diagrams of cellular steel
columns; (a-b) S/D, =1.2;and (c-d) S/D, = 1.6.

Figure 7.12 shows the effect of hole spacing to hole diameter ratio (S/D,) on

strength interaction diagrams of cellular steel columns. The study shows that an

increase of S/ D, decreases both axial capacity and bending capacity of the cellular

steel columns.
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Figure 7.12 Effect of hole spacings on strength interaction diagrams of cellular steel
columns; (a-b) D,/d =1.0;and (c-d) D,/d =1.4.

7.1.5 Conclusions

The study on strength interaction diagram of the cellular steel columns can be

summarized as follows,
The plastic stress distribution method and modified AISC 360-16 (chapter

H) method is applicable to develop the strength interaction diagrams of

cellular steel columns.

From the study of effect of design parameters on the column properties, it

was concluded that the smallest value of S/ D, should be chosen, because

of the highest saving of the loss and the highest value of plastic section

modulus and cross-section area of cellular steel columns.
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- Increase of hole diameter to depth of parent ratio (D, /d ) decreases axial

capacity, but increases bending capacity of the cellular steel columns.

- Increase of hole spacing to hole diameter ratio (S/D,) decreases both

axial capacity and bending capacity of the cellular steel columns.

7.2 Strength interaction diagrams of CECS columns
7.2.1 Plastic stress distribution method

For the plastic stress distribution method, the neutral axis is assumed on the
cross-section of the cellular steel column, as shown in Figure 7.13. The structural steel
and longitudinal bars are assumed to have reached a yield stress ( f,) either tension
and compression. The concrete in compression is assumed to reached a stress of 0.85

of compressive strength of concrete cylinder (0.85f, "); and, the concrete in tension is

ignored. Axial force and bending moment are computed over centroid of the section.

! ! I 0.85%0 !
! : i . ﬁ!sr
: Frs > :
= i
! !
_________ f—mimimm e % —mmimi
« I
T— « -
IR - ————— —fE S R
Frs | | |
| |
. fosr .
i ! | !
| | | | |
Cross-section Stress Stress Stress Force
Structural steel Concrete  Longitudinal bars

Figure 7.13 Determination of P-M interaction based on plastic stress distribution
method.

To develop an interaction diagram, the axial force and bending moment are
computed as the neutral axis shifts along cross-section of the cellular steel column.
For the cellular steel columns, an interaction diagram was developed by using over 30
coordinates of axial force and bending moment over 30, as shown in Figure 7.14. It

should be noted that the Vierendeel bending failure is not considered in this method.
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Figure 7.14 Strength interaction diagram of composite column by plastic stress
distribution method.

Figure 7.15 shows comparison between the interaction diagram developed by
plastic stress distribution method and the experimental results of composite columns
subjected to concentric and eccentric loadings. The comparison shows that this
method accurately predicts the interaction diagram with the test results. For the
columns subjected to concentric loads, this method predicts slightly unconservatively.
For the columns subjected to eccentric loading (E1, e/B~0.1), this method predicts
slightly conservatively. For the columns subjected to eccentric loading (E2, e/ B ~0.2),

this method predicts slightly unconservatively.
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Figure 7.15 Comparison of the strength interaction diagram of composite columns
between plastic stress distribution method and experimental results;
(a) Ws-63; (b) C1s-63; (c) C2s-63.

The simplified plastic stress distribution method proposed on AISC 360-16

(Chapter 11.2) was used to propose the interaction diagrams of the CECS columns.

The simplified plastic stress distribution method used plasticity material properties

based on the plastic stress distribution, as shown in section 7.2.1. A conservative

linear relation between four points (point A, B, C, and D) was used to develop an

interaction diagram, as shown in Figure 7.16. It should be noted that the Vierendeel

bending failure is not considered in this method.
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Figure 7.16 Strength interaction diagram of CECS column by simplified plastic stress
distribution method method.
The method to calculate the coordinates (P, M) of point A, B, C, and D of
the CECS columns are express as follows,
Figure 7.17 shows stress distribution and axial force — moment relation of

point A of the CECS columns. The equation of axial force (P,) and moment (M) is

expressed as follows,

P,=085f,"A + fysﬁg'net + fysr A, (7.6)
Where

A, = cross-sectional area of concrete;

A =BD-A o~ A

A .« = netcross-sectional area of structural steel, Eq. (4.7);
A, = cross-sectional area of longitudinal rebar;

B = total width of cross-section area of column;

D = total depth of cross-section area of column;

f,' = compressive strength of concrete cylinder;

f, = Yyield stress of structural steel;

f,. = Yield stress of longitudinal rebar.

