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Ultra-high-strength steel (UHSS)with a nominal yield stress of 960MPa is of significant interest for the design of
heavily loaded compressive members, such as high-rise buildings, long-span bridges and large-scale infrastruc-
ture. However, the residual stresses induced by the fabrication process can be detrimental to the structuralmem-
bers. In particular, compressive residual stresses can result in premature buckling and the ultimate strength of
fabricated columns will be reduced. To date, research pertaining to the distribution of the residual stresses for
UHSS column is limited. An experimental program about the measurements of residual stress distributions for
UHSS box and I-shaped columns is therefore presented herein.Measurements of residual stress were undertaken
on two box and two I-shaped columns having various width-to-thickness ratios by using the non-destructive
neutron diffraction method. The distributions of residual stress in three orthogonal directions for each specimen
was measured. The influences of column width-to-thickness ratio on residual stress distributions were investi-
gated and discussed. In addition, simplified analytical models for the box and I-shaped columnwere established
to facilitate the buckling analysis for such UHSS columns. Comparisons of the residual stress distributions be-
tween the experimental results and analytical model demonstrated a good agreement and this model can be
safely used for the fabricated high-strength-steel (HSS) and UHSS column.
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1. Introduction

High-performance steels have been available for more than two de-
cades [1]. However, due to the highmanufacturing cost, reduced ductil-
ity performance and lack of rational design guidance, the wider
application of high-strength steel (HSS) and ultra-high-strength steel
(UHSS) in engineering practice has been very limited. Recently, an in-
creasing interest in taller and longer building structures has made
high-performance steel an ideal substitute for structural applications
again [2]. These high-performance materials allow more economic
and sustainable building structures to be achieved, which are of major
importance to an overall project [3]. Steel columns that are fabricated
from HSS and UHSS plates possess excellent mechanical properties
and have attracted the attention from many researchers. Previous re-
search [4–8] reported experimental results of fabricated HSS and
UHSS box and I-shaped columns under various loading combinations,
the nominal yield stresses of structural steels ranged from 690 to
960 MPa. In addition to the studies on bare steel columns, HSS and
UHSS have been used as the outer steel tubes to form composite mem-
bers with infilled concrete. The investigations of slenderness limits and
r Ltd. All rights reserved.
ultimate strength for composite columns incorporating high-perfor-
mance materials under different loading conditions have been carried
out extensively [9–18].

Residual stress has a wide range of undesirable effects on the struc-
tural elements. Specifically, tensile residual stress might result in pre-
mature crack and affect the fatigue behaviour, which consequently
lead to structural failure [19,20]. Moreover, the existence of compres-
sive residual stress may lead to premature buckling and reduce the ulti-
mate strength capacity of the axially loaded columns [21–23]. To avoid
over-prediction of the ultimate strength, comprehensive and accurate
investigation of residual stress distributions of various fabricated steel
columns need to be conducted. Over the past few decades, manymeth-
odologies have been developed for the residual stressmeasurement and
these methods can be normally categorised as destructive and non-
destructive [24]. The most commonly used destructive techniques for
residual stress measurement include sectioning and hole-drilling
method [25]. In particular, the width of steel strip is normally taken as
8–15 mm for sectioning method, which could lead to a large averaging
volume for the measurement and consequently result in a lower tensile
residual stress near the welds. However, the non-destructive technique
normally have ability to investigate the stresses in those critical loca-
tions, these methods include ultrasonic and X-ray, as well as synchro-
tron and neutron diffraction. Compared with lab X-ray, synchrotron

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcsr.2019.105904&domain=pdf
https://doi.org/10.1016/j.jcsr.2019.105904
mailto:dongxu.li@sydney.edu.au
https://doi.org/10.1016/j.jcsr.2019.105904
http://www.sciencedirect.com/science/journal/


2 D. Li et al. / Journal of Constructional Steel Research 166 (2020) 105904
X-ray and ultrasonic methods, neutron diffraction technique allow neu-
trons to penetrate deep into the test specimens [26]. By using the
Kowari strain scanner at Australia's Nuclear Science and Technology Or-
ganisation (ANSTO), the neutrons can penetrate steel plates with thick-
ness from 1 mm up to 50 mm. It should be noted that one of the most
significant benefits of using UHSS is the reduced structural dimension.
Therefore, four UHSS sections that are fabricated from thin plates of
5 mm is measured in this experimental program.

