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Abstract. This paper describes experimental and theoretical investigations on the behaviour of thin
walled composite (TWC) filled columns under eccentric loading conditions. Details of the experimental
investigation including description of the test columns, testing arrangements, failure modes, strain
characteristics, load-deformation responses and effects of various geometric and material parameters are
presented. The current paper also introduces the use and effect of lightweight Volcanic Pumice Concrete
(VPC) in TWC columns. Analytical models for the design of columns under eccentric loading conditions
have been developed taking into consideration the effect of confined concrete. The performance of design
equations is validated through experimental results. The proposed design models are found to produce
better results compared with available design procedures and Code based formulations. A computer
program is developed to generate the interaction diagrams based on the proposed design equations that
can be used for design purposes.

Key words: volcanic pumice; eccentric loading; confined concrete; composite columns; buckling;
strength-interaction; design equation.

1. Introduction

Thin walled composite (TWC) filled columns comprise (Hossain 1998, 1999a, 2000, 2001) cold-
formed steel section with an in-fill of concrete. A typical TWC column is shown in Fig. 1. The
inherent advantages of this system are derived from its structural configurations. TWC columns do
not require formwork in the construction stage and steel acts as reinforcement in the service stage.
They are simple to fabricate and construct compared to conventional reinforced concrete where
skilled workers are needed to cut and bend complex forms of reinforcement. The in-fill concrete in
TWC sections is less likely to be affected by adverse temperature and winds as experienced in the
case of reinforced concrete. However, some problems include: low fire resistance capacities (though
thermal capacity of concrete may provide some resistance); the possibility of column bursting due to
freezing and the possible need for factory filling of smaller sections to avoid voids developing. In
most cases, the geometry of proprietary hot rolled steel tubes has been found to be such that local
buckling is avoided (Wright 1993, 1995). Concrete filled steel elements as a means of providing
aesthetic and economical structural elements attract much interest in the construction industry.
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Fig. 1 Schematic and instrumentation of eccentrically loaded TWC columns

Earlier research was concentrated mainly on reinforced concrete and encased composite columns.
Most of the works on filled columns were on axially loaded circular hollow section (CHS) columns
(Neogiet al. 1969) with limited work on axial rectangular hollow section (RHS) (Shakir-Khalil and
Zeghiche 1989, Shakir-Khalil and Mouli 1990), square hollow section (SHS) and eccentric filled
columns. Neoget al. (1969) conducted experimental and numerical works on filled CHS columns
under the effect of axial and eccentric loads with special reference to the augmentation effect on
their load carrying capacity.

Shakir-Khalil and Zeghiche (1989) and Shakir-Khalil and Mouli (1990) investigated filed RHS
columns subjected to axial and both uniaxial and biaxial eccentric loads. Tests confirmed the unsafe
results of columns under uniaxial bending about the minor axes compared with BS5400 (1979)
predictions. However conclusions on biaxial bending were not conclusive due to the limited number
of tests conducted.

Wright (1993, 1995) conducted investigations on the buckling pattern of concrete filled and
encased steel sections under bending, axial and shear loading. He proposed design equations for the
slenderness limit of plates in contact with a rigid medium. The limits in the codes of practice were
deemed too conservative for such plates since its buckling potential is substantially reduced. The
structural benefits of filling and encasing such as buckling capacity, strength and ductility, are
possible only after careful designs are conducted. The combined and individual effect of axial and
bending (uniaxial) was numerically modeled (Wright and Hossain 1995). The use of the energy
method was presented and buckling stress derivations for filled and unfilled sections for a particular
stress level, including elastic and plastic buckling stress derivation was described.

Wang and Moore (1997) and Wang (1999) investigated composite RHS columns subjected to
eccentric (uniaxial and biaxial) loading and proposed a suitable simple design procedure based on
the standard recommendation (BS5950 1988). However, the discrepancies between the codes of
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practice predictions and the proposed method increased for slender columns with end eccentricities.
Due to a lack of experimental data, the problem could not be resolved and therefore further test data
was required.

This paper presents the performance of eccentrically loaded TWC columns with special reference
to the performance of Volcanic Pumice Concrete (VPC) in a confined environment. Emphasis is
provided on the use of locally available volcanic pumice, a natural waste from volcanic activities in
Papua New Guinea to manufacture in-fill lightweight concrete (VPC). To the author's knowledge
littte or no literature on lightweight VPC filled columns apart from current research study, is
available. The performance of lightweight VPC in a confined environment as infill in TWC columns
compared with normal concrete (NC), is an interesting aspect of this research. The lower modulus
of elasticity of VPC (Hossain 1997) compared with NC can change the load-deformation
characteristics of TWC columns.