M, =0 (7.7)



188

! ! | 0.85%0 ! !
f | ¢ | £ |
2 | | Vi |
c 9 bos (= !
ys I I

— i (M

! ﬁ)sr I

— — —_—f—————— J=—— i —— —_—————— E ..... -1 P 4
I ! !
— .
< i S
i I > FEI !
: ' e ! !
| | | | |

Cross-section Stress Stress Stress Force
Structural steel Concrete  Longitudinal bars

Figure 7.17 Determination of P-M interaction of point A of simplfied plastic stress
distribution method of CECS columns.

Figure 7.18 shows stress distribution and axial force — moment relation of

point B of the CECS columns. The equation of axial force (P,) and moment (M;) is

expressed as follows,

P,=0 (7.8)
Mg =M, —Z,F, - Z,,(0.85f ,,")/2 (7.9)
Z,=Bh?-2Z_ (7.10)

When h < OI—g—tf
2

081 A g5t 't Doy 21,0, 2 1 A,
h = 2 2 2 (7.11)
" 2f,t,+0.85f,'(B-t,)
d d
otfn-%no %) o1
2 2
When d_g—tf <h, sd—g
2 2
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oo 0.85f, '(A& + A o —dgby + A%rs)_nys (A% —dyb )_nysr'o%rs (7.13)
h 2[0_85fco'(B—bf)+2fysbf]
Z. =7, b, (d?g—hnj(%gan (7.14)

When h, > d7g

= 0.85f, "(A + &’"5(;,2212; ; )fysAsynet —2f, A (7.15)
Zy =2, (7.16)
Where

A,, = cross-sectional area of longitudinal rebar at centerline of column section;
b, = flange width of cellular steel member;

d, = total depth of cellular steel member;

h, = distance between plastic neutral axis to centerline of column section;

t, = flange thickness of cellular steel member;

t, = web thickness of cellular steel member;

Z .. = plastic section modulus at net section about x axis.
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Figure 7.18 Determination of P-M interaction of point B of simplfied plastic stress
distribution method of CECS columns.

Figure 7.19 shows stress distribution and axial force — moment relation of

point C of the CECS columns. The equation of axial force ( P.) and moment (M. ) is

expressed as follows,

— )
P.=0.85f 'A (7.17)
M. =M, (7.18)
! ! ' 0.85fc0 !
f | ¢ |
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Figure 7.19 Determination of P-M interaction of point C of simplfied plastic stress
distribution method of CECS columns.

Figure 7.20 shows stress distribution and axial force — moment relation of

point D of the CECS columns. The equation of axial force ( P,) and moment (M) is

expressed as follows,



P 0.85f ' A
2
Z,(0.85f, ")
I\/ID = Zs,net fys + Zr fysr + f
2
Zc = 5D _anet _Zr
4 ’

Where

c = concrete covering.

Cross-section Stress

Structural steel
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Figure 7.20 Determination of P-M interaction of point D of simplified plastic stress
distribution method of CECS columns.

Figure 7.21 shows comparison between the interaction diagram developed by

simplified plastic stress distribution method and the experimental results of composite

columns subjected to concentric and eccentric loadings. The comparison shows that

this method accurately predicts the interaction diagram with the test results. For the

columns subjected to concentric loads, this method predicts unconservatively. For the

columns subjected to eccentric loading (E1,

e/B=~0.1), this method predicts

conservatively. For the columns subjected to eccentric loading (E2, e/B~0.2), this

method predicts unconservatively.
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Figure 7.21 Comparison of the strength interaction diagram of CES and CECS
columns between simplified plastic stress distribution method and experimental

results; (a) Ws-63; (b) C1s-63; and (c) C2s-63.

