
Paper TS5.1.5 

THE INTERNATIONAL CONFERENCE ON 

WIND ENERGY HARVESTING 2018 

21-23 March 2018 

Catanzaro, Italy 

299 

INFLUENCE OF RESIDUAL STRESSES ON THE FLEXURAL 

BUCKLING RESISTANCE OF HIGH-STRENGTH STEEL HOLLOW 

SECTIONS 

Gabriel Sabau1 and Ove Lagerqvist1 

1Department of Civil, Environmental and Natural Resources Engineering, Luleå University of 

Technology, Sweden 
*Corresponding author: Gabriel Sabau, gabsab@ltu.se

ABSTRACT 

Development of the wind energy industry continues to push the need for innovative solutions in terms of 

structural requirements. High-performance materials are thus needed to improve the efficiency of the 

structures and to ease the erection costs. The materials used for the towers have not improved significantly 

in the past years mainly because the design guidelines do not allow the efficient use of the high-strength 

steels. Lattice wind turbine towers could benefit from cost reductions if cold-formed high-strength steels 

would be used. Currently high-strength steel members have the same reductions factors for the relevant 

flexural buckling curve for cold-formed members regardless of the strength of steels. The paper discusses 

the approach towards the current European buckling curves and draws attention to potential limitations. 

The residual stresses present in rectangular hollow sections are discussed based on the method of 

fabrication. Different patterns of residual stresses are investigated by means of finite element simulations. 

The results indicate that the design codes slightly underestimate the flexural buckling resistance of high-

strength steel members in the medium slenderness range.  

NOMENCLATURE 

NSS = Normal strength steel 

HSS = High-strength steel (fy >460 MPa) 

RHS = Rectangular hollow section 

EC = Eurocodes 

fy = Yield strength 

t = Plate thickness 

h0 = Plate width between welds 

𝜎rc = Longitudinal compressive residual stress 

𝜎rt = Longitudinal tensile residual stress 

𝜎rb,flat = Longitudinal bending residual stress in the flat part  

𝜎rb,corner = Longitudinal bending residual stress in the bent corner 

χEC = Reduction factor for the relevant flexural buckling curve (a0,a,b,c) 

χFEM = Reduction factor obtained through FEM simulation 

Npl = Plastic resistance of the gross cross-section 

A = Cross-section gross area 

λg = Global non-dimensional slenderness 

c = Width of compression part (plate width) 
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1. INTRODUCTION 

The materials used for wind turbine towers have not improved significantly in the past years mainly 

because the design guidelines do not cover the use of the high-strength steels. One such example is the 

restriction of using cold-formed or welded high-strength steel hollow sections with 0.2% proof stress 

resistance above 460 MPa [1]. Lattice wind turbine towers could benefit from cost reductions if cold-

formed high-strength steels would be used. Furthermore, high-strength steel members have the same 

reductions factors for the relevant flexural buckling curve for cold-formed members regardless of the 

strength of steels. The hot-rolled sections have different imperfection factors corresponding to NSS and 

HSS.  

The current European buckling curves consist of 5 different curves (a0, a, b, c, d) that represent the 

lower bound of the resistance of centrically compressed struts. The necessity of having more than one 

curve arose from the differences in geometry, boundary conditions and fabrication methods of different 

cross-sections. The curves were derived based on extensive experimental results conducted on 

compressed pin-ended columns (struts). The basis of the curves date back in the 1970 when a 

comprehensive study of 1067 specimens was completed with the results summarized and discussed by 

Sfintesco [2]. The experimental campaign covered a wide variety of cross-sections that included open 

sections such as ‘I’, ‘H’, ‘T’ and ‘C’ and square and cylindrical hollow sections. The experimental 

campaign focused on hot-rolled sections made of steel with the nominal strength of 24 kg/mm2 

(equivalent to S235 of the current European standards). A set of welded sections was also tested to form 

a basis of comparison. The study was conducted across different European states, such as France, 

Germany, Great Britain, Italy, Netherlands and Yugoslavia that comprised of a wide set of test 

specimens used in practice at that time. The procedure for the tests is described in the form of a report 

[3] and summarized later in a standardized form [4]. The preparations and initial measurements required 

are also presented in the aforementioned testing procedure. A series of measurements was done to 

evaluate the residual stresses in several different cross-sections. Yield stress and residual stress 

measurements were specified as complementary tests to the column testing. Procedures for 

measurements of the residual stresses in steel profiles were available [5] however they were not 

standardized. 

