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Abstract 12 

13 

A systematic investigation into the variation of the material properties and residual stress distribution across 14 

cold-formed high strength steel (HSS) irregular octagonal hollow sections (IOctHS) is presented in this paper. 15 

The specimens were fabricated through welding the two cold-formed half-sections by gas metal arc welding 16 

(GMAW). Non-destructive inspection was executed to detect any cracks in the welding internally and 17 

externally. Tensile tests on coupon specimens taken from the critical locations within the cross sections were 18 

carried out to measure the material properties variation within the HSS IOctHS. The material strength 19 

variations within different cross sections exhibit an anticipated similar pattern that strength enhancement at 20 

corner regions was more obvious than flat coupons counterpart. The largest strength enhancement is 8.4% 21 

at corner region compared with the average yield strength of parent plates, whereas the yield strength and 22 

ultimate strength of flat coupon specimens generally fluctuate at a certain level. Based on the obtained 23 

material properties, the existing material models for predicting the stress-strain curves were assessed and 24 

new material models are proposed to generate the stress-strain relationship for materials within the HSS 25 

IOctHS. Moreover, the residual stress measurement for cold-formed HSS IOctHS was performed using the 26 

sectioning method. A total of 55 strip specimens were extracted from the cross sections of HSS IOctHS with 27 

more than 660 strain readings. Based on the residual stress measurement results, the magnitude and 28 

distribution pattern of the residual stresses are presented and discussed. A predictive model for residual stress 29 

distribution of the cold-formed HSS IOctHS was developed. 30 

31 
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34 

1. Introduction35 

36 

With the recent manufacturing development and advancement of the high strength steel materials, high 37 

strength steel (HSS) tubular structures provide combined advantages of structural efficiency, high strength-38 

to-weight ratio as well as the low carbon footprint for lower environmental impacts. These merits inherently 39 

prompt the research exploration of the HSS material properties and structural performance of HSS tubular 40 

structures for their application in construction [1–2]. Numerous investigations have been carried out for local 41 

buckling behaviour of HSS tubular structures with various cross-sectional shapes including square hollow 42 

sections (SHS), rectangular hollow sections (RHS), circular hollow sections (CHS) and elliptical hollow 43 

sections (EHS) [3–10]. In recent years, the application of the polygonal tubular sections is gaining increasing 44 

https://dx.doi.org/10.1016/j.jcsr.2022.107170 
This is the Pre-Published Version.

© 2022. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/.

mailto:tak-ming.chan@polyu.edu.hk


2 

 

interests [11–14]. In the polygonal section family, octagonal hollow sections (OctHS), characterized with 45 

relative higher local buckling resistance than that of SHS or RHS counterparts and facilitated the 46 

construction of beam-column connections compared with CHS counterparts, have gained increasing 47 

popularity and attention [15–19]. OctHS members become attractive options for architects and structural 48 

engineers and have been utilized in civil structural applications including electricity transmission line 49 

structures, lattice structures in antennas as well as lighting structures [20– 21], as depicted in Fig. 1. 50 

Systematic research has been carried out to examine the structural performance of OctHS experimentally 51 

[17, 18, 22, 23] and numerically [16, 24, 25]. Kabanda and MacDougall [14] illustrated that increasing the 52 

depth of the polygonal sections will improve the bending stiffness. Hence, irregular octagonal sections 53 

(IOctHS) with increased depth of the web of the OctHS becomes a solution to increase the major-axis 54 

stiffness of the cross section in bending and provide large connection area for the incoming members. 55 

However, no experimental investigation has been carried out for IOctHS with different aspect ratios.   56 

 57 

Distinct from the built-up tubular sections which simply contain welding fabrication process, cold-formed 58 

tubular sections are characterized with the combined processes of press-braking or cold-rolling and welding. 59 

These fabrication processes can affect material properties within the IOctHS. For example, in the region near 60 

the welding seam, the material properties within the heat affected zone (HAZ) are different from those 61 

outside HAZ due to the changes in micro-structures. Reduction in yield strength and ultimate strength can 62 

be observed linearly proportional to the line heat input [26–27]. Moreover, cold-forming process of press-63 

braking exceedingly results in plastic deformation at corner regions associated with strain hardening, by 64 

which the yield strength and ultimate strength can be enhanced [61]. In addition to the material properties 65 

variation, the residual stresses can also be generated due to the fabrication processes of press-braking and 66 

welding, resulting in premature failure of the structural members. The measurement of residual stresses for 67 

HSS cold-formed sections have been carried out in past years focusing on circular (CHSs), square (SHSs) 68 

and rectangular (RHSs) hollow sections [1, 28]. Experimental studies of residual stress measurement for 69 

HSS OctHS with nominal yield strength of 690 MPa have been conducted by Fang et al. [29] and those with 70 

nominal yield strength of 460 MPa was carried out by Chen et al. [19]. No experimental investigations for 71 

residual stress measurement have been carried out for HSS IOctHS. 72 

 73 

Hence, the material properties variation and residual stresses of cold-formed HSS IOctHS manufactured 74 

from HSS plates with nominal yield strength of 690 MPa were studied in this paper. Tensile coupon tests 75 

were carried out to examine the material properties variation with coupon specimens taken from the critical 76 

locations within the cross sections. Suitable material models for the materials at flat and corner portions were 77 

assessed and developed. Experimental investigations on residual stresses were also carried out for four HSS 78 

cold-formed IOctHS with two different nominal thicknesses of 6 mm and 10 mm and nominal aspect ratios 79 

of 1.5 and 2.0. To implement the sectioning method, the strips from the cross sections were cut by a wire-80 

cutting machine. A total of 55 strip test specimens was extracted from the cross section of HSS IOctHS with 81 

more than 660 strain readings recorded. Based on the experimental results, the magnitude and distribution 82 

pattern of the residual stresses are presented and discussed. A predictive model for residual stress distribution 83 

within the cold-formed HSS IOctHS was developed. 84 

 85 

2. HSS cold-formed irregular octagonal hollow section specimens 86 

 87 

HSS steel plates with nominal thicknesses of 6 mm and 10 mm and delivered in Quenched and Tempered 88 
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(QT) conditions were used to fabricate the cold-formed IOctHS. The chemical compositions of the HSS 89 

plates are given in Table. 1. For the fabrication of the specimens, firstly, the cold-forming process of press-90 

braking was performed at room temperature with the HSS plates folded longitudinally. Subsequently, the 91 

two cold-formed half-sections were longitudinally welded by gas metal arc welding (GMAW). The ceramic 92 

material was filled as backing materials prior to the implementation of multiple welding passes. To have an 93 

over-matched welding condition, 1.2 mm electrode of ER110S-G category (fy = 860 MPa, fu = 920 MPa) 94 

was selected with chemical compositions provided in Table. 2.  95 

 96 

The geometry of the fabricated HSS cold-formed IOctHS was labelled using the nomenclature presented in 97 

Fig. 2. The nominal dimensions of HSS cold-formed IOctHS are (BL× t × aspect ratio) 145 × 6-1.50, 220 × 98 

6-1.50 and 225 × 6-2.00 and 145×10-1.50 respectively. In Fig. 3, the nomenclature of Bs, bs BL, bL, t, and ri 99 

represent the short edge length, inclined short length, long edge length, long flat portion side length, 100 

thickness, and the inner corner radius whereas the aspect ratio is defined as H/B. The measured dimensions 101 

of the IOctHS specimens are summarized in Table. 3. The specimens were labelled in a form of “IOctHS-102 

nominal edge length BL × thickness-aspect ratio”. Taking specimen of IOctHS225×6-2.00 as an example, 103 

the label represents that the specimen was fabricated with nominal BL of 225 mm, nominal t of 6 mm and an 104 

aspect ratio of 2.0. The examined HSS IOctHS specimens cover a large spectrum of cross section slenderness 105 

with plate width-to-thickness ratios ranging between 3.7 and 34.7. Prior to testing, the X-ray inspection 106 

depicted in Fig. 4 was conducted in accordance with the specification of ISO 17636-1 [30]. Welding defects 107 

including crack, porosity and undercut were not observed. The external surfaces of the corner region and the 108 

longitudinal welding were also attested by magnetic particle inspection to ensure that no crack was caused 109 

subject to large plastic deformation. The inspection for the surface crack of welding is illustrated in Fig. 5. 110 