Over the past few years, an increasing number of studies into resid-
ual stress measurement for HSS columns have been performed. Exten-
sive experimental programs [27–37] concerning the residual stresses
in the fabricated HSS box, I- and octagonal-shaped columns have been
performed. The nominal yield stresses of the measured specimens
ranged from 460 to 690 MPa. By comparison, very scarce experimental
programs have been conducted to measure the residual stresses of
UHSS columns [38–40]. It should be noted that all the previous studies
into residual stress patterns for high-strength structural steel columns
were performed with the destructive method, either in sectioning
method or hole-drilling method. Only the previous research by Khan
et al. [31] was conducted with neutron diffraction method, which
aims to investigate the S690 HSS box sections only. The present study,
however, attempts to investigate the residual stress of the S960 UHSS
box and I-sections.

The research on residual stress distributions of UHSS columns
through accurate and non-destructive techniques is insufficient. The au-
thors thus presented the experimental results on residual stress distri-
butions for two box and two I-shaped columns fabricated from UHSS
Fig. 1. (a). Principle of neutron diffraction. (b)
plates, which differed in width-to-thickness ratios. A simplified model
was proposed to describe the residual stress distributions for HSS and
UHSS fabricated box and I-shaped columns.

2. Non-destructive neutron diffraction method

2.1. Introduction

The Bragg Law is employed to provide information on the lattice
spacing dhkl, which can be used as a strain gauge to identify the lattice
deformation due to the applied residual stresses [41,42]. It should be
noted that the Kowari strain scanner utilised in the present study is
built on OPAL reactor and single lattice spacing. Based on Bragg's Law
equation, the lattice spacing, dhkl, and its variation can be expressed as:

nλ ¼ 2dhkl sinθ ð1Þ

where n was an integer, λ and θ was the wavelength and diffracted
angle, respectively (Fig. 1(a)). With a given wavelength and dhkl0
under the stress-free condition, the elastic strain due to the residual
stress can be expressed as below [43]:

ε ¼ dhkl−dhkl0
dhkl0

¼ −cot θhkl θhkl−θhkl0ð Þ ð2Þ

As suggested by [44,45], it is necessary to measure the strains in
three orthogonal directions (x, y and z) for any measuring point. The
. Schematic of the Kowari strain scanner.



Fig. 2. Coordinate measurements.
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stress components, σx, σy and σz, can then be calculated using the gen-
eralised Hooke's law:

σ x ¼ E
1þ ν

εx þ ν
1−2ν

εx þ εy þ εz
� �� �

ð3Þ

σy ¼ E
1þ ν

εy þ ν
1−2ν

εx þ εy þ εz
� �� �

ð4Þ

σ z ¼ E
1þ ν

εz þ ν
1−2ν

εx þ εy þ εz
� �� �

ð5Þ

with E and ν beingYoung'smodulus and Poisson's ratio of UHSS, and are
taken as 204 GPa and 0.3, respectively.

2.2. Accuracy of the neutron diffraction method

As suggested by [46,47], many parameters or sources can contribute
to the measurement uncertainties of lattice spacing dhkl and dhk0, such
as the peak position and texture effects. In the present study, measure-
ment uncertainties were characterised by an error propagation method
[48], which considered uncertainties for the measured specimens. The
uncertainties of a stressed component in three orthogonal directions
were expressed through Eqs. [6–8]:

