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A recém-publicada norma ABNT NBR 16239:2013, para projeto de estruturas 

em perfis tubulares, estabelece uma nova curva de resistência para perfis laminados a 

quente (sem costura) ou tratados termicamente para alívio de tensões (com ou sem 

costura). Este trabalho busca experimentalmente a distribuição das tensões residuais em 

tubos de aço sem costura e a aplica em modelos de análise numérica visando identificar 

o comportamento estrutural de barras comprimidas axialmente. As tensões residuais 

serão medidas pelo método de difração por raios-X para um conjunto de tubos de seção 

circular e retangular e um modelo de análise estrutural é desenvolvido pelo Método dos 

Elementos Finitos, com inserção dos campos de tensões residuais e imperfeições 

geométricas. Os resultados encontrados são utilizados para aferir o desempenho 

estrutural de colunas de tubos de aço frente às curvas de flambagem preconizadas nas 

normas de projeto estrutural, em especial os procedimentos preconizados pela norma 

ABNT NBR 16239:2013 para tubos com e sem tratamento de alívio de tensões 

residuais. As análises numéricas indicam que o tratamento térmico para alívio de 

tensões aumenta significativamente a resistência das colunas, especialmente as colunas 

curtas. A curva da ABNT NBR 16239:2013 prevê estimativas inseguras para a maior 

parte das colunas, mesmo para as tratadas termicamente. ABNT NBR 8800:2008 prevê 

estimativas inseguras para coluna não-tratadas. 

  



 

 vii 

Abstract of Thesis presented to COPPE/UFRJ as a partial fulfillment of the 

requirements for the degree of Master of Science (M.Sc.) 

 

 

INFLUENCE OF RESIDUAL STRESSES ON THE STRENGHT  

OF STEEL RECTANGULAR HOLLOW SECTIONS COLUMNS 

 

Rafaela Veiga Pillar 

 

December/2015 

 

Advisor: Alexandre Landesmann 

 

Department: Civil Engineering 

 

The recently published ABNT NBR 16239:2013 for design of hollow sections 

structures proposes a new strength curve for hot-rolled (seamless) or stress-relief heat-

treated (welded or seamless) hollow sections. This work investigates the residual stress 

distribution in seamless steel hollow sections and incorporates this distribution in 

numerical analyses aiming to identify the structural behavior of axially loaded members. 

The residual stresses are measured by the X-ray diffraction method for an assemble of 

circular and rectangular hollow sections; and a structural analysis model is developed 

relying on the Finite Element Method, with the insertion of the residual stresses field 

and geometric imperfections. The obtained results are used to check the structural 

performance of steel hollow sections and are also compared to the buckling curves 

recommended in the ABNT NBR 16239:2013 for hollow sections with and without 

stress-relieving heat-treatment. The numerical analyses indicate that the heat-treatment 

for stress-relieving improves significantly the columns strength, especially the short 

ones. ABNT NBR 16239:2013 curve provides unsafe estimates for most columns, even 

for heat-treated ones. ABNT NBR 8800:2008 also provides unsafe estimates for non-

treated columns. 
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SYMBOLS 
 

Roman letters: 

A full cross-section area 

Acorner cross-sectional area of the rounded corners 

Aflat cross-sectional area of the flats 

b external width of rectangular section 

D external diameter of circular section 

E Young’s modulus (or modulus of elasticity) 

fy yield stress 

fya average yield stress 

fyb yield stress of the base material 

fyc yield stress of the cold-formed corners 

fu ultimate stress 

h external height of rectangular section 
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δ column transversal deflection 

δ0 initial imperfection 
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ѵ Poisson’s ratio 

σ stress 

σb bending stress 

σm membrane stress 

τ shear stress 
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ABNT Associação Brasileira de Normas Técnicas 

AISC American Institute of Steel Construction 

AISI American Iron and Steel Institute 

SSRC Structural Stability Research Council 

 

CHS circular hollow sections 

RHS rectangular hollow sections 

SHS square hollow sections 

 

AHT after heat-treatment 

BHT before heat-treatment 

NRS no residual stresses 
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1. INTRODUCTION 

1.1. PROPERTIES AND HISTORY OF STRUCTURAL 

STEEL HOLLOW SECTIONS 

Steel structures have innumerous advantages in the civil construction: steel high 

resistance, little waste, easy transportation and handling and lower forces transferred to 

foundation due to the reduced self-weight. Among the steel structure group, tubular 

structures stand out not only because of their excellent mechanical properties (axial, 

flexural and mainly torsion high strength), but also in their overall design, leading to 

weight and economic advantages (CHAVAN et al., 2014). Structural hollow sections 

have found applications in almost all fields due to the aesthetics of their shapes, 

lightness and geometrical properties (GAMBHIR, 2013). Their versatility is endorsed 

by these diverse examples: bridges, roofs of stadia, offshore structures (jackets, cranes, 

ladders), towers, scaffolding and roller coasters. 

Due to the extensive research in structural application in the last years, hollow 

sections are now in a position to compete with other steel sections (ESDEP, 2015). 

Although the material unit cost is higher compared to open cross sections, recent 

constructions using these shapes prove that it can be economically competitive. 

The use of steel hollow sections started in the beginning of the 19
th

 century in the 

construction of bridges, as shown in Figure 1.1. The first rectangular hollow sections 

were used in the construction of the Britannia Bridge in Menai (1850) and the first 

elliptical sections were applied in the Royal Albert Bridge in Saltash (1854-1859). In 

1890, the construction of the Firth of Fourth Bridge in Edinburgh with 521m span was 

concluded. This bridge was constructed with tubular members made of riveted 

conformed plates, since other manufacturing methods for this size of structure were not 

available at the time. GERKEN (2003) presents an extensive study on the historic 

evolution of the use of steel and hollow sections in the civil construction. 
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(a) (b) 

 

 

(c) 

Figure 1.1: (a) Britannia Bridge, Menai
1
 (b) Royal Albert Bridge, Saltash

2
 

(c)  Firth of Forth Bridge, Edinburgh 
3
 

 

In the same century, the first production methods for welded and non-welded 

tubes were developed. In 1886, the Mannesmann brothers created a piercing process 

capable of making thick walled tubes. This process combined to the Pilger process 

developed few years later conducted to the production of longer seamless hollow 

sections with thinner wall (WARDENIER et al., 2010). 

Many structural engineering solutions are repeatedly adapted from more 

technological engineering field as aeronautics. In the hollow sections area, it is 

remarkable the attempt of Alexander Graham Bell (1907) to build a light resistant plane 

                                                 
1 http://www.fotolibra.com/gallery/686854/britannia-bridge-menai-strait-c-1880. Accessed in October 15, 

2015. 
2 http://www.gwsmainline.org/recentyeartgb.html. Accessed in October 15, 2015. 
3 PIRES, 2012 

http://www.fotolibra.com/gallery/686854/britannia-bridge-menai-strait-c-1880
http://www.gwsmainline.org/recentyeartgb.html
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wing from a hollow section spatial truss. Despite the failure of the wing the idea was 

successfully used in the construction of a watch-tower (PIRES, 2012). 

In the first half of the past century, Whitehouse developed the fire welding in 

circular hollow shapes. However, the production became important after Fretz Moon 

developed the continuous weld in 1930. Especially after World War II, welding 

processes were improved, which made tubular shapes easier to weld (WARDENIER et 

al., 2010). The emergence of new welding techniques conducted to a total cross-section 

connection between two tubes, making forces transference more direct and promoting a 

connection weight reduction. The use of plane trusses was then adopted in railway 

bridges, industrial buildings and large span structures (PIRES, 2012). 

In 1952, the rectangular hollow section was developed by Stewarts and Lloyds 

(WARDENIER et al., 2010). Industrial-scale production of hollow sections, however, 

only started in the 60s in England. Square, rectangular and circular shapes were 

standardized, named SHS, RHS and CHS, respectively. 

In the 1950s, issues related to manufacturing, end cutting and welding of hollow 

sections were solved, enabling the spread use of this type of structure. The main obstacle 

became the lack of knowledge on its structural behavior as well as their connections 

resistance. In the middle of this scenario, in 1962, the hollow sections producers created the 

International Committee for the Study and Development of Tubular Structures (CIDECT). 

The main purpose was to join the resources available in the industries, universities and other 

national and international organizations for conducting research and disseminating technical 

information, mathematical methods, research results and publications. Since the beginning, 

the focus is on structure design, structural behavior, connections resistance, fatigue, 

aerodynamic properties, corrosion resistance, manufacturing and maintenance of hollow 

sections (SILVA, 2012). 

The tubular shape is attractive from the architectural point of view. The good 

quality welded connections guarantee a good finishing to the structure. Circular, square 

and rectangular shapes are the most used but some factories deliver the shapes on Figure 

1.2. Among them, the elliptical section is the one that became more popular in 

architecture design (WARDENIER et al., 2010).  
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Figure 1.2: Special shapes (WARDENIER et al., 2010) 

 

Hollow sections, especially the circular ones, have the most effective resistance 

to torsion moment because the material is uniformly distributed around the polar axis. 

Torsional constant for tubular sections is between 200 up to 300 times greater than for 

open sections (ESDEP, 2015). Tubular sections have an impressive advantage for 

structures exposed to air and water currents. The drag coefficients are much lower than 

those of open sections with sharp edges (Figure 1.3 (a)) (WARDENIER et al., 2010). 

When compared to open sections, they have smaller superficial area, leading to 

lower painting and fire-protecting costs and reducing the need for maintenance services. 

As rounded corners allow a more uniform painting thickness compared to open sections 

with sharp edges (Figure 1.3 (b)), the period of corrosion protection is increased, 

especially if the transition between sections is smooth (WARDENIER et al., 2010). 

 

 

(a) (b) 

Figure 1.3: (a) Air flux and (b) painting surface for hollow sections and open sections 

(ESDEP, 2015) 

 

The inner space of a hollow section can be used to combine the structural 

resistance to a second function such as: (i) filled with concrete to enhance compression 

strength or to protect against fire; (ii) incorporate a heat and ventilation system in the 
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tubular columns; (iii) rain water drainage; (iv) electric cables passage. Square and 

rectangular hollow sections have in their favor their simpler connections due to the 

possibility of making straight end cuts (CHAVAN et al., 2014).  