Based on the contrast paint and the particle aerosol, the crack can be inspected clearly based on the magnetic 111 

field generated by the electromagnetic yoke. No crack was found on the external surface of the corner regions 112 

and welding surfaces. 113 

 114 

3. Material properties investigations 115 

 116 

3.1. Tensile coupon specimens 117 

 118 

The tensile coupon specimens were cut from both the parent HSS plates and the HSS cold-formed IOctHS. 119 

Six tensile coupon specimens were longitudinally and transversely taken from the parent plates with different 120 

thicknesses. Alongside with the parent plate coupon specimens, the coupon specimens, namely flat coupons, 121 

and corner coupons respectively, were also machined from the flat and corner portions of the HSS IOctHS 122 

to examine the effect of press-braking. In order to examine the material variation across the cross section of 123 

HSS IOctHS, flat and corner coupon specimens were also taken from different locations across the quarter-124 

section of the HSS IOctHS by assuming that the material properties were symmetrically distributed due to 125 

the dual-symmetrical geometries. Moreover, the coupon specimens at the welding seam for each IOctHS 126 

were also extracted to examine any effect within the HAZ.  127 

 128 

Nominal dimensions for the parent plate-, flat- and corner coupon specimens are designed as per ISO EN 129 

6892-1: 2019 [31]and shown in Figs. 6–8. Width of 13 mm and 8 mm along the parallel gauge length 130 

respectively was designed for specimens extracted from 6 mm and 10 mm thick plates for parent coupons, 131 

as presented in Fig. 6. For flat coupons and corner coupon specimens, they were machined with 4 mm and 132 
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8 mm width along the gauge length for those from the sections with plate thicknesses of 6 mm and 10 mm 133 

respectively. The detailed dimensions of the flat coupon specimens are depicted in Fig. 7. Note that for corner 134 

specimen, two holes with diameter of 10 mm were drilled at the distance of 20 mm from the end of the 135 

couponto avoid the net failure at the end of the coupon specimen near the holes. The tensile loading was 136 

applied to each corner coupon specimen through a pair of specially developed grips with two pins through 137 

its centroid, as shown in Fig. 9(b).  138 

 139 

The locations for the tensile coupon specimens across different HSS cold-formed IOctHS are depicted in 140 

Figs. 10–13. These coupon specimens were labelled in a similar way to that for the IOctHS with the addition 141 

of the location where the coupon specimens were extracted. For example, IOctHS145×6-1.50-F4 stands for 142 

a flat coupon specimen cut from the HSS IOctHS145×6-1.50 at the location labelled as F4 shown in Fig. 10. 143 

Prior to testing, the actual dimensions of the flat coupon specimens were measured using a digital Vernier 144 

caliper whereas for the corner coupons, the Mitutoyo digital micrometer with flat spindle was used. The 145 

cross-section area of the corner coupon specimens was determined by using CAD scanning method as 146 

introduced in [32, 33]. 147 

 148 

3.2. Test procedures 149 

 150 

An INSTRON in-house 5982 electro-mechanical high force universal testing system with a capacity of 100 151 

kN was used to conduct the tensile coupon tests, as shown in Fig. 9. An optical non-contact video 152 

extensometer with a gauge length of either 25 mm or 50 mm painted by white dots was used to capture the 153 

full engineering stress-strain relationship. The elongation at fracture for the gauge length of either 25 mm 154 

(εf,25) or 50 mm (εf,50) can be directly obtained via the video extensometer. As for the coupons failed outside 155 

the effective gauge length range of the video extensometer, it was determined by carefully fitting the 156 

fractured pieces and comparing the final gauge length to the original gauge length. According to the EN ISO 157 

6892-1:2019 [31], the proportional elongation at fracture (εf) is obtained based on an original gauge length 158 

of 5.65√A, where A is cross-sectional area along the parallel original gauge length of the coupon. Four strain 159 

gauges were affixed to the mid-length on both sides of each coupon to determine Poisson’s ratio and modulus 160 

for parent coupons whereas two strain gauges were adhered to flat and corner coupons to measure the elastic 161 

modulus. The key averaged measured material properties for parent plate coupons are summarized in Table. 162 

4, where Es indicates the elastic modulus, fy is yield strength for steel with yield plateau or 0.02% proof 163 

stress, f0.05 is the 0.05% proof stress, n is the strain hardening component, fu is the ultimate strength, εsh is 164 

strain-hardening strain, εu is strain at ultimate strength, εf, is the proportional elongation at fracture. A letter 165 

“p” in the subscript indicates that the results are obtained for the parent plates. The distribution and 166 

magnitudes of the yield strength and ultimate strength measured for the coupon specimens within the 167 

sections are plotted against the corresponding extracted locations with labeling, as shown in Figs. 10–13. 168 

The measured material properties are also summarized in Tables 5–8. 169 

 170 

3.4. Test results and discussions 171 

 172 

All the tensile coupon specimens were featured with fracture failure in the middle of the parallel gauge 173 

length. The flat tensile coupon specimens featured with larger strains of elongation at fracture than those 174 

observed for corner coupons. Besides, the ratio of the ultimate strength to the yield strength should be greater 175 

than 1.05 with elongation strain at failure greater than 10% and 15 times the yield strain for the steels with 176 
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nominal yield strength higher than 460 MPa, as specified in EN 1993-1-12 [34]. All the flat tensile coupon 177 

specimens meet the specifications codified in EN 1993-1-12 [34]. The corner coupon specimens cannot meet 178 

the requirement of the ratio of ultimate strain over yield strain with average εu/εy smaller than 5. The reduced 179 

ductility for the corner coupons is primarily attributed to the large plastic deformation experienced during 180 

the press-braking fabrication. Based on the comparisons between the yield strength and ultimate strength 181 

variations for each IOctHS in Figs. 10–13, the variation pattern of the material properties for HSS IOctHS 182 

generally exhibit consistent characteristics with yield strength and ultimate strength improved at corner 183 

regions. Relatively lower yield strength is observed for the tensile coupon specimens taken from the welding 184 

seam. Its softening modulus resulted in lower 0.02% proof stress compared with that of flat coupons. The 185 

graphs of strength distribution within the sections also demonstrate that the variation of the material 186 

properties is independent of the aspect ratio. 187 

 188 

Compared with the average yield strength of the parent plate, flat coupon specimens demonstrate strength 189 

enhancement of 1.3%, 1.7%, 2.1% and 5.2% based on averaged tested yield strength for sections of 190 

IOctHS145×6-1.50, IOctHS220×6-1.50, IOctHS225×6-2.00 and IOctHS145×10-1.50 respectively. An 191 

increased value of 1.7%, 1.6%, and 2.5% was observed for ultimate strength of IOctHS145×6-1.50, 192 

IOctHS220×6-1.50, IOctHS225×6-2.00 sections, compared with the averaged ultimate strength from parent 193 

plate. The improvement of ultimate strength for flat coupons adjacent to the corners from the IOctHS145×10-194 

1.50 section is 5.6% and higher than that observed for other sections. The strength improvement for the 195 

corner coupons in terms of the yield strength in comparison with that of flat coupons was 7.5%, 4.4% 7.4% 196 

and 8.4% on average and the ultimate strength increased with 6.2%, 5.9%, 7.3% and  197 

