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1. Introduction 

 

Although high strength steel (HSS) structures have a 

significant advantage in improving the vertical bearing 

capacity of structures, the application of HSS in seismic 

structures is limited owing to its relatively poor ductility 

compared with that of normal strength steel (NSS). It can be 

observed that the length of the yield plateau for HSS is 

shortened (or even disappears) compared with that for NSS 

(Qiang et al. 2016, Choi and Kwon 2018, Feng and Qian 

2018, Kang et al. 2018a, b, Cai and Young 2019), as 

illustrated in Fig. 1, in which Q235 and Q345 are normal 

strength steel, and Q460, Q690, Q960 are high strength 

steel. This shortcoming limits the application of HSS in 

seismic areas (Lian et al. 2015, Javidan et al. 2016, 2018, 

Farahi and Erfani 2017, Fang et al. 2018, Saliba et al. 2018, 

Chen and Shi 2019). Hence, overcoming this shortcoming 

of HSS is very important. Steel columns with NSS or HSS 

sections as shown in Fig. 2 have been popularly employed 

in steel structures. The skeleton curves of steel columns 

with different sections under lateral cyclic loading are 

shown in Fig. 3. It is observed that the lateral load bearing 

capacity of HSS columns is higher than that of NSS 

 

Corresponding author, Ph.D., Associated Professor, 

E-mail: ctlkang@scut.edu.cn 

 

 

columns, whereas their ductility is significantly less than 

that of NSS columns. To obtain high bearing capacity and 

good ductility simultaneously, a structural column with a 

new type of hybrid normal and high strength steel (HNHSS) 

welded box section (denoted as Sections B-345-10-690-10 

and B-345-20-690-10 in Fig. 2) was proposed. In the hybrid 

section, the flange plates perpendicular to the direction of 

cyclic loading were fabricated using NSS Q345 steel plates 

in order to improve the ductility of structural member, while 

the web plates parallel to the direction of cyclic loading 
 

 

 

Normal strength steel (NSS): Q235, Q345; 

High strength steel (HSS): Q460, Q690, Q960 

Fig. 1 Stress-strain curves of NSS and HSS 
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Abstract.  In order to obtain high bearing capacity and good ductility simultaneously, a structural column with hybrid normal and 

high strength steel (HNHSS) welded box section has been developed. Residual stress is an important factor that can influence the 

behaviour of a structural member in steel structures. Accordingly, the magnitudes and distributions of residual stresses in HNHSS 

welded box sections were investigated experimentally using the sectioning method. In this study, the following four box sections 

were tested: one normal strength steel (NSS) section, one high strength steel (HSS) section, and two HNHSS sections. Based on the 

experimental data from previous studies and the test results of this study, the effects of the width-to-thickness ratio of plate, yield 

strength of plate, and the plate thickness of the residual stresses of welded box sections were investigated in detail. A unified residual 

stress model for NSS, HSS and HNHSS welded box sections was proposed, and the corresponding simplified prediction equations 

for the maximum tensile residual stress ratio (σrt/fy) and average compressive residual stress ratio (σrc/fy) in the model were 

quantitatively established. The predicted magnitudes and distributions of residual stresses for four tested sections in this study by 

using the proposed residual stress model were compared with the experimental results, and the feasibility of this proposed model 

was shown to be in good agreement. 
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were fabricated using HSS Q690 plates to obtain high axial 

and lateral load bearing capacities. A total of four sections 

as listed in Table 1 were analysed to preliminary study the 

difference of seismic performance of steel columns with 

NSS, HSS and HNHSS sections. The height of four steel 

columns is 1.20 m. The material properties are listed in 

Table 2. It can be clearly observed from the skeleton curves 

obtained from the finite element analyses (as shown in Fig. 

3) that the ductility of the columns with HNHSS sections is 

significantly improved compared to that of HSS columns, 

and the lateral load bearing capacity of the columns with 

HNHSS sections is much larger than that of the columns 

with NSS sections. Therefore, a column with HNHSS 

 

 

 

 

section can exhibit better seismic performance compared 

with the one with HSS or NSS section. Certainly, as the 

direction of the earthquake action is random, and designers 

may not ensure one component plate to be always 

perpendicular to the seismic loading direction. In order to 

overcome this issue, a chessboard layout as shown in Fig. 4 

can be applied to ensure that the whole structure has good 

seismic performance in all directions. However, the residual 

stresses of HNHSS box sections are different from those of 

NSS and HSS sections due to the effect of welds. The 

residual stress models for NSS and HSS sections are 

unsuitable for HNHSS sections. Because residual stress has 

significant influences on the behaviour of steel columns 

 

Fig. 2 Mechanism of HNHSS sections 

 

Fig. 3 Skeleton curves of steel columns with four different sections 
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Fig. 4 Chessboard layout 

 

 

with HNHSS box sections, it is crucial to establish a 

simplified model for estimating the distributions and 

magnitudes of residual stresses in HNHSS box sections. For 

NSS sections, many investigations considering a residual 

stress model have been undertaken in the past (Nagaraja 

Rao and Tall 1961, Estuar and Tall 1963, Tebedge et al. 

1973, Klotz et al. 2002, Besevic 2012, Hwang et al. 2015, 

Zhang et al. 2016, Chen et al. 2018, Wang et al. 2018). A 

total of nine stub column tests for the measurement of 

residual stresses were carried out by Gardner et al. (2016) 

 

 

 

 

on NSS I-shape welded members. Residual stress 

distribution measurement tests were conducted by Yuan et 

al. (2014) for ten I-sections, four square hollow sections 

and four rectangular hollow sections assembled by means of 

shielded metal arc welding (SMAW). Among these 

investigations, the sectioning method is the most common 

method for measuring residual stress (Gou et al. 2014, 

Zhang et al. 2016, 2019, Taheri-Behrooz et al. 2018, An et 

al. 2019, Wang et al. 2019). Based on these previous 

experimental results, different residual stress models for 

various sectional types were well established and further 

employed in Eurocode 3 (2005), ANSI/AISC360-10 (2010) 

and Chinese code GB50017-2017 (2017). 

In the case of HSS sections, some residual stress tests 

have been performed, and some reliable results have been 

obtained for the residual stresses of HSS welded sections. 