Δσx ¼ C1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2 Δεxð Þ2 þ C2

2 Δεxð Þ2 þ Δεy
� �2 þ Δεzð Þ2

� �r
ð6Þ

Δσy ¼ C1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2 Δεy

� �2 þ C2
2 Δεxð Þ2 þ Δεy

� �2 þ Δεzð Þ2
� �r

ð7Þ

Δσ z ¼ C1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2 Δεzð Þ2 þ C2

2 Δεxð Þ2 þ Δεy
� �2 þ Δεzð Þ2

� �r
ð8Þ

where C1 and C2 were constants and equal to E/(1 + ν) and ν/(1-2ν),
respectively.
Fig. 3. Schematic view of the test specimens.
2.3. Kowari strain scanner

The neutron scattering facility utilised in the present study is the
Kowari strain scanner at ANSTO, which is built on the OPAL reactor.
The schematic of the Kowari strain scanner was shown in Fig. 1(b).
The experimental procedure was described in details in the author's
previous work [31]. To optimise the stress measurements, Kowari vir-
tual machine was used to accurately identify the spatial coordinates of
each tested points, as shown in Fig. 2.

3. Experimental programme

3.1. Fabrication of stressed samples

Two box and two I-shaped columns are fabricated for the present
study and the configuration details are illustrated in Fig. 3 and Table 1.
All component plates are fabricated fromUHSS plates of 5mmthickness
and the chemical compositions of the steel plates are shown in Table 2.
The UHSS plates were preheated to 50 °C prior to the single pass fillet
welding. In particular, the weld consumable utilised herein is ER110S
welding wire, whose yield strength (close to 700 MPa) is lower than
that of base metal. No specific post-heat treatment was performed
after the fillet welding. Gas metal arc welding (GMAW) with a welding
velocity of 150 mm/min was used to fabricate these four columns,
where the voltage and electric current of the welding was around
25 V and 120 A, respectively.

3.2. Preparation of stress-free reference samples

For the purposes of calculating residual stresses, it is also imperative
to prepare and measure stress-free reference sample. Stress-free refer-
ence samples were wire-cut as small slices from each of the measured
UHSS section across the weld, where the specimens were fully
Table 2
Chemical compositions of the 5 mm UHSS plate provided by steel supplier.

Weight
(%)

C P Mn Si S Cr Mo B CE
(IIW)

CET

0.18 0.025 1.2 0.25 0.008 0.25 0.25 0.002 0.40 0.29

Table 1
General information of the specimens.

Specimens Section
type

b
(mm)

bf
(mm)

bw
(mm)

t
(mm)

b/t bf/t bw/t L
(mm)

B-1 Box 150 – – 5 30 – – 450
B-2 250 – – 5 50 – – 750
I-1 I-shaped – 75 140 5 – 15 28 450
I-2 – 125 240 5 – 25 48 750



Fig. 4. Preparation of the stress-free reference samples.
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immersed in the coolant and no internal stresses were consequently in-
duced. These cuts were made in the perpendicular direction to the
welding as shown in Fig. 4(b), with an aim of releasing the residual
stresses in the most dominant directions. As measured, there is no sig-
nificant variation in terms of the lattice spacing from the base metal to
the HAZ and weld.

3.3. Virtual simulations of the measured samples

Both the stressed and stress-free reference samples need to be
scannedwith a laser scannermachineprior to the actualmeasurements.
The virtual simulations of the measured samples were generated by
using a coordinate measuring machine (CMM). As shown in Fig. 2(a)
and Fig. 4(c), the reference points were installed on themeasured sam-
ples to align the virtual simulation with the experimental setup on
Kowari. The procedure was described in details in authors' previous
work [31,49]. This virtual simulation procedure also determined the
measuring points' location for each stressed and stress-free reference
sample. The distance of measuring points away from the critical welded
region increased from 2.5 mm and 5 mm to 15 mm (Fig. 5).