It is also important to recognize the disadvantages of hollow sections, including 

the difficulty of inspecting closed structures. 

1.2. MOTIVATION 

The use of steel structural hollow sections is widely disseminated in many 

countries but in Brazil its use was very limited until about a few years ago, restricted 

basically just to spatial roof trusses. Nowadays, it begins to change with the significant 

increase in the hollow sections production headed by Vallourec & Mannesmann of 

Brazil (SILVA, 2012). In this scenario, the national standard NBR 16239:2013 on 

hollow sections structure design was recently published. Among other topics, such as 

connections design, this standard proposes a new strength curve for the design of 

compressed seamless hot-rolled hollow sections or heat-treated for stress-relieving 

(seamless or welded) hollow sections, based on the Canadian curve from the CAN/CSA 

S16.1:2003 standard. Recent works show that residual stresses in hollow sections 

depend strongly on the manufacturing process (LI et al., 2008; GARDNER et al., 2010; 

TONG et al.2012; NSEIR et al., 2104) and affect significantly the compression strength 

of members (GUO et al., 2006, KEY & HANCOCK, 2006). 

The most employed square and rectangular hollow sections in Brazil are cold-

formed from seamless circular hollow sections and posteriorly heat-treated. The residual 

stresses and the structural behavior have not been completely studied so far. 

Therefore, it becomes very important to know the magnitude and distribution of 

residual stresses derived from this manufacturing process (before and after heat-

treatment) and evaluate if the curve imported from Canada (CAN/CSA S16.1:2003) is 

adequate for the sections available in the Brazilian market. 

1.3. OBJETIVE 

The objective of this work is to evaluate the residual stresses and the structural 

performance of compressed square and rectangular seamless hollow sections compared 

to the strength curve of ABNT NBR 16239:2013 and other standards. 
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The residual stresses around the sections are measured by X-ray diffraction 

method. The measured values are used in the elaboration of residual stresses models. 

A numerical analysis is performed using the Finite Element Method (FEM) 

through the software ANSYS (SAS, 2013). The end restrained columns incorporate the 

residual stresses and geometric imperfections. Through a geometrically and materially 

non-linear analysis, the equilibrium curves and post-buckling forces are determined. 

Based on the results obtained, the adequacy of the current design standards, 

especially NBR 16239:2013, for the design of compressed members with the studied 

properties is evaluated. 

1.4. OUTLINE 

To facilitate the understanding of this work, the content of each chapter is briefly 

described below. 

Chapter 2 deals with the bibliography review, initially presenting some structure 

stability background, elastic buckling, ultimate strength and strength curves. Hollow 

sections manufacturing processes and residual stresses are introduced. The chapter 

continues with a discussion of related previous works addressed to residual stresses and 

strength of steel hollow sections. 

Next, Chapter 3 describes the methodology used in this study to measure the 

residual stresses and elaborate the ANSYS (SAS, 2013) shell finite element model used 

to obtain the equilibrium curves and the values of ultimate stresses post-buckling of the 

columns. 

Then, Chapter 4 presents and discusses the results from the measurement of 

residual stresses by X-rays and numerical analysis performed in ANSYS. The 

formulation of the theoretical models of residual stresses is presented. The discussed 

numerical results comprise elastic buckling analysis, post-buckling behavior, 

equilibrium paths and ultimate loads. The ultimate numerical strength loads are used to 

assess the adequacy of the buckling curves of ABNT NBR 16239:2013 and evaluate 

other curves. 

Finally, Chapter 5 provides the main conclusions on the obtained results. Some 

suggestions for future work are also presented in this chapter. 
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2. BIBLIOGRAPHY REVIEW 

This chapter starts by presenting some structure stability background, elastic 

buckling and ultimate strength in item 2.1. Strength curves are addressed in item 2.2. 

Hollow sections manufacturing processes and residual stresses are presented in items 

2.3 and 2.4, respectively. Item 2.5 discusses recent studies on hollow sections. 

2.1. STRUCTURAL STABILITY 

The buckling resistance theory of compressed elements in steel structures has a 

varied history. Despite the many investigations in recent decades, research still seek to 

define the actual behavior of the columns by experimental and numerical analyzes 

(GOMES, 2006). 

 

2.1.1. Structural stability and equilibrium 

The structural design must consider not only safety and strength criteria but also 

stability, especially for slender members. Considering a structure under an external 

loading that presents a specific equilibrium configuration, the stability of this 

configuration is evaluated through the structural behavior after a small perturbation 

caused by an external force. Figure 2.1 illustrates the three equilibrium states: (i) stable, 

if the structure returns to its initial position, (ii) unstable, if it does not and (iii) neutral, 

if it remains indifferent. 

 

 

(a) (b) (c)  (d) 

Figure 2.1: The three equilibrium states: (a) stable; (b) neutral; (c) unstable; (d) unstable 

(ESDEP, 2015) 

 



 

8 

 

The instability of a structure progresses along an equilibrium path and passes 

through a transition from a stable to an unstable equilibrium configuration. This 

instability phenomenon associated with an equilibrium bifurcation is called bifurcation 

instability. 

 

2.1.2. Elastic buckling 

The column buckling theory has begun in 1774 with the publication of the first 

work of L. Euler. In this work it has been determined the useful elastic limit for a 

perfect column due to large displacements under the critical load        
     ⁄  

where the term B initially was defined as the absolute elasticity and, after 1775, as the 

stiffness. Only in his third work, in 1778, Euler finally introduced the classic formula 

and defined the term B as the flexural rigidity (EI), where E is the modulus of elasticity 

or Young modulus and I is the moment of inertia of the cross-section. According to the 

Euler assumptions, for a perfect column, bi-hinged and axially loaded, all fibers remain 

elastic until buckling occurs. Figure 2.2 shows the displaced position of the column. 

 

Figure 2.2: Euler’s column 
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At a determined distance z, the bending moment Mx with respect to the principal 

axis x is: 

           (2.1.1) 

 

being 

   

   
  

  

  
     (2.1.2) 

 

Then the differential equation is: 

   

   
 

 

  
        (2.1.3) 

 

 

As       ⁄ , the solution of this second order differential equation is: 

       (  )       (  )     (2.1.4) 

 

Applying the boundary conditions (a) y=0 and z = 0; (b) y=0 and z= L, it is 

obtained B = 0 for condition (a) and A sent (kL) = 0 for condition (b). 

 

For satisfying the equation, there are three possibilities: (i) A = 0 (trivial solution, 

no buckling); (ii) kL = 0 (no load applied to the structure); (iii) kL = nπ (non-trivial 

solution, for buckling to occur). Then, 

(
  

 
)    

 

  
    

      

  
     (2.1.5) 

 

The fundamental buckling mode occurs when n = 1. The critical load of Euler for 

a pinned column is given by equation (2.1.6). 

     
    

  
     (2.1.6) 

 

The relation between the critical load and the yielding load is expressed in 

equation 2.1.7 in terms of the global slenderness defined in equation (2.1.8). 

 

    

  
 

 

  
      (2.1.7) 
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   √
    

    
  
⁄

     (2.1.8) 

 

 

Figure 2.3 shows the Euler curve based on the equations (2.1.7) and (2.1.8). 

 

 

 
 

Figure 2.3: Real column and Euler curves 

 

 

2.1.3. Ultimate strength 

The real behavior of steel columns is rather different from that described in the 

previous section and columns generally fail by inelastic buckling before reaching the 

Euler buckling load. The difference in real and theoretical behavior is due to various 

imperfections in the "real" element: initial out-of-straightness, residual stresses, 

eccentricity of axial applied loads and strain-hardening. All imperfections affect 

buckling and will, therefore, influence the ultimate strength of the column. 

Experimental studies of real columns give results as shown in Figure 2.3 represented by 

“x” symbols. Compared to the theoretical curves, the real behavior shows greater 

differences in the range of medium slenderness than in the range of large slenderness. 

The lower bound curve is obtained from a statistical analysis and represents the safe 

limit for loading (ESDEP, 2015). 
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2.2. STRENGTH CURVES 

Numerous research works on compressive strength of columns conducted in 

North America and Europe since 1970 have resulted in the concept of multiple buckling 

curves to cover the full range of sections, steel grades and manufacturing processes used 

in construction industry (PFEIL, 2012). 

BJORHOVDE (1972) studied the strength of centrally loaded, pin-ended, 

initially curved, prismatic steel columns. The maximum strength column curves for a 

large number of different structural shapes have been developed. The theoretically 

determined maximum strengths have been found to compare well with a number of 

column test results (accuracy of ±5 percent). The set of three multiple column curves 

that has been developed is based on an initial out-of-straightness of 1/1000, which 

constitutes the specification maximum allowable. They are known as SSRC column 

strength curves 1, 2 and 3. BJORHOVDE (1972) also developed three buckling curves 

considering the initial geometric imperfection equal to L/1470, which was the average 

value found in the corresponding statistical study. These curves are referred to as 1P, 2P 

and 3P. 

Steel design in Brazil is ruled by: (i) ABNT NBR 8800:2008, for steel sections in 

general; (ii) ABNT NBR 14762:2010, for cold-formed profiles; and (iii) ABNT NBR 

16239:2013, for tubular profiles. 

The compression resistance force is given by: 

              (2.2.1) 

 

ABNT NBR 8800:2010 and ABNT NBR 14762:2010, as well as the American 

AISC, adopted the SSRC curve 2P as a single curve. The curve is expressed as a 

function of the global slenderness λ0 as shown in equation (2.2.2). 

 

  {

       
 
           

     

  
            

     (2.2.2) 

 

The recent publication of ABNT NBR 16239:2013 for hollow sections tried to 

select the most adequate curve for this profile. The chosen curve was the SSRC curve 1, 

which is already adopted by the Canadian CAN/CSA S16.1:2003, expressed in a 
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different form by a single equation (2.2.3) that gives strengths generally within 1% of 

the original polynomial forms. 