Nie et al. (2018) gauged the residual stresses in eight box 

sections fabricated from Q460GJ steel with different width-

to-thickness ratios using the sectioning method. Somodi and 

Kövesdi (2018) gauged the residual stresses in 21 box 

sections fabricated from S235-S960 steels in order to study 

the influence of steel grade on the residual stresses of 

welded sections. They also measured the residual stresses in 

13 cold-formed HSS hollow section columns (Somodi and 

Kovesdi 2017). Cao et al. (2018) performed experiments for 

measuring the residual stresses of HSS welded box sections, 

in which the yield strength of HSS was 800 MPa. Khan et 
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Q690
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Table 1 Design and measured specimen sectional dimensions 

Section label 
Design sectional 

height Hdes (mm) 

Design sectional 

width Bdes (mm) 

Design flange 

thickness tf,des (mm) 

Design web thickness 

tw,des (mm) 
bf,des/tf,des h0,des/tw,des 

B-345-10-345-10 260 260 10 10 24 24 

B-690-10-690-10 260 260 10 10 24 24 

B-345-10-690-10 260 260 10 10 24 24 

B-345-20-690-10 260 260 20 10 12 22 

Section label 
Measured sectional 

height H (mm) 

Measured sectional 

width B (mm) 

Measured flange 

thickness tf (mm) 

Measured web 

thickness tw (mm) 
bf/tf h0/tw 

B-345-10-345-10 257.0 259.0 10.18 10.10 23.46 23.43 

B-690-10-690-10 259.5 261.0 10.60 10.59 22.63 22.50 

B-345-10-690-10 260.5 259.0 10.17 10.60 23.38 22.66 

B-345-20-690-10 258.5 262.5 19.98 10.63 12.07 20.56 
 

*Notes: In section label, "B" means box section, the first numeral is the steel grade of flange plate, the second numeral is the design 

thickness of flange plate, the third numeral is the steel grade of web plate and the forth numeral is the design thickness of web 

plate. For example, B-345-20-690-10 means such a specimen, in which the flange plates are Q345 steel plates with the design 

thickness of 20 mm, and the web plates are Q690 steel plates with the design thickness of 10 mm. h0/tw and bf/tf represent the 

width-to-thickness ratios of web and flange, respectively 

Table 2 Material properties 

Steel grade 
Design thickness of 

steel plates tdes (mm) 

Elastic modulus 

E (GPa) 

Yield strength 

fy (MPa) 

Ultimate strength 

fu (MPa) 
Poisson ratio ν 

Q345 10 211.80 393.04 544.22 0.28 

Q345 20 213.57 379.28 527.42 0.28 

Q690 10 218.09 757.84 803.20 0.29 
 

*Notes: E is the Young’s modulus, fy is the yield strength, fu is the ultimate strength, and ν is the Poisson ratio 
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al. (2016) investigated the distributions of residual stresses 

in square welded sections with single and multiple weld 

passes. The sections were fabricated from HSS plates with 

yield strength of 690 MPa. The residual stresses of two 

built-up box T-joints fabricated from HSS plates with a 

yield stress of 690 MPa were measured by Jiang et al. 

(2015). Residual stress measurement tests were conducted 

by Li et al. (2015) on welded Q690 HSS box- and H-

sections. Ban et al. (2013) experimentally measured the 

residual stresses of welded sections including box and I-

shape sections by using the sectioning method. The 

maximum yield strength was determined as 960 MPa, and 

some sensitive factors such as the steel plate thickness, web 

or flange width-to-thickness ratios, welding type, and the 

interaction between the flange and web plates, were also 

taken into consideration. Wang et al. (2012) gauged the 

residual stresses of box- and H-shaped sections fabricated 

from HSS steel plates with a yield strength of 460 MPa by 

applying both the hole drilling method and sectioning 

method. These investigations provided several important 

findings. However, there were too many different residual 

stress models proposed for the box sections fabricated using 

different grades of steels, which are not convenient for the 

application of engineers and researchers. Therefore, it is 

necessary to establish a unified model for estimating the 

residual stress of box sections fabricated using steels of 

different strengths. 

In this paper, an experimental investigation is described 

to discuss the residual stress magnitudes and distributions of 

four welded box sections: one fabricated from Q345 steel, 

one fabricated from Q690 steel, and two fabricated from 

Q345 and Q690 steels. The measured values of the 

longitudinal residual stresses were acquired using the 

sectioning method. The effects of the steel grade, width-to- 

 

 

thickness ratio, plate thickness, and the interactions between 

four component plates (including two flanges and two 

webs) were investigated in detail. The differences between 

the residual stresses of NSS, HSS and HNHSS welded box 

sections were studied. A new model for the residual stress 

distribution and the corresponding simplified prediction 

equations defining the residual stress magnitude as a 

function of the width-to-thickness ratio, steel yield strength, 

and the plate thickness were proposed for NSS, HSS and 

HNHSS welded box sections. Good agreement between the 

predicted results and experimental results was obtained to 

verify the feasibility of the proposed model. 

 

 

2. Experimental investigation 
 

2.1 Cross-section dimensions and material 
properties 

 

Four different sections were used in this investigation, 

as illustrated in Fig. 5. The flange and web plates of B-345-

10-345-10 are Q345 steel plates with a design thickness of 

10 mm, the flange and web plates of B-690-10-690-10 are 

Q690 steel plates with a design thickness of 10 mm, the 

web plates of B-345-10-690-10 and B-345-20-690-10 are 

Q690 steel plates with a design thickness of 10 mm, and the 

flange plates of B-345-10-690-10 and B-345-20-690-10 are 

Q345 steel plates with a design thickness of 10 mm and 20 

mm, respectively. It should be noted that the column with 

the section of B-345-20-690-10 could have the same axial 

bearing capacity as the column with the section of B-690-

10-690-10, but the former one has better ductility as 

indicated in Fig. 3. The details of the design and measured 

specimen sectional dimensions are listed in Table 1. All the 

 

 

  

(a) B-345-10-345-10 (b) B-690-10-690-10 

 

   

(c) B-345-10-690-10 (d) B-345-20-690-10 (e) Weld detail (Unit: mm) 

Fig. 5 Shapes and materials of four specimen sections 
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steel plates were extracted from steel plates with a moderate 

thickness of 10- or 20-mm using computer numerical 

control flame cutting technology. Prior to the final butt-

welding of the steel specimens, spot welding was initially 

used to assemble the four steel plates. All the four welds 

were performed using SMAW, and all the weld sizes were 

designed to be 10 mm, i.e., equal to the thickness of web 

plates, as shown in Fig. 5(e). 

The material properties of the Q345 and Q690 plates 

were obtained through tensile coupon tests. A total of nine 

tensile steel specimens of different grades with different 

thicknesses were tested. The material properties of steel 

plates were obtained by calculating the average of the three 

tensile specimens. Prior to testing, strain gauges were 

mounted on the tensile specimens to measure the strains. 

Table 2 summarises the material properties of the tensile 

test specimens. 

 

2.2 Sectioning process 
 

In this study, the residual stresses in four welded box 

sections were measured using the sectioning method. To 

maintain the original material properties, an automated 

electric spark wire-cutting machine (AESWCM) was 

adopted to ensure that a minimal heat input was introduced 

into the tested specimens. 

