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Abstract. Fire is often the dominant design criterion for aluminium Structures. Present design rules 
neglect both the decrease in susceptibility to local buckling and the effects of creep that are intrinsic to 
aluminium and may therefore either under or over predict the temperature of failure depending on the 
load and exposure period. As part of a larger research program aimed at remedying this situation, the 
present paper reports the results of an experimental study on 28 aluminium SHS members with  varied 
cross-sections, temperature(-gradient)s and heating rates loaded in bending. The experimental setup is 
novel itself and employs an electric heating tube or “sock” on the inside of the specimen as well as 
heated supports and load application point, delivering a high degree of control of temperature in time 
and a consistent temperature in space. 

1 INTRODUCTION 

Fire is often the dominant design criterion for lightweight aluminium structures such as helicopter 
platforms and atria. In aluminium constructions, direct contact to the flames is generally prevented by 
designing structures to be far from potential sources of heat, insulation or active cooling measures. 
Relatively modest temperature rises still require  careful design using accurate design rules as over half 
the strength of aluminium is lost in the temperature range of approximately 175-300°C. Present design 
rules are inspired by steel standards and neglect aluminium's decrease in susceptibility to local buckling 
that is intrinsic to it as a consequence of  its stiffness declining much more slowly with temperature than 
its strength [1]. This positive effect is counteracted by the action of creep, which is the continued straining 
of a material under a load that remains constant. The rate of creep is a function of both temperature and 
load. Experiments presented in the present paper indicate a significant reduction in carrying capacity of 
especially ductile sections subjected to bending at a temperature of approximately 300°C. 

The aim of the paper is to provide experimental data that investigates the effect of elevated 
temperatures on the local buckling behaviour of beams subjected to bending with a varying moment in 
the length direction. Columns were already considered in an earlier study[2],   

 Two different  types of experiments were performed on a total of  28 aluminium AA6060-T66 
beams: For the first type, termed the steady state test, the specimen is heated to, and then kept at, a 
predetermined temperature. Then the beam is subjected to an increasing deformation at the centre of the 
3-point bending setup and the resulting force and rotations are measured. This type of test might be less 
well suited for aluminium structures as it does not reproduce well the effects of creep in a real fire. The 
second type of experiment, The transient state test, seeks to remedy this by first applying a load between 
45-75% of the room temperature strength F0.2, and then increasing the temperature at a rate corresponding 
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to either a 30 or 120 minute fire, at 10°C/min and 2.5°C/min, respectively. This mimics the action of a 
real fire on an insulated aluminium structure where a static load in the same range is always present and 
the structure is slowly heating up. 

 

2 DESCRIPTION OF THE SETUP 

The profiles were heated from within by means of a purpose made “heating sock” constructed from a 
ceramic welding blanket with 8 electric resistance heater strips attached to the sides and stuffed with 
ceramic insulation wool. A 2 cm layer of insulation was also applied to the outside of the specimens to 
increase the maximum temperature and reduce (spatial) temperature variation. 

Placing the heating system inside the specimen simplified the support and load application point in 
the setup. Moreover it facilitated sensor placement and improved temperature consistency. All 
experiments were performed on the 3-point bending setup as depicted in fig. 1a.  

 

 

(a) Total Experimental setup. 

 

(b)  Detail showing rotation sensor,(square on the left) 
heated roll support,  heating sock with electric leads and a 
protective casing for the laser displacement sensor 
measuring the support deflection (aluminium column with 
clamps) 

Figure 1 Experimental Setup. No insulation was applied to the outside for this room temperature 
experiment.   

 
The specimens were freely supported and a deflection or constant load was applied at centre span via 

a steel saddle. Both the saddle and the supports were electrically heated to the same profile as the 
specimen to minimize heat loss and temperature differences in the length and cross-section of the beam. 
Temperatures were measured at 32 locations by type T class a thermocouples. A computer PI-algorithm 
was used to continuously control the electric heater power directed to the individual sides of the 
specimen, the supports and the saddle. 