3.4. Experimental set-up for neutron diffraction measurement

The tested specimensweremounted on the translational table accu-
ratelywith the assistance of reference points, which ensured the precise
positioning of the experimental gauge volume for planned neutron
measurements. The translational table and measured samples were
Fig. 5. Illustration of m
controlled and positioned so the cubic gauge volume was achieved, as
shown in Fig. 6. In order to maintain the measuring accuracy whilst
maximise measurement efficiency, optimal gauge volume size of 2 × 2
× 2 mm3 is adopted, which is only 20% of that through sectioning
method. The error of measurements along three orthogonal directions
(Δσx, Δσy, Δσz) is obtained through Eqs. (6-8) respectively. The aver-
aged measurement error of 28 MPa along weld longitudinal direction
is obtained and below 5% of the yield strength of the parent metal.

4. Test results and discussion

4.1. Coupon tests

In order to identify the residual stress distribution for UHSS column as
a function of its yield stress, a series of coupons extracted from the spare
fabricated specimenswere tested according toAS 1391 [50]. A typical full-
range stress-strain relationship of UHSS is plotted in Fig. 7. From the ten-
sile coupon tests, the average yield and ultimate stress of theUHSSplate is
determined as 970 MPa and 1030 MPa, as shown in Table 3.

4.2. Measurement results of box columns

In the present study, nearly 700 measurements along three orthog-
onal directions of 230measuring points are taken to establish the resid-
ual stress distributions for fabricated UHSS box columns. Specifically,
the stressed lattice spacing dhkl is measured and the corresponding re-
sidual strains and stresses along three orthogonal directions (εx, εy, εz
easuring points.



Fig. 6. Experimental set-up for I-shaped columns of different measuring angles.
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Fig. 7. A typical full stress-strain relationship of UHSS.

Table 3
Tensile coupon test results for UHSS.

Coupons Young's modulus,
E (GPa)

0.2% proof stress,
σ0.2% (MPa)

Ultimate stress,
σu (MPa)

B-1 204.4 981.0 1042.4
B-2 201.1 985.2 1033.2
F-1 208.4 976.7 1034.4
F-2 198.6 957.6 1022.0
W-1 209.1 955.7 1020.8
W-2 203.8 968.2 1030.4
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and σx, σy, σz) can be obtained through Eqs. [2–5]. For each UHSS sec-
tion, themaximum tensile residual stress is simply taken from themea-
sured results, which is not located at the weld centre but close to the
heat affected zone. The potential reason is explainedwith details in Sec-
tion 4.6. In addition to the identification of the maximum tensile
Fig. 8. Residual stress distribution
residual stress, the averaged tensile residual stress is of more interests
in the present study, as this averaged tensile residual stress can facilitate
the development of complete residual stress pattern. Specifically, the
averaged tensile residual stress for each UHSS section is determined
by counting and averaging all the points that are within 12 mm from
the weld centre, where the tensile residual stress exists. On the other
hand, the averaged compressive residual stress is determined through
the remaining points by removing those with significant measurement
error (Δσz N 50 MPa). The self-equilibrium is checked for the UHSS sec-
tions measured in the present study. The residual stress magnitude and
distribution pattern of the top component plate for box column B-1was
presented in Fig. 8(a). The residual stresses of the selected component
plates in three orthogonal directions show that the longitudinal residual
stresses are dominant; whilst the highest stress in transverse and nor-
mal directions is below 30% of the yield strength of the parent metal.
Considering the steel and composite columns are mainly subjected to
axial loading and aremore affected by the longitudinal residual stresses,
the following Fig. 9 only presented the longitudinal residual stress dis-
tribution patterns for box columns.

As observed, the trend of residual stress distributions is similar to
that of conventional HSS box columns [38–40]. Specifically, almost con-
stant compressive residual stresses of −110 MPa and −55 MPa exist
over the component plates of B-1 and B-2, respectively. Moreover, the
maximum and average tensile residual stresses in the vicinity of welds
are around 850 MPa and 730 MPa, respectively, which are significantly
higher than those obtained through the sectioning method. This dis-
crepancy is mainly due to the inherent shortcomings of the sectioning
method, where larger gauge volumes are used for measurement and
the maximum tensile residual stress near the weld bead region is aver-
aged and significantly underestimated. As observed, the normalised
tensile residual stress (σrt/fy) for UHSS box columns (0.72) is similar
to that of lightly welded HSS columns [31].
of selected component plates.