The arrangement of the segment specimens cut from a 

typical box section column is illustrated in Fig. 6. To obtain 

reliable residual stress results for the entire steel section, the 

adopted central part had a length of 790 mm (which is more 

than 3.0 times the minimum value between the width and 

height of the section). Both ends of the adopted central part 

were at a distance of at least 400 mm (which is more than 

1.5 times the minimum value between the width and height 

 

 

 

 

of the section) from both ends of segment. The number of 

measurement strips of the sections were 26 in one flange 

and 24 in one web for B-345-10-345-10, B-690-10-690-10, 

and B-345-10-690-10 and were 26 in one flange and 22 in 

one web for B-345-20-690-10. For all the sections, the 

width of the total strip specimens was fixed at 10 mm. Two 

holes were mechanically punched into each strip specimen 

from the outer surface side of section. The design details of 

the locations of strip specimens with gauge holes are shown 

in Fig. 7. The distances between each couple of holes for 

each strip (before and after the release of the residual stress) 

were measured using the Whittemore strain gauge YB-25 

with an initial gauge length of 250 mm and a sensitivity of 

0.01 mm, as shown in Fig. 8. 

A total of four measurements were conducted 

throughout the test, by following the sectioning process 

shown in Fig. 9. Firstly, electric drilling was implemented 

for punching a couple of holes for each strip, and the initial 

distance between each couple of holes was measured using 

the Whittemore strain gauge YB-25 and recorded as L0. 

Secondly, the segment specimens were extracted using 

AESWCM, and the second distance between each couple of 

holes after the initial release of the residual stress during 

this step was measured using the Whittemore strain gauge 

YB-25 and recorded as L1. Using the same technique 

mentioned above, the flange and web plates were then 

separated along the flange–web weld fusion line by 

employing AESWCM, and the third distance between each 

couple of holes after the further release of the residual stress 

during this step was measured using the Whittemore strain 

gauge YB-25 and recorded as L2. Finally, each component 

plate was evenly divided into strips of a width of 10 mm, 

and the fourth distance between each couple of holes after 

the full release of the residual stress during this step was 

 

 

 

 

 

 

Fig. 6 Arrangement of segment specimens (Unit: mm) 

 

 (a) B-345-10-345-10   (b) B-690-10-690-10   (c) B-345-10-690-10   (d) B-345-20-690-10 

Fig. 7 Arrangement of segment specimens (Unit: mm) 
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Fig. 10 Strip specimens after sectioning 
 

 

measured using the Whittemore strain gauge YB-25 and 

recorded as L3. The strip specimens after the lasting 

sectioning are presented in Fig. 10. The measured residual 

strain εr0 of each strip after sectioning is given by 

 

𝜀r0 =
𝐿0 − 𝐿3

𝐿3
 (1) 

 

 

 

 

based on which, the residual stress can be calculated 

according to Hooke’s law. 
 

 

3. Test results and discussions 
 

3.1 Calculation of residual stresses 
 

Owing to the influence of cutting process, the steel 

strips were bended slightly, so that the measured distance 

between the two holes was less than the actual distance, as 

shown in Fig. 11. For each strip, the final lengths measured 

using the Whittemore strain gauge were chord lengths 

instead of arc lengths (Yuan et al. 2014). It was thus 

necessary to correct the measured residual strain (εr0) 

calculated based on the chord length to the true residual 

strain (εr) obtained based on the arc length. The offset value 

δ and initial gauge length L of the steel strip are illustrated 

in Fig. 11. The true residual strain εr obtained by 

considering the influence of strip bending can be written as 
 

𝜺𝒓 = 𝜺r0 −
(

𝜹

𝑳
)

𝟐

𝟔 (
𝜹

𝑳
)

𝟒

+ 𝟏
 (2) 

 

 

 

Fig. 8 Measurement of Whittemore strain gauge YB-25 

 

Fig. 9 Sectioning method steps 
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Fig. 11 Longitudinal curvature of strips and definition of 

curvature offset value δ 

 

 

Based on the measured data and the above correction, 

the magnitudes of the compressive and tensile residual 

stresses of four welded box section specimens were 

obtained. The details of the test results of residual stresses 

for all the sections are shown in Fig. 12. 

 

3.2 Residual stress results obtained from tests 
 

Based on the residual stress results obtained from the 

above tests, the following general findings were obtained. 

The distribution pattern of residual stresses for HNHSS box 

sections is generally similar to that for NSS and HSS box 

sections. The residual stresses in the area near the welds at 

the four corners of box sections are in tension, and the 

substantially constant compressive residual stresses are 

distributed in the middle of the sectional plates. The 

distribution pattern of residual stresses is shown in Fig. 13, 

in a manner similar to the distribution pattern presented by 

(Ban et al. 2013). In Fig. 13, σrt1 to σrt8 are the maximum 
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Fig. 12 Residual stress test results for all sections 
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Fig. 13 Distribution pattern of residual stress 

 

 

magnitudes of the tensile stresses around weld regions, σrc1 

and σrc2 are the average magnitudes of the constant 

compressive stresses for the two flange plates, and σrc3 and 

σrc4 are the average magnitudes of the constant compressive 

stresses for the two web plates. The detailed values of the 

maximum tensile residual stress and average compressive 

residual stress obtained from the tests are listed in Table 3. 

The maximum tensile residual stress ratio (σrt/fy) 

decreases with the increase in the steel grade and steel plate 

thickness (tf or tw), but has no clear relationship with the 

plate width-to-thickness ratio (bf/tf or h0/tw). As the steel 

grade increases, the maximum tensile residual stress is 

much less than its fy value which is in contrary to NSS. It 

can be observed that σrt of the NSS sections is equal to or 

close to fy of the NSS plate. For the specimen B-345-10-

345-10, σrt changes from 0.771fy to 1.089fy, the average 

magnitude of σrt is 0.911fy, which is close to the value of fy 

of the Q345 plate with a design thickness of 10 mm. It can 

be observed that σrt of the HSS sections is less than the 

value of fy of the Q690 plate with a design thickness of 10 

mm. For the specimen B-690-10-690-10, σrt ranges from 

0.523fy to 0.820fy, and the average magnitude of σrt is 

0.658fy, which is approximately equal to 0.6–0.7 times the 

value of fy of the Q690 plate. Another interesting 

observation was made: for the NSS section, the maximum 

 

 

residual stress ratio (σrt/fy) of the web plates (average 

magnitude of σrt/fy of the web plates is 0.979) is on average 

more than that of the flange plates (average magnitude of 

σrt/fy of the flange plates is 0.843); however, for the HSS 

section, σrt/fy of the web plates (average magnitude of σrt/fy 

of the web plates is 0.557) is on average less than that of the 

flange plates (average magnitude of σrt/fy of the web plates 

is 0.760). A similar phenomenon was reported in the 

previous studies (Ban et al. 2013, Yuan et al. 2014, Cao et 

al. 2018). For the NSS section, σrt of the flanges is less than 

that of the webs; however, σrt of the flanges is more than 

that of the webs for the HSS sections. The trend of this 

phenomenon needs to be further confirmed in future tests. 