9.4% respectively for IOctHS145×6-1.50, IOctHS220×6-1.50, IOctHS225×6-2.00 and IOctHS145×10-1.50 198 

sections. 199 

 200 

3.5. Development of stress-strain model for HSS IOctHS 201 

 202 

The material stress-strain relationship is indispensable for the analysis and design of HSS IOctHS structures. 203 

It should be noted that the stress-strain responses of the coupon specimens from HSS IOctHS investigated 204 

in this study exhibit two kinds of patterns. The stress-strain curves from the cross sections with 10 mm thick 205 

steel plates mainly display moderate level of strain-hardening with obvious yield plateau whereas the 206 

sections comprising 6 mm steel plates mainly display a relatively rounded response. The conventional multi-207 

linear model for hot-rolled steel is inappropriate for these responses as the gradual decreased hardening 208 

stiffness cannot be captured and may lead to inaccurate design and analysis. Hence, accurate material models 209 

to describe these stress-strain features need to be developed.  210 

 211 

3.5.1. Stress-strain model for coupon specimens with rounded stress-strain response 212 

3.5.1.1. Existing stress-strain models 213 

 214 

To develop the stress-strain model for the steel material with rounded responses, researchers have carried 215 

out numerous investigations to generate the suitable model applicable to those materials. It should be noted 216 

that all these models were developed based on the fundamental form known as Ramberg-Osgood (R-O) 217 

model. Various stress-strain models were evolved and improved based on this simple form with additions of 218 

strain hardening parameters to account for the non-linear pattern of the stress-strain curve or removals of 219 

strain component for simplicity. The brief introduction on the development of the non-linear stress-strain 220 
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models is presented below. 221 

 222 

To predict the stress-strain relationship for cold-formed carbon or stainless steel and foster the generic model, 223 

Ramberg-Osgood (R-O) relationship was considered as the most commonly used model as shown in Eq. (1). 224 

u

s p

for 0

n

p f
E f

 
 

 
    

 
 

                                                                   (1) 225 

 226 

where σ indicates the stress and ε denotes the strain, Es is the elastic modulus, fp is the proof stress 227 

corresponds to the stress at plastic strain p, n is the exponent component to describe the degree of the 228 

curvature of the stress strain response. The R-O model was developed by Hill [35] with modifications to the 229 

plastic strain with 0.002 and stress with 0.2% proof strength which can provide accurate stress-strain curve 230 

up to the point of 0.2% proof strength, a commonly adopted proof strength for non-linear stress-strain 231 

relationship of metallic materials. However, the predictions based on 0.2% plastic strain are not able to 232 

provide accurate stress-strain path after the 0.2% proof strength. To overcome the limitations in the stress-233 

strain model proposed by Hill [35], Mirambell and Real [36] proposed a two-stage R-O model based on 234 

validation against a series of coupon tests of stainless-steel materials with a new exponential component m 235 

describing the non-linear strain hardening level of stress-strain curves after reaching the 0.2% proof strength, 236 

as follows 237 

 238 

0.2 0.2

pu 0.2 0.2 u

0.2 u 0.2

for

m

f f
f f

E f f

 
   

  
     

 
                                        (2) 239 

 240 

where E0.2 is the tangent modulus at f0.2, ε0.2 is the total strain at the 0.2% proof strength, εpl is the plastic 241 

strain corresponding to the ultimate strength. 242 

Rasmussen [37] further proposed a simplified expression to describe the stress-strain response based on the 243 

assumption that the difference between the plastic strain and the total strain at the ultimate strength is 244 

negligible. Hence, the expression in Eq. (2) is expressed with a simple parameter εu in Eq. (3) instead of the 245 

plastic strain in Eq. (2) as the total strain can be directly obtained from the experimental stress-strain curve. 246 

 247 

0.2 0.2

u 0.2 0.2 u

0.2 u 0.2

for

m

f f
f f

E f f

 
   

  
     

 
                                         (3) 248 

 249 

To develop a generic and precise stress-strain model applicable for cold-formed carbon steels, which can 250 

accurately represent the curve up to the ultimate strength without overly predicted yield strength, Gardner 251 

and Yun [38] collected experimental stress-strain curves from existing investigations. A model was 252 

subsequently proposed applicable for cold-formed carbon steel precisely based on the six given material 253 

properties from the tensile coupon tests, including f0.2, ε0.2, fu, E0.2, f0.05, and n. 254 

 255 
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0.2

s 0.2

0.2 u 0.2 0.2

u 0.2 0.2 0.2

0.2 0.2 u 0.2

0.002 for 

for  

n

m

E f

f f f f

E E f f

 
 


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                           (4) 256 

where the exponent m and the tangent modulus E0.2 can be derived based on the follows, 257 

0.2

u

1 3.3( )
f

m
f

                                                                (5) 258 

s

0.2

s 0.2
1 0.002 /

E
E

nE f



                                                                      (6) 259 

 260 

or alternatively obtained from the following with the proof 1.0% stress needed, 261 

 262 

1.0 0.2 1.0 0.2 u 0.2
u 0.2

0.2 0.2

1.0 0.2 u 0.2

ln(0.008 ) ln( )

ln( ) ln( )

f f f f f f

E E E
m

f f f f

 
  

    


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                        (7) 263 

 264 

Moreover, Arrayago et al. [39] and Gardner and Yun [38] concluded that using 0.05% proof strength instead 265 

of 0.01% proof strength yields increased accuracy and consistency. Thus, the first stage hardening 266 

component n was determined as follows, in Eq. (8) 267 

 268 

y 0.05

ln(4

ln( / )
n

f f


）
                                                               (8) 269 

For the purpose of easy application, Abdella [40] also provided the inversion form of the stress-strain model 270 

for Eq. (4), by which the stress is expressed in terms of strain, as follows in Eqs. (9) – (11).  271 

 272 

*

n

n

n

n 0.2 n
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* n
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for 0 1
1 ( 1)

( 1)
1 for 1  

1
1 ( 1)( )

1

p

p

r

r

f r

r







 






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
 

   
 



                                               (9) 273 

where the related parameters of r* and p* can be determined following Eq. (10) and Eq. (11). 274 

* * u

*

1

1

r
p r

r





                                                                (10) 275 

* 0.2 u 0.2

u 0.2

( )E
r

f f

 



                                                             (11) 276 
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fn is the stress in a normalized form with f0.2 (fn = σ/f0.2), εn is the normalized strain by ε0.2 (εn = ε/ε0.2), εnu is 277 

the normalized strain corresponding to the ultimate strength (εnu = εu/ε0.2), r = Eε0.2/ f0.2, r0.2 = E0.2ε0.2/ f0.2, ru 278 

= Eu(εu －ε0.2)/( fu－f0.2), Eu = E0.2/(1 + (r*－1)m).  279 

 280 

It should be noted that analogous to the inversion form of R-O model proposed in [40], the Hopperstad 281 

exponential stress-strain model also specifies the uniaxial stress-strain behaviour in the form of σ = σ (ε) 282 

which is commonly used and suitable for implementation in numerical model to describe the material 283 

behaviour [64]. The Hopperstad model used two material constants A and B to describe the strain hardening 284 

and shape of the curve. As Hopperstad model is not used to construct the material model of HSS IOctHS 285 

investaged in this study, detailed discussions will not be further carried out. 286 

 287 

Moreover, investigations have also been carried out to formulate the stress-strain model with reduced 288 

material parameters. Based on two-stage R-O model, a generic multi-stage model was proposed by Hradil 289 

et al. [41], which decomposes the stress-strain curve into segments with intermediate points. The multi-stage 290 

model is a unified approach which simplifies the processing of material data. Fig. 14 illustrates the schematic 291 

view of the multi-stage stress-strain model. The stress-strain curve comprises four stages namely stage I to 292 

stage IV. Each stage of the stress-strain curve can be described using the tangent modulus of elasticity Ei, 293 

stress fn and plastic strain εpl, as follows, in Eqs. (12) – (14). 294 

 295 

*i i i

i i i i+1

i i 0

for

m

plf f f
f f

E f E

 
   