Beer and Schulz [6] proposed a model of calculating the ultimate resistance of the compressed struts by 

means of accounting for the initial stresses locked in the steel bars as well as for the geometrical 

imperfections. The analytical formulation was then compared to the available experimental results. The 

fifth curve,‘a0’, was later introduced for tubular sections due to the observed reduced residual stresses 

and accounting for the higher strength steels used in fabrication [7]. 

Current European design standards for structural steel consider identical buckling curves for NSS and 

HSS hollow sections obtained through welding or cold forming. The recommended curves are ‘b’ or ‘c’ 

for welded section based on the thickness of the welds and section walls, and curve ‘c’ for cold-formed 

sections. The applied reduction assumes that in the case of HSS members the residual stresses have a 

proportional influence on the ultimate strength as for the NSS members since it is unreasonable to 

assume that the geometrical imperfections would be higher. Measurements of residual stresses 

performed on HSS seem to contradict this assumption [8]–[11].  

The study presents a summary of the buckling experiments performed on structural high-strength steel 

with 0.2% proof strength higher than 460 MPa. The investigated failure mode is flexural buckling. 

Additionally, a FE analysis is performed with two different residual stress patterns and compared with 

available experimental results. The purpose is to identify if the buckling curves recommended for HSS 

is justified to match those of NSS. 

2. METHODOLOGY 

A state-of-art review was performed to identify relevant flexural buckling tests performed on HSS 

rectangular hollow sections. Furthermore, the results from the residual stress measurements was 

analyzed and discussed. The recommendation for the higher steel grades is that the curves for S460 

should be used. Higher penalties are thus applied to HSS. From the premise that residual stresses have 

a lower impact on HSS than on normal structural steels, a comparison is made between the ultimate 
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strength of the HSS columns and the corresponding EC buckling curves. The experimental campaigns 

are generally accompanied by residual stress and imperfections measurements. 

2.1. Flexural buckling 
A total of 59 RHS flexural buckling experiments have been analyzed in this this paper based on the 

available literature, of which the most have been performed on cold-formed sections [10,12], as seen in 

Figure . The first experiments were performed on welded SHS [9,12] and again later in 2013 [8]. Most 

of the experiments have been conducted in China [8,13,14] and Hungary [12].  

   

Figure 1. Distribution of experiments on HSS RHS columns by countries and fabrication methods 

The experimental campaign conducted by Young and Lui [14] comprised specimens made of high-

strength stainless steel. The two grades of steel were considered to be equivalent to S590 and S700 based 

on their mechanical properties as per Figure 2. Wang and Gardner[16] tested hot-rolled high-strength 

steel SHS and RHS. The sections were made of the steels S460NH that was subsequently normalized 

and S690QH that was quenched and tempered.  

 

Figure 2. Comparison of the normalized buckling strengths with the buckling design strengths 

according EN 1993-1-1 (SHS) – nominal values 

The experimental results from the compression tests have the buckling strength of all the columns, well 

above the “a0” curve in the medium slenderness range. However, in the elastic buckling range, no 

substantial improvement could be noticed. Somodi and Kövesdi [12] stated that in the case of S960 steel 

grade the buckling strength of SHS have always been above the “a” curve. Li et al [15] performed flame 

strengthening on one of the RHS specimens which resulted in a drastic decrease of the material 

performance. The outliner can be easily spotted in Figure 2. The results draw further attention to the 

reduced effect of the residual stresses on the higher strength steel members in the medium slenderness 

range. 
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2.2. Residual stresses 
The residual stress measurements are not as extensive as the buckling tests. The main reason can be the 

difficulty and the time required for preparing and conducting the tests. The method most often applied 

was the sectioning method and the hole drilling method. The sectioning method is generally preferred 

since is gives a through thickness average value of the relevant residual stresses. Longitudinal stresses 

are considered to have the highest effect that can lead to premature yielding in the element.  

Reported longitudinal residual stresses on the seamless tubes [16] have been in the range of 0.055 fy in 

tension and 0.031 fy in compression. The proposed model consisted of longitudinal tension for the 

corners with an amplitude of 0.025 fy and compression in the plates with an amplitude of 0.021 fy,. as 

per Figure 3c. Ban et al [8] did not report the results from the residual stress measurements, but proposed 

a value of 690 MPa in tension in the corners and according to Eq.(1) for the central part of the plates 

(Figure 3a). 

 𝜎rc = − 95 − 1450 (
𝑡

ℎ0
) − 270 (

1

𝑡
) [𝑀𝑃𝑎] (1) 

Rasmussen and Hancock [9] reported measured values for the central part of each of the sides with the 

maximum compressive residual stress being -145 MPa and minimum -92 MPa, equivalent to 0.21 fy and 

0.13 fy.  