 

  
 

(    
    )

     ⁄      (2.2.3) 

 

The European EN 1993-1-1 adopts the concept of multiple strength curves. They 

are five: a0, a, b, c and d, for different cross-sections. The curves are expressed by: 

 

  
 

  √     
                         [   (     )    ]  (2.2.4) 

 

Table 2.1: Imperfection factor α (EN 1993-1-1:2005) 

 

 

Hot finished hollow sections are classified as curve a or a0, depending on the 

steel type, while cold-formed are classified as curve c, as shown in Table 2.2. 

 

Table 2.2: Buckling curve selection (EN 1993-1-1:2005) 

 

 

Strength curves from ABNT NBR 8800:2008, ABNT NBR 14762:2010, ABNT 

NBR 16239:2013 and EN 1993-1-1:2005 are presented in Figure 2.4. 
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Figure 2.4: Strength curves 

 

The difference between the curves is remarkable. A hollow section member 

without heat-treatment is designed with curve “c” from EN 1993-1-1:2005 or, in Brazil, 

with the NBR 8800:2008 curve, which provides significantly higher estimates for a 

great range of slendernesses. A hollow section with treatment is analyzed either with the 

EN 1993-1-1:2005 curve “a” or the NBR 16239:2013 curve, the Brazilian one providing 

higher estimates.  

 

2.3. HOLLOW SECTIONS MANUFACTURING 

PROCESSES 

There is no fundamental difference between the hollow section manufacturing for 

use in ducts or structural use (ESDEP, 2015). Hollow sections may have a seam or not. 

Seamless tubes are fabricated in steps: (i) heating an ingot until rolling temperature; (ii) 

forming a hollow cylinder thought the piercing of a mandrel in the original solid 
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cylinder; (iii) rolling and stretching to reach the final section, diameter, wall thickness 

and desired final forms, as shown in Figure 2.5. 

In Brazil, the main producer of seamless hollow sections is Vallourec Tubos do 

Brasil, founded in 1952. The initial production, based on seamless circular hollow 

sections, was focused on the petroleum industry and was later used by the automotive, 

mechanical and naval industries (GERKEN, 2003). 

 

 

Figure 2.5: Seamless hollow section fabrication
4
 

 

Longitudinally welded hollow sections are made from a plate conformed by 

rollers in a cylindrical shape and longitudinally welded by electrical or induction weld, 

as illustrated in Figure 2.6 (a). The edges are pushed together, resulting in a pressure 

weld. The weld excess on the outside is removed immediately after welding 

(WARDENIER et al., 2010). Removal of internal excess is not necessary for most 

applications, but it may be performed if requested (SILVA, 2012). 

Before the forming process is applied, the flat steel sheet may have already 

experienced the coiling, uncoiling and flattening process (shown in Figure 2.6 (b)). That 

is, cold rolled steel sheets are first coiled into rolls for storage. They are subsequently 

                                                 
4 

http://www.vmtubes.com.br/vmbinternet/filesmng.nsf/2F0D885B9F9AC58983257A790050CFB2/$File/

Catalogo%20de%20Tubos%20Estruturais%202012-2.pdf. Accessed on: April 20, 2014. 
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uncoiled from the roll and forced to become a flat sheet before forming forces are 

applied (QUACH, 2004). 

 

 

(a) (b) 

Figure 2.6: (a) Longitudinally welded hollow sections manufacturing (STI, 2013) and 

(b) coiling and uncoiling (QUACH, 2004) 

 

Polygonal hollow sections (square, rectangular, hexagonal, octagonal. etc.) are 

constructed by the passage of a circular hollow section through a series of sizing 

shaping rollers, as shown in Figure 2.7. This deformation process may be at hot or cold 

conditions using welded or seamless sections (ESDEP, 2015). It is common practice to 

use longitudinally welded hollow sections. For very thick sections, seamless sections 

are used (WARDENIER et al., 2010). Recent works on rectangular hollow sections, 

more detailed in item 2.5, do not include seamless sections, confirming WARDENIER 

et al. (2010) assertion. 

 

 

Figure 2.7: Roll-formed square hollow section (LI et al., 2008) 
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Since 2003, Vallourec produces in the Brazilian plant square and rectangular 

shapes by cold-conformation in a secondary production line, using hot-rolled circular 

hollow sections as base material (GERKEN, 2003). Figure 2.8 shows the equipment 

used in the process. The outside dimensions of the sections produced nowadays in the 

plant vary from 50 mm up to 400 mm. 

 

 

Figure 2.8: Vallourec equipment for cold-conformation of rectangular hollow sections – 

Belo Horizonte – MG (GERKEN, 2003) 

 

Square or rectangular hollow sections are sometimes made by using channel 

sections, which are welded together (GAMBHIR, 2013). Figure 2.9 (a) illustrates a 

process in which two identical cold-formed channel sections (one of them receives a 

back bar on each leg) are fitted together toe-to-toe and welded by submerged arc 

process. 

Other possible process is the conformation of a single sheet to the desired shape 

and closing it with a single weld, preferably in the middle of one face, as shown in 

Figure 2.9 (b) (WARDENIER et al., 2010). 

 

  

(a) (b) 

Figure 2.9: Rectangular hollow section manufacturing: (a) from two channel sections 

and (b) by cold-forming (STI, 2013) 
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For large circular hollow sections, there is also a process that results in the called 

spirally welded or helical welded tube. A continuous strip stored in a reel is uncoiled, 

straightened, flattened and then fed into a forming machine at an angle where it is 

helical wound to form a circular cylinder, as illustrates Figure 2.10. The width of the 

strip and the angle of coiling determine the section diameter. As the tube is formed, the 

helical internal seam is welded using inert gas welding or submerged arc welding, and 

as the seam rotates to the top position, the external weld is made. A continuous length of 

circular hollow section is produced (PALMER & KING, 2008). 

 

 

Figure 2.10: Manufacture of helical-welded tube (PALMER & KING, 2008) 

 

The hollow sections concerned in this work are seamless, fabricated as described 

in the first paragraph of this item. Rectangular shapes are fabricated from circular 

seamless sections through cold-forming. They are heated at 600°C for an hour per inch 

(25 mm) of thickness and cooled for stress-relieving, as indicated in ASTM A500 

(2013).  
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2.4. RESIDUAL STRESSES 

Residual stresses are the stresses present in the interior of a body existing even 

without the action of external loadings and then self-balanced. These stresses may be 

beneficial or not to the structures, depending on their magnitude, sign and distribution. Any 

perturbation as material removal, thermal or mechanical loads alters the residual stresses 

state and causes the redistribution so that stresses meet equilibrium again. Residual stresses 

superpose the stresses caused by operation loadings (LU, 2005). 

Residual stresses are divided in three categories: macroscopic (type I), microscopic 

(type II) and submicroscopic (type III). Macroscopic stresses are homogeneous over big 

volumetric portions when compared to the size of the grain of the material and cause almost 

uniform deformations in many grains. They may be found in material that has suffered non 

uniform plastic deformation, as folding, laminating process and thermal gradients of steel 

hardening (SUTERIO, 2005). 

Residual stresses may appear in any stage of manufacturing of steel sections. The 

causes are the temperature differences or deformations generated by processes as 

welding, heat treatment and thermochemical surface hardening (hardening, carburizing and 

nitriding), casting and mechanical forming. 

During contraction of rolled sections, in welding and thermal treatments, the high 

cooling rates inevitably lead to residual stresses, which are higher the greater the wall 

thickness differences and the more complex the shape of the section. Different 

deformation levels cause in both cold and hot forming residual stresses of different 

intensity. Moreover, machining causes stresses, at least in areas close to the surface. In 

welding, the generation of residual stress is through the cooling of the heated regions. 

The high temperatures at which the welding processes are performed, the modulus of 

elasticity and resistance to metal flow become very small causing the metal to expand 

due to ease the material flow. When cooling, the metal recovers its rigidity preventing 

the contraction to occur in all regions (RODRIGUES, 2007). 

 

 

2.4.1. Residual stresses measuring techniques 

The techniques of residual stresses measuring are classified in three types, 

according to the damage caused to the essayed material: destructive, semi-destructive 

and non-destructive. The destructive techniques are those that make it impossible to use 
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the specimen after the essay is finished; the semi-destructive do not compromise the 

integrity of the material; and the non-destructive do not cause any damage to the 

material. The main residual stresses measuring techniques described by LU (2005) are: 

 

(i) hole drilling 

It is one of the most used methods. It consists on the drilling of a small hole in 

the surface in order to measure the stresses relief caused by the drilling. In most cases it 

is considered semi-destructive because the damage caused by its execution is restricted 

to a small portion of the material (RODRIGUES, 2007). 

 

(ii) slitting 

As the hole drilling method, this destructive technique has as principle the 

creation of free surfaces in order to promote the redistribution of the residual stresses 

that exist in the region and then enable its determination. Some slitting techniques were 

developed exclusively for evaluating cylindrical and annular materials. Through radial 

cuts in rings (that may be parts of a tube) it is possible to determine visually if the 

circumferential residual stresses are compressive or tensile depending respectively on 

the closing or opening of the ring. 

 

(iii) layering 

The layering technique is considered destructive. The method consists of 

measuring the deflections of a specimen after successive layer removal. The technique 

is based on the principle that the deflection varies after the removal of tensioned 

material, because the specimen searches for a new equilibrium condition. 

 

(iv) X-ray diffraction 

X-ray diffraction was first applied to stress measurement by Lester in 1925 (LI et 

al., 2008). The objective of this technique is to measure the spaces between the 

crystalline net of the materials through the angular position of the diffraction line. In a 

polycrystalline material with fine grains and free of stresses, the space between 

crystalline planes does not vary with the plane orientation. Therefore, if the diffraction 

angle for a specimen free of stresses is known, the deformation of the crystalline net of 

the material can be calculated. 
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(v) neutron diffraction 

The residual stresses measuring by neutral diffraction follows the same principle 

of the X-ray diffraction technique. The method is based on the variation of the measured 

distance between planes with the stresses in the specimen. The penetration capability of 

neutron rays is higher than the X-rays, allowing the analysis of bigger portions of 

material. Among the main disadvantages of the method are: (i) the impossibility of 

direct application for measuring near the surface, without the risk of significant errors in 

the results due to the necessity of a sample volume contained within the specimen; (ii) 

the cost of the equipment and the availability of neutron sources. 

