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                    For this analysis, the boundary conditions of the restrained beam 
 are kept the same as in the validation test, while the material 
 cur-ves for mild steel and HSS are used as parameters. For the HSS 
 beam, two load cases are considered: Case 1 in which same load 
 as for the mild steel beam is applied to the HSS beam, and Case 
 2 in which the HSS beam has the same applied load ratio as mild 
 steel beam.


In Case 1, because of its higher strength capacity, the HSS beam 
 has a lower load ratio when similar value of load is applied to the 


VALIDATION RESULTS 


Validation of FE thermal analysis 


The average values of temperature for the furnace, bottom flange, web and the top flange with respect 
 to time are shown in Figure 6. The temperatures in the test are taken using thermocouples placed about 
 the cross-section of the beam, and along the span length at three different locations. The average values 
 of temperature in the FE simulation are taken from the nodes as depicted in Figure 3. As can be seen in 
 the figure, the temperature of the unprotected web and the flange obtained from FE analysis have similar 
 values as the test up to 40 minutes, after which the FE results are about 40°C higher than the test results. 


The FE temperature values of the top flange are about 40°C higher at 30 minutes mark, and later at 70 
 minutes mark they are 40°C lower. The overall temperature values obtained from FE analysis agree well 
 with the test values, and therefore, this method of transient thermal analysis is adopted for parametric 
 studies.  


Figure 6 Comparison of the temperature development in the test with FE simulation results 


Validation of FE stress analysis 


For the validation of the FE stress analysis model, the average temperature values of the steel profile for 
 the flanges and the web are directly taken from the test so that the mechanical response can be compared 
 with higher degree of certainty. The vertical deflection of the mid-span of the beam is measured from the 
 top flange of the beam and the axial force is taken from the reference point located at the hinge support. 


As can be seen in Figures 7 and 8, the FE model has similar deformation mode as the beam in the test. 


The buckling of the lower flange near the supports is also captured very well by the non-linear FE model. 


The vertical displacement of the mid-span of the beam is compared with the test values in Figure 9. The 
 displacement values have good agreement with each other. Similarly, in Figure 10 the axial force values 
 from  FE  analysis  are  compared  with  the  values  provided  in  the  test.  These  values  also  have  a  good 
 agreement  with  each  other.  Considering  the  above  results,  the  current  FE  stress  analysis  method  is 
 therefore adopted for parametric analysis. 


Figure 6. Comparison of the temperature development in the test 
 with FE simulation results.



PARAMETRIC STUDY 



Effect of high strength steel 


For this analysis, the boundary conditions of the restrained beam are kept the same as in the validation 
 test, while the material curves for mild steel and HSS are used as parameters. For the HSS beam, two load 
 cases are considered: Case 1 in which same load as for the mild steel beam is applied to the HSS beam, 
 and Case 2 in which the HSS beam has the same applied load ratio as mild steel beam. 


In Case 1, because of its higher strength capacity, the HSS beam has a lower load ratio when similar value 
 of load is applied to the two beam types. As can be seen in Figure 11, both the beams have the same level 
 of mid-span deflection at room temperature when the load values are similar. At 8 minutes when the steel 
 temperature is high, the deflection curves of the two beams start to deviate from each other. The mild 
 steel experiences higher deflection as yielding starts earlier due to the higher load ratio.  


For Case 2, the load value for the HSS beam is increased so that the load ratio becomes equal to the mild 
 steel beam. Since both the beams have the same stiffness values, the deflection of HSS beam at room 
 temperature is twice as that of mild steel beam (Figure 11). With the rise of steel temperature with respect 
 to time, the HSS beam experiences greater deflections.  Both  the beams deflect with a similar trend 
 because they follow similar deformation mechanism. 


Figure 7 Stress contours on the deformed beam after FE 
 stress analysis 


Figure 8 Global deflection of the beam after the test in [] 


Figure 9 Comparison of the mid-span deflection in the test 


with FE stress analysis  Figure 10 Comparison of the axial force at hinge support 
 in the test with FE stress analysis 


Figure 7. Stress contours on the deformed beam after FE stress 
 analysis.


Figure 8. Global deflection of the beam after the test in [].


Figure 9. Comparison of the mid-span deflection in the test 
 with FE stress analysis.


Figure 10. Comparison of the axial force at hinge support in the 
test with FE stress analysis.
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two beam types. As can be seen in Figure 11, both the beams have 
 the same level of mid-span deflection at room temperature when 
 the load values are similar. At 8 minutes when the steel 
 tempera-ture is high, the deflection curves of the two beams start to deviate 
 from each other. The mild steel experiences higher deflection as 
 yielding starts earlier due to the higher load ratio. 


For Case 2, the load value for the HSS beam is increased so that 
 the load ratio becomes equal to the mild steel beam. Since both the 
 beams have the same stiffness values, the deflection of HSS beam 
 at room temperature is twice as that of mild steel beam (Figure 11). 


With the rise of steel temperature with respect to time, the HSS 
 beam experiences greater deflections. Both the beams deflect with 
 a similar trend because they follow similar deformation mechanism.


