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ABSTRACT .
Based.on past expetimentation, éesign recommendatiéns
- from various codes ‘and standards stipulate that a load path
must be provided such that bot% the steel and the concrete
of a concrete filled HSS beam column are loaded
simultaneously._This,'in effect, ensures straih
compatibility of the two materials’at‘this'1ocation. A
preferfed arrarigement would be to forego this expensive
inconvenient connection detail and in its place use a
_ standard HSS beam column connection in which the load is
transferred throughnthe connection into the steel shell
without attempting to introduce the load directly into the
conrzrete. In such a connecticn strain compatibility is-not
ensured. ‘
The main objective of this study was to determine the
change in behavio%r and ultimate load capacity of concrete
filled HSS beam columns when strain compatibility was not
ensured. This was aécomplished in four steps as summarized
here. |
1. A series of tests were conducted on bare steel, and
concrete filled, strain compatible and non-strain
compatible fectanguiér HSS beam columns, to obtain the
necessary information for subsequent anélyses.

2. A detailed'analysis of the data from the non-strain
compatible test series was done to determine the method

and rate»of.load transfer from the steel shell to the

concrete core. Four types of load transfer mechanisms



B
.

_accuracy.

have been identified and are:

a. Adhesion

b. Micro-interlocking of surface irreqularities of the
steel tube with the cement paste

c. Macro-interlockinao - Friction Type

d. Macro-interlocking - Binding T;pe

A mathematical model v .s developed for the

micro-inter “~kinqg load transf.r mechanism. The solution

of the Qﬂvernirg differential equati~n shows excellent

agreeme: ' sit" (criesponding test data.

A comparison v s made of the ultimate loads obtained
from the bare steel and concrete filled gtrain
compatible HSS beam column tests and the values
predicted .for the corrcsponding columns by various codes
or standards. With the exception of thoSe beam columns
approachiﬁg and including pure flexural behaviour, the
ultimate load valués were préaicted with reasonable

A further comparison of the non-strain compatible test
series wifh the strainmcompatib}e test. series suggests
that there is no diff;rence in'flexural stiffness or &
general iBad deflection behaviour between the two types.
Based on the iimiied'data a simple empifical formula was
developed to describe the feductibn in ultimate load
capacity from the strain compatible to the non-strain
compatible case as a function of column.slendernessland

eccentricity of the applied load.

—



It is plausible that current code or standard
formulations could be used to describe the strength of
non-strain compatible HSS beam columns, if an ultimate load

reduction capacity factor similar to the one described

previously, was incorporated.

2!
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1. INTRODUCTION

1.1 General

In all the tests conducted to establish the ultimate
load carrying capacity and Behaviour of concrete filled HSS
beam columns in the last thirty years, as reported in the
literature survey, the load was applied to the column in~
such a manner that both the steel and concrete were loaded

simultaneously, thus ensuring strain compatibility at the

]

egag‘ggjthe column. Cﬁrrent codes or standards also ensure
that this is the case by stipulating that some';ype of shear
transfer mechanism be implemented such thatbboﬁh méter;als
are loaded-proportionétely at the point where the load is
intrddﬁced into the column by using, for exampie,'a cover
plate on the ASS section. |

In multi-storey construction where the column lifts may
be two or three stofeys high, the most desirable approach
from both an- economical viewpoint and for eage.of
constfuctidn, would be to transfer ;oads from the beams of
intermediate storey levels through connections ingp.the |
steel shell without'attemptiﬁgvto introduce the load
directly into the con¢rete.

Generally the failure of columﬁs or beam columns loaded
in single;cufﬁature occurs at a critical section which is
located about midheight where‘curvature is a maximum. It is

conceivable that the concrete and steel may act compositely

_at that location even though strain compatibility is not




ensured at the ends of the coluhn. If thié occurred the

‘ultimate load and behaviour would Be similar to that of the
strain compatible case. In this circumstance, taking special
measures to ensure strain compatibility would be uneconomic.

The purpose of this thesis is to examine this premise in

" detail.

1.2 Objectives

The objectives of :this experimental and ahq&ytical

~

study aref
1. To determine the change in behaviour and ultimate load
" capacity of concrete filled HSS beam columns when strain
compatibility is not ensured at the end of the beam
column where the load is introducad.

2. To identify and give a physical.interpretation of the
various. load transfer mechanisms between the steel shell

"and the concrete core for tﬁe non—strain compatible beam
column series. |

3. To compafe the ultimate load values, as determined by
current or proposed design methods, with the respective
values obtained from the beam column tests.

4. To méke recommendations for the design of non-strain
compatible composite beam coiumns which reflect the
change in behaviour and ultimate load capacity of this
member type compared to stfain compatible beam columns.

L)

5. To outline areas of future work.



1.3 Scope

Bare steel and concrete fil%ed strain compatible and
non-strain cogpagﬁble rectangular HSS beam columns were
constructed.and tested. under 1aboratory conditions. These’
members wete constructed from a cold fofmed steel HSS.152;4

x 152.4 x 4.78, and concrete purchased from a locsl batch
plant. Columns w1th slenderness ratlos which refletted
short, intermediate and long column behaviout were tested as
pinned ended members under'concentric loads and coﬁstant
eccentrlc loads of 65 mm. Flexural spec1mens were tested as
51mply supported beams with a two p01nt load system with }
equal shear spans, producing a coqstant mpment region. A}l
ioads were short term. Analyses of load transfer mechanism
type and characteristics, and comparisons ©f ultimate loads
with various codes and standards were made with the data'
acquired from these tests.
1.4 Outiine
A review of existing literature on concrete filled HSS

bea lumns is presented chronologlcally ‘in Chapter 2 under-
the following subheadlngs.
1. Expefimentally based research
2. Analytical methods and perameter.studies
3. beVeIopment of design recommendations -

" The objectives of the experimental program and the

method by which they were achieved are outlined in Chapter

3. The purpose, number and type of tests, the



instrumgntation'and experimantal method are all described in
detail. L
Material properties and load deformation behéviour of
the'steel and concrete and the stub columns are defined in
Chapter 4.
The test results presented in Charter 5 include:
1. End fixtuée behaviour
2. Summary of the out-of-straightness measurements for the
columns oo
3. General lbad deflecé&on behaviour and failure modes for
both the'cplumn and flexural tésts
4. Steel and concrete strain distributions
5. Slip distributions

~ A detailed analysis of the load sharing characteristics

of the steel section and the concrete. core for non-strain

compdtible beam columns is presented in Chapter 6. Physical
iﬁferpretations an;ggimftations are p}esénted for each load
trgnsfer méchénism; A mathematical model for the
micro—interlockiné mechanism is presented and compared to

the appropriate test data.

- In Chapter 7 a comparison is made of the ultimate loads

.

obtained from tests of the bare steel beam columns and the

~

~concrete filled strain-compatible HSS beam columns and the

values predicted for: the corresponding columns by various

codes or standards. The change in behaviour and ultimate

)
N !

compatible test series to the non-strain compgtible test



series is discussed.

A summary, conclusions and recommendations are

presented in Chapter 8.



2. LITERATURE REVIEW

2.1 General

This literature review delineates the development of
the understanding of the behaviour of concrete filled HSS
beam columns from the first significant work, an ‘
experiﬁental study by Kloppel and Goder (1957), to the most
recent work in standard development and design
recommendations by Redwood (1983).

burihg this time span, a great.number of tests have
been conducted on concréte filled HSS beam columns, the
majority on pinhed-ended concentrically loaded columns with
circular sections. In all cases the columns were loaded such
that ghe load waé éppiied to.both the concrete and the steel
ensuring strain compatibility at the endg of the columns.
Experimentally based research is presented chronologically
in Section 2.2 and is susdiVided into three cétego;ieé;
behaviour of beam columns, the'study of physiéal phenomenon
associatea with therbehaviour'of these members and the‘studi
of load transfer mechanisms.

In Section 2.3 analytical methods aﬁd parametric
studies conducted to supplement the test data for béam
columns subject to uniaxial and biaxial.bending are
reviewed.rDiscussion in Section 2.4 centres-around those
papérs which review and consolidate éll research done
previously to derive a set of design recommendations.

Salient points are summarized in Section 2.5.



2.2 Experimenfally Based Research

Cver the past thirty years a large number of
experiments have been conducteé to gain an understanding
into the behaviour of concrete filled HSS members. These
investigations can be categorized into three”major areas of
study.
1. Behavidbr of beam columns.
2. Augmented strength due .to triaxial effects}

3. Load transfer mechanisms.

2.2.1 Behaviour of Beam Columns

The largest area of study to date has been the
behaviour of axially loaded columns and beam columns. This
work has been summérized‘and presented chronologically in
Tabies 2.1, 2.2, 2.3 and 2.4 for axially and eccentrically
loaded circular and Egcténgular section columns,
fespéctivelx. The number of columns tested as a function of
slenderness ratio based on the steel section alone, the
ranges of size, ultimate load and eccentricity, and_a
summary of that wb:k is given in the appropriate table.

Further examination of this work reveals that the
Qarious experiments.had a comman purpose, and were similar
in instrumentation, end connections and method of load
application. Since the objective of each experimental
program was to observe the gross béhaviour of'beam columns;w
only a limited amount of data was sought and reported. In

most cases this data included material and geometric



properties (assuméd or measured), load-midheight deflection,
load-midheight strains (both longitudinal and transverse),
ultimate load and failure mode. With the exception of the
~eight columns tested by Bertero et. al. (1970) and the stub
column tests, all columns were tested as pinned-ended U
columns. The most significant feature of these tests was the
type of end load condition imposed. The load was applied to
both steel and concrete ensuring strain compatibility at
both ends of the column; the iny except{on here béing four
stub columns tested Sy Gardner and Jacobson (1967) as part
of a sﬁ;llisgries éf tests investigating the effects of end
loading conditions.

For the most part, the ultimate load for axially loaded
columns wasvcompared to the buckling load as determined by a
tangent modulus approach. For eccentrically loaded columns
the experimeﬁtal load was compared to either a numerical
solution based on determining the deflected shape; or to a
tangent modulus solution, couplﬁﬁ with an interaction
equation and an assumed ultimate moment capacity of the
composite section. Furldng-(1967) also combaréd his results
to a reinforced concrete column by treating the concrete'
filled tube as an ord1nary reinforced concrete section and
determining the ultimate load by the ACI Code method
(ACI, 1963). ) ‘ .

Eight basic conclusions drawn from these works on the

behaviour of concrete filled HSS beam columns‘ére;

1. For axially loaded columns, the theoretical buckling
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load determined by a tangent modulus approach prgdicts
the experimental load closely. |

The squash load of tﬁe composite section is adequately
estimated as the sum of the squash load for the steel
plus that of the concrete.

" @ strength of circular section stub columns is

incrcased due to the development of a triaxial state of

'st: ss in the concrete core. This phenomenon is not

expe.ienced in rectangular columns and for circular
c~lumns it diminishes as the eccentricity of the applied

lc 4 increases. g
Concrete restrains the tube wéll from local buckling. —-
Mechanical prestressing of the concrete core improves
the mechanical behaviour of the composite column and
appreciably increases the ultimate load carrying -
capacity.

The behaviour and load carfying capacity of a
binned—ended beam cblumn can be accurately'predicted
using an itefative inelastic Sﬁability analysis based on
load—moment-curvaﬁure relationshipé as derived from

accurate stress-strain relationships for the materials

ahd.assuming perfect bond between the steel and

- concrete,.

Estimates of the ultimate moment capacity for the
composite section based on the plastic moment capacity

of the steel section alone are usually low.

- Prediction of the ultimate load of columns subject to

(RS
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uniaxial bgnding by an interaction curve with an
elliptical shape provides a reasonable lower bound

~solution. A straight line interaction curve, without an
amplification factor, does not provide an accurate
prediction of ultimate load.

It should be noted that the great majority of the
columns tested have been circular in cross section and/or
axially loaded. Relatively few tests have been conducted on
columns or beam columns with K1/r>90 and no tests have been
done to establish the ultimate moment resistance of these

composite sections.

2.2.2 Triaxial Effects

Experimental studies of physical phenomena associated
with the behaviour of these members have been limited to
examining the increased strength for concrete filled HSS
columns due to ﬁhe developﬁent of a triaxial state of stress
in the ceoncrete core.

Although an increase in the strength of composite
columﬁs due to friaxial effects was firsﬁbrecognized by
Gardner ana Jacobson (1967), the first major study of the
phenomenon was done by Sen (1969) on circular hollow section
columns. This information was confirmed by an extensive
experimental study by Tomii, et al. (1977).on concrete
filled sfeel tubular stub columns under concentric load.
About 270 stub column tests were conducted on.circular,

octagonal and square sections. Tomii, et al. (1977) have
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shown that there is no increase in strength due to triaxial
effects for square hollow section stub columns. |
\\

2.2.3 Load Transfer Mechanisms

The study of load transfer mechanisms has not been
fully explored. Three differentvgroups of researchers have
investigated various facets of the method in which load is
transferred from a beam through a connection, and into the
steel shell and concrete core. |

As part of a series of tests Gardner and Jacobson
(1967) tested nine stub coiumns to investigate the effects
of varied end loading oondit;ons. These included columns
filled with concrete and columns filled with coarse
aggregate. Columns in which both the steel and the concrete
were loaded, and other columns in which only the concrete
coreior a compacted aggregate core was loaded, failed at
approximately the same load and had a pronounced barrel
shape. The composite stub column in which only the steel was
loaded had,little gain in strength over a corresponding
empty tube and the ultimate load was approx1mately 40
percent of that of the other columns. Both the empty tube
and the composite tube in which:only the steel- was loaded
failed by local buckling.

Only one paper has been presented on beam column
assemblage and connect1on behaviour. - Ansourlan (1976)
investigated the behaviour of various continuous frame

connections between I-beams of normal and wide flange
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sectioﬁ and concreteAfilled rectangular HSS columns, as well

‘as the behaviour-of the beam columns subject to a range of

cbnstant'axiél load and increasing moment produced by a beam

framing into the column about one axis. From the nine
assemblages tested it was concluded that the concrete worked
in canjunCtion with the steel tube to resist the axial lcad,
bending moment, shear forge and 1ocai action at the
connection, enhancing their overéil behaviour even though ﬁo
attempt was made to load the concrete directly.

Virdi and Dowling (1980) conducted a series of pushout
tests on concrete filled circular seamless mild steel tubes
to examine the method of load transfer aiong the intefface
between the concrete core and the steel tube. -Tt should be
noted that in such a test, the effects of Poisson's Ratio
will cause the concreteréore to expand against the steel
tube at the loaded end. Virdi and Dleing (1980) defined the
ultimaﬁe bond strength on the basis of a critical bond
strain which is related to the ultimhte crushing strain of
concrete. From this series of tests, the following
conclusions were r;ported:

1. The bond strength is not affe;ted by factors such as
contact length, tube size to'thicknesé ratio and
con;rete strength.

2. Surface roughness causes a micro-intérlocking between
the matefialg%énd i; reflected as the initially Stiff
region of the load deformatioﬁ curve, where the

deformation is the relative movement of the concrete

L
D
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core with respect to the steel shell.

3. Macro-interlocking of the concrete with the undulating
~surface of the steel contributes to the frictional
resistance and is related to.the flat part of the load
deflection,curve. | -

4. Bond is broken when the concrete 1nterface atta1ns a
local strain greater than that assoc1ated w1th the
compressive crushing of the concrete, a value of 0.0035.

5. A characteristic ultimate b?nd strength is approximately
1 MPa. 7 | - |

Aside from series of tests'conducted'by'Ansourian

(1976) no attempt has been made to determine the method and

rate of load transfer for typical beam to column

~

connections.

- 2.3 Analytical Methods and Parametric Stud1es

It is evident from the information glven in Tables 2.1..
to 2.4 that an 1nsuff1c1ent number of tests have been
eonducted to Qescribe adequately the behaviour and nltjmate
load carrying capacity for all possible types of concrege;
"filled HSS beam columns subjected to uniaxial and biaxial
bending. It is necessary then, to supplement that
information through.parametric studies via calibnated
-analytical methods. In all cases, the‘behav%our and load
bcarrying capacity of the beam coiumn: has been pfedicted by
an iterative inelastic stability analysis b sed en'numerical

integration of load-moment-curvature relationships derived
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from assumed or known stress-strain relationships of.the
materials and on the assumption of fuli composite action.
These studies have led to the development of semi—empirical
design recommendations.

An analytical methodqbased on- inelastic column theory
was developed by Basu (1967) for eccgntricaltgﬁloaded
rectangular composite section columns 'subjected to.uniaxial
bending. Using assumed stress-strain relationships,
excluding the effects of residual stresses\in the steel
section, incorporating initial out—of—straightness and
assuming that the deflected shape was part of a cosine'
curve, Basu found good agreement between the failure loads
predicted by this method and forty_corresponding test
values. Comparisons were also made witn exact solutions for
the ‘two limiting sections, steel I-sections and unreinforced
rectangular concrete sections. The error in either case was
small. Good agreement was also found by Neogl, Sen and
Chapman (1969) when they compared all known test results to/
a similar numerical analy51s for .circular section columns

Further development‘dé this method by Basu and Hill
(1968) led to a more "exact" solution in which the faTlure'
load for columns subjectedvto equal and'uneqnal end |
eccentricities cculd be determined.and'was based on a
derlved deflected shape rather than an assumed proflle. The
accuracy of this solution was establlshed by comparlson wlth.
Lexact" solutlons-for steel,I—Sectlons with end eccentricity

ratios/of 1 and 0 presented by Galambos and Ketter (1957).
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The e‘fects of initial out-of- stralghtness and appllcablllty
- of a stralght line 1nte;act10n equation for unlaxlal bending
were examlned, ‘ |

Subsequently Basu and Sommerville (1969) used this
"modified method to aevelop semi-empirical design
recommiendations. A large number of parameters éqd'their
~effect on the load carrying capacity of columns subject to
uniaxial bending were investigated.

'Virdi -and Dowling (1§73) developed an analytical m od
for éomputing the failure-loadvfor biaxially loade
pinngd—deed columns in symmetriéal single curvature
bending, by determining the load-deflection resbonse of such
columns from biaxial moment-thrust-curvature relationships
and selécting the'failure load as the pegk of ;hat curve. .
The solution, although applicable to concrete filled HSS
:cglumns, has only been tested against concrete encased
.H-section columns. The agreémeht between tegt and predictéd
vélues w;s found to be*satisfactor}. The effects of resicual
stress and)initial‘out—of-straightness were examined.
Bresler's'empirical formula was shown to be conserv;tive in
obtaiﬁing biaxial failure loads from uniaxial loads. Bridge
(1976)_compaféd the behaviour and the ultimate load carrying
capacity of eight tests on concrete filled rectangular QSS
columns with a similaf.analysis and féund good agreeﬁent.

A general method for the calculation of the ultimate
load of b1ax1ally restrained columns has been developegyby

Virdi and Dowllng (1976). The solution is based on the
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Newton-Raphson iterative'procedure for solving a sy=. ' o
non-linear equations. Comparisons of.calgulated u%timate
loads were made with corresponding expé:imentally obtained
values from tests on concrete encased H—section columns and
the c¢orrelation was found to be good.
2.4 Development of Design Recommendations

The development of design recbmmendatiohs generally
involves a process by which all previﬁus experimental and
analytical work on a particular structural element is
syntﬁesized into a simple, logical sequence of concepts
and/or equations which reflect the behaviour of theSe
elements. The design recommendétions are then calibrated
against‘known test results as a measure of their
'applicability,>reliability and accuracy. Fourteen papers or
reports related to the'developmént of design recommendations
for concrete filled HSS beam columns are listed
chrqnologically in Table 2.5.

.‘From these, fouf sets of design recomméndations have
evolved and are currently used or under consideration for
use in»various‘codes of-SQandérds. They are .as follows:

1. CAN3-S16.1-M84, Redwood .(1983)
2. CAN3-S16.1-M84, Redwood (1983) (Alternatevaoposal, not

adopted) H
3. Structural Stability Research Council (SSRC) - Task

Group 20 (1979)

4. ;European Convention for Constructional Steelwork (ECCS),

'l.
s
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Recommendations on Composite Structures, Technical
' General Secretariat of the ECCS (1981)

For each of these, the pertinent sections relating to
concrete filled rectangular HSS beam columns are presented
in detail in Chapter 7. In all cases provisions were made
for strength and stability calculations, as well as
application énd.fabrication requirements. It is important to
note that as a direct result of the loadin§ conditions
imposed on all beam columns tested, provisions exist in each -
Standard or Code which requiré that the load be;applied
appropriatély to both steel and concrete at the point in

which it is introduced into that member.