Fig. 9. Longitudinal residual stresses of fabricated UHSS box columns.
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Furthermore, a characterised residual stress distribution pattern
for UHSS box column is illustrated in Fig. 10(a) and summarised
in Table 4, where σrc1−σrc4 and σrt1−σrt8 represents the average com-
pressive and tensile residual stresses, respectively.

4.3. Measurement results of I-shaped columns

The UHSS I-shaped columns were measured at 150 measuring loca-
tions to establish the residual stress distributions. Fig. 8(b) presents the
normal, transverse and longitudinal residual stress distributions of the
topflange plate for Specimen I-2. Similarly, Fig. 11 only presents the lon-
gitudinal residual stresses for Specimens I-1 and I-2.

In the present study, nearly constant compressive residual stresses
of−240MPa and−110MPa over theflange plates of I-1 and I-2 are ob-
served, which are different from the results reported in previous studies
[28,29]. This discrepancy is mainly attributed to the use of different cut-
ting techniques. The UHSS plates utilised herein are cut with a waterjet
machine, whilst the specimens from studies in [28,29] are flame cut and
Fig. 10. Characterised residual stress d
additional tensile residual stresses at the edges of the flange plates are
inevitably produced. Moreover, the maximum and average tensile re-
sidual stresses are around 810 MPa and 710 MPa, respectively, which
are higher than that from conventional mild steel and HSS columns.

To facilitate the utilisation of structural engineers, the residual stress
distributions forUHSS I-shaped columns are shown in Fig. 10(b) and the
measured values are summarised in Table 5.

4.4. Residual stresses of the welds

Owing to the unique benefits of the non-destructive high spatial res-
olution neutron diffraction measurement technique, the measuring
points can be taken at the regions of rapid change in stress such as
welds and HAZ, where sectioningmethod have a significant limitations.
Fig. 12 illustrates the measured residual stresses at the weld and the
HAZ for Specimens B-1 and I-1. Generally, the tensile residual stresses
are localised within the vicinity of the weld and nearby HAZ. Moreover,
as it is shown in I-shaped columns (Fig. 12(b)), the highest stresses shift
istribution for fabricated columns.



Table 4
Average residual stress of fabricated UHSS box columns.

Specimens Tensile residual stresses (MPa) Compressive residual stresses (MPa)

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

B-1 733 747 751 740 742 702 757 702 −125 −101 −103 −111
B-2 732 750 717 756 800 806 723 741 −56 −60 −55 −50

Fig. 11. Longitudinal residual stresses of fabricated UHSS I-shaped columns.
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towards the second weld, as it provided localised heat treatment for
first weld. The highest tensile residual stresses in the box columns are
found in the HAZ which is due to the geometry of that weld and high
constraints at theweld toes. In addition, for Specimen I-1, the tensile re-
sidual stress at the centre of the flange plate (Point A in Fig. 12(b)) is
slightly lower than that at the end of the web plate (Point B in Fig. 12
(b)), which is mainly due to the larger cooling areas of the flange plates.
This phenomenon might be more significant with an increase in the
thickness of the flange plate.
4.5. Effects of column dimension and plate thickness

The Standing Committee on Structural Safety (SCOSS) recently re-
ported a series of effects that can be induced when large-scale
Table 5
Average residual stress of fabricated UHSS I-shaped columns.

Specimens Tensile residual stresses
(MPa)

Compressive residual stresses (MPa)

σrt1 σrt2 σrt3 σrt4 σrc1 σrc2 σrc3 σrc4 σrc5

I-1 716 686 680 702 −226 −243 −241 −251 −161
I-2 712 711 725 708 −104 −113 −106 −111 −88
structures with very thick structural members were used. Specifically,
very thick plates (N100mm) are vulnerable to brittle fracture and crack-
ing from through-thickness stressing, which is partly related to the
welding procedure and residual stresses [51]. It is therefore imperative
to comprehensively investigate the residual stress distributions for
large-scale welded columns. In the present study, both box and I-
shaped columns were fabricated with 5 mm thick UHSS only, the au-
thors therefore combined the test results obtained from [27–31,38] for
the following analysis.