7.2.3 Comparison of different methods

Figure 7.22 shows comparison of the strength interaction diagram of CECS

and CES columns between plastic stress distribution method and simplified plastic

stress distribution method [AISC 360-16 (Chapter H) method]. The comparison

shows that the plastic stress distribution method is more accurately predict the

strength interaction diagram than the simplified method. However, the simplified

method is easier for calculation than the plastic stress distribution method.
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Figure 7.22 Comparison of the strength interaction diagram of composite columns
between plastic stress distribution method and simplified plastic stress distribution
method; (a) Ws-63; (b) C1s-63; and (c) C2s-63.

7.2.4 Parametric study

Figure 7.23 shows the comparison of strength interaction diagrams between
the CECS and CES columns tested in this research by the plastic stress distribution
method and the simplified plastic stress distribution method. The comparison shows
that the CECS columns have higher strength than CES columns in low axial load and
high moment condition.
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Figure 7.23 Comparison of strength interaction diagrams between CECS and CES
columns by; (a) plastic stress distribution method; and (b) simplified method.
Figure 7.24 shows properties of the CES and CECS columns, which was used
to study the effect of design parameters on the strength interaction diagrams. The
interaction diagrams were performed by the simplified plastic stress distribution
method. The design parameters consist of hole diameter to depth of parent ratio

(D, /d) and hole spacing to hole diameter ratio (S/D,). The dimensions of the

columns were 340 x 400 mm in cross section and 1100 mm in height. Four 15-mm-
diameter round bars (RB15) were used as the corner longitudinal reinforcements. The
compressive strength of concrete cylinders was 21 MPa. For the structural steel
member, flange width, total depth, flange thickness, and web thickness were 150 mm,
150 mm, 10 mm, and 7 mm, respectively. Yield stress and elastic modulus of
structural steel and reinforcement steel were 300 MPa and 210000 MPa.

Figure 7.25 shows the effect of hole diameter to depth of parent ratio (D, /d)
on strength interaction diagrams of CECS columns. The study shows that increase of

D, /d decreases the axial capacity (the maximum reduction is less than 10 %), but

increases bending capacity (the maximum increase is more than 20 %) of the CECS
columns.

Figure 7.26 shows the effect of hole spacing to hole diameter ratio (S/D,) on

strength interaction diagrams of CECS columns. The study shows that increase of

S/ D, decreases both axial capacity and bending capacity of the CECS columns.
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Figure 7.24 (a) CES column; (b) CECS column with D, /d =1.0 and S/D, =1.2;
and (c) CECS column with D, /d =1.4 and S/ D, =1.2 for parametric study.
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Figure 7.25 Effect of hole diameters on strength interaction diagrams of CECS and
CES columns; (a-b) S/D, =1.2; and (c-d) S/D, = 1.6.
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Figure 7.26 Effect of hole spacings on strength interaction diagrams of CECS and

CES columns; (a-b) D,/d =1.0;and (c-d) D,/d =1.4.

7.2.5 Conclusions

The conclusions of strength interaction diagram of the CECS and CES

columns are as follows,

The plastic stress distribution method and simplified plastic stress

distribution method are applicable to develop the strength interaction

diagrams of CECS and CES columns.

The plastic stress distribution method predicts the strength interaction

diagram more accurately than the simplified plastic stress distribution

method. However, the simplified method is easier calculation than the

plastic stress distribution method.
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- The comparison of strength interaction diagrams between CECS and CES
columns shows that the CECS columns have higher strength than CES
columns in low axial load and high moment condition.

- Increase of hole diameter to depth of parent ratio (D, /d ) decreases axial

capacity (the maximum reduction is less than 10 %), but increases
bending capacity (the maximum increase is more than 20 %) of the CECS
columns.