The findings of this research will introduce the use of VPC and explore the viability of
lightweight construction in Papua New Guinea and other volcanic areas. Development of design
guidelines for TWC columns with both VPC and NC in-fill from experimental and design-oriented
analyses is the aim of the current study.

1.1 Research significance

Due to frequent volcanic eruption, volcanic debris such as: volcanic ash and pumice are found
abundantly in Papua New Guinea. The 1994 volcanic eruption that occurred in the East New Britain
province completely devastated the province and created an environmental disaster. This research is
put forward with the support from local industries to explore the utilization of volcanic debris in
construction that can not only provide low cost cement and concrete but also can help to decrease
environmental hazards.

Comprehensive research (Hossain 1997, 1999a,b) had been conducted on the use of volcanic ash
(VA) and pumice (VP) in cement and concrete production. Recommendations and a patent have
been developed for the local cement industry, ready mixed concrete companies and other
construction industries to manufacture blended cement and concrete. Extensive research (Hossain
1998, 1999a, 2000, 2001) also led to the development of a novel form of thin walled composite
(TWC) structural elements using volcanic ash and pumice based cement and concrete. These
elements can be used to build houses and other utility structures especially suitable for rehabilitation
project, in earthquake prone areas.

2. Experimental investigations

A comprehensive series of experimental investigation were conducted to study the behaviour of
TWC columns employing VP based concrete. The experiments were designed to provide information
on the load-deformation response, stress-strain characteristics and failure modes.

2.1 Descriptions and instrumentation

TWC columns were manufactured using commercially available hollow steel sections available in
the market and also using flat sheet folded to hollow sections in-house with welded seam joints. The
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Table 1 Details of eccentrically loaded columns

Column Column dimensions in mm Material Properties
Designations Sect. b a h t e h/b Concrete Steel
Y X Z ¢ f'c feu fsy
MPa
Elnc, Elvpc, E1(unfiled) SHS 50 50 900 1.6 25 18 28(20) 38 (26) 275
E2nc, E2vpc RHS 50 100 900 2.3 25 18 28(20) 38 (26) 350

E3nc, E3vpc, E3(unfiled) RHS 150 150 900 16 75 6 28(20) 38 (26) 375

nc: normal concrete ; vpc: volcanic pumice concrete;

f’c = concrete cylinder strengthy, = concrete cube strength
Values in the brackets are VPC strengths

Es = 200000 N/mrfy &, = 0.0018 (average of coupon tests)
e, g, eccentricity = 0.5bX, Y, Z: Reference axes (Fig. 1)

thickness of the steel varied from 1.6 mm to 3.2 mm. The dimensional properties of a typical
column are indicated in Fig. 1, wheaeand b represent the cross-sectional dimensions with *
representing minimum dimensioh;andt represent the height of the column and thickness of the
steel plate respectively.

The detailed descriptions of the columns are presented in Table 1. Three series of columns
designated as E1, E2 and E3 were tested. The columns had equal heightb raitios of 18, 18
and 6 for E1, E2 and E3 respectively.

According to clause 10.3.1 of AS 3600 (1988), a braced column may be regarded as short if
Le/r < 60, wherel, is the effective height andis the radius of gyration (= @R All the columns
tested in this study can be considered as braced. The series E1 and E2 can be classified as slender
while series E3 as short.

All three sets of columns were tested at an eccentricity (e)/2f Testing with such large
eccentricity may be impractical but the tests provided useful information on the strength and failure
characteristics of columns under the dual influences of secondary moment Rluedteffect and
primary moment. It is important to note that the initial eccentricity (e) plays an important role on
the behaviour of slender columns. The fall-off in strength with increasing slenderness is less severe
whene is large. In such cases the primary moment is relatively large, and the secondary moment is
a relatively small proportion of the total moment, and therefore less significant. As a result, material
failure occurs in the critical section at mid-height, with little loss in strength, even for a very slender
column. The fall-off in strength with increasing slenderness is most severe at small eccentricity. In
such case, the peak load is reached without a material failure and a stability failure occurs due to
the development of large secondary moment (Waeghai. 1997). To avoid a stability failure and to
ensure a material failure (where the strength of the column section is exhausted), tests were
conducted with comparatively large eccentricity.

