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Tests were carried out on nine composite columns of 3m approximate length. The columns
were made of concrete-filled 150x100x5mm and 120x80x5mm rectangular steel hollow
sections and subjected to uniaxial bending about the major axis. This paper also describes
the application of the commercially available non-linear general-purpose finite element
package ABAQUS to study the behaviour of concrete-filled rectangular hollow sections. The
results of these tests are reported and are compared with the predictions of the British
Standard BS5400 and the finite element results. These studies provide particular insights
into key aspects of the behaviour of concrete-filled rectangular hollow sections that would not
have been possible using the experimental approach alone.
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1. Introduction

The combination of steel and concrete in
the form of concrete-filled hollow section
columns takes full advantage of both
materials. On one hand, the steel hollow sec-
tion dispenses with the need for any type of
formwork for the in situ concrete core and also
provides the tension reinforcement for the
concrete core in the extreme fibers of the
section, where it is most cost effective. On the
other hand, the concrete core provides lateral
support to the wall of the steel hollow section
and thus prevents it from suffering prema-
turely from local instability. It also increases
the load-carrying capacity of the steel hollow
section at very little extra cost [1, 2]. Further-
more, under fire conditions the concrete core
works as a heat sink and thus improves the
fire resistance of the steel section to the extent
that fire protection for the exposed steel tube
might not be required [3,4].
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Most of the published work available on
composite columns concerns the concrete-
encased type, with fewer publications on the
concrete-filled type of columns [5,6]. The
reason for this discrepancy is that the former
type of columns was developed earlier, and the
concrete encasement was originally used only
as a means of protecting the structural steel
section against fire. It is, therefore, believed
that further tests on composite columns of
concrete-filled Rectangular steel Hollow Sec-
tion (RHS) are required in order to provide
experimental and numerical evidence to check
the validity of the existing design recommen-
dations [7, 8].

The number of variables involved in
concrete-filled composite columns is large,
with the behavior of these columns being
affected by the size and length of columns,
eccentricity ratio ey/D, the bond strength

between steel and concrete and the material
properties [9]. It would be expensive and time
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consuming to attempt to study the problem
solely on the basis of experimental testing;
moreover, it is not possible to record the load-
strain history and other detailed aspects of
behavior for all components over their full
area, specially the concrete inside the steel
tube, regardless of the resources used. The
non-linear finite element method may provide
a better alternative to experimental testing,
since it is possible to study composite column
response at any required point, as well as to
consider its overall features provided the
model is correctly developed [10, 11].

This paper reports the finding of ongoing
research on the development, validation and
exploitation of FE models for the analysis of
concrete filled composite columns. The work
has utilized a non-linear general-purpose
finite element software (ABAQUS) [12]. It has
been found possible to accurately simulate the
response¢ of such columns, provided the
material stress-strain curves are known e.g.
for the steel tube from the relevant coupons
tests. The validation has covered detailed
strain histories within key areas and the load-
displacements response up to and beyond
failure.

Full-scale tests were carried out on nine
3m-long composite columns of concrete-filled
rectangular hollow sections. Four tests were
carried out on composite columns of concrete-
filled 120x80x5 RHS and five tests on columns
made of the larger section of 150x100x5 RHS.
The columns were subjected to a uniaxial
bending about the major axis with the end
eccentricity ratios ey/D in the range of

0.1/0.125 to 0.5. For each of these columns,
test observations included the failure loads,
load-displacement response, and load-strain
variation at several sections along its length.
Short composite specimens were also tested in
axial compression in order to establish the
squash load of stub columns of this type of
section. Short composite columns exhibit a
failure mechanism which is characterized by
yielding of steel and crushing of concrete, on
the other hand for long composite columns the
failure mechanism is characterized by partial
yielding of steel crushing of concrete in
compression and cracking of concrete in
tension because the bending moment which
continuously increasing as the column de-

forms laterally. Specimens of 450mm long
were also prepared and tested to investigate
the bond strength between the concrete filling
and the steel section.