- Increase of hole spacing to hole diameter ratio (S/D,) decreases both

axial capacity and bending capacity of the cellular steel columns.
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CHAPTER 8
CONCLUSIONS

8.1 Conclusions

This research investigates the cellular steel columns and the concrete-encased
cellular steel (CECS) columns. This research is divided into three main parts. The
experimental studies of the cellular steel and CECS columns were proposed in first part.
The analytical models and the simplified equation to predict the axial compressive
strength of the cellular steel and CECS columns were proposed in second part. Using
the existing method and modifying the AISC 360-16 method to develop the strength
interaction diagram of the cellular steel and CECS columns was discussed in third part.

In the first part, the experimental study of the cellular steel columns and the CECS
columns subjected to concentric and eccentric loadings was conducted in the laboratory.

For the experimental study of the cellular steel columns subjected to concentric
loadings, all cellular steel columns exhibited yielding and hardening behavior.
However, the hardening behavior became less obvious as hole size increased. Axial
stiffness of the cellular steel columns is close to the axial stiffness of the parent steel
column. The cellular columns had the averaged proportional limit, yield and maximum
loads less than the corresponding values of the parent column by 17, 15, and 17 %,
respectively. Failure mode of the cellular steel columns is both web and flange local
buckling occurred at the hole section. The local buckling occurred at the strain reached
yield stress. No failure of weldment was observed.

For the experimental study of the CECS columns subjected to concentric
loadings, axial stiffness of the CECS columns is close to the axial stiffness of the CES
column. The CECS columns had the averaged maximum loads less than the CES
column by 3 — 6 %. Failure of the CECS columns in this research was cover concrete
spalling and buckling of the longitudinal rebars at maximum loads, which was similar
to the CES columns in this research. With similar stirrup spacing, the load —
deformation curves of the CECS columns are similar to the CES columns. For the load
— axial strain curves, the curve can be divided into three stages: (1) linear elastic stage

(from origin to the proportional limit) where the initial slope was the axial rigidity. (2)
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nonlinear elastic stage (from the proportional limit to the maximum load). At the
maximum loads, the strain in structural steel almost achieved the coupon yield strain.
Meanwhile, the strain in reinforcement bars did not achieve the yield strain of rebars;
and (3) post-peak stage (beyond the maximum load), the strain in structural steel
suddenly dropped. But the columns were capable of sustaining 80% of the maximum
loads until steel strain at about 0.004. The measured ductility indexes of the CECS
columns was about 3 similarly to the CES columns. For parametric study, effect of
increase concrete strength or decreasing stirrup spacing of CECS columns are increase
strength of the CECS columns. In addition, the concrete confinement behavior of the
composite columns was not captured by the strain gauges installed in transverse
direction.

For the experimental study of the cellular steel columns subjected to eccentric
loadings, the cellular columns had the averages yield and maximum loads less than the
parent column by 16 and 10 %, respectively, for eccentricity 17.5 mm and by 4 and 4 %,
respectively, for eccentricity 35 mm. All cellular steel columns exhibited yielding and
slight hardening behaviors. Failure mode of the cellular steel columns are both
compression web and compression flange local buckling occurred at the hole section.
No failure of weldment was observed. In addition, the load — axial deformation curves
and the load — axial strain curves of the cellular columns are similar to the curves of the
parent steel columns.

For the experimental study of the CECS columns subjected to eccentric loadings,
the CECS columns had slightly less compressive strength values than the CES columns
with the average ratio of 0.96, 0.94, and 0.97 for concentric loadings, eccentric loadings
E1 (35 mm) and eccentric loadings E2 (70 mm), respectively. Failure mode of the
composite columns subjected to eccentric loads E1 (35 mm) was crushing of concrete
occurred on the compression side at mid-height of the columns. After that, transverse
crack expanded rapidly from the compression side to the tension side; and, transverse
crack occurred on the tension side. Failure mode of the composite columns subjected to
eccentric loads E2 (70 mm) was concrete crushing occurred on the compression side and
large transverse crack occurred on the tension side at the same time. For the axial strain
contribution, the strain distribution across the section remain linear up to over 80 % of

maximum loads. The hypothesis plane-section remain plane is satisfied.
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In the second part, the analytical models to predict the load — strain relation of
the cellular steel columns and the CES columns are proposed. In addition, the equations
to predict the yield load and axial stiffness of the cellular steel columns, the maximum
loads, and axial stiffness of the CECS columns are proposed.