In Figure 12, the trend of axial force for all the beams is similar 
 but with different magnitudes. For all the beams, as thermal 
 ex-pansion takes place with the rise of temperature, the axial 
 com-pression forces reach the maximum values leading to yielding of 
 the material accompanied by local buckling in the lower flange. 


Because of the higher yield strength of the HSS beams, they can 
 carry higher loads and thus, experience higher axial 
 compressi-on. Due to plastification or instability after the buckling stage, the 
 beams experience axial tension due to the effect of the 
 end-rest-raints. The magnitude of axial tension force in the beams is 
 di-rectly related to both mid-span deflection induced by the loads 
 and material degradation at elevated temperatures. Therefore, the 
 HSS beam having the same applied load as that of the mild steel 
 beam experiences comparatively lower axial tension force. The 
 HSS beam having the same load ratio as mild steel beam 
 experi-ences higher axial force because of early loss of stability. 


The deflection and axial force comparison shows that with 
 higher strength reserve, the HSS beam offers longer fire 
 resistan-ce time because of the delayed structural failure. When using high 
 load ratio and lower strength reserve as a result, the HSS beam has 
 a shorter fire resistance time because of stability failure. Higher 
 in-duced tension forces due to higher loads can affect the behaviour 
 of adjacent columns or connections.


Effect of various fire scenarios
 Fire scenarios studied


The mechanical response of steel beams exposed to different fire 
 scenarios is studied in this section. Both fast-developed and 
 slow-developed parametric fire curves defined according to EN 
 1991-1-2 [11] are used in FE thermal analysis. The different fire 
 cur-ves are shown in Figure 13 and 14, the fire curcur-ves are selected so 
 that the maximum temperatures are similar to the validation test. 


These selected fire curves can ensure that the beam will not fail 
 before the start of the cooling stage, therefore, the beam response 
 in the cooling stage can be studied as well. The standard fire 
 cur-ve is also included in the graphs in order to hacur-ve a common 
 refe-rence for comparison among the curves.


For the two fire cases the temperature of the flanges and the web 
 is taken as the average at the three nodal points as shown in 
 Figu-re 3. It can be seen from FiguFigu-res 13 and 14 that the bottom 
 flan-ge has similar temperature development as the web. Since the top 
 flange is protected by ceramic fibre the maximum temperatures 
 are reached later than the bottom flange due to slower heating and 
 cooling. These temperature differences can affect the mechanical 
 response of the beam.


Effect of the fire scenarios on the restrained beams


The yield strength of 271 N/mm2 for mild steel and of 700 N/mm2 
 for HSS are used for the stress-strain curves implemented in FE 
 si-mulations. Figures 15 to 18 shows the change in mid-span 
 deflec-tions and axial forces with respect to time for both mild steel and 
 HSS restrained beams exposed to the two parametric fires. For 
 comparison purposes, the FE simulation results of the validation 
 beam test are also presented in these figures. Due to similar 
 tem-perature trend, the mild steel beam exposed to fast fire follows the 
 trend of mid-span deflection and axial force similar to the beam of 
 validation test. The mild steel beam under fast fire has larger 
 def-lection and axial tension force because of the relatively higher peak 
 temperatures compared to slow fire. For the same reason, the mild 
 steel beam under slow fire has a mid-span deflection of around 50 
 mm at 35 minutes, which is much smaller than the beam exposed 
 to the fast fire. After 35 minutes, there is an accelerated mid-span 
 deflection observed for the mild steel beam under slow fire before 
 the start of cooling at 60 min. The maximum deflection reached is 
 even larger than that of the mild steel beam under fast fire. 
 Similar-ly, the HSS beam also experiences accelerated deformation after 55 
 minutes exposure to slow fire leading to runaway failure. The 
 ob-servations show that apart from the fire intensity, the fire duration 
 is also a key factor affecting the structural fire resistance. 


CONCLUSIONS


FE models for thermal and stress analysis are created to study the 
 response of restrained steel beam during heating and cooling 
 sta-ges of fires. Validation of the FE thermal model sugsta-gests that the 2D 
 domain for thermal analysis can be used to predict the 
 non-uni-form temperature distribution about the cross-section for the 
 stu-died test case with good accuracy. The FE model for stress analysis 
 is also shown to be suitable for the studied case and is able to 
 pre-dict the deformation behaviour along with local buckling. The load 
 bearing capacity of the restrained beams can be increased with the 
 use of HSS since it has higher strength reserve under low load ratios. 


When the load ratio is high, the HSS beam has comparatively lower 
 fire resistance time than equivalent mild steel beam because of 
 fai-lure due to instability owing to similar stiffness properties. The 
 ru-naway failure can be prevented if the cooling phase of the fire starts 
 before the restrained beam reaches its tension resistance limit. The 


In Figure 12, the trend of axial force for all the beams is similar but with different magnitudes. For all the 
 beams, as thermal expansion takes place with the rise of temperature, the axial compression forces reach 
 the maximum values leading to yielding of the material accompanied by local buckling in the lower flange. 