 The setup was designed to limit and/or dissipate heat flowing to the reaction frame to allow for  
accurate measurements.  The load application saddle at centre span was fitted with a 1 cm layer of 
calcium silicate plate insulation to further reduce temperature differences in the part of the beam with the 
maximum moment.  

Reaction forces to the roll-supports were also measured to verify symmetry. The heated support-rolls 
were attached to large steel profiles by 6 cm long stainless steel threaded rods These steel profiles acted as 
radiators, limiting temperature changes at the 2 load cells at either end (4 reaction load cells in total). The 



O. R. (Ronald) van der Meulen, Frans Soetens and Johan Maljaars 

 

steel profiles could be easily moved to change the length between the supports and thus the gradient of 
the moment. 

3 MATERIAL PROPERTIES 

An extensive study to the material properties of aluminium alloy AA6060-T66 was performed by[4] 
This includes data on the creep behaviour of the material. This data will be used to reproduce the 
experiments presented in the present paper in a future finite element analysis. In order to compare 
experiments performed at different temperatures, all results are normalized to their respective moment 
M0.2,θ ,force F0.2,θ and rotation φ0.2,θ  at the 0.2% proof stress f0.2,θ at the given temperature. These 
quantities were calculated from: 

𝑀0.2,𝜃 = 𝑊𝑒𝑙𝑓0.2,𝜃 
 

𝐹0.2,𝜃 = 4 𝑀0.2,𝜃/(𝐿 − 𝐷) 
 

𝜑0.2,𝜃 = 𝑓0.2,𝜃
𝐸0.2,𝜃

�𝐿+𝐷
𝐻−𝑡

� 
 
where 𝑊𝑒𝑙  is the elastic section modulus, 𝐿 is the length between the supports and 𝐷is the length of 

constant moment at the load application. (Equal to the length of the load application insulation plate) The 
Young's modulus of aluminium alloy AA6060-T66 at elevated temperatures was measured by [3] and for 
the specific beams used in the experiments by the author. All these measurements correspond well with 
the tabulated stiffness values of Eurocode [4], and these are used therefore. Measurements on the 0.2% 
proof stress 𝑓0.2,𝜃 were also performed on a Gleeble 3800 thermo mechanical simulator. Values found 
were higher that the lower bound values of [4]. The values are plotted in figure 2 together with fitted 
equations for each different thickness of aluminium as used in the experiments independently. Figure 3 
shows an example of the stress-strain curves obtained and clearly shows the effect of creep; well before 
the onset of necking the stress-strain curves is decreasing. Curve-fits represent LSE fits to the general 
shape of equation as proposed by Kandare[5], which was found to be in excellent agreement with 
available data: 

 
𝑓0.2,𝜃 =

𝑓0.2,𝜃=0

2 −
𝑓0.2,𝜃=0

2 tanh[𝐶1(𝜃 − 𝜃50%)] 
 
 
where 𝑓0.2,𝜃=0 is the fictitious value of the 0.2% proof stress at 0°C, introduced to have the Kandare 

equation pass through 𝑓0.2 at 20°C. Its value is defined by 
 
 

𝑓0.2,𝜃=0 = 𝑓0.2,𝜃
1 − tanh[𝐶1(20 − 𝜃50%)]

2  
 
 
 
The values 𝜃50%and 𝐶1are curve-fitting constants. 𝜃50%indicated the temperature where the 0.2% 

proof stress is reduced by 50% from its room temperature value. In Table 1, these parameters may be 
found. 
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Table 1 Curve-fitted parameters for Kandare equation for 0.2% proof stress as a function of temperature. 
R2 is the residual sum of squares. 

