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1 Introduction 

Currently, there is a great need for repair and modernisation of bridge 

structures in Germany. Corrosion and fatigue are frequent causes of 

damage, therefore alternative materials to conventional structural steel 

are being sought for their use in bridge construction. Stainless steel 

provides an intriguing solution to these problems due to its high 

strength, stiffness and ductility. Stainless steel is defined as steel with a 

chromium content of at least 10.5% by mass. Because of the high 

chromium content, a chromium-rich oxide layer, also known as a passive 

layer, is created through oxidation with the ambient air. This serves as 

corrosion protection and spontaneously regenerates when damaged. 

Hence stainless steel offers a lifelong corrosion protection. However, 

because of the high material costs, stainless steel has so far received 

little attention in bridge design. The high initial cost of stainless steel is 

caused by the nickel content, which lies between 8 and 10 percent by 

mass for austenitic stainless steel. Compared to the austenitic stainless 

steel, the austenitic-ferritic (duplex) steel is characterised by a higher 

strength and a lower nickel content of 4 to 8 mass percent. Through the 

development of lean duplex steels, the nickel content could be reduced 

even further to 1 to 3 mass percent while maintaining the same strength. 

However, the corrosion resistance of lean-duplex steel is also lower than 

that of duplex steel [1]. A special property of stainless steel, in contrast 

to conventional structural steel, is its non-linear stress-strain behaviour. 

Therefore, the approaches for the local buckling design of thin-walled 

plates are more conservative compared to plates made of structural 

steel. This more conservative approach is also evident in the reduction 

coefficient for shear buckling 𝜒𝑤 for relative slendernesses 
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0,65 ≤ 𝜆̅𝑤 ≤ 1,20. In this case, the specified values of EN 1993-1-4 [2] 

are significantly below the values of EN 1993-1-5 [3]. In the presented 

research the shear buckling behaviour of plates made of duplex stainless 

steel and lean duplex steel was analysed with experimental and 

numerical investigations. In previous studies on the shear capacity of 

stainless steel by Saliba and Gardner [4] and Real et al [5], 3-point 

bending tests were carried out on I-shaped sections. However, since in 

this setup a shear force-moment interaction occurs and the flanges also 

contribute to increasing the load-bearing capacity in tension field action, 

the new tests described were carried out for a conservative 

configuration focusing on torsionally loaded square hollow boxes. In this 

case, the torsional shear stress occurs without additional normal 

stresses in the cross-section. Previous shear buckling investigations on I-

shaped cross-sections have shown that the maximum plastic load 

capacity of the web can be increased by a factor η of up to 20% for stocky 

plates. This increase results from strain hardening and a contribution of 

the flanges to the shear buckling capacity of the web in I-shaped cross-

sections. In the course of this research, the actual material parameters 

were first determined in tensile tests to determine the actual shear 

strength and shear buckling slendernesses of the specimen. Duplex steel 

1.4462 and lean duplex steel 1.4162 were investigated. 

2 Experimental investigations 

2.1 Tensile tests 

In addition to the non-linear stress-strain behaviour, stainless steel 

shows an anisotropic material behaviour, which means that the 

difference in the material longitudinal to the rolling direction and 

transverse to the rolling direction cannot be ignored. Because the 

buckling tests concentrates on shear, the specimens for the tensile tests 

were arranged at an angle of 45° to the rolling direction. A total of 
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thirteen tensile tests were carried out. Three tensile tests each were 

made of the two materials Duplex 1.4462 and Lean-Duplex 1.4162 at an 

angle of 45° to the rolling direction. To investigate the anisotropic 

behaviour of material 1.4462, two additional tests were carried out 

transversely to the rolling direction and two tests longitudinally to the 

rolling direction. The samples had a material thickness of 8 mm, a length 

of 187.78 mm and a width of 9 mm in the examined area. In addition, 

tensile tests were carried out with the lean duplex steel 1.4062 for 

comparison. Here, however, a material thickness of 12 mm was used for 

the tensile tests, so that the overall dimensions of the samples had to be 

adapted. The material data obtained from each of the tensile tests are 

shown in Table 1, where E is the Young's modulus, σ0.2 is the stress at a 

plastic strain of 0.2%, and σu is the tensile strength. The results of the 

tensile tests at an angle of 45° are between the results of the tests 

longitudinal to the rolling direction and transverse to the rolling 

direction, but show a clear approximation to the results longitudinal to 

the rolling direction. 

