https://dx.doi.org/10.1016/j.jcsr.2022.107170

© 00 N O O b WN P

B BA DDBD DB W W WWWWWWWWNDNDDPNDDNDNDNDNMDNNNNNMNNYRPRPRPERERPRERERERPREPR
A WONPFP O OOOLONO O B WNPEPOOOOKLMNO O PWDNEPEOOOWLONOODMWDNDPE O

Experimental investigation on material properties and residual stresses in cold-formed high
strength steel irregular octagonal hollow sections

Jun-zhi Liu!, Han Fang®, Tak-Ming Chan">"

1 Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University, Hong Kong, China

2 Chinese National Engineering Research Centre for Steel Construction (Hong Kong Branch), The Hong Kong Polytechnic
University, Hong Kong, China

3 School of Civil, Environmental and Mining Engineering, The University of Adelaide, South Australia 5005, Australia

* Corresponding author: tak-ming.chan@polyu.edu.hk

Abstract

A systematic investigation into the variation of the material properties and residual stress distribution across
cold-formed high strength steel (HSS) irregular octagonal hollow sections (IOctHS) is presented in this paper.
The specimens were fabricated through welding the two cold-formed half-sections by gas metal arc welding
(GMAW). Non-destructive inspection was executed to detect any cracks in the welding internally and
externally. Tensile tests on coupon specimens taken from the critical locations within the cross sections were
carried out to measure the material properties variation within the HSS IOctHS. The material strength
variations within different cross sections exhibit an anticipated similar pattern that strength enhancement at
corner regions was more obvious than flat coupons counterpart. The largest strength enhancement is 8.4%
at corner region compared with the average yield strength of parent plates, whereas the yield strength and
ultimate strength of flat coupon specimens generally fluctuate at a certain level. Based on the obtained
material properties, the existing material models for predicting the stress-strain curves were assessed and
new material models are proposed to generate the stress-strain relationship for materials within the HSS
IOctHS. Moreover, the residual stress measurement for cold-formed HSS IOctHS was performed using the
sectioning method. A total of 55 strip specimens were extracted from the cross sections of HSS IOctHS with
more than 660 strain readings. Based on the residual stress measurement results, the magnitude and
distribution pattern of the residual stresses are presented and discussed. A predictive model for residual stress
distribution of the cold-formed HSS IOctHS was developed.

Keywords: High strength steel; Cold-formed; Material properties; Residual stress; Irregular Octagonal
sections

1. Introduction

With the recent manufacturing development and advancement of the high strength steel materials, high
strength steel (HSS) tubular structures provide combined advantages of structural efficiency, high strength-
to-weight ratio as well as the low carbon footprint for lower environmental impacts. These merits inherently
prompt the research exploration of the HSS material properties and structural performance of HSS tubular
structures for their application in construction [ 1-2]. Numerous investigations have been carried out for local
buckling behaviour of HSS tubular structures with various cross-sectional shapes including square hollow
sections (SHS), rectangular hollow sections (RHS), circular hollow sections (CHS) and elliptical hollow
sections (EHS) [3—10]. In recent years, the application of the polygonal tubular sections is gaining increasing
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interests [11-14]. In the polygonal section family, octagonal hollow sections (OctHS), characterized with
relative higher local buckling resistance than that of SHS or RHS counterparts and facilitated the
construction of beam-column connections compared with CHS counterparts, have gained increasing
popularity and attention [15-19]. OctHS members become attractive options for architects and structural
engineers and have been utilized in civil structural applications including electricity transmission line
structures, lattice structures in antennas as well as lighting structures [20— 21], as depicted in Fig. 1.
Systematic research has been carried out to examine the structural performance of OctHS experimentally
[17, 18, 22, 23] and numerically [16, 24, 25]. Kabanda and MacDougall [14] illustrated that increasing the
depth of the polygonal sections will improve the bending stiffness. Hence, irregular octagonal sections
(IOctHS) with increased depth of the web of the OctHS becomes a solution to increase the major-axis
stiffness of the cross section in bending and provide large connection area for the incoming members.
However, no experimental investigation has been carried out for [OctHS with different aspect ratios.

Distinct from the built-up tubular sections which simply contain welding fabrication process, cold-formed
tubular sections are characterized with the combined processes of press-braking or cold-rolling and welding.
These fabrication processes can affect material properties within the IOctHS. For example, in the region near
the welding seam, the material properties within the heat affected zone (HAZ) are different from those
outside HAZ due to the changes in micro-structures. Reduction in yield strength and ultimate strength can
be observed linearly proportional to the line heat input [26—-27]. Moreover, cold-forming process of press-
braking exceedingly results in plastic deformation at corner regions associated with strain hardening, by
which the yield strength and ultimate strength can be enhanced [61]. In addition to the material properties
variation, the residual stresses can also be generated due to the fabrication processes of press-braking and
welding, resulting in premature failure of the structural members. The measurement of residual stresses for
HSS cold-formed sections have been carried out in past years focusing on circular (CHSs), square (SHSs)
and rectangular (RHSs) hollow sections [1, 28]. Experimental studies of residual stress measurement for
HSS OctHS with nominal yield strength of 690 MPa have been conducted by Fang et al. [29] and those with
nominal yield strength of 460 MPa was carried out by Chen et al. [19]. No experimental investigations for
residual stress measurement have been carried out for HSS IOctHS.

Hence, the material properties variation and residual stresses of cold-formed HSS IOctHS manufactured
from HSS plates with nominal yield strength of 690 MPa were studied in this paper. Tensile coupon tests
were carried out to examine the material properties variation with coupon specimens taken from the critical
locations within the cross sections. Suitable material models for the materials at flat and corner portions were
assessed and developed. Experimental investigations on residual stresses were also carried out for four HSS
cold-formed IOctHS with two different nominal thicknesses of 6 mm and 10 mm and nominal aspect ratios
of 1.5 and 2.0. To implement the sectioning method, the strips from the cross sections were cut by a wire-
cutting machine. A total of 55 strip test specimens was extracted from the cross section of HSS IOctHS with
more than 660 strain readings recorded. Based on the experimental results, the magnitude and distribution
pattern of the residual stresses are presented and discussed. A predictive model for residual stress distribution
within the cold-formed HSS IOctHS was developed.