2. Material properties

Tests were carried out on tension coupons
taken from the four walls of each 7.5m length
of the steel RHS. Since two columns were
manufactured from each 7.5m length of
tubing, then each pair of columns was
therefore considered to have the same
properties of steel. The main results of these
tests are summarized in table 1. The
tabulated values are the average of the results
obtained from testing the four coupons. For
each column, the average values of the design
strength fgq and elastic modulus, Eg, are

given.

Table 1
Material properties

Column de fcu ES
number (N/mm?) (N/mm?) (kN/mm?)
Ixa 334 a71 205
2xa 334 46.2 205
3xa 337 47.3 206
4xa 337 48.0 206
1xb 348 46.1 203
2xb 348 47.2 203
3xb 341 48.0 204
4xb 341 47.5 204
5xb 352 48.3 205

The average design strength was found to
vary from 334N/mm?2 to 352N/mm? and the
elastic modulus Eg values varied from

202kN/mm? to 206kN/mm?2. The obtained
stress-strain relationships justified the as-
sumption of an elastic-perfectly plastic model
for the steel used. All column analysis and
calculations given later are based on the fsd

and Eg values obtained from the tension

coupons.

The concrete mix used throughout the
tests was 1:1.9:2.4/0.55 with maximum
aggregate size (river gravel) of 10mm. When
each column and its associated stub columns
were filled with concrete, five 100mm cubes
were cast from the same concrete mix. The
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cube strengths of concrete, f.,,, were taken as

the average 28-day results of those tests. The
test results of all cubes are given in table 1
and the f,, values are noted to vary from 46.1

to 48.3 N/mm?2.
3. Properties of composite section

The three main properties of a composite
section are the squash load, Ny,¢, the ultimate

moment of resistance, M,,, and the interaction

curve of the section. The latter gives the
relationships between the axial load, N, and
the uniaxial moment, My or My, which when

acting simultaneously cause the section to
reach full plasticity. Tests were carried out on
short composite specimens to determine the
squash load. For each column, one 200mm-
long tube was tested in compression. These
tubes 200mm-long were filled with concrete of
the same mix as their respective columns, and
were tested to failure with a view to evaluating
the experimental squash load values, Ny, of

the composite columns. The failure mode of
the specimens was a typical crushing failure
mode, where at failure the steel was pushed
out by the concrete core. The crushed
concrete took the shape of the deformed steel
section. Fig. 1 shows some of the tested
squash specimens.

Table 2 gives the experimental test results
of the composite stub specimens, Nye; The

table also shows the squash load values, Ny,
predicted in accordance with equation 11.1.4,

Table 2
Carrying capacities of short column sections

BS5400 [7]. The predicted N, values are

given by the following expression in which the
material partial safety factors are here taken
equal to unity.

Ny = fsd Ag +0.67 foy Ag.

(1)

Fig. 1. Squash specimens after testing.

Table 2 shows that the experimental
squash loads are generally in excess of the
predicted values and that they are between 2%
and 13% higher than the BS5400 predictions;
equation 11.1.4 [7]. It may be concluded that
the maximum compressive strength of 0.67fcy

is a practical basis for evaluating the squash
load of concrete-filled rectangular hollow
sections. Nevertheless, it should be stated
here that, research carried out by other
researchers [1] show that the experimental
failure loads are adversely affected when the
height of the squash specimens is increased.
However, no guidance seems to be available in
the standard regarding the height of squash
specimens relative to the lateral dimensions of
the composite section.

Specimen for ey (mm) Squash load Ult. moment of res. (kNm)
column (kN) Nue/ Ny
Nue Ny Myx Muy
1xa 15 901 877 1.03 277 20.4
2xa 30 893 872 1.02 277 20.4
3xa 45 998 884 1,13 28.0 20.0
4xa 60 930 887 1.05 28.0 20.6
1xb 15 1311 1224 1.07 46.7 34.3
2xb 30 1326 1233 1.08 46.8 34.3
3xb 45 1292 1223 1.06 46.0 38.7
4xb 60 1360 1219 1.12 45.9 33.7
5xb 75 1332 1252 1.06 47.4 34.8

