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ABSTRACT
Composite columns, using profiled steel sections encased in concrete or steel tubes
filled with concrete, are increasingly used in practice taking advantage of speed of erection
as well as offering cost-effective solutions. While the design of braced and unbraced
composite columns under ambient conditions is adequately covered in the relevant standard,
Eurocode 4, simplified design of unbraced composite columns for the fire limit state has not
been included. Recognising this, a collaborative research project was undertaken with
funding from the Research Fund for Coal and Steel. The paper describes the scope of the
project which covered control tests under ambient conditions, carried out by the author while
at City University London. Other aspects covered in the project included fire tests carried
out by CTICM in France, on isolated columns and on two frames designed by Leibniz
Universität Hannover as well as extensive numerical studies aimed at developing a design
method for sway composite columns exposed to fire.

1. Introduction
Unbraced composite frames offer several advantages including increased usable
space, fast construction time, and inherent fire resistance. These frames have potential
applications in commercial buildings up to three storeys. With this limitation, in most
countries, local building regulations require a fire rating of R60. Composite construction can
offer inherent fire safety at this level.
While Eurocode 4, Part 1.1 [1] offers guidance on simplified design of unbraced
frames in terms of effective lengths, the corresponding part relating to fire safety,
Eurocode 4, Part 1.2 [2] has no simplified rules specified for this case. Of course, the code
does allow advanced calculation models to be used for this purpose. It is recognised,
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however, that advanced calculation models for fire safety can be demanding in terms of
resources required for modelling as well as for the actual computation. Recognising this
need, a successful application was made to the Research Fund for Coal and Steel (RFCS) for
a three year project. As is necessary for such projects, the problem has had to be addressed
from several angles, with the work being shared by the participating organisations and
divided into work packages.
The project was coordinated by the Institute for Steel Construction, Leibniz
Universität Hannover (Germany). The other partners were Centre Technique Industrial de
la Construction Métallique (France), City University London (UK), Fundación Labein, Derio
(Spain) and Hochtief Construction, Essen (Germany).

2. Work packages in the project
In the first part of the project, WP1, a one-bay, three-storey office building, with a fire
rating of R60 was designed. To derive maximum benefit from the sway action in unbraced
frames, it was decided to adopt semi-rigid joints for the studied building, in order to limit the
moments in the joints resulting from restrained thermal expansion of the fire-exposed beams.
Reinforcement bars were wrapped around the column to provide the simi-rigid action.
The most substantial part of the project, WP2, related to several series of experiments.
These included tests on a new type of semi-rigid joint both at room temperature and in fire.
Two tests were carried out on composite columns at room temperature. Isolated columns
subject to sway were tested under fire. Finally, two large-scale fire tests on full-scale frames.
All experiments were instrumented so as to provide data for the validation of the numerical
calculations.
Another major part of the work, WP3, related to numerical calculations which were
validated by comparisons with the experimental results. Thus, investigations were
undertaken for the global response of the unbraced composite frame designed in WP1 for the
fire limit state. As a refinement, the sequence of construction and load history was
simulated. Numerical studies were also carried out on isolated columns under ambient and
fire conditions. Detailed Finite Element calculations were also made to study the local
behaviour of one typical semi-rigid composite joint.
Subsequently, parametric studies were carried out on fire-exposed unbraced
composite frames under WP4. This was aimed at developing a simplified design method for
unbraced composite frames exposed to fire, the main aim of the entire project.

3. Room Temperature Tests at City University London
To simulate fixed-base columns of nominal height of 4m and free to sway at the top,
for simplicity in the testing procedure, the two columns tested at City University were simply
supported but of twice the nominal length, that is, 8m. One of the columns was a partially
encased UC column shown in Figure 1 below and the other was a concrete filled hollow
square section shown in Figure 2. Yield strengths of the two columns were 275MPa and
255MPa, respectively. Both columns were testes with end eccentricity of 75mm at each end.
The measured cylinder strength for the two columns was 29.3MPa and 30.0MPa,
respectively. The strength of reinforcement bars used in Column 1 was 475MPa.
The 8m long columns were tested in a horizontal position. This necessitates setting up
a suspension rig to counter the self weight of the column. Figure 3 illustrates the self weight
10

50

15.4

9.9

50

Concrete
300

Concrete

307.9

Concrete

8 Thickness all round

15.4

50

rig assembled for this purpose. This approach had been successfully adopted for several
series of earlier tests carried out by the author. The applied load is reacted off supports
anchored to the strong floor. A bridge bearing at one end and a ball and socket support, built
into a load cell together ensure low friction pinned supports at the ends. The supporting
system results in self-weight strains of the order of 10 micro-strain, which is considered not
to have any significant influence on the failure load.