Table 1: Measured material properties of the tensile tests 

Material Direction E 

(N/mm²) 

𝝈𝟎,𝟐 

(N/mm²) 

𝝈𝒖 

(N/mm²) 

1.4462 Longitudinal 184715 560 752 

1.4462 45° 185038 567 752 

1.4462 Transverse 201720 617 803 

1.4162 45° 192490 529 708 

1.4062 45° 182894 475 656 

 

2.2 Shear buckling tests 

In the shear buckling tests, plates made of different stainless steel with 

three different slendernesses 𝜆̅𝑤 = 0.6; 0.8 and 1.0 were investigated. A 

total of twelve torsionally loaded hollow boxes were tested. For each 

slenderness, one test specimen was made of the steel 1.4462 and three 

test specimens of the steel 1.4162. The sheet thickness of the test girders 

was set to 8 mm, as this allows the scale effects to be kept low when 

transferring the results to webs of bridge girders. The sheet width of the 

hollow boxes was adjusted to 270 mm, 360 mm and 450 mm according 

to the desired actual slenderness. The length of the box girders was 

2966 mm and end plates were welded to both ends. These thickwalled 

end plates had a sheet width of 750 mm x 750 mm and a material 

thickness of 25 mm. By choosing a material thickness of 25 mm, the 

distortion in the welding process could be minimised, which meant that 

no major deformations of the end plate during welding could influence 

the behaviour in the test. The hollow sections were each welded from 

four sheets, whereby the weld seam was designed as a HV seam. For this 

purpose, a chamfer was applied to two edges of two sheets over the 

entire length at a 45° angle. This avoids excentricities and ensured that 

the stresses across the cross-section were approximately the same and 

that there were no major stress peaks at the joints that could lead to 

earlier failure. In the corner areas, an austenitic plate of 20 mm x 2 mm 

was tack welded to the inside over the entire length at a distance of 

100 mm, so that the tip of the chamfer would not become soft during 

the welding process and thus no weld metal could drip into the inside of 

the beam. In addition, this process created a defect-free weld root. 

Welding was done in two layers, with the first layer welded with solid 

wire and the second layer welded with flux cored wire. The end plates 

were fixed to the hollow sections with a circumferential fillet weld. 

 

Figure 1: Experimental setup shear tests 

Figure 1 shows the test set-up for the shear buckling tests. The torsional 

load in the hollow boxes was applied via two HEA 900 profiles at the end 

of the specimen. Which were loaded simultaneously, each with an 

Enerpac HCR25010 oil pressure cylinder. Due to their lever arm of 

1500 mm to the principal axis of the hollow boxes, a bending moment is 

built up in the HWA profiles which results in a significant torsional 

moment for the hollow sections. The introduced transverse force in the 

HEA profiles is taken up via a roller bearing underneath these profiles. 

The connection between the HEA profiles and the end plates of the 

hollow sections was secured by 16 M30 10.9 bolts each. An additional 

lateral bearing on the HEA profiles, at the centre of the hollow sections, 

ensured that the pivot point of the tests was in the centre of the hollow 

sections and not on the upper edge of the roller bearings. A rotation on 

the upper edge of the roller bearings would otherwise have led to 

additional moments in the test specimen. The loading speed of the tests 

was initially set to 18 µm/s and subsequently increased up to Rp0.2. Due 

to the dependence of the stress-strain behaviour on the loading speed, 

the loading speed was adapted to the speed of the tensile tests to 

compare the stress-strain behaviour. 