Series xa: 120x80x5RHS Series xb: 150x100x5RHS L = 200mm
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The ultimate moment of resistance, My,, of

a concrete-filled section may be obtained by
using the rectangular stress block for concrete
and steel for the composite section shown in
fig. 2. The value of My, is evaluated by first

determining the position of the neutral axis of
the section. This may be carried out by a trial
and error procedure. When the section is
subjected to major axis bending, and in
accordance with BS5400, the position of the
plastic neutral axis and the value of the
ultimate moment of resistance of the concrete-

filled rectangular hollow section my be
obtained from the following expressions:

D = (Ag - 2Bt) / (bp + 41), 2)
My, = fsd [Ag (d - d¢)/2 + Bt (t + dy)]. (3)

Where p is the ratio of the compressive
strength of concrete in bending to the design
strength of steel, and is given by:

p=0.6fcy / fud, (4)

and the rest of the symbols are as shown in
fig. 1 and as given in the notation.

08bdefu Bl
b ()

Afu

Fig. 2. Rectangular stress block.
4. Column specimens

As stated above two steel sections were
used in these tests, i.e. 120x80x5mm RHS
and 150x100x5mm RHS. The column
sections and the eccentricities of the applied
compressive forces are summarized in table 2.
The columns were made from steel sections
delivered in 7.5m lengths. Each length was
cut into several pieces for the preparation of
tension coupons, short composite specimens,
bond specimens, and composite columns.
Two 2700mm-long end pieces were tested as

composite columns. Each column was
provided with 15mm thick rectangular end
plates which when bolted to the loading plates
of the test rigs, provided the required
eccentricities to the columns both ends (top
and bottom-end). The end plates were welded
to the column ends with 6mme-fillet weld. One
of the end plates was solid, whereas the other
end plate had a rectangular hole as large as
the column section to enable the casting of the
concrete to be carried out. When bolted to the
loading plates and fitted in the test rig, each
column had an effective length of 3000mm
about the major axis. The initial out-of-
straightness of the columns was not
measured.

During the concrete casting operation, the
columns were clamped to a vertical stiff
column, which was secured to the strong floor
of the laboratory. Vibrators were attached to
the supporting column at the quarter points,
and the columns were subjected to
intermittent vibrations during the casting of
the concrete to eliminate air pockets in the
concrete and to give a homogeneous mix.

The properties of the nine columns tested
are given in table 2, and include both the
squash load of each column, as obtained
experimentally from the squash specimens
Nye, and BS5400 predictions N;;.  The

ultimate moments of resistance about the
major axis of the column section, Myx, are

also listed. It is worth mentioning here that,
for the case of column subjected only to major
axis bending, BS5400 requires that the
column be designed for biaxial bending in
which the minor axis eccentricity is taken
equal to 3% of the smaller lateral dimension of
the column, i.e. 3.0mm in the case of the
tested columns of 150x100x5mm RHS and
2.4mm for 120x80x5mm RHS.

5. Bond slip specimens

For the completion of the test program
nine tubes, 450mm-long cut from the RHS,
and filled with concrete, were tested in order
to determine the steel-concrete bond strength.
These tests were carried out in association
with each composite column. A gap of about
S50mm high was left below the top level of the
specimens when the concrete was cast to
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enable the movement of the concrete core
relative to the steel section during the tests.
When being tested, the specimens were turned
upside down, and the load was applied to the
concrete core through a thick steel plate
placed at the top of the specimens. Similar to
the squash specimens, the steel lengths were
used as received without the inside surface
being treated in any way. The bond strength
of the tested specimens was obtained by
dividing the failure loads of the bond
specimens by the area of interface of as shown
in table 3. As can be seen from the table, the
bond strength varied between 0.47 and
0.58N/mm?2with an average value of 0.53N/
mm?2, which is 30% greater than the value
0.4N/mm? given in BS5400. The specimens
were apparently identical, and the variation in
the bond strength could have been caused by
different micro- and macrolocking between the
concrete core and the steel surface [13]. The
former depends on the surface roughness of
the steel section, and the latter is related to

Table 3
Test results on bond specimens

Specimen Failure Length of Bond
for column load interface strength
(kN) (mm) (N/mmz)
1xa ' 71 394 0.50
2xa 82 397 0.57
3xa 76 396 0.53
4xa 80 396 0.56
1xb 91 395 0.50
2xb 86 396 0.47
3xb 97 398 0.53
4xb 95 395 0.52
S5xb 102 397 0.58

Series xa: 120x80x5RHS, Series xb: 150x100x5RHS, and
L = 450mm

the frictional resistance to movement along
the steel-concrete interface and is dependent
on the deviations of the internal section
dimensions from the true surface shape.