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      

 
                                  (12) 296 

where  297 

i

i+1 *

i i i i
1 ( / )

E
E

n E f


 
                                                                  (13) 298 

*

i i i

i 0

1 1
( )

pl
f

E E
                                                                      (14) 299 

where ∆εi
pl = εi+1

pl - εi
pl and ∆fi = fi+1 - fi, while the stress fi+1 should meet the consecutive relation with 300 

fi < fi+1 ≤ fi + ∆εi
pl (E0Ei)/(E0-Ei).  301 

 302 

Inspired by the Abdella’s [40] work, the inversion form of the multi-stage stress-strain model was provided 303 

by Hradil et al. [41]. For the purpose of easy application, a three-stage stress-strain model was proposed, as 304 

given in Eqs. (15) – (18). This three-stage stress-strain model is later compared with the experimental stress-305 

strain data for the flat coupon specimens taken from the cross section of HSS IOctHS. The comparisons 306 

between the predictions from the Hradil’s model and the experimental results from IOctHS145×6-150-F4 307 

are illustrated in Fig. 16. The detailed comparisons and discussions between these predictions from various 308 

stress-strain models are provided in section 3.5.1.2. 309 

 310 
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                    (15) 311 

where the tengent modulus of elasticity equivalent plastic strain of the second and the third stage are as 312 

follows, 313 

0.2
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                                                 (16) 314 
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                                                       (18) 316 

Following the extensive experimental investigations for HSS cold-formed structural members, a material 317 

model to develop the stress-strain curves for cold-formed HSS was also proposed in Ma et al. [1]. However, 318 

the iterations and lengthy expressions limit their application in engineering practice. To overcome this 319 

limitation and develop the stress-strain model for HSS, Xia et al. [42] performed tensile coupon tests for 320 

high strength and low-alloy steel (HSLA700) and martensitic steel (MS 1030 and 1200), after which an 321 

updated offset point p was used to replace the 0.2 % offset point. Subsequently, the conventional R-O 322 

relations were updated shown in Eq. (19) 323 
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                    (19) 324 

where Ep is the tangent modulus at offset point of fp, εeu which can be determined by Eq. (20) and feu are the 325 

strain and the corresponded stress at the equivalent ultimate point. 326 
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                                           (20) 327 

The schematic view of the stress-strain curve with re-assigned offset point can be seen in Fig. 15. 328 

Conventional 0.2% plastic strain is being replaced by a new point p between the first stage (stage i) and the 329 

second stage (stage ii). The second stage (stage ii) starts from the re-defined offset point and ends at an 330 

equivalent ultimate point, which was defined to be 99% of the ultimate strength. A straight line is used to 331 

connect the equivalent ultimate point and the ultimate strength for simplicity (stage iii). The proposed offset 332 
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point was proportional to the ratio of ultimate strength to yield strength. The relationship between the offset 333 

point p and the ratio of ultimate strength to yield strength is provided for HSS. It should be noted that Fang 334 

et al. [29] conducted material properties and residual stresses investigation for HSS OctHS with nominal 335 

yield strength of 690 MPa, the stress-strain model for HSS OctHS was also proposed as follows in Eqs. (21) 336 

– (23).  337 

 338 
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             (21) 339 

where n and m are derived as follows,  340 
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                 (22) 341 

u 0.2
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ln( / )
m

f f

 
                                                         (23) 342 

 343 

3.5.1.2. Proposed stress-strain models for HSS IOctHS with rounded responses 344 

 345 

The existing stress-strain models introduced in the previous section for non-linear metallic materials with 346 

rounded response are compared and assessed using the experimental results generated in this study for flat 347 

and corner coupon specimens. The multi-stage model from Hradil [41], the offset point model from Xia et 348 

al. [42], generic stress-strain model for cold-formed carbon steel from Gardner and Yun [38] as well as the 349 

model proposed in Fang et al. [29] for HSS OctHS were evaluated based on the experiment results for HSS 350 

IOctHS.  351 

 352 

The comparisons between the experimental curves and the predictions from the stress-strain models for flat 353 

coupon specimens of IOctHS145×6-1.50-F4, and IOctHS225×6-2.00-F6 are plotted in Fig. 16. As depicted 354 

in Fig. 16(a), the first stage of the experimental data from the specimen IOctHS145×6-1.50-F4 correlated 355 

well with the predicted model from Gardner and Yun [38] and Hradil et al. [41], whereas the model from 356 

Fang et al. [29] slightly over-estimate the strain. In terms of the second stage after reaching the yield point 357 

as shown in Fig. 16(b), the experimental curve played as lower bound with underestimated strain from 358 

predicted models, indicating the deficiency of the existing stress-strain models. In prediction of the first stage 359 

for flat coupon specimens of IOctHS225×6-2.00-F6, as shown in Fig. 16 (c), the models from Gardner and 360 

Yun [38] and Hradil et al. [41] accurately capture the stress-strain path in the first stage of the stress-strain 361 

curve whereas the model from Fang et al. [29] slightly over-estimates the development of strain. The 362 

predictions based on Xia et al. [42] model largely deviated from the experimental data. Predictions derived 363 

from these stress-strain models all generate the under-estimated strain at the beginning of the second stage 364 

and become over-conservative in predicting the stress near the ultimate strength, as shown in Fig 16(d). 365 

Upon on the comparisons between the test results and the predicted models, the stress-strain models from 366 
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Gardner and Yun [38] and Hradil et al. [41] give comparable results. For the flat coupon specimens in the 367 

first stage. Note however that regression analysis is required to derive the exponential component n in Hradil 368 

et al. [41] model which limit its application in practice. Therefore, the stress-strain model from Gardner and 369 

Yun [38] is suggested being used to predict the stress-strain relationship for HSS IOctHS in first stage up to 370 

the 0.2% proof strength due its simplicity. 371 

 372 

Figs. 17 (a)–(d) display the comparisons between the experimental curves of corner coupon specimens 373 

extracted from sections of IOctHS145×6-1.50-C6 and IOctHS225×6-2.00-C7. In terms of the comparison 374 

results for corner coupon specimens, the predictions obtained from the model provided by Gardner and Yun 375 

[38] successfully replicate the stress-strain path for first stage stress-strain curves of corner coupon specimen 376 

of IOctHS145×6-1.50-C6, whereas Xia et al. [42] model largely under-estimates the strain near yield 377 

strength, as shown in Fig. 17(a). The model from Fang et al. [29] provides over-estimated strain in the first 378 

stage. As seen in Fig. 17 (b), the stress-strain models from Gardner and Yun [38] and Fang et al. [29] give 379 

comparable results for the stress-strain relations in second stage after yield point. Likewise, for corner 380 

coupon specimen of IOctHS225×6-2.00-C7, Xia et al. [42] model gives under-estimated results whereas 381 

Fang et al. [29] over-predict the strain development for first stage. The model provided in Gardner and Yun 382 

[38] generate good agreement between the test results and the predictions. It should be noted that the stress-383 

strain model from Fang et al. [29] achieve more accurate predictions for the stress-strain curves in second 384 

stages than the one proposed by Gardner and Yun [38], as shown in Fig. 17(b) and Fig. 17(d). 385 

 386 

Based on the comparison between the numerous models for flat and corner coupon specimens, the stress-387 

strain model from Gardner and Yun [38] can be used for constructing stress-strain relationship for first stage 388 

of flat and corner coupon specimens. The model proposed in Fang et al. [29] can be used for predicting the 389 

second stage stress-strain curves for corner coupon specimens.  390 

 391 

A new model which can accurately predict the second stage stress-stain response needs to be developed for 392 

flat coupon specimens. Based on the aforementioned discussions and the characteristics of the stress-strain 393 

curves of flat coupon specimens, only minimal increase is observed after the first turning point (yield point), 394 

as shown in Figs. 16(a) and 16(c). It may cause the over-estimation for second stage in terms of the strain 395 

than the experimental curve simply using the conventional 0.2% proof strength or re-defined 1.0% proof 396 

strength, as shown in Figs. 16(b) and 16(d). In light of the non-linear regression analysis, an offset point 397 

with plastic strain of 0.1% is proposed for second stage estimation. The elastic modulus corresponding to 398 