2. HSS cold-formed irregular octagonal hollow section specimens

HSS steel plates with nominal thicknesses of 6 mm and 10 mm and delivered in Quenched and Tempered
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(QT) conditions were used to fabricate the cold-formed IOctHS. The chemical compositions of the HSS
plates are given in Table. 1. For the fabrication of the specimens, firstly, the cold-forming process of press-
braking was performed at room temperature with the HSS plates folded longitudinally. Subsequently, the
two cold-formed half-sections were longitudinally welded by gas metal arc welding (GMAW). The ceramic
material was filled as backing materials prior to the implementation of multiple welding passes. To have an
over-matched welding condition, 1.2 mm electrode of ER110S-G category (fy = 860 MPa, f, = 920 MPa)
was selected with chemical compositions provided in Table. 2.

The geometry of the fabricated HSS cold-formed IOctHS was labelled using the nomenclature presented in
Fig. 2. The nominal dimensions of HSS cold-formed IOctHS are (BLX ¢ % aspect ratio) 145 x 6-1.50, 220 x
6-1.50 and 225 x 6-2.00 and 145x10-1.50 respectively. In Fig. 3, the nomenclature of B, bs By, by, t, and r;
represent the short edge length, inclined short length, long edge length, long flat portion side length,
thickness, and the inner corner radius whereas the aspect ratio is defined as H/B. The measured dimensions
of the IOctHS specimens are summarized in Table. 3. The specimens were labelled in a form of “IOctHS-
nominal edge length By x thickness-aspect ratio”. Taking specimen of IOctHS225x6-2.00 as an example,
the label represents that the specimen was fabricated with nominal B of 225 mm, nominal ¢ of 6 mm and an
aspect ratio of 2.0. The examined HSS IOctHS specimens cover a large spectrum of cross section slenderness
with plate width-to-thickness ratios ranging between 3.7 and 34.7. Prior to testing, the X-ray inspection
depicted in Fig. 4 was conducted in accordance with the specification of ISO 17636-1 [30]. Welding defects
including crack, porosity and undercut were not observed. The external surfaces of the corner region and the
longitudinal welding were also attested by magnetic particle inspection to ensure that no crack was caused
subject to large plastic deformation. The inspection for the surface crack of welding is illustrated in Fig. 5.
Based on the contrast paint and the particle aerosol, the crack can be inspected clearly based on the magnetic
field generated by the electromagnetic yoke. No crack was found on the external surface of the corner regions
and welding surfaces.

3. Material properties investigations

3.1. Tensile coupon specimens

The tensile coupon specimens were cut from both the parent HSS plates and the HSS cold-formed IOctHS.
Six tensile coupon specimens were longitudinally and transversely taken from the parent plates with different
thicknesses. Alongside with the parent plate coupon specimens, the coupon specimens, namely flat coupons,
and corner coupons respectively, were also machined from the flat and corner portions of the HSS 10ctHS
to examine the effect of press-braking. In order to examine the material variation across the cross section of
HSS IOctHS, flat and corner coupon specimens were also taken from different locations across the quarter-
section of the HSS IOctHS by assuming that the material properties were symmetrically distributed due to
the dual-symmetrical geometries. Moreover, the coupon specimens at the welding seam for each I0ctHS
were also extracted to examine any effect within the HAZ.

Nominal dimensions for the parent plate-, flat- and corner coupon specimens are designed as per ISO EN
6892-1: 2019 [31]and shown in Figs. 6—8. Width of 13 mm and 8 mm along the parallel gauge length
respectively was designed for specimens extracted from 6 mm and 10 mm thick plates for parent coupons,
as presented in Fig. 6. For flat coupons and corner coupon specimens, they were machined with 4 mm and
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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
respectively. The detailed dimensions of the flat coupon specimens are depicted in Fig. 7. Note that for corner
specimen, two holes with diameter of 10 mm were drilled at the distance of 20 mm from the end of the
couponto avoid the net failure at the end of the coupon specimen near the holes. The tensile loading was
applied to each corner coupon specimen through a pair of specially developed grips with two pins through
its centroid, as shown in Fig. 9(b).

The locations for the tensile coupon specimens across different HSS cold-formed IOctHS are depicted in
Figs. 10—13. These coupon specimens were labelled in a similar way to that for the IOctHS with the addition
of the location where the coupon specimens were extracted. For example, IOctHS145%6-1.50-F4 stands for
a flat coupon specimen cut from the HSS I0OctHS145%6-1.50 at the location labelled as F4 shown in Fig. 10.
Prior to testing, the actual dimensions of the flat coupon specimens were measured using a digital Vernier
caliper whereas for the corner coupons, the Mitutoyo digital micrometer with flat spindle was used. The
cross-section area of the corner coupon specimens was determined by using CAD scanning method as
introduced in [32, 33].

3.2. Test procedures

An INSTRON in-house 5982 electro-mechanical high force universal testing system with a capacity of 100
kN was used to conduct the tensile coupon tests, as shown in Fig. 9. An optical non-contact video
extensometer with a gauge length of either 25 mm or 50 mm painted by white dots was used to capture the
full engineering stress-strain relationship. The elongation at fracture for the gauge length of either 25 mm
(er25) or 50 mm (egs0) can be directly obtained via the video extensometer. As for the coupons failed outside
the effective gauge length range of the video extensometer, it was determined by carefully fitting the
fractured pieces and comparing the final gauge length to the original gauge length. According to the EN ISO
6892-1:2019 [31], the proportional elongation at fracture (&) is obtained based on an original gauge length
of 5.65v/4, where A4 is cross-sectional area along the parallel original gauge length of the coupon. Four strain
gauges were affixed to the mid-length on both sides of each coupon to determine Poisson’s ratio and modulus
for parent coupons whereas two strain gauges were adhered to flat and corner coupons to measure the elastic
modulus. The key averaged measured material properties for parent plate coupons are summarized in Table.
4, where E; indicates the elastic modulus, f; is yield strength for steel with yield plateau or 0.02% proof
stress, fo.05 1s the 0.05% proof stress, » is the strain hardening component, f; is the ultimate strength, & is
strain-hardening strain, &, is strain at ultimate strength, &, is the proportional elongation at fracture. A letter
“p” in the subscript indicates that the results are obtained for the parent plates. The distribution and
magnitudes of the yield strength and ultimate strength measured for the coupon specimens within the
sections are plotted against the corresponding extracted locations with labeling, as shown in Figs. 10-13.
The measured material properties are also summarized in Tables 5-8.