2.2 Casting, curing and instrumentation of the columns
The infill concrete for VPC and normal concrete (NC) TWC columns were made from 10 mm

maximum size VP and stone aggregates respectively. The columns were cast vertically in a specially
fabricated stand and concrete was compacted in layers. The concrete was machine mixed, manually
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poured and vibrated with a portable poker vibrator. The behaviour of thin steel sheeting as
formwork under wet concrete was observed during the casting operation and no sign of outward
buckling in the sheeting was observed. Control specimens in the form of cubes and cylinders were
also cast for each batch of concrete. The TWC column specimens were then air cured at room
temperature until they were tested. The control specimens were removed from the moulds after 24
hours of casting and also air cured at room temperature.

The tensile strengthfg), modulus of elasticity Hs) and yield strain &) of the steel were
determined from coupon tests. The steel and concrete properties of the TWC columns are presented
in Table 1. The density of VPC and NC were about 1800 kgfd 2500 kg/rhrespectively.

2.3 Instrumentation of column specimens

The strain gauges were installed at strategic locations (Fig. 1) to monitor axial (Gauges 1 to 4)
and horizontal or hoop (Gauge 5) strain development in the steel. Gauge 1 was installed at a
distance of 50 mm from the top while gauges 2, 3, 4 and 5 were placed at mid-height (0.5 h).
Gauges 1, 2 and 5 were installed on the compressive face while gauge 3 was installed on the face
adjacent to the tensile and compressive faces. Gauge 4 was placed on the tension face opposite to
the loaded face.

2.4 Test set-up

All the columns were tested in a hydraulic testing machine and eccentric loads were applied
through a specially designed and fabricated test setup as shown in Fig. 2.
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Fig. 2 Schematic of eccentric test set-up
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The eccentric test setup consisted of a pair of end and base steel plate assembly with welded
hexagonal rod and groove arrangement. The hexagonal rods were used because of the non-
availability of large diameter round bars at the time of fabrication. The hexagonal rod and groove
arrangement provided satisfactory interlocking and gripping during testing. The end plates were
made of 20 mm thick and 200 mm square plate with a hexagonal bar welded at the eccentricities of
25 mm and 75 mm according to the required planned eccentricity. The end plates were welded to
the ends of the column specimens before testing. The base plate arrangement consisted of three
edge plates welded to a 20 mm thick supporting plate (200 mm square) that provided two 25 mm
groves for hexagonal rod as shown in Fig. 2, allowing the load to be applied with 25 mm and 75 mm
of eccentricity.

The end plate arrangement with welded bar was changed for each eccentric loading by cutting and
shifting the bar as required for each column tested. The welded rod at the end plates were shifted to
position A (Fig. 2) for E1 and E2 columns and to position B for E3 columns.

The columns were placed between the loading plates of the hydraulic testing machine. The base
plate at the foot of the wall was firmly secured to the fixed base platform of the hydraulic testing
machine to avoid slipping during eccentric application of load. Similarly the base plate at the top of
the column was firmly secured to the top moving platform of the machine with specially designed
welded rod-plate-bolt assembly.

The load was applied in increments and at each load increment, strains and deformations were
recorded using electronic strain measuring equipment and dial gauges. General behaviour including
cracking of concrete, buckling of sheeting and failure modes were also observed. Vertical and
horizontal dial gauges were used to monitor axial and lateral (mid-height) displacements.

2.5 Experimental observation and failure modes

All eccentric columns showed sign of global buckling as loading continued. The Rad (
increased with the increase of axidl) (and lateral §) deformations. The lateral deformation
induced secondary moment due Red effect in addition to primary moment in the post global
buckling stages of the columns. The columns failed when significant global buckling associated
with lateral deformation lead to the development of local buckle around the centre of the column.
The formation of local buckling induced compression on the inward face and tension on the
outward face of the column. The inward buckling of the compression steel plate was resisted by the
infill concrete and forced the steel plate to buckle outward. The sheet-concrete interaction
significantly increased the buckling capacity of the members. Finally, the column failed when the
zone of local buckling created a plastic hinge that exhausted the strength of the column section. The
typical failure mode of an eccentrically loaded column is shown in Figs. 3(a)-(b).

For E3 columns, local buckling was observed at the top but the failure load was governed by the
global buckling with the development of plastic hinge at the centre of the column. The tearing
sound of welded steel seam connection in E3 columns was heard only after the post failure stage.