0.5% plastic strain was suggested due to the lower level of strain hardening after the turning point, which is 399 

provided as follows, in Eq. (24) 400 

 401 
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                                                         (24) 402 

To build the stress-strain curve for flat coupon specimens in second stage, additional parameters are needed 403 

including f0.1, fu, εu, and exponential coefficient m. In practice, yield strength f0.2 is provided. If relationships 404 

between the additional parameters and the yield strength f0.2 can be found, it will largely simplify the use of 405 

the proposed model. To develop the relationships between these parameters, yield strength f0.2, f0.1, fu, εu, and 406 

m from the test results in this study and Fang et al. [29] were used. The relationship between the required 407 
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parameter f0.1 and yield strength f0.2 is plotted in Fig. 18. In addition to the linear fit expression, two trend-408 

lines with ±1% variance were used. All data points locate in the ±1% variance trend-lines demonstrating the 409 

accuracy of the linear fit expression. Thus, the relation between the f0.1 and yield strength can be expressed 410 

using Eq. (25).  411 

 412 

0.2 0.1
 1.025 13.15f f                                                        (25) 413 

 414 

A linear relationship between the ultimate strength fu and the 0.1% proof strength f0.1 was found and the 415 

experimentally obtained fu is plotted against the 0.1% proof strength in Fig. 19 with two trend-lines of ±1% 416 

variance. Most of the test data locate between the two trend-lines illustrating the accuracy of the linear fit 417 

relationships and the expression is obtained as Eq. (26). 418 

 419 

u 0.1
 1.275 160f f                                                           (26) 420 

 421 

Ultimate strain εu is also one of the parameters required for constructing the stress-strain curves. However, 422 

the steel manufacturer may not always provide it. Hence, Liu et al. [33] collated the existing database for 423 

HSS with nominal yield strength of 690 MPa and proposed an expression between the ultimate strain and 424 

the normalized strength ratio of yield strength over ultimate strength. Expressions between these parameters 425 

were also proposed by Gardner and Yun [38] which relate the ultimate strain to normalized ratio of yield 426 

strength to ultimate strength for cold-formed steels. These two proposed expressions are plotted in Fig. 20 427 

in comparison to the experimental data. As can be seen in the Fig. 20, the equation proposed by Gardner and 428 

Yun locate below the experimental data as the lower bound and the model proposed in Liu et al. [33] 429 

correlates well with the experimental data. Hence, the expression from Liu et al. [33] is employed for 430 

building the second stage stress-strain curve. 431 

 432 

As introduced in the previous section, the exponential parameter m determines the extent of the non-linearity 433 

of the stress-strain curve in second stage. Based on the regression analysis, there is a linear relationship 434 

between the exponential parameter m and the normalized stress ratio between the yield strength and the 435 

ultimate strength. In Fig. 21, a linear regression line incorporating with two trend-lines with ±10% variance 436 

are added to the graph. The expression of the linear relation is derived in Eq. (27). 437 

 438 

0.2

u

 345.2 285.9
f

m
f

                                                          (27) 439 

3.5.2. Stress-strain model for coupon specimens with yield plateau 440 

 441 

Different from the material model for the stress-strain relationship with rounded response, a suitable stress-442 

strain model to describe the stress-strain relationship with yield plateau is also required. Quad-linear material 443 

model was proposed by Boeraeve et al. [43] and further revised by Yun and Gardner [44] for hot-rolled steel 444 

materials with strain hardening after yield plateau. To trace the gradual loss of the stiffness, a power model 445 

was proposed, as shown in Eq. (28). 446 
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          (28) 447 

where εx is equal to (ε-εsh)/(εu-εsh). 448 

 449 

It should be noted that hardening strain εsh is generally not provided in the mill certificates and it is obtained 450 

based on the non-linear regression analysis as follows, from Eqs. (29) – (30). 451 

 452 
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sh sh
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                                       (29) 453 

y

u sh
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f
                                            (30) 454 

Note that non-linear strain hardening markedly resembles the initial part of Ramberg-Osgood model up to 455 

0.2% proof strength. A modified Ramberg-Osgood model to describe the stress-strain behaviour of the non-456 

linear strain-hardening range was proposed for Q690 steel with certain level of non-linear strain hardening 457 

[33]. The strain hardening range starts at the point where the yield plateau ends as the origin of stain 458 

hardening curve depicted in Figs. 22–23. The stress-strain relationship can be expressed by Eq. (32) 459 
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         (32) 463 

where Esh is the initial slope of the stress-strain curves in the strain-hardening range, also termed as hardening 464 

modulus. Esh can be directly obtained from material tests. If the value is not reported, Eq. (33) proposed in 465 

Yun and Gardner [44] might be used to calculate its value. 466 

 467 
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εu and εsh are proposed based on the experimental results in this study and test results from Q690 steel in 469 

[33]. 470 
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In Fig. 22, comparisons of stress-strain curves between experimental results with yield plateau and that 473 

obtained based on the predictive model for the flat coupon specimen of IOctHS145×6-1.50-F2 are presented. 474 

The strain was over-predicted by Yun and Gardner’s [44] model at the same stress level, whereas the 475 

proposed method can trace the gradual decreasing stiffness of the stress-strain path in hardening stage 476 

accurately. Similarly, the derived stress-strain path from Yun and Gardner’s [44] model slightly deviated 477 

from the test data with over-predicted stress in the mid-stage of strain hardening for the specimen 478 

IOctHS145×10-1.50-F7, as shown in Fig. 23. The black dashed line in Fig. 23(b) is the predicted data based 479 

on the proposed model which precisely follow the stress-strain path in the strain hardening range. 480 

 481 

4. Residual stresses investigation 482 

 483 

Residual stresses existing in the cold-formed steel structures can adversely affect the structural performance 484 

due to premature yielding and reducing the structural resistance. Residual stresses in the structural element 485 

are primarily generated during the manufacturing processes such as cold-forming process associated press-486 

braking and cold-rolling. Aside from the cold-forming processes, welding also induces residual stress as a 487 

result of the uneven cooling and heating [45]. The residual stresses in steel structures can be considered in 488 

both longitudinal and transverse directions. Ziemian [46] and Schafer et al. [47] demonstrate that the residual 489 

stresses in the longitudinal direction have the most significant effect on the structures, therefore, longitudinal 490 

residual stresses were investigated in this study. Moreover, residual stresses can be further decomposed into 491 

membrane and bending residual stresses based on the distribution through the thickness of the hollow section 492 

[48].  493 

 494 

4.1. Measurement of the residual stresses  495 

 496 

Up to now, numerous measuring techniques were capable of providing accurate results for the magnitude 497 

and distribution of the residual stresses, which can be classified as destructive method and non-destructive 498 

method. X-ray diffraction method, neutron or electron diffraction method, ultrasonic method and magnetic 499 

methods are classified as non-destructive methods while destructive methods mainly comprise of sectioning 500 

method and hole drilling method. Numerous investigations for residual stress magnitude and distribution 501 

have been successfully employed for cold-formed sections and built-up sections using the sectioning method 502 

and hole drilling method, as presented in Table. 9. In this investigation, the sectioning method by wire cutting 503 

was used to measure the magnitudes of the residual stresses for cold-formed HSS IOctHS. The effect of 504 

membrane and bending residual stresses on deformation of the strips after cutting are illustrated in Fig. 24. 505 