The strains in the hollow sections were measured with twelve triaxial 

strain gauges (rosette) per test specimen. The strain gauges were placed 

in the centre of the beam and at 500 mm intervals in both directions on 

four sides of the hollow sections. The use of rosette strain gauges allows 

to determine the direction of the main strains and thus to check whether 

there was pure shear stress in the beam. The evaluation of the rosette 

strain gauges confirmed the same strain behaviour in all twelve gauges, 

with the shear strains accounting for over 99 % of the principal strains in 

each case. Therefore, pure shear stresses in the specimen could be 

assumed.  

 

Figure 2: Shear test at a slenderness of 𝝀̅𝒘= 0,6 

Figure 2 shows a deformed test specimen with a slenderness of 𝜆̅𝑤 = 0.6 

during testing where no shear buckling failure was observed. The first 

test was loaded up to a twist of 5° per side. Since no failure occurred at 

this twist, the test set-up was then adjusted so that the next test 

specimens with the same slenderness were loaded up to a twist of 9° per 

side. 
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Figure 3: Typical shear buckling failure at a slenderness of 𝜆̅𝑤= 0,8 for hollow section 

360-8-03-41 

Figure 3 shows the failure of a test specimen with a slenderness of 

𝜆̅𝑤 = 0.8. This test specimen shows a clear buckling failure due to shear. 

 

Figure 4: Typical shear buckling failure at a slenderness of 𝜆̅𝑤= 1,0 for hollow section 

450-8-04-44 

Figure 4 shows the shear buckling failure of a test specimen with a 

slenderness of 𝜆̅𝑤 = 1.0. The failure mode is the same as in Figure 3. 

However, the load-bearing behaviour differs. After reaching the ultimate 

load, the load-bearing capacity of the cross-section with a slenderness 

of 𝜆̅𝑤 = 1.0 dropped significantly compared to the test specimens with a 

slenderness of 𝜆̅𝑤 = 0.8.  

A comparison of the experimental results with the design provisions of 

EN 1993-1-4 is shown in Figure 5. Here, the end plates in connection with 

the web of the HEA 900 profiles was defined as deformable support 

stiffness. The figure shows that the results of the design provisions and 

the results of the tests differ only slightly for plates with a slenderness 

𝜆̅𝑤 = 0,6 and a slenderness 𝜆̅𝑤 = 1.0. In one test, a lower load-bearing 

capacity was obtained which is below the standard prediction. In 

contrast, considering plates with 𝜆̅𝑤 = 0.8 a higher load-bearing capacity 

can be determined in the tests compared to the standard. 

 

Figure 5: Comparison of the results of the tests with the specifications of EN 1993-1-4 

3 Numerical investigations 

3.1 Model structure 

The tests were numerically simulated with ANSYS Workbench [6]. In 

order to keep the computing time low, only the specimen with the two 

connected end plates was simulated in a simplified way. The torsional 

moment was applied to one end plate, a fixed constraint was modelled 

on the other end plate. The meshing of the model was carried out with 

20-node Solid186 elements, where three nodes are present across the 

element thickness and thus one element is sufficient across the plate 

thickness. The non-linear stress-strain behaviour of the stainless steel is 

modelled using a material model with multilinear isotropic hardening. 

For this, the real stresses and the real plastic strains from the tensile tests 

have to be implemented. The relationship between the real stress 𝜎𝑟𝑒𝑎𝑙  

and the nominal stress 𝜎𝑛𝑜𝑚 can be taken from equation (1), where 𝜀𝑛𝑜𝑚 

is the nominal strain. The calculation of the real plastic strain 𝜀𝑟𝑒𝑎𝑙
𝑝𝑙

 can 

be deduced from equation (2), where E is the Young's modulus. 