The failure loads of the unfilled columns (E1 and E3) were governed by the local inward buckling
(Fig. 3b) of the compression plates. The local buckling, quickly transformed into a plastic hinge due
to absence of infill concrete. Comparatively slender column E1 failed due to the formation of local
plastic hinge associated to global buckling. While short column E3 failed due to instability at the
local buckles without much global buckling.
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Fig. 3 Failure modes of the TWC columns

2.6 Comparison of load deformation response

The load-deformation responses for the E-columns are shown in Figs. 4 and the findings are
summarized in Table 2. VPC and NC columns showed similar load-deformation response with VPC
columns producing lower strength.

4 to 5% loss of strength in VPC columns (in series E1 and E2) compared with NC columns as
shown in Table 2 seems to be good enough when performance is considered based on the lower
strength of VPC (about 30% lower). This is an indication of the effective confinement enhancing the
performance of low strength VPC. Such lower strength loss may also be due to the relatively thicker

Table 2 Comparative study of eccentric column performance

Eccentric Columns

Name Load Deformation (Def.)

P A o

kN mm mm
Elnc 80.4 6.33 14.36
Elvpc 76 (-5%) 5.50 ¢13%) 13.25 (8%)
El 36 2.66
E2nc 214 8.69 19.29
E2vpc 206(-4%) 6.01 31%) 14.81 (23%)
E3nc 414 17.7 14.63
E3vpc 320(-23%) 20.2 (+14%) 10.90 (25%)
E3 62 2.0 111

P: Ultimate eccentric load), & Axial and lateral deformation at ultimate load respectively
Values in brackets represent % increase or decrease in load and deformation in VPC columns
compared with NC columns
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steel tubes and smaller contribution of concrete (smaller cross-sectional area) to the overall strength.
On the other hand, 23% lower strength of column E3vpc compared with column E3nc may be due
to the following reasons:
« thin steel tubes and high concrete contribution due to bigger cross-sectional area compared to E1
and E2 lead to the higher effect of VPC.
- weaker VPC underwent more deformation and failed at lower load causing more stress
concentration on the steel skin
« thin steel sheet with welded seam connections under stress concentration aggravated the failure
Tests suggest that the degree of confinement depends on the thickness of the steel tube as well as
dimension, slenderness and eccentricity of columns.
The axial and lateral deformations at ultimate load are found to be less (as indicated in Table 2) in
VPC columns compared with NC columns.
The graphs showing the variation of lateral deformatidh with axial load P) in eccentric
columns are superimposed on the axial Id@dakial deformationX) responses in Figs. 4(b)-(d). It
is found that the eccentric columns underwent significant lateral deformation due to global buckling
and plastic hinge formation before failure.
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The strength of the eccentrically loaded TWC columns decreased with an increase in slenderness
ratio while they were loaded with equal relative eccentricity (£)0.5

Typical load-deformation response of the unfilled column (E1) is superimposed on those from
filled columns in Fig. 4(a). The strength of the unfilled column (Table 2) was only 15% (NC) and
19% (VPC) of short filled columns in series E3 while 45% (NC) and 47% (VPC) of slender filled
columns in series E1. The strength of the unfilled section was found to be dependent on the mode
of failure, cross-sectional dimensions ditratios.

2.7 Strain characteristics

The variation of strain in VPC and NC eccentric columns (E1nc and Elvpc) is shown in Figs. 5.
The strain gauges 1 and 2 on the loaded face were predominantly subjected to compressive strains
as expected while strain gauge 4 on the unloaded face was subjected to tensile strain in both NC
and VPC columns. This was due to the development of uniaxial bending moment in the columns.
Gauge 1 was yielded at about 62% and 68% of ultimate load for NC and VPC columns
respectively. Gauge 2 was yielded at about 75% and 68% of ultimate load for NC and VPC

columns respectively. In general, compressive strain in gauge 1 and gauge 2 for both NC and VPC
columns showed a similar behaviour.
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The strain gauge 3 was installed at the centre of the transverse face of the columns. The variation
of strain showed a compressive behaviour at progressive loading although it showed a tensile
behaviour in the early stages. The transition from tensile to compression strain might be due to the
change in the interaction between steel and concrete. But the gauges were not yielded.

The tensile strain in gauge 4 of VPC column exceeded the yield strain at much earlier load (51%
of ultimate load) than its NC counterpart where yielding was observed after the ultimate load. This
might be due to the formation of plastic hinge directly at mid height of the VPC column (where
gauge 4 is located) compared with NC column where it formed below the mid height.