 

(vi) ultrasonic 

The ultrasonic measuring techniques are based on the fact that a propagation 

speed of the ultrasonic waves varies approximately linearly with the stress level of the 

analyzed specimen. The two most known variations are the direct measure of the 

variation of the wave propagation speed and the measure exploring the effect of 

birefringence. The stresses measuring that uses the acoustic birefringence effect is also 

known by acoustoelasticity. This technique relates the difference between the speeds of 

two ultrasonic waves with orthogonal polarization directions that propagate in the same 

material volume with the difference between stresses in the wave directions. 

 

(vii) Barkhausen 

It is applicable only to ferromagnetic materials. Such materials are constituted of 

micro regions magnetically ordered known as domains, each domain magnetized 

according to crystallographic directions preferential to magnetization. The application 

of a magnetic field promotes a rearrangement in the magnetic orientation of the domains 

in a way that regions form larger areas with the same magnetic orientation. This growth 

of the area equally magnetic oriented is incremental, fast and generates what is known 

as “Barkhausen noise”. Residual stresses measuring through this technique is based on 

calibration curves obtained by the application of known stresses in specimens, which do 

not need to be free of stresses. The main application of the Barkhausen method, 

however, is for qualitative indication, because in a quantitative analysis, if the material 

properties are not well known, the results may be poor when compared to X-ray 

diffraction and hole drilling methods.  
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2.5. RECENT STUDIES ON HOLLOW SECTIONS 

KEY et al. (1986) performed an experimental investigation on the strength and 

collapse behavior of Australian produced cold-formed square and rectangular hollow 

section columns not stress relieved by hot finishing processes. The long column test 

results on square hollow sections are compared with the AISI Class A and Class B 

column curves as well as a proposal based on the SSRC multiple column curves. The 

pin-ended column test results are summarized in Figure 2.11. The upper and lower 

curves with c equal to -1.0 and 0.0 correspond approximately with the SSRC1 and 

SSRC2 column curves respectively. 

 

 

Figure 2.11: Comparison of Australian limit state steel structures code column curves 

with test results (KEY et al., 1986) 

 

The works done by GOMES (2006), CHAN & GARDNER (2007), PIRES 

(2012) and NSEIR et al. (2014) shows that the kind of numerical analysis performed in 

this study is very common in the literature and is a valid method for reaching a better 

understanding of column behavior and evaluating the adequacy of standards for the 

concerned sections. Although CHAN & GARDNER (2007) and PIRES (2012) did not 

include residual stresses on their analysis, GOMES (2006) considered the effect on the 
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study of H-shapes and NSEIR et al. (2014), on hollow sections, concluding that the 

numerical simulations represented the real behavior of the structures very well. 

LI et al. (2008), GARDNER et al. (2010) and TONG et al. (2012) compared the 

residual stresses in sections fabricated through different processes. LI et al. (2008) used 

the X-ray diffraction method, same method applied in the present work. TONG et al. 

(2012) used hole-drilling and the X-ray diffraction methods for measuring the residual 

stresses and concluded that the results of the two methods match. 

Experimental studies regarding residual stresses on hollow sections were 

conducted recently. It is known that for steel profiles the magnitude and distribution of 

residual stresses depend basically on the cross-section geometry, the steel properties and 

the fabrication processes of the profiles. Residual stresses along the length of the 

member are more relevant to the structural behavior of columns than transversal 

residual stresses (LI et al., 2008). 

WENG & PEKÖZ (1990) concluded from experimental results on cold-formed 

channel sections that residual stresses have some particularities for this shape: (i) there 

are residual stresses of tension on the outside surface and compression on the inside 

surface of the sections; (ii) the general shape of the residual stress distribution follows 

the same pattern for all transversal sections. 

PI et al. (1998) studied the inelastic lateral buckling strengths of cold-formed 

channel section (CFC) beams. Code rules for designing steel beams against lateral 

buckling that are based on data for hot-rolled I-section beams may be unsuitable for 

CPC beams because they have different stress-strain curves, residual stresses, and initial 

imperfections, among other particular issues. A finite-element model was developed to 

investigate the elastic lateral-distortional buckling, inelastic behavior, and strengths of 

CFC beams with residual stresses and initial imperfections. The following assumptions 

were taken concerning the residual stresses: (i) There are tension residual stresses on the 

outside surface of the channel section, and compression residual stresses on the inside 

surface. Their magnitudes are distributed around the cross section as shown in Figure 

2.12; (ii) The residual stresses vary linearly through the plate thickness from tension to 

compression as shown in Figure 2.12 (b) and (c); (iii) The magnitudes of the maximum 

tension and compression residual stresses are equal, and are 0.5 fy for the flats and lips, 

and 0.65 fy for the corners, where σy is the yield stress. The strengths of the beams 

without residual stresses were found to be higher than those of the basic model, as 

indicates Figure 2.13. 
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Figure 2.12: Residual stress distribution: (a) around channel section; (b) through section 

wall at flats and lips; (c) through section wall at corners (PI et al., 1998) 

 

 

Figure 2.13: Effects of residual stresses (PI et al., 1998) 

 

GOMES (2006) presented a numerical study on the hot-rolled H-shapes 

fabricated by Gerdau-Açominas in Brazil, a relatively new product at the time of the 

publication. The Brazilian standard ABNT NBR 8800:1986 (in use at that time) adopted 

for the compression of I and H hot-rolled and welded sections the same resistance 

curve, despite the difference of residual stresses pattern resulted from the two 

fabrication processes. The residual stress distribution pattern was adopted from the 

literature and initial geometrical imperfection was equal to 1/1000 times the length of 

the column. Both characteristics were incorporated in the finite element analyses 
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through the software ANSYS using shell elements. Obtained strength curves were 

compared to NBR 8800 and Eurocode 3 (2002). The results suggested that the curve 

that better represents the resistance of the hot-rolled shapes is the “b” curve, concluding 

that ABNT NBR 8800:1986 and Eurocode 3 (2002) recommendations are conservative 

for buckling about the minor principal axis and correct for buckling about the major 

principal axis. This work was done for a product that nowadays is well established in 

the civil construction. Efforts must be directed to the products that are gaining market 

share nowadays, noticeably the square and rectangular hollow sections. 

GUO et al. (2006) studied the compressive strength of cold-formed thick-walled 

rectangular and square steel hollow sections. Material properties were obtained from flat 

and corner tensile coupon tests. Cold-forming effects on material properties were 

studied. The work founded that the mean values of the ratios of the yield stress to the 

yield stress of the virgin material are 1.04 and 1.44, respectively. Experimental tests in a 

total of 18 stub columns were carried out and results were compared to strengths 

predicted by Australian and Chinese standards for cold-formed steel structures. It was 

shown that design strengths predicted by the standards are conservative when using 

material properties from the flats while the design strengths based on the average design 

yield stress of the full section are less conservative. This work focused on the material 

properties, not even mentioning the residual stresses, that is a major factor for buckling 

and compressive strength of columns. 

KEY & HANCOCK (2006) investigated the column behavior of not stress-

relieved cold-formed electric resistance welded SHS taking into account the effect of 

overall instability, material yielding and initial conditions of residual stresses and 

geometric imperfection. The SHS tested were produced from semi-killed steel strip 

supplied in roll form, that was uncoiled, levelled, formed into a tubular section and 

electric resistance welded in a continuous process, prior to further roll forming into the 

square shape. The whole process was performed under ambient temperature conditions 

with no post-forming stress-relief treatment. Studied sections were roll-formed from a 

cold-formed welded circular section. Yield stress and residual stress around the sections 

were measured. Analytical models were developed for magnitude and distribution of 

longitudinal and transverse residual stresses through the wall thickness and around the 

cross section. Residual stresses were included in a finite strip analysis. The analytical 

load-deformation responses derived from the finite strip analysis were compared with 

the experimental behavior. Longitudinal bending residual stress, shown in Figure 2.14, 
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influenced the most the ultimate load. Stress-relief benefits were not studied, since the 

tested sections did not have this treatment. Also, the fabrication process of the sections 

is different from what is done for the most part of the hollow sections in Brazil. 

 

 

(a) (b) 

Figure 2.14: Measured components of longitudinal residual stress: 

(a) Membrane residual stress; (b) Bending residual stress (KEY & HANCOCK, 2006) 

 

CHAN & GARDNER (2007) studied the compressive resistance of hot-rolled 

elliptical hollow sections. The work involves experimental tests and finite element non-

linear numerical simulation on ABAQUS. Residual stresses were not measured. In the 

machining of the tensile coupons from the elliptical sections the observed deformations 

were considered low, assumption extended to the residual stresses, resulting in the non-

incorporation of residual stresses in the numerical models. Typical failure mode is 

shown in Figure 2.15. Elliptical sections are not widely used, especially given the 

difficulty of connecting members of this kind of geometry. In this regard, square and 

rectangular hollow sections come out ahead. 

LI et al. (2008) measured the residual stresses in roll-formed SHS using X-ray 

diffraction method on the outside surface, along thickness direction and inside surface. 

The author studied sections from two different fabricating processes, which were called: 

(i) flat-strip-to-rectangle forming (FRF), in which the SHS is formed from flat strip to 

final box profile directly, as shown in Figure 2.16 (a), and (ii) circle-to-rectangle 

forming (CRF), in which the flat strip is formed to circle profile, and then the circle 

profile is formed into SHS as shown in Figure 2.16 (b). For measuring through-

thickness residual stresses, a single CRF section was chosen and material was removed 
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until the desired depths, since X-rays are diffracted from surface. The measured residual 

stresses were corrected in order to isolate the effect of relaxation created the layer 

removal. Residual stresses on the inside surface were measured for the two FRF larger 

sections only due to the equipment size. The residual stresses on the welding line were 

found to be the maximum, and through thickness variations of residual stresses come 

out typically as bi-linear, as shown in Figure 2.17. The study concluded that, for the 

same dimension, the forming process has a significant effect on the distribution of 

longitudinal stresses on the outside surface of square hollow sections. The square 

sections formed from a hot-rolled circular hollow section are not mentioned in the 

study. 