 506 

The specimens of IOctHS145×6-1.50, IOctHS220×6-1.50, IOctHS225×6-2.00 and IOctHS145×10-1.50 507 

sections were investigated. The length of the specimen is 400 mm. Quarter sections of the cold-formed HSS 508 

IOctHS were marked longitudinally with strip width varying between 10 mm and 12 mm depending on the 509 

stress gradient prior to sectioning. Strain gauges of model FLAB-5-11-1LJC-F made by Tokyo Sokki 510 

Kenkyujo with a 5 mm gauge length were employed with the capacity of measuring strains up to 5%. The 511 

strain gauges were affixed to the outer and inner surfaces at mid-height of the marked longitudinal strips as 512 

shown in Fig. 25. A waterproof tape was used to protect the strain gauges to avoid damage. The initial 513 
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readings from the strain gauges were recorded prior to the cutting process. To minimize the heat generated 514 

during the process of wire-cutting, coolant was used, as shown in Fig. 26. After the wire-cutting process, the 515 

residual stresses were released from the strips. The readings from the strain gauges were extracted again. It 516 

should be noted that readings for at least three times were recorded and the mean value was derived as the 517 

representative magnitude. There were 55 strips cut by wire-cutting and more than 660 strain data were 518 

recorded. The difference between the initial and final readings represents the strain released during the 519 

cutting of each strip. The magnitude of the bending and membrane residual stresses can be determined based 520 

on the relationships as follows, in Eq. (36) and Eq. (37). 521 
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 


  
                                                      (37) 523 

where ∆εext is the difference between the initial strain readings and the final srain readings after wire-cutting 524 

for external strain gauge, ∆εint is the the difference between the initial strain readings and the final srain 525 

readings after wire-cutting for internal strain gauge. 526 

 527 

4.2. Results and discussions 528 

 529 

The elastic deformation of the longitudinal marked strips was released after completion of the wire-cutting 530 

process. The strips extracted in the vicinity of the cold-bent corner regions significantly curved due to 531 

relatively large bending residual stresses. The strips taken from the cold formed HSS IOctHS specimens are 532 

presented in Fig. 27. The membrane and bending residual stresses were determined by Eqs. (36) – (37) with 533 

positive and negative values indicating the tensile and compressive residual stresses respectively. The 534 

obtained magnitudes of the residual stresses were normalized to the average yield strength of the parent steel 535 

plate and plotted against the distance from the welding seam. 536 

 537 

As can be seen in Fig. 28, the largest membrane residual stresses for IOctHS145×6-1.50 occurred at the 538 

location near the welding seam reaching about 52.8% of the yield strength of the parent plate. The tensile 539 

membrane residual stresses gradually decreased and changed to compressive residual stresses at first cold-540 

bent corner (between the long flat portion and short flat portion). The membrane residual stresses changed 541 

to tensile stresses when approaching to the second cold-bent corner (between the two short flat portions). 542 

The largest bending residual stresses were found to be much larger at the corner region in comparison with 543 

those in the flat portion for IOctHS145×6-1.50. The maximum tensile bending residual stresses was 36.7% 544 

of the f0.2,p of the parent plate at the second cold-bent corner whereas the bending residual stresses at the first 545 

corner was 29.7% of the f0.2,p of the parent plate.  546 

 547 

Fig. 29 displays the membrane and bending residual stresses distribution of the HSS IOctHS220×6-1.50. 548 

The bending residual stresses are 18% and 35% of the f0.2,p of the parent plate for the at the first and the 549 

second corners respectively. The largest membrane residual stresses were 62.9% at the welding seam. For 550 

membrane residual stresses of specimen IOctHS225×6-2.00, the largest membrane residual stresses reached 551 

59.4% of the f0.2,p of the parent plate, and the largest bending residual stresses was 54.2% at second corner, 552 

which was larger than the bending residual stresses at first cold-bent corner indicating the severe plastic 553 
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deformation during the process of press-braking, shown in Fig. 30. For residual stresses distribution of 554 

specimen IOctHS145×10-1.50, the membrane residual stresses was the largest among all the sections with 555 

a magnitude of 66.5% of the f0.2,p and the largest bending residual stresses reached at 36.1% of the f0.2,p of 556 

the parent plate at the second corner, as depicted in Fig. 31. Based on the comparisons between the 557 

distribution patterns of HSS IOctHS in terms of both membrane and bending residual stresses, consistent 558 

residual stress patterns were found for the investigated sections, demonstrating the negligible effect of the 559 

dimensions on the residual stresses distribution. 560 

 561 

4.3. Proposed model for residual stresses distribution 562 

 563 

To allow for accurate predictions of structural behaviour of HSS IOctHS members, a predictive model for 564 

residual stresses distribution was developed based on the test results of the residual stresses measurements. 565 

For the ease of the application, a multi-linear model was adopted as the simplified distribution of residual 566 

stresses with constant values at corners for bending residual stresses. It has been successfully adopted in 567 

predictive models for conventional strength steel OctHS with nominal yield strength of 355 MPa [13] and 568 

HSS OctHS with nominal yield strength of 460 MPa [19] and 690 MPa [29], as shown in Fig. 32. The 569 

magnitudes of the residual stresses in the predictive model were derived as the average membrane and 570 

bending residual stresses over different locations of the hollow sections. The total net forces of the outer 571 

stresses and the inner stresses are zero. In Fig. 33, the predicted residual stresses distribution based on the 572 

proposed model was plotted against the distance from the welding seam in a normalized form against the 573 

average yield strength of the parent plate f0.2,p. 574 

 575 

5. Conclusions 576 

 577 

The material properties variations and the residual stresses distributions in cold-formed HSS IOctHS with 578 

varying aspect ratios have been experimentally investigated in this study. To investigate the material 579 

properties variations, tensile coupon specimens were extracted from critical locations within the cross 580 

sections of the cold-formed HSS IOctHS. Strength enhancement can be observed from the tensile coupon 581 

specimens taken from the corner portions underlining the cold-formed effect of the press-braking on the 582 

material properties. In addition to the tensile coupon tests, obtained material properties were compared and 583 

assessed against the codified requirements on material properties in EN 1993-1-12. The results show that all 584 

the flat coupon specimens meet the requirement specified in EN 1993-1-12, whereas corner coupon 585 

specimens cannot meet the requirement on ductility due to the large plastic deformation experienced during 586 

press-braking fabrication. Enhancement of 5.2% in yield strength can be observed from specimen of 587 

IOctHS225×6-2.00 and an increment of 8.4% for corner coupon specimen from IOctHS145×10-1.50 was 588 

obtained. 589 

 590 

The applicability of the existing material models to the stress-strain relationship for the coupon specimens 591 

taken from both flat portions and corner portions was compared and evaluated against the experimental 592 

results. It was found that the predictive model proposed by Gardner and Yun can be adopted to predict the 593 

stress-strain relationships for the flat and corner coupon specimens in the first stage up to 0.2% proof strength 594 

and the model proposed by Han et al. can provide accurate predictions for the corner coupon specimens 595 

taken from IOctHS in the second stage after the yield point. Moreover, new material models to construct the 596 

stress-strain responses for flat coupon specimens with rounded response or yield plateau are developed and 597 
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proposed. 598 

 599 

Experimental investigation on residual stress magnitude and distribution pattern of HSS cold-formed IOctHS 600 

was also reported and discussed. Membrane and bending residual stresses in cold-formed HSS IOctHS were 601 

measured through the sectioning method. The distributions of the membrane and bending residual stresses 602 

are presented. Among all the HSS IOctHS, the largest membrane residual stresses with a magnitude of 66.5% 603 

of the f0.2,p was found from IOctHS145×10-1.50, whereas the largest bending residual stresses reach at 54.2% 604 

of f0.2,p from the IOctHS225×6-2.00. It was also observed that the residual stress distribution is insensitive 605 

to the dimensions of IOctHS. Furthermore, a predictive model for residual stresses distribution and 606 

magnitudes was proposed. The proposed residual stress distribution model can be applied in the structural 607 

analysis and design for HSS IOctHS with aspect ratio varying from 1.0 to 2.0. 608 

 609 
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(a)     

Fig. 1. Application of the octagonal sections in civil engineering structures (a) Octagonal 

section lighting column (Zhuhai, China) (b) Octagonal section steel columns (Shenzhen, China). 