Fig. 5(a) compares the strain in gauge 1 for unfilled steel section (E1) with those from NC and
VPC columns. It can be seen that gauge 1 in all three columns are under compression. It is
interesting to note that the unfilled steel section failed due to global buckling but did not register
yield strain in gauge 1 as observed in the case of filled columns. It might be due to the localised
inward buckling (Fig. 3c) of the compression steel plate at plastic hinge formed due to global
buckling of unfilled steel section at mid height. In the case of TWC columns, inward buckling of
the compression steel plate was resisted by concrete infill and forced the plate to buckle outward
(Fig. 3c). This resulted in better redistribution of stresses along the height of the column. As a
result, strain gauges at both top and mid height of the column registered yield strain.

3. Proposed analytical model for eccentric columns and development of strength
interaction diagram

An analytical model for eccentric columns (Hossain 2001) is formulated based on AS3600 (1988)
with modification taking into consideration of the effect of confined concrete. The concrete cylinder
strength 'c) used in AS 3600, is replaced by the confined concrete strefigttin(the proposed
model.

For a TWC column subjected to either concentric or eccentric loading conditions, the interactive
confinement will not occur until the concrete begins yielding, since at the initial stage of loading the
steel tube has much higher Poisson’s ratio and laterally dilates much more than the concrete. After
yielding, the concrete shows nominal Poisson’s ratio greater than 0.5 and laterally expands outward
more than the steel tube. As a consequence, the steel tube, subjected to bi-axial tension-
compression, will confine “extra” dilatation of the filled concrete. Due to containment effect of steel
tube, the filled concrete is under tri-axial compression and becomes the so-called confined concrete.
The state of stress in a TWC circular column is shown in Fig. 6(a).

Following Sunet al. (1998), the yield criterion for the confined concrete and the steel tube
generally can be written as follows:

foe = f, +4.1f (1a)
2 2 2
Os,;— O5,0p+ Ogpy, = fsy (1b)
wheref, is the unconfined concrete strengihis the lateral pressure from the steel tube at the peak
stressf., 05, and gy, are the axial stress and hoop stress of steel tube, respectivefy, ianthe

uniaxial yield stress of steel. Note that the peak stress of concrete may be assumed correspondent
with the peak load of the TWC column because the yield of steel tube generally occurs before the
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yield of concrete. The lateral pressurg) €an be obtained by Eq. (1c) through the equilibrium
condition shown in Fig. 6(a).

2t
D-2t "

whereD andt are diameter and thickness of the confining steel tube in case of circular section.

Square or rectangular sections are to be transformed into equivalent circular section. As obvious
from Egs. (1a)-(1c), to completely determine the confinement effect, i.e. the confined concrete
strengthf., the value for hoop stress;, in steel tube at the peak load is necessary. At the initial
stage of loading, only axial compressive stress is developed in the steel tube. After the axial stress
reached uniaxial yield stresf, hoop tensile stress is induced in the steel tube following the Von
Mises yield curve. With the increase of axial deformation, the hoop stress increases while the
longitudinal stress decreases. Both stresgeand os, will converge to certain valuesf, and ff,,
respectively, when the axial strain becomes five times or more of the uniaxial yield strain.

Analysis of axial and hoop stresses developed in the TWC columns with NC and VPC in the
current study suggests that the valueaohould be ranged between 0.18 and 0.24 for concentric
while between 0.16 and 0.20 for eccentrically loaded columns (Hossain 2000, 2001). The
eccentricity and slenderness of the columns seem to lower the vaduanof hence have the effect
of reducing the confinement as suggested in Eurocode 4 (1993). A constant value of 0.19 is

fi = (1c)
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assumed in the current study for the parametir deriving the equation fdg.. The assumed value
of a is similar to that recommended by AlJ (1997) design guideline based on a statistical analysis
on the test results of columns under concentric loading.

Substitutingos,= ffsy and gy, = afyy anda = 0.19 into Eq. (1b), one can obtgir= 0.89. Then the
confined concrete strengthi.{) can be derived as a function of the cross-sectional dimension of the
column and yield strength of the confining stefg)) @s shown in Eq. (1d).

2t 1.56
b2y =2 (1d)

For rectangular and square sections, the valu2 cdin be calculated by converting these sections
into equivalent circular sections (Hossain 2000, 2001). The valfiecai be taken as 085 for
100 mm diameter standard cylinder. To maintain wide applicability and to take into account the size
effect of column on thé, Eq. (1e) is proposed to calculd¢Sunet al. 1998):

foo = f,+4.1f = f,+4.1

fy= 1.616) %, (1e)

whered is the diameter of concrete section in mm &odis the compressive strength of 100 mm
diameter standard cylinder in MPa. AlJ (1997) design guideline based on a statistical analysis on
the test results of columns suggested: 0.19 and3 = 0.89.