6. Test rig and instrumentation for column
specimens

The tests on the column specimens were
carried out on a test rig of 3000kN capacity
shown schematically in fig. 3. The rig has a
headroom of about 3.0m, and is securely
bolted to the strong floor of the laboratory. A

3000kN capacity hydraulic jack provides the
compressive force N, on the composite

column. The test rig is provided with loading
plate and a ball in order to allow the tested
columns freedom of rotation about the
required axis; fig. 4 shows detail of column
end. Vertical and horizontal displacements
were measured at mid-length and at the
quarter points of the tested columns. This
was carried out by the use of displacement
transducers, which were also placed at the
column ends in order to monitor any lateral
displacements of the loading end plates,
resulting from the flexibility of the test rig.
Whitewash was applied to one half of each
column specimen in order to facilitate
observing the onset of yield in the steel
section, and also to follow the progress of yield
as the applied load was increased. Four strain
gauges were fixed at the midpoints of the walls
of the RHS both at mid-length and at a
quarter point of each column specimen.

{]

i
F‘.‘i

] 1. Cross haad

2. Jack + Load call

3. Base

4. Concrete-filled

specimen
Fl I* [] 5 Tes

miln

Fig. 3. Test rig and specimen.

| Test specimen

End-plats

3000 kN testing machine

Fig. 4. Column end detail.

The load cell output, strains and
displacements were all recorded using data
logging equipment and all observations were
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saved on disk for analysis. The mid-span
strains were also plotted on a monitor during
the course of the test in order to follow the
load-strain relationship and also to help
determine the load increment to be applied to
the column specimen, especially close to
failure and in the post failure stage.

7. Test procedure

All column specimens were vertically
tested using the test rig shown in fig. 3. Each
column end plate was bolted to 40mm thick
loading plates that were in turn tested on
rollers to allow the ends of specimens to rotate
freely about both axes, and to prevent fiction
at the column ends. All tests were carried out
by subjecting the columns to end compressive
forces applied at equal end eccentricities. The
loading process started by increments of
about 5% of the predicted failure load. For the
first two increments, a complete check of
displacements, strains and load was carried
out. After each increment, some time was
allowed for the column to find its equilibrium
shape, and the loads, displacements and
strain were then recorded. This loading
procedure was followed with the same load
increments until 50% of the maximum
predicted load was reached. The load
increments were then reduced to about 2%,
and then further to 1% of the predicted failure
load when relatively large non-linearity was
monitored. At this stage the columns were
continually varying their configuration until
they were in equilibrium, therefore more time
was allowed before recording any data. At the
stage when the columns were unable to take
any additional load increments, they were
assumed to have failed, and the load was
considered to be the failure load, P.. At the
end of the test the data was saved and
transferred to a floppy disk for later analysis.
After the test was completed the specimens
were taken out of the test rig for further
inspection

8. Numerical modeling of composite
columns

Numerical methods, such as the Finite
Element method (FE), have been found to be

very convenient in the analysis of structures
under static loading. The advantage of FE is
that it allows the modeling of structures
involving complex geometry, arbitrary loading
and general material properties, and the
variations of many parameters can be
achieved with ease. The FE when used in
conjunction with experimental methods can
reduce the design cost and analysis as well as
enables parameters, not easily experimentally
measurable, to be monitored.