&

2. Summary ’

In total, 526 tests have been conducted on concrete
filled HSS beam columns, 309 tests on stub columns of‘
various sections. 207 and 43 tests of ciréular and
rectangular concrete.filled HSS columns, respectively. In
the majbrity of cases, thg beam columns were tested as
pinned ended members w;th the load being appliea to the
specimen such that both the steel and concrete wefe loadedqd,
ensuring strain compatibility at the ends. The phenomenon of
augmented strength due to the development of triaxiél
stresses in the concrete corevhas been adequately examined
by Sen (1969) and Tomii, et al. (1977). A limited numbef of

tests have been conducted by Ansourian‘({976) on beam column

éssemblqge and connection behaviour, and by Virdi and -
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Dowling (1980) on the bc"J strength between the two
materials for this type .i section. No tests have been done
to establish the ultimate moment cépatity of tHese'sections.

The consensus amongst researchers is that the tangent
modulus approach closely predicts the buckling load for
axially loaded columns. The behaviour and load carrying
capacity for columns subject to uniaxial and biaxial loadrs
has been shcceésfully predicted bf Basu (1967), Basu and
Hill (1968), Vvirdi and Dowling (1973, 1976), and}Bridge
(1967), usiné an iterative inelastic stability analysis
based on load-moment-curvature relationships, stress-strain
characteristics of bogh materials, and the assumption of
full composite action. |

Thirty years of experimental and analytical work on
concrete’filled HSS beam columns has been synthesized into
three unique sets of design recommendations, one for Canada
(csa CAN3-S16.1-M84), one for the United States of America

(AISC,. LFRD) and one for Europe (ECCS Recommendations on

Composite Structures).
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Table 2.5 List of Papers on the Development of De51gn
Recommendations )

DATE AUTHOR

PUBLICATION

“TITLE

19568

1969

. 1870
1976
1976

1976

1977

1977

1979

Furlong

Basu and
Sommerville

g

Knowles and
Park

virdi and
Dowling

‘Furlong

Dowling,
Janss and
Virdi

Wakabayashi

Roik, Bode

and Bergman

SSRC Task
Group 20

ASCE Joupnal

ICE
Proceedings

ASCE Journal

IABSE
Memoires

AISC
Engineering
Journal

Introductory

‘Second

International
Colloquim on

- Stability,

ECCS

Proceedings
Internationa.
Colloquim on
Stability of
Structures
Under Static
and Dynamic
Loads

Preliminary .
Report Second
Colloquim on
Stability of

Structures

AISC

.Engineering

Journal

AV

Design of Steel-Encased
Concrete Beam Columns -

Derivation of Formulae
for the Design of
Rectangular Comp051te
Columns

Axial Load Design for
Concrete Filled Steel
Tubes

A Unified Design

‘Method for Composite

Columns

AISC Column Design
Makes Sense for
Composite Columns, Too
The Design of Composite
Steel-Concrete Columns

A New Design Method of’
Long Composite
Beam-Columns

Composite Column Design

A Specification for the
Design of Steel-Concrete
Composite Columns
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DATE AUTHOR PUBLICATION TITLE
1981 Bode and Merkblatt 167 Concrete Filled
Bergman : Structural Hollow
Sections

1981 Redwood S16 Task Group The Treatment of
on Composite Composite Columns in
Construction S$16.1
Report

1982 Redwood S16 Task Group CSA S16 Subcommittee
on Composite on Composite
Construction Construction Repoft to
Report S16 Committee

1983 Redwood S16 Task Group Design of Concrete
on Composite Filled HSS
Construction
Report

1983 Burdijanto Project Report Design Methods for

483.6 McGill
University

Composite Columns




3. EEPERIMENTAL PROGRAM

3.1 General
The experimental program was designed to examiné:

1. The change in behaviour and ultimate load carrying
capacity of concrete filled HSS beam columns when strain
compatibility is not ensured at the point on the beam
column where the load is introduced. -

2. The method and rate of load transfer between the steel
shell and the concfete core for non-strain compatible
cases.

Nineteen pinned-ended columns with slenderness ratios of 20,

60, and 118, based on the radius of gyration of the steel

alone, were tested to establish the ultimate load capacity,’

the load-deflection behaviour, and the load sharing
characteristics of the steel and concrete along the length
of the column. Bare steel tubes and concrete filled tubes
with and without strain compatibility at the upper end were

lqaded concentrically and at an eccentricity of 65 mm

(0.43b). In addition, six simply supported beams with a}two

point load system with eqgual shear spans producing:a

constant moment region, were tested to establish the general
behéviour and ultimate moment capacity of empty HSS members
and concrete filled members with and without strain
compatibility.

Ancillary tests included four stub column tests, two on

bare steel tubes and two on concrete filled strain

]

32 55
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compatible tubes, residual stress measurements, tension

coupons and concrete cylinder tests.

3.2 Selection of Test Section

A geometric programming technique was used to determine
the optimum test section size from the following objective
and constraint functions.

1. Objective - Class 2 behaviour

eff 525

£

t ]Fy

(3.1)

where, A beff = b - 4t
2. Objective - long column or Euler column behaviour

90 < < 120 (3.2)

HIE

3. Constraint - maximum test specimen height in which the

MTS testing machine can accommodate
L< 7400 mm (3.3)

4. Constraint - squash load of the composite section must
be less than the working load capacity of the knife edge -
assemblages |

£ o 4
AF_+ A f! < 2000 kN (3.4)

y
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5. Constraint - the inne; dimension of the HSS member must
be large enough so that the concrete for a long specimen

can be placed. This led to:"
b-2t2 100 mm (3.5)

Based on size as determined by this techniqﬁe, the
steel ;Ection was selected as a grade 350W 152.4 x 152.4 x
4.78 HSS and the concrete specified as a type 10 with a 28
day strength of 30 MPa, a maximum aggregate size of 12‘mm

ahd a slump of 100 mm.
3.3 Column Tests

3.3.1 General

Three types of rectangular HSS beam columns with
slénaerness ratios of 20, 60 and 118 as determined from the
steel section alone, and which reflect short, intermediate
and long column behaviour respectively, were tested under é
concentric load and a qonstanf eccentric load of 65 mm. \

The bare steel coiumn test series wa§ used as a control\\
series and as a means of calibrating end fixture performance
and steel load prediction models as discgssed in Section 5.1
and 6.3.1 respectively. _ ' : Z;

The strain compatible and non-strain compatible test

series were conducted to get a direct comparison of

load-deflection behaviour, ultimate load capacity and
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‘ A} -~
failure modes for corresponding columns when strain

compatibility at the point on the column where the load is
introduced was nat ensured. The upper end connections used
to achieve strain compatibility and non-strain compatibility
are shown in Figure 3.1. The test set up and knife edge
assemblies are shown in Figure—3.2 and 3.3. The connection
plates shown in Figure 3.1 were intended to represent the
beam to column connection throhgh which the loads are
transferred. For both tyées the load was applied to the
column through a knife edge plate which bore against the
load bearing surface as shown in Figure 3.1. Grout was used
in the strain compatible case to.ensure that the knife edge
plate méde constant contact with and loaded both materials
simultaneously. In the nqn-strain compatible specimens the
connection plates extended 6.4 mm above the end of the tube
so that the loads would be applied only to these plates,
simulating the case where no attempt.is made to load the
concrete core,

The column specimen identification numbers refer to the
slenderness ratio, loading and type of column. 0dd and even
numbered specimens were tested concentrically and
eccentrically, respectively. The last digit of the specimen
identification number designates the type of column,\steel'
(1;2), composite strain compatible'(3,4), and composite
non-strain compatible (5,6). Specimen C205 is a _~
concentrically loaded non-strain compatible composite column

~with a slenderness ratio of 20.
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3.3.2 Preparation of Test Specimens

Special attention was given at this stage of the
experimental‘rrogram in the preparation of the column ends
of all specimens. To ensure proper loading of the column
ends and to reduce élignment difficulties of the columns at
set-up, the end surfaces of the column were milled at right
-'angles to ‘'the length of the column, before and after the
base pIate and connection plates were welded to the tube.
These milled surfaces bore against the associated milled
surfaces of the knife edge plates providing uniform bearing
and- transfer of load.

Concrete strains and slip between the concrete core and
the steel shell were measured at six sections along the
length of the member, using a removeable mechanical
extensometer (Demec gauge). The gauge points wefe mounted on
both ends of 6 mm diameter steel rods 150 -~ 175 mm long,
which were embedded in the concrete core and passed directly
through 12 mm diameter holes made on opposite sides of‘the
steel section. At each of the six sections, four gauge
points were located such that the Demec gauge readings from
two pairs of points would give an adegquate descfiption of
the strain distribution in the concrete core about the axis
of bending, and that the holes made in the steel shell to
accommodate the steel rod would mean the removal of a
minimum amount of stressed material, Duriag construction
rubber .hose inserts were used to:

1. Center and secure the steel rods in the respective holes
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2. Prevent concrete from plugging the g;ace between the
rods and the steel shell, allowing for unrestricted
movement of the rod when slip occurred.

One batch of ready mix concrete was used for all test
specimens. The concrete was placed through one end. of the
vertical standiné tubes via a hopper and yibrated with
pencil vibrators. An external vibrator was used in addition
to the pencil vibrators for the 4 - 7 m long columns. The
exposed concreté at one ehd of each tube was wrapped in
polyethyléne while the concrete cured. The.polyethylene was

removed just prior to testing. The concrete was 27 to 69

days old when the specimens were tested.

3.3.3 Test Set-Up

The test set-up consiStgd of the MTS testing machine,
two knife edge end fixtures, the electrqnic instrumentationb
which includes strain4gauges and LVDT'S, an automatic data
acquisition system, and the test specimen. Figuré-3.2 is a
schematic diagram of a'columﬁ in the test apparatus.'Fo:‘
clarity the instrumentation has not been includéd.in this

figure.

3.3:3.1 Load and Reacﬁioh Devices’

The load was applied to column test specimens, by the
MTS testing machine, through a paiF of reaction devices
called knife edge assemblages.‘One of these devices was
boitéd to the compfession head of the MTS testing machine

and the other to the lower platten as shown in Figure 3.2.
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The original design, May (1978), was modified to
provide rotational freedom about one axis only, and to
providé the capability of adjusting the column-knife edge
assemblage location so that, both concentric and constant
eccentric loads could be applied to columns without major
modifications to the test set-up, Each knife edge assemblage
consists of a diamond shaped steel knife and two steel
plates as shown in Figure 3.3. The knives were case hardened
and the plates left soft to allow each groove to deform
plastically and téke up the shapé of the knife where
necessary.

-As iﬁdicated in Figure 3.2, the colﬁmn length is
defined as the distance between thé.knife edges or points of
rotation. | | |
3.3.3.2 Instrumentation and Measurement

Loads, steel and concrete strains, end fixture
rotations, column displaqements and relative movement slip
‘between the steel shell agd the concrete core were measured
thrqughout the duration of each test. The locations'of the
measurements made on the column are shown schematically in
Figure 3.4. Table 3.1 provides the type of measuremenf,
instrumentation-uséd, location, purpose and the frequency of

which the measurements were made. .

3.3.3.3 Test Procedure
Prior to this series of tests, the knife edge devices

were set in the MTS system, aligned with one another, and
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fixed in place.

’The ends of each column were placed into the center of
the steél housing provided, aligned, and secured iﬁ place by
the adjustment of‘éﬁght machine bolts as shown in Figures
3.1 and 3.3.

Out-of-straightness measurements were made using an
instrument consisting of a series of mechanical dial gauges
firmly attached to an aluminum angle. One such instrument
was constructed for each length of column to be tested. Each
instrument had a dial gauge at each énd for reference
measurements, and a sufficient number of intermediate gauges
to describe the initial curvature. The instrument was
fastened to the steel housings with clamps and Ewo’sets of
readings were taken on each face of the column. Theée
readings subsequently were compared to a set of calibrated
readings to obtéin the out-of-straightness of the column.
These readings were énalyzed, as described in Section 5.2,
to give the out-of-straightness of the column about both
major axes.

The alignment of the column was further refined on the
basis of strain gauge readings taken on four faces of the
tube at each end of the specimen while under a predetermined
lecad, Estuar and Tall (1967). The alignment was considered
satisfactory when the deviatioh of any four strain gauge
readings was less than 5 per cent of the average value at
thé éliénment load. This criterion was applied to both

-gauged sections.

-l
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For each test}"an initial load of about 1/10th of the
calculated ultimate load was appliéd to the column, Further
load was applied to the column in appropriate increments as
determined by the load deflection curve. All loads were
applied to the column test specimen under stroke control.
Tests were concluded at a point well beyond that definéd as
failure of the column. Measurements were made and recorded
as described in the previous séction. A photographiq/;nd

written re-~rd was kept.
3.4 Flexural Tests

3.4.1 General
The purpose of tﬁis test series was to determine the

*ultimate moment capacity and load deformation response of

eﬁpty HSS and concrete filled HSS. Tests were conducted on:

1. Two - 2000 mm long bare steel tubes.

2. One - 2000 mm long concrete filled,HSS where strain
compatibility was ensured at both ends of the beam.

3. Two - 2000 ﬁm long non-strain compatible concrete filled
HSS. The effect of adhesion, as a load transfer
mechanism, on the ultimate stréngth of the beam test
specimen was examined by coating the {hterior of one’
tube with form o1l prior to the placi&% of ,the concrete.

4. One - 4000 mm long non-strain compatibig\igziigpé filled

HSS was tested to observe the effect of a lodgér shear ~

span on the method and rate of load transfer.

Q
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A total of six simply supported beams were tested under a
two point load system which produced a constant moment
N

region of 1 metre in length. The specimen identification

numbers are given in Table 5.4.

3.4.2 Preparation of Test Specimens

At the load and reaction points on the beam speéimené,
12 x 50 x 150 mm plates were welded to the loaded surface of
the tube to prevent local buckling and to aid in the .
disﬁributidn of the stregses at these points. Additional
plates were tacﬁ welded to the ends of the tubes to retain,
the concrete. These plateé-were removéd from the non-strain
compqtible specimens prior to testing. The concrete in the
beam test specimens was from the same batch as that“in'the
column test specimens, and was placed and’cured in the same:

way. The concrete was 64 to 69 days old when the beam test

specimens were tested. .

3.4.3 Test Set up

The test 5et up Gconsisted of the MTS testing machine,
rollers which provided translational and rotational degrees
of freedom, distributing beams, électrdnic inStrﬁmentation,
an automatic data acquiéition sysﬁeh, and the ﬁest spécimen.
Figure 3.5 is a schematic diagram of a beam in the test
qppératus.
As in the-'column tests, measurements were made to

provide the information necessary to determine the load

. e A /'
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shaning characteristics and the method and rate of load
trangfer. Figure 3.6 gives schematic diagréms showing the
locations of these measurements. Steel strain, concrete
strain,»énd slip measurements were taken in thé middle of
the constant moment region; in the middle of the shear
spans, and at the ends of the beam. End rotations,
translations, and deflecﬁions at center line anﬁ unaer the

point loads were measured with LVDT'S.

3.4.4 Test Procedure

Each beam was aligned and centéred under the -
compress1on head ‘of the MTS testing machine. For each test
an initial load of about 1/10th of the calculated ult1mate
load\was applied to the beam. Further load was appl;ed to
the béam in appropriate increments as determined by the
QOent curvature curve. All loads were applied to the beam
test specimen under stroke contfol. Measurements were made
and recorded as pfeviously'described. A photographiC';ﬁd

written record was kept.

3.5 Ancillary Tests

Due to the compiexity of determining the load sharing
cha%actéristics between the steel shell and the concrete
core, and the method and rate of load transfer a rigorous
examination of mate;ial properties was required. Thig
involved stub columnvxests, tension coupons, residuai stress

mesurements, and concrete strength tests.
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3.5.1 Stub Columns
Two bare steel and two strain éompatible concrete
filled stub columns were each tested in compression to

obtain an average load-strain relationship for their
complete cross-sections. <//

The length of the steel stub columns was determined

N .
- according to guidelines of SSRC (1976) to be 585 mm. The

composite stub columns were made the same length. At
midheight, eight strain gauges were placed equidistant from.
“one another around the tube, four on the flats and four on
the corners. Centred about midheight, Demec points were
mounted in the centre of the four flats, to obtain a .
mechanical measurement of the average strain. These values
were used to calibrate the electronic stfain gauge sysfem.
The test speéim;ns were prepa;ed, aligned, and tested
as‘sﬁecified by SSRC (1976).‘Grout was used on both ends of‘
the composite stub columns to provide a smooth surface for
uniform bea;igg of the steel tube and concrete core againét '

the loading and reaction plates, enforcing strain

compatibility at both ends.

3.5.2 Tension Coupons

Tension coupons were used to éetermine the
stress-strain characteristics of the steel from three
distinct regions afound the tube. Sixteen specimens were
sawn from one section of tube. in totél, 2 sets of 16

coupons were tested, 8 from the corners, 2 including welds,
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and 22 cut from the fiat sides. The coupon numbers and
locetf&ns are given in Figure 3.7. The flat and weld type
conbgnsxwere made according to ASTM A370-77, Part 1. The
corner‘coupons were cut and'milleq such~that the specimen
had a constant'ctoss—sectional area along its length. A lead
packingleround the ends of the.ﬁorner coupons prevented the
tension gtips of the testing nQEhinelfrom gouging the i
specimen, and eausing a prematn;elgailure of the’specimen.

A pair of strain gauges was mOunted on oppoeite faces
of each coupon andvnere wired in conjunction with two dummy

\

gauges and a Hudﬂ Stra n Indlaator 5& form a full bridge

e,

system. Th1s arrangement allowed F&é abefage strain to be

- i

measured with double the sen51t1v1ty, upfto values of two

oW

j percent straln; Callpers and a scale were used to measure
large strains and percent elongation*jﬁectangular rosette
gauges were mounted on three flat coupons, numbers 7, 11 and-
.15 te~determine Poisson's Ratio’experimentally.
Prior to testing, the cross—seetiona; areas were
determined from measurements of the necked down area for
flat andkweid coupons and by a volu@etric‘method for corner
coupons. The coupons were tested in the Baléwin testing
machine, according to ASTM 370-77, Part (1). Load and

’ \

corresponding strain measurements were taken.

3.5.3 Residual Stress Measurements
Residual strain measurements were made on forty-four

sections cut from one section of the tube, Figure 3.7, to-
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determine the distribution and magnitude of the longitudinal
and through thickness residual stresses around the tube.
These values, in conjunction with th- stress-strain data,
were used to predict the load carried by the steel section,
given the strain distribution across the seetion. &
Longitudinal residual stresses were determined by the i
methddbof sectioning as described by Tebedge, Alpsten, and
Tall (1971). The through thickness variation of longitudinal

residual stresses was determined from the curvature of the

deformed shape of the longitudiéél sections.

3.5.4 Concrete Strength

| One batch of concrete was used for all the test
sbecimens. Compressive and tensile .strength tests were
conducted to determine the parameters necessary to define
the - _-ess-strain curve -as a function of time. The concrete
was 27 to:69 days old when the columns.and beahs were

tested.

3.5.4.1 Cylinder Tests o : ' ' :
Twenty-three cylinders were tested in accordance with
CSA A23.2, to determine the modulus of elasticity, and the

maximum compre551vewstrength The cyl1nders were cast 1n ‘ :

steel molds and covered with polyethylene and cured 1h the '{v '.z"i
\- '“‘*‘""f\

lab along with the columns and beams. The curlng proﬁ;ss anﬁ

steel molds were used to 'simulate the conditions of- the'
e . , 8

- A : ot

concrete within the tubes. Tests were carrled out at ages ‘

from 7 to 63 days.

e

.
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3.5.4.2 Split Cylinder Tensile Tests
Two cylinders were tested in accordance with CSA
A23.2-13C, to determine the splitting tensile strength. The

concrete was 56 and 63 days old when tested.

3.5.4.3 Modulus of Rupture

Three 150 x 150 x 915 mm_prisms were tested, in
accordance with CSA A23.2-8C to detefmine the modulus of
rupture. The prisms were moist cured. The concrete was'35,

42, and 49 days old when tested.