 

 

 

             

Fig. 2. Cross section of the HSS cold-formed irregular octagonal hollow sections. 
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Fig. 3. Detailed geometry and definition of symbols. 

 

 

 

Fig. 4. Schematic view of the test set-up of the industrial X-ray inspection for the welding. 
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Fig. 5. Non-destructive inspection for corner region and welding surface (magnetic particles 

inspection). 

 (a) 

(b) 

Fig. 6. Dimensions of flat coupon specimens taken from the parent steel plates, in mm (a) Flat 

coupon specimen taken from the 6 mm steel plate (b) Flat coupon specimen taken from the 10 

mm steel plate. 
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(a) 

 

(b) 

Fig. 7. Dimensions (in mm) of flat and corner coupon specimens taken within the cross section 

of HSS IOctHS with thickness of 6 mm (a) Flat coupon (b) Corner coupon. 

 

(a) 

  

(b) 

Fig. 8. Dimensions (in mm) of flat and corner coupon specimens taken within the cross section 

of HSS IOctHS with thickness of 10 mm (a) Flat coupon (b) Corner coupon. 
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(a) 

 

(b) 

Fig. 9. Test set-up for tensile coupon tests (a) Test set-up for flat coupon specimens (b) Test set-

up for corner coupon specimens. 
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Fig. 10. Distribution of the yield strength or 0.2% proof strength and the ultimate strength 

within the section of IOctHS145×6-1.50. 

 

 

 

Fig. 11. Distribution of the yield strength or 0.2% proof strength and the ultimate strength within 

the section of IOctHS220×6-1.50. 
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Fig. 12. Distribution of the yield strength or 0.2% proof strength and the ultimate strength 

within the section of IOctHS225×6-2.00. 

 

 

 

Fig. 13. Distribution of the yield strength or 0.2% proof strength and the ultimate strength 

within the section of IOctHS145×10-1.50. 
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Fig. 14. Schematic view of the multi-stage stress-strain model. 

 

 

Fig. 15. Schematic view of the stress-strain model with an optimized offset yield point. 

 



9 

 

 

(a)  

 

 (b)  
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(c)  

 (d)  

Fig. 16. Comparison of experimental stress-strain curves from flat coupon specimens with 

different predictive models (a) First stage of IOctHS145×6-1.50-F4 (b) Second stage of 

IOctHS145×6-1.50-F4 (c) First stage of IOctHS225×6-2.00-F6 (d) Second stage of 

IOctHS225×6-2.00-F6. 
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(a)  

 

 

(b)  
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(c)  

 

(d)  

Fig. 17. Comparison of experimental stress-strain curves from corner coupon specimens with 

different predictive models (a) First stage of IOctHS145×6-1.50-C6 (b) Second stage of 

IOctHS145×6-1.50-C6 (c) First stage of IOctHS225×6-2.00-C7 (d) Second stage of 

IOctHS225×6-2.00-C7. 
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Fig. 18. The relationship between the 0.2% proof strength and 0.1% proof strength. 

 

Fig. 19. The relationship between the ultimate strength and 0.1% proof strength. 
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Fig. 20. Comparison of the ultimate strain between experimental data and predictions. 

 

 

 
Fig. 21. Predicted equation for exponential coefficient m of second stage. 
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 (a)  

(b)  

Fig. 22. Comparison of experimental stress-strain curves with yeild plateau and predicitive 

model for IOctHS145×6-1.50-F2 (a) Full stress-strain curves (b) Strain hardening stage with 

normalized stress-stain relationship. 
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(a)    

(b)   

Fig. 23. Comparison of experimental stress-strain curves with yeild plateau and predicitive 

model for IOctHS145×10-1.50-F7 (a) Full stress-strain curves (b) Strain hardening stage with 

normalized stress-stain relationship. 
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(a) 

(b) (c)  

 

Fig.24. Effects of membrane and bending residual stresses (a) Membrane residual stress (b)  

Bending residual stress (c) Combined bending and tensile membrane residual stresses. 

 

 

 

 

 

Fig. 25. Prepared IOctHS225×6-2.00 specimen with outer and inner electric strain gauges ready 

for the sectioning process. 
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Fig. 26. Sectioning process using wire-cutting with coolant. 

 

 

 

Fig. 27. Deformed strips extracted from IOctHS225×6-2.00 after sectioning process. 
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Fig. 28. Magnitude and the distribution of the longitudinal residual stresses in IOctHS145×6-

1.50. 
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Fig. 29. Magnitude and the distribution of the longitudinal residual stresses in IOctHS220×6-

1.50. 
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Fig. 30. Magnitude and the distribution of the longitudinal residual stresses in IOctHS225×6-

2.00. 
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Fig. 31. Magnitude and the distribution of the longitudinal residual stresses in IOctHS145×10-

1.50. 



23 

 

(a) (b) (c)  

 

Fig. 32. Predictive model for cold-formed regular octagonal hollow sections with yield strength 

varying from S355, Q460 and Q690 (a) Predictive model in Zhu et al. [13] (b) Predictive model 

for residual stresses in octagonal hollow sections proposed by Chen et al. [19] (c) Predictive 

model for residual stresses in octagonal sections by Fang et al. [29]. 

 

 

 

Fig. 33. Predictive model for residual stresses in HSS Q690 cold-formed irregular octagonal 

hollow sections. 
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Table 1 Chemical compositions listed in mill certificates for HSS plates. 

 

 

Table 2 Chemical compositions of the welding electrode ER110S-G. 

Electrode Chemical composition (wt%) 

C Mn P S Si Cr Mo Nb Ti V Ni 

ER110S-G  0.09 1.70 0.009 0.008 0.70 0.30 0.60 0.027 0.1 0.03 1.85 

 

 

 

Table 3 Measured dimensions of cold-formed HSS irregular octagonal hollow section (IOctHS) specimens. 

 

 

 

Table 4 Test results of the flat coupons taken from the HSS parent plates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Steel plate    
Chemical composition (wt%) 

C Mn P S Si Cr Mo Nb Ti B CEV 

6 mm plate 0.13 1.39 0.011 0.001 0.26 0.27 0.14 0.027 0.015 0.002 0.45 

10 mm plate 0.14 1.41 0.012 0.001 0.26 0.26 0.15 0.025 0.014 0.002 0.46 

EN 10025-6 

[49] 
0.22 1.80 0.025 0.012 0.86 1.60 0.74 0.07 0.07 0.006 0.65 

Specimens 
Edge length 

Bs (mm) 

Side width 

bs (mm) 

Edge length 

BL (mm) 

Side width 

bL (mm) 

Thickness t 

(mm) 

Inner radius ri 

(mm) 

IOctHS145×6-1.50 66.5 46.5 144.4 124.5 5.9 18.1 

IOctHS220×6-1.50 104.0 84.2 219.9 200.1 5.9 17.9 

IOctHS225×6-2.00 67.6 54.6 224.4 204.5 5.9 17.9 

IOctHS145×10-1.50 69.9 36.8 146.2 113.1 9.9 30.2 

Section Es,p  

(GPa) 

ν fy,p  

(Mpa) 

fu,p  

(Mpa) 

εu,p  

(%) 

εf,p  

(%) 

εsh,p  

(%) 

6 mm plate 214.1 0.29 768.5 816.2 6.45 14.95 1.98 

10 mm plate 216.1 0.30 791.3 825.6 6.55 16.18 2.32 
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Table 5 Test results of the material properties within the cold-formed section IOctHS145×6-1.50. 