TWC column shown in Fig. 6(b) is transformed into an equivalent reinforced concrete (RC)
section as shown in Fig. 6(c). In transforming the section, the steel area above the neutral axis is
designated as compressive steégl)(and that below the neutral axis is designated as tensile steel
(Asp. Both compressive and tensile steels are lumped at the centroid of their respective half sections
at depthal,. andb-ds. from the top extreme concrete fibre respectively. Also due to the symmetry of
the section, the plastic centroid,) is situated at mid-height (®pof the section and hendg; =
A= bt + at.

3.1 Proposed strength equations- tension over part of section (Region CA)

The analysis for strength varies according to the distribution of strain in the section. We first
consider region CA of the interaction diagram of Fig. 6(d) for which there is some tension in the
tensile steel. Conditions showing the state of stress, strain and force systems in the section are
shown in Fig. 7.

Using the equivalent rectangular stress block concept, the compressionCfgrioe the concrete
can be written asC, = 0.85/f..ak,. The value ofy can be calculated by using:= 0.85- 0.007
(f’c-28) with the limits 0.65 ¢/ < 0.85 (based on AS 3600).

The force in the compressive ste€l)(is: Cs= ds. Ascand the force in the tensile ste§) {s: T =
Ost Ast

Steel stresses are expresseds@sand g, because it is not known at this stage of the analysis
whether either or both steels are at yield.

For equilibrium, the three internal forces must add up to the appliedNgad,

N, = C,+C,—T )
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Fig. 7 Stress-strain characteristics of TWC column subjected to eccentric load

The additional requirement is expressed by taking moments (Fig. 7) of internal and external forces
about the level of the tensile steel.

Nyh = Ccz. + Cez ®3)

The lever arny. is obtained from the fact th@; acts at depthd. = 0.5k, d below the top surface:
Z.=d(1 - 0.5 yk,). The other lever arma. = d — ds. Substitution of appropriate expressions into
the equilibrium Egs. (2) and (3) leads to the following equations:

Nu = 0'85/fccadk.|+ ascAsc_UstAst (4)
Nyh = 0.85/f.ad’k,(1—0.5k,) + 0. A fd—d.] (5)

It can be noted thah is measured from the level of the tensile steel, whereas mogns (
defined in terms of the eccentricity, measured from the plastic centroidvlis the distance from
the tensile steel to the plastic centroid, the ultimate montoan be calculated as:

M, = Ny(h—-v) ande = h+v

Each point on the portion CA for the strength line of Fig. 6(c) corresponds to a particular value of
ky. For a chosen value &f less than 1.0, the steel strains may be calculated from strain diagram
shown in Fig. 7 as:

1-Kk k,—d,/d
gst = gu k U’ ESC = gu - kSC/ (6)
u u

whereg, = ultimatecompressive strain of concrete = 0.003.

If the tensile &) and compressiveed) strains are less than the steel yield straiy), (the
corresponding stresses in steel can be calculatéfca®r E£; otherwise the steel stress can be
taken as yield stress). Egs. (4) and (5) can be used to calculate corresponding W/@esl M,
which are the co-ordinates of a point on the strength curve (Fig. 6c¢).

3.2 Balanced failure (Point B)

At the balanced failure, the tensile steel straingjsand the tensile steel stressfig The



76 Khandaker M. Anwar Hossain

compressive steel strains will usually excegdso the compressive steel stress will alsdgpdhe
factor k,, defining the neutral axis position, can be derived from strain diagram as:

&y
& — Esy

kub =

The balance loall,, and balance momeM,, representing point B on the interaction diagram, can
be calculated by substituting, in Egs. (4) and (5):

Nub = 0'85yfc’adkjb+ fsy(Asc_Ast) (7)
Nyohp = 0.85/f; ad’kyp(1 — 0.5pk,p) + foyAsc(d — dso) (8)
My, = Nyp(hy—V) 9)

3.3 Primary tension failure (Part AB)

When ¥¢ is larger than the balanced eccentricigy),(the tensile steel is at yield amg, is set
equal tofs, in Egs. (4) and (5). The paramekgK ky, and the Egs. (4) and (5) refer to the part AB
of the interaction diagram. The compressive steel may or may not be at yield, depending on the
location of the neutral axis.

