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abstract 

To analyse the load bearing capacity of stainless steel (SS) members at elevated 

temperatures, a set of three-point bending tests was conducted on RHS 150x100x5 beams 

with SS grade 1.4301. The numerical modelling of these tests has been performed at elevated 

temperatures, achieving close approximation to observed experimental results. The load 

bearing capacity difference between the numerical results and the experimental results is 

smaller than 10%. Analytical methods were also used to predict the load-deflection 

behaviour. 

Keywords: Bending resistance, Stainless steel, Elevated temperatures  

 
resumo 

Para analisar a capacidade portante de elementos estruturais em aço inoxidável a 

temperaturas elevadas, foi realizado um conjunto de ensaios experimentais à flexão em três 

pontos de vigas RHS 150x100x5 de aço inoxidável 1.4301. Os modelos numéricos destes 

ensaios foram realizados a temperaturas elevadas, obtendo-se uma boa aproximação com os 

resultados experimentais. A diferença da capacidade resistente entre os resultados 

numéricos e os resultados experimentais é menor que 10%. São ainda utilizados métodos 

analíticos para previsão do comportamento força-deslocamento. 

Palavras-chave: Resistência à flexão / Aço inoxidável / Temperaturas elevadas  
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1- INTRODUCTION 
 
Stainless steel beams have been applied in the building industry, due to their main qualities 

such as high strength and ductility, good aesthetics, high corrosion resistance, and low 

maintenance cost. The most widely used stainless steel is the austenitic grade EN 1.4301, 

which usually contains a minimum of 16% chromium and 8% nickel.  

Due to the increasing application of stainless-steel members in structures, considering the 

demand in load carrying capacity and durability, several investigations have been developed. In 

1993, (Rasmussen & Hancock, 1993) presented a nonlinear method to determine deflections of 

stainless steel beams, based on secant and tangential modulus of elasticity. These results were 

compared with experimental results on 4-point bending tests, with reasonable agreement. In 

2000, (Mirambell & Real, 2000) developed experimental tests on six simply supported beams 

loaded centrally and six continuous beams loaded symmetrically at mid-span, both experimental 

templates with austenitic stainless steel material. Numerical simulations were developed using 

beam finite elements and deflection results were also compared using the secant modulus of 

elasticity. Reasonable agreement was achieved for small displacements on simply supported 

beams. In 2004, (Gardner & Nethercot, 2004) developed a series of nine 3-point bending tests on 

cold-formed austenitic stainless steel beams. Full load displacement graphs were used for the 

validation of the numerical model and the verification of the EN1993-1-4 design rules (CEN, 

2005a). These design rules are over-conservative, underpredicting the bending resistance by 

almost 30% for class 1 cross-section beams. The load-displacement behaviour had typical non-

linear increasing and decreasing branches. The beams had almost the same slenderness range as 

the ones used in this paper. In 2005, (Real & Mirambell, 2005) discussed different analytical non-

linear methods for the calculation of the stainless steel maximum beam deflections, presenting 

also numerical and experimental results. In 2006, (Gardner & Baddoo, 2006) performed 

experimental fire tests on four stainless steel beams to validate the numerical model applied in a 

parametric analysis. In 2006, (Gardner & Ng, 2006) compared the physical properties of the 

austenitic stainless steel with the ones from carbon steel, on the prediction of the beam 

temperature development under standard fire. New thermal parameters were proposed for the 

convection coefficient heat transfer and the emissivity of stainless steel. In 2007, (Ng & Gardner, 

2007) examined previous experimental tests developed on six stainless steel beams by conducting 

a numerical investigation towards the prediction of the critical temperature. The ratio between the 

predicted and the experimental temperature was found to be around 0.74 and an improvement of 

14% on the bending resistance was proposed concerning the current version of EN1993-1-2 (CEN, 

2005b). Beams had similar slenderness to the ones used in our investigation. In 2010, (Lopes et al., 

2010) used SAFIR to study the lateral-torsional buckling of stainless steel beams, using non-linear 

material and geometric models, including two modifications on SAFIR towards the constitutive law 

to be used for shell finite element analysis and the pattern for the residual stresses. The effect of the 

residual stress field is small on the ultimate load-bearing capacity of class 1 beam sections. In 2018 