Young and Lui [14] measured the residual stress in both longitudinal and transversal directions for cold-

formed high-strength stainless steel sections. The results are reported for one of the specimens 

(200x110x4) with the maximum value of the compressive residual stress near the weld. The measured 

value was approximately 200 MPa. The ratio between the maximum residual stress measured and the 

0.2% proof stress becomes irrelevant since the dispersion of the results obtained from tensile test makes 

it difficult to classify the steel. One of the most comprehensive studies on HSS cold-formed RHS has 

been performed by Somodi and Kövesdi [11], covering steel grades from S460 to S960. The authors 

[11] emphasize the importance of the Bauschinger effect in the cold-forming of HSS, indicating that a 

smaller stress level can be reached at a target deformation. They proposed the analytical formulation for 

residual stress distribution for HSS cold-formed RHS obtained through indirect forming (cylindrical-

rectangular) for the ratio of plate width to thickness of 10-40, as per Eq.(2) and Eq.(3). It is important to 

notice that in this case the residual stresses are not referred to as compression and tension but bending 

residual stresses, indicating a through-thickness stress variation. The residual stress distribution is 

presented in Figure 3b. 

 𝜎rb,flat = ± (1.28 −
𝑓𝑦

1270 𝑀𝑃𝑎
) 𝑓𝑦 [𝑀𝑃𝑎] (2) 

 

 𝜎rb,corner =0.55 𝜎rb,flat [𝑀𝑃𝑎] (3) 

 

(a) (b) (c) 

Figure 3. Residual stress models for welded HSS (a), cold-formed HSS (b) and hot-rolled HSS (c) 
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3. NUMERICAL STUDY

A numerical study using the FEM software Abaqus was performed to quantify the reduction in buckling 

resistance of SHS based on different amplitudes and distributions of residual stresses. Two distribution 

patterns M1 and M2 were chosen according to Somodi and Kövesdi [11] and Wang and Gardner[16]. 

The first one corresponds to cold-formed sections while the second corresponds to hot-rolled sections 

as seen in Figure 3(b) and (c). The global imperfections were introduced according to EN 1993-1-1 [17] 

and it was considered as the dominant imperfection. The local imperfection was applied as plate plate 

imperfections and was reduced to 70% of the recommended value based on Annex C of EN 1993-1-5 

[18].  

A 3D finite element model was created using 4 node rectangular shell elements with reduced integration 

(S4R) and 5 thickness integration points, integrated using the Simpson method. The Simpson method 

was preferred in order to introduce a linear distribution of the residual stresses between the two faces of 

the shell element as seen in Figure 4(a). The material was modelled based on the True Stress-Strain 

curve presented in Figure 4(b), determined from a coupon tensile test corresponding to an S700. The 

ultimate loads were determined using a load controlled static modified Riks analysis, commonly used 

in tackling stability problems. The model incorporated material non-linearity, geometrical imperfections 

and residual stresses (GMNIA). The residual stresses were introduced by means of predefined fields and 

stabilized through an initial static step. The amplitudes of the residual stresses for the two models are 

presented in Table 4. 

Table 4. Applied residual stresses 

M1 M2 

𝜎𝑟,𝑓𝑙𝑎𝑡 ±508𝑀𝑃𝑎 −14.5𝑀𝑃𝑎

𝜎𝑟,𝑐𝑜𝑟𝑛𝑒𝑟 ±280𝑀𝑃𝑎 −17.5𝑀𝑃𝑎

Figure 4. Residual stress distribution over the shell thickness (a). Steel material stress-strain curve (b). 

The investigated parameters are presented in Table 5. The global and local slenderness were used as 

variables and the area was kept constant. The different bending radius corresponding to the different 

thickness causes a small variation of area of 2.1%. The bending radius was taken as 2.5𝑡. The 

slenderness range was chosen between 0.5 and 1.3. Lower slenderness would lead to plastic failure while 

higher values would be in the range of elastic buckling.  

4. FE SIMULATION RESULTS

The resistance obtained from the FE analysis was compared to the values calculated according to EN 

1993-1-1 [17] and presented in Table 5. The difference between the two models (M1 and M2) emphasize 

the importance of longitudinal bending residual stresses in the cold-formed sections. Although the 

average longitudinal stress is null for the M2 case, the stress values are higher. The resistance given by 

the M2 models matches the trend line of curve ‘b’, while still being on the safe side. This shows that the 

cold-formed residual stresses pattern is more detrimental for the flexural buckling scenario in the chosen 
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slenderness range. The hot-rolled section corresponding to model M1 showed an improvement in 

resistance with values above the ‘a0’ curve. These observations are also valid for the experimental 

results extracted from available literature presented in Figure 2.  