Proper modeling of a composite column
requires accurate representation of all the key
components, e.g. steel hollow section, concrete
core, interface between steel and concrete and
end plate. A realistic model should allow for
slip, separation and closure at the interface of
the concrete and the steel tube. The model
should also allow for the buckling as well as
the load-deformation response of the various
components

8.1. Modeling of steel hollow section

Due to the symmetry of the test specimens
about column mid-height, only the upper half
of the column was modeled, as shown in fig 5.
Using ABAQUS library, forty shell elements
with six degrees of freedom per node with
eight nodes per element were used for the
steel hollow section, as shown in fig. 6. The
dimensions of the elements were decided after
a few initial runs to test convergence, but also
controlled by the degree of accuracy required
and the time. The material properties were
modeled by a multi-linear representation of
the coupon test results.

8.2. Modeling of concrete and end-loading plate

The plain concrete inside the hollow steel
section was modeled by using brick elements
with twenty nodes per element, as shown in
fig. 7. This element was also used to model
the rigid end plate through which the load on
the column is applied. This element has a
high calculation cost, but it gives reasonably
accurate results. It has three active degrees of
freedom at each node. The compressive re-
sponse of concrete that was incorporated in
the model is illustrated by the uniaxial
response of the cube test specimens, which is
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1

Fig. 5. Deiflected shape of column.

Z Y ‘o 8137/‘7 / ;9

Fig. 7. Brick element (C3D20).

based on the stress-strain curve as given by
BS8110. It is assumed that when uniaxial
concrete specimen is loaded in tension it
responds elastically until a crack forms at a
stress equal to 10% of the compressive
strength (0.1f,).

8.3. Modeling the interface of the concrete and
the steel tube

To model the interface of concrete core and
steel tube, special interface elements were
used. The interface property was chosen such
that it was possible to transfer any magnitude
of compression but that separation could take
- place without the transfer of any tensile force.

A friction coefficient of 0.4N/mm? was used as
a property of the interface element. This value
is given in BS5400.

8.4. Boundary conditions and loading

In the FE model and as shown in fig. 8 the
end load was applied at the rigid end plate by
forces Ny, Ny and N3 such that their resultant

compressive force acting on the column was
applied at the required eccentricity.

Ni N

N3
Rigid end-plate
(brick element C3D20)

Fig. 8. Column loading.

As the column test specimens were loaded
by equal end eccentricities, only half the
column was modeled. The load was applied
on the column nodes at the top end of the
model, which was considered to be free. The
boundary conditions at the column mid-height
section (bottom of the FE model) are shown in
fig.9, from which it can be seen that only
central node ‘A’ is restrained in all directions.
All the other nodes are restrained in 2Z-
direction, and only the nodes that lie on the X
or Y-axis are further restrained in the orthogo-
nal direction. The displacements at the top of
the FE model represent the lateral displace-
ments and axial shortening at the column
mid-height.

Node
(2] 0 P A: restrained in X, Y
and Z-direction

B: restrained in Y and

C: restrained in X and
2-direction

D: restrained in
2Z-direction only

o
FRE R
opo ©

b c b
Fig.9. Boundary conditions at column mid-height.

9. Failure loads of columns

The results of the column tests and
numerical analysis are given in table 4. The
table gives the experimental failure loads, Ne,
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Table 4

Summary of column results
Column €y Experimental Finite element; FE BS5400
number N, 8 . 8 N, B8* dy* Ny (kN)  Ng/N,  Ng/Ny

(mm)  (kN) (mm) (mm) (kN) (mm) _ (mm)

1xa 15 463 16.3 0.9 389 15.5 13.1 377 1.19 1.23
2xa 30 347 23.4 1.4 341 27.4 10.1 321 1.02 1.08
3xa 45 328 28.9 4.3 298 38.0 8.2 283 1.10 1.16
4xa 60 260 29.1 2.3 254 46.2 4.4 252 1.02 1.03
1xb 15 830 14.3 4.8 733 14.2 12.0 685 1.13 1.21
2xb 30 693 21.0 2.1 647 21.7 11.2 589 1.07 1.28
3xb 45 551 31.2 0.9 571 313 10.2 512 0.96 1.17
4xb 60 493 33.7 1.3 497 37.9 8.1 453 0.99 1.09
5xb 75 441 40.1 0.1 430 43.4 5.8 416 1.03 1.05

For the sake of comparison with BS5400, an eccentricity equal to 0.03B (i.e. 2.4mm for series xa and 3.0mm for

series xb) was taken about the minor axis. L, = 3000mm

and also the failure loads, N, which are

predicted in accordance with BS5400. It also
shows that the experimental failure load N, is

between 3% and 28% higher than the failure
loads predicted by equation 11.3.4 in BS5400
[7]. Table 4 also shows the predicted failure
loads, Np, numerically calculated using the

FE model. These loads are in better agree-
ment with the experimental load. The Ng/Np

ratios vary between 0.96 and 1.19 with the
mean value of 1.06. The table shows that the
BS5400 predictions for the studied case are
generally on the safe side, as they are lower
than the experimental and FE values.