(Huang & Young, 2018) made a numerical investigation regarding the behaviour of lean stainless 

steel at elevated temperatures (from 24 to 900 ºC). The results were compared with the design rules 

to determine the reliability and concluded that, in general, standards are conservative to predict 

the flexural strength at elevated temperatures. In 2019 (Pournaghshband et al., 2019) developed a 
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numerical investigation to determine the effect of the axial restrain on the 4-point bending 

behaviour of stainless steel beams under fire. A new analytical model was proposed to predict the 

axial restrain force (negative and positive) during the heating process, being able to model the 

catenary effect. Stainless steel beams are able to support higher temperatures, before the onset of 

the catenary effect. The numerical model was validated against carbon steel experimental tests. 

The numerical results were developed over twenty-one restained and three unrestrained austenitic 

stainless steel beam models. 

Research on stainless steel members under fire has been focusing on the development 

of new design formulae for beams and columns (Xing, Kucukler, et al., 2021) (Vila Real et al., 

2008) (Xing, Zhao, et al., 2021), but still, there is a lack of experimental evidence of the fire 

resistance of stainless steel members, in particular beams at elevated temperatures. 

In this experimental investigation, a set of six experimental tests on stainless steel 

beams were developed at elevated temperatures (500, 600 and 700 ºC), showing the 

performance behaviour on 3-point bending setup, allowing to determine the bending 

resistance. A shell finite element model is developed using SAFIR (Franssen & Gernay, 2017), 

with two different constitutive models, based on the experimental material characterization 

developed by the authors in a companion manuscript (Lopes et al., 2021). 

 
 
 
 
 
 

2- EXPERIMENTAL BENDING TEST SETUP 
 
 

2.1. Case study 
 
The test program was intended primarily to evluate the thermal and mechanical behaviour 

of the steel beams at elevated temperatures. The beam specimen is subjected to a heating 

process to achieve constant temperature levels (500, 600 and 700 ºC), then the temperature 

is kept constant during the incremental load application. The incremental load is based on a 

load rate of 66 N/s. The temperature is controlled in the furnace by one plate thermocouple, 

following the standard fire curve in the heating stage until the temperature level, following 

with a steady stage at that temperature level. 

The experimental setup is based on a steel portal frame, built around the fire resistance 

furnace. This frame allows for the fixation of the supports used for the 3-point bending tests 

and is also used for the load application. The beams are positioned in the vertical direction 

and the load is applied by the hydraulic jack in the horizontal direction, see Fig. 1. 

Four potentiometric displacement transducers are applied on the front of the load cell 

to measure the maximum beam displacement (D) for each load step (F). The beam has double 

support on the bottom and simple fork support on the top. Fig. 2 shows the materialization 

of the supporting conditions. 
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Fig. 1 | Frame, furnace and simply supported beam. 

 

 

Fig. 2 | Beam inside the furnace and supporting conditions. 

 

Load is transferred from the hydraulic jack to the beam by means of a half cylinder, 

distributing the load throughout the top flange, as shown in Fig. 2. There are no stiffeners applied 

on the load point and in the supports, hence producing the transfer of force from the flanges 

through the corners with consequent eccentric loading of the web of the cross-section. Both beam 

ends are insulated by internal parts with ceramic fibre to reduce heat loss from the internal cavity 

of the RHS profiles. The depth to span ratio is bigger than 8, which is enough to reproduce the beam 

behaviour. The same conditions are repeated two times, denoting EXP1 and EXP2.  

Fig. 3 presents the geometry of the cross-section and Table 1 gives the comparison 

between nominal dimensions and measured dimensions, based on the average calculation of 

two beam elements. 
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Fig. 3 | Beam cross-section. 

Table 1 | RHS geometry (dimensions in mm). 

Geometry Nominal Measured 

h 150 150.35 

b 100 100.35 

t 5 4.78 

ri 5 6.16 

ro 10 10.94 
 

 

A minimum of three tests were developed for the same coupon conditions for each 

tested profile (Lopes et al., 2021). The average results are presented in Table 2: Elastic 

modulus ( ); Proof strength ( ); Strength at 2% strain ( ); and Tensile strength 

( ). The elastic modulus (*) at elevated temperature was determined by the reduction 

factors for the slope of the linear elastic range, measured at room temperature. The 

reduction factors were obtained from Annex C of EN1993-1-2, ,  and 

 (CEN, 2005b). 