Fig. 13 presents the relationships of normalised compressive (σrc/fy)
and tensile (σrt/fy) residual stress against the width-to-thickness ratio
for box and I-shaped columns. It is noteworthy that for each plate thick-
ness, test results from different studies are utilised. The test results ob-
tained from the neutron diffraction method are denoted with solid
points, whilst other results obtained through the sectioning method
are represented with hollow points.

As observed in Figs. 13(a–b), the normalised tensile residual stress
(σrt/fy) of box column component plate is independent of the width-
to-thickness ratio. However, an increasing trend of the normalised ten-
sile residual stress (σrt/fy) can be observed when thicker steel plates are
used. This is mainly due to the fact that thicker plates require more
welding passes during the fabrication process, which inevitably results
in higher total heat input and consequently higher stress. In contrast,
the normalised compressive residual stress (σrc/fy) is inversely



Fig. 12. Longitudinal residual stresses of the weld bead.
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proportional to the width-to-thickness ratio. However, the effects of
plate thickness on compressive residual stress (σrc/fy) is still unclear
as various test results are not consistent. Moreover, the shaded area in
Fig. 13(b) indicates the ranges of width-to-thickness ratios for box col-
umns that are readily available in the current market. It can be clearly
observed that a conservative limit of normalised compressive residual
stress (σrc/fy = 0.3) can be used for most of the HSS and UHSS box
columns.

Similarly, Fig. 13(c–d) illustrate the effects of plate thickness on re-
sidual stress for HSS and UHSS I-shaped columns. It should be noted
that only the flange plates of I-shaped columns are selected herein for
Fig. 13. Effects of column dimension and plate th
analysis, since theweb plates can be treated as similar to the component
plates of box columns. Once again, the normalised tensile residual stress
(σrtf/fy) shows no significant correlation with the width-to-thickness
ratio. Nevertheless, the flange plates of I-shaped columns display a
clear indication that thicker flange plates can lower the normalised
compressive residual stress (σrcf/fy) with a given width-to-thickness
ratio. If the flange plates are designed around the slenderness limit
(4 b btf/tf b 12), which are also the sizes of products readily available
for engineering practice (shaded area), a conservative normalised com-
pressive residual stress (σrc/fy = 0.3) can still be applied with sufficient
confidence.
ickness on the magnitude of residual stress.



Fig. 14. Hardness measurements of the welded sections.
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4.6. Effects of weld quality

The weld quality is not only of paramount importance for the design
of steel structures, but also affects the measurement of residual stress.
Investigations on the weld quality of the measured specimens have
been performed. The hardness testswere conducted on part of the spec-
imen B-1 with DuraScan-70 test machine according to AS/NZS 1817.1
[52]. Prior to the hardness tests, the specimens for measurement were
polished and cleaned. Vickers scale (HV) with a 5 kg indentation load
was applied on the surfaces of the measured points for 10s. The hard-
ness measurements commenced from the weld and extended to each
component plate for 30 mm with a spacing of 1 mm. The measured
hardness values of the selected sample are shown in Fig. 14. The hard-
ness at the base metal region is around 330 HV and gradually decreased
towards the welds, which is recorded as 286 HV. The minimum hard-
ness was identified at the location close to the HAZ (282 HV), which is
(a) Sectioning method from previous studies
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around 85% of the base metal. Similar to the study reported by [53],
nearly uniform hardness values are obtained over the weld regions,
which are lower than those at the base metals and slightly higher than
those at the HAZs. This difference comes mainly from two aspects. The
first aspect is the utilisation of undermatched weld filler. The weld filler
used for UHSS column is normally one or two categories lower than the
base metal, which aims to lower the risk of cold cracking and lamellar
tearing. Secondly, the tensile residual stresses can also lower the hard-
ness to some extent. The maximum tensile residual stresses of the fab-
ricated columns normally occur at the HAZs (Figs. 9 and 11), which
demonstrates that the minimum hardness values can be observed in
the same regions. Overall, the nearly uniform hardness values over the
weld regions indicate that the quality of welding is assured during the
fabrication process. The obtained residual stresses in the present study
can therefore be properly utilised for the establishment of analytical
models.

