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Design models are required to assess the behaviour in fire of aluminium structures. These

models need to be validated by comparison with test. Up to now tests results are only

available for (small scale) individual aluminium components. This paper provides the results

of tests carried out on aluminium frames. A finite element model in combination with a

sophisticated constitutive model are used to simulate the tests. The results of the simulations

agree with that of the tests at room and elevated temperatures.
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1 Introduction

One of the 'stoppers' for the application of aluminium as structural material for buildings is

its sensitivity to fire exposure. Off-shore and marine applications have shown that
aluminium alloys can be used for structures with fire risks. However in these cases thick
layers of thermal protection material are often required.

Traditionally the fire risk is considered in the design by determining the structural
behaviour of individual components - beams, columns, floors - exposed to a standard

temperature-time curve. This is a rough approximation of the real behaviour in fire:
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e On the one hand the standard temperature-time curve does not consider the main
influencing fire parameters for the fire temperature - such as the characteristics and
amount of combustible material and the sizes of windows.

¢ On the other hand the individual component assessment does not account for
changing distribution of forces in a fire exposed structure due to thermal expansion
and weakening of heavily exposed parts.

The natural fire safety concept is a method that provides a more realistic approximation of

the fire temperature because it considers the main influencing fire parameters [1], [2]. This

concept is incorporated in the design standard EN 1991-1-2 [3]. The more realistic fire
temperature approximation should be combined with a more realistic assessment of the
structure. This means that the structure should be assessed as a whole or that parts of the
structure should be assessed. In the latter case the parts should be selected such that they
have negligible interaction with the rest of the structure. This method is known as fire

safety engineering (Fig. 1). The possibilities of structural aluminium can be enhanced in a

number of applications when applying fire safety engineering [4]. Examples are buildings

with a low fire load and large openings such as halls for train stations. EN 1999-1-2 [5]

allows to apply the fire safety engineering concept - provided that the assessment is based

on proper models that are validated by relevant tests.

Recently a constitutive model is developed for aluminium alloys exposed to fire conditions

[6]. This model is based on the results of uniaxial tensile tests. The model is implemented

in the finite element software DIANA vs. 9.2 [7]. However this model still needs to be
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Figure 1. Concepts in a fire design

304



validated for usage in simulations of structural behaviour. A limited number of test series
suited for validation purposes have been found in literature. These test series all comprise
individual components such as small scale models of columns [8] and limited numbers of
tests on real-scale columns [9], [10] and shear panels [11]. The model is partly validated
using these tests [12], [13]. Tests on complete structures or separated parts of structures
have not been found in literature. However they are essential for validation of models
regarding the influence of thermal expansion and weakening on the resistance of the
structure.

For this purpose, tests on aluminium frames are carried out in order to obtain useful
validation data. These tests are used to validate finite element models that make use of the

constitutive model. This paper describes the results of the tests and the validation.

Lay-out of the frames considered

The original plan was to test frames that consist of two aisles (Fig. 2a). However tests at

elevated temperatures are expensive - especially when they are large and complicated. For
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Figure 2. Schematic lay-out of the frames (dimensions in mm)
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this reason the frames that were finally tested were a simplified representation of the aisles
(Fig. 2b). Thermal expansion of the column results in additional bending moments in the
beams and the connections between beams and columns. Additionally failure of the frames
occurs only after the development of two plastic hinges in the beams - one below the load
and one at the connection (Sections 3 and 4 of this paper). Thus the selected frame includes
the desired interaction of members and thermal expansion influence.

The selected sections for the column and for the beams are an extruded I-shaped section
and an extruded square hollow section respectively (Fig. 3a) - dimensions are measured
values. Both sections are composed of alloy 6060-T66. End plates are used for the joint
between the column and the beams (Fig. 3b). The end plate is made of alloy 5083-O/H111.

Steel bolts grade 8.8 were used in the joints.
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Figure 3. Details of the frame (dimensions in mm)
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stress [N/mm 2]

3  Testing
3.1 Tests at room temperature
Two tests were carried out at room temperature in the laboratory of the Centre of
Mechanical Structures at TNO, The Netherlands. These tests were carried out upside down
(Fig. 4). Hinges and rolls were created using bearings. A stiff steel plate 100 mm x 100 mm
x 20 mm was used between the actuator and the specimen as load introduction. The
material properties are taken from earlier tests - on the same alloys but on different
1
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V' vertical hinge
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Figure 4. Test set-up at room temperature
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Figure 5. Constitutive properties at room temperature
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batches. Data are provided in Figure 5. Figure 6 presents the failure mode of the test at
room temperature. In both tests local buckling of the beam at the load introduction was
first observed followed by large deformations of the end plate and finally rupture of the
heat affected zone. In Figure 7 the force F (at one actuator) is presented as a function of the
vertical deflection of the beam at the point of load application. The failure load of the first

test was 26.8 kN. For the second test this was 28.5 kN.