In the case of the specimen B-345-10-690-10, σrt of the 

Q345 flange plates changes from 0.772fy to 0.968fy, and the 

average magnitude of σrt is 0.868fy, which is close to the 

value of fy of the Q345 plate with a design thickness of 10 

mm. σrt of the Q690 web plates ranges from 0.410fy to 

0.604fy, and the average magnitude of σrt is 0.509fy, which 

is approximately 0.5 times the value of fy of the Q690 plate. 

For the specimen B-345-20-690-10, σrt of the Q345 flange 

plates changes from 0.770fy to 0.837fy, and the average 

magnitude of σrt is 0.799fy, which is slightly less than that of 

the specimen B-345-10-690-10. σrt of the Q690 web plates 

ranges from 0.418fy to 0.880fy, and the average magnitude 

of σrt is 0.609fy, which is slightly more than that of the 

specimen B-345-10-690-10. The maximum residual stress 

ratios (σrt/fy) in previous studies (Wang et al. 2012, Ban et 

al. 2013, Yuan et al. 2014, Li et al. 2015, Khan et al. 2016, 

Cao et al. 2018, Nie et al. 2018, Somodi and Koevesdi 

2018) and this study are summarised in Fig. 14. The effects 

of the steel plate yield strength (fy) and the plate thickness 

(tf or tw) are discussed in the following sections. 

In addition, it can be observed that the average 

compressive residual stress (σrc) of the NSS, HSS and 

HNHSS sections is obviously lower than the yield strength 

(fy) of the steel plates, and the average compressive residual 

stress ratio (σrc/fy) of the steel plates decreases with the 

increase in both the width-to-thickness ratio (bf/tf or h0/tw) 

and fy of the steel plates. For the specimen B-345-10-345-

10, σrc changes from -0.082fy to -0.173fy, and the average 

magnitude of σrc is -0.154fy. For the specimen B-690-10- 
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Table 3 Maximum tensile residual stress and average compressive residual stress 

Section label 

Maximum tensile residual stress Average compressive residual stress 

σrt1 

(MPa) 

σrt2 

(MPa) 

σrt3 

(MPa) 

σrt4 

(MPa) 

σrt5 

(MPa) 

σrt6 

(MPa) 

σrt7 

(MPa) 

σrt8 

(MPa) 

σrc1 

(MPa) 

σrc2 

(MPa) 

σrc3 

(MPa) 

σrc4 

(MPa) 

B-345-10-345-10 350.04 303.16 304.97 366.59 427.91 425.23 320.44 366.26 -57.00 -58.00 -68.07 -32.26 

B-690-10-690-10 539.86 561.98 579.69 621.19 416.14 424.98 449.20 396.66 -37.07 -51.81 -86.70 -83.73 

B-345-10-690-10 303.58 314.01 365.96 380.55 346.08 457.97 310.96 428.85 -58.59 -89.20 -66.39 -73.78 

B-345-20-690-10 298.60 292.06 317.34 304.28 447.83 316.85 414.85 666.61 -65.69 -86.33 -77.02 -44.20 

 σrt1/fy σrt2/fy σrt3/fy σrt4/fy σrt5/fy σrt6/fy σrt7/fy σrt8/fy σrc1/fy σrc2/fy σrc3/fy σrc4/fy 

B-345-10-345-10 0.891 0.771 0.776 0.933 1.089 1.082 0.815 0.932 -0.145 -0.148 -0.173 -0.082 

B-690-10-690-10 0.712 0.742 0.765 0.820 0.549 0.561 0.593 0.523 -0.049 -0.068 -0.114 -0.110 

B-345-10-690-10 0.772 0.799 0.931 0.968 0.457 0.604 0.410 0.566 -0.149 -0.227 -0.088 -0.097 

B-345-20-690-10 0.787 0.770 0.837 0.802 0.591 0.418 0.547 0.880 -0.173 -0.228 -0.102 -0.058 
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Fig. 14 Maximum tensile residual stress ratio (σrt/fy) in 

previous studies and this study 
 

 

 

Fig. 15 Average compression residual stress ratio (σrc/fy) 

in previous studies and this study 

 

 

690-10, σrc ranges from -0.049fy to -0.114fy, and the average 

magnitude of σrc is -0.086fy, which is less than that of the 

specimen B-345-10-345-10. This reduction in σrc is 

 

 

associated with the increase in fy. For the specimen B-345-

10-690-10, σrc of the Q345 flange plates with a design 

thickness of 10 mm changes from -0.149fy to -0.227fy, and 

the average magnitude of σrc is -0.188fy, which is slightly 

more than that of B-345-10-345-10. σrc of the Q690 web 

plates changes from -0.088fy to -0.097fy, and the average 

magnitude of σrc is -0.092fy, which is a little more than that 

of B-690-10-690-10. For the specimen B-345-20-690-10, 

σrc of the Q345 flange plates with the design thickness of 20 

mm ranges from -0.173fy to -0.228fy, and the average 

magnitude of σrc is -0.200fy, which is slightly more than that 

of B-345-10-690-10. The increase in σrc can be due to the 

decrease in the width-to-thickness ratio of the flange plate 

(from 23.38 to 12.07). σrc of the Q690 web plates changes 

from -0.058fy to -0.102fy, and the average magnitude of σrc 

is -0.080fy, which is a little less than that of B-345-10-690-

10. The average compressive residual stress ratios (σrc/fy) in 

the previous studies (Wang et al. 2012, Ban et al. 2013, Li 

et al. 2015, Khan et al. 2016, Cao et al. 2018, Nie et al. 

2018, Somodi and Koevesdi 2018) and this study are 

summarised in Fig. 15. The effects of the steel plate yield 

strength (fy), width-to-thickness ratio (bf/tf or h0/tw), and 

plate thickness (tf or tw) of the steel plate are discussed in 

the following sections. 
 

3.3 Process of release of residual stress 
 

To show the process of release of residual stresses 

during the entire sectioning process, four measurements 

were performed, as described in Section 2.2. Three residual 

strains could be obtained during the entire sectioning 

process. The release trend of the residual stresses (flange 

and web plate of B-345-20-690-10) is illustrated in Fig. 16. 

It should be noted that the residual strains of second 

measurement are slightly less than the residual strains of 

third measurement, but both these are much less than the 

residual strain of last measurement. This indicates that the 

release of residual stresses progress from initial release, to 

further release, and then to full release. The released tensile 

residual stresses in the last sectioning are relatively large. 