3.4. Test results and discussions

All the tensile coupon specimens were featured with fracture failure in the middle of the parallel gauge
length. The flat tensile coupon specimens featured with larger strains of elongation at fracture than those
observed for corner coupons. Besides, the ratio of the ultimate strength to the yield strength should be greater
than 1.05 with elongation strain at failure greater than 10% and 15 times the yield strain for the steels with
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nominal yield strength higher than 460 MPa, as specified in EN 1993-1-12 [34]. All the flat tensile coupon
specimens meet the specifications codified in EN 1993-1-12 [34]. The corner coupon specimens cannot meet
the requirement of the ratio of ultimate strain over yield strain with average €./e, smaller than 5. The reduced
ductility for the corner coupons is primarily attributed to the large plastic deformation experienced during
the press-braking fabrication. Based on the comparisons between the yield strength and ultimate strength
variations for each IOctHS in Figs. 10—13, the variation pattern of the material properties for HSS IOctHS
generally exhibit consistent characteristics with yield strength and ultimate strength improved at corner
regions. Relatively lower yield strength is observed for the tensile coupon specimens taken from the welding
seam. Its softening modulus resulted in lower 0.02% proof stress compared with that of flat coupons. The
graphs of strength distribution within the sections also demonstrate that the variation of the material
properties is independent of the aspect ratio.

Compared with the average yield strength of the parent plate, flat coupon specimens demonstrate strength
enhancement of 1.3%, 1.7%, 2.1% and 5.2% based on averaged tested yield strength for sections of
[0ctHS145%6-1.50, 10ctHS220%6-1.50, 10ctHS225%6-2.00 and I0ctHS145%x10-1.50 respectively. An
increased value of 1.7%, 1.6%, and 2.5% was observed for ultimate strength of I0ctHS145%6-1.50,
[I0ctHS220%6-1.50, IOctHS225%6-2.00 sections, compared with the averaged ultimate strength from parent
plate. The improvement of ultimate strength for flat coupons adjacent to the corners from the IOctHS145x10-
1.50 section is 5.6% and higher than that observed for other sections. The strength improvement for the
corner coupons in terms of the yield strength in comparison with that of flat coupons was 7.5%, 4.4% 7.4%
and 8.4% on average and the ultimate strength increased with 6.2%, 5.9%, 7.3% and

9.4% respectively for IOctHS145x%6-1.50, IOctHS220%6-1.50, [OctHS225%6-2.00 and IOctHS145%10-1.50
sections.

3.5. Development of stress-strain model for HSS 10ctHS

The material stress-strain relationship is indispensable for the analysis and design of HSS IOctHS structures.
It should be noted that the stress-strain responses of the coupon specimens from HSS IOctHS investigated
in this study exhibit two kinds of patterns. The stress-strain curves from the cross sections with 10 mm thick
steel plates mainly display moderate level of strain-hardening with obvious yield plateau whereas the
sections comprising 6 mm steel plates mainly display a relatively rounded response. The conventional multi-
linear model for hot-rolled steel is inappropriate for these responses as the gradual decreased hardening
stiffness cannot be captured and may lead to inaccurate design and analysis. Hence, accurate material models
to describe these stress-strain features need to be developed.

3.5.1. Stress-strain model for coupon specimens with rounded stress-strain response
3.5.1.1. Existing stress-strain models

To develop the stress-strain model for the steel material with rounded responses, researchers have carried
out numerous investigations to generate the suitable model applicable to those materials. It should be noted
that all these models were developed based on the fundamental form known as Ramberg-Osgood (R-O)
model. Various stress-strain models were evolved and improved based on this simple form with additions of
strain hardening parameters to account for the non-linear pattern of the stress-strain curve or removals of
strain component for simplicity. The brief introduction on the development of the non-linear stress-strain
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models is presented below.

To predict the stress-strain relationship for cold-formed carbon or stainless steel and foster the generic model,
Ramberg-Osgood (R-O) relationship was considered as the most commonly used model as shown in Eq. (1).

e=—Z+p| = | for 0<o<f, (1)
E f

S

where o indicates the stress and ¢ denotes the strain, £ is the elastic modulus, f, is the proof stress
corresponds to the stress at plastic strain p, n is the exponent component to describe the degree of the
curvature of the stress strain response. The R-O model was developed by Hill [35] with modifications to the
plastic strain with 0.002 and stress with 0.2% proof strength which can provide accurate stress-strain curve
up to the point of 0.2% proof strength, a commonly adopted proof strength for non-linear stress-strain
relationship of metallic materials. However, the predictions based on 0.2% plastic strain are not able to
provide accurate stress-strain path after the 0.2% proof strength. To overcome the limitations in the stress-
strain model proposed by Hill [35], Mirambell and Real [36] proposed a two-stage R-O model based on
validation against a series of coupon tests of stainless-steel materials with a new exponential component m
describing the non-linear strain hardening level of stress-strain curves after reaching the 0.2% proof strength,
as follows

_ ¥ —_f \"
g:uwpu(@J +&, for f,<o<f 2)

0.2 fu - fo.z

where Ey. is the tangent modulus at fo2, €. is the total strain at the 0.2% proof strength, &, is the plastic
strain corresponding to the ultimate strength.

Rasmussen [37] further proposed a simplified expression to describe the stress-strain response based on the
assumption that the difference between the plastic strain and the total strain at the ultimate strength is
negligible. Hence, the expression in Eq. (2) is expressed with a simple parameter ¢, in Eq. (3) instead of the
plastic strain in Eq. (2) as the total strain can be directly obtained from the experimental stress-strain curve.