3.2 Tests at elevated temperature

Three tests at elevated temperature were carried out in normal position - i.e. not upside

down. The tests were conducted at the laboratory of Efectis, the Netherlands. Insulation

blocks of foam concrete were applied on top of the beams. The blocks are attached to the

beams by brackets (Fig. 8). These brackets are not tight so that they do not contribute to

Figure 6. Failure mode of one of the tests at room temperature
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Figure 7. Force deflection diagram of the tests at room temperature

the stiffness of the beams. The insulation blocks form a flexible part of the roof of the
furnace. Deformations were measured at the load application points. In total 30

thermocouples were applied on each specimen in order to determine the temperature

Figure 8. Insulation on top of the specimens for the tests at elevated temperature
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distribution along the span and the height of the members. The tests were carried out with
a more or less constant load in time and with an increasing temperature in time until the
moment of collapse. The collapse temperature was almost equal for all tests. As the loads
and deformations were measured more accurately in the 3 test, the graphs in this paper
refer to this 314 test.

The loads applied were kept at approximately F = 12.5 kN (equal to 45 % of the ultimate
resistance of at room temperature). Near the end of the test - when large deformations
occurred - it was no longer possible to keep the loads constant. The loads in the 3rd test are

presented in Figure 9.

400 1

NEANN
|

—11
12

0 5 10 15 20 25 30 35 —13
time [min] 14

[el3 140 |

PO0G—

X

PO e———
pee=

Do E

ICOND
Q&
o dy

14 -

12 - N
lel” Z10 \’\

Force [kN

oON O ©
ul
N

E 0 5 10 15 20 25 30 35
Time [min]

Figure 9. Load and temperature in the 3 test at elevated temperature
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Aluminium members usually need to be protected in order to satisfy the required fire
resistance. Only in case of non-severe design fires - e.g. for buildings with a low fire
density - the temperature is so low that protection may possibly not be required. In the
tests insulation was not applied in order to be able to observe the deformations of the
members. Instead the gas temperature was controlled such that it represents the heat flux
of an insulated aluminium frame. The heating rate applied was approximately 10 °C/min.
Figure 9 presents the temperatures of some important points of the 3rd test. The column
foot remains coldest and the column at midspan has the highest temperature. The beams
have a temperature in between where the temperature is slightly higher at the bottom
flange compared to the top flange.

The material properties are based on a constitutive model that explicitly accounts for creep
effects. This model is described in [6]. The parameters of the model are based on earlier
tests — on the same alloys but on different batches. Stress strain curves are derived from
this model for a constant stress and for a constant heating rate during 30 minutes of fire
exposure. These curves are presented in Figure 10. At high-enough temperatures the
difference in constitutive properties between the parent metal and the heat affected zone
disappears. Therefore the curves at temperatures higher than 250 °C in Figure 10 are
considered as representative also for the heat affected zone. Values for the 0.2 % proof
stress and the modulus of elasticity are provided in [4].

During the tests the deformation increased exponentially. After 32 minutes the run-away-
temperature was reached in the 3rd test which is considered as failure of the frame (Fig. 11).

Figure 12 presents the deformations after the test. The deformation shape is
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Figure 10. Constitutive properties at elevated temperature
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approximately equal to that at room temperature, however the deformations of one beam
are considerably larger than that of the other beam (discussed hereafter). The maximum
beam temperature at failure was 300-310 °C. All three tests had the same deformation

shape and failure temperature.

3.3 Discussion of the tests results
The failure mode of all tests at room and at elevated temperature consisted of local
buckling of the beams at load introduction and plastic deformations in the connections

followed by rupture of the heat affected zone. The load-displacement and temperature-
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Figure 11. Deformation at load point F1 in the 3 test at elevated temperature

Figure 12. Deformed specimen after the 3 test at elevated temperature
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Figure 12. Continued

displacement diagrams of the repeated tests were similar. Based on this it is concluded that
the tests are reproducible with reasonable accuracy. Small differences in the ultimate
resistance at room temperature are attributed to small differences in geometry such as
initial imperfections.