𝜎𝑟𝑒𝑎𝑙 = 𝜎𝑛𝑜𝑚 ⋅ (1 + 𝜀𝑛𝑜𝑚) (1) 

𝜀𝑟𝑒𝑎𝑙
𝑝𝑙

= ln(1 + 𝜀𝑛𝑜𝑚) −
𝜎𝑟𝑒𝑎𝑙

𝐸
 (2) 

The hardening of the material was simulated through a polygonal 

approximation of the material model to the real stress-strain curve of 

the tensile tests. To calculate the ultimate load, the initial imperfection 

is applied based on different sizes and the scaled eigenmode, which was 

determined in a previous ANSYS calculation. The Newton-Raphson 

method is used as the solver for the numerical investigations. The failure 

mode at the time of the maximum failure load is clearly recognisable in 

all numerical simulations, therefore an analysis of the post-load-bearing 

range can be ignored.  

3.2 Calibrating the numerical model 

The numerical model was calibrated on the twelve tests previously 

carried out. In a first step, the ultimate load in the simulations based on 

the measured imperfections was compared with the ultimate load in the 

simulation with the general imperfection approach according to 

equation (3). It was developed by Dawson and Walker and adapted by 

Nethercot and Gardner [7]. Where σ0.2 represents the stress at the 0.2 % 

proof stress and σcr represents the elastic critical buckling stress. The 

values for σ0.2 were taken from the tensile tests and σcr was determined 

numerically using ANSYS. Thus, 𝜔𝐷&𝑊 represents the magnitude of the 

amplitude of the imperfections. The comparison between the ultimate 

load of the tests and the ultimate load of both numerical simulations can 

be seen in Table 2. 

𝜔𝐷&𝑊 = 0,023 ⋅ (
𝜎0,2

𝜎𝑐𝑟
) ⋅ 𝑡 (3) 

Figure 6 shows the shear failure of a FE simulation for a hollow 

sectionmodel with 𝜆̅𝑤 = 0.8. It can be seen that the failure pattern 

matches the failure pattern experimentally observed and shown in 

Figure 3. 

 

 

Figure 6: Shear buckling failure in the FE model with a slenderness of 𝝀̅𝒘= 0,8 

The torsional moment-strain-curve over the entire load path is shown in 

Figure 7 as an example for a slenderness 𝜆̅𝑤 = 0.8 and the lean-duplex 
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material 1.4162. It can be clearly seen that the moment-strain behaviour 

of the simulation corresponds to the moment-strain behaviour of the 

tests. 

 

Figure 7: Comparison of the first principal strain between the FE analysis and the tests 

at 𝝀̅𝒘= 0,8 

For better comparability with the design provision, the measured 

torsional moment was converted into shear flow using Bredt’s first 

formula and then into a vertical force. A comparison of tests and 

numerical simulations can be seen in Table 2. The first number in the 

designation of the test specimens stands for the sheet width of the 

hollow sections, the second number for the sheet thickness, the third 

number for the test number and the fourth number for the material (41 

for Lean-Duplex 1.4162 and 44 for Duplex 1.4462). In test 270-8-01-41, 

the resulting rotations of the hollow section at the support points were 

greater than expected, so this test had to be stopped before reaching 

the ultimate load. Afterwards, the test setup was adapted to larger 

rotations. Consequently, this first test was not considered for the final 

evaluation. Finally, the average deviation in the ultimate load capacity 

between the tests and the numerical simulation is A = 1.01 with a 

standard deviation of S = 0.02 which proves very good agreement. 