3
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Figure 3.2 Schematic Diagram of a Column_Specimén
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4. MATERIAL PROPERTIES AND BEHAVIOUR

4.1 Steel

The section selected for this stpdy,'a grade 350 W
152.4 x 152.4 x 4.78 HSS was manufactured by Standard Tube
Cané@a Limited._hll‘test specimens were cut from eight 40
” fop{ pieces which were all from one heat, number 32714. The
chemical éomposition of this heat was: 6.18%‘C, 0.82% Mn,
0.009% P, and 0.016% S. These values lie within the ;iﬁits‘_

for grade 350 W HSS as specified by CAN3 - G40.2] - M8 1.

N

4.1.1 Geometric Properties’
| The dimensions for this section were found to
within the allowabie fabrication tolerances as describad in
the CISC Héndbook of Steel Construction, %980. Meaéured-
values of wall thickness, sectlon depth and Wldth were used

to calculate sect1on propertﬁys.
. f - ‘ _r‘z » ) . ' -
4.1.1.1 Dimensions ~

The wall thickness was determined from 344 measuremen;s

!

to have a mean value of 4.43 mm wlth a coeff1c1ent of

Wl

‘variation of 0.0099. The actual wall thlckness was equal to‘ﬁ

J

0.927 times the =necified wall thickness of -..8 mm.
Measurements of :*s ouﬁside dimensiéns b anéfd show that
these dimc sions lie within the 1.5 mm specif&ed‘
”tolerancé. The value of 152.4 mm w1ll be used for b and d in

subsequent analysis. Based on the measured dimensions, the

'section-was a Class 3 section although the nominal

57
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properties would classify it as a Class 2 section, as’
. . 3

defined in Clauses 11.2 and 11.3.2(b) from S16.1-77M.

4.1.1.2 Section Properties,

Y

Based on measured values of mass andklength . 7@
that rolled steel has a density of’ 7850 kg/mm?, the  3f‘ ' Hihﬁ
» o ;
to be 2570 mm Gaﬁen the dlmen51ons as determined, and ‘a ;ﬂ
~simple geometric relat;pnshlp, therctps @Sectlonal'areégias f%
calculéted to be 2571 mm®. Agreéméﬂfﬁbw these two valges A 3
gives confldence to ‘the dlmq351ons as meaSured and the value
of 2570 mm*® was selected for the cross sectlonelh;te;' The
moment of 1nert1a, elastlc sectlon modulus and plastlc» i; o
section modulus were determlned geometrlcaliy to be 9;29 X &
10¢ mﬁ‘? 121.6 x 10° mm’ and'r42;2 x 1 _ﬂmm’ywrespectlve1y@
4.1.2 Load Deformat1on Relat1onsh1ps P
" The . establlshment of load deformatlon relatlonshlps was:&b
.essentlal for the transformatlon of straln 'gauge. data Eb -
values of stress and load. The%e values of predlcted steel |
load'have been used in subsequent analyses.fqr&statice} d
'checks, load prediction verificatiohu,deté;mﬁnation oflr-g;‘ ,
concrete load d1str1bubaon5* aﬁé for ‘the ihentificafion.cﬁ ,'
-load transfer mechanlsms. An”eccurate.as;esshent ofttge v )
7-CharaqteFlﬁ%Qc‘propertiééfbf‘the”éateriel was required. jf'”
.gﬂ- R T : o g
a\ ) » . e ;}, .

el




59

’

4.1.2.1 Modulus of Elasticity | : | [
Section 2.1 of ASTM E1l1e61 'standard Test Method for
Young's Modulus at«?oom Temperature' states. the definition
of Young s Modulus as, "the ratio of normal stress to
correspondingﬂﬁtrain for tensile or'compresslve stresses
‘below theﬂproportional limit of the material”. The
L

descrlptlon from 7.3 of the section entltled

'Interpretatlon of Data suggests that errors that may be

1ntroduced in f1tt1ng graphlcally -a straxght llne can be L

reduced by determ1n1ng Young's Modulus. as the’ slope of the
stralght 11ne fltted to the approprlate data by the method

of least squares.

"For a set of data that exhibits linegr'andihonilinear
Y
behav1our and 1s coupled with random varlatlons, the problem
‘\8“
is not the appl1catlon of "the method of least squares to the

‘d"
- data set. to determ1ne the best f1t stralght llng but ~g‘

1 Sy FIN

N determlnatlon of the approprlate data to apply it. to.
When usxng the method of least squares toidetermzne t
best fit curve, the correlatlon coeff1c1ent r 1s used as’ thc

cr1ter}on to determlne closeness}of,f1t w1th a value of &

Sy

W “.‘L:

equal .to: one ihdicating a perfget correﬁ%gion between the
! . E ST, ..

data set“and the best fit curve:§B§.conduCting a continuous

R

least squares analy51s to a set of” stress strain data, the

slope of the best f1t stralght l1ne curve with a correlﬁtlon

4-\ ,—“79

",coeff1c1ent closest to one may be deemed as the best

-

selectlon for the modulus of elast1c1ty, E, where, &

0y

. con 1nuous least . squares analy51s 1s the appllcatlon of the

oo /

R

o

Sy

g

£
“
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method of least squares~to determlne the best fit curve to

_the firs two p01nts of the data set and then to t'.e first

:35"4; 5,;...etc.. Each subsequent calculation includes the

influende_of an additional ‘point on the best fit straight
line curue, the slope and the correlation coefficient As

the set of data being evaluated becomes larger the 1nfluence

of each additional point becomes less and by, the correlatlon‘~

coefficient criterion alone the point in which the data set

begins to exhibit nonlinear?hehaviour becomes unclear.
However, this point is‘eaSilyﬁdetectable by examining the

o 4 °

Jtrend of the data by evaluatlng the tangent modulus from .

o.

point to point with a moving average technlque. The upper.

limit of the approprlate data set can now be defined.

The' p0551b111ty>,: small offsets of zero load and

' random - varlatlons in establlshlng the load path durlng tha?ﬁ?v

first small-fﬁcrements of loadwwsuggest that a lower limit

‘exists to the appropr1ate data set and that a number of

r/«

points in this region should not be used YA the calculatlon

of the modulus of elast1c1ty The standard recognlzes thls

n

and spec1l1es that the best fit curve should not be

constra1ned to pass through the zero p01nt It'was found L
kY ‘, .

that the 1nclu51on of the p01nts 1n thlS reglon with the

exception of the zero point, did not affecﬁ the value of E

Y]

selected as: long as a sufch1ent number of p01nts were used

1n the ana1y51s.

Ty

L The evaluatlon of the modulus of elast1c1ty for tension -

- «

.,codg%nfG has been 1ncluded to 1llustrate the probiems and

‘ﬁ\
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Ot \_[. A

procedures @&s outlined. An example set of data and
calculations is given in Table 4.1. Figure 4.1 is a
graphieal representation of the decision making model for
the determination of'thedmodulus of‘elasticity. Three sets
of moduli are plotted'in this figure, with moduli on the
vertical axis and applled stress.on the horlzontal axis. The
fsquare and trlangular symbols represent the elastlc modlll
values'as determined from a continuous least squares
analysis for‘the entire data set, and the entire set of data
~excl‘udingvthe first three points, respectively.' BFC, and
.BFCz are the respectlve elastlc modulus values as selected
jby the correlaﬁlon coefficient criterion. It can be clearly
¢,seen here and from the trend of tangent moduli values in
Table 4.1, that the material was exhibitingéyen—linear

behaviour prlor to the p01nts as determlned by the

”correlatlon criterion. The proportlonal 11m1t or upper limit’

, fthe correspondlng modulus of elast1c1ty, Es was 209 6 x 10“ﬁ
~ MPa. In summary, the modulus of elast1c1ty for all steel

t n)

test- spec1mens were calculated by the follow1ng procedure*““
1. Evaluate‘the tangent modulus between sets of data
:*Points. : o ' I -
. ‘} ‘ .

. establlsh the trend of the data and select the

# pproportlonal limit., - 7‘, o l - , 0

line curve:1is,

« A

2. Apply the mov1ng avérage technlque over 4 to 6 p01nts to

3. Apply the method of least squares to- the bounded‘sat of*

ke ea? i.-w'.m.:. 4
v
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7

o the modulus of elasticity for that test specimen.

The distribution of modulus of elasticity values for
0 N ‘ ’

two sample sets of tension coupons taken around the tube are
shown graphically in Figure 4.2 as,sdggé and dashed lines "
which represent a ratio of couponwtolstub column E’ values.

The tube shape outline indicates a ratio of E.velues equal »
f; one; Solid or dashed lines outside this tube outline have v
a ratio of E values greeter'than one and the converse ‘is

true for 11nes ‘inside the tube outllne. A single solid 11ne )
indicates that both samples at that poxnt on the tube have |

the same value of ‘the ~Zulus of elasticity value. The

.

actual values for %&é tension coupons are given in Table

Fa

4.6.

The mean modulus of elast1c1ty values, standard
. .x\?}z. - . 5
dev1at10ns ‘and coeff1c1ents of var1at10n for corner, weld

~and flat coupon$ and for the steel stub columns have been
- established by a single variable sfatistical analysis and
are giveh'in Téblgﬁﬁ.z. BesSel'é correction has been epplied

to populations less than 30 and in all cases Chauvenet's

L c. . .
_— N - . L

Criterion was used for the rejection of buéliers. The mean,

fl;ues obtalned here were used in conjunctlon with other

& w’v ,u :
; rtlnent stress strain parameters to develop mathematlcal

3

: expre551ons whlch descrlbe load deformatlon behav1our for

\véach sectlon type. . : -

Examlnatlon ot ten51on coupon results 1nd1cate that

‘there are two distinct groups of modulus of elast1c1ty

~values, a value of 225.9 x 10° MPa for the corners and a: .
. o ' (55 ) ' 1 "}
. ’3‘ v ’ . LS f};‘o‘:&; o . . . E
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value close to 210.1 x 10® MPa for the flats and welds. The
differences in behavieur and in particular the modulus of
eiastieity values is a result of the plastic deformation
that takes place in the c@;ners of the tube during the

“ shaping process when the»tubes are made. This deformation is
a result of the metal crystals deforming by slip on a glide"
.system. Cottrel (1967) states thet‘an important effect of
the slip process is lattice rotation of which one effect is
the development of preferred ori ntation. The higher values
of the modulus of elast1c1ty are due to this reorientation
of the crystals. The metal crystals in the corner regions of
the tubes are no longer ran?omly orientated end therefore

e

are considered . anisotropic.

4.1.2.2 Poisson's Ratio a

-~ Poisson's ratio was determined experimentally and ‘is
N W

given as the mean of three vaiﬁesy afvalue,pf:OfZB, with a
) ‘coeff1c1ent of variation of 0. 0043 The test procedure and
evaluatlon of the data was done in accordance- wlth ASTM

E132-61, 'Standard Test Method for P01ssop.s Ratio at Room

Temperature',

4.1.2.3 Yield Strength
As defined bt ASTM Standard A370-77, the yield strengths”
is . the- stress, ‘corresponding to the' load whlch produces in

a materlal under spec1f1c condltlons of the test a

il

.
",

RS

spec1f1ed 11m1t1ng plastlc straln . A strain offset of 0.002. -

is suggested as the yield cr1ter1on when gradual yielding

“
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(no definite yield plateau), a phenomena characteristic of

heavily cold worked materials, occurs.

Based on this criterion the static yield stress values
for the ‘stub columns and the tensﬁon coupons were’
determined. The distributiens of stetic yield stress'values
of the tension coupons are shown graphically in Figure 4.3
as the ratio of coupon td'sﬁuh column static yield stress o
values. The interpretation of this figure is similat to that-
for the modulus of elasticity in Figute 4.2. The static
yield stress valueswfor the tension coupons are given in
Table.4.6.

The mean static yield Strength values, standard

deviations and coefficients of variation for corner, weld

and flat couéons and for thg steel stub columns have been
established by a single variable statistical analysis and
are given in Table 4.3. BeSSelfs:cor;ection‘and Chauvenet's
Criterion were applied as before. The meéh“values‘bbtaihed
here Qere used in the development of matheﬁatica14
express1ons which describe the load deformatlon behav1our
for each sectlon type. ' ﬂ N B ’
£ The reSults 1nd1cate that the&g are” th@ee dlst1nct 'é h;'mA
groups of static y1eld values. The vamxatlen bereen the) ‘

flats and the corners rs attributedito cold working of the

corner materlal durlng the tubQ?&ormlng process. The

E 2

‘r\

dlstlnct staélc yleld stress for uhe weld sectlon is . '?ﬁﬁf

'»,;attrqbuted to the 1nclu51on ipes thlS sectlon of weld metaﬂ

) 3 . s -
: “

@ﬁﬁlch has dlffktenttmechanlcaltproaertles.

~y S . L . 2

ba}
ERs



~as a Class 3 sectlon the plastic range,"

modulus'cpuld not be defined.

,obta1ned curve and can be described by a SetI%S/Of

'mathematlcal expressions of the form:

65

4.1.2.4 Stub Column Load Deformation Curves
The average stress strain curve for a steel stub column

given in Figure 4 4 can be described by a series of

mathemat1ca1 expre551ons of the form:

‘ Q
g -Ae+Be1/2+Csl/3+Dsl/a+E51/5 (4.71)
stub o , S

The strain ranges and corresponding coeff1c1ents are g1vqn~

in Table 4.4. .The strain values are the average of the elght%"

gauges shown on the stub column in Figure 4.4. Stress strain
curve information, including Youhgfs modulus of elasticity,

proportional limit stress, yield strength, yield stress

. . 2% ! .
level, elastic range, and eléstic—plastic‘range are clearly

marked on Figure 4.4 Because the ste&l stub column behaved

3 \-'."{fé S Y .1

hardening, strain harden1ng range,»and& ‘

glven in Flgure 4.10, was modeled from the egp@&mmentally -

A
SR

/,

- N

: P -‘Ade+le/2+C51/3+D51/4+Es'l/5 - (4.2).
TS ‘Stub ) . . L

t 2
LR 4 P

B

. The straln ranges and correspondlng coeff1c1ents are
P
g;ven 1n Tableﬂ4 5 ThlS ‘load deformation éurve, as G

N

.descrlbed hy th1s ser1es of mat%smatlcal expressions, 1is

NS

»
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‘
used in conjunction with steel strain measurements in
subsequent analyses to predict the load carried7ﬁy the steel
at specified locations. The accuracy of these predictions is

discussed in Section 6.3.1

4.1.2.5 Tension Coupon Stfess Strain Curves

Based on the characterlstlc parameters of the stress
straln curves as determined from the tension coupon tests
and given in Table 4.6, a series of mathematical expressions

N

have been developea to describe their shapes. These

expressions take the form:

c=A+Be + C 51/2 4D 51/3 + E 51/4 + F 51/5 + G 51/6 (4.3)

The strain ranges and~éorresp0nding coefficiernts for flat,

corner, and weld secfions are given in Tables 4.7, 4.8 and

W4 9 respectlvely The stfess strain curve for each of these.

‘ .

- ”fw&\
Figure 4.5, w ¥

Given the strain dlstrlbutlon across depth of the HSS

_relative to the axis of bendlng, and g1ven that plane

N

sectlons remain plane after bending, the strain -at any .
-4
=§

locatlon around the tube can be determined. The

i

corresponding stresses can be detérmined with the use of the -

previously descrlbed stress strarn curves. Comblnlng these -

A

stresses with the assoc1ated re51dual stresses, and

mpItiply;ng these values by the appropriate area, the load

-for any discrete-section can:.be detefmined;eThe load carried

o -
A
Ry

(oo El W ’ "
Lo AN . .
T4 . o . i
SRR Y B Fihe
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fﬁgappesSive stress and are plotted on?ﬂfqv
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At

' .y . e .
by the HSS on the plane is détermined by integrating the
loads -for all the sections over the entire cross-section.
The accuracy of using these curves to predict the load

carried by the steel is discussed in Section 6.3.1

4.1.3 Residual Stresses

By the method of sectioning, forty—fouf longitudinal
and forty-four through the thickness residual strain
measurements_were made. Thewresidual strain values were

converted to residual stress values using the appropﬁiate

stress strain curve. Statics was checked and corrections

were made to ensure that the sum of the.axial forces on the
section and the sum of the moments about both principal axes
were zero. It should be‘noted\that, the residual strain
measurements inelude the effect of temperature change on the
specimens between the initial and final reedings. Xn
apparent net residual tensile strain of 29.4 x 10-¢ was

G

determined from statics. -

»*

The longltudlnal re51dual stress distribution is shown
graphlcally in Figure 4.6 as a ratlo of longltudlnal

residual stress on the section to the stub column statlc, -,
w‘_{v‘{c’ . . :
”?j i LE 51dual L

yleld stress. Negative values indica

tube outline. From this 51ngle determl'r'

'

stresses, 1t appears that

s
RN

é&fects of plastlcally deformlng g
the corners of the tube are localized. The sectlons '

containing and affected:by the weld have a net residual 4
. . . & : LN o

e

R
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v

tensile stress.“The through the thickness distribution of
10ﬁgitddinal residual stresses is shown graphically in
Figure 4.7 as a ratio of the through the thickness variation
to the’stub column static yield stress. The reéidpal stfess
on the inside and outside face of each section has been
plotted on the outside of the tube outline. Negative values
are resiaual_compressive stresses. These reéiduai
compressive stresses always occurred on the inside face of
the tube and aré shown in the figure as a dashed line. A‘.
single so%éé line indicates that both the residual stress on

the inside and outside faces are of the same magnitude but

5 ‘;S"

opposite sign. The cold formed HSS residual stress patterns,

elative magnitude,

~

although'slightLy diffe;ent in shape and

o
A?’ . 3
7

PSS

-
“

concur with those reported by Davison and B

4.2 Concrete

3 {StreSs Strain Relationship

4 .@gt

¥.1 Uniaxial Compressive Strength - ¢ -

i 2%

A least squares best fit third degreebpolyndhigl was

<

derived to expréss the uniaxial compréssive strength of the
concrete as a function of time in days for the sixteen
cylihdersicast in steel molds. The polynomial is of the

form: : ' ;

4

£l = 5.69 + 2.03¢ - 0.034c2 +0.0002¢” ©

wl

(4.4)

£

it
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' The strengths predicted by this expression are only valid “
for the age of concrete“during the test pefiod;-21 to 69
days. Experimental and’empifically determined values are

given in Table 4.10. o . L

4.2.1.2 Modulus of Rupture
- Because the numbeér of split cylinder tests-and modulus
of rupture tests was small and owlng to the'scatter of ‘
_reéults dbtained'by other resea}chefs, the maximum fr\\ile
lﬁstmength for the uniaxial- stress strain curve wés/;et equal
‘to. the modulus of rupture as deflned by Clause 7.6.2.2.2 of
CAN3 - A23.3 - M77. Although conclusive statements cannot be

made,Jexperimeutal values were comparable with this

#definition of strength, as shown in Table 4.10.

\)4 2.1.3 Modulus of Elast1c1ty
Twenty-nine tests were. conducted on fifteen cyllnders\
‘ ingaceordance with CSA A23.2-9C, to determ1ne~the modulus of
elastﬁcigy.'These tests were conducted regularly throughoué
the test period in order to a%taln a relationship fof the
: modulus dfielastieity'as a function of time.
Each set of test data was evaluated according to the
- CSA standard. The modulus. of elasticity was calculated by
dividing the difference between the stress at 40% of Ehe
ultimate load and the stress at 0.005% strain byﬁiﬁe

correspondlng dlfference In. strain values. Thesexbalues were_

compared w1th the correspondlng values obtalnedggrom the

-
N

method of least squares. ThlS data has been fltted w1th an

\
N L
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expression of the form:

E = 42004/f" , (4.5)
¢ ‘ e
‘where the compressive strength was :d by Eguation
4.4. The empirical and experimental.. .mined values are

shown in Fliure 4.8. It should be noted that Equation 4. 5

{glves values of E_ that are B4 per cent of those. given by

L}

CSA standard CAN3-A23. 3- M77.‘ | \_,ﬂ

4.2.1.4 Stress Strain Curve I “

o

___//
This curve has been developed to predlct/the unconfined

L

1;-r iwwfi‘— i 'f;}s strain relatlonshlp was -
assumed for conCretet'n tension. The modulus of
elasticity in tension was set equal to the modulus-of
elasticity in compression, the_value determined by
- Equation 4.5. The maﬁimum.tensile'stress vas taken af
the modulus of rupture. ;
2r An elastlc §tress strain relatlonshlp vas assumed for

concrete in compr9551on up toiaﬂvalus o& Stress equal to

0.4 times the sompressave st?izw
elast1c1ty vas determined from Equatlon 4 5U
3. "The 1ne1ast1c compre551ve stress portlon 1s descrlbea ty
s »the Todeschini’ et al. (1964) stress strain’ curve. Tﬁé
value €," is the straln .at the maximum compre551ve

w‘\ - . : BTN

.

lﬂ‘@r’ .'
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4.3.1 Load Deformation Relationship o

;determlned_matef1al propertles.