This causes a different distribution shape of residual 
 

 

  

(a) Changes of residual stress distribution for flange of 

B-345-20-690-10 

(b) Changes of residual stress distribution for web of 

B-345-20-690-10 

Fig. 16 Trend of release of residual stresses (flange and web plate of B-345-20-690-10) 
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stresses in the last measurement as compared to those of the 

second and third measurements. 

 

3.4 Effect of plate width-to-thickness ratio 
(bf/tf or h0/tw) 

 

Based on the experimental data shown in Figs. 14 and 

15, it can be concluded that the maximum tensile residual 

stress ratio (σrt/fy) has no clear correlation with the plate 

width-to-thickness ratio (bf/tf or h0/tw), while the average 

compressive residual stress ratio (σrc/fy) over the middle part 

of the flange and web plates is significantly related to the 

width-to-thickness ratio. The relationship between σrc/fy and 

width-to-thickness ratio is shown in Fig. 17, wherein σrc/fy 

in the previous studies (Wang et al. 2012, Ban et al. 2013, 

Khan et al. 2016, Cao et al. 2018, Nie et al. 2018, Somodi 

and Koevesdi 2018) and this study are summarised. In Fig. 

17, the cases with the steel plate yield strength (fy) that is 

less than 450 MPa and more than 690 MPa are denoted in 

purple and green colours, respectively, while the others are 

denoted in blue colour. It can be recognised that for given 

 

 

 

Fig. 17 Relationship between average compression residual 

stress ratio (σrc/fy) and width-to-thickness ratio 

(bf/tf or h0/tw) 

 

 

 

(Plate thickness is 6 mm as indicated in red and 10 mm 

as indicated in blue) 

Fig. 18 Relationship between maximum tensile residual 

stress ratio (σrt/fy) and steel plate yield strength (fy) 

values of fy, σrc/fy decreases with an increase in the width-

to-thickness ratio of the component plates when the width-

to-thickness ratio is less than 25. This decrease ratio of the 

σrc/fy to plate width-to-thickness ratio reduces as fy 

increases. When the width-to-thickness ratio is more than 

25, this trend is not obvious. 

 

3.5 Effect of steel plate yield strength (fy) 
 

Based on the experimental data shown in Figs. 14 and 

15, it can be concluded that both the maximum tensile 

residual stress ratio (σrt/fy) and average compressive residual 

stress ratio (σrc/fy) are significantly associated with the steel-

plate yield strength (fy). The relationship between σrt/fy and 

fy is shown in Fig. 18, in which σrt/fy in the previous studies 

(Ban et al. 2013, Somodi and Koevesdi 2018) and this study 

are summarised. Only the cases comprising plate thickness 

of 6 mm and 10 mm are included in Fig. 18. It can be seen 

from Fig. 18 that σrt/fy decreases with the increase in fy 

when fy is less than 600 MPa. This trend is not obvious 

when fy is more than 600 MPa. When fy is less than 500 

MPa, σrt/fy may be more than 1.0 in some cases, but σrt/fy is 

always less than 1.0 when fy is more than 500 MPa. In this 

study, the average magnitude of the maximum tensile 

residual stress ratio (σrt/fy) of the Q345 plates including four 

plates of B-345-10-345-10 and two flange plates of B-345-

10-690-10 is 0.897, which is significantly more than the 

average magnitude (0.642) of σrt/fy of the Q690 plates 

including the four plates of B-690-10-690-10, two web 

plates of B-345-10-690-10, and two web plates of B-345-

20-690-10. 

The relationship between σrc/fy and fy is shown in Fig. 

19, in which σrc/fy obtained from previous studies (Ban et al. 

2013, Cao et al. 2018, Nie et al. 2018, Somodi and 

Koevesdi 2018) and this study are summarised. Only the 

cases with the width-to-thickness ratio ranged from 20 and 

26 are included in Fig. 19. It can be observed from Fig. 19 

that σrc/fy decreases with the increase in fy when fy is less 

than 600 Mpa, and this trend is not obvious when fy is more 

than 600 Mpa. 

 

 

 

Fig. 19 Relationship between average compression 

residual stress ratio (σrc/fy) and steel plate 

yield strength (fy) 
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3.6 Effect of plate thickness (tf or tw) 
 

It can be concluded that the maximum tensile residual 

stress ratio (σrt/fy) is significantly correlated with the steel 

plate thickness (tf or tw), based on the experimental data 

shown in Figs. 14 and 15. The relationship between σrt/fy 

and the steel plate thickness is illustrated in Fig. 20, in 

which the cases of steel plates with yield strength (fy) as 

370–400 MPa and 500–550 MPa are indicated in blue and 

red colour, respectively. It can be observed that σrt/fy 

decreases with the increase in the steel plate thickness. 

 

3.7 Discussion on HNHSS box sections 
(B-345-10-690-10 and B-345-20-690-10) 

 

For the HNHSS welded box sections, when the 

thickness of the flange plate is equal to that of the web plate 

(B-345-10-690-10), the maximum tensile residual stress 

(σrt) of the Q345 flange plate is a little less than the yield 

strength (fy), which is slightly less than the average 

magnitude of σrt of four Q345 steel plates for the specimen 

B-345-10-345-10. The σrt of the Q690 web plate is 

significantly less than fy, which is slightly more than the 

average magnitude of σrt of four Q690 steel plates for the 

specimen B-690-10-690-10. Furthermore, as is shown in 

Table 3, the maximum residual stress ratios (σrt/fy) of B-

345-20-690-10 are more evenly distributed on the section 

 

 

 

(Steel plate yield strength is 370–400 Mpa 

as indicated in blue and 500–550 MPa as indicated in red) 

Fig. 20 Relationship between maximum tensile residual 

stress ratio (σrt/fy) and steel plate thickness (tf or tw) 

 

 

than those of B-345-10-690-10. The previous research has 

found that the residual stress magnitude was associated with 

the heat input rather than the weld size (Rasmussen and 

Hancock 1988). Table 4 presents the values of 

(σrt/fy)f/(σrt/fy)w and fy,f·tf/fy,w·tw for four tested sections. For 

the specimens B-345-10-345-10, B-690-10-690-10, and B-

345-20-690-10, because fy,w·tw of the web plate is equal to 

fy,f·tf of the flange plate, the heat inputs in the flange and 

web plates of these specimens could be relatively similar, 

which lead to close values between (σrt/fy)f and (σrt/fy)w. For 

the specimen B-345-10-690-10, the heat inputs in the web 

plates could be more than that in the flange plates since the 

magnitudes of fy,w·tw are significantly greater than those of 

fy,f·tf, so higher values of (σrt/fy)f/(σrt/fy)w can be identified. 