 𝑓0.2 𝑓0.2,𝜃=0 𝜃50% 𝐶1  
 (N/mm2) (N/mm2) (°C) (1/°C) R2 
      

van der Meulen 3 mm 256.0 262.4 239.7 8.4490·10-3 0.9947 
van der Meulen 4 mm 217.3 230.8 215.6 7.2640·10-3 0.9990 
van der Meulen 5 mm 222.5 224.4 255.0 1.0140·10-3 0.9930 
Maljaars 206.3 217.5 224.7 7.2500·10-3 0.9835 

      

 
Figure 2. 0.2% proof stress 𝑓0.2,𝜃 of steady state tests as a function of temperature along with fitted 
equations 
 

 
 

 
Figure 3. Example of stress-strain curves as obtained in tensile test at elevated 
temperature. Necking did not occur before a true strain of 0.15. The results of 

141A/B at 300°C are shown. 
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4 EXPERIMENTAL PROGARM 

In total 28 different aluminium square hollow sections were subjected to bending tests. Three 
different nominal thickness values were used with identical nominal outer dimensions. Per thickness, all 
sections are originating from the same manufacturing batch. Both material and geometric properties are 
consistent therefore. Geometric properties were measured and are defined in figure 4, The values for the 
different variables are given in tables 2 and 3, for constant temperature and constant load experiments, 
respectively. 
 

 

(a)Cross-section 

 

(b) Lenght of the beam (not to scale) 

Figure 4. Cross-sectional properties definition 
 
 

Table 2. Constant temperature test properties. Double temperatures indicate an applied linear gradient 
over the height of the beam, the highest temperature is at the tensile flange.  

 M0.2 φ0.2 t1 t2 t3 t4 H B D L Temperature 
Name kN rad·102 mm mm mm mm mm mm mm m °C 
135A 9.60 8.11 2.90 3.04 2.99 2.90 99.94 99.93 151.0 2.0 20 
131B 9.75 8.12 3.05 3.00 3.00 2.89 99.91 99.96 150.0 2.0 20 
134A 4.49 4.87 2.90 3.03 3.01 2.89 99.92 99.94 152.0 2.0 250 
133A 2.60 3.24 2.90 3.00 2.98 2.91 99.85 99.86 149.0 2.0 300 
134B 5.38 5.58 2.91 3.06 2.98 2.89 99.94 99.95 150.0 2.0 229-250 
135B 3.98 4.46 2.90 3.04 2.98 2.89 99.92 99.94 150.0 2.0 262-300 
144B 10.31 6.97 3.95 3.93 4.10 4.12 99.94 99.90 145.0 2.0 20 
141B 4.14 3.57 4.08 4.12 3.96 3.90 99.99 99.91 146.0 2.0 250 
145A 4.14 3.57 4.12 3.96 3.90 4.09 99.99 99.91 146.0 1.0 250 
141A 2.49 2.46 4.08 4.12 3.96 3.90 99.99 99.91 146.0 2.0 300 
145B 4.91 4.09 4.12 3.98 3.92 4.25 99.90 99.96 150.0 2.0 229-250 
143A 3.30 3.05 4.11 3.95 3.90 4.09 99.90 99.95 150.5 2.0 273-300 
151B 12.13 7.19 4.81 4.75 4.82 4.88 100.03 100.01 151.5 2.0 20 
154B 6.49 4.95 4.74 4.83 4.86 4.79 100.01 100.02 157.5 2.0 250 
154A 6.48 2.64 4.74 4.82 4.85 4.79 100.00 100.03 150.0 1.0 250 
151A 4.29 3.74 4.79 4.75 4.83 4.86 100.03 100.01 152.0 2.0 300 
153A 7.33 5.37 4.73 4.82 4.86 4.79 100.01 100.03 151.0 2.0 231-300 
152A 6.21 4.8 4.82 4.85 4.80 4.73 99.99 99.95 152.0 2.0 256-300 

B

H

t1

t2
t3

t4

F/U

D
L

2.3 m
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Table 3. Constant load, increasing temperature geometric properties 
 F0.2 φ0.2 t1 t2 t3 t4 H B D L F/F0.2 Rate 