It is worth mentioning here that the FE
model allows for tension in concrete to be
taken into account. In all calculations of pre-
dicted loads, the partial material safety factor,

Ym» Was taken equal to unity in order to carry

out a direct comparison between the experi-
mental results and the British Standard or
FE. It should be stated that, for the case of
columns subjected to small end eccentricities
such as columns 1lxa and 1xb, the column
behaviour becomes rather sensitive to any
imperfections, including out-of-straightness of
the column center line.

The mid-span in plane displacements at
failure are also given in table 4. For columns
subjected to major axis bending, it can be
seen that the in-plane displacement at failure,
8y, increases with the increase of end eccen-
tricity as expected. On the other hand, the
transverse displacement perpendicular to the
plane of bending, Sy, is seen to be rather

erratic and may only be seen as an indication
of whether the column failed by bending about
the major or minor axis. The load-displace-
ment relationships would seem to indicate
sudden shifts in the position and direction of
the mid-span neutral axis in the post-failure
load-strain relationships of some of the
columns that suffered sudden out-of-plane
deformations. Fig. 10 shows mid-length sec-
tion of column 5Xb after failure, white color
clearly indicating the extent of the yielding of
the steel section. Fig. 11 shows the mid-
length section of column 4xb after the removal
of the steel from the side of maximum
compression. It can be seen from the figure
that concrete remained in position despite the
fact that, like all other columns, column 4xb
had been loaded will into the post-failure
stage. It is worth noting that, although
strains of about 8000p strain had been
recorded in this side at the end of the test, the
concrete is seen to have remained intact and
well contained by the steel section.

10. Load-displacement relationships

The mid-span displacement was recorded
and plotted against the load for the tested
columns, and shown in figs. 12 to 19. The
figures show the experimental results and also
the FE results. The relationship was non-
linear, characterized by an ascending branch
up to failure. The descending branch was also
obtained by continuous manipulation of the
hydraulic jacks. The load-displacement rela-
tionships show the severe effect on the
displacements as the load and eccentricity
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increase. The figures clearly illustrate the
adverse effect a 0.03B eccentricity about the
minor axis has on the behavior of columns
subjected only to a small major axis
eccentricity. The other columns in the test
series, which were subjected to larger major

Fig. 11. Mid-span compression face of column 4xb.

1000
800 s G- F E
IR ER R Sy-FE
~ 600 it 5%-EXp
2 - - By Exp
°
! 400 1\
s ]
L)
200 ]
0

-80 -60 40 -20 0 20 40 60 80 100
Displacements (mm)

Fig. 12. Mid-length displacements; column 1xa.

1000
et | Bx-FE.
* o o ew .6y.FE
600 | =i Ox-Exp.
g - o - By-Exp.
J 400
g ’\\
200
L ]
L
o 2

-80 -60 40 -20 0 20 40 60 80 100

Displacements (mm)

Fig. 13. Mid-length displacements; column 2xa.
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------ By-Num
= 600 et Sx-EXP.
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Fig. 14. Mid-length displacement; column 3xa.
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1000 1000
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Fig. 15. Mid-length displacement; column 3xa. Fig. 18. Mid-length displacement; column 3xb.
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‘ axis eccentricities, were similarly affected but
1000 to a much smaller degree. The figures clearly
show that although up to the failure loads
800 column lxa and 1xb deflected mainly in the

plane of bending, the columns eventually
failed by bending about the minor axes.
Columns 1xa and 1xb were subjected to
eccentricity ratios egx/D of 0.15 and 0.1,