 

3.8 Self-equilibrium 
 

Owing to the absence of external forces acting on the 

specimens, the summation of internal force of entire steel 

section should theoretically be zero. However, in practice, 

the unbalanced sectional stress may exist because of the 

inevitable existence of measurement error. To evaluate the 

accuracy of the residual stress measurements, the self-

balancing deviation stress σerr is defined as follows 
 

𝜎err =
[∑ 𝐴𝑖 ⋅ 𝜎𝑟𝑖

𝑛
𝑖=1 ]

𝐴
 (3) 

 

where A and Ai denote the cross-section area of the entire 
 

 

 

Fig. 21 Self-balancing deviation stresses of flanges, webs 

and entire sections 
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Table 4 Relationship between (σrt/fy)f/(σrt/fy)w and fy,f·tf/fy,w·tw 

Section label (σrt/fy)f (σrt/fy)w 

Flange yield 

strength 

fy,f (MPa) 

Web yield 

strength 

fy,w (MPa) 

Flange 

thickness 

tf (mm) 

Web 

thickness 

t (mm) 

fy,f·tf/fy,w·tw (σrt/fy)f/(σrt/fy)w 

B-345-10-345-10 0.843 0.979 393.04 393.04 10.18 10.10 1.008 0.861 

B-690-10-690-10 0.760 0.557 757.84 757.84 10.60 10.59 1.001 1.364 

B-345-10-690-10 0.868 0.509 393.04 757.84 10.17 10.60 0.498 1.705 

B-345-20-690-10 0.799 0.609 379.28 757.84 19.98 10.63 0.941 1.312 
 

*Notes: (σrt/fy)f represents the average magnitude of maximum residual stress ratios of flange plates; 

(σrt/fy)w represents the average magnitude of maximum residual stress ratios of web plates 
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steel plate and a strip, respectively; n is the amount of strip 

specimens of steel plate; and σri denotes the residual stress 

magnitude of each strip. The positive value represents the 

 

 

tensile residual stress, and the negative value represents the 

compressive ones. Self-balancing deviation stresses of the 

flanges, webs, and entire sections are shown in Fig. 21. 

Table 5 Previous residual stress models for HSS box sections 

Reference 
Steel grade, 

welding details 

Plate thickness 

t (mm) 
Models Simplified prediction equations 

Nie et al. 

(2018) 

Q460GJ, CO2 

gas-shielded 

welding 

12 

 

𝜎rt1 = 0.93𝑓𝑦 ,   𝜎rt2 = 0.87𝑓𝑦 ,   𝜎rc1 = 2.98
ℎ0

𝑡
− 169.3, 

𝜎rc2 =
3.13ℎ0

𝑡
− 137.8 (1 ≤

ℎ0

𝑡
≤ 43) 

25 
𝜎rt1 = 0.85𝑓𝑦,   𝜎rt2 = 0.76𝑓𝑦,   𝜎rc1 = 12.31

ℎ0

𝑡
− 228.7, 

𝜎rc2 =
27.48ℎ0

𝑡
− 373.2 (1 ≤

ℎ0

𝑡
≤ 13) 

Somodi and 

Kövesdi 

(2018) 

S235-S960 

 metal active 

gas welding 

≤ 5 

 

𝜎rt = 𝑓𝑦 

𝜎rc = 70 − 21𝑡 + 𝑡2 −
[2900 − 3600 ⋅ (𝑡 − 5)]

(ℎ/𝑡)
 

> 5 

𝜎rt = 𝑓𝑦 

𝜎rc = 70 − 21𝑡 + 𝑡2 −
[2900 − 290 ⋅ (𝑡 − 5)]

(ℎ/𝑡)
 

Cao et al. 

(2018) 

800 MPa, 

gas shielded 

arc welding 

7 

 

𝜎rt = 𝑓𝑦 

 
𝜎rc = −4100 + 25 ⋅ (ℎ0/𝑡) − 0.45 ⋅ (ℎ0/𝑡)2 

Li et al. 

(2015) 

Q690, manual 

gas metal 

arc welding 

16 

 

𝜎rt = (0.394~0.496)𝑓𝑦 

 
𝜎rc = (−0.137~ − 0.119)𝑓𝑦 

Ban et al. 

(2013) 

Q460, manual 

metal arc 

welding 

10, 12, 14 

 

𝜎rt = 𝑓𝑦 

 

𝜎rc = −10 −
1500

(
ℎ0

𝑡
)

−
550

𝑡
 

 
            (−460 MPa ≤ 𝜎rc ≤ −46 MPa) 

Wang et al. 

(2012) 

Q460, manual 

gas metal arc 

welding 

12 

 

𝜎rt = (0.555~0.787)𝑓𝑦 

 
𝜎rc = (−0.255~ − 0.142)𝑓𝑦 

Khan et al. 

(2016) 

Q690, gas metal 

arc welding 
5, 16 

 

𝜎rt = 𝑓𝑦 ,     𝜎rc = − [3.6607 (
𝐵

𝑡
)

−0.924

] 𝑓𝑦 

 

𝑏 =
−𝐵𝜎rc

2(𝜎rt − 𝜎rc)
 

 

* Note: t is the plate thickness, h0/t is the width-to-thickness ratio of plate 
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(a) Chinese model (b) ECCS model 

Fig. 22 Present residual stress models for NSS welded box 

sections 

 

 

It can be seen that the self-balancing deviation stress σerr of 

the entire section obtained by integral summation is almost 

negative and its absolute value is much less than the yield 

strength fy. As the deviation stress was less than 6% of the 

yield strength for each steel plate, the flange and web plates 

could be regarded as self-balancing. 

 

 

4. Models of residual stresses for NSS, HSS, and 
HNHSS welded box sections 
 
4.1 Previous models of residual stresses for NSS 

and HSS welded box sections 
 

The residual stress models for NSS welded box sections 

have been provided in some design codes, including 

Chinese Steel Structure Code GB50017-2017 (2017) and 

European Convention for Constructional Steelwork (ECCS) 

(1976). Two typical models: the Chinese model and ECCS 

model are illustrated in Fig. 22. For the Chinese model, the 

maximum tensile residual stress (σrt) was equal to the yield 

strength (fy), and the distribution function of the 

compressive residual stress (σrc) was a quadratic function, in 

which the maximum compressive residual stress was equal 

to 0.53fy. Moreover, the effects of the sectional dimensions 

have been considered in the determination of the 

distribution range of the tensile residual stress around the 

weld region, and no specified compressive stress 

distribution range was given (Ban et al. 2013). On the other 

hand, for the ECCS model, the distribution ranges were 

given based on the width-to-thickness ratio, the average 

magnitude of compressive residual stress could be calculated 
 

 

according to the plate width-to-thickness ratio and welding 

type, and the maximum tensile residual stress was assumed 

be constant being equivalent to the steel yield strength (fy). 