Both tests at room temperature showed a sharp peak in the load-deformation diagram
occurring at relatively small plastic deformation. This is typical for failure by local
buckling. Small plastic deformations were visible in the joint between beam and column at
maximum loading. When these small plastic deformations are compared to tests carried
out on T-stubs, [14], it appears that the maximum resistance of the connections is not yet
reached at maximum loading of the frame. Based on the deformations it is concluded that
failure occurred due to local buckling of the beam at load introduction and that the

ultimate resistance was influenced by the non-linear rotation stiffness of the connection.
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In the tests at elevated temperature, the temperature at midspan of the column was
considerably higher than the temperature of the beams. Figure 10 indicates that the
material properties are highly sensitive to temperature. Yet failure of the structure is
clearly caused by failure of one of the beams. Hand calculations confirm that the resistance
of the column is larger than that of the beams. The fact that only one of the two beams of
each frame failed at elevated temperature (Fig. 12) while both beams failed at room
temperature (Fig. 6), is attributed to the small differences in temperature between the
beams in the tests at elevated temperature. The temperature of the beam that failed was
approximately 10 °C higher than that of the other beam. This results in lower values for the
material strength and stiffness for the beam that failed. Thermal expansion of the column
introduces a compression force in the column and additional bending moments in the

joints.

Finite element simulations

4.1  Finite element model

Since the column was not subjected to flexural buckling and since the loads and geometry
are symmetrical about the column axis only one half of the structure is modelled in the
finite element program DIANA 9.2. The model is shown in Figure 13. It consists of 8-
noded, curved shell elements CQ40S with 7 integration points through thickness and with
mesh refinements in the load introduction area and joint area. Interface elements CQ48I are
applied at the joint between the end plate and the column wall. These interface elements
have a negligible stiffness for tension (E/10000) and a very high stiffness for compression
(Ex10000) in order to simulate that the end plate can be pulled of the column but cannot
penetrate the column. The bolts are not modelled. Instead the nodes in the column flange
at the position of the bolts are tied with the corresponding nodes in the end plates.

Special attention was paid to the modelling of the load introduction (Fig. 14). While the
corners of the beam section in reality are rounded the model uses straight corners. The
contact plane is between the edges of the rounded off corners. Load introduction is
modelled by reducing the load introduction plate in the model to such an extent that the
contact plane area is equal as well as the distance between the section webs and the edge of
the contact plane. Again interface elements are applied between the load introduction plate
and the beam upper flange with negligible stiffness for tension and very high stiffness for

compression.
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4.2 Simulation of tests at room temperature

The constitutive properties according to Figure 5 are implemented in the model and the
dimensions are modelled as measured. The load-displacement diagram resulting from the
simulation is compared with that of the tests in Figure 15a. The simulated behaviour is
similar to the test results. The ultimate load in the simulations is slightly lower. This is
attributed to friction between the steel plate and the beam at the load introduction - which
is not modelled - and to differences in material properties between different batches of the
same alloys. The difference in ultimate resistance between the simulations and the tests is
7% for the first test and 11% for the second test. This is considered as accurately enough for
the purpose of this research in which the focus is on elevated temperatures. The

deformation pattern of the simulation (Fig. 15b) agrees well with that in the tests (Fig. 6).
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Figure 13. Finite element model

Test

Model

Figure 14. Load introduction in the finite element model
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Figure 15. Results of the simulation at room temperature

4.3  Simulation of tests at elevated temperature

The constitutive properties according to Figure 10 are implemented in the model and the
dimensions are modelled as measured. Measured heating rates including thermal
gradients are also modelled (Fig. 16b). Figure 16a shows the deformation as a function of
time for the test and the simulation. The simulated deformation pattern is similar to that at
room temperature (Fig. 15b).

Comparing the two graphs in Figure 16a, it appears that the failure time is predicted
accurately. The deformations during the first stage of testing - before the occurrence of the
run away temperature - do not agree. However this is attributed to the fact that the
displacement sensor was heated during the test. This causes the measured displacement to

be inaccurate.

Conclusions

o  Fire Safety Engineering (FSE) provides a more accurate approximation of the real
behaviour in fire as compared to a traditional fire design. Due to the sensitivity of
aluminium for fire conditions, a realistic - not too conservative - approximation of the
real behaviour is often required in order to be a realistic alternative as structural
material. For this reason FSE is an excellent method to evaluate the fire resistance of

aluminium structures.
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A test programme consisting of frames at room temperature and at fire conditions has
been conducted. The resistance of the selected frames at elevated temperature
depends on the interaction between failure mechanisms and on the influence of
thermal expansion. This has resulted in valuable data for verification of structural
models to be used in fire safety engineering. Such verification is essential for a sound
fire safety engineering approach.

A finite element model was created of the tested frames. The model is able to predict
the ultimate resistance at room temperature with reasonable accuracy (difference 7-11
%). The small difference can be well explained by simplifications applied in the
model. For simulations at elevated temperature a previously developed constitutive
model is used. The finite element model is well able to predict the run-away
temperature of the tests at fire conditions (difference 3%). Thus the combination of the
constitutive model and the finite element model results in a powerful tool to be used

in fire safety engineering of aluminium structures.
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