50

305.3

300

Figure 1: H section partially encased in
concrete

Figure 2: Square hollow section filled with
concrete
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Figure 3: Rig for counter balancing the self weight of the test column
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4. Instrumentation
A Dartec M1000 servo-hydraulic actuator, with a capacity of 250kN and a Dartec
M9500 controller were used to counterbalance the weight of the column and all the
supporting links. The longitudinal load was applied by a 5000kN double acting actuator and
was measured by a load cell of comparable capacity and which was connected to a data
acquisition system.
The partially encased H-section was strain gauged at mid-span and the two quarterspan points. The strain measurements were aimed at determination of the strain distribution
within the column cross-sections. Deflections were measured using digital dial gauges,
arranged along the length of the column. They were intended to be spread out evenly as far
as possible, but the exact positions were determined by the location of self-weight supporting
links. For safety reasons, the dial gauges were read using a theodolite

5. Test Procedure and Observations
At the start of the each test, the vertical load carrying actuator was used to determine
the weight of the column and all the supporting links. This was achieved by noting down the
force required to just lift the column clear of its bearings. The self-weight balancing actuator
was switched to control mode and the data acquisition systems turned on. Initially, a
nominal longitudinal force of 50kN was applied in order to test the instruments and
alignment. The load was then increased in steps of 100kN but the step size was gradually
reduced as the test progressed. The HEA encased column was loaded to failure. In the case
of concrete filled tubular column, no evidence of failure was observed, but the test was
stopped when the column ceased to support additional load.
The H-Section column showed visual cracks at a load of 1200kN, at a point off-centre
located at about 40% along the length. After a load of 3490kN, further attempts at increasing
the load did not succeed as the column was clearly becoming unstable. The column failed
after a couple of further attempts to increase the load. In spite of the display of sufficient
ductility, eventual failure was accompanied by a sudden crushing of concrete. Figure 4
shows the column after failure. The concrete filled tubular column did not fail visibly, but
any attempt to increase the load beyond 2442kN simply showed increasing deflections. This
was accepted as the failure load.

Figure 4: H-section encased column at failure
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7. Numerical Simulation
A previously developed computer program COMPCOLS [3], capable of analysing
isolated non-sway composite columns at ambient temperatures, has been used to simulate the
behaviour of columns tested under ambient conditions. The sway columns had a nominal
height of 4 m, fixed at base and free to sway at the top. The behaviour of these columns is
conceptually identical to the behaviour of simply supported columns with a length of exactly
twice the height of sway columns.
For ambient conditions, the steel stress strain curve adopted is bi-linear, elastic-plastic
curve, with an elastic modulus of 200N/mm2. For concrete a parabolic-rectangular stressblock is adopted with strain at peak stress of 0.002000 and a crushing strain of 0.003500.
The peak stress is taken as the cylinder strength obtained in tests.
For the concrete encased HEA section, the calculated failure load (2801kN) was
lower than that obtained in the test (3490kN). However, the deflection obtained at the time
of failure in both cases was around 40mm.
For the concrete filled tubular section, the calculated failure load (2021kN) was lower
than the test load (2442kN). In this case, the calculated deflections were somewhat larger
than the measured ones. The difference in performance in both cases is attributable to higher
steel strength than assumed in the analysis. No residual length of the tested steel column was
available to ascertain the actual steel strength. In any case, the computed failure loads are
certainly safe, without an unduly large margin. It may be added that comparable Finite
Element analysis using ANSYS showed similar trends [4].

8. Fire performance
The results described here are much condensed versions from the full report on the
project [4]. The ambient and fire tests on frames with semi-rigid connection were used to
confirm the theoretical design of the joints and frames and provided data for the validation of
the established numerical models.
As expected, the reinforcement bars bent around the columns governed the load
response of both the joints and the frames. In addition, the large measured rotations of the
tested joints confirmed the effectiveness of simple constructional means to increase the
rotational capacity. Furthermore, the fire tests on the joints proved that the fire rating R60
could be achieved even for high utilisation. A significant finding was that, although for
ambient temperature design the buckling curve for filled tubes is Curve a, for fire limit state
Curve c would be safer to adopt. Figure 5 shows the comparison between numerical results
and Curve c adopted in the simplified design method [4].
Although the development focused on concrete-filled double skin steel tubular
columns (CFDST), the proposed design method can be extended to other types of crosssections. The key step in the design method is to calculate the reduced stiffness of the crosssection according to the temperatures at the fire rating period, such as R60. Subsequently, the
design follows the procedure currently given in Eurocode 4, Part 1.2. It has to be accepted
that the procedure requires a thermal analysis of the cross-section at the specified fire rating.
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Figure 5: Comparison between numerical results and the simplified design method for R60 [4]

9. Summary and Conclusion
Results of this project significantly increased the understanding of fire-exposed
unbraced composite frames. The project demonstrated that unbraced composite frames offer
a viable alternative to traditional braced frames up to 3 storeys in height. The key step is to
reduce the flexural stiffness of the members. The paper describes, in the main, ambient
temperature tests on two composite columns conducted by the author as part of the overall
project. Satisfactory comparison was obtained between tests and numerical calculations.
The low errors were on the safe side.
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