Previous residual stress models (Wang et al. 2012, Ban 

et al. 2013, Li et al. 2015, Khan et al. 2016, Cao et al. 2018, 

Nie et al. 2018, Somodi and Koevesdi 2018) for HSS 

welded box sections are summarised in Table 5. The effect 

of the difference between the maximum tensile residual 

stresses of the flange and web is considered only in the 

residual stress model in (Nie et al. 2018). The detailed weld 

position of the box sections in (Cao et al. 2018) is different 

from that of the other experimental studies. The residual 

stress model in (Li et al. 2015) is similar to that in (Wang et 

al. 2012) while both the maximum tensile residual stress 

and average compressive residual stress regions in these 

two models are different. The residual stress model in 

(Somodi and Koevesdi 2018) is similar to that in (Ban et al. 

2013), whereas the transition regions from tensile residual 

stress to compressive residual stress in these two models are 

slightly different. In fact, the residual stress model in (Ban 

et al. 2013) can almost cover other residual stress models in 

previous references (Wang et al. 2012, Li et al. 2015, Khan 

et al. 2016, Cao et al. 2018, Somodi and Koevesdi 2018) by 

changing the parameters of this model. In Table 6, the 

comparison between tested results in this study and 

prediction results obtained by previous models based on 

NSS’s residual stress model from Chinese Steel Structure 

Code GB50017-2017 (2017) and HSS’s residual stress 

model in (Li et al. 2015) for grade 690 steel. However, the 

prediction results from previous model are quite different 

with test results. Consequently, previous distribution models 

for the NSS and HSS welded box sections cannot be 

employed for HNHSS welded box sections based on the 

data listed in Table 6. 
 

4.2 Proposed model of residual stresses for NSS, 
HSS, and HNHSS welded box sections 

 

Based on the test results of this study as shown in Fig. 

12, and those of previous studies (Wang et al. 2012, Ban et 

al. 2013, Li et al. 2015, Khan et al. 2016, Cao et al. 2018, 

Nie et al. 2018, Somodi and Koevesdi 2018), a residual 

stress model as shown in Fig. 23 is proposed in this study. 

This proposed model is an improved model based on Ban’s 

model (Ban et al. 2013) and can be employed for NSS, HSS 

and HNHSS welded box sections. The main differences 

between the proposed model and the Ban’s model are 
 

 

┮rt ┮rt

┮rc

+ +
-

ab ab

H

t

f y f y

0.53f y

+ +
-

Quadratic

Linear ┮rt ┮rt

┮rc

+ +
-

ab ab

H

t

f y f y

0.53f y

+ +
-

Quadratic
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Table 6 Comparison between tested results in this study and prediction results obtained by previous model 

Section 

label 
 

Maximum tensile residual stress Average compressive residual stress 

σrt1 

(MPa) 

σrt2 

(MPa) 

σrt3 

(MPa) 

σrt4 

(MPa) 

σrt5 

(MPa) 

σrt6 

(MPa) 

σrt7 

(MPa) 

σrt8 

(MPa) 

σrc1 

(MPa) 

σrc2 

(MPa) 

σrc3 

(MPa) 

σrc4 

(MPa) 

B-345-10- 

690-10 

Test 303.58 314.01 365.96 380.55 346.08 457.97 310.96 428.85 -58.59 -89.20 -66.39 -73.78 

Previous 

model 
393.04 393.04 393.04 393.04 378.92 378.92 378.92 378.92 -208.31 -208.31 -90.94 -90.94 

B-345-20- 

690-10 

Test 298.60 292.06 317.34 304.28 447.83 316.85 414.85 666.61 -65.69 -86.33 -77.02 -44.20 

Previous 

model 
379.28 379.28 379.28 379.28 378.92 378.92 378.92 378.92 -201.02 -201.02 -90.94 -90.94 
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described as follows: 
 

(1) The maximum magnitude of tensile residual stress 

of flange plates may be different from that of web 

plates, and the distribution region of tensile 

residual stress of flange plates may be different 

from that of web plates. 

(2) The average magnitude of compressive residual 

stress of flange plates may be different from that of 

web plates, and the distribution region of 

compressive residual stress of flange plates may be 

different from that of web plates. 

(3) The maximum magnitude of tensile residual stress 

of the flange and web plates may be less than the 

yield strength (fy) and can be determined based on 

the yield strength and thickness of the plate. 

(4) The proposed model can be employed not only for 

NSS and HSS box sections but also for HNHSS 

box sections. 
 

The relationship of the geometric parameters shown in 

Fig. 23 can be described as follows 

 

2𝑎 + 2𝑏 + 𝑐 = 𝐵 (4) 

 

2𝑎′ + 2𝑏′ + 𝑐′ = ℎ0 (5) 

 

where B is the flange width and h0 is the web height as 

shown in Fig. 5, and both values of a and a’ are determined 
 

 

 

Fig. 23 Model proposed in this study 
 

 

by choosing the minimum value of tf and tw. 

The residual stress equilibrium was satisfied for each 

component steel plate and could be written as follows 

 

∬ 𝜎r,f𝑑𝐴 = 0
𝐴𝑓

  for flange plate (6) 

 

∬ 𝜎r,w𝑑𝐴 = 0
𝐴𝑤

  for web plate (7) 

 

where Af and Aw denote the cross-sectional areas of the 

flange and web, respectively; and σr,f and σr,w are the 

residual stresses of the flange and web, respectively. Eqs. 

(6) and (7) can also be rewritten as follows 

 

(2𝑎 + 𝑏) ⋅ 𝜎rt,f = 𝑐 ⋅ |𝜎rc,f|  for flange plate (8) 

 

(2𝑎′ + 𝑏′) ⋅ 𝜎rt,w = 𝑐′ ⋅ |𝜎rc,w|  for web plate (9) 

 

where σrt,f and σrc,f are the tensile residual stress and 

compressive residual stress of the flange plates, 

respectively; and σrt,w and σrc,w are the tensile residual stress 

and compressive residual stress of the web plates, 

respectively. 

Based on the experimental results of 55 specimens, 

including 45 specimens from previous studies (Wang et al. 