Because of the higher yield strength of the HSS beams, they can carry higher loads and thus, experience 
 higher axial compression. Due to plastification or instability after the buckling stage, the beams experience 
 axial tension due to the effect of the end-restraints. The magnitude of axial tension force in the beams is 
 directly related to both mid-span deflection induced by the loads and material degradation at elevated 
 temperatures. Therefore, the HSS beam having the same applied load as that of the mild steel beam 
 experiences comparatively lower axial tension force. The HSS beam having the same load ratio as mild 
 steel beam experiences higher axial force because of early loss of stability.  


The deflection and axial force comparison shows that with higher strength reserve, the HSS beam offers 
 longer fire resistance time because of the delayed structural failure. When using high load ratio and lower 
 strength reserve as a result, the HSS beam has a shorter fire resistance time because of stability failure. 


Higher  induced  tension  forces  due  to  higher  loads  can  affect  the  behaviour  of  adjacent  columns  or 
 connections. 


Effect of various fire scenarios 
 Fire scenarios studied 


The mechanical response of steel beams exposed to different fire scenarios is studied in this section. Both 
 fast-developed and slow-developed parametric fire curves defined according to EN 1991-1-2 [11] are used 
 in FE thermal analysis. The different fire curves are shown in Figure 13 and 14, the fire curves are selected 
 so that the maximum temperatures are similar to the validation test. These dselected fire curves can 
 ensure that the beam will not fail before the start of the cooling stage, therefore, the beam response in 
 the cooling stage can be studied as well. The standard fire curve is also included in the graphs in order to 
 have a common reference for comparison among the curves. 


For the two fire cases the temperature of the flanges and the web is taken as the average at the three 
 nodal points as shown in Figure 3. It can be seen from Figures 13 and 14 that the bottom flange has similar 
 temperature development as the web. Since the top flange is protected by ceramic fibre the maximum 


Figure 11 Comparison of the mid-span deflection of mild 


steel with HSS restrained beam  Figure 12 Comparison of the axial force at hinge support 
of mild steel with HSS restrained beam 
Figure 11. 
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higher value of tension forces developed in HSS beams compared 
 to mild steel beams can affect the behaviour of adjacent columns 
 and connections. The response of beams exposed to different fire 
 scenarios indicate that the steel beam under slow fires can resist 
 fai-lure for longer durations initially than the beams under fast fire. The 
 same beams however, can experience accelerated deformation later 
 because of the lower thermal gradient due to longer fire exposure 
 duration. The tension forces developed during the cooling phase of 
 a slow fire is also relatively lower. The models developed in this 
 pa-per can be further applied for pa-performance-based fire safety design.
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temperatures  are  reached  later  than  the  bottom  flange  due  to  slower  heating  and  cooling.  These 
 temperature differences can affect the mechanical response of the beam. 


Effect of the fire scenarios on the restrained beams 


The yield strength of 271 N/mm2 for mild steel and of 700 N/mm2 for HSS are used for the stress-strain 
 curves implemented in FE simulations. Figures 15 to 18 shows the change in mid-span deflections and 
 axial  forces  with  respect  to  time  for  both  mild  steel  and  HSS  restrained  beams  exposed  to  the  two 
 parametric fires. For comparison purposes, the FE simulation results of the validation beam test are also 
 presented in these figures. Due to similar temperature trend, the mild steel beam exposed to fast fire 
 follows the trend of mid-span deflection and axial force similar to the beam of validation test. The mild 
 steel beam under fast fire has larger deflection and axial tension force because of the relatively higher 
 peak temperatures compared to slow fire. For the same reason, the mild steel beam under slow fire has 
 a mid-span deflection of around 50 mm at 35 minutes, which is much smaller than the beam exposed to 
 the fast fire. After 35 minutes, there is an accelerated mid-span deflection observed for the mild steel 
 beam under slow fire before the start of cooling at 60 min. The maximum deflection reached is even larger 
 than that of the mild steel beam under fast fire. Similarly, the HSS beam also experiences accelerated 
 deformation after 55 minutes exposure to slow fire leading to runaway failure. The observations show 
 that  apart  from  the  fire  intensity,  the  fire  duration  is  also  a  key  factor  affecting  the  structural  fire 
 resistance. 


Figure 13 Parametric fast fire  Figure 14 Parametric slow fire 
 Figure 13. 


FE models for thermal and stress analysis are created to study the response of restrained steel beam 
during heating and cooling stages of fires. Validation of the FE thermal model suggests that the 2D domain 
for thermal analysis can be used to predict the non-uniform temperature distribution about the 
cross-section for the studied test case with good accuracy. The FE model for stress analysis is also shown to be 
suitable for the studied case and is able to predict the deformation behaviour along with local buckling. 


FE models for thermal and stress analysis are created to study the response of restrained steel beam 
during heating and cooling stages of fires. Validation of the FE thermal model suggests that the 2D domain 
for thermal analysis can be used to predict the non-uniform temperature distribution about the 
cross-section for the studied test case with good accuracy. The FE model for stress analysis is also shown to be 
suitable for the studied case and is able to predict the deformation behaviour along with local buckling. 
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