For the cellular steel columns, an analytical model to predict load — strain curve
of the cellular steel columns was proposed and validated with the experimental results.
The model accurately predicts the yield loads and axial stiffnesses of the tested cellular
steel columns in this research. However, the model should be validated with more
tested cellular steel columns in the future.

For the CES columns with concrete confinement behavior, a modified analytical
model based on Chen and Wu (2017) model was proposed, which modified by using a
design chart for calculating compressive strength of confined concrete of Mander et al.
(1988). The modified model is applicable for the CES columns with the cross section of
structural steel as I-shape, H-shape or cross-shape. The modified model accurately
predicts the load — axial strain curves and the axial compressive behavior of the CES
columns. In addition, the effects of the design parameters on the maximum loads of the
CES columns, the partially confined factor, the highly confined factor and the reduction
factor of steel web were investigated in this research. Increase of concrete strength
increased the maximum loads, reduced the partially confined factor and highly confined
factor of the CES columns. Increase of steel strength slightly reduced the reduction
factor of steel web. Increase of stirrup spacing reduced the partially confined factor and
highly confined factor, and slightly reduced the maximum loads. Increase of flange
slenderness ratio or increase of web slenderness ratio slightly reduced the maximum
loads, the partially confined factor, and highly confined factor; and the increase of
flange slenderness ratio slightly increased the reduction factor of steel web.

For the CES and CECS columns with early spalling of cover concrete and did
not have the concrete confinement behavior, the analytical model and squash load
equation overestimate the axial compressive strength of the tested CES columns in this
research. The overestimation of the squash load equation was highest at 19 % for the
largest stirrup spacing. This overestimation was possibly due to the use of total concrete
area. Therefore, the modified squash load equations, which was proposed by Lai et al.
(2019), was used to predict the axial compressive strength of the tested CES columns,
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and adopted to predict the axial compressive strength of the tested CECS columns. The
modified squash load equations accurately predicted the strength of the CES and CECS
columns with low-strength concrete and large stirrup spacing. The prediction tended to
be less accurate, i.e., more conservative, as concrete strength increased and stirrup
spacing decreased. Therefore, the modified squash load equation is recommended for
the CES and CECS columns with low-strength concrete strength (as low as 21 MPa
AISC minimum), low longitudinal reinforcement ratio (as low as AISC minimum), and
large stirrup spacing (up to the AISC maximum). It should be noted that the squash load
equation conservatively predicts the axial compressive strength of the CES and CECS
columns in range of AISC specification; and the analytical model is appropriate with
the CES columns with small stirrup spacing, which have evident effect of concrete
confinement behavior. In addition, the equation to predict the axial stiffnesses of the
CECS columns was proposed by using the equivalent cross-sectional area of the cellular
steel members. The proposed equation accurately predicted the axial stiffness of CECS
columns with high stirrup spacing, and underestimated axial stiffness of CECS columns
with closely stirrup spacing.

In the third part, the plastic stress distribution method and the modified AISC
360-16 methods are used to develop the strength interaction diagram of the cellular steel
columns and the CECS columns.

For the cellular steel columns, the plastic stress distribution method and
modified AISC 360-16 (chapter H) method is applicable to develop the strength
interaction diagrams of cellular steel columns. From the parametric study, increase of

hole diameter to depth of parent ratio (D, /d ) decreases axial capacity, but increases

bending capacity of the cellular steel columns. Increase of hole spacing to hole diameter

ratio (S/D,) decreases both axial capacity and bending capacity of the cellular steel

columns. From the study of effect of design parameters, it was concluded that the
smallest value of should be chosen.