_f 5.
& = c 0.2 +8U [ r 3 j +go'2 for fo,z <o< fu (3)

To develop a generic and precise stress-strain model applicable for cold-formed carbon steels, which can
accurately represent the curve up to the ultimate strength without overly predicted yield strength, Gardner
and Yun [38] collected experimental stress-strain curves from existing investigations. A model was
subsequently proposed applicable for cold-formed carbon steel precisely based on the six given material
properties from the tensile coupon tests, including 152, €022, fu, £o.2, fo.0s, and n.
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where the exponent m and the tangent modulus Ey> can be derived based on the follows,

m=1+ 3.3(%) (5)

u

E

E. = s
* 1+0.002nE, / f,, ©)

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

f

02 _

ho = hoz) (e, — g, 202

In( f1.o - f0.2) - In( fu - f0.2)

In(0.008 + fuo =
E

m=

Moreover, Arrayago et al. [39] and Gardner and Yun [38] concluded that using 0.05% proof strength instead
of 0.01% proof strength yields increased accuracy and consistency. Thus, the first stage hardening
component n was determined as follows, in Eq. (8)

. In(4)
In(f, / f505)

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

@®)

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

L — for0<¢g, <1
1+(r-1e&!
f, = -1 9
1+ foo (4, )_1 - forl<e, <eg, ©)
1+ (" =12 —=yP
nu -1
where the related parameters of »* and p* can be determined following Eq. (10) and Eq. (11).
p* _ r* 1_ ru (10)
r-1
. E -
= 02 (&4 — &) an
fu - fo.z
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fnis the stress in a normalized form with £ (fo = 0//02), énis the normalized strain by o2 (én = &/602), &nu 1S
the normalized strain corresponding to the ultimate strength (en = ev/€0.2), ¥ = E€02/ fo2, o2 = Eo2€02/ fo2, 1
= Eu(en —€02)/(fu—f02), Eu= Eo2/(1 + (r"—1)m).

It should be noted that analogous to the inversion form of R-O model proposed in [40], the Hopperstad
exponential stress-strain model also specifies the uniaxial stress-strain behaviour in the form of ¢ = o (¢)
which is commonly used and suitable for implementation in numerical model to describe the material
behaviour [64]. The Hopperstad model used two material constants 4 and B to describe the strain hardening
and shape of the curve. As Hopperstad model is not used to construct the material model of HSS IOctHS
investaged in this study, detailed discussions will not be further carried out.

Moreover, investigations have also been carried out to formulate the stress-strain model with reduced
material parameters. Based on two-stage R-O model, a generic multi-stage model was proposed by Hradil
et al. [41], which decomposes the stress-strain curve into segments with intermediate points. The multi-stage
model is a unified approach which simplifies the processing of material data. Fig. 14 illustrates the schematic
view of the multi-stage stress-strain model. The stress-strain curve comprises four stages namely stage I to
stage IV. Each stage of the stress-strain curve can be described using the tangent modulus of elasticity £,
stress f, and plastic strain ep, as follows, in Egs. (12) — (14).

€:U_fi+5i*[o-_fij +€ipl+i for f<o<f, (12)
Ei Af| 0
where
E.
£ = _E (13)
1+ n,(E, | Af,)

. 1 1

gi =A€ip| _Afi (E_E_) (14)

i 0

where Ael”’ = g’ - &' and Af; = fir1 - f;, while the stress fi-1 should meet the consecutive relation with
fi <firr <fi + A&l (EoE)/(Eo-Ey).

Inspired by the Abdella’s [40] work, the inversion form of the multi-stage stress-strain model was provided
by Hradil et al. [41]. For the purpose of easy application, a three-stage stress-strain model was proposed, as
given in Eqgs. (15) — (18). This three-stage stress-strain model is later compared with the experimental stress-
strain data for the flat coupon specimens taken from the cross section of HSS IOctHS. The comparisons
between the predictions from the Hradil’s model and the experimental results from [OctHS145%6-150-F4
are illustrated in Fig. 16. The detailed comparisons and discussions between these predictions from various
stress-strain models are provided in section 3.5.1.2.
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312  where the tengent modulus of elasticity equivalent plastic strain of the second and the third stage are as
313  follows,

314 E,,= Fo (16)
10 — *
1+ €02 nO.Z—l.O(EO.Z /(Afl.o - fo.z ))
. 1 1
315 &, =0.008—(f,—f,)(=——-—=) (17)
EO.Z Es
R 1 1
316 &, =(g," -0.0) - (f, - f ) (=———) (18)
El.O Es

317  Following the extensive experimental investigations for HSS cold-formed structural members, a material
318  model to develop the stress-strain curves for cold-formed HSS was also proposed in Ma et al. [1]. However,
319  the iterations and lengthy expressions limit their application in engineering practice. To overcome this
320  limitation and develop the stress-strain model for HSS, Xia et al. [42] performed tensile coupon tests for
321  high strength and low-alloy steel (HSLA700) and martensitic steel (MS 1030 and 1200), after which an
322  updated offset point p was used to replace the 0.2 % offset point. Subsequently, the conventional R-O
323  relations were updated shown in Eq. (19)

(o2 (o2
—+p| — forO<o<f
E, p[fp} i

324 &= (19)

o f fo—f, ) o-f )
] & =& — +g, forf <o<f,
E E f, — 1,

p p

325  where E, is the tangent modulus at offset point of f;, ., which can be determined by Eq. (20) and f:, are the
326  strain and the corresponded stress at the equivalent ultimate point.

o

1+ pn—,
263(0)| fp

P do |U:f" - E

E
1+ pn—
P f

-— (20)

327 E

o=1,

328  The schematic view of the stress-strain curve with re-assigned offset point can be seen in Fig. 15.
329  Conventional 0.2% plastic strain is being replaced by a new point p between the first stage (stage i) and the
330  second stage (stage ii). The second stage (stage ii) starts from the re-defined offset point and ends at an
331  equivalent ultimate point, which was defined to be 99% of the ultimate strength. A straight line is used to
332  connect the equivalent ultimate point and the ultimate strength for simplicity (stage iii). The proposed offset
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point was proportional to the ratio of ultimate strength to yield strength. The relationship between the offset
point p and the ratio of ultimate strength to yield strength is provided for HSS. It should be noted that Fang
et al. [29] conducted material properties and residual stresses investigation for HSS OctHS with nominal
yield strength of 690 MPa, the stress-strain model for HSS OctHS was also proposed as follows in Egs. (21)
—(23).