Name kN rad·102 mm mm mm mm mm mm mm m - °C/min 
132A 17.9 8.11 2.90 3.01 3.00 2.90 99.92 99.92 148.0 2 0.458 10 
131A 17.8 8.11 2.91 3.04 2.98 2.89 99.92 99.93 149.5 2 0.628 10 
132B 17.8 8.11 2.90 3.01 2.99 2.89 99.92 99.90 148.0 2 0.459 2.5 
142A 19.2 6.98 3.96 3.92 4.08 4.09 99.94 99.90 149.0 2 0.531 10 
143B 19.1 6.98 4.11 3.95 3.90 4.09 99.90 99.95 150.0 2 0.739 10 
142B 19.2 6.98 3.96 3.92 4.08 4.09 99.94 99.90 149.0 2 0.538 2.5 
144A 35.9 3.73 3.96 3.91 4.10 4.12 99.95 99.90 150.0 1 0.558 10 
152B 22.6 7.18 4.83 4.86 4.79 4.72 100.00 99.96 147.0 2 0.588 10 
153B 22.6 7.19 4.74 4.82 4.86 4.80 100.00 100.03 150.0 2 0.782 10 
155A 22.5 7.19 4.79 4.73 4.83 4.86 100.02 99.99 150.0 2 0.565 2.5 

 
 

5 EXPERIMENTAL RESULTS 

5.1 Temperature distribution 
The setup was able to control the temperature of the beam very accurately and according to a constant 

or increasing temperature profile. This is illustrated in figure 5a. An example temperature distribution 
along the length of the beam is given in figure 5b. It may be observed that towards the ends of the beam 
the temperature is lower, but the centre section, where buckling occurs,  it is at a constant temperature. 
Error markers reflect the maximum combined error of the measurement system and thermocouples and 
the variation in time during the time that the force in the beam is above 90% of the ultimate force as 
measured. (And the temperature is held constant.) 

 

 

(a) Temperature profile, 4 indistinguishable lines depict 
the temperature of the 4 sides of the specimen at centre 

span. 1 (dashed) line indicates the desired and 
programmed profile. 

 

  

(b)  Temperature distribution along the length of the 
beam. The temperature of the beam is controlled by the 
temperature at centre span  

Figure 5 Temperature distribution as measured. 
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5.2 load/Temperature - rotation plots 

5.2.1 Steady state tests 
 

In this section a summary of the data obtained in the experiments is offered. In figure 6 on the left hand 
side. The normalized moment is shown as a function of the normalized rotation. The normalization was 
performed using the values quoted in table 2 and 3. For both the 3 and 4 mm  sections, the constant 
temperature experiments show that the normalized moment is increased from its room temperature value 
to a higher value at 250°C. It is noted that the absolute strength and moment decreases with temperature, 
but less than 0.2% proof stress. This is in line with the expected increase in stability against local 
buckling. For the 5 mm thick specimens, such an increase is not observed and a considerable decrease is 
observed instead. This might be caused by the fact that an increase in stability does not lead to a higher 
normalized maximum moment for this relatively stocky cross section (The 3, 4 and 5 mm beams are of 
cross-sectional class 4, 3 and 2, respectively). A decrease in maximum strength due to creep is possible, 
lowering the maximum normalized moment instead. Further research is required however. 

5.2.2 Transient state tests 
On the right hand side of figure 6, the normalized rotation as a function of the steadily increased 
temperature is shown. These figures show expected results, and serve as a calibration and verification of 
the finite element simulations to be performed. The graphs show that for higher loads the temperature 
where runaway failure occurs is lower. Also lowering the heating rate leads to an increase in creep and a 
lowering of the failure temperature. This is because the specimen is subjected to high temperatures for a 
longer time.  
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Figure 6. Summarized test data from experiments performed. 𝑎𝑝𝑙 = 𝑊𝑝𝑙/𝑊𝑒𝑙  
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6 CONCLUSIONS 

An experimental study was presented to the strength and stability of aluminium beams subjected to 
three point bending at elevated and ambient temperatures. An in-depth analysis of the results and finite 
element simulations using advanced creep models remain to be performed, but from the experimental 
evidence obtained it seems clear that a lower reduction for local buckling is required for slender sections 
at temperatures up to approximately 250°C, as they become less susceptible to local buckling because 
their 0.2% proof stress is reduced more rapidly with temperature that their stiffness. This may be 
exploited in more accurate design rules. For stocky sections this may not be the case. For higher 
temperatures an unexpectedly large decrease in normalized strength is encountered. This is attributed to 
creep and warrants a closer investigation as it may prove to be unconservative as compared to present 
design rules. 
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