For the CECS steel columns, the plastic stress distribution method and
simplified plastic stress distribution method are applicable to develop the strength
interaction diagrams of CECS and CES columns. The plastic stress distribution method

predicts the strength interaction diagram more accurately than the simplified plastic
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stress distribution method. However, the simplified method is easier in the calculation

than the plastic stress distribution method. The comparison of strength interaction

diagrams between CECS and CES columns shows that the CECS columns have higher

strength than CES columns at low axial load and high moment condition. For the

parametric study, increase of hole diameter to depth of parent ratio (D, /d ) decreases

axial capacity (the maximum reduction is less than 10 %), but increases bending

capacity (the maximum increase is more than 20 %) of the CECS columns. Increase of

hole spacing to hole diameter ratio (S/D,) decreases both axial capacity and bending

capacity of the cellular steel columns.

8.2 Recommendation for future works

8.2.1

8.2.2

Recommendation for experimental study in the future works

Experimental study of the cellular steel columns and the CECS
columns subjected to combining of low axial load and high moment
should be investigated, because this research found that the cellular
steel columns and the CECS columns are stronger than the parent steel
columns and CES column, respectively, in this load condition.

Experimental study of the cellular steel columns and the CECS
columns with high hole diameter to depth ratio should be investigated,
because this research investigated the cellular steel columns and the

CECS columns with low hole diameter to depth ratio.

Recommendation for numerical study in the future works

Finite element analysis of the cellular steel columns and the CECS
columns subjected to concentric and eccentric loadings should be
investigated.

Analytical models for predicting axial load — strain relation of the
CECS and CES columns with cover concrete spalling before the

columns reached maximum loads should be investigated.
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NOMENCLATURE

A cross-sectional area of concrete;

A ..  cross-sectional area of concrete core bounded by closed stirrup;
A Cross-sectional area of cellular steel column at net section;

A, effective area of confined concrete;

A total cross-sectional area,

A, cross-sectional area of highly confined concrete;

A cross-sectional area of cellular steel member at center of opening;
A, cross-sectional area of partially confined concrete;
A, cross-sectional area of structural steel member;

A equivalent cross-sectional area of cellular steel member;

A, gross cross-sectional area of cellular steel member (at solid web section);
A .x  Cross-sectional area of parent steel column;

A, area of stirrups in the x direction;

A, area of stirrups in the y direction;

A .  critical cross-sectional area of cellular steel member (at critical section, i.e.,
double tee section at hole middle, of cellular steel member);
A, cross-sectional area of longitudinal rebars;

A cross-sectional area of longitudinal rebar at centerline of column section;

A, area of stirrups in the x direction;
A, area of stirrups in the y direction;
A. area of tee-section of cellular steel member at opening section;

A. cross-sectional area of unconfined concrete;
B total width of cross-section of column;
clear width of steel flange;

b, diameter of stirrups in x direction;

by flange width of structural steel;



concrete covering;

concrete core dimension to center line of stirrup in x-direction;

concrete core dimension to center line of stirrup in y-direction;

total depth of cross-section of column;

hole diameter of cellular column;
ductility index;
total depth of steel column;

total depth of cellular steel column;
diameter of spiral;

diameter of stirrup;

depth of tee section;

elastic modulus of concrete;

elastic modulus of structural steel;

secant modulus of concrete at peak strength of confined concrete;

elastic modulus of reinforcement bars;

axial rigidity (analytical prediction);

axial rigidity (experiment);

effective flexural rigidity;

load eccentricity;

critical stress;

elastic buckling stress;

real stress in stirrup;

stress of concrete;

compressive strength of confined concrete;
compressive strength of highly confined concrete;
compressive strength of partially confined concrete;

compressive strength of unconfined concrete;
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compressive strength of concrete cylinder;

stress of highly confined concrete;

stress in the transverse reinforcement at the maximum strength of confined
concrete;

lateral pressure;

effective lateral pressure;

lateral confining pressure from stirrups;

lateral confining pressure from structural steel;

stress of partially confined concrete;

stress of structural steel,

stress of longitudinal rebar;

maximum lateral tensile stress in web;

maximum vertical stress in web;

real stress in stirrups;

stress of unconfined concrete;

specified minimum yield stress of steel;

specified minimum yield stress of structural steel;