%+o.ooz<i>“ for o<f,,

7 oot Ly f @1
Tloz (g —g,——u—02y T 0z my o for f >0
0.2 Eo.z fu - f0.2

where n and m are derived as follows,

In(0270.0D " 105 (2. 10.002) for flat portion
In( f0.2 / f0.0l) T

n= foz (22)
In(0.2/0.01)

for corner portion
In(f,, / fy00)

_ In(e, / &,,)

CIn(f,/ f,,) (23)

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

The existing stress-strain models introduced in the previous section for non-linear metallic materials with
rounded response are compared and assessed using the experimental results generated in this study for flat
and corner coupon specimens. The multi-stage model from Hradil [41], the offset point model from Xia et
al. [42], generic stress-strain model for cold-formed carbon steel from Gardner and Yun [38] as well as the
model proposed in Fang et al. [29] for HSS OctHS were evaluated based on the experiment results for HSS
IOctHS.

The comparisons between the experimental curves and the predictions from the stress-strain models for flat
coupon specimens of [OctHS145%6-1.50-F4, and IOctHS225x%6-2.00-F6 are plotted in Fig. 16. As depicted
in Fig. 16(a), the first stage of the experimental data from the specimen IOctHS145x%6-1.50-F4 correlated
well with the predicted model from Gardner and Yun [38] and Hradil et al. [41], whereas the model from
Fang et al. [29] slightly over-estimate the strain. In terms of the second stage after reaching the yield point
as shown in Fig. 16(b), the experimental curve played as lower bound with underestimated strain from
predicted models, indicating the deficiency of the existing stress-strain models. In prediction of the first stage
for flat coupon specimens of I[OctHS225%6-2.00-F6, as shown in Fig. 16 (c), the models from Gardner and
Yun [38] and Hradil et al. [41] accurately capture the stress-strain path in the first stage of the stress-strain
curve whereas the model from Fang et al. [29] slightly over-estimates the development of strain. The
predictions based on Xia et al. [42] model largely deviated from the experimental data. Predictions derived
from these stress-strain models all generate the under-estimated strain at the beginning of the second stage
and become over-conservative in predicting the stress near the ultimate strength, as shown in Fig 16(d).
Upon on the comparisons between the test results and the predicted models, the stress-strain models from
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Gardner and Yun [38] and Hradil et al. [41] give comparable results. For the flat coupon specimens in the
first stage. Note however that regression analysis is required to derive the exponential component # in Hradil
et al. [41] model which limit its application in practice. Therefore, the stress-strain model from Gardner and
Yun [38] is suggested being used to predict the stress-strain relationship for HSS IOctHS in first stage up to
the 0.2% proof strength due its simplicity.

Figs. 17 (a)—(d) display the comparisons between the experimental curves of corner coupon specimens
extracted from sections of I0OctHS145%6-1.50-C6 and IOctHS225%6-2.00-C7. In terms of the comparison
results for corner coupon specimens, the predictions obtained from the model provided by Gardner and Yun
[38] successfully replicate the stress-strain path for first stage stress-strain curves of corner coupon specimen
of 10ctHS145%6-1.50-C6, whereas Xia et al. [42] model largely under-estimates the strain near yield
strength, as shown in Fig. 17(a). The model from Fang et al. [29] provides over-estimated strain in the first
stage. As seen in Fig. 17 (b), the stress-strain models from Gardner and Yun [38] and Fang et al. [29] give
comparable results for the stress-strain relations in second stage after yield point. Likewise, for corner
coupon specimen of [0OctHS225%x6-2.00-C7, Xia et al. [42] model gives under-estimated results whereas
Fang et al. [29] over-predict the strain development for first stage. The model provided in Gardner and Yun
[38] generate good agreement between the test results and the predictions. It should be noted that the stress-
strain model from Fang et al. [29] achieve more accurate predictions for the stress-strain curves in second
stages than the one proposed by Gardner and Yun [38], as shown in Fig. 17(b) and Fig. 17(d).

Based on the comparison between the numerous models for flat and corner coupon specimens, the stress-
strain model from Gardner and Yun [38] can be used for constructing stress-strain relationship for first stage
of flat and corner coupon specimens. The model proposed in Fang et al. [29] can be used for predicting the
second stage stress-strain curves for corner coupon specimens.

A new model which can accurately predict the second stage stress-stain response needs to be developed for
flat coupon specimens. Based on the aforementioned discussions and the characteristics of the stress-strain
curves of flat coupon specimens, only minimal increase is observed after the first turning point (yield point),
as shown in Figs. 16(a) and 16(c). It may cause the over-estimation for second stage in terms of the strain
than the experimental curve simply using the conventional 0.2% proof strength or re-defined 1.0% proof
strength, as shown in Figs. 16(b) and 16(d). In light of the non-linear regression analysis, an offset point
with plastic strain of 0.1% is proposed for second stage estimation. The elastic modulus corresponding to
0.5% plastic strain was suggested due to the lower level of strain hardening after the turning point, which is
provided as follows, in Eq. (24)

g 99 E (24)
0.5 de £=¢&y5 o E
1+ 80.5n(f7)n_1f7

0.5 0.5

To build the stress-strain curve for flat coupon specimens in second stage, additional parameters are needed
including fo.1, fu, €u, and exponential coefficient m. In practice, yield strength £y is provided. If relationships
between the additional parameters and the yield strength £ can be found, it will largely simplify the use of
the proposed model. To develop the relationships between these parameters, yield strength fo., fo.1, fu, €u, and
m from the test results in this study and Fang et al. [29] were used. The relationship between the required
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parameter f.1 and yield strength fo is plotted in Fig. 18. In addition to the linear fit expression, two trend-
lines with £1% variance were used. All data points locate in the +1% variance trend-lines demonstrating the
accuracy of the linear fit expression. Thus, the relation between the fy; and yield strength can be expressed
using Eq. (25).

f,, =1.025f, +13.15 (25)

A linear relationship between the ultimate strength f. and the 0.1% proof strength fo.1 was found and the
experimentally obtained f; is plotted against the 0.1% proof strength in Fig. 19 with two trend-lines of =1%
variance. Most of the test data locate between the two trend-lines illustrating the accuracy of the linear fit
relationships and the expression is obtained as Eq. (26).

f, =1.275f,, +160 (26)

u

Ultimate strain &, is also one of the parameters required for constructing the stress-strain curves. However,
the steel manufacturer may not always provide it. Hence, Liu et al. [33] collated the existing database for
HSS with nominal yield strength of 690 MPa and proposed an expression between the ultimate strain and
the normalized strength ratio of yield strength over ultimate strength. Expressions between these parameters
were also proposed by Gardner and Yun [38] which relate the ultimate strain to normalized ratio of yield
strength to ultimate strength for cold-formed steels. These two proposed expressions are plotted in Fig. 20
in comparison to the experimental data. As can be seen in the Fig. 20, the equation proposed by Gardner and
Yun locate below the experimental data as the lower bound and the model proposed in Liu et al. [33]
correlates well with the experimental data. Hence, the expression from Liu et al. [33] is employed for
building the second stage stress-strain curve.