71

. : S
strength, f. . By<gons::zining the Todeschini curve to

‘ pass through the p01nt correspondlng to a stress equhl

to 0.4fé, and a straln of 0. 4f' /E the value of €,

was eveluated and is equal to 4.79 times the strain at

0.4fé S

- Given a time in days and the leynohial expression for f. a

'complete stress’ straln curve can ea51ly be developed. Flgure

4. 9 shows this idealized un1ax1al stress strain’ curve for a

28‘day old concrete’ w1th the properties of the concrete used

v

o

in this test‘serles. The value for e, is 2420.m’ - strains.

‘ \\,;7

)]
L

4.3 Composltefétub Colgﬁn Behaviour

The average load stra1n curve in Flgure 4.10, modelled

‘after the experlmentally obtalned curve, can be described by

RN

a-mathemat1callexpre551on_of the fOllOﬁlng form;,

P =A+BE +'C$,11/2 +pet3 5 g +cet/8 ] 7 (a.6)

Lo
.“"' -

Q i

The straln ranges and correspo#dlng coeff1c1ent<g re given
in Table 4 11. The trlangular symbols 1n tﬁ%% 1éire denote

the p01nt at whlch 1n1t1atlon of local buckl1ng was obser‘ed

on the surface of the steel tube. The ultlmate/load of 1794

oy LI

:kN fwhlch is equal to 1 021 tlmes the’squash/ioad was B

‘ calculated uszng Equatlon 4 7 and the éxperlmentally u/



P - -“'Af' (4 7)
s SSY rub c ¢
where, A, = 20550 mm*
As = .2570 mrh ?
f!' =" 36.9 MPa
c
o = 389 MPa
S¥stub .

The axialvload versus longitudinal strain relationship is
classified\gccording to Tomii, et alf (1977) as being'é
degrading type in which there is a‘décrease in the axial
load in the loéd defdrmation curve after the ultimate load
was reached. The stub column failed by a crushing of the
'concrefe and outward local buckling. of the steél tube.
| . .

4.3.2 Concrete Contribution

‘The composite and steel stub column foad deformatibn
.curves as described by préviously defined mathematical
exbressions are shown in Fiéure 4.10., The concrete lo;d
deformation curve shown in this figure is the difference
‘between these two curves. |

Based on sixfy tests on square composite stub columns, '

Tomii, et :1. (1977) suggest that there is no confinement |
actién on the concrete by the steel tube for célumns
displaying a degrading type load deformation cﬁrye. Based on
this'prehise, the concrete load deiormation curve should be
eguivalent to the uniaxial unconfinea concrete load

deformation curve as predicted by the proposed stress-strain

model. As shown in Figure 4.10, ;hé predicted curve
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over—-estimates  the concrete -load by a max lmum value of 12.1
percent at a strain of 1100 microstrains and under e§%1mates
the concret. 'o0zd4 by a maximum value of 6.3 percent at a
strain of 3000 microstrains. A single variable statistical
analysis on the ratio of‘fiftyvp?edicted to observed
concrete load values gives a mean value pf 1.010 and a

coefficient of variation of 5.7 percent. Although this

4

result concurs with those reported by Tomii, et al. (1877)

it may not be true fer all HSS beam columns.

| The difference between the observed and the predicted
curves shown in Figure\4;10 is a measure of error. Included
in this measure are errors ih_measurement for the stub-
column tests, errors in approximating theee curves with
mathematical expressions and any error in assuminglthe
proposeaAstress strain curve model for concrete.

Due to the restraining actiQn/of the concrete core on

the wall of the steel tube, the steel was able to sustain

load for increasing deformations. This curve, shown as a

dashed line in Figure 4.10, was approximated as the
difference between the composite sfub“cplumn and the

predicted concrete load deformation curves.



Table 4.1 Example Set of Calculatlons for the Modulus of
Elasticity, Tension Coupon 6

AS DETERMINED BY THE

74

. MOVING METHOD OF LEAST SQUARES
STRESS STRAIN TANGENT AVERAGE

MPa ~ x10°¢ MODULUS MODULUS MODULUS OF r?

mm/mm x10°MPa x10°*MPa ELASTICITY
x10°MPa

11.7 63 - - - -
23..4 128 179.8 - 179.8 0.999960
35. 184 208.7 - 192.8 0.999624
46. 236 224.7 - 202.7 0.999113
'58.4 288 224.7 - 208.9 0..998900
70.1 347 198. 207.2 209.3 0.999196
81.8 403 208.7 213.0 209.3 0.999393
93.5 467 182.6 207.8 206.8 0.999583
105.2 512 259.7 214.8 208.4 0.999576
116.9 568 1208.7 211.6 209.3 0.999613
128.5 626 201.5 212.2 209.4 0.999676
140.2 684 201.5 210.8 209.2 0.999737
151.9 738 216.4 217.6 209.2 0.999773
163.6 790 224.7 210.6 209.7 0.999785
175.3 848 201.5 209.1 209.8 0.999810
187.0 507 198.1 208.4 209.6° 0.999839
192.8 939 182.6° 1 204.6 209.1 . 0.999864
198.7 966 216.4 204.7 208.9 0.999882
204.5 997 - 188.5 197.4 208.6 . 0.999898
210.4 1032 166.9 190.5 207.9° 0.999964
216.2 1061 - 201.5 191.2 207.4 0.999910
222.0 1094 177.1 190.1 206.8 .0.999911
227.9 1130 162.3 179.3 206.0 0.999899
233.7 1165 166(9 174 .9 205.2 0.999831
239.6 1205 146. 1 170.8 204.0 0.999831
NOTES:

1. BFC,, Modulus of Elast1c1ty that corresponds

3. Correlation
4. Calculat®ons based on the entlre data set.

r.

to the coeff1c1ent of determlnatlon r?

. closest to 1.
2. The value of Eg selected based on the trends
indicated by the moving average technlque

coefficient,
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Table 4.2 Single Variable Statistical Analysis of the
Modulus of Elast1c1ty

TYPE n X o . \Y/
x10? x10°? %

g _ . MPa : MPa
STEEL STUB COLUMNS 2 210.7 0.14 - 0.07
CORNER COUPONS' 7 225.9 1.75 1.50
WELD COUPONS 2 210.0 2.90 1.38
FLAT COUPONS®* 21 210.1 1.72 0.82

NOTES: 1. One sample was rejected a3 an outller based on
Chauvenet's Criterion.
2. One sample was rejected due to an accidental
preload to the specimen.

?

Table 4.3-Single Variable Statistical Analy51s of the Yield

Stress
TYPE _D X o v
* ' MPa MPa %
STEEL STUB COLUMN' 1 389.0 - -
CORNER COUPONS 8 472.6 8.69 1.83
WELD COUPONS 2 474 .1 6.5 1.37
FLAT COUPONS: 21 364.5 8.25 2.26

NOTES: 1. One sample was rejected due to an uneven
QD . loading of the end specimen.
2. One sample was rejected due to an acc1dental
preload to the specimen.



~Table 4.4 Coefficients Used to Describe the Stub Coiumn
Stress Strain Curve

STRAIN RANGE

COEFF- x10° ¢ mm/mm
CIENTS .
0- 844-
844 4936
A 210,700 -596, 424
B- - 738,419
C - -1,334,012
D - 1,281,168
& < E - -465,681
NOTE: 1. Ustub = Aeg + B 51/2 + C ?1/3 + D¢

Table 4.5 Cbefficiehts Used to Describe the Stub Column

Load Strain Curve

1/4

STRAIN 'RANGE

lﬁoEFF4 x10* % mm/mm
CIENTS
0- 8a4-
844 4936
A 541,028 -77,819
B - -1985,865
C - 294,888
D - -186,661
E - 41,838
NOTE: 1. Pgeyp = A€ + B 51/2 + C 51/3 + De

1/4

-+

E

E €

1/5

€ .

1/5
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5. TEST RESULTS AND GENERAL BEHAVIOUR

5.1 Knife Edge Fixtures
Ail"columns were tested as pinned-end specimens; During.

the test end-rotations were monitored to ascertain whether

the knife edge assemblages allowed pinned-end rotations to

QEEur. It is commonly recognized that it is practically

Aimﬁossible to obtain absolutely perfect pinhed ends, since

some friction and other resistance will always be present.

The end rotations were calculated from Equation 5.1 on the
assumption that the deflected shape of a perfectly
pinned-ended specimen is a half sine wave.

pel P (e +6)L

' R o . .
8 -_2£I+ TEL A . (5.1)

end rotation of a pinned end column radians
applied load, :
distance between the points of rotatlon mm R
modulus of elasticity for the section, MPa
moment of inertia for the section, mmt
eccentr1c1ty of applied load, mm

initial out-of-straightness at midheight, mm
center-line deflection at midheight

of thé column under the applied load, mm

where,

6
P
L
E
I
e
e
60

JR LN (T I (N 1B

Experimentel and.predicted values of end rotations for
the<steel column tests have beenvplptted as a function of
applied load for‘concenerically and eccehtricaliy_loaded
test specimens in Figure 5.1 and 5.2, ;espectively: The .

measured values are accurate to t 350 microradians and the

predicted values are only valid within the elastic range.

. Comparison of the measured and predicted end rotations shows

that the knife edge assemblagesimodelled pinned-ended

95



96

connections closely.
5.2 Column Test Results

5.2.1 Initial Out-of-straightness
The initial out-of-straightness for eachvcélumn.was
| established iﬁ the north-~south and east—west'directions'from
a series of measuremenfs taken from dial gauges mountéﬂxon a .
‘stiff aluminum angle. These values were adju ted to
determine the relative ﬁut—of-straightneSS,with respect to
the reférénce measurements. As shown iﬁ Figure 5.3, the -
_ éverage of the differén;g betﬁeen the sum of the two
measurements made on one faée from the sum of the
measurements maae'én the opposite face, is the initial
out-of-straightness of the column at that‘level. The .
:out-of;straightness Yaluesvfor-a typical column, C604, are

given in Table 5.1. The maximum out-of-straightness,
/-.\ ‘

expressed as~5\r@tio of column length and.given by Equation
///5.2 ﬁor'ail‘columﬁs are given in Table 5.2.

A

\‘4
o

(5.2)

el

//wbere, Z = out*of—stréightness

The maximum outLdf—straightness-was-1/1590 for test specimen
C605. In the plane“of bending, the north-south direction,

- the mean -value for initial dut;of—Straightness¢of 1/12600‘is

-/



97

significantly less than the specified maximum for hollow

structural sections of 1/500f

5.2.2 General Behaviour |

Table 5.3 gives the pertinent details for the'nineteen
columns tested and Flgures 5.4 through 5.7 illustrate the
load deflectlon curves for these tests. The load-deflection
curves for both strain compat1ble and non-strain compatible
composite columns with concentr1cally and eccentrically

»

applied load are shown in Figures 5.6 and 5.7, respectively,

|

to permit a direct evaluation'of end connecfion effect. The
' load-deformation curves are based on load measurements made
as the load was belng applled with the max imum strength
being represented by the peak of. each curve., The maximum
static column strength was obtalned at the same p01nt by
record1ng the maxlmum load at a zero strain rate, which is
characterized by the stabilization-of the column i.e. - no
further deflectlon}at m1dhe1ght \ - ”
The load- deflect1on curves for the steel column serles,
-Flgures 5.4 and 5.5, exhibit normal characteristics. For
concentrically loaded columns C201 and 9601 the effect of
any initial out—of-straightness is virtual;y'negligible.
Extensige/yielding had occurred in both coluAnS‘C201 and
C202 by the time they had falled by local buckllng of the
tube wall- FlgLre 5.8(a) shows this typlcal fallure mode.

All other columns of this series falled through overall

@

buckling of the specimen. Note that columns C601 and C602

|
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eventually failed by local buckling of the tube at midheight
of the column. Column C1201 with a slenderness ratio of
117.6 failed through overall elastic bucklingf This épecimén
was unloaded and regained its o;iginal shape as verified'by
out—of4straightness measurements. It was retested with an,

applied load at a constant eccentricity of 65 mm, column

C1201E, and exhibited identical behaviour to its counterpart

column C1202.

The load-deflection cﬁrves for the composite column
serieé, Fiéures 5.6 énd 5.7 are similér'td fhe steei columns
all exhibitingvnormal charactefistiéé with‘the exception of
column C205. Column C205, a non—stfain'compatibfe'co’umn,
with a length of 1200 mm and an’initial‘6ut-of-straightness
| of 1/1§700” was .tested under -a concentrically applied load.
Essentially the gteel shéll slid‘doﬁﬁ the éoncrefé core and
buckled outwardly on ‘four faces at three levels.'Yield_lines
‘were evident on all four connection plates. This failure
mode is shown in Figure 5.%(5). Stréiﬁs along the length of
the column wefe two to thréevtimes.the stafic yielé strain
for the section. Column C203, the éouhtéfpart.to c205,
failed by outward buckling of the steel wéll_o; three sides
and s%multaneous crfushing of the concrete. This failure moae
is typified by a'Sketch, asvéhowq in‘section in Figura

5.8(c).

- The eccentrically loaded 1200 mm long columns, C204 and.

C206, failed through overall buék#}ng and eventually

~2veloped the failure mode previdusly described. Composite

3

7
/
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‘columns of the 600 and 1200 series all failed through

: 6verall buckling.

Apart from the ultimate_loadé obtained, the genérél_'
load deflection behaviour of the non-strain compatible beam
columns is comparable téithe corresponding straiﬁ'compatibie
beam coipmn§. Thefe is no difference in the flexural
stiffneswaetween the two types.fWhen strain compatibility
is'not ensufed}_tpe reduction in load cafrying_capacity |
varies from O pér cenf té 18 per, cent fo;'concentrically
loaded columns of slenderness ratios of 118 and 20, |
~respectively and less for eccentrica.ly ioaded columns. In
general, the effect of the concrete is to increase the
flexural stiffness and to stabilize the tube wall against

local buckling.

5.2.3 Deflected Shapes

'Figureé 5.9 and 5.10 are typical examples of éﬁe load
deformatioﬁ history of concentrically and eccentrically
loaded columns which failed through overall buckling. The
half sine wave shapes shown here are consistent with the
assumption madg in Section 5.1 and they illustrate quite

clearly that the knife edge assemblages functioned as

pinned—ended connections. The small and erratic behaviour of

column C203, as shown in Figure 5.11, is indicative of

columns with small slenderness ratios which realize high

strains along the length of the column before failing by
) .

local buckling. As 5Shown in Figures 5.9 through 5.11,
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relatively small deflections for most of the load history
are attributed to small values of initial

, ‘ N .
out-of-straightness and to the precise alignment of the .

column in the loading abpargtus.

5.2.4 Steel Strain Distributions . ¢

The'resulting steel strain distributions for the
non-strain compatiblg column series are presented in Figures
5.12 through 5.17 as a function of non-dimensional height
for a series of loads depicting the load history.

Fiqures 5.12, 5.13 and 5.14. gives the steel strain
distribhtions for concentrically loaded columns with
slenderﬁess ratios of 20, 59.9 and 117.6, respectively.lThe
predqminant featufes of these distributioQF are noted herea
1. At small loads, the strains along both éides of the

column arehvirtualLyvequél and constant, indicating that
the load was applied-concenfrically at the section.

2. The erratic distribution of strain values a;bthe‘uppef
end of the column just below the connection plates, as | :
in C605 and C1205, and those for C205 of ultimate load
are. attributed to out-of-plane displacements of the, tube
wall (localized bending effects).

'3.> The general shape of the average steel‘sfrain‘
distribution for ‘tests C605 and C1205 is one which

‘ decreases in magnitude, from a maximum value at the

=

upper end, asympotically to a constant value at the

lower end of the column.
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4. Differences of strain valpﬁs from one side of the column
to the other are due to overall bending of that column.

Eigures 5.15 through 5.17 show the steel strain
distributions for eccentrically loaded columns with the same
series of slenderness ratios. Simi'lar observations can be
made‘abbut the strain differences and ervatic distribufions
for the eccentrically loaded columns.

Although the gagnitude of the strain values for the
steel and strain compatible column series .may differ from
the non-strain compatible column series, the shape, and
relative increase‘in strain-value to inérease in load is
similar to that presented in Figures 5.12 through 5.17 for
corresponding column lengths and load applications.

'

5.2.5 §oncrefe Strain Distributions

\The rgsulting ccnpressive co;;fetQ strain distributions
for the south face of/the non-strain cbmpatible column
series are presented in Figure 5.18 through 5.22 and 5.24 as
a tuhction of non—qimensional column height for a series of
loadé-depicting the load history;ufigure 5.23 is a similar

! :

presentatioﬁ of concrete strain data fbr‘the north face of
test épecimeh C606. |

in'fhese figures two reference lines have Been drawn, a
zero strain line and é parallel line, which mark the méximum

tensile strain before rupture, as described for the uniaxial

stress-strain model for concrete in Section 4.2.1.4.



102
{
Strains that are not considered reliable, due to a

loosening of the embedded bars during installation are
marked asdspurious points. When these bars reached their -
maximum.travel, i.e. the bars made.contact with the steel
shell, the readingshat'these looations were discontinued and

therefore not reported‘

5.2.6 Slip Distribﬁtions
Slip distributions are descriptions of the relative
movement of the concrete core with respect to the steel
shell at any point along-the length of the column. These
were determined for the nén-strain compatible test series by
two methodsr | |
1. Method A - slip‘distributions were calculated by -
integrating the'difference in measured steei and »
concrete strains from the lower end of the column where
no slip occurred to the upper end
2. Method B —‘sllp distributions were measured directly as
the dlfference in movement between a demecrpoxnt on the
steel shell and one mounted on a horizontal bar embedded
in the concrete and modified to account for the change
in 1ength of the steel tube under the applled load, over
the gauge length of the slip measurement. '
The slip dlstrlbutlons as determined by Method B are
considered more rellable than those by Method A. With the
exception of one for comparison, the dlstrlbutlons as

determined by Method B are the only one3% presented. Due to
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the limited travel of the embedded bar with respect to the

shell, the maximum measureable'slip was approximately 3.2

mm. This limit is shown on all slip distribution figures.

The slip distributions for cqncentricallf loaded

non-strain compatible columns are shown in Figures 5.25

thrdugh 5.29. Figures 5.25 and 5.26 are combarable slip

distributions for the gouth face of column'C205, as
determined by Method B and Method A, respectively. The
pertinent features of these distributions are:

1. The maiimum,slip value, which occurs at the upper end of
the column, decfeasesAas‘the column becomes more “
slender. | |

2. Virtually no slip occurred at hidheight on either face:
of column C1205. ' ,

.3. The slip distributions for C%OSbénd CSOS*are'liHear.

Slip distributions for both the north and south faces
‘of the eccentrically loaded non-strain compatible columns
are shown in Figures 5.30 throﬁgh 5.35. The mdsf significant
feéture is the decrease in the maximum slip value as the
column-beCOmes more slender and as the eccentricity of the
applied load increases. For example, the maximum slip for

the eccentrically loaded column C1206 is.approximétely 0.2

mm, one-fifth of the value of its concentrically loaded

counterpart C1205. Spurious measurements are marked.
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5.3 Flexural Tests ,

Table 5.4 gives bertinent_details for the six beams
tested and Figure 5.36 illustrates the moment—curvature
curves for tuese tests. The moments have ‘been calculated
from dynamic load‘measurements”and the curvatute, based on
the strain dlstrlbutuon at center span, was calculated from
the values ofﬂ:traln as measured by gauges mounted on the
steel, top and bottom of the beam. These curves exh1b1t
normal characteristics.

Both steel beams failed by local buckllng of the tube
wall, typified by an inward buckle on the compre551on flat
and outward buckles of the web flats, as shown in Flgure
5.37(a). All compos1te sections failed with a tensile
failure of the bottom chord flat, crush1ng of the concrete
core and outward local buckling of the compression flat, as
shown in section, 1in Figure 5.37(b). Failure was initiated
in the‘region"of the steel rods which were embedded iu the
concrete and used as mounts- for Demec points, as discussed
~in Section 3.3.2. In the non-strain compatible cases the
relative displacement of the concrete core with the steel
shell at both ends of the beam, was hegllgiﬁle; Apart from

the ultimate moment capacities the results of these tests

are not discussed further.



105

1

Table 5.1 Reduced Data Derived from the Out-of- Stralghtness

Measurements for Column C604

LOCATION EAST . WEST
h/L .