specified minimum yield stress of stirrup;

specified minimum yield stress of longitudinal rebar;

clear height of steel web;

distance between plastic neutral axis to centerline of column section;

moment of inertia of concrete section about elastic neutral axis of composite
section;

moment of inertia of structural steel section about elastic neutral axis of
composite section;

moment of inertia of longitudinal rebars about elastic neutral axis of

composite section;
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moment of inertia about x-axis;

|« conuiar Moment of inertia about x-axis of cellular steel column;
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0

squash

sg,mod

confinement factor of highly confined concrete;
confinement factor of partially confined concrete;

reduction factor of steel web;
area ratio of effectively confined area of partially confined concrete;
confinement effectiveness coefficient;

stress effectiveness coefficient;

column length;
loss from fabrication of cellular steel column;

available flexural strength;

plastic bending moment capacity of cross-section at center of opening;
plastic bending moment capacity of cross-section;

required flexural strength;

reduced plastic bending moment capacity;

yield bending moment capacity of cross-section;

plastic axial compressive capacity of cross-section at center of opening;
plastic axial compressive capacity of cross-section;

axial compressive force;

assumed axial load;

available axial strength;

maximum loads (experiment);

nominal strength of CES and CECS column;

required axial strength;

squash load for CES and CECS column (analytical prediction);

modified squash load for CES and CECS column (analytical prediction);
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y,ana

y,exp

s,9
s, net

S,0

Z

X

x,cellular

Z

X, parent

YA

y

Pec
P

load at proportional limit (experiment);

load at yield point (analytical prediction);

load at yield point (experiment);

maximum lateral confining pressure;

radius of gyration about X axis;

radius of gyration about y axis;

center-to-center hole spacing of cellular column;
elastic section modulus about x-axis;

elastic section modulus about y-axis;
longitudinal spacing of stirrup;

clear longitudinal spacing of stirrup;

flange thickness of structural steel;

web thickness of structural steel;

weight per length of steel column;

weight per length of cellular steel column;

clear transverse spacing between adjacent longitudinal bars;

subscript relating symbol to major axis bending;

subscript relating symbol to minor axis bending;

plastic section modulus of gross section about x axis;

plastic section modulus of net section about x axis;

plastic section modulus of cross-section at opening about x axis;
plastic section modulus about x axis;

plastic section modulus about x axis of cellular steel column;
plastic section modulus about x axis of parent steel column;
plastic section modulus about y axis;

ratio of longitudinal reinforcement area to core section area;

density of concrete;
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density of steel,

effective volume ratio of stirrups;

ratio of stirrups volume to concrete core volume;

real strain in stirrup;

corresponding strain of concrete;

longitudinal strain of confined concrete at 50% of the maximum compressive

stress;

longitudinal strain of unconfined concrete at 50% of the maximum

compressive stress (= 0.004);

corresponding strain at compressive strength of concrete cylinder;
corresponding strain at compressive strength of confined concrete;
corresponding strain at maximum load;

corresponding strain at proportional limit load;

Poisson’s ratio of concrete;

Poisson’s ratio of steel;

axial deformation along the hole section of the cellular steel column;
axial deformation along the solid web section of the cellular steel column;

total axial deformation of the cellular steel column;
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APPENDIX A
REINFORCEMENT DETAIL OF SPECIMENS

Figure A.1 — A.17 presents reinforcement details of all tested composite and
reinforced concrete columns in this research. The tested composite and reinforced
concrete columns were 340 x 340 mm in cross section and 1100 mm in height. Four
15-mm-diameter round bars (RB15) were used as the corner longitudinal
reinforcements. The 9-mm-diameter round bars (RB9) were used as the transverse
reinforcements (closed stirrups). In the composite columns, the flange width, web
thickness and flange thickness of structural steel were 150 mm, 7 mm and 10 mm,