As introduced in the previous section, the exponential parameter m determines the extent of the non-linearity
of the stress-strain curve in second stage. Based on the regression analysis, there is a linear relationship
between the exponential parameter m and the normalized stress ratio between the yield strength and the
ultimate strength. In Fig. 21, a linear regression line incorporating with two trend-lines with +10% variance
are added to the graph. The expression of the linear relation is derived in Eq. (27).

f
m :345.2%—285.9 27)

u

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

Different from the material model for the stress-strain relationship with rounded response, a suitable stress-
strain model to describe the stress-strain relationship with yield plateau is also required. Quad-linear material
model was proposed by Boeraeve et al. [43] and further revised by Yun and Gardner [44] for hot-rolled steel
materials with strain hardening after yield plateau. To trace the gradual loss of the stiffness, a power model
was proposed, as shown in Eq. (28).
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E. for e <eg,

o f, fore, <e<e, (28)

1

f, +(f, - f,)[0.4¢, +2¢, / (1+400&,°)°] for g, <& <s,

where &, is equal to (e-&sn)/(€u-€sn).

It should be noted that hardening strain &g, is generally not provided in the mill certificates and it is obtained
based on the non-linear regression analysis as follows, from Egs. (29) — (30).

f
£,=01-X-0055 for0.015<¢, <0.03 (29)
f

f
g, =06(1- f—y) for ¢,, > 0.06 (30)
Note that non-linear strain hardening markedly resembles the initial part of Ramberg-Osgood model up to
0.2% proof strength. A modified Ramberg-Osgood model to describe the stress-strain behaviour of the non-
linear strain-hardening range was proposed for Q690 steel with certain level of non-linear strain hardening

[33]. The strain hardening range starts at the point where the yield plateau ends as the origin of stain
hardening curve depicted in Figs. 22-23. The stress-strain relationship can be expressed by Eq. (32)

_f fof Y
e
sh sh uly

Ee fore< &,

1) Bilinear: o =
@ o {fy fore, <e<eg,

(32)

_ o f, f,—f, o1, )
(2) nonlinear: & =g, + +| &, — &g — for o> f,
Esh Esh fu - fy

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

modulus. Eg can be directly obtained from material tests. If the value is not reported, Eq. (33) proposed in
Yun and Gardner [44] might be used to calculate its value.

f,- 1,

E, =—
T 04, - z,) 33)

eu and &g are proposed based on the experimental results in this study and test results from Q690 steel in
[33].

f
£,=02-X+02  for0.015<¢, <0.03 (34)
f

u
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f
£, =0.8(1- f—y) for ¢, >0.06 (35)

In Fig. 22, comparisons of stress-strain curves between experimental results with yield plateau and that
obtained based on the predictive model for the flat coupon specimen of IOctHS145%6-1.50-F2 are presented.
The strain was over-predicted by Yun and Gardner’s [44] model at the same stress level, whereas the
proposed method can trace the gradual decreasing stiffness of the stress-strain path in hardening stage
accurately. Similarly, the derived stress-strain path from Yun and Gardner’s [44] model slightly deviated
from the test data with over-predicted stress in the mid-stage of strain hardening for the specimen
I0ctHS145%10-1.50-F7, as shown in Fig. 23. The black dashed line in Fig. 23(b) is the predicted data based
on the proposed model which precisely follow the stress-strain path in the strain hardening range.

4. Residual stresses investigation

Residual stresses existing in the cold-formed steel structures can adversely affect the structural performance
due to premature yielding and reducing the structural resistance. Residual stresses in the structural element
are primarily generated during the manufacturing processes such as cold-forming process associated press-
braking and cold-rolling. Aside from the cold-forming processes, welding also induces residual stress as a
result of the uneven cooling and heating [45]. The residual stresses in steel structures can be considered in
both longitudinal and transverse directions. Ziemian [46] and Schafer et al. [47] demonstrate that the residual
stresses in the longitudinal direction have the most significant effect on the structures, therefore, longitudinal
residual stresses were investigated in this study. Moreover, residual stresses can be further decomposed into
membrane and bending residual stresses based on the distribution through the thickness of the hollow section
[48].

4.1. Measurement of the residual stresses

Up to now, numerous measuring techniques were capable of providing accurate results for the magnitude
and distribution of the residual stresses, which can be classified as destructive method and non-destructive
method. X-ray diffraction method, neutron or electron diffraction method, ultrasonic method and magnetic
methods are classified as non-destructive methods while destructive methods mainly comprise of sectioning
method and hole drilling method. Numerous investigations for residual stress magnitude and distribution
have been successfully employed for cold-formed sections and built-up sections using the sectioning method
and hole drilling method, as presented in Table. 9. In this investigation, the sectioning method by wire cutting
was used to measure the magnitudes of the residual stresses for cold-formed HSS IOctHS. The effect of
membrane and bending residual stresses on deformation of the strips after cutting are illustrated in Fig. 24.

The specimens of I0ctHS145%6-1.50, I0ctHS220%6-1.50, 10ctHS225%6-2.00 and [OctHS145%10-1.50
sections were investigated. The length of the specimen is 400 mm. Quarter sections of the cold-formed HSS
IOctHS were marked longitudinally with strip width varying between 10 mm and 12 mm depending on the
stress gradient prior to sectioning. Strain gauges of model FLAB-5-11-1LJC-F made by Tokyo Sokki
Kenkyujo with a 5 mm gauge length were employed with the capacity of measuring strains up to 5%. The
strain gauges were affixed to the outer and inner surfaces at mid-height of the marked longitudinal strips as
shown in Fig. 25. A waterproof tape was used to protect the strain gauges to avoid damage. The initial
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readings from the strain gauges were recorded prior to the cutting process. To minimize the heat generated
during the process of wire-cutting, coolant was used, as shown in Fig. 26. After the wire-cutting process, the
residual stresses were released from the strips. The readings from the strain gauges were extracted again. It
should be noted that readings for at least three times were recorded and the mean value was derived as the
representative magnitude. There were 55 strips cut by wire-cutting and more than 660 strain data were
recorded. The difference between the initial and final readings represents the strain released during the
cutting of each strip. The magnitude of the bending and membrane residual stresses can be determined based
on the relationships as follows, in Eq. (36) and Eq. (37).