5 6 1 2 NET
0.9397* 0.0 0.0 0.0 0.0 0.0
0.8675 0.869. 3.099 0.523 0.109 0.833
0.7450 2.436 3.223 1.615 0.767 0.820
0.6225 ' 1.638 2.375 0.495 -0.605 1.031
0.5000 1.554 2.327 0.257 -0.767 1.097
0.3775 .1.085" 1.819 0.025 -0.856 0.935
0.2550 1.951 2.626 1.194 0.696 0.673
0.1325 0.295% 0.587 -0.290 -0.54S9 0.429
0.0281° - 0.0 0.0 0.0 0.0 0.0
LOCATION NORTH SOUTH

h/L
3 4 7 8 NET
[
0.9397* 0.0 0.0 0.0 0.0 0.0 .
0.8675 -0.475 -1.514 1.956 0.0528 -1.118
0.7450 0.008 =-2.090 2.515 2.202 -1.,699
0.6225 -1.255 -3.683 2.002 1.560 -2.126
0.5000 -1.341 -3.536 | 2.116 1.735 =-2.182
0.3775 -1.295 -3.005 1.796 1.516 -1.902
0.2550 0.414 -0.478 2.814 2.7517 =1.417
0.1325 -0.577 -0.963 0.676 0.0742 -0.726
0.0281° 0.0 0.0 0.0 0.0 ~ 0.0
NOTE: 1. The net value is equal to the average of the sum

of readings on one face less the sum of the
readings on the opp051te face.

2. All measurements are in millimeters.

3. The measurements at these levels were used as
reference measurements.
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Table 5.3 Column Test Results

S?ECIMEN Puit

FAILURE MODE AND REMARKS

gy
pr

kN
C200 COLUMN SERIES, 1200 mm long, Kl/r=20
€201 1007  local buckling at a distance d from the
‘ - bottopm, end, see figure 5.8(a);
c202 485 vlocal buckllng at a distance d/2 from the
~ .. 'bottom end, see figure 5.8(a);
C203 1517 “local buckllng / crushing of concrete;.
see fiqure 5.8(c);
C204 721 overall buckling;
C205 1179 outward ‘local buckling of steel wall,
see figure 5.8(b); _ ,
Cc206 635 overall buckling;,
C600 COLUMN SERIES, 3600 mm long, K1/r=59.9
C601 868 overall buckling (load applled by load
- control);
Cc602 347 overall'buckllng,
C603 1271 overall buckling;
C604 o 479 overall buckling;
Cc605 1214 overall buckling;
Cc606 465 - overall buckling;
C1200 COLUMN SERIES; 7070 mm long, Kl/r=117.6
C1201 357  overall elastic buckling;
C1201E 197 overall buckling;
C1202 197 overall .buckling;
C1203 476 overall buckling;
C1204 243 overall- buckling;
C1205 481 overz21ll buckling;
C1206 242 "overall buckling;
Notes: 1. P is the static maximuh load (zero strain rate).
2. All test were tested under stroke control except
C601 which was tested under load control.

.0 for pinned end specimens and the radius of

ration is based on the steel section
operties alone.

4, 0dd and even numbered specimens were tested

: co
5. The

ncentrically and eccentrically respectively.
last digit of the specimen identification

number de51gnates the type of column: steel

(1

composite non-strain compatible (5, 6).

,2), composite strain compatible (3,4), and
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5.4 Flexural Test Results

Table
SPECIMEN LENGTH Muit FAILURE MODE AND REMARKS
and mm ' » :
TYPE kNm
B21 2000 67.9 Inward local buckling of the
Steel ‘upper flange in the shear
span, 110 mm from the loading
pad; '
B25 2000 . 62.2 Inward local buckling of the
Steel _ upper flange in the constant
. moment region, 155 mm from
\\\\\\\\\ the loading pad, ‘
- Figure 5.37(a);
B22 2000 = 83.2 Tensile failure of the lower
Composite flange, outward buckling of
the upper flange with crushed
concrete, at a demac point
location 125 mm from center
span, Figure 5.37(b);
23> 7/ 2000  76.9 Similar to B22,
Composite ¢ Figure 5.37(b);
non-strain :
compatible.
B24 2000  80.2 similar to B22,
Composite Figure 5.37(b);
non-strain
compatible
B4 1 14000 75.0 Similar to B22,

" Composite

Figure 5.37(b);

Notes: 1.

The displacement of the concrete core with

respect to steel shell at either end was

" negligible for all composite non-strain
compatible flexural tests. - <L

2. The inside of the tube was coated with form oil.
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6. LOAD TRANSFER MECHANISMS

6.1 General

For non-strain compatible composité columns to obtain
ultimate load cépacities greater than that of theif
counterpart steel columns, some fype of interaction and
hence load transfer is required Between the two materials.

The manner in which the load is transfé:red from the steel

shell to the concrete core will be referred to as a léad

tranSfer.mechanism. For this test series four different
- mechanisms have been identified as follows:

1. .Adhesioh Que to chemical reaCtiohs and/or suction forces
résultinngrom capillary action dhring_the hydration
process. | |

2. Micro-interlocking of surface irrégﬁlarities of the ‘4~

" steel shell with the cement paste to which it is mqgfd.ji

3. Friction due to pinching of the concfete core by tﬁé'\

steel shell resulting from the eccentricity of-the
: applied loads on‘the connection and/or buckling
reﬁtraint'provided by the concrete.

4. Binding or curvature effect.which results from imposing
'cémpétiblé‘defoémations on two'materials'of different‘

~ flexural stiffnesses.
These.can be classified into'twd groups according to

: sgale: adhesion and micro-interlocking as micro effects and

friction and binding as macro.effects.

146



147

i

A matheﬁatical solution has been developed ﬁd\aescribe
the micrb-interlocking mechanism case and is presented in
Section 6.2.2.1. Plausible scenarios are presentedvfor the
other lcad transfer mechanisms. The load transferred by
these mechanisms is compared to the ;éncrete load
distributions derived from experimental data in Section

6.3.3.

6.2 Load Transfer Mechanisms

'

6.2.1 Adhesion ° ' 3
Adhésibn of the two materials may be the result of
chemical reactions and/pr suct?on.forces along the
interface. Theories, as put forth by Wuzner, Nacken and von
R&dt, and Pogany on the development and action of:adhesive
forces between steel and concrete are summariied"by Rehm
v(§961). Rehm concludes that regardlesslof which concept
cor?ééponds more closely to actual conditions

B

exists between the two materials and that'itﬁéﬁould not be

, . adhesion

discounted as a viable loa6%¥§ansfer méchanismwdu:iné the
early stages of loading when relative displacéhénts are /
‘small.‘For concrete filledktubes,.shrinkage of ﬁhe concrete, -
would have an adverse effect on the.deveiopment of adhesive
forces._ |

The adhesive forces bind adjacent steel and concrete

elements together forcing the concrete to undergo

deformations that are equal to that of the steel. Adhesion
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is an elastic brittle load transfer mechanism. In the case
of non-strain compatible compoeite HSS beem columns its
contributionbto transfer load is neglecteéd since the
adhesion- forces are overcome at slip vaiues less than 0.01
mm, Rehm (1961). |
‘o

6.2.2 Micro-Interlocking

The concept of load being transferred by shear. from
steel to concrete through a series of cement paste keys
interlocked and mated with the surface 1rregular1t1es of the
steel was first presented by Rehm (1961). Rehm surmised,
after extenéive work on load slip relationships of steel
bars of varying surface roughnesses, ‘that the load
transferred and the rate of -load transfer is dependent on
the load deformation response of the shear keys, which is a
function of the size, shape, spacing and materlal propertles
of the keys.

A shear transfer functlon of the form glven in Equatlon
6.1 has been selected to model the shear deformatypnt
‘ I
response of the sySteé}of cement paste shear keys.

_ N &

v~ ave x - - (6.1)

where, vy = shear load transferred per mm at
a distance x along the length of
the column from the lower end, N/mm
Wy = relative displacement between the
' two materials , that is as slip, mm
a,b = are constants defining the shape -
of the functlon
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This function shown 1in Figﬁre 6.1 is consistent with the
load deformation response found by Rehm.‘The tail 6f this
curve represents the frictional resistance provided by the
cement paste rubble which lies between the steel shell and
the concrete core. Both Rehm (1961), and Somayaji arid Shah
(1981) developed a governing differential equatioﬁ for slip

along the length of a reinforcing bar, as a function of 'a

bond stress versus slip rélationship‘anq,the applied load. A

similar treatment of the problem is used here to determine
the slip distribution along the length of a perfectly
étraight,bconcentrically loaded, concrefe filled HSS column
whefe strain compatibility is not ensured at the upper end.
Given the slip distribution and the shear transfer function
:the distribution of load transfer from the steel ﬁo the |

' . i
concrete can be determined.

6.2.2.1 Development of thegGoverning Differential Equatian
for Slip
For the purpose of this discussion, the composite

column is represented in Figure 6.2(a) as two rectangles,

‘where the shaded area represents concrete and the plain area.

steel. At any distance x from the lowef end, the load P,

applied to the upper end of the column is Fhared by the

/

concrete and the steel as shown in Figure 6.2(b). From

equilibrium of the vertical forces in the x-direction for

the section shown in Figure 6.2(b),

PmP . 4P : (6.2)

cx  sx

9

—
§ .
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Assuming that both méteria;s behave elastically, Equation

6.2 can be written as,
\

P = ACEC(ECx +e . m o) (6.3)

cross-sectional area of the concrete

where, A,

E. = modulus of elasticity of the concrete

€cx = longitudinal strain in the concrete
at a distance .x from the lower end

€gx = longitudinal strain in the steel at

a distance x from the lower end
modular ratio, Eg/E. :

p = reinforgement ratio, Ag/Ac
cross-sectional area of the steel

modulus of elasticity of steel

o}
]

At a distance x=1 from the lower end of the column, the
applied load is carried by the steel section alone, which

.causes a longitudinal strain in the steel «.

3

A E
‘8 s

(6.4)

N e -

Rearranging Equayion 6.4 in terms of the load P, and
substituting it into Equation 6.3, the longitudinal strain

in the concrete at a distance x can be expressed as

(6.5)

€ =p nle =-¢ XJ:"-"'«""%"’.
cx P al 8- SXTEW,

The local slip, wy, is defined as the total difference in
the elongation of ‘the two materials from the lower end. of
the column where x=0, to the section at a distance x from

that end.

¢
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w = (Esx -ecx)dx (6.6)

Differentiating equation 6.6 with respect to x gives,
——25——5 - € : (6.7)

Substituting the expfession for concrete strain, Equation
6.5, into Egquation 6.7 and rearranging the terms, dw,/dx can

be expressed as,

e ’ - (6.8)
rraial pn) € T PUEL | oo .

5

Differentiating Equation 6.8 with respect to x,

x -dssx" o
.=(1.+p n) . (6.9\)

From equilibrium of the forces in the x-direction for a

steel element of length dx and located a distance x from the

lower end, as shown in Figure 6.2(c), the shear force at

that point can be expressed as,

dP
SX

Vot I (6.10)

At a distance x, the steel load is given as,

A P =€ AE_ .« (6.11)

A
sX SX s s

Similarily a small change in steel load with respect t~ X,

'N\'
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at x, can be exprgssed as, o : \
dPSx desx : ( '
- — ' 6.12
dx dx As E:s ' )

\
\

‘Substituting Equation 6.12 into Equation 6.10 and
rearranging the expression to ‘'give che rate of change of

steel strain with respect to x, gives

desx vx
dx  AE .. (6.13)
s S
1;%” " substituting Equation 6.13 into Equation 6.9 gives the

governing differential equation\for slip as a function of

“

the shear transfer functién,

2 )

d"w . v
2x+(1 +pn)

d’ .

b4

=0 - (6.14)

o
R
AN ’{”
M o5
S : . .

=R

P

The bogndary conditioné as shown in Figure 6.2(a), are.as

follows:

1. A steel pl$te across the lqwef\end of the cdlumq’forces
the slip, w;, to be zero at §=0i y | | |

2. At the upperlend of th column, x=1, the concrete strain

is zero and the steel strain is egual to e From

s

"Equation 6.7, at x#l, dwx/dx=es;
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6.222.2 Solution of the Governing Diffgrential E§uation for
Slip

In order to solve this governing equétion for slip, ap,
iterative step-by-step numerical integration method.had to
be applied. The solution process takes on the form:

1. Treat the problem as an initial value.problem - i.e. the
initial valdes of the dependent variable w; and ité “
derivative dw,/dx are known at‘x=0, however., because
dw, /dx is unknown in this case, a trial value is used
instead. | o ;v

2. ?ransform the second order differéﬂ%ial“equétion into a
éet‘of two first order differentiai'equations,'applfhtwo
sets of Rdnge Kutta formulas and integrafe over the

AN

length of the column from x=0 to x=1. ’
3.  Compare the value dw,/dx at x= l as calculatea by thlS

step-by step integration, with dw,/dx at x=1 given as a

boundary condition. If the difference 1nvxhe two values

'is outside acceptable limits of hccuracy, then a new

trial value of dw,/dx at x;O)muét be‘used,,and the

solution procgss repeated. If thé'diff?rence between the

two values_is acceptable, then the solution has been

found. |

-Based on ;hé sélution,procesé and given the shear
transfer:function defined in Figufe 6.1, the slip
distributions for ﬁhree different loads have been detérmined.

for test specimen C1205 and are shown in Figure 6.3. Square,

octagonél and triangular symbols represent the average slip



154

-

values, es determined by Method B, for the north and south

faces of cqlumn‘C1205 for apblied‘loads of 100 kN, 300 kN, "j
and 490 kN, respectively. For the given set of loads,lthe
calculated s;ip distriﬁutions cqrrespohd elosely to those ’
measured in both\magnitude and shape as can be seen by
comparing the curves in Figdre-6.3\with the corresponding

-

test values as shown.

6.2.3 Macro-Interlocking - Ffiction ‘ '
At the top of the non-strain compatible composite
columns, load was applied to plates welded to the o&geiae'of
the tube as shown in Flgure 3.1. These were.eccentfic_to the
resultant of the load in the tube and concrete below the
connect1onA as shown in a fgee body diagram of the upper end
- connection in Figure 6.4. To‘equilibriate this couple,
tensions are developed in the wall of the tube at the‘top of
the connection and'compressions'in the, cencrete at the
bottom of the connectlon, as §hown in Figure 6.4. Friction
develops between the steel and eoncrete due to the normal
force exerted by thedconcrebe 55 Fhe steel. Later in the
loading seqguence a similar action occurs.whe:e local 9
buckiing of the-fube develope. The magnituée of the fricgépn‘
force developed is e function of the b/t ratio of tﬁe tubei
(local stabilil due to inplane forces), tae fIExuralh
~rigidity of tl= cube wall, the eccentricity of the
:connectf\,, the ﬁomeht.rqtation characteristics of the

connection, and the loads applied to the column. »



v

155

<Characteristically, for the non—strain‘compatihle tests, .the

load transfer to the concrete by thlS mechanlsm occurgedvln'

, : A
a very short length just below the connectlon plates aa b

upper end of the column. It was observed that this plnch” g

s °

action was not. 51gn1f1cant untll the compre551ve stralns_fﬁr

u’

the steel wall exCeeded the y1eld straln,Jafter whlch the

7oy

loads transferred by th1s act1on 1ncreased 1n proport;on to

he 1nformatlon .

lS’ &

the applled load.. At the presenmét'
; Yy

necessary to determlne thewnormal force between}the steel

.Jv.. 5

and the concrete is not avallable. No attempt has been made

- SEER

. to develop a model’ for the fr1ct1on macro fnterlocklng,load

transfer mechanism. T : 4"w,”

? T S

6.2.4 Macro- Interlock1ng - B1nd1ng .{; SRS L ,.%f®

The load transferred by thlS mechanlsm was done throu%g
: ¥
forced deformation. The two materlals are bound togethenlbyd

9‘ o

v1mpos1ng\compat1blegglobal‘deformatlonszon two materlals of

different flexural stiffnesSes. ThlS effect is further
enhanced<due to a volumetrlc 1n¢rease or swelllng of the.
.concrete as a reSult of mlcqo cracklng,ﬂnhlch the concrete
enperlences when subjected‘to large compre551ve stralns.
The mechanical: b1nd1ng of these tno mater1a15wforces;

‘the concrete to underg% some deformat1on along the lenqth of

the colu%i whlch 1s proportlonal to - that of the steel in the
5 4 2
jsame reglon . The rate and quantlty of 1 transferred due
P D '
to forced deformatlon depends upqn thehqual'-w_of the

Y NG -
' b1nd1ng effect, whlch is a functlon of " the app‘led load,
- - . o

3 ) 7 - ":“j ) ’ ' . N N R ﬁ -

v

LAg
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curvature.and length of the’column and the relative

i

movement of the concrete W1th respect to the steel For beam

columns, the effect of thlS mechanism d1m1n1shes as the

" f

_.u,,,

column length becomes shorter and increases as the ‘ I

eccentriclty of the applled load 1ncreases.

Thls mechan1sm 1s the dom1nant load transfer mechanlsm

lor those beam column members subject to or approachlng a

[y

. State of pure flexure. For beam column test spec1mens C1206 NS

wh

‘transfer of load up to a max1mum value wh1ch occurred at a

\

and C606 the mechan1sm is characterlzed by a steady

v

-dlstance of less than half the, column length from the free

surface of-the concrete, for the entlre range of applled

H C . ' o i . ‘),' R ',g“ -
,.viloads . “ ’J 2 | : 5 o . p o | R ,F}g“

. ;‘; oo ’* .’ o DA - f’j' 23 4§

6. 3 Non- Straxn Compat1ble Column Tests : i-’§~ﬁujﬂlJ:¢;%.

: 0y e ) . :\’ g
. . . ’ : @k
"6.3.1 Loads in Steel ‘ ’ KX v

Loads carr1ed by the steel shell at any locatlon along

i,
the length of the tube were determlned from a palr eof . .-
-:# Py s

electrlcal resistant strain measprements which descrlbed theﬂ

llnear straln dlstrlbutlon acﬁ%ss the - sectlon about ‘the ax1s T

of bend;ng,.For calculated steel'loads’based on,the,steel~ : %E-f."

St

“stub columthes the stress was found for the

." T
¥ 4

correspondlng stralns of each of twenty-two p01nts across

}the wldth of the sectlon from the stub column curve as

descrlbed in Sectlon 4 14 2.4; and 1ntegrated over the area '_' 3

to give the total force in the steel. As discussed ‘in

H
‘e

Y . . e

- K4 . n

A
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- Section 4.1.2.5 a similar procedure was used ty® determine
L f ) ' . .
Yoad from the tension coupon test data except thot the
! - "t .
effects offresidual stresses}:autOmatically accounted for in

the stub column tests, had to be 1ncorporated . | o
The accuracy of these procedures was assessed by

eiaminlng the ratio of the predicted load to the applied

load for the steel celumn tests, as shown in Figures 6.5 and

6.6. Each point on these ﬂigures represents the mean of
fifteen predicted to appliedalcad values made aldﬁg the
. T o . SR
length of the column. In all cases the fifteen measuring

..,

stations considered were below the‘loadiné'blate areaL

Outllers from each of these subsets have been rejecqed using

one, 1nd1cat1ng that thlS procedure for evaluatlng the load

wer \.,, .

carried by the steel was satlsfactory At low loads, where
the.magnltude of the steel strains are in tbe order of 10

' microstrains, these strains are comparable to. the
-3 oL : o ‘ : :
sensitivity of the measurement - i.e. one.per cent of full, :
o . _— I : 4

& - . . . A , . B .
¥ : scale. The-results obtained from.strains that are not much

'in ‘excess of the sen51t1v1ty of the gauges are suspect and

R

may not bewcon51dered rellable.
U51ng Chauvenet s crlterlon Seven outllers vere

. v .
i3 RN )
. . E 3

q: réjected for the populatlon of means shown 1n Flgure 6 5.

3

{1

Bﬁ?ed on stub column data the mean value of the predlcted to &
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1

_variation of 0.035. From Figure 6.6, based on the tension

coupons and longitudlnal residual stress distrihution data,
six outllers were rejected from the population and the mean
value is determined to he 0.953 with a coefficient of |
variation of 0.036. For subsequent analyses loads in the

steel have been taken to be ‘those predicted on the basis of

stub column test data.