respectively.
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Figure A.1 Reinforcement details of W-170 (A) and W-170 (B) columns;
(a) cross-section; and (b) longitudinal section (dimensions in mm).
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Figure A.2 Reinforcement details of C1-170 (A) and C1-170 (B) columns;
(a) cross-section; and (b) longitudinal section (dimensions in mm).
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Figure A.3 Reinforcement details of C2-170 (A) and C2-170 (B) columns;
(a) cross-section; and (b) longitudinal section (dimensions in mm).
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Figure A.4 Reinforcement details of C3-170 (A) and C3-170 (B) columns;
(a) cross-section; and (b) longitudinal section (dimensions in mm).
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Figure A.5 Reinforcement details of W-126 column;
(a) cross-section; and (b) longitudinal section (dimensions in mm).
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Figure A.6 Reinforcement details of C1-126 column;
(a) cross-section; and (b) longitudinal section (dimensions in mm).
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Figure A.7 Reinforcement details of C2-126 column;
(a) cross-section; and (b) longitudinal section (dimensions in mm).
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Figure A.8 Reinforcement details of C3-108 column;
(a) cross-section; and (b) longitudinal section (dimensions in mm).
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Figure A.9 Reinforcement details of W
(a) cross-section; and (b) longitudinal section (dimensions in mm).
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Figure A.10 Reinforcement details of C1
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(a) cross-section; and (b) longitudinal section (dimensions in mm).
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Figure A.11 Reinforcement details of C2
(a) cross-section; and (b) longitudinal section (dimensions in mm).
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Figure A.12 Reinforcement details of Ws-63, Ws-63-E1 and Ws-63-E2 columns;
(a) cross-section; and (b) longitudinal section (dimensions in mm).
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Figure A.13 Reinforcement details of C1s-63, C1s-63-E1 and C1s-63-E2 columns;
(a) cross-section; and (b) longitudinal section (dimensions in mm).
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Figure A.14 Reinforcement details of C2s-63, C2s-63-E1 and C2s-63-E2 columns;
(a) cross-section; and (b) longitudinal section (dimensions in mm).
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Figure A.15 Reinforcement details of RC-170 column;
(a) cross-section; and (b) longitudinal section (dimensions in mm).
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Figure A.16 Reinforcement details of RC-126 column;
(a) cross-section; and (b) longitudinal section (dimensions in mm).
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Figure A.17 Reinforcement details of RC-63 column;
(a) cross-section; and (b) longitudinal section (dimensions in mm).
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APPENDIX B
EXPERIMENTAL RESULTS OF RC COLUMNS

Experimental results of RC-170, RC-126, RC-63 and added RC columns [RC-
63 (2)] are reported in this section. Properties of the RC-63 (2) column is similar with
RC-63 column. However, the RC-63 (2) used strain gauges in longitudinal direction
(SG 1) which it’s installed on the surface of concrete. Failure of all tested RC columns
are a combination of concrete spalling and buckling of longitudinal rebars, as shown
in Figure B.1. The results shown that the failure of the tested RC columns is similar to
the failure of tested composite columns in this research. Load — deformation curves,
load — axial strain curves and load — transverse strain curves of tested RC columns
show in Figure B.2 — B.4, respectively. The maximum loads of RC-170, RC-126, RC-
63 and RC-63 (2) are 1355 kN, 1673 kN, 2265 kN and 1954 kN, respectively. The
proportional limit loads of RC-170, RC-126, RC-63 and RC-63 (2) are 1161 kN, 1255
kN, 1775 kN and 1558 kN, respectively.

(@) (b) (©
Figure B.1 Failure of RC columns (a) RC-170; (b) RC-126; and (c) RC-63.



221

2400
RC Columns

2000 - P» 1 RC-63
g 1600 / — 5 REH3(2)
5 e fL
£ 1200 fe— P, RC-126
ic N
5 800 | P,,RC-170

400

0 -
0.0 0.4 0.8 12 1.6
Deformation (mm)

Figure B.2 Load — deformation curves of RC columns.
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Figure B.3 Load — axial strain curves of RC columns (a) RC-170; (b) RC-126;
(c) RC-63; and (d) RC-63 (2).
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Figure B.4 Load — transverse strain curves of RC columns (a) RC-170; (b) RC-126;
(c) RC-63; and (d) RC-63 (2).
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