Table 2: Comparison between the ultimate capacities of the experiments and the 

numerical investigations 

Test specimen 𝝀̅𝒘 Vtest 

(kN) 

VFEM 

(kN) 

Vtest/VFEM 

270-8-02-41 0.61 701.24 687.16 1.02 

270-8-03-41 0.61 703.25 687.16 1.02 

270-8-04-44 0.64 742.31 744.13 1.00 

360-8-01-41 0.81 836.24 849.28 0.98 

360-8-02-41 0.81 846.18 849.28 1.00 

360-8-03-41 0.81 837.12 849.28 0.99 

360-8-04-44 0.85 881.60 884.21 1.00 

450-8-01-41 1.01 869.70 891.86 0.98 

450-8-02-41 1.01 842.76 891.86 0.94 

450-8-03-41 1.01 869.58 891.86 0.98 

450-8-04-44 1.06 890.69 890.84 1.00 

Average    1.01 

Standard deviation    0.02 

 

3.3 Parametric studies 

Due to the good agreement between the numerical simulations and 

tests further numerical investigations were carried out. By varying the 

sheet thickness, the length and the web width of the test specimens, 

numerical investigations were also carried out with the stainless steel 

1.4062, based on the tensile tests carried out. The sheet thickness was 

varied between 6 mm and 10 mm. In total, more than 35 numerical 

investigations were made per material. The investigated slenderness 

range of the specimen was increased to 𝜆̅𝑤 = 0.45 - 1.45. The length of 

the test specimens was extended to 9944 mm for all investigations in 

order to analyse the influence of the length on the shear capacity. The 

applied imperfection was determined according to equation (3). 

4 Evaluation of the results 

4.1 Design provisions according to EN 1993-1-4 

The design provisions for shear buckling of plates made of stainless 

steels are given in EN 1993-1-4. Which refers to the specifications of EN 

1993-1-5. The design shear resistance Vb,Rd taking into account shear 

buckling is determined according to equation (4). Here fyw is the yield 

strength of the material, hw the height of the web, t the web thickness, 

γM1 the partial safety factor against stability failure and η a factor which 

is set at 1.2. 

𝑉𝑏,𝑅𝑑 = 𝑉𝑏𝑤,𝑅𝑑 + 𝑉𝑏𝑓,𝑅𝑑  ≤
𝜂⋅𝑓𝑦𝑤⋅ℎ𝑤⋅𝑡

√3⋅𝛾𝑀1
 (4) 

The contribution of the web Vbw,Rd is determined according to equation 

(5), where χw represents the reduction factor against shear buckling. 

𝑉𝑏𝑤,𝑅𝑑 =
χw⋅𝑓𝑦𝑤⋅ℎ𝑤⋅𝑡

√3 𝛾𝑀1
 (5) 

Due to the square hollow sections and the pure shear load, the 

contribution of the flanges to the shear resistance can be neglected, 

whereby 𝑉𝑏𝑓,𝑅𝑑  = 0 is applied. 

4.2 Comparison of the test results with the specifications of EN 

1993-1-4 

The experimental and numerical investigations showed that the shear 

buckling behaviour of the hollow sections made of duplex steel 1.4462 

does not differ from the behaviour of those made of lean duplex steel 

1.4162. In addition, the numerical investigations did not reveal any 

deviations in the investigations of the Lean Duplex steel 1.4062. Table 3 

compares the numerically determined shear resistance capacity with the 

shear force capacity according to EN 1993-1-4. It is evident that the 

numerical results for stocky plates with 𝜆̅𝑤 ≤ 0.64 and for slender sheets 

with 𝜆̅𝑤 ≥ 1.06 agree well with the specifications of EN 1993-1-4. In the 

range 0.64 ≤𝜆̅𝑤 ≤ 1.06, the standard specifications give lower results 

compared to the numerical simulations. This confirms the assumption 

from Figure 5 that design provisions are too conservative in this range. 