600 PR

400 | respectively. Their mode of failure was

characterized by being sudden, and with large
displacements forming transverse to the plane
of bending. On the other hand, columns 4xa

and 5xb which were subjected to an
eccentricity ratio of 0.5, showed very little
tendency for out-of-plane deformations, their
lateral displacements were very small both in
the pre- and post-failure stages. Compared to
column 1xa, column 2xa was of the same

Load (kN)
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2 888 al Ecoeeten
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Displacements (mm)

Fig. 17. Mid-length displacement; column 2xb.
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cross-section 100x80x5RHS, but was
subjected to a relatively larger major axis
eccentricity of 30mm. Figs. 12 and 13 show
that, wunlike column 1xa, column 2xa
exhibited out-of-plane displacements before
failure. Moreover, it is seen to have deformed
considerably about the minor axis in the post
failure stage. The transverse displacements
did not, however, form suddenly as in the case
of columns 1xa and 1xb, but are seen to have
increased gradually until they were of a
similar order to the in-plane displacements. It
can be seen from table 4 that within each
group the experimental failure loads decrease
with the increase of the end eccentricity. It
should -be noted that the columns were tested
in the as-received state without measuring
their out-of-straightness. Such initial defor-
mations could have a considerable effect on
both the column failure load and its behavior,
and could cause major differences in the load-
displacement response of the various -col-
umns. Columns subjected to small major axis
eccentricities are very sensitive to initial
imperfections and out-of-straightness as well
as any small errors in the eccentricity of the
end compressive forces.

11. Conclusions

A numerical model using the general-
purpose finite element software ABAQUS to
simulate the response of composite columns of
concrete filled rectangular steel hollow
sections has been described. Full-scale tests
were carried out to verify the model
Availability of these numerical techniques
greatly increases the range of issues that can
be studied economically.

For the tested specimens considered
experimental investigations confirm earlier
findings that BS5400 yields conservative
predicticns for the failure loads of concrete-
filled RHS columns subjected to uniaxial
bending about the major axis. However, the
margin of safety of such predictions seems to
decrease with the increase of the applied end
eccentricity. The experimental failure loads
are in better agreement with the results of the
numerical analysis (FE) than that with the
BS5400 predictions. The numerical work
provides evidence as to the adverse effect a

small minor axis eccentricity has on the
behavior of columns subjected to apparently
pure uniaxial bending about the major axis.
This adverse effect is most noticeable in the
case of long columns subjected to small end
eccentricities. Such columns are also very
sensitive to errors in the end eccentricities of
the applied loads. The comparison between
the experimental and numerical results
indicate that column imperfections, such as
out-of-straightness, should be measured prior
to testing with a view to taking their effect into
account in both the experimental and
numerical analysis.
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Nomenclature

are the cross-sectional areas of

concrete and steel, respectively,

are the breadth and depth of steel

rectangular hollow section (RHS);

respectively,

b, d are the breadth and depth of
concrete core, given by (B-2t) and
(D'Zt)a

d¢ is the between the

extreme compressive fibers of

concrete and the plastic neutral

axis of section,

are the elastic moduli of concrete

and steel; respectively,
are the eccentricities of end force

about major and minor axes;
respectively,
is the 28 day cube strength of

concrete,
fsd is the design strength of structural

respective

Ac, Ag

B, D

distance

M By

ex, €y

fCl,l

steel, given by the
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characteristic strength divided by
the material partial safety factor,

Myx, Myy are the ultimate moment of
resistance of composite section
about major and minor axes;
respectively,

Ne is the experimental failure load of
column,

Ny is the failure load of a column
predicted on the basis of BS5400

Nn is the numerically predicted failure
load,

Ny, Nye are the predicted and experimental
squash loads of stub column;
respectively,

t is the wall thickness of rectangular
hollow section,

Oy, & are the experimental column mid-

By*, 8

*
are
y

length displacements at failure
perpendicular to major and minor
axes; respectively,

the numerically predicted

column mid-length displacements
at failure perpendicular to major
and minor axes, respectively, and
is the ratio of compressive strength
of concrete in bending to the
design strength of steel.
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