The abscissdl,, for the point A can be approximated by using the following two equations:

— ( St SC)fS

= A —d) + _ = (Aa= Ay

Mo scfsy(d—dso) +0.85/f .adk,(d—0.5/k,d) where Kk, S5adf, (10)
Muo = Astfsy(d— dse) (11)

Eqg. (10) should be used when bdthand A, are yielded and Eg. (11) whég. is not yielded.
3.4 Primary Compression Failure (PCF) (Part BC)

When ¥ is less thane,, the stress in the tensile steel is less thanThe steel strairg is
obtained from Eq. (6) and the stress)(= Es&s. The compressive steel stress will gg The
parametek, > k,, and the Egs. (4) and (5) can be used to simulate the part BC of the strength line.

3.5 Compression over whole section (Part CD)

Whenku > 1.0, both compressive and tensile steels are in compression. Indged aibout 1.1
the whole section is in compression. The portion CD of the strength curve can be approximated
with good accuracy by a straight line. The ordiniitg for point D can be obtained from the
proposed axial capacity of TWC column (Hossain 2000) by superimposing the axial capacity of
confined concrete section on that carried by steel portion:

f
Ny = BAfy+ Acfoo= Acfp[l + (45+ 8.20)5 . Ztﬂ (12)
p

whereA; and A are the area of steel portion and filled concrete section, respectively.
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The corresponding axial capacity of TWC columns can be calculated based on AS3600 (1988),
assuming material safety factors to be equal to unity, from the following equation:

Ny = Adg,+0.85( A, (13)

whereAqyis the gross cross-sectional area of the column. Following the procedure described above,
complete strength line ABCD for eccentrically loaded TWC columns can be constructed as shown

by dashed line in Fig. 6(c).

3.6 Development of computer program to generate interaction diagrams and for the
determination of strength

A computer programme is developed to generate the interaction diagrams for TWC columns
based on the proposed design equations. The intersection Ppoifs’ shown in Fig. 6¢) of the
loading line and the strength line represents the strength of the column for a particular eccentricity.

150 ] —
1 AS3600 | Elvpe Isob Proposed | . s Elvpe
] e D
1004 z
g ] é 100
e} 1 IRRaEN
— 50, toadhnc - — 5o/ Loadline 1]
] 0,025 P

N ] A

0 1 2 3 0 1 2 3
Moment (kNm) Moment (KNm)
Fig. 8(a) Comparison of interaction diagrams forFig. 8(b) Comparison of interaction diagrams for
both NC and VPC columns both NC and VPC columns
8004 a——a Proposed 800/ E3vpe | oo Proposed
1D e—-a AS3600 ] o----a AS3600
g 600 g 60(}7\ C
§ 4001 zg 400 TONT
. /,""\]‘i\
200 B 2001 Load ‘1,1??"0_075 "B
/ A
0 10 20 30 40 0 10 20 30 40
Moment (kNmy) Moment (kNm)

Fig. 9(a) Comparison of interaction diagrams Fig. 9(b) Comparison of interaction diagrams
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Table 3 Comparative study of experimental and analytical predictions

Column Theory Expt. Ratio Remark
AS3600 Proposed Model P M Expt/Theory  Failure

fe P M« & fec P M & kN kN.m Proposed AS36(10 Type
MPa KN KkKNm mm MPa kN KkNm mm

Elnc 28 70 172 87 43 81 205 61 804 201 0.99 1.15 PCF

Elvpc 20 62 152 117 34 74 187 73 76.0 1230 1.03 1.23 PCF

E2nc 28 172 423 113 46 200 500 74 214 £ 35 1.07 1.24 PCF

E2vpc 20 158 392 124 37 185 468 83 206 £ 15 1.11 1.30 PCF

E3nc 28 346 256 113 31 370 272 105 414 3105 112 1.20 PCF
E3vpc 20 290 216 143 23 318 235 128 320 2400 1.01 1.10 PCF

& balanced eccentricitf: Eccentric loadM,,, Moment, PCF: Primary Compression Failure

The interaction diagrams for E1, E2 and E3 columns are generated using both AS3600 and the
proposed method and typical results (for columns Elnc, Elvpc, E3nc & E3vpc) are presented in
Figs. 8(a)-(b) & 9(a)-(b).

Figs. 8(a)-(b) compare the typical interaction diagrams for NC and VPC columns. AS3600 uses
characteristic cylinder strength of concrefé&)(while the proposed method uses confined strength
of concrete {.). VPC columns showed lower strength compared with NC columns. This may be
partially attributed to the lower strength of VPC compared with NC. Table 3 compares the
performance of the proposed method.