Ae. . + Ac

Opn =" (%) Es (36)
Aeg., —Ag,

0, =- (-2, (37)

where Ae.y is the difference between the initial strain readings and the final srain readings after wire-cutting
for external strain gauge, Aciy is the the difference between the initial strain readings and the final srain
readings after wire-cutting for internal strain gauge.

4.2. Results and discussions

The elastic deformation of the longitudinal marked strips was released after completion of the wire-cutting
process. The strips extracted in the vicinity of the cold-bent corner regions significantly curved due to
relatively large bending residual stresses. The strips taken from the cold formed HSS IOctHS specimens are
presented in Fig. 27. The membrane and bending residual stresses were determined by Eqgs. (36) — (37) with
positive and negative values indicating the tensile and compressive residual stresses respectively. The
obtained magnitudes of the residual stresses were normalized to the average yield strength of the parent steel
plate and plotted against the distance from the welding seam.

As can be seen in Fig. 28, the largest membrane residual stresses for IOctHS145x6-1.50 occurred at the
location near the welding seam reaching about 52.8% of the yield strength of the parent plate. The tensile
membrane residual stresses gradually decreased and changed to compressive residual stresses at first cold-
bent corner (between the long flat portion and short flat portion). The membrane residual stresses changed
to tensile stresses when approaching to the second cold-bent corner (between the two short flat portions).
The largest bending residual stresses were found to be much larger at the corner region in comparison with
those in the flat portion for IOctHS145%6-1.50. The maximum tensile bending residual stresses was 36.7%
of the fo.», of the parent plate at the second cold-bent corner whereas the bending residual stresses at the first
corner was 29.7% of the fo2,, of the parent plate.

Fig. 29 displays the membrane and bending residual stresses distribution of the HSS 10ctHS220x%6-1.50.
The bending residual stresses are 18% and 35% of the f;.2, of the parent plate for the at the first and the
second corners respectively. The largest membrane residual stresses were 62.9% at the welding seam. For
membrane residual stresses of specimen IOctHS225x6-2.00, the largest membrane residual stresses reached
59.4% of the fo., of the parent plate, and the largest bending residual stresses was 54.2% at second corner,
which was larger than the bending residual stresses at first cold-bent corner indicating the severe plastic
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deformation during the process of press-braking, shown in Fig. 30. For residual stresses distribution of
specimen IOctHS145x10-1.50, the membrane residual stresses was the largest among all the sections with
a magnitude of 66.5% of the fy2, and the largest bending residual stresses reached at 36.1% of the fo.2,, of
the parent plate at the second corner, as depicted in Fig. 31. Based on the comparisons between the
distribution patterns of HSS IOctHS in terms of both membrane and bending residual stresses, consistent
residual stress patterns were found for the investigated sections, demonstrating the negligible effect of the
dimensions on the residual stresses distribution.

4.3. Proposed model for residual stresses distribution

To allow for accurate predictions of structural behaviour of HSS IOctHS members, a predictive model for
residual stresses distribution was developed based on the test results of the residual stresses measurements.
For the ease of the application, a multi-linear model was adopted as the simplified distribution of residual
stresses with constant values at corners for bending residual stresses. It has been successfully adopted in
predictive models for conventional strength steel OctHS with nominal yield strength of 355 MPa [13] and
HSS OctHS with nominal yield strength of 460 MPa [19] and 690 MPa [29], as shown in Fig. 32. The
magnitudes of the residual stresses in the predictive model were derived as the average membrane and
bending residual stresses over different locations of the hollow sections. The total net forces of the outer
stresses and the inner stresses are zero. In Fig. 33, the predicted residual stresses distribution based on the
proposed model was plotted against the distance from the welding seam in a normalized form against the
average yield strength of the parent plate £ .

5. Conclusions

The material properties variations and the residual stresses distributions in cold-formed HSS IOctHS with
varying aspect ratios have been experimentally investigated in this study. To investigate the material
properties variations, tensile coupon specimens were extracted from critical locations within the cross
sections of the cold-formed HSS IOctHS. Strength enhancement can be observed from the tensile coupon
specimens taken from the corner portions underlining the cold-formed effect of the press-braking on the
material properties. In addition to the tensile coupon tests, obtained material properties were compared and
assessed against the codified requirements on material properties in EN 1993-1-12. The results show that all
the flat coupon specimens meet the requirement specified in EN 1993-1-12, whereas corner coupon
specimens cannot meet the requirement on ductility due to the large plastic deformation experienced during
press-braking fabrication. Enhancement of 5.2% in yield strength can be observed from specimen of
I0ctHS225%6-2.00 and an increment of 8.4% for corner coupon specimen from IOctHS145x10-1.50 was
obtained.

The applicability of the existing material models to the stress-strain relationship for the coupon specimens
taken from both flat portions and corner portions was compared and evaluated against the experimental
results. It was found that the predictive model proposed by Gardner and Yun can be adopted to predict the
stress-strain relationships for the flat and corner coupon specimens in the first stage up to 0.2% proof strength
and the model proposed by Han et al. can provide accurate predictions for the corner coupon specimens
taken from IOctHS in the second stage after the yield point. Moreover, new material models to construct the
stress-strain responses for flat coupon specimens with rounded response or yield plateau are developed and
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proposed.