2012, Ban et al. 2013, Li et al. 2015, Khan et al. 2016, Cao 

et al. 2018, Nie et al. 2018, Somodi and Koevesdi 2018) 

and four specimens in this study (as shown in Figs. 14 and 

15), as well as by using nonlinear surface fitting as shown 

in Fig. 24, the equations for predicting the maximum tensile 

residual stress ratio (σrt,f/fy,f or σrt,w/fy,w) and average 

compressive residual stress ratio (σrc,f/fy,f or σrc,w/fy,w) of the 

steel plates can be obtained as follows 

 
𝜎rt,f

𝑓y,f
= 31.850 − 15.400𝑓y,f

0.0260 − 12.400𝑡𝑓
0.0180 (10) 

 
𝜎rc,f

𝑓y,f
= −16.900 + 10.125𝑓y,f

0.0212 

            +4.833 (
𝑏𝑓

𝑡𝑓
)

0.0195

+
𝑡𝑓

2

20000
 

(11) 
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(a) Maximum tensile residual stress (b) Average compressive residual stress 

Fig. 24 Proposed fitting surfaces for experimental data 
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𝜎rt,w

𝑓y,w
= 31.850 − 15.400𝑓y,w

0.0260 − 12.400𝑡𝑤
0.0180 (12) 

 
𝜎rc,w

𝑓y,w

= −16.900 + 10.125𝑓y,w
0.0212 

              +4.833 (
ℎ0

𝑡𝑤
)

0.0195

+
𝑡𝑤

2

20000
 

(13) 

 

where fy,f and fy,w are the yield strengths of the flange and 

 

 

 

 

web, respectively. Fig. 25 depicts the comparison of the 

results predicted by using the residual stress model 

proposed in this study and the test results for the maximum 

tensile residual stress and average compressive residual 

stress. (σrt/fy)pre and (σrt/fy)exp are the maximum tensile 

residual stress ratio predicted by using the model proposed 

in this study and that obtained from the tests, respectively; 

(σrc/fy)pre and (σrc/fy)exp are the average compressive residual 

stress ratio predicted by the model proposed in this study 

and that obtained from tests, respectively. Prediction error 
 

 

  

(a) Maximum tensile residual stress (b) Average compressive residual stress 

Fig. 25 Comparison of predicted and test results of residual stresses 

  

  

(a) B-345-10-345-10 

 

Fig. 26 Comparison of predicted and test results of residual stress magnitudes and distributions 
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(b) B-690-10-690-10 

  

  
(c) B-345-10-690-10 

  

  
(d) B-345-20-690-10 

Fig. 26 Continued 
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boundaries of ±30% are also plotted in Fig. 25. Apparently, 

it is shown from Fig. 25 that most of the data points are 

located between the ±30% margin lines. The residual stress 

test is a random testing procedure with great randomness. 

Some data points are outside the ±30% margin lines 

because the residual stress magnitude and distribution are 

influenced by various factors, such as weld type, welding 

process, measurement error, and weld quality. However, the 

prediction formula in Fig. 25(a) is only related to yield 

strength and plate thickness, and the prediction formula in 

Fig. 25(b) is just related to yield strength and width-to-

thickness ratio. There may be other factors that are not 

reflected in these formulas. These other affected factors 

may lead to the discreteness of the experimental results 

compared with the prediction results. Therefore, it is 

demonstrated that the proposed equations provide a good 

prediction for the calculation of the values of σrt,f, σrc,f, σrt,w 

and σrc,w. 

Fig. 26 shows the comparison of the results of residual 

stress magnitudes and distributions predicted by the 

proposed model and the test results obtained in this study. 

The detailed process of determination of the residual stress 

magnitudes and distributions of the welded box sections is 

presented in Fig. 27. It is shown from Fig. 26 that the 

predicted residual stress results obtained by using the 

proposed model agree well with the experimental results of 

NSS, HSS, and HNHSS welded box sections in this study, 

which indicates that the proposed residual model estimates 

the residual stresses with a relatively high accuracy. 
 

 

5. Conclusions 
 

The residual stresses of four box sections including one 

NSS box section, one HSS box section, and two HNHSS 

box sections were experimentally investigated in this study. 

Based on the residual stress test results, the effects of the 

 

 

width-to-thickness ratio, steel plate yield strength and the 

plate thickness on the residual stresses of NSS, HSS and 

HNHSS welded box sections were studied. A residual stress 

model that can be employed for NSS, HSS and HNHSS 

welded box sections and the corresponding simplified 

prediction equations were proposed based on the test data 

obtained from previous studies and this study. A comparison 

of the results predicted by the proposed residual stress 

model and the experimental results was undertaken for 

validation purposes. Based on these discussions, the 

conclusions are as follows: 
 

(1) The distribution shape and features of the residual 

stresses for HNHSS welded box sections were very 

similar to those of the NSS and HSS welded box 

sections. 

(2) The maximum magnitude of the tensile residual 

stresses around the welds in the flanges and webs 

was not a fixed value as reported in previous 

studies. Instead, it was related to the plate yield 

strength and plate thickness. The maximum tensile 

residual stress ratio decreases with an increase in 

both the yield strength and plate thickness. 

(3) The average magnitude of the compressive residual 

stress ratio over the middle part of the component 

steel plates was strongly influenced by the width-

to-thickness ratio and plate yield strength, and 

closely related to the plate thickness. It should be 

noted that the average compressive residual stress 

ratio decreases with the increase in both the plate 

width-to-thickness ratio and yield strength. 

(4) Previous distribution models for the NSS and HSS 

welded box sections cannot be employed for 

HNHSS welded box sections. An improved 

residual stress model and the corresponding 

simplified prediction equations were established for 

predicting the residual stress of the welded box 

 

Fig. 27 Flowchart of determination of residual stress magnitudes and distributions of NSS, HSS and HNHSS 

welded box sections 

Web platesFlange plates

Dimensions and material 

properties welded box 

sections: bf, tf, h0, tw, fy,f, fy,w 

Information of flange plates:

fy,f, bf/ tf, tf

Information of web plates:

fy,w, h0/ tw, tw

Determination of maximum 

tensile residual stress σrt,f and 

average compressive residual 

stress σrc,f

Eqs. (10) and (11)

Determination of maximum 

tensile residual stress σrt,w and 

average compressive residual 

stress σrc,w

Eqs. (12) and (13)

Determination of a, b, c

Eqs. (4) and (8) a=min(tf, tw)

Determination of a’, b’, c’

Eqs. (5) and (9)a’=min(tf, tw)
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sections that are fabricated by steel plates with 

yield strength varying from 300-MPa to 700-MPa. 

In such welded box sections, the steel yield 

strength and thickness of the flange plate may be 

different from those of the web plate. The effects of 

the plate yield strength, width-to-thickness ratio of 

plate, and the thickness of plate were taken into 

consideration in the proposal residual stress model. 

 

Future experimental studies of HNHSS welded sections 

will be undertaken by the authors. As a preliminary 

exploratory study, the distribution and magnitude of 

residual stresses for NSS, HSS and HNHSS sections are 

compared in this paper. The experimental data and 

conclusions are helpful to applying HNHSS sections in steel 

structures. 
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