 

Table 2 | Mechanical properties at elevated temperatures for the stainless steel grade 1.4301. 

Temperature (ºC)  (GPa)  (MPa)  (MPa)  (MPa) 

20 204.84 385.82 448.68 717.38 

500 163.87(*) 184.11 252.26 418.49 

600 155.68(*) 170.31 227.92 350.81 

700 145.44(*) 121.72 184.78 230.01 

 
 
 

2.2. Instrumentation 
 
The instrumentation consisted of four displacement transducers, as shown in Fig.1. The 

transducers were placed between the steel portal frame and the loading system, allowing for 

the measurement of the midspan deflections. The four transducers were then averaged to 

register the displacement D in the graphical solution. The temperature was measured by six 

k-type thermocouples positioned along the beam length. For each position, two 

thermocouples were used and averaged. Fig. 4 presents the position for every thermocouple 

(T1, T2 and T3). The beam span between the supports is 1.21 m and the exposed length to 

elevated temperature is 1 m. 

0E 0.2%pf 2%pf

uf

,500 0.80Ek = ,600 0.76Ek =

,700 0.71Ek =

0E 0.2%pf 2%pf uf
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Fig. 4 | Thermouples and position of the beam inside the furnace. 

 
 
 

2.3. Test results at elevated temperature 
 
Fig. 5 depicts the main results from the experimental tests. These results are presented 

for each temperature level (500, 600 and 700 ºC). The load-displacement graph is 

typically defined by an initial increase of the load with an increase of displacement until 

reaching the maximum load-bearing capacity. After, the load starts to decrease with the 

increase of the actuator displacement. Two repetitions are represented and identified 

by the temperature level followed by EXP (experimental). The right side of Fig. 5 also 

presents the temperature evolution of each beam, with averaged values determined for 

sections 1, 2 and 3 (eg: T1_EXP_1). The furnace gas temperature (eg: TG_EXP1) is also 

represented and the standard fire curve. The heating rate follows the heating rate used 

for the standard fire, approximately. One may conclude that temperature is almost 

uniform between sections 1, 2 and 3, nevertheless, a gradient is expected towards the 

extremities of the beams. 

 

  

Load-displacement for 500 ºC tests Temperature on the beam for 500 ºC tests 
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Load-displacement for 600 ºC tests Temperature on the beam for 600 ºC tests 

  

Load-displacement for 700 ºC tests Temperature on the beam for 700 ºC tests 

Fig. 5 | Load displacement and temperature evolution. 

 
The load-bearing capacity is determined by the maximum peak load from the force-

displacement graph (ultimate load). The deformed mode shapes included local buckling of 

the webs due to the loading condition (see Fig. 6). The failure mode exhibits buckling of both 

the compression flange and the upper portion of the web at mid-span. 

 

 
a) 

700 ºC

 
 

600 ºC

 
b) 

500 ºC

 
 

Fig. 6 | Deformed shape modes: a) experimental tests; b) numerical analysis (x10). 
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When comparing the load-bearing capacity with the elastic and plastic load (Fel and Fpl), 

one can see that the ultimate load from the experimental tests (Fu_EXP), being Av_EXP the 

average value of both tests, do not exceed the load corresponding to the plastic moment, but 

they exceed the elastic load, see Table 3.  

 
Table 3 | Comparison of the ultimate load with elastic and plastic limits. 

Temp. (ºC) Fel (kN) Fpl (kN) Fu_EXP (kN) Av_EXP (kN) Fu_SAFIR (kN) 

500 79.97 97.56 (EXP_1)=84.32; (EXP_2)=84.23 84.27 88.73 

600 72.25 88.15 (EXP_1)=75.29; (EXP_2)=74.37 74.83 82.52 

700 58.57 71.46 (EXP_1)=61.02; (EXP_2)=61.18 61.10 65.92 

 
 
 
 
 
 