6.3;2:L6ads in Concrete

B

Fordany given test, load level, and location along the

"length of tﬁé%ﬁolumn, the load in the concrete was

W

determined simply as the difference between the applied load"

and the load calculated in the steel based on the'

correspond1ng steel strains. ;

2 p Sp

cX J8x =

,\ ER " v . .
Flgures 6.7 to 6. 12 \\ye the dlstrlbutlons of loaﬁ in

~

the concrete as a functlon of the dlstance fromlthe upper
i fen

surface of the concrete over the hlstory of the tests. In
each of theSe f1gures an insert has been 1ncluded wh1ch

1dent1f1es the columg as bglng loaded concentrlcally or at a

constant eccentricity of 65 mm. Irregularltles ‘in the

e

concrete‘load distributions are Ehe'direct.result'of the ,

' r

2 o ) S 7 S A kS . ' o
"varlatlons in the steel stralns used to determine-the, .

e

,”“concrete loads -in: ‘these dlstrlbutlons.;

.c'«"ﬁ’ Q'jrj:_, / .

5¢%For columns w1th slenderness ratlos of 60 and 118 the

. ﬁ/_"‘{, . ° . o
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as small fluctuations about a best fit curve for the data.

Large varlatlons in adjacent concrete)lbad values occur at

s

the upper end of the column just belo%?the connection plates l,
for all columns and -along the enfﬁre*length}of columns with a
a slenderness ratio otlzo, for a range of applied loads
approadhing the ultimate load. These variations are ' . i‘€1
atiributed to localized”straining of the tube as a result of
out-of-plane movement of the tube wall. As an erample, an

increase in steel strain over the expected value, where theji

expected value is~ tha_ vzlue which would be obtained without

F oy
variations of any nature, translates as a decrease in ‘
N 3 . (\‘

By

correspondlng concrete load.

Due to the manner in which the load was appl1ed to the

:.q}f'

column, load was transferred to the concrete from the steel,

‘and not vice versa. It is reasonable then to suggest that

the load carr1ed by the concrete at any location along the
&
length of the columﬂ from the free: surface of the concrete

at the upper end is equal to or greater than the load

carrled by the concrete at a location neafer to the free

'*face. Based on thlS premlse, an understandlng of’ the
«:,\,

hmowledge of the general behav1our of each column, smooth

curves have been constructed to fit the calculated concrpete

loads. _: - _ N S L

The concrete load dlstrlbutlons glven in Flgures 6. : _ f%

,and 6.14 for the two longer concentrlcally loaded columns, .

Nl N

‘{‘)

are reasonable approx1matlons of the measured curves plotted

L, : . e . :\:"6')’&’% ’ . ; ) - .
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in Figures 6.7 and 6.8, except for points close to the upper
end of the column. This is less true for column C205,

plotted in Figures 6.15 agd 6.9 for smooth curves and-

‘measured values, respectively. In fitting the curves in

Figure 6.15, the data points at 1000 mm were disregarded due

AN

to the spurious nature of the points in the region which is
influenced by end effects. | Wy
The concretevload distributions given in Figure 6.16
and 6{J7 for the two‘longeriecceutrically loaded columns
closely resemble the corresponding measured curves in

Figures 6.10Tand 6.11, while Figure 6.18 is an ideal

estlmate of the data in Figlre 6. 12 As will be seen in the

next’ sectlon the characteristic shapes of these curves are

1nd1oat1ve of the load transfer mechanisms that were

effective.
.-'\ﬁ“ 4.

‘
VA < ve

6.3.2.1 Concentrically Loaded Columns (C205 C605 C1205)

PR

Test C1205-exhibited the‘general behav1oural

'characterlstlcs of a column in which the predomlnant load

transfer mechanism is micro- 1nterlock1ng Applylng the

proposed shear transfer funct%on the governxng dlfferential

/

equatlon for slip, and the approprlate boundary condltlons,

the slip distributions for the~spec1f1ed range of loads gere>

determlned As shown in Sectlon 6.2.2. 2 there is=excellent
G : ’ :
ccrrelatlon in magnitude and shape betweern those slip

ah
PR
L
>

distributions and those determlned experlmentally, as shown a

in Figures 6.3, 5 28 and 5. 29 respectxyely.
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As given by Equation 6.16, the concrete load

[t

et

" distributions can be determlned by integrating the shear

values correspondlng to the slip values from the shear

l

transfer function and glven by th@ sllp distributions, along
the length of the column from the free surface of the

concrete at the upper end of the column.

o : e
P = [ v.dx. (6.16)
cx X : o

A}

The concrete load dlstrlbutlons, for the applled loads of
100, 300, and‘490 kN are shown as dashed lines for the
predicted values and solid lines for the experimentally

determlned values in F1gure 6.14. The two sets of curves-.are
0

similar in shape ‘and magnltude. The dlfferences are
accountable as follows-'

1. For applied loads of 100 and 300 kN durlng the early

-~

~ stages of load1ng where the strains’ measured 1n the
~ steel were small, the loads predlcted to be carrled by,i;f'
the steel tended’ to be less than the expected value, as .. .

vyprev1ously dlscussed in Sect1on 6 3. ThlS leads to an
. '*‘~M . :
over- estlmatlon of the concrd?& load component for these "

" &
o\y <-'v L2

applled loads as shown in Flgure 6.14. Th1§;

over- estlmatlon‘ﬂexpressed as the percentage of the
&

total loed ca¥tried by theﬁcog:rete, decreases w1th an '-%ﬁ'

_5 1ncrease in the applledcload This c01nc1des w1th %he TR
%wf better steel load predlctlo§§as shown in. Flgure 6.5. . 1§If
_2.L The mathematlcal model for micro- 1nterlock1ng is d;p?

. . . \\ »»f ‘ ] J - o §

y - L . s

4
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restricted-to-determining the load transferred for a
perfectly straight, concentrically loaded column which
undergoes no deflections for the range of specified
loads. For”ﬁh applied load of 490 kthhe two curves are
essentlally identical except for the maximum transferred
load attained. At this load. the column had deflected
laterally 30 mm. The difference in the curve can be
attributed in part to the inability of the model to
account for the deflected shapevof the column .under
load.‘ ’ |
Regardless of the 1nab111ty of the model to predlct
prec1sely the quantlty and the rate of load transferred it

indicates that micro- 1nterlock1ng of the two materlals

exists and that glven the approprlate cond1t10ns a
}.‘ .
substantial amount of load can beﬂe_ﬁeﬁ%xvqgv tﬁhnsferred

5mechan1sms transferring load from the - s‘-"ef‘i 5"the concrete.
This . is 1llustrated by exam1n1ng the avéiage cohcrete- load

as-a functlon of applled load,uln a reglon\jf mm long’ ﬁust

below the connection plates. As shown in Flgu ' 6.19, all-ﬁ
three columns of this series exh1b1t the same behavdoural
*wcharactgrlstlcs in thlS reglon for applied loads less than

500 kN The dlfference in the maximum concrete load attalned

Y

"between testhC205 and tests C605 and C1205 is belleved to r“

Lot . =l

‘be the result of shrlnkage. Cblumn €205 was the only

g



s
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specimen in which shrinkage cracks were noticed at the top
end prior to testing. | e

Figure 6.19 suggests that load was tran;fe;red by one
meohanism for loads less than 500 kN and by a combination of
mechanisms above this load. in this region of the column and
for loads less than 500 kN, the dominant load transfer
mechanism is micro-interlocking. The descending branch of
this part of the curve coincides Qith increasing slip in the
region, which'is consistent with the behaviour described‘by
the shape of the shear transfer function. As. shown by the
dashed lines in thls figure, the lo§d—transferred by the
micro—interlocking mechanism is negligible in that region
after aﬁ applied load of about 600 kN and a measured slip-
between 0.8 mm and 1.3 mm. For larger loads,\for both'tests
C205 and C605, load is transferred to the conc;etelby Ehe
friction reSUlting‘from.macro-interlocking of the two

bmaterlals. This is shown in Flgure 6.19 as exponential
— o ~ At

h,1ncreasg 1n1concrete %oad and in Flgures 6.14 and 6. 15<35»a
sharp 1ncrease«1n cod%rete load in the reglon ]ust below the .
connection plates. For both tests C205.and C605 further load
is introduced into-the concrete along the length of the
c?lumn via the micro- 1nterlock1ng mechanlsm In Figures 6.14
and '6.15 for tests’ C605 and C205, the constant increase in
concrete load, beyond the region in which macro-interlocking
takes place and for load grea;er than 500 kN, infers'that

there-is a m1n1mum load transferred by micro-interlocking

regardless of the slip and has a value between 15 N and 25 N
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per millimeter of length a%png the column.

6.3.2.2 Eccentrically Loaded Columns (C206,C606,CY206)

Up to an applied load of 150 kN the predominant load
transfer mechanism for the columns of the test . series is
micro-interlocking. The characteristic shapes of the
concrete load distribution curves for applied loads in this
range, as shown‘in Figures 6.16 through 6.18, are the same
as those for the concentrically loaded column series.
Columns C2064and C205 were tested when the concrete'was\

- fifty and fifty-five days;old, respectively. The apparent
shift of the concrete load distribution curve,‘such‘that
load is being introduced into the concrete at some distahce
from the free surface and'contihuing translation of these
curves away from that surface as the applied load increases,
is believed to be the result of the concrete shrinking away
from‘the‘walls of the tube as was the case for test C205. .-
For test C206, thlS reduces the load transferred by this

d

mechanism in the region affected by shrinkage of the

concrete to a value of zero.

‘The average concrete load in a 76 mm long region

S e

Sis twice that in Figure 6. 19 Load tB¥ xfer because of

forced deformatlon thro2§§ macro- 1nterlock1ng b1nd1ng of the

two materials becomes evident for applzed loads greater’ than

150 kN which corresponds to a curvature of approx1mately 10
% N . 4 .



’binding.

' séries.in Table 6.1. oy

1659

‘microradians per millimeter. These values are based on a

comparlson of fhe rate of load transfer, the maximum
concrete ‘load obtalned as' a ratio of applied load, and the
location along the length of the column in which that load.
was achieved, for concentr;callyxloaded and eccentr1cally

loaded columns. The load transfer by this mechanism is

characterized by the concrete load curves for the region

below the connection plates. As shown in Figure '6.20, there

is no decrease in load carried by the concfete\in'this

tegion as was the case-for the concentric series. Measured
o

slips fo@ these columns were less than their counterparts

for the concentric series, with the greatest difference.

being an order of magn1tude‘for column C1206, These values %g

of slip reinforce the cbncept‘of forced-

oeformetion thfough

pid

@%g?ough this action is less pronounced for test C606 it is_ .t'
well developed for test C206 and 1Sndef1ned as easharp
increase in cdncrete load in the reglon just below ~the . ,

connection plates.as shown in Figure 6.17 and 6.18

respectively. A summary of the effective load transfer o

mechanisms and associated load ranges is given for both test
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Table 6.1 Effective Load Transfer Mechanisms

Concentrically -Applied Load, e = 0.0 mm

Load Ranges, kN

.

.~ Eccentrically Applied Load, e = 65.0 mm

Load Ranges, kN

. Specimen - - -

toey . 0-150 - 150-350 350-500 - 500-failure
C206 - 2 2, 4 2, 4 3, 4
C606 2 2, 4 2, 3, 4 -
C1206 2 2, 4 - ’ - \
Notes: 1. The adhesion mechanism as a- ‘load transfer’ '

mechanism is of no practical 51gn1f1canc%
since the adhe51ve forces are overcome

at low values of relative displacement |
(w < 0,01 mm), Rehm: (1961).

2."Load Transfer Mechanlsm Identification Numbers.

1= Adhe51gp
2 - Micro-Interlock, surface 1rregular1t1es

3 - Friction, p1nch1ng or restrained

buckling action
4 - Binding, curvature effect

i

Specimen —— — —
: 0 - 500 " 500 - failure
205 2 2, 3 .
Cc605 2 " 2, 3
C1205 ° 2 | -

'
P

o
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N

T N
4 0T80F . ,

.\
T
e
1

0.625

LEGEND |
0.500 O ——— Pz |00KN .9 1
o . O ———P=300kN .

| & —— P=490kN

NONDIMENSIONAL HEIGHT , h/L

0.375 .
N
0.250+ .
ot2sfF 1
. i ‘ .
10.000 L ‘ ' - :
-2.0 -1.5 . -1.0  -05 00 05
SLIP, mm .

E‘ngre 6.3 Slip Distr 1butlons~f—or C1205 Ccmputed from the
Governing Differential Squation :
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Force Applied tc; oﬁe | | *
Side of Tube . ¢ ‘
: P
//34 , — , |
//. ———  Tension in Wall
?; —-—-——> of Tube
} —_—
7’ E—
W
%? 1
S Y
. // |
29l
%2’
7 ' Y
¢ ~ e
L ~¢——————  Compression
; <—————— in Concrete
- V] —————— |
%
%
%
/ |
%
Bl
L
|
|

. ,, I ‘ |
Resultant of Forces in ,
Concrete and Steel on one ;|
Side of Tube

Figure 6.4 Macro-Interlocking - Friction Load Transfer at
~Top of Column
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. measured geometric and strength properties of the given

7. ULTIMATE LOADS

7.1 General

Ultimate loads obtained from tests on steel and
composite beam columns are compared with ultimate loads
predicted by various codes and standards. The relative
merits and deficiencies are discussed in light of the
compérison. In all cases the data are presented in the form
of interaction diagrams relating axial load and momeﬁt, and
curves giving the maximum strength as a function of steel
slenderness ratio when loaded concentrically of

eccentrically. The predicted curves are based on the

o

. section.

In Section 7.2 the results of tests on steel columns,
without concrete, are compared to the ultimate loads
calculated in accordance with CSA Standard CAN3-S16.1—M78.~
Section 7.3 presents a comparison of the results from tests
on the strain compatible columns with the values as given by
the design mefhod proposed for the CSA Standard
CAN3-S16.1-M84, an alternate design method for the same
standard but not adopted, the design method prog . sed by the
Structural Stability Research Council (SSRC)-Task Group 20,
and Buropean Convention for Constructional Steelwofk (ECC%%
recommendations. These methods have been developed on the

basis of strain compatible conditions. The moment resistance

of the composite section is briefly discussed in Section

: 187
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7.3.5. A comparison between the results_obtained in the
strain compatible_caées with the non-strain compatible cases
is given in Section 7.4. A summary of the salient points is

given in Section 7.5. | \
. |

\

\\

7.2 Strength of Hollow Structural Steel éections

The maximum axial loads and correspoqding moments: for
all the steel beam columns tested are élotféd in Figure 7.1
in the form of an interaction diagram. Als%\drawn in this
figure are the CSA CAN3-S16.1-M?8 inperéctﬂon lines obtained
from strength and étébility Equations 13.8.1(a), 13.8.1(b)
of that code for Class 2 sections, and Eguations 13.8.3(a),
13.8.3(b) for Class 3 sections, for slenderness ratios of\
20, 60, and 118. For Class 2 and Class 3 sections the
solutions to the strength and stability eqpations were based
on a plastic and an elastic moment resistance of the
section, respectively; Tﬁese interaction lines are shan'asv
dashed lines for Class 2 sections and solid lines for Class

3 sections in Figure 7.1. For uniaxial bending and without

the resistance factor ¢, these equations become:

for strength,

Z

=
T

¢
C

.’ZI:!
~n

1.0 ’ (7.1)

H
H

where, C_ = AF_ ' (7.2)
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for stability,

c wM . .
Lt <0 (7.3)
c C .
BGEY
r\ ~ " C
e
. , . \
where, C, = Euler’ buckllng strength of the steel
section
Cf .= Compre551ve force in a member under
axial load
Cr = Compressive resistance of a member as
defined by Clause 13.3.1 (cold formed
section) - .
M, = End moment of the beam column
M = Moment resistance of a member as

defined by Clause 13.5(a) for Cldss
.1 and Class 2 sections and Clause
13.5(b) for Class 3 sections
w =" Coefficient used to determine equivalent
uniform bending effect in beam
columns, for this particular case
' w=1.0 ‘

The test section, a .152.4 x 152.4 x 4.78 HSS, is
normally a Class 2 section based on nominal dimensions and
yield strength, with a b/t ratio of 27.88 which is slightly.
less than 28.06, the Cld§§82 limit of 525/J Based on the
measured w;dth; thlckness nd yield strength, however, the
test section would be classified as a Class 3 section with a
b/t ratio of 30.40 which exceeds the Class 2 limit of 26.62.
Although.the'section'may be classed as 2 or 3 depending on
" the nominal'or measured values of b/t and yield strength,
the ‘transition in behaviour from one classification to
another is not a Stepwise_fuhction and some intermediate
behaviour may be obtained.

In general the test results lie above the interaction

lines -for the respective slenderness ratios. The results for
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the two tests on beams (B21 and B25) give mean test to

predicted ratio of 1,375 and 1.}76, basea on. the section

developing an elastic and plastic moment resistance,
respectively. These values are attributed to the facts that:

1. The stress strain characterisfics for the section (see
the steel stub column stress strain curve in F;gure 4.4)

- shows that the secﬁion was able to obtain stress levels
“higher than the.nominal yield stress determined by the
0.2% offset before local buckling occurred.

2. The wallé of the section bulge slightly outward
increasing both the values of the eiéstic and plastic
section moduli and hence the moment reéistance of the
section.

The same test data 1s presented in another form in

Figure 7.2, along with curves relating the compressive

strength to slenderness ratio for concentrically and

eccéntrically loaded columns. The curves are obtained from

the expressions given in CSA CAN3-S16.1-M78 for strength and

stability, Equations .13.8.1(a), 13.8.1(b) for Class 2
séctions,‘which are based on :wplastic moment fesistance,
and Equatipns 13.8.3(a), 13.8.3.(b) for4Class 3 secﬁions,
which are based on an elastic moment resistance. The curve
for an eccentricity of 65.0 mm représents the radial line in
Figure 7.1 for which the moment is equal to 0.065 times the
axial load.

As the curves based on CSA CAN3-S16.1-M78 have been

drawn based on the measured cross sectional and strength
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properties, the comparisons here relate only to the accuracy
of the code equations as given by the test load to predicted

leoad ratios, and show that the predicted curves are about 9

_to 15 per cent conservative. It is understood that ‘the

column cur&es given in S16.1 were in faét derived, ﬁot for
HSS, bﬁt for W shapes with partiéular out-of-straightness
and residual stress patterns. It.appears that the HSS |
columns tested gave strengths greater than the predicted
valﬁes because the mean oﬁt-of—stragghtness value of 1/12600

was.considerably less than the 1/1000 assumed by Bjgrhovde
ess f

(1972) in the development of these curves. This is borne out

by:

1. The differences are not significant for the columns
loaded at an eccentricity of 65.0 mm.

2. For céncéntrically.loaded columns where the influence of
initial out-of—straightnéss on the ultimate sﬁ}ength of
a column -is the greatest, the difference in test load to
predicted load values is a makimum,-as shown clearly on
Figure 7.2, for a slenaerness ratio of 60 and less when
the slenderness ratio is smaller and greater than this
bvalue.