 

 

 (a) (b)   

Figure 2.15: Typical failure mode: (a) Numerical simulation; (b) Laboratory test 

(CHAN & GARDNER, 2007) 

 

 

(a) (b) 

Figure 2.16: Roll-formed square hollow section: (a) FRF; (b) CRF (LI et al., 2008) 
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(a) (b) 

Figure 2.17: Residual stress along thickness of CRF specimen: (a) longitudinal residual 

stress; (b) transversal residual stress (LI et al., 2008) 

 

A comparison between hot-rolled and cold-formed RHS was performed by 

GARDNER et al. (2010). Ten structural hollow sections were examined (five hot-rolled 

and five cold-formed). An experimental program comprising tensile coupons tests on 

flat and corner material, as shown in Figure 2.18, measurements of geometric 

imperfections and residual stresses, stub column tests and simple and continuous beam 

tests was carried out to investigate the structural behavior of SHS and RHS. 

 

 

Figure 2.18: Location of flat and corner tensile coupons (GARDNER et al., 2010) 
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Geometric imperfections were found to be of similar magnitude in the two 

section types. Residual stresses were predicted on the basis of the acquired surface 

residual strain measurements. Two possible stress distributions were considered: a 

linearly varying through-thickness distribution and a rectangular stress block 

distribution. Bending stresses for hot-rolled sections were negligible. For cold-formed 

sections the bending stresses showed a consistent tendency of tension on the outer 

surface and compression on the inner surface of the sections. The bending residual 

stresses magnitudes for both flat and corner regions are generally greater than those 

observed in steel channel sections, since springback and the resulting release of residual 

stresses is effectively restricted in the production of tubes. 

Material tests revealed modest increases in strength in the flat regions of cold-

formed sections, but marked strength enhancements in the corner regions. The corners 

in the studied cold-formed tubular sections experience a particular, two-stage strain 

history, arising from the fact that the sections are initially formed into a circular profile, 

seam welded and then subsequently pressed into their final rectangular shape; this is 

unlike the more common single continuous operation typically applied to cold-formed 

open sections, such as channels and lipped channels. The strength enhancements were 

compared with AISI S100 (2007) predictive model and revised coefficients have been 

proposed. 

Increases in the yield stress of the steel due to cold-forming are treated by the 

American AISI S100 (2007) in its item A7. It states that for cold-formed profiles the 

design yield stress for compression of the full section can be calculated as a weighted 

average of corner and flat values according to equation (2.5.1). Yield stress in the flats 

is the nominal value and, in the corners, calculated by equations (2.5.2) to (2.5.4). This 

formula is only applicable when fu / fy ≥1.2, R / t ≤ 7 and the folding angle is equal to or 

less than 120°. The Brazilian standard ABNT NBR 14762:2010 uses the same 

procedure. 
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Figure 2.19 (a) presents the curves for some fu / fy ratios. The greater yield stress 

increases are observed for the sections with the highest fu / fy ratios and sharper corners. 

However, SHS and RHS are formed from a CHS. This is a different process from 

that used to open sections as U sections. GARDNER et al. (2010) proposes new values 

for Bc and m, as shown in equations (2.5.5) and (2.5.6), based on experimental studies 

with SHS and RHS formed from welded CHS. 
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Yield stress increment curves calculated by GARDNER et al. (2010) are 

presented on Figure 2.19 (b). 

The cross-section average yield stress is calculated in another way by the 

European EN 1993-1-3 in its item 3.2.2. Yield stress increasing due to cold-forming 

cannot be used for members that experienced a thermal treatment after conformation 

under temperatures higher than 580°C for more than an hour (EN 1993-1-3). 

 

        (      )      
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      (2.5.8) 

 

where k is a coefficient depending on the type of conformation (k = 7 for roller forming 

and k = 5 for other methods) and n is the number of 90° curves in the cross section 

with ratio lower than 5t (fractions of 90° curves must be counted as fractions of n). 
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(a) 

 

(b) 

Figure 2.19: Models for increasing the yield stress in the corners: (a) AISI S100 (2007) 

and (b) GARDNER et al. (2010) 

 

TONG et al. (2012) conducted an experimental investigation on longitudinal 

residual stresses for cold-formed thick-walled square hollow sections with thickness 

greater than 6 mm. Square hollow sections formed from two different forming processes 

were studied: (i) “direct square” way (rolling an annealed flat strip directly into a square 

hollow section, which is then welded at the edges) and (ii) “indirect way from circular 

to square” (rolling an annealed flat strip into a circular hollow section first, which is 

then welded at the edges, and further rolling into a square hollow section). Hole-drilling 

and the X-ray diffraction methods were used to measure the magnitudes and 

distributions of longitudinal residual stresses along the section perimeter as well as 
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along the section thickness. Good agreement was achieved between the test results 

obtained using the hole-drilling method and the X-ray diffraction method. The 

experimental results indicate that the longitudinal residual stresses are in tension at outer 

surface and in compression at inner surface, and present nonlinear distributions along 

the section thickness. Longitudinal residual stresses are small at the middle-surface 

along the thickness of the section. Two longitudinal residual stress patterns were 

proposed for the cold-formed thick-walled square hollow sections according to the 

forming process, as shown in Figure 2.20. Once again, as in LI et al. (2008) work, the 

square sections formed from a hot-rolled circular hollow section were not mentioned. 

 

 

(a) (b) 

Figure 2.20: Proposed model of longitudinal residual stresses for cold-formed thick-

walled square hollow sections: (a) direct forming technology; (b) indirect forming 

technology (TONG et al., 2012) 

 

The compressive strength of SEHS (semi-elliptical hollow sections, shown in 

Figure 2.21) was studied by PIRES (2012). The knowledge on the SEHS behavior by 

the industry and scientific community is incipient. Numerical analyses using Finite Strip 

Method and Finite Element Method were conducted for different cross-sections 

available in the market and lengths. Limited information about its manufacturing 

processes and consequent residual stresses is available. For that reason and believing 

that this point has no significant relevance in the column behavior (in which the author 

may be wrong), the residual stresses were not considered in the modeled columns. Post-

buckling behavior and collapse mechanism are obtained through geometrically and 

materially non-linear ABAQUS models. The validity of Eurocode 3 standard for this 

particular shape of hollow section is evaluated. The study concludes that the critical 
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mode for short and intermediate columns is local while for long columns the global 

mode is the critical one. It is also inferred that the Eurocode recommendations are 

highly conservative, leading to uneconomic structures. It is convenient to remind that 

the use of semi-elliptical sections is restricted to audacious projects in which the 

architects pretend to expose the structure, not being a representative amount of the 

tubular sections used in the civil construction. 

 

 

Figure 2.21: Semi-elliptical hollow sections (PIRES, 2012) 

 

NSEIR et al. (2014) presents an extensive experimental program and reports the 

result on initial geometric imperfections and residual stresses for cold-formed and hot-

finished rectangular, square and circular steel hollow sections. A FEM model using 4-

nodes shell elements was developed to represent the experimental behavior. Flexural 

and membrane residual stresses were measured by the strip-cutting method. The 

residual stresses adopted for the numerical model were based on flats and corners 

averages presented as a fraction of the yield stress fy. Membrane stresses were 

introduced for hot-finished profiles (flexural stresses are negligible compared to 

membrane stresses); for cold-formed profiles flexural residual stresses were found to be 

much higher than membrane stresses and both flexural and membrane stresses were 

introduced. Numerical simulations represented the real behavior quite accurately. 

KHAN et al. (2015) studied the residual stresses in high strength steel welded 

square box sections (produced from plates of 690 MPa yield stress) with single and 

multiple welding passes using the neutron diffraction technique. The study focused on 

longitudinal residual stresses, which are dominant compared to transversal and normal 

residual stresses for this type of section, as indicates Figure 2.22 (b). From Figure 2.23, 

it is noticeable that for a given position residual stresses are either tensile or 
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compressive through all thickness of the wall, indicating bending stresses are negligible. 

Tensile residual stresses in the weld region and the heat-affected zone force the 

formation of compressive residual stresses in the base material, equilibrating the stresses 

in the section. Thick heavily welded sections exhibited higher tensile residual stresses 

than lightly welded sections, while compressive residual stresses were similar for lightly 

welded and heavily welded sections, because of the larger available area of thick 

heavily welded sections to balance the tensile residual stresses. Figure 2.23 shows also a 

proposed model for residual stress distribution for lightly and heavily welded box 

sections, based on equivalent rectangular stress blocks. The residual stresses studied in 

this work arrive from the effect of the welding on the section and are not applicable to 

seamless sections. 

 

 

(a) (b) 

Figure 2.22: (a) Schematic view of welding region of six weld passes and  

(b) Residual stress of single-welded box section distribution in transverse, longitudinal 

and normal directions at the depth of 2.5 mm from the surface (KHAN et al., 2015) 
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(a) (b) 

Figure 2.23: Longitudinal residual stress at various depths from the surface and a 

proposed model of residual stress distribution: (a) single-pass welded section;  

(b) six-pass welded section (KHAN et al., 2015) 

 

It may be concluded that, although several studies on the strength of hollow 

sections have been conducted in recent years, they do not give the proper attention to 

the square and rectangular hollow sections produced by cold-conformation from hot-

rolled circular hollow sections. 
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3. METHODOLOGY 

This chapter presents the methodology of residual stresses measurement by X-

ray  diffraction in item 3.1. Item 3.2 presents the elaboration of a residual stresses model 

valid for any SHS and RHS cold-formed from a seamless CHS. Item 3.3 addresses the 

numerical (shell finite element) model adopted to perform linear and geometrically non-

linear analysis in ANSYS. 

 

3.1. RESIDUAL STRESSES MEASUREMENT 

Residual stress measurement is performed by magnetic and X-ray diffraction 

methods by Gurteq Company (GUROVA & LEONTIEV, 2009). 