Experimental investigation on residual stress magnitude and distribution pattern of HSS cold-formed IOctHS
was also reported and discussed. Membrane and bending residual stresses in cold-formed HSS IOctHS were
measured through the sectioning method. The distributions of the membrane and bending residual stresses
are presented. Among all the HSS IOctHS, the largest membrane residual stresses with a magnitude of 66.5%
of'the fo.2,, was found from IOctHS145x10-1.50, whereas the largest bending residual stresses reach at 54.2%
of fo2p from the IOctHS225%6-2.00. It was also observed that the residual stress distribution is insensitive
to the dimensions of IOctHS. Furthermore, a predictive model for residual stresses distribution and
magnitudes was proposed. The proposed residual stress distribution model can be applied in the structural
analysis and design for HSS IOctHS with aspect ratio varying from 1.0 to 2.0.
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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).
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Fig. 2. Cross section of the HSS cold-formed irregular octagonal hollow sections.
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Table 1 Chemical compositions listed in mill certificates for HSS plates.

Chemical composition (wt%)
C Mn P S Si Ct Mo Nb Ti B CEV
6 mmplate 0.13 139 0.011 0.001 0.26 027 0.14 0.027 0.015 0.002 0.45

10 mm plate 0.14 141 0.012 0.001 026 0.26 0.15 0.025 0.014 0.002 0.46
EN 10025-6
[49]

Steel plate

022 1.80 0.025 0.012 086 1.60 0.74 0.07 0.07  0.006 0.65

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.

Edge length  Side width Edge length  Side width ~ Thickness ¢ Inner radius r;

Specimens B, (mm) by(mm)  Bi(mm) by (mm) (mm) (mm)
I0ctHS145%6-1.50 66.5 46.5 144.4 124.5 59 18.1
I0ctHS220%6-1.50 104.0 84.2 219.9 200.1 59 17.9
I0ctHS225%6-2.00 67.6 54.6 224.4 204.5 59 17.9
I0ctHS145%10-1.50 69.9 36.8 146.2 113.1 9.9 30.2

Table 4 Test results of the flat coupons taken from the HSS parent plates.
Section Esp v fop Jfup Eup etp Eshyp

(GPa) (Mpa)  (Mpa) (%) (%) (%)
6mmplate 2141 029 7685 8162 645 1495 198
10 mmplate 2161 030 7913 825.6 655 1618 232




Table 5 Test results of the material properties within the cold-formed section IOctHS145x%6-1.50.

Section Es Jy Ju Eu  Ef2sex &r &sh Jo.0s So n
(GPa) (MPa) (MPa) (%) (%) (%) (%) (MPa) (MPa)

10ctHS145%6-1.50- 18.8 A A A
178.5 656 835 8.5 19.2 ¥

Wi

I0ctHS145%6-1.50-F2 202.8 775 828 6.7 16.2 16.5 195 A A A

I0ctHS145%6-1.50-C3  199.2 832 883 1.6 126 119 -k 766 803 17
I0ctHS145%6-1.50-F4  214.3 780 828 6.6 178 172 -k 776 778 267
I0ctHS145%6-1.50-F5  212.1 782 838 6.3 145 16.2 -k 775 779 154
I0ctHS145%6-1.50-C6  196.7 800 854 1.9 127 124 -k 720 767 13
I0ctHS145%6-1.50-F7  213.6 778 826 6.5 16.8  16.5 -k 772 775 179

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 IOctHS220x6-1.50.

Section E fy fu Eu Ef25ex &r Esh ﬁ)_os fo_1 n
(GPa) (MPa) (MPa) (%) (%) (%) (%) (MPa) (MPa)

I0ctHS220%6-1.50-W1 171.2 647 833 88 179 185 -* A A A

[0ctHS220%6-1.50-F2 215.2 793 835 69 # 17.5 1.88 A A A

10ctHS220%6-1.50-F3 206.5 785 829 63 - 16.8  -* 781 786 271
I0ctHS220%6-1.50-C4 199.7 801 88 1.8 124 132  -* 746 780 19
10ctHS220%6-1.50-F5 208.8 774 826 59 159 164 -* 765 776 119
I0ctHS220%6-1.50-F6 206.5 778 829 64 174 17.1  -* 773 776 215
10ctHS220%6-1.50-C7 201.2 802 870 2.0 137 132 -* 730 771 15
I0ctHS220%6-1.50-F8 214.2 777 830 55 158 16.1  -* 758 770 56

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.



Table 7 Test results of the material properties within the cold-formed section IOctHS225x%6-2.00.

Section E; fy fu &u Ef25ex &f &h  foos fou n
(GPa) (MPa) (MPa) (%) (%) (%) (%) (MPa) (MPa)
IOctHS225%6-2.00-W1 1783 654 846 105 183 185 -* 2 A A
I0ctHS225%6-2.00-F2 205.5 784 837 6.5 169 17.1 -* 775 781 362
I0ctHS225%6-2.00-F3 203.6 791 842 5.9 # 162 -* 772 788 365
I0ctHS225%6-2.00-F4 202.5 788 840 6.3 # 157 -* 768 786 546
I0ctHS225%6-2.00-C5 1948 834 892 1.6 104 108 -* 750 802 35
I0ctHS225%6-2.00-F6 206.4 779 831 6.6 163 162 -* 771 777 539
I0ctHS225%6-2.00-C7 1955 815 860 1.4 112 115 -* 765 797 62
I0ctHS225%6-2.00-F8 2102 781 833 62 166 163 -* 768 778 360

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. 2 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 IOctHS145x10-1.50.

Section E; fy fu &u Ef,50ex &f Esh fo.05 foa n
(GPa) (MPa) (MPa) (%) (%) (%) (%) (MPa) (MPa)

IOctHS145%10-1.50- 19.8 A A A
177.8 643 845 79 20.1 -*

W1

IOctHS145%10-1.50-F2  216.5 812 868 6.5 18.7 182 2.36 A A A

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 A A A

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 18.9 182 235 A A A

IOctHS145%10-1.50-F7 219.2 810 872 6.6 18.3 176 241 A A A

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

with yield plateau.



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

Investigations fy (N/mm?) 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] iig’omo and CHS, RHS and SHS  sectioning
Khan et al. [56] 690 box section neutron diffraction
Yang et al. [57] 690 box section sectioning
Somodi and 420 to 960 SHS sectioning
Kovesdi [6]

Somodi and 235 to 960 box section sectioning
Kovesdi [28]

I[_Slg]and Chung 690 H-section hole-drilling
Fang et al. [29] 690 OctHS sectioning
Sun et al. [59] 690 I-section sectioning
Chen and Chan 460 OctHS sectioning
[19]

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
Suetal. [63] 960 I-section sectioning
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