A summary of test to predicted ratios for this test
series is given in Table 7.1, with the means, standafd
deviations and coefficients of variation given in Table 7.6.
The test to predicted ratios vary from 0.996 to-1.436 with a

mean value of 1.152 and a coefficient of variation of 0.112

when the comparison is made on the basis of a Class 3
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section. Based on the nominal classification of the section
as a Class 2, the test to predicted ratios vary from 0.996

to 1.228 with a mean Qalue of 1.090 and a coefficient of

variation of 0.0685.
!
7.3 Strength of Strain Compatible Concrete Filled Hollow
Structural Sections 4
~ o
7.3.1 CAN3-516.1-M84
The maximum axial loads and corresponding moments for
all the composite beamncolumns tested are plotted in Figure
'7.3 in the fbrm of ‘an interacfion diagram. Square and
octagonal syhbols represent the ultimate-logds obtained from
the strain compapible and hén—strain compatible tests,
respectively. Also dfawn in the figure are interaction bands
as obtained from the proposed Clauéeg17.8 CSA
CAN3-S16.1-M84, fér columns with slendé;ness ratios'baﬁed on
‘'the steel section alone of 20, 60, and 118. Tkese bands
repr;sent ﬁhe range of concrete strengths, as determined by
Equation 4.4, for concrete ages of 25‘to 55Pdays, for the |
test period of the composite beam colﬁmns. Two sets of bands
have been drawn. The lightly shaded and cross hatched bands
represent an analysis based on én'elastic, and a plasticd
moment resistance of the steel section,.respectively:
For concrete filled hollow structural rectangular
sections subject. to uniaxial bending and without the

resistance factors ¢ and ¢.» the equations become:
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for strength, _ .' '

$ 1.0 (7.4)

where, C Steel squash load as defined by

r Equatlon 7.2

for stability,

Ce - cl w M '

] < < .
when C. > cC! T t———e —e$ 10 (7.5)

r M é _ _£
T C
LT e ‘

DR V‘< N . o

when C,s C. Mo <M | (7.6)

Compressive resistance of a member
as defined by Clause 13.3.1 (cold
formed HSS section) o
Compressive resistance of the concrete
as defined in Clause 17.8.2 by
Equation 7.7 o

where, Cr

where, C;

c'-oasAfvx [ 1+ozsx‘c‘-o.s>\‘§] (7.7)"

1

in which,

A, = Concrete area, mm?®
fé = Compressive strength of concrete at 28 days
A, = Non- dimensional slenderness ratio for .
" the concrete core as defined by equatlon
7.8 :
f'
R g (7.8)
c T 2
c T E
Cc
where, ‘
E, = Elastic modulus of concrete considering

the effects of long term loading. For.
normal weight concrete, with
expressed in MPa, this may be taken as:



SRR

AT

194

E, = (1+ S/T) 25001/fc': o F7.9)

in which,
S.= Short term load on the column
T = Long term load on the column

K = Effective length factor, a value of 1.0
for all pinned -ended columns
Column length

v
—
L

"Radius of gyration of the concrete area,
A

c
For this analysis.énd for the comparison of test to
predicted uitrmate loads, the compressive strength, fé and
the elastic nodulhs, E, of the concrete were calculated from
mathematical expresSions, Equations 4.4 and 4.5, which were
f1tted to. those ‘values obtained experlmentally

| The same data-is presented in anothlr form 1n\Flgure
7,4,(along with the curves relating the compressive strength
to'steel.élenderneSS ratio{tor concentrically and
'eccentrlcally loaded columns. The predicted curves are
plotted ‘as’ bands to reflect the change in strength of the
concrete and the type of analy51s as discussed prev1ously
Also drawntls tne Euler buckling strength_of the composite .
column_ae“giQen by: = - |

i

. 2 L
= - £! .
C,. (ASFy +0.854 1) / xcomp , (’7 10)
where} Xcom . Slenderness ratio for the compos1te column
P 'and is defined as follows /
- ' ‘ ]
o ' ) ‘ '
i - 15{ T ASFl + 0.85 Acfc (7.11)
Scomp. T EI +n E1I ’
. S 8 c C

in which,



L : 195

1,7' = Coefficients reflecting an increase
in strength of the section due to
the development of a triaxial state
of stress in the concrete. For

. rectangular HSS both coefficients
have a value of 1.0.
n = Coefficient reflecting the
' effects of long term loading,
normally taken as'0.4.
A summary of test to predicted values for this analysis’
e .
and the strain compatible test series is given in Table 7.2,
with means, standard deviationé, and coefficients of
variation given in Table 7.6.
In Flgure 7.3 it is found that tgp data for stra1n
/
compatible tests (square symbols) £fits the predicted curves
closely, with the exceptlon of beam test B22. This is
clearly illust:ated by the means and the coefficients of
variation of the test to predicted ratios for column and
. ot : «3
beam column data for both analyses. Excluding test B22, the
test to predicted ratios vary from 0.932 to 1.192 with mean
values of 1.066 and 0.979, ard coefficients of variation of
0.0813 and 0.0765 for columns and beam columns,
respectively, when the comparison is made on the basis of a
Class 3 section. Considering a Class 2 classification, again
excluding test B22, the test to pfedicted ratios vary from
-4
0.872 to 1.192 with mean values of 1.066 and 0.918, and
coefficients of variation of 0.0813 and 0.0606 ‘for ~olumn
and beam columns, respectively.
Considering'that the composite beam column strength is

the sum of the individual‘strenthF of the steel tube and

the concrete core, it becomes apparent that the same



variations would occur in predicting the steel load

contribution as described in Section 7;2. It should be noted

thaf”{;e\eontribﬁtion of the concrete to. the colemn strength

bdsed on the tangentﬁﬁodulus theory and that no acceunt

has been made to redqcepthe strength for initial
out-of~straightness. The anal&sis.does,‘however, make a.good
prediction for strain compatible composite beam columns.

For analyses based on an elastictend plastic moment
resistance'o§ the steel section, the test to_predicted
ratios for test B22 are 1.75% and 1.505 respectively. These
values indicate that the estimate of momeht resistanee for
the composite section based on the steel section alone is
very conservative. It also suggests that:

. The concrete stabilizes the steel walls and prevents
locai buckling. This is consistent with the'fact‘thef a
significant plastification of the steel had occurred
priof to an outward buckling ofithe upperif}enge.
Compressive steel strains inwexcess of €000 x 10-°¢ to

>1000O x 10" ¢ were measured prior to local buckling. For
this section, the test results should be compared with
the analysis based on the plastic sectioh‘modulus of the
steel i.e. - the section should be classified as a Class
1, or a Class 2 section.

2. The concrete makes a considerable contribution to the

moment resistance of the section.

[

&,
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J

|
T.AJZ‘CANB—S16.17M84 (Alternate Proposal, Not Adoptea)_
E/ The test data for -omposite beam columns has been.
»letted in Flgure 7 5 in the form of a load-moment
1néeract10n d1agrams and in Figure 7.6 in the form of column
curves relatlng the axial load to slenderness ratio based on
the steel section alone, fof corncentrically and |
eccentrically loaded columns. AS previously diséussed, the
square and octagonal symbols represent the ultimate loads
obtained from strain compatible and non-strain compatible
tests, respectively. The. bands show the range of beam column
strength corresponding to concrete aée between 27 and 55
days, and the lightly shaded and cross hatched bands denote
whether the analysis was based on the moment re51stance of
the section being elastic or plastic, The interaction
diagrams, column curves and Euler‘curve for the testnsécrionA
composite column have been drawn on the appropriate figure.
These curves have been formuiated“using the alternate
516.1fi984 proposal which was pot adopted. Fgr uﬁiaxial

" bending and without the resistance factors ¢ and ¢, the

equations for rectangular HSS become:

for strength,

2

c.- M . .
£ f
<E——-> +T\< 1.0 'u(7'12)
’ . TO r
where, C“)= Squash load for a composite column
C = AF_ +-0.85A f' (7.13)
ro sy c ¢

for stability,
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c
ec

C w M 0.85A f' C C
<_f__> + fc < - e Cf <1—E£—>s 1.0 C(7.14)
Cre M f "Als y ro rc
rc L )

buckling strength of a composite
‘coldmn, as defined by Equation 7.10
Compressive resistance of the composite
section and is to be taken as a value
'(/ equal to C, given in Clause 13:.3.1
or Clause 13.3.2 according to the type
and Class o. HSS w:th AF, replaced by

y
- rASE‘y + 0.85'7'Ahf::

and A replaced by kcomp
as described by Equation 7.11.

M. = Puré\bending moment resistance of the ‘
composite section, neglecting any area
of concrete in tension and is given by
the following equation.

0.5(b - .'Zt:)zActEZ
- (7.
Mr:c Mr+ 'AC + 4t(b - 2t) ¢ , ( 15)

in which, ¢ =% / 0.85¢! (7.16)

A summary of test to predicted?&atios for this énalysis
ana the sﬁréin compatible test series is given in Table 7.3,°
‘with means, stanaarg deviations, and coefficients of
variation given in Table 7.6.

As shown in Figures 7.5 and 7.6 the test values for
concentricall§ loaded columns generally lie above the range
of.predfcted values. fest to predicted ratiosivary from
0.971 to 1.158, with a mean Qalue of 1.052 and a coefficient
of variation of 0.064. As discussed in section 7.2 the;

difference between the test and predicted values for this

column curve may be attributed to the facts that:
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)

1. The column curves are derived for W shapes, not concrete
filled HSS, and
2. The initial out-of-straightness of these columns is
considerably less than that used in the derivation of
this curve. o
For eécentrically loaded columns the test to predicted
ratios vary from 0.883 to 1.053, with a mean of 0.94b and a
coéfficient of variaéion of 0.104 when the comparison is
made on the basis of a Class 3'sectidn. Based on a Class 2
classification, the test to predicted values vary from 0.824
to 0.960 with a mean of-0.877 and a coeffiéient éf variation
of 0.0883.

Although ﬁhe parabo}ic interaction equatibn is 6 to 12
per cent unconservative in predicting the beam.column loads,
it approximates fhe moment resistance of the composite
section more closely. Test to predicted fatiosAfor teét.B22
are.1.531 and 1.334 based on an elastic and plastic moment
resistance, respectivély. The contribution of the concrete
to the moment resistance of the composite section clearly is
not undegstood. Although this method accounts for some
concrete contribution, as shown in Figure 7.5 and Equation
7.15, it grossly under estimates the magnitudé‘of that |
contribution. With the exception of the be m test,,
CAN3-S16.1-1984 gives a slightly more consgrvati&e answer

e

with less variation.
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7.3.3 StructurallStability Research Council, SSRC - Task

Group 20 |

The test data for composite beam columns is presented
{h Figufe 7.7 in the form of a load—homent interaction
diagram and in Figure 7.8 as column curves relating the
axial load to the slenderness ratio ba§edAon the steel
alone, for concentrisally and eccentrically loaded columns.
The square and octagonal symbois represent the ultimate
loads obtaineé frpm strain compatible‘and non-strain
compatible tests, respectively. The baﬁds show the range of
beam column strengths -corresponding to concrete ages between
27 and 55 days, and the lightly shaded and cross hatched |
‘béhds denote whether the analysis was done based on the
moment resistance of the section being the elastic or
plastic section modulus of the HSS. The interaction
diagrams, column curves and Euler curve for the test 'section
compéSite cblumn have been drawn on the appropriate figure.

These curves have been formulated using the proposai
for composite columns as reported by SSRC - Task Group 20
(1979). As discussedi previously in‘séction 2.4, the SSRC -
Task Group 20 proposél is bésedzon the AISC equations for |
strength and‘stability with modified values of yield
stength, modulus of elasticity, radius of gyration and
section modulus to account for the composite section.
Expressing tﬁese equations in terms of load).instead of
allowable stresses and without safepy factors, and hsing the

notation of CSA Standard S16.1 for resistances, these
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equations take on the form:

. for strength,

) :
c M.
f f
<E"> + € 1.0 (7.17)
r r
where, C. = Squash“load of the column

by given by Equation 7.18

C =AF ' , ©(7.18)
- v Ys'my .

where, gny=‘Modified value of yield stress
- for a composite column -

' A
F = F + 0.85f' —= (7.19)
my. y e AS
for stability,
c 2 M : o
<—f> + £ < 1.0 (7.20)
c C :
r M( ___f__)
T C
ec

where, C = Elastic buckling,S{:ength for a

ec composite column
anA ‘
c  =——" (7.21)
ec <£];>2
. T
" m/ .
C, = Compressive resistance of the member and
is given by the Johnson parabola
(1976) o
k1 2 |
r
when 51—\<c c =11 -+ mz F_A (7.22)



202

; , .
when ~=> ¢ ' ¢ -c ' (7.23)
r [ T ec
m .
where, C. = Slenderness ratio corresponding to an

Euler stress qny/Z.O

C (7.24)
c
Ep, = Modified modulus of elasticity for a
composite column ‘
. A, :
E =E + 0.4E — (7.25)
m -8 c A .
8
Iy, =~ Modified radius of gyration for a
' composite column
S, = Modified section modulus for a composite

m
column

It should be noted that for rectangular HSS the
values of S and r, are those of "the steel section.

{

A summary of test to predicted ratios‘for‘this analysis
and the strain compatible test series is given in. Table 7.4,
-with the means, standard deviations aﬁd coefficients of
variation listed in Table 7.6.

Although the results fit the prediction within
satisfactory limits, this method tends to déviate from a
physical interpretation by using modified geometric and
material properties and hence this leaés the designer
further from a true understanding of the:problem.
Application of the Johnson parabola with an assumed maximum
residual coApressive stress of 0.5 Eny' Equation f.22, 1s an

over simplified approach and in the case of composite
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columns is incorrect. This assumption leads to
unconservative predictions for columns with inelastic
behaviour and with slenderness ratios greater than C. as’

shown in both Figures 7.7 and 7.8. '

In general the strain compatible test results, with the

exception of B22, are modelled fairly closely using the

~last.: solution and parabolic interaction curve. The test

o predicted ratios vary from 0.920 to 1.197, with a mean of

U, 34 £ axially loaded columns and 1.038 for eccentrically

ioaded co.umns. The Corresponding coefficients of variation
=re 0 7569 and 0.138, respec;ively; For the plastic
analys.., the test to predicLed ratios vary from 0.8713 to
1.0°2 with a mean of 0.983 for axially loaded columns and

0.951 for eccentrically loaded columns, with corresponding

coefficients of variation of 0.0569 and 0.112, respectively.

As in the CAN3-S16.1-M84 analysis, the pure moment
resistance of the composite section is based on the steel
alone and yields the same test to predicted ratios for test

B22. . A

7.3.4 ECCS Recommendations
' The test data for composite beam.columns is presented
in Figure 7.9 in the form of load-moment interaction
diagrams and in Figure 7.10 as column curves relating the
axial load to slende;ness ratio based on the steel alone,

for concentrically and eccentrically loaded columns. The

square and octagonal symbols represent the strain compatible

e

e e e T et

R N ST TV VI S S SN

Uiminiis i o ot i £ St men’s
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and non-strain compatible tests respectively. The bands }n-
this case showlthe range of beam column strength
corresponding to éoncrete age between 27 and 55 days for an
analysis based on a composite plastic moment résistance.
These curves have been formulated using ECCS
Recommendations as given by the Technical General
Secretariat of the ECCS (1981) in their publication
Composite Structﬁres. The interaction equation for

rectangular HSS used in Figure 7.9 is of the form:

‘ N e\ i
u 1
N-NuK1/<1.O+(K1-K2) ) ) (7.26)
where, e = Given eccentricity
' K, = Non-dimensional coefficient which ¢

describes the shape of Column Curve
'a' as a function of column
slenderness. The values are interpolated
from the given table
K; = Non-dimensional Coefficient determined
by Basu and Sommerville (1969) which defines
the maximum axial load corresponding to an
applied moment equal to the plastic moment
capacity of the composite section, as a
function of column slenderness. The
expression for K; 1s given by
Equat’'on 7.27.
Compressive force in the member"
Sqguash load as defined by Equation 7.31
Ultimate resistance of the section

Xz
cec

Basu and Sommerville's non-dimensional coefficient, K,
is a function of steel\gﬁ;ﬁ)on type, column slenderness, the
applied end moments and the material and geometric
properties of the composite section. The coefficient is

given by an equationbof the form:
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Ky = Kpopmoyl[90 = 25¢28 - 1)(1.8 - a) -7 K]/30(2.5 - )} (7.27)

with limits given as 0< K, < Ky (1=0) - i

where, 2
' - .2¢ 0. .
Kz(l_o) 0.9a” + 0.2 .o 75 (7~ 28)
a = Concrete contribution parameter
a=0.83f A /N (7.29)
i cu Cc u .
. B = The ratio of the smaller to the larger of
end moments, .1.0. '
7 = 100 for columns designed to curve 'a'.

For this composite section, however, a
comparison between Basu and Sommerville and the
ECCS Recommendations yields a value of 7=83.

After simplification Equation 7.27 becomes:

K

2 = Fa(raoyl (45 - 252 = 831 / 43] (7.30)

" The squash load of the composite section is given by an

equation of the form:

N =Af +0.83AfF (7.31)
u s 8y c cu :

where, fgy= Yield strength of the steel section
fcu= Compressive strength of concrete

The maximum ,moment on the section for any given axial load
is given as the ultimate moment resistance of the section .

~which is defined as follows:

M =N e ) : ) (7.32)

u us u
where, e, = Ultimate eccentricity of the composite

u . . .
: section which corresponds to the distance

from the elastic to the plastic neutral
axis

A Nsn ot
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' 2
(A - 2b_.t)
1 2 s £
“ " T {Ash+2bf\t — T } (7.33)
Nus=quuash load for the steel given as,
N = Af " (7.34)

us s sy -

. N . 1
in which, o

b = Inside dimension: of the tube .
parallel with the axis of bendlng

bf = Qutside dimension of the tube
parallel with the axis of bending
h = Inside dimension perpendicular to
the axis of bending
£
p = 0.48 x 0.83 -fc—“
sy
t = Wall thickness

The equivalent slenderness ratio A 1is given as:

_ N, _
A = N . (7.35)
. Cr .
where, N, = Squash load given by Equatibn 7.31
‘Nz, = Euler critical load given by “the follow1ng
equatlon
‘)‘tz ‘
N, . -—Z(EceIc +Esrs) (7.36)
1 . .
k
in which,
Ece= Effect1ve Concrete Elastic Modulus given
as: .
E = 0.82 x 600 f__~ (7.:37)
ce . cu )

1, = Effective column length

/[ﬁkcept in the case of very slender columns with large values



207

> of the concrete distribution parameter, a, a reduction in

L .

the concrete modﬁlus to account for the effects of the time
dependent ﬁtrains of concrete is not required for concrete
filled hollow structural sections. For this analysis and for
the comparison of the test to predicted ultimate loads, the
compressive sfreﬁgth'fé and the‘elastic modulus E_ of the
concrete were~calculated'from mathematical expressions,»
Equations 4.4 and 4.5 which were fitted to those valﬁes
obtained.experimentally. A summary of test to predicted
-ratios for this analysis and tbe strain compatible test
series is given in Table 7.5, with means, standard
deviations and coefficients of variation listed in Table
7.6.

A

As shown in Figures‘7x9 and 7.10, the test values for

/

concentrically loaded columns lie close or within the J

.predicted range. The test to predicted ratios vary from

a

1 0.957 to 1.060, with a mean value of 1.015 and a coefficient

™~

of variation of 0.0393. The closeness of fit is attributed

to the fact that the ECCS uses multiple column curves and’

~

the selection of the appropriate curve depends on the steel

_section type. The column curve used here represents ahfamin\

of.sectibns which exhibit the same behaviour as the HSS. In
the development of the ECCS multiple column curves the
initial out-of-straightness was taken as 1/1000, after Beer
and Schultz (1970). For columns with smaller initial
out—of—stfaightnesses, this assumption feals to a maximum

deviation of test to predicted values for columns of an

N

~.
~

B S T N T VR LT NP

R W e B R S e

[N
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intermediate slenderness ratio, as discussed ip section 7.2
and as showﬁ in Figure 7.10. |
The ECCS‘éecommendations recognizes that the concrete
stabilizes slender steel elements such that the steel
section is capable of achieving its full pléstic capacity.
The relative contribution attributed to the concrete to the
moment resistance‘of.the composite section is. still quite
sméll. This leads to a conservative prediction of the
ultimate moment caéacity. The test to prédicted ratio of
~£est B22 is 1.375.' |
The ECCS Recommendations have adopted Basu and

Sommerville's (1969) work for the design of rectangula;
composite columns subjeft to uniagial bending.‘Their
solution excludes the moment amplificétioh factor which \
reflects a decrease in strength due to secondary moments,
i.e. P-A effects. This effect is accéntuated as the
slenderness ratio of a column increasés, as -shown in Figure

7.9, and leads to unconservative results for fhe columns

tested at‘an eccenfricity of 65.0 mm. The test to predicted
values for.these columns vary.from 0.%71 to 1.058, with a

mean of 0.913 and a coefficient of variafiqn of 0.1?7.'1

o5 | |

7.3.5 Ultiméte Moment Resistance.of the Composite Section .

Of the fou% methods presented here, two base the

-

//

analysis for the ultimate moment resistance of the composite
-section on the elastic moment capacity of the steel alone, ;

and the other two base the analysis on the plastic moment
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~capacit- of the steel with a minor contribution for the

concrete acting in.compression and lying above the‘plastic
neutral axis. All of these methods conservatively predict
the moment résistance of the composite section and give test
to predicted ratids for test B22 varying from 1.334u£o
1.759. Based on an Aéé solution and a maximum compressive
stress in the concrete of 0.9 f' the test to predicted

ratio for test B22 was 1.383. Because of this cohservative

prediction of the ultimate moment capacity of this section

ested that parabolic interaction
equations fit the da more closely. However, if the correct
ultimate .ioment capacity of the composite section is

predicted, then aJstraight line interaction curve with an

'émplification fackor which reflects the decrease in strength

due to P-A effects and the reduced flexural stiffness due to
cracking of the concrete core, would be a more appropriate
/ X . . .

formulation. Based on tﬁe behaviour of the beam under load

"and measurements made the increased moment capacity of the

composite section should bé accounted for. .