Note: * indicates the strain hardening was not observed from the tensile coupon test. ^ indicates that the 0.05% 

proof strength and strain hardening parameter are not applicable to the welding materials coupon or coupon 

with yield plateau. ∆ indicates that 0.1% proof strength is not applicable to the welding materials coupon or 

coupon with yield plateau. 

 

 

 

Table 6 Test results of the material properties within the cold-formed section IOctHS220×6-1.50. 

Note: # indicates the occurrence of the fracture is located outside the range of the extensometer gauge length. 

* indicates the strain hardening was not observed from the tensile coupon test. ^ indicates that the 0.05% proof 

strength and strain hardening parameter are not applicable to the welding materials coupon or coupon with 

yield plateau. ∆ indicates that 0.1% proof strength is not applicable to the welding materials coupon or coupon 

with yield plateau. 

 

 

 

 

 

 

 

 

Section Es  

(GPa) 

fy  

(MPa) 

fu  

(MPa) 

εu  

(%) 

εf,25ex  

(%) 

εf 

(%) 

εsh  

(%) 

f0.05  

(MPa) 

f0.1 

(MPa) 

n 

IOctHS145×6-1.50-

W1 
178.5 656 835 8.5 19.2 

18.8 
-* 

-^ -∆ -^ 

IOctHS145×6-1.50-F2 202.8 775 828 6.7 16.2 16.5 1.95 -^ -∆ -^ 

IOctHS145×6-1.50-C3 199.2 832 883 1.6 12.6 11.9 -* 766 803 17 

IOctHS145×6-1.50-F4 214.3 780 828 6.6 17.8 17.2 -* 776 778 267 

IOctHS145×6-1.50-F5 212.1 782 838 6.3 14.5 16.2 -* 775 779 154 

IOctHS145×6-1.50-C6 196.7 800 854 1.9 12.7 12.4 -* 720 767 13 

IOctHS145×6-1.50-F7 213.6 778 826 6.5 16.8 16.5 -* 772 775 179 

Section Es  

(GPa) 

fy  

(MPa) 

fu  

(MPa) 

εu  

(%) 

εf,25ex  

(%) 

εf 

(%) 

εsh  

(%) 

f0.05  

(MPa) 

f0.1 

(MPa) 

n 

IOctHS220×6-1.50-W1 171.2 647 833 8.8 17.9 18.5 -* -^ -∆ -^ 

IOctHS220×6-1.50-F2 215.2 793 835 6.9 -# 17.5 1.88 -^ -∆ -^ 

IOctHS220×6-1.50-F3 206.5 785 829 6.3 -# 16.8 -* 781 786 271 

IOctHS220×6-1.50-C4 199.7 801 858 1.8 12.4 13.2 -* 746 780 19 

IOctHS220×6-1.50-F5 208.8 774 826 5.9 15.9 16.4 -* 765 776 119 

IOctHS220×6-1.50-F6 206.5 778 829 6.4 17.4 17.1 -* 773 776 215 

IOctHS220×6-1.50-C7 201.2 802 870 2.0 13.7 13.2 -* 730 771 15 

IOctHS220×6-1.50-F8 214.2 777 830 5.5 15.8 16.1 -* 758 770 56 
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Table 7 Test results of the material properties within the cold-formed section IOctHS225×6-2.00. 

Note: * indicates the strain hardening was not observed from the tensile coupon test. ^ indicates that the 0.05% 

proof strength and strain hardening parameter are not applicable to the welding materials coupon or coupon 

with yield plateau. ∆ indicates that 0.1% proof strength is not applicable to the welding materials coupon or 

coupon with yield plateau. 

 

 

Table 8 Test results of the material properties within the cold-formed section IOctHS145×10-1.50. 

Note: # indicates the occurrence of the fracture is located outside the range of the extensometer gauge length. 

* indicates the strain hardening was not observed from the tensile coupon test. ^ indicates that the 0.05% proof 

strength and strain hardening parameter are not applicable to the welding materials coupon or coupon with 

yield plateau. ∆ indicates that 0.1% proof strength is not applicable to the welding materials coupon or coupon 

with yield plateau. 

 

 

 

 

 

 

 

Section Es  

(GPa) 

fy  

(MPa) 

fu  

(MPa) 

εu  

(%) 

εf,25ex  

(%) 

εf 

(%) 

εsh  

(%) 

f0.05  

(MPa) 

f0.1 

(MPa) 

n 

IOctHS225×6-2.00-W1 178.3 654 846 10.5 18.3 18.5 -* -^ -∆ -^ 

IOctHS225×6-2.00-F2 205.5 784 837 6.5 16.9 17.1 -* 775 781 362 

IOctHS225×6-2.00-F3 203.6 791 842 5.9 -# 16.2 -* 772 788 365 

IOctHS225×6-2.00-F4 202.5 788 840 6.3 -# 15.7 -* 768 786 546 

IOctHS225×6-2.00-C5 194.8 834 892 1.6 10.4 10.8 -* 750 802 35 

IOctHS225×6-2.00-F6 206.4 779 831 6.6 16.3 16.2 -* 771 777 539 

IOctHS225×6-2.00-C7 195.5 815 860 1.4 11.2 11.5 -* 765 797 62 

IOctHS225×6-2.00-F8 210.2 781 833 6.2 16.6 16.3 -* 768 778 360 

Section Es  

(GPa) 

fy  

(MPa) 

fu  

(MPa) 

εu  

(%) 

εf,50ex  

(%) 

εf 

(%) 

εsh  

(%) 

f0.05  

(MPa) 

f0.1 

(MPa) 

n 

IOctHS145×10-1.50-

W1 
177.8 643 845 7.9 20.1 

19.8 
-* 

-^ -∆ -^ 

IOctHS145×10-1.50-F2 216.5 812 868 6.5 18.7 18.2 2.36 -^ -∆ -^ 

IOctHS145×10-1.50-C3 213.3 830 890 1.8 12.6 12.2 -* 718 792 10 

IOctHS145×10-1.50-F4 218.6 812 870 6.4 16.6 16.3 1.92 -^ -∆ -^ 

IOctHS145×10-1.50-C5 212.3 836 895 1.7 11.8 12.1 -* 724 798 10 

IOctHS145×10-1.50-F6 217.5 800 836 6.9 18.9 18.2 2.35 -^ -∆ -^ 

IOctHS145×10-1.50-F7 219.2 810 872 6.6 18.3 17.6 2.41 -^ -∆ -^ 



4 
 

 

 

 

 

Table 9 Summary of the residual stress investigation for high strength steel. 

 

 
Investigations  fy (N/mm2)  Cross section  Measurement method 

Lee et al. [50]  690  plate-to-plate joint  hole-drilling 

Wang et al. [51] 460  box section  sectioning 

Ban et al. [52]  460  box section  sectioning 

Ban et al. [53]  460  I-section  sectioning 

Lee et al. [54]  690  T-joint  hole-drilling 

Li et al. [55]  690  box and H-section  sectioning 

Ma et al. [1]  
460, 700 and 

1100  
CHS, RHS and SHS  sectioning 

Khan et al. [56]  690  box section  neutron diffraction 

Yang et al. [57]  690  box section  sectioning 

Somodi and 

Kövesdi [6]  
420 to 960  SHS  sectioning 

Somodi and 

Kövesdi [28]  
235 to 960  box section  sectioning 

Liu and Chung 

[58] 
690  H-section  hole-drilling 

Fang et al. [29] 690 OctHS sectioning 

Sun et al. [59] 690 I-section sectioning 

Chen and Chan 

[19] 
460 OctHS sectioning 

Chen and Chan 

[60]  
460, 690 and 960  CHS  sectioning 

Hu et al. [45]  690  CHS  sectioning 

Su et al. [62] 690 I-section sectioning 

Su et al. [63] 960 I-section sectioning 
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