3- NUMERICAL VALIDATION MODEL 
 
A three-dimensional finite element model is developed to perform geometrically and 

materially nonlinear numerical analyses including imperfections (GMNIA). As local buckling 

phenomena were likely to occur, shell finite elements were used with an initial local 

imperfection corresponding to 80% of the essential manufacturing tolerances. The 

quadrilateral shell finite element has four nodes, each with six degrees of freedom (three 

translations and three rotations). The membrane behaviour is approximated by a third-order 

polynomial, while the bending behaviour is approximated by a second order polynomial. The 

numerical integration is 2x2 in the plane and can change from 2 Gauss points in thickness 

(membrane dominated) to 10 Gauss points (bending dominated). The iterative process is 

verified using a tolerance of 0.001 for the out of balance forces and increments of 

displacement (Talamona & Franssen, 2005). 

These models apply the constitutive law model proposed in the next generation 

(CEN, 2020), which is based on a two phase Ramberg-Osgood formulation, taking into 

consideration the experimental coupon test results presented in Table 2. 

The solution is based on the Newton-Rapshon method, using an incremental load 

step of a concentrated load applied in the middle span. The nodes in the region of the 

applied load are coupled to have the same transversal displacement D.  

The model considers the fork support in one extremity and a pinned condition 

applied over two nodes, to model the experimental boundary conditions of the supports. 

Fig. 6 represents the deformed mode shape for each model. The deformed mode shape 

agrees with the experimental deformed mode. The maximum numerical load-bearing 

capacity approximates the maximum load of the experimental tests. The relative differences 

are between 5.3% at 500 ºC and 10.3% at 600 ºC, as shown in Table 3 (Fu_SAFIR). 
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4- ANALYTICAL METHOD FOR DEFLECTION 
 
Deflections may be determined considering the non-linear constitutive law of stainless steel. 

The load-deflection curves became non-linear at low load levels. Deflections are estimated 

using the secant and tangent modulus and are in good agreement with experimental and 

numerical results. The following approximate explicit non-linear method is based on the 

simplified method (Rasmussen & Hancock, 1993) and is only valid for small displacements. 

For any load level, the maximum bending moment  is determined. For the case of 

the 3-point bending, Eq. (1) is used to determine the stress at the extreme fibre . 

 (1) 

The factor  is introduced to avoid very large deflections due to the calculation 

procedure to find the average secant modulus SE   at the section for the maximum bending 

moment and due to the calculation of the stress in the extreme fibres. This factor should be 

less or equal than unity ( =0.8). The  represents the elastic section modulus of the cross-

section. The equivalent modulus  given by Eq. (2) is based on the average value obtained 

from the secant and tangent modulus from Eq. (3). These values are based on the tension and 

compression values for the extreme fibres at the cross-section of maximum bending 

moment, following the constitutive law of Ramberg-Osgood. These values were determined 

for each temperature level, based on the values of the experimental tensile tests, according 

to table 2 for the yield stress at 0.2% proof strength  and for the elastic modulus . The 

constant value of 3.56 is used for the parameter n (Rasmussen & Hancock, 1993). 

 (2) 

 and  (3) 

The maximum deflection is then calculated according to Eq. (4), replacing the Elastic 

modulus , with the equivalent elastic modulus . 

 (4) 

The results for the load-deflection are presented in Fig 5. for different load levels and for each 

temperature level. The results agree very well with the numerical and experimental results.  

A similar approximation is presented for the current version of EN1993-1-4 (CEN, 2005a) 

using only the secant modulus of elasticity, as an average between the value determined for the 

compression and tension flanges. The values for the secant modulus may be estimated using Eq. 

(5), where represents the serviceability design stress,  the yield stress and the parameter 

 depends on the grade of the stainless steel (in this case =6). 

 (5) 
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3. CONCLUSIONS 

This experimental investigation considers six experimental bending tests of 1.4301 austenitic 

stainless steel beams, made with RHS 150x100x5 cross-section. The beams are tested at three 

different temperature levels (500, 600 and 700 ºC). The ultimate load for each beam (load-

bearing) is compared with the expected elastic and plastic behaviour. The results are also 

compared with the SAFIR numerical model, considering the constitutive law from the next 

generation of the EN1993-1-2. The modified analytical method is also presented to 

determine the load-displacement behaviour of these beams at elevated temperatures. 
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