Recognizing that plane sections remain plane and
knowing that strain compatibility was enforced at both ends
of the beam, suggests that the concrete would have the same
strain gradient as the steel séctiom. Strains of the
magnitude~of 8000 x 10-¢ to 10000 x 50“ were measured on
the compression face of the tube prior to failure. Richart,('
et al. (1929) ﬂéve determined that concrete subject to |

-~

compressive stresses greater than 2000 microstrains
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undergoes é rapid volume;ric‘éxpansion. The rectangu’ ar
hollow structural section restrains this expansion,
enhancing the composite action between the two materials and
developing a state of triaxial stress. Developmeqt of this
stre§s state in the concrete would in fact accoung for the
ultimate moment values for both the strain and non-strain
compatible beam tests being close to the same value. Part of
the increase in momeﬁt capacify of the composite.section
tested over that given by various design methods is dﬁe to

- the incr;ased compressive resistance>of the concrete under a
state of triaxial stressj

The remaining increase ip moment capaci£y is attributed
to the fact that, the steel was able to obtain a plastic
stress distribution without local buckling occurring, with
the makimum-stress corresponding to the ultimate strength as
>pposed to the yield strength of the section.

’Baéed on the cross section, measured values of ultimate
strength f?om coupon'tesgs, an increased compfessive
resistance of the cbncrépe of 1.7 fé~,'and a plastic stress
distribution, the moment capacity of the section was
calculated to be 78.0 kNm. The test to predictéd ratio of

=

the ultimate moment capacity for test B22 is 1.064.

7.4 Non-Strain Compafible Versus Strain Compatible Beam

Columns

L )
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7.4.1 Comparison of General Behaviour

‘The load-deflection curves for all composite column
tests with concentrically and eccentrically applied loads
are shown in ‘Figures 5.6 and 5.7 respectively. Apart from
the ultimate loads obtained, the general load-deflection
behaviour of the non strain compatlble columns is comparable
to the correspondlng straln compdtible columns There is no
relative difference in the flexural stiffness between the
two types.

| Concentrically loaded columns with slendernesé ratios
of 60 and 118, and all eccentrically 1oaaed columns failed
1dent1cally,»by overall buckling. As dlscussed in Sect1on
5.2.2, test’ speglmen C205, a non-strain commpatlble,
concentrically loaded 1200 mm long column, failed by an
out' ird local buckling of all four tube walls accompanied by
sli, of the éteel tube relative fo the concrete core, where
the strain compatible caunterpart, test'spedimenVC203 failed
by‘both outward lc.al buckling of the tube and crushing of
the concrete. For test specimen C205, the reduced load
carrying capacity, the féilure mode and tﬁe relatively small
loads in the concrete at faiIure can in part be}attributed e
to the fact that shrinkage had occurred in the concrete
core. Shrinkage cracks were noticed along the concréte steel
interface at the top and prior to testing at a concrete age

of 55 days. Such cracks were not observed in any other

specimen.
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7.4.2 Comparison of Ultimate Loads

In general the ultimnte loads obtained by a non-strain
compatiblé‘column is a di.oct function of the effectiveness
6f load transfer from the steel to the concrete core by one
or more of the load transfer mechanisms as described in
' Chapter 6. Naturally, for strain compatible columns, load
transfer is not a question. Figure 7.11 shows the ratio of
ultimate load qapacify of the noﬁ—Strain_compatible to the
strain compatible éomposite beam columns.

From the l&mited,data a relationship exists among the
ratio of the ultimate loads of these two types, the
slenderness ratio of the colﬁmh'and the eccentricity of the
appliéd load. The.difference between thé ultimate loads of
the two types decreases with an increase in the slenderness
of the ¢column and/or an increase in the eccentricity of the
applied load. This family of curves can be simplifiel with

an approximate empirical relationship formulated as follows,

shown by dashed lines in Figure 7.11.
"R =:{0.7 + 0.004 l:—1—)(1 + 0.17 %) (7.38)

for values of e/b < 2.5 and Kl/r < 75

outside dimension of a rectangular HSS in

where, b =
the plane of the eccentric load
e = Eccentricity of the applied load in mm
Kl/r = Slenderness ratio of the column based on the
: steel section ‘
R = Ratio of the ultimate load carrying capacity

of non-strain compatible to strain
compatible composite beam columns

This equatiaéiifégests that ultimate load carrying capacity
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of non-strain compatible beam columns with applied loads at
an eccentricity greater than 2.5b and/or a slenderness ratio
greater than 75.can be predicted by various standards,
without any reduction in strength. For columns within the
range specified, the strength obteined from these standards
should be multiplied by the value R, as obtained from
Equation 7.37. The ratio of the ultimate moment capacities

for the corresponding beam tests B24 and B22 is 0.964.

7.5 Summafy

In tésts'conducted to establish the strength of
concrete filled HSS beam columns of varying slenderness
ratios, strain compatibility of the steel and the concrete.
at the ends of the column has been ensured by applyiné load
to both materials as discussed in the survey of experimental -
 work_by Budijant? (1983). Current and proposed codes also
' require that this is the case by recommending that the 5

|

s
designer provide some shear transfer mechanism in order to

Y

load both materials simultaneously.

An examination of the ultimate load carrying capacifies'
predicted by the current or proposed design methods
presented in this chapter, with respect to the ultimate
loads obtained from the strain compatible test series shows
thaf: l .
T. With reasonable accuracy all'theée methods are able to

predict the ultimate load capacity'of composite beam

columns, with the exception of the ultimate momeht



capacity. ' e
2. All methods under-estimate the concrete dontributipé to
the ultimate moment Capacity-of the composite section.
3. Few tests have been done on éomposite beam columns in.
the region approaching and including pure flexural
‘behaviour.

The ultimate moment capacity of these composite
sections.éan be predicted closely when the ultimate>§trength
of the steel section, an increased compfessive resisténce of
ﬁhe concrete to account for the development of triakial
stresses, and a plastic“stress distribution are used in the
solution. |

A direct comparison of the ultimate loads between the
strain compatible ana non-strain compatible composite beam
co%umng\ihdicates that for the_pgactical range of
slenderness ratioé from 30 to 90, the reduction in load
carrying capacity varies from 0 percent to a maximum of 18

‘per cent for concéntrically loaded columns and less. for
- \ P

eccentrically loaded columns. v,
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Table 7.6 Test to Predicted Ratio Statistics

\ COLUMNS
TYPE n % 0 v
STEEL? 5 1.081 0.0831 0.0768
COMPOSITE® 5 1.066 0.0866 0.0813

(CAN3-S16.1-M84) ‘
COMPOSITE? 5 1.066 0.0866 0.0813
(CAN3-S16.1-M84)"
COMPOSITE' 5 1.052 0.0675 0.0641
(CAN3-S16, 1-M84°)
COMPOSITE? ‘ 5 1.052 0.0675 0.0641
(CAN3-S16.1-MB4?)
ECCS' v 5 1.015 0.0399 0.0393
SSRC-TASK GROUP. 20° 5 0.983 0.0559  0.0569
SSRC-TASK GROUP 20°? 5 0.983 0.0559 0.0569
BEAM COLUMNS
TYPE n % o . v,
STEEL' 4  1.132 0.0529 0.0467
STEEL? 4 1.058 0.0341 0.0322
COMPOSITE ' 3  0.979 0.0749 0.0765
(CAN3-S16.1-M84) :
COMPOSITE® 3 0.918 0.0556 0.0606
(CAN3-S16.1-M84) , ,
COMPOSITE ' 3  0.940 0.0978 0.104
(CAN3-S16.1-M84?)
COMPOSITE? 3 0.877 0.0729 0.0832
: (CAN3-S16.1-M84?) ,
ECCS' 3 0.913 0.144 0.157
SSRC-TASK GROUP 20 3 1.038 0.143 0.138
'SSRC-TASK GROUP 202 3 0.983 0.0559 0.0569

-Table 7.6 con't...
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Table 7.6 continued

BEAMS
TYPE n X o v
STEEL' 2 1.375 0.0852. 0.0620
STEEL? 2 1.176 0.0728 0.0619
COMPOSITE ' 11,759 - -
(CAN3-S16.1-M84) ‘
COMPOSITE? 1 1.504 - e =
(CAN3-S16.1-M84)
COMPOSITE ' S 1" 1.531 - -
(CAN3-S16.1-M84?)
COMPOSITE? 1 1.334 - -
'~ (CAN3-S16.1-M84°%)
ECCS' : 1 1.377 - Co- X
SSRC-TASK GROUP 20 1 1.759 - - |
SSRC-TASK GROUP 20? 1 1.504 - - %
BEAMS AND BEAM COLUMNS j
. TYPE . n X 7 Y .
STEEL' 11 1.152  0.130 0.112 : z
STEEL* 11 1.090 0.0746 0.0685 SN
COMPOSITE ' "9 1.t14  0.256 0.230
(CAN3-S16.1-M84) .
COMPOSITE? 9 1.065 0.192 0.180
(CAN3-S16.1-M84)
COMPOSITE' 9 1.068 0.194 0.182
"{CAN3-S16.1-M84°) :
COMPOSITE* 9 1.025 0.156 0.152
(CAN3-S16..1-M84?) ‘
ECCS' . 9 1.022 0.162 0.158
SSRC-TASK GROUP 20'. 9 1.089 ' 0.266  0.225
SSRC-TASK GROUP 20°? 9 1.030 0.190 0.185

NOTES: 1. The solution is based on the elastic moment
‘ resistance of the steel or composite section.
2. The solution is based on the plastic moment .
resistance of the steel or composite section.
3. Alternate method not adopted. :
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8. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

8.1 Summary
An experimental and analytical program was undertaken
to détermine: ‘ |
1. The change in behaviour and ultimate load carrying
capacity of concrete filled HSS beam columns when strain
compatibility was not ensured at the point on the beam
cdlumn where the load was introduced.
2. The load transfer mechanisms between the steel sheli and
the concreté core for the non-strain compatible cases.
Thevultimatekload carrying capacity and the behaviour
of the beam columns was established by niﬁéteen tests of
pinned-ended columns on HSS {52 X 152 x 4.78, with
slenderness ratios of 20, 60; and 118 as determined by the
radius of gyration of the steel section alone. The tests
were conducted on bare steel tubes and concrete filled
tubes, with and without strain:compétibility at the-uppe;‘
gnd. The load was either applied concentrically or with a
constanﬁ eccentficity of 65 mm (0.43b). Thg»ultimate momeﬁt.
gﬁbacity of the section was determined by six beam tests on
HSS members, which were empty or concrete filled, with and
without strain compatibility. Material properties énd
behaviour were established from a series of ancillary tests
which included stub column tests on stéel and concrete
filled strain compatible tubes, residual stress
measuréments, tension coupons, concrete cylinders and

ey,

233



- 234

concrete prisms.

Analysis of the load sharing characteristics involved
the establishment of the load carried by the steel along the
‘length of the column at any particular applied load level
from strain measurements and material.ptoperties. Thei
concrete load was then calculated by_subtracting the stee.
load from the applied load and the load distributions for
botn materials were drawn, The.analysis was calibr%ted
égainst the test results obtained from the steel beam column
tests. From he concrete load distributions for the
non-strain compatible beam column test series, four load
transfer mechanisms have been identified. In brief,these are
as follows: “

1. Adhesion due to chemical reactions and/or suction forces
t reSulting from capillary action during the hydration
process. |
2. -Micro-interlockiné of surface irregularities df the
steel shell and the cééent_paste in contact with it.
3. Friction due to the pinching of the‘concrete_core by the

- steel sheli due to localized deformations resulting from

+ the eccentricity of the applied loads on the connection

and/or the buckling restraint provided by the concrete~
4. Binding or curvatnre effect which results‘from imgosing
deformations on two materiais of different flexural ‘
stiftnﬁsses and/or from a volumetric increase of the

concrete core caused by micro-cracking which is due to

excessive compressive strains. ..
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A mathematical model, governing equatibh and solution are
presented for the luad transfer mechanism referred to as
micro;interlocking.. | o /

The ultimate loads obtained from the steel and the
strain compatible composite beam column tests are co ared
with those prediéted by various codes and standards. For
steel beam columns the comparison was made with
CAN3-SJ6.1—M7§ =1d for‘pomposite beam columns with:

1.  CAN3-S16.1-M84 !

2. CAN3-S16.1-M84 (Alternate proposal, not adopted)

3. SSRC-Task Group 20 |

4, ECCS Recommendations

It should be noted that the comparison of thé beaﬁ column
strengths, is strictly}speaking, only valid for ‘the stra?nl
combatible test series since all the design recommendations
have'ngn'developed assuming that strain compatible

conditions are imposed at the load points. The relative

merits and deficiencies of these methods are discussed in

light of the comparison. Based on experimental obéer&étion,
a plausible formulation is presented for the determination
of the ultimate moment capaéity of concreté filled HSS.

The behaviour and ultimate loads for the non-strain
compatible test series are compared with,co;responding tests

from the strain compatible test series. Based on the limited

data from this test series an expression has been derived to

‘expréss)the reduced ultimate doad capacity of an non-strain

compatible column compared to a strain compatible column as

¢

Yl
Ve
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a function of the steel slenderness ratio and the

eécentricity‘of applied load.

8.2 Conclusions and Recommendations
1. To determine an accurate value'fpr the modulus of
elésticity of a steel from a stress-strain curve where
the yield point is not well defined, it is recommended
that.a moving avefége technique be used in ;onjunctioﬁ
with a least squarpes fit. ﬁ
2. The cold fofming process rebrientates the metal crystals
in the corners of a rectangular HSS shape. This o
preferred oriehtation~incrgases the valueﬁéfiﬁhe modulus
of elasticity and makes the matefial in this partbof the
section considerébly less ductile than the éurrounaing
material in the flats. The yield.strength gain is
attributed to another effect'of cold working.and that is
the strain hardening phenomena. |
‘é:q Compressive longitudinal residual sfresses of up to-
thirty percent of the field stréngth were found. in ‘the .
corners of the HSS. In genéral fhe residual stresses for-
the remaininé sections were small and/or tepsfie with a
maximum tensile residual stress of 16 peroént of the |
yield strength occurring adjacent toithe weld. The gri=1ld
points are not.well defined on the stress—straiﬁ cﬁ;ves
} for the flat, corner and weld.sections. This is |

attributed to the large variation of' longitudinal

residual stresses through the thickness of the section
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which ranged from 30 to 90 percent of the yield stress
found in these sect1ons. v

Analysis of the comp051te stub columns tested 1nd1cates

that:

a. the squash load of the composite section is equal to
the sum of the squash loads for the steel and
concrete sections,

b. there ig no confinement action on the concrete core
by the steel tube,

c; the concrete~restrains the steel tube from 1ocal/

‘buckling.

‘Although the classification of steel sections is

discrete in design standards, the transition in
behaviour between two classes is not. From the tests

e .
performed, it is recommended‘that concrete filled Class

'3 HSS'be classified as a Class 1 or 2 section because of'

the stabilizing effect the concrete has in preventing

)

local buckling of the steel tube.

‘An analy51s of column end fixity, based on the steel

}column data and an assumed deflected shape of a half

the knife edge fixtures behaved as

‘o

plnned ends

|

e~out of stra1ghtness of these

members was found be 1/12600 whlch is much less than

the spec1f1ed tolerance 11m1t of 1/500

5

The load deflectlon curves for all beam column tests J

exhlb;ted;normal cnaracterlstlcs. Apart.from the

4

=
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ultimate loads obtained, the general load deflection
behaviour of‘the ngﬁ—strain compatible beam columns is
qqﬁﬁérable to the 6orrespondingistrain compatible beam
¢Aiu6ﬁs. There was no difference in the flexural
stiffness between thgse two types.

The méan and coefficient of variation gf the ratio‘of
predicted to applied load,fo§aﬁhe load carried by the
steel based on steel‘column‘tests, measurea strains, and
material properties was 0.974 and 0.035 respectively,
for caICMlations basea on the stﬁb column data and 0.953
and 0.036 respectlxﬁ\y, for calculatlons based on the

tension coﬁﬁ&n data coqplsd wi;h@te51dual stress
bﬁ’ ;

| A PO _'

The ultlmate loads reached in tests of non- straln

' compatlble columns were a direct functlon of the

effectiyeness of the load transfer)from the steel to the

" concrete core by one or more of the load transfer

mechanisms. 5
Adhesion is an elastic brittle'loéd transfer mechanism.g
This is an effzctive mechanism;onlywwhen the relative
slip between the two materials is nédligible and/or

shrinkage has not occurred and generally cannot be taken

. ‘ .
into considetration.

The load transfer mechanism'referred to as -

I3

~micro-interlocking allowed a significant amount of load

to be transferred along the length of the column'but‘was

only effective in regions of low slip. The concrete load
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i

distribution as determined from the solution of the

_ governing differential equation derived herein and an

assumed shear transfer function showed excellent
agreement with that of column C12(' . which was subject
to conditions where this was the only effectiQe load
transfer mechanism. ' |

The friction type, macro-interlocking load transfer

‘mechanism was independent of the relative slip between

the two materials, is governed by localized effects and

is the most prominent and dominant of all load transfer

A _ XA
mechanisms. Sk,

The binding type macroﬁinteribcking load transfer

'

mechanism occurred in beam columns subject to an

3

~eccentrically applied load and with curvature greater

than ten microradiaﬁs, Characteristically, relatively
little slip occurreé when this mechanism came into play.
Al . design methods investigated here were able to
predict'the uitimatealbad capacity of strain compatible
beam columns with reasonabie agcutacy, but not the
ultimate capacity ofjbeamé gr‘of those beam‘dolumns
approaching pure flexurallbehaviour. No conclusive.

statements can be made as to which method is best, due’ to

the limited data_used in the comparison.

From the design methods examlned the range of test to 'FJ
:j”*“.ﬁ

;,

;&s.

comp051te section was ‘.33 to 1.76. It is suggested that
o
the augmented strength was due to the devel opment cf a

e ‘.'4 .
- e

i3
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triaxial stress state in the concrete core, and the
ability of the steel section to fully plasticize with
the maximum stress being the ultimate strength of the
steel section. Given an ultimate moment capacity of the
composite section as detenmined with these increased
strengthlvalues and a plastic stress.distribution, it is
recommended that a straight line interaction curve with
an amplification factor which reflects the decrease in
etrength due to P-A effects and the reduced flexural
stiffness due to cracking of the concrete core would be
the most appropriate formulation.
Current design methods are based on imposing strain
compatible conditions at loading points or at points on
the columns where the load is introduced. It is
recommenaed that a simple formulation be considered to
reduce the ultimate load capacity for columns where
strain compatibility is not ensured. Suehﬁe formulation
has been developed basc on the limited data from this
test series. It is a function of the column elenderness
ratio (as determined by the radius-of gyration of the

: ‘ i
steel section alone) and the eccentricity of the applied
load. For the praceical range of slenderness retios-from
30 to 90, the reduction in load carrying capacity when

Strain compa=ioi_ity is not ensured varies from 0 per

‘cent to 18 per cent for concentrlcally loaded columns

\

and leS% ;6r eccentrically lOadLu columns.

18. Shrlnkage of the concrete for this structural element

i
i
|
!

j

/

B e ]
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may be neglected since the exposed area of concrete is
relatively small and exposure fyjme during construction

is short.

8.3 Future Work
h From this 1nvestlgatlon it is concluded)that further

research 1s required in the following areas: N

1. Analytical work is required to develop mathematica}
models for the macro-interlocking type load transfer
mechanisms. These models should be verified
experimentally.

2. A larger sample of data is requ1red on the behaviour and
the ultimate lead capac1ty of non- stra1n compatible
plnned ended beah columns for both c1rcular and
rectangular sections. Tests should be conducted on
columns with a practical range of slenderness ratios and
eccentricities of applied‘load. Load transfer mechanisms
should be monitoredu

3. -The ultimate moment capacity for both circular and

rectangular composite sections should be thoroughly

investigated.

4. Another major area of study 1s beam column assemblage

and connection behav1ou: éﬁg is env1saged that a series
of tests would be Coﬂﬁﬂﬁifd on interior and exterior
assemblages of two and three storey column lifts subject

to uniaxial and b1ax1al bendlng undegbreallstlc loads

a
D

Beams framlng into the columns betigsgd%@l1ce levels_
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would be connected to the steel shell with connections
ty?icél of HSS construction. The‘application of load and

the lozd distribution in both the concrete and steel

should ne me-i1tored.
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