X-ray diffraction method measures the absolute value of the surface stress in a 

determined point in a fixed direction. Magnetic method, which is not capable to provide 

absolute values, is a complement to the X-ray diffraction method. It measures the 

principal stresses differences, evaluates the surface stress distribution and locates the 

higher stress points. Figure 3.1 shows the residual stress measurement by the X-ray 

diffraction method made on the chosen hollow sections. 

 

 

Figure 3.1: Residual stress measurement by the X-ray diffraction method 
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The portable X-ray equipment is composed of the following parts, as shown in 

Figure 3.2: (1) control unity that monitors and adjusts the power of the X-ray tube; (2) 

power supply and X-ray tube; (3) magnetic support; and (4) collimator with cassette for 

X-ray films. The voltage and current of the X-ray source are 25 kV and 1.5 mA, 

respectively. The exposure time for measuring residual stresses in steel is approximately 

6 minutes (GUROVA & LEONTIEV, 2009). 

 

 

Figure 3.2: Portable X-ray equipment for mechanical stresses measurement 

 

Before stress measurement by X-ray diffraction method, surface must be cleaned 

in order to eliminate the effect of impurity. Grinding is not an option, since it would 

alter the stress state because of the compression on the surface during the grinding. 

Cleaning is then done by electrolytic polishing over a 1cm² area until 0.2 mm depth, 

where the stresses are measured. 

In the flats the measurement is done in four directions: longitudinal, transversal 

and two diagonals. Second diagonal is measured only for verification and validation. 

In the corners measurement is done only along longitudinal and transversal 

directions, which are the stresses principal directions. 

The measurement is performed at a single section along the length, assuming 

that residual stresses are the same along the length. The chosen section is located 
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reasonably far from the ends in order to avoid the effect of end cutting. The residual 

stresses are measured at two stages of fabrication: before heat-treatment (hereinafter 

referred to as BHT) and after heat-treatment for stress-relief (hereinafter referred to as 

AHT). Measurement points around the circular and rectangular tubes are shown in 

Figure 3.3 (a) and (b), respectively. Residual stresses are measured only in the outer 

surface of the sections due to the size of the equipment, which does not fit into the 

dimensions of the analyzed sections. Flat and corner regions of rectangular tubes are 

also defined in Figure 3.3 (b). Uncertainty of measurement is ± 10 MPa. 

 

 

 (a) (b)  

Figure 3.3: Residual stresses measurement points 

 

3.2. RESIDUAL STRESSES MODEL 

Average longitudinal and transversal residual stress of corners and flats is 

calculated for each tube, before heat-treatment (BHT) and after heat-treatment (AHT). 

Shear stresses are not considered. 

Residual stresses are then decomposed in membrane and bending stresses, 

calculated through a two-equation system.             and           are the measured 

stresses on the outside surface. 

  

                                    (3.2.1) 

                               (3.2.2) 

 

 For solving the system two premises are assumed: 
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(i) Bending stress is considered to have a 10% reduction in its magnitude in 

the corners. GARDNER et al. (2010) and NSEIR et al. (2014) indicate 

this behavior. 

                          (3.2.3) 

 

(ii) Membrane stress leads to tension in the flats and compression in the 

corners. 

 

In order to reach equilibrium equation 3.2.4 is presented: 

 

                                   (3.2.4) 

 

Substituting equations (3.2.3) and (3.2.4) in equations (3.2.1) and (3.2.2): 

 

                                     (3.2.5) 

        
       

     
                       (3.2.6) 

                           (3.2.7) 

                     
       

     
     (3.2.8) 

 

Thus: 

 

          
                         

(  
       
     

)

     (3.2.9) 

                  
       

     
             (3.2.10) 

                           (3.2.11) 

                   
       

     
     (3.2.12) 

 

From this data residual stresses models are elaborated for the two fabrication 

stages regarding yield stress fy valid for any SHS and RHS cold-formed from a seamless 

CHS. 

  



 

39 

 

3.3. ANSYS NUMERICAL MODEL 

Equilibrium curves and ultimate post-buckling are determined through 

geometrically and materially non-linear FEA carried out in the code ANSYS (2013). 

The columns are discretized in SHELL181 elements (ANSYS nomenclature – 4-

node shear deformable elements with six degrees of freedom per node and full 

integration suitable for analyzing thin to moderately-thick shell structures) of 

approximately 1.0 cm x 1.0 cm and four layers of equal thickness. Each corner is 

discretized with four elements. 

The use of layers is crucial in this work because it will allow the application of 

different residual stresses through the wall thickness of the sections. The discretization 

with four layers was considered satisfactory and involves a reasonable computational 

effort. No slippage is assumed between the element layers. 

Analysis is performed through an incremental-iterative method that combines 

Newton-Raphson’s method with an arc-length control strategy. 

Figure 3.4 illustrates the geometry, node location and coordinate system for 

SHELL181 element. Figure 3.5 shows the typical mesh adopted for all models. 

 

 
 

Figure 3.4: SHELL181 element (SAS, 2013) 

 

Columns exhibit: (i) isotropic elastic perfectly plastic material with Young’s 

modulus E = 200 GPa, Poisson coefficient ν = 0.3 and yield stress fy = 350 MPa; (ii) 

initial imperfection; and (iii) residual stresses. X, Y and Z global axes are related to 

width, height and length of the column, respectively. 

The extreme sections are assumed to be fixed. They are modeled with 

SHELL181 elements of 2.5mm thickness and a Young modulus 10 times higher than 

steel. It aims to simulate a rigid plate welded to the column ends preventing rotation and 

in-plane displacements. Only axial displacement is allowed in order to receive the 
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compression load. Therefore rigid plate elements have in-plane displacements prevented 

(X and Y axis) and rotation prevented in the three directions (X, Y and Z), as shown in 

Figure 3.6 (a). A single node in the mid-length of the column has the longitudinal 

displacement restricted, in order to prevent any rigid body displacement, as shown in 

Figure 3.6 (b). 

Axial compression is applied by a concentrated force in the rigid plate in the 

node that corresponds to the geometrical center of the cross-section, as indicated in 

Figure 3.6 (a). The force varies in small increments by an automatic ANSYS procedure. 

 

 

(a) (b) 

Figure 3.5: (a) Typical mesh and (b) element layers 

 

 

(a) (b) 

Figure 3.6: Support condition and applied forces: (a) in the rigid plate and (b) at mid-

length of the column 
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Geometrical imperfection incorporation is done automatically through the 

following procedure: (i) determination of the critical buckling mode shape (through 

ANSYS buckling analysis with the same mesh used for the posterior post-buckling 

analysis), which is then (ii) multiplied so that the maximum imperfection amplitude is 

equal to L/1000, as adopted for the SSRC curves by BJORHOVDE (1972) and (iii) this 

buckling analysis output is used as an input to non-linear post-buckling analysis. 

Residual stresses incorporation is done through the ANSYS “INISTATE” 

command according to the element local axis (Figure 3.4). In-plane stresses are entered 

(X and Y local axis). Stresses normal to the wall (local axis Z) and shear stresses (XY, 

YZ e XY) are disregarded. 

Each of the four layers receives different stresses so that the total stress is equal 

to the model. Every layer has the same membrane stress and bending stress varies 

through the thickness. 

 

Layer 1:         
 
 ⁄        (3.3.1) 

Layer 2:         
 
 ⁄        (3.3.2) 

Layer 3:         
 
 ⁄        (3.3.3) 

Layer 4:         
 
 ⁄        (3.3.4) 

  

Analyses are performed for the three cross-sections which have the residual 

stresses measured and another 5 cross-sections picked from Vallourec catalogue. 

Post-buckling analyses are performed only for the columns that, besides 

presenting a global critical buckling mode, present local buckling critical loads much 

higher than global buckling critical load in order to avoid mode interaction. 
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4. RESULTS AND DISCUSSION 

This chapter presents and discusses the results obtained from numerical elastic 

and elastic-plastic post-buckling analysis of columns, performed through ANSYS. Item 

4.1 presents the geometry selection. The residual stresses measurement results and the 

theoretical model are presented in item 4.2. Item 4.3 addresses the elastic buckling 

analyses. Item 4.4 analyzes the post-buckling behaviour and ultimate strength, 

comparing ultimate strength results obtained in this work to the current standard curves. 

 

4.1. GEOMETRY SELECTION 

The selected sections are produced by Vallourec Tubos do Brasil. Table 4.1  

presents the dimensions of the chosen sections for residual stresses measuring and 

numerical analyses. The far right column indicates whether the residual stresses of the 

section in question were measured. 

 

Table 4.1: Cross-section dimensions of rectangular hollow sections 

SECTION 
h  

[mm] 
b  

[mm] 
t   

[mm] 

Residual 
stressses 

measurement 

 

60 x 40 x 4.0 60 40 4.0   
80 x 60 x 5.6 80 60 5.6   

110 x 80 x 6.4 110 80 6.4 X  
150 x 120 x 7.1 150 120 7.1   
240 x 200 x 10 240 200 10   
280 x 160 x 10 280 160 10   
290 x 150 x 6.4 290 150 6.4 X  
320 x 250 x 7.9 320 250 7.9 X  

 

The lengths of the modeled columns vary in a way that slenderness (λ0) ranges 

from 0.25 to 3.0 in order to cover up a wide extension of the strength curves. 
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4.2. RESIDUAL STRESSES MODEL 

Table 4.2 presents the measured residual stresses on the outside surface for eight 

positions around the sections (four flats and four corners). The residual stresses were 

measured at two stages of fabrication: before heat-treatment (BHT) and after heat-

treatment for stress-relief (AHT). 

 

Table 4.2: Measured residual stresses on the outside surface of sections [MPa] 

 

 

Results from Table 4.2 show that: (i) residual stresses are lower for heat-treated 

sections and more uniform compared to non-treated sections; (ii) shear stresses are 

significantly lower than longitudinal and transversal stresses; (iii) residual stresses on 

the outer surface are predominantly tensile. 