Table 3: Comparison of the FE results with the specifications according to EN 1993-1-4 

Material 𝝀̅𝒘 VFEM VEN1993-1-4 VFEM/VEN1993-1-4 

1.4162 0.61 687.16 712.63 0.96 

1.4162 0.71 778.37 740.83 1.05 

1.4162 0.81 849.28 783.81 1.08 

1.4162 0.91 884.49 821.09 1.08 
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1.4162 1.01 891.86 853.82 1.04 

1.4462 0.64 744.13 722.49 1.03 

1.4462 0.75 833.52 768.31 1.08 

1.4462 0.85 884.21 811.51 1.09 

1.4462 0.96 895.41 848.86 1.05 

1.4462 1.06 890.84 881.58 1.01 

 

Figure 8 shows the results of FE analyses for hollow sections with 

slendernesses in the range 0.55≤ 𝜆̅𝑤 ≤1.20 for the stainless steel 1.4462 

and 1.4162, as examined in the tests. The evaluation resulting from Table 

3 can be confirmed, EN 1993-1-4 underestimates the shear buckling 

capacity in the range 0.80≤ 𝜆̅𝑤 ≤1.00 whereas EN 1993-1-5 represents 

the load-bearing capacity better. However, it can also be seen that the 

numerical results obtained are below the specifications of EN 1993-1-5 

and therefore an approximation of both curves in the area investigated 

is not possible. However, it is also evident that a maximum  𝜒𝑤-value of 

1.03 could be determined in the investigations, whereby an increase up 

to 1.2 according to EN 1993-1-5 was not achieved. This results from the 

special kind of torsionally loaded box girders, where the flanges have no 

restraining effect on the webs and therefore do not contribute to 

increasing the shear buckling resistance. For 𝜆̅𝑤 ≥ 1.09, the FE results are 

generally below the standard specifications. This is due to the fact that 

no tension field can be developed in the torsionally loaded box girders. 

This means that the torsionally loaded box girder can be considered as 

the most conservative design case. 

 

Figure 8: Comparison of the numerical results with the specifications of EN 1993-1-4 and 

EN 1993-1-5 

4.3 Experimental investigation of hollow sections made of 

structural steel 

Comparable tests on torsionally loaded, thin-walled, stiffened and 

unstiffened box girders made of structural steel were carried out by 

Scheer and Nölke [8]. Here, the hollow sections were made by edge 

forming and then joined with bolts, welding or rivets in a single-cut or 

double-cut longitudinal joint. However, the cold-forming will have 

caused strain hardening and thus an increase in the yield strength in the 

rounded corners. The sheet thicknesses were between 0.5 and 1.5 mm. 

The sheet widths were constant at 200 mm, except for three bolted test 

specimens with a sheet width of 150 mm. The screw connections were 

all made with M5 - 8.8 high tensile prestressed bolts. The steel St 12-03 

was used for the tests. Figure 9 shows the design shear resistance of 

hollow sections up to a shear slenderness 𝜆̅𝑤 ≤  2,50. In addition, the 

results of tests carried out within the scope of this research project and 

according to the specifications of EN 1993-1-4 and EN 1993-1-5 are 

shown for comparison. 

 

Figure 9: Comparison of the tests with the tests by Scheer and Nölke [8] 

It can be seen that, the determined shear buckling resistance of the web 

plates made of structural steel are higher compared to stainless steels. 

However, the results of the tests of Scheer and Nölke also show 

unconservative results for 𝜆̅𝑤 ≥ 1.93 below according to EN 1993-1-5. 

Thus, it can be confirmed that the tests on torsionally loaded hollow 

sections represent the worst case for shear design since the influences 

of the flanges on the load-bearing capacity and the tensile field effects 

are negligible. 

5 Summary / Conclusion 

In this paper, experimental investigations on the shear buckling 

behaviour of hollow sections made of duplex stainless steels were 

presented. Subsequently, a numerical model was calibrated on the 

investigations and a parameter study was carried out. With the results 

of the tests and the numerical investigation, the shear design provisions 

of EN 1993-1-4 were evaluated. It was shown that the specifications for 

plates with 𝜆̅𝑤 = 0.6 and 𝜆̅𝑤 = 1.00 offer reliable results. For the range in 

between, however, an increase of the standard buckling curves for shear 

buckling should be aimed at. Subsequently, the investigations were 

compared with other research on torsionally loaded, thin-walled box 

girders made of structural steel in order to show that this test set-up 

represents the most conservative design case. 
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