Table 5. Investigated parameters and obtained results 

Section 
Lcr 

[m] 

A 

[mm2] 

c 

[mm] 
c/t λg 

Npl 

[kN] 
Class χEC,a0 χEC,c χFEM,1 χFEM,2 

S170x12 

2.030 

7404 170 14.4 

0.549 

5109 1 

0.941 0.815 0.925 0.964 

2.436 0.658 0.910 0.750 0.863 0.941 

2.843 0.768 0.869 0.682 0.791 0.902 

3.249 0.878 0.810 0.614 0.718 0.854 

3.655 0.987 0.735 0.547 0.649 0.776 

4.061 1.097 0.651 0.486 0.578 0.683 

4.467 1.207 0.568 0.431 0.513 0.589 

4.873 1.316 0.495 0.382 0.453 0.512 

S200x10 

2.328 

7562 198 19.6 

0.535 

5218 2 

0.946 0.823 0.931 0.960 

2.794 0.642 0.920 0.760 0.871 0.937 

3.259 0.749 0.884 0.694 0.801 0.905 

3.725 0.855 0.834 0.627 0.732 0.863 

4.190 0.962 0.768 0.562 0.661 0.795 

4.656 1.069 0.690 0.501 0.591 0.709 

5.122 1.176 0.610 0.445 0.527 0.616 

5.587 1.283 0.535 0.396 0.468 0.539 

S210x9.5 

2.479 

7618 212 22.5 

0.529 

5257 3 

0.947 0.824 0.923 0.954 

2.974 0.635 0.921 0.762 0.869 0.932 

3.470 0.741 0.885 0.697 0.801 0.902 

3.966 0.847 0.836 0.631 0.733 0.861 

4.462 0.952 0.771 0.566 0.663 0.796 

4.957 1.058 0.694 0.505 0.594 0.713 

5.453 1.164 0.614 0.450 0.531 0.623 

5.949 1.270 0.539 0.401 0.472 0.545 

 

Figure 5. Comparison of EN 1993-1-1 buckling curve and results of FEM simulations 
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The results show that buckling resistance has a higher sensitivity to residual stresses in the range of 0.66 

to approximately 1.2. The maximum difference 16.88% has been recorded at the slenderness 0.962. No 

difference has been observed between the different section classes.  

 

 
Figure 6. Comparison of EN 1993-1-1 relevant flexural buckling curves and experimentally and 

numerically obtained results 

The comparison between the experimental results and the relevant buckling curves as seen in Figure 6 

show that in the range of medium slenderness a more economical design can be achieved. The difference 

is presented in percentage, where positive values represent an increase in resistance compared to the 

recommended buckling curve. Good agreement is shown between the numerical and experimental 

values. The difference can be attributed to different amplitudes of geometrical imperfections and 

residual stresses. 

5. CONCLUSIONS 

The paper presents a state-of-art on available flexural buckling experiments performed on RHS HSS 

members as well as the accompanying residual stress measurements and a numerical analysis. The 

investigation emphasizes the importance of through thickness variation of longitudinal residual stresses. 

The through thickness stresses are more difficult to determine and are generally assumed as constant for 

thin plates. This assumption can sometimes lead to unsafe estimations. 

A clear difference can be observed in the amplitude of the residual stresses between the cold-formed 

and seamless sections. Since many factors can influence the residual stresses resulted from welding, it 

is still too early to draw a general conclusion corresponding to HSS. However, the ratio between the 

residual stresses and the 0.2% proof strength observed in cold-formed HSS RHS have shown to have a 

reduced ratio compared to NSS. A holistic approach towards the buckling resistance of steel members 

should be considered.  

A general agreement is seen between the researchers concluding that a smaller reduction should be 

applied to HSS, leading to less conservative flexural buckling estimations. This can be justified by the 

reduced amplitude of residual stresses and is mainly focused in the slenderness range susceptible to 

elasto-plastic buckling. The FE results have shown that members with a slenderness between 0.66 and 

1.2 are highly sensitive to residual stresses. The extent of the sensitivity should be further investigated.  
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The experimental results gathered from the literature and the numerical simulations have shown that the 

Eurocodes slightly underestimate the capacity of RHS HSS members subjected to flexural buckling.  
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