 Table 4.3 presents the average residual stresses including longitudinal and 

transversal for corners and flats for the three sections (BHT and AHT). Shear stresses 

are disregarded. 
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Table 4.3: Average residual stresses on the outside surface [MPa] 

 

 

The residual stresses are then decomposed in membrane and bending stresses, as 

indicated on equations (3.9) - (3.12). 

 

Table 4.4: Membrane and bending residual stresses [MPa] 

 

 

From the data presented on Table 4.4 residual stresses models are elaborated 

according to the procedure described in item 3.2 for the two fabrication stages regarding 

yield stress fy valid for any SHS and RHS cold-formed from a seamless CHS. 

 

(i) BHT: 

                          (3.13) 

                        (3.14) 

                           (3.15) 

                         
       

     
    (3.16) 

 

(ii) AHT: 

                          (3.17) 

                        (3.18) 

                           (3.19) 

                         
       

     
    (3.20) 
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Bending stresses from equations (3.13) - (3.14) and (3.17) - (3.18) correspond to 

tension on the external surface and compression on the internal surface. 

Residual stresses magnitudes for both flats and corners are greater than the 

observed in steel channel sections, because the springback (and the consequent residual 

stresses release) is effectively restricted in the manufacturing of hollow sections 

(GARDNER et al., 2010). 

 

4.3. ELASTIC BUCKLING ANALYSIS 

Table 4.5 shows the critical global buckling loads Pcr,e for obtained through FEM 

analysis for each selected section and length. The selected columns present local 

buckling critical loads much higher than global buckling critical load in order to avoid 

mode interaction. 

 

Table 4.5: Critical loads of selected columns [kN] (to be continued) 

SECTION Py [kN] L [mm] Pcr,e [kN] λ0 

60 x 40 x 4.0 238 

1500 479 0.7 

2000 269 0.9 

2800 137 1.3 

3500 88 1.6 

4000 67 1.9 

4800 47 2.3 

5500 36 2.6 

80 x 60 x 5.6 467 

3000 518 1.0 

4000 291 1.3 

5500 154 1.7 

6000 129 1.9 

7300 87 2.3 

8300 68 2.6 

9000 58 2.9 

110 x 80 x 6.4 745 

2500 2477 0.5 

4500 765 1.0 

6500 366 1.4 

9000 191 2.0 

12000 108 2.6 

150 x 120 x 7.1 1211 

4000 3504 0.6 

8000 876 1.2 

12000 389 1.8 

14000 286 2.1 

18000 173 2.6 
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Table 4.5: Critical loads of selected columns [kN] (continuation) 

SECTION Py [kN] L [mm] Pcr,e [kN] λ0 

240 x 200 x 10 2820 

6000 10371 0.5 

9000 4609 0.8 

12000 2593 1.0 

15000 1659 1.3 

18000 1152 1.6 

280 x 160 x 10 2820 

5000 10170 0.5 

10000 2542 1.1 

15000 1130 1.6 

20000 636 2.1 

290 x 150 x 6.4 1865 

10000 1670 1.1 

14000 852 1.5 

19500 439 2.1 

320 x 250 x 7.9 2986 
15000 3068 1.0 

23000 1305 1.5 

 

 

The shapes of the three first modes for 2000 mm long 60 x 40 x 4.0 column are 

shown in Figure 4.1. The three modes correspond to minor axis flexural buckling and 

present one, two and three half-waves. The other analyzed columns have similar global 

mode shapes.  

 

(a) (b) (c) 

Figure 4.1: Global mode shapes for column 60 x 40 x 4.0 and L = 2000 mm:  

(a) first mode, (b) second mode and (c) third mode 
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4.4. POST-BUCKLING 

Figure 4.2 displays the elastic and elastic-plastic equilibrium paths, the evolution 

of the deformed configurations and von Mises stress contours (before, at and beyond the 

peak load) of column RHS-NRS 60 x 40 x 4.0 with length L equal to 4000 mm. The 

five diagrams correspond to the equilibrium states indicated on the equilibrium path, 

state III corresponding to the column failure.  The observation of these results prompts the 

following remarks: (i) the column exhibit minor axis flexural buckling and (ii) the 

failure mode of the column is the formation of a plastic hinge in the middle of the span. 

 

 

Figure 4.2: Elastic and elastic-plastic equilibrium paths, deformed configurations 

(including the collapse mechanism) and von Mises stress contours (in kN/cm²) 
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Figure 4.3 presents the equilibrium path (normalized load P/Py x displacement in 

the minor axis direction |δ|) of 110 x 80 x 6.4 column with different lengths and residual 

stress distributions until ultimate strength is reached. Each chart has a different scale to 

better fit the paths.  

 

  

(a) (b) 

  

(c) (d) 

 

(e) 

Figure 4.3: Equilibrium path (P/Py x |δ|) of 110 x 80 x 6.4 mm columns: 

(a) L = 2500 mm; (b) L = 4500 mm; (c) L = 6500 mm; (d) L = 9000 mm;  

(e) L = 12 000 mm 
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The observation of Figure 4.3 prompts the following remarks: (i) the equilibrium 

paths for the three residual stresses conditions begin in the same way and then separate, 

and (ii) the BHT column path is below the AHT column path for all lengths. For L = 

2500 mm the path of heat-treated column is below the path of the column which 

residual stresses are disregarded. For L = 4500 the separation begins at the end of the 

path and for greater lengths there is almost no separation. The difference between BHT 

and AHT columns paths decreases with the increase of the column length. 

 

Figure 4.4 shows the normalized strength variation (Pu/Py) against the global 

slenderness of columns considering (i) the residual stresses that are measured by X-ray 

diffraction (denoted by R of real) and (ii) the residual stresses from the elaborated 

model (denoted by M of model). 

 

 

Figure 4.4: Normalized strength variation (Pu/Py) x global slenderness of columns 

 

Figure 4.5 shows the percentage difference Δ of “M” values of strength 

compared to “R” values of strength (Δ = (Pu,M – Pu,R) / Pu,R) against the global 

slenderness of columns. 
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Figure 4.5: Difference between measured and modeled residual stresses (Δ) x global 

slenderness of columns 

 

The observation of the results of Figure 4.5 shows that the perceptual difference 

Δ between real strength and model strengths are lower than 2%, indicating that the 

residual stresses model is well adjusted to the real residual stresses found in the 

measured sections. From now on, the presented results consider the residual stresses 

from the elaborated model. 

Table 4.6 shows the normalized strength variation (Pu/Py) numerical results of 

the analyzed columns. Figure 4.6 (a) - (b) shows the normalized strength variation 

(Pu/Py) against the global slenderness (λ0) of BHT, AHT and NRS columns as well as 

(a) ABNT NBR 8800:2008 and ABNT NBR 16239:2013 curves, which are the 

Brazilian design curves for non-treated and heat-treated cold-formed hollow sections, 

respectively and (b) Eurocode 3 curves “a” and “c”, prescribed for hot-finished and 

cold-formed hollow sections, respectively. It also presents the results of BJORHOVDE 

(1972) regarding welded box sections and the experimental results of KEY (1986) on 

non-treated cold-formed hollow sections. 

Figure  (a) - (c) shows the ratio of the ultimate strength values obtained (Pu) to 

the nominal strength values prescribed by the current standards (Pn) against global 

slenderness of columns (λ0) for (a) RHS-NRS, (b) RHS-BHT and (c) RHS-AHT 

sections, respectively. The selected curves are a0, a, b and c from Eurocode 3 and the 

ABNT NBR 8800:2008 and ABNT NBR 16239:2013 curves. The averages, standard 

deviations and maximum/minimum values of the Pu/Pn ratios are also included in the 

plots. 
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Table 4.6: Normalized ultimate loads Pu/Py numerical results 

SECTION L [mm] λ0 
Pu / Py 

RHS-NRS RHS-BHT RHS-AHT 

60 x 40 x 4.0 

1500 0.7 0.875 0.789 0.855 

2000 0.9 0.764 0.666 0.744 

2800 1.3 0.518 0.462 0.514 

3500 1.6 0.359 0.321 0.357 

4000 1.9 0.283 0.252 0.281 

4800 2.3 0.202 0.176 0.200 

5500 2.6 0.156 0.132 0.154 

80 x 60 x 5.6 

3000 0.9 0.766 0.661 0.747 

4000 1.3 0.551 0.488 0.546 

5500 1.7 0.325 0.293 0.323 

6000 1.9 0.278 0.250 0.276 

7300 2.3 0.193 0.171 0.191 

8300 2.6 0.152 0.132 0.150 

9000 2.8 0.130 0.111 0.128 

110 x 80 x 6.4 

2500 0.5 0.918 0.837 0.893 

4500 1.0 0.702 0.599 0.682 

6500 1.4 0.417 0.373 0.413 

9000 1.9 0.234 0.212 0.230 

12000 2.6 0.136 0.122 0.133 

150 x 120 x 7.1 

4000 0.6 0.913 0.833 0.889 

8000 1.2 0.580 0.510 0.571 

12000 1.8 0.296 0.273 0.293 

14000 2.1 0.218 0.204 0.222 

18000 2.6 0.139 0.129 0.138 

240 x 200 x 10 

6000 0.5 0.928 0.858 0.907 

9000 0.8 0.839 0.733 0.813 

12000 1.0 0.670 0.579 0.654 

15000 1.3 0.490 0.439 0.484 

18000 1.6 0.361 0.331 0.358 

280 x 160 x 10 

5000 0.5 0.921 0.850 0.897 

10000 1.1 0.654 0.574 0.641 

15000 1.6 0.357 0.326 0.355 

20000 2.1 0.213 0.194 0.211 

290 x 150 x 6.4 

10000 1.1 0.624 0.566 0.609 

14000 1.5 0.380 0.378 0.357 

19500 2.1 0.210 0.210 0.209 

320 x 250 x 7.9 
15000 1.0 0.691 0.591 0.673 

23000 1.5   0.336 0.364 
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(a) 

 

(b) 

Figure 4.6: Normalized strength variation (Pu/Py) x global slenderness of columns (λ0): 

(a) over ABNT NBR 8800:2008 and ABNT NBR 16239:2013 curves and (b) over 

Eurocode 3 curves “a” and “c” 
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curve a0 curve a 

 

curve b curve c 

 

curve ABNT NBR 16239:2013 curve ABNT NBR 8800:2208 

(a) 

Figure 4.7: Pu /Pn values against global slenderness of columns (λ0) for (a) RHS-NRS, 

(b) RHS-BHT and (c) RHS-AHT sections 
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curve a0 curve a 

 

curve b curve c 

 

curve ABNT NBR 16239:2013 curve ABNT NBR 8800:2008 

(b) 

Figure 4.7: Pu /Pn values against global slenderness of columns (λ0) for (a) RHS-NRS, 

(b) RHS-BHT and (c) RHS-AHT sections 
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curve a0 curve a 

 

curve b curve c 

 

curve ABNT NBR 16239:2013 curve ABNT NBR 8800:2008 

(c) 

Figure 4.7: Pu /Pn values against global slenderness of columns (λ0) for (a) RHS-NRS, 

(b) RHS-BHT and (c) RHS-AHT sections 
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The observation of the results presented in Figure 4.6 (a) - (b) prompts the 

following remarks: 

(i) As expected, all obtained column strengths are lower than Euler’s 

prediction. 