All the columns are predicted to undergo (as indicated in Table 3) primary compression failure
(both AS3600 and Proposed) as the pointlies in the zone BC of the strength line (Figs. 8a-b &
9a-b).

Figs. 9(a)-(b) compare the performance of the proposed and AS3600 methods. It is found that AS
3600 under predicts the capacity of TWC columns compared to proposed method as it does not use
the strength enhancement of confined concrete. The proposed method provides better prediction as
the ratio of experimental to predicted strength remains very close to unity (Table 3). The proposed
method can therefore be used with confidence for the design of both VPC and NC TWC columns
subjected to eccentric load.

4. Conclusions

The behaviour of eccentrically loaded filled TWC columns highlighting the performance of VPC
compared with normal concrete in a confined state is described based on experimental and design
oriented analyses. The capacity of the columns is based upon the increased strength of confined
concrete and the increased steel plate buckling capacity due to composite action. Analytical models
taking into consideration of confinement effect are formulated for both axial and eccentric loading
conditions to develop strength-interaction diagrams. The performance of the proposed design
method is validated from experimental and Code based models. The following conclusions are
drawn from the study:
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All eccentric columns failed when a zone of local buckling around column mid-height, created a
plastic hinge that exhausted the strength of the section. This was also associated with significant
global buckling and excessive lateral deformation. The tearing of welded steel seam connection
in columns made in-house (E3) was observed only after the post failure stage.

VPC and NC columns showed similar load-deformation responses. Only 4 to 5% loss of
strength in VPC columns compared with NC columns was an indication of good performance
considering a 30% lower strength of VPC compared to NC. This was also an indication of
effective confinement enhancing the performance of low strength concrete in TWC columns.

A 23% lower strength (in-house made columns) of E3vpc compared with E3nc might be due to
weaker VPC and weakness in the welded seam connection causing lower confining effect.

The axial and lateral deformations at ultimate load seemed to be less in VPC columns compared
with NC columns.

The strengths of the eccentrically loaded columns were found to be only 49% to 54% of the
corresponding similar axially loaded columns (Hossain 2000, 2001). Ultimate axial deformations
in eccentrically loaded columns were found to be higher (ratio of axial deformation varies from
1.24 to 3.05) than axially loaded columns. Such reduction in strength was due to the testing of
such columns with large eccentricity that induced a large uniaxial bending moment. This may be
the case of an external column in a building subjected to cantilever beam action. However,
Clause 10.1.2 of AS 3600 requires that a minimum bending moment (equivalent to the applied
load times an eccentricity of 0.05 times the overall dimension of the section in the direction of
bending) about each principal axis be considered in the design of any column. Clause 10.3.3 of
AS 3600 also allows the moment (if it is small) to be disregarded provided the design strength
of the cross-section is reduced to ON/5Current tests on TWC columns with large eccentric
application of load provided information under worst possible situation. The strength of TWC
columns will be much better under minimum bending moment suggested by Clause 10.1.2 of
AS 3600.

In the case of TWC columns, inward buckling of the compression steel plate is resisted by
concrete infill and forced the plate to buckle outward. This resulted in better redistribution of
stress along the height of the column compared to individual steel column. This resulted in
yielding of steel at both top and mid height of the columns.

Analytical model for the eccentric column is formulated based on AS3600 (1988) with
modification taking into consideration of the effect of confined concrete using confined concrete
strengthf.. and replacing TWC columns with an equivalent RC section. The effect of the type of
concrete (VPC or NC) as well as slenderness and eccentricity of columns on the confinement is
taken into account with the introduction of two parameteend 8 whose values are suggested
based on experimental results.

AS 3600 under predicted the capacity of TWC columns by about 25% as it did not consider the
strength enhancement of confined concrete. The proposed method provided better prediction as
the ratio of experimental to predicted strength remained very close to unity.

A computer programme is developed to generate the interaction diagrams for TWC columns
based on the proposed model with its performance validation based on AS3600.

The proposed method can be used with confidence for the design of both VPC and NC TWC
columns subjected to eccentric load.

The performance of VPC in TWC sections is found satisfactory and in future, volcanic pumice
can be used as a potential source of alternative aggregate. The 30% lighter VPC (compared to
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NC) satisfies the criteria for structural lightweight concrete (Hossain 1999b) and its use will
greatly reduce the weight of structural elements. Such lightweight structural elements with VPC
are highly desired in earthquake prone areas.
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