(ii) The strengths of RHS-BHT are lower than those of RHS-AHT, that, in 

its turn, are lower than those of RHS-NRS for all columns. Strength 

differences between BHT and AHT may be substantial. 

(iii) The strength difference from RHS-AHT columns to RHS-BHT columns 

is significant for slendernesses near 0.5 and decreases with the increase 

of slenderness. 

(iv) The strengths obtained in this work are compatible with the other works. 

It is noteworthy that Bjorhovde (1972) results are very disperse. 

(v) ABNT NBR 16239:2013 curve provides unsafe estimates for both RHS-

BHT and RHS-AHT. ABNT NBR 8800:2008 also provides unsafe 

estimates for RHS-BHT columns. 

(vi) For short columns  (0 < λ0 < 1.0) the predictions of both ABNT NBR 

8800:2008 and ABNT NBR 16239:2013 are consistently unsafe for 

RHS-BHT. For RHS-AHT the predictions of ABNT NBR 8800:2008 are 

safe and those of ABNT NBR 16239:2013 are unsafe. The same can be 

inferred for intermediate columns (1.0 < λ0 < 2.0) 

(vii) The predictions of ABNT NBR 8800:2008 for slender columns (2.0 < λ0 

< 3.0) tend to be close to the numerical results for RHS-BHT while 

predictions of ABNT NBR 16239:2013 tend to come near to the 

numerical results of RHS-AHT. 

(viii) Eurocode curve “a” provides safe estimates for RHS-AHT and RHS-

NRS columns, indicating that the curve is well fitted for these hollow 

sections. Eurocode curve “c” provides quite safe estimates for RHS-

BHT, being a conservative estimate for the columns strength of the 

studied cold-formed hollow sections. 

 

The observation of the results presented in Figure  (a) - (c) prompts the 

following remarks: 

(i) For all cases the standard deviation is little. 



 

57 

 

(ii) In the comparisons with the European curves, it is observed that the 

Pu/Pn ratios are slightly lower than the average until global slenderness λ0 

is approximately 1.0 and becomes more constant after that. 

(iii) Among the European curves, the one that is better adjusted for the RHS-

NRS is the curve “a”, with an average of 1.08 and standard deviation of 

0.05. For curve “a0” there are many Pu/Pn values under 1.0. For curves 

“b” and “c” the Pu/Pn averages are much high (1.16 and 1.25, 

respectively). Regarding the Brazilian curves, ABNT NBR 8800:2008 is 

well adjusted, with an average of 1.09 and standard deviation of 0.06. 

The ABNT NBR 16239:2013 does not attend strength criteria since the 

Pu/Pn average is under 1.0. 

(iv) The Pu/Pn averages of RHS-BHT, shown in Figure  (b), are 0.10 to 0.13 

lower than the RHS-NRS ones. The standard deviation is even smaller 

for RHS-BHT sections. 

(v) The European curve that is better fitted for RHS-BHT is curve “b”, with 

an average of 1.04 and standard deviation of 0.04. For curves “a0” and 

“a” there are many Pu/Pn values under 1.0. For curve “c” the Pu/Pn 

average is too high (1.12). 

(vi) Regarding the Brazilian curves, neither ABNT NBR 8800:2008 (Pu/Pn 

average of 0.88 and standard deviation of 0.03) nor ABNT NBR 

16239:2013 (Pu/Pn average of 0.97 and standard deviation of 0.04) are 

representative of the column strength of these RHS-BHT and provide 

unsafe estimates. 

(vii) The results for the RHS-AHT, shown in Figure  (c), are pretty similar of 

those for RHS-NRS. The Pu/Pn averages are around 1% lower for RHS-

AFT compared to RHS-NRS and the standard deviations have the same 

magnitude. As for RHS-NRS, the best fitting European curve is “a” 

(Pu/Pn average of 1.07 and standard deviation of 0.05). Regarding the 

Brazilian curves, ABNT NBR 8800:2008 is well adjusted, with an 

average of 1.09 and standard deviation of 0.06. The ABNT NBR 

16239:2013 does not attend strength criteria since the Pu/Pn average is 

under 1.0. 
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5. CONCLUSION 

Recent works show that residual stresses on hollow sections depend strongly on 

the manufacturing process (LI et al., 2008; GARDNER et al., 2010; TONG et al., 2012; 

NSEIR et al., 2104) and affect significantly the compression strength of members (GUO 

et al., 2006; KEY & HANCOCK, 2006). 

This work analyzed the most employed rectangular hollow sections in Brazil, 

cold-formed from seamless circular hollow sections and posteriorly heat-treated for 

stress-relieving. 

The residual stresses around the sections were measured by X-ray diffraction 

method. Results show that: (i) residual stresses are lower for heat-treated sections and 

more uniform compared to non-treated sections; (ii) shear stresses are significantly 

lower than longitudinal and transversal stresses; (iii) residual stresses on outside surface 

are predominantly tensile. 

The measured values were used for the elaboration of residual stresses models. 

The models for “before heat-treatment” and “after heat-treatment” columns lead to 

similar results in terms of compression strength as the results obtained directly with the 

measured stresses, indicating the residual stresses models are well adjusted. The 

elaborated models are suitable for any square or rectangular hollow section that has 

passed though the same manufacturing process and may be used in other works as input 

for numerical analyses. 

The numerical analyses performed through Finite Element Method (FEM) 

indicate that the heat-treatment for stress-relieving improves significantly the columns 

strength, especially the short ones. The strengths of RHS-BHT are lower than those of 

RHS-AHT, that, in its turn, are lower than those of RHS-NRS for all columns. Strength 

differences between BHT and AHT may be substantial. The strength difference from 

RHS-AHT columns to RHS-BHT columns is significant for slendernesses near 0.5 and 

decreases with the increase of slenderness. 

It is remarkable that ABNT NBR 16239:2013 curve provides unsafe estimates for 

most columns, even for heat-treated ones. ABNT NBR 8800:2008 also provides unsafe 

estimates for RHS-BHT columns. 
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For short columns  (0 < λ0 < 1.0) the predictions of both ABNT NBR 8800:2008 

and ABNT NBR 16239:2013 are consistently unsafe for RHS-BHT. For RHS-AHT the 

predictions of ABNT NBR 8800:2008 are safe and those of ABNT NBR 16239:2013 

are unsafe. The same can be inferred for intermediate columns (1.0 < λ0 < 2.0) 

The predictions of ABNT NBR 8800:2008 for slender columns (2.0 < λ0 < 3.0) 

tend to be close to the numerical results for RHS-BHT while predictions of ABNT NBR 

16239:2013 tend to come near to the numerical results of RHS-AHT. 

Among the European curves, the one that is better adjusted for the RHS-NRS is 

the curve “a”, with an average of 1.08 and standard deviation of 0.05. Regarding the 

Brazilian curves, ABNT NBR 8800:2008 is well adjusted, with an average of 1.09 and 

standard deviation of 0.06. The ABNT NBR 16239:2013 does not attend strength 

criteria since the Pu/Pn average is under 1.0. 

The Pu/Pn averages of RHS-BHT are 0.10 to 0.13 lower than the RHS-NRS ones. 

The European curve that is better fitted for RHS-BHT is curve “b”, with an average of 

1.04 and standard deviation of 0.04. Regarding the Brazilian curves, neither ABNT 

NBR 8800:2008 (Pu/Pn average of 0.88 and standard deviation of 0.03) nor ABNT NBR 

16239:2013 (Pu/Pn average of 0.97 and standard deviation of 0.04) are representative of 

the column strength of these RHS-BHT and provide unsafe estimates. 

The results for the RHS-AHT are pretty similar of those for RHS-NRS. The 

Pu/Pn averages are around 1% lower for RHS-AFT compared to RHS-NRS and the 

standard deviations have the same magnitude. As for RHS-NRS, the best fitting 

European curve is “a” (Pu/Pn average of 1.07 and standard deviation of 0.05). Regarding 

the Brazilian curves, ABNT NBR 8800:2008 is well adjusted, with an average of 1.09 

and standard deviation of 0.06. The ABNT NBR 16239:2013 does not attend strength 

criteria since the Pu/Pn average is under 1.0. 
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5.1. SUGGESTIONS FOR FUTURE WORKS 

New analysis may contribute to the present work aiming to enrich the discussions 

and conclusions on the subject. Suggestions for future works are presented hereinafter: 

(i) Measuring the residual stresses in the rectangular hollow sections also in 

the internal surface and through the thickness of the wall. This may bring 

a better understanding of the through-thickness variation of the stresses 

for this type of RHS; 

(ii) Conduct compressive tests for the sections in order to compare and 

validate the numerical analysis developed in this work; 

(iii) Measuring the residual stresses for a larger group of sections; 

(iv) Propose, based on a larger amount of results, a strength curve for the 

Brazilian compressed SHS and RHS. 
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