5. Analytical model for engineering practice

5.1. Existing models for fabricated HSS columns

Over the past decade, various analytical models concerning the box
and I-shaped columns' residual stress distributions were developed to
facilitate the use of structural engineers [23–32]. Most of the previous
experimental studies utilised sectioning and hole-drillingmethod to ob-
tain the averaged tensile residual stress for HSS box sections of different
wall thickness, as shown in Fig. 15(a). As observed, the obtained aver-
aged tensile residual stress from different studies ranges from 0.5fy to
0.7fy. However, no obvious correlation between the plate thickness
and averaged tensile residual stress can be observed. Most of the
(b) Neutron diffraction method in present study
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Table 6
Residual stress distributions of UHSS box and I-shaped columns.

Plates σrt (σrtw/σrtf) bt (btw/btf) bc (bcw/bcf) σrc (σrcw/σrcf)

Box column (component plate) σrt/fy = 0.3ln(t) + 0.3 bt = 6.5ln(t) + 2 bc = b-2bt σrc = 2σrtbt/bc
I-shaped column
(web)

σrtw/fy = 0.3ln(tw) + 0.3 btw = 8ln(t) + 2 bcw = h-2btw σrcw = 2σrtwbtw/bcw

I- shaped column
(flange)

σrtf/fy = 0.3ln(tf) + 0.3 btf = 20ln(t) + 2 bcf = (2bf + tw-btf)/2 σrcf = σrtfbtf/(2bcf)
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previous studies therefore simply assumed the averaged tensile residual
stresses near the weld to be as high as their yield stresses for conserva-
tiveness. The present study and previous work by [31] utilise the neu-
tron diffraction method to obtain the averaged tensile residual stress
(Fig. 15(b)), which clearly indicates that the averaged tensile residual
stress is increased with an increase in the plate thickness. A natural log-
arithm equation is thus proposed accordingly.
5.2. Proposed models for HSS and UHSS columns

The present experimental results and those reported by [28] are
used for the identification of tensile residual stress. Specifically, the nor-
malised tensile residual stress (σrt/fy) of a HSS and UHSS box column
component plate is expressed as a function of plate thickness (t) only,
as shown in Fig. 16 and Eq. [9]. This phenomenon has been reported
in many of the previous studies [30,34].

σ rt

f y
¼ 0:3 ln tð Þ þ 0:3≤1:0 ð9Þ
(a) Flange plate
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Fig. 18. Validation of the design model in terms of compress
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Fig. 17. Validation of the designmodel in terms of compressive residual stress for HSS and
UHSS box column.
In addition, the width of plate where the tensile residual stresses
exist (bt) can be predicted with a simplified Eq. (10):

bt ¼ 6:5 ln tð Þ þ 2 ð10Þ

The width of plate where the compressive residual stresses induced
and the magnitude of compressive residual stresses can be obtained
through Eqs. [11,12]:

bc ¼ b−2bt ð11Þ

σ rc ¼ 2σ rtbt=bc ð12Þ

The normalised tensile residual stress (σrt/fy) for HSS and UHSS
I-shaped column web plates and flange plates are identical to the box
column component plates. However, the equations that are used to cal-
culate the width of tensile residual stresses for I-shaped columns need
to be adapted slightly, owing to the increased heat input from two
welding passes.

btw ¼ 8 ln tð Þ þ 2 ð13Þ

btf ¼ 20 ln tð Þ þ 2 ð14Þ

Theproposed simplified equations for box and I-shaped columns' re-
sidual stresses are summarised in Table 6.

5.3. Validation of the design models

The compressive residual stresses are relatively constant over a large
proportion of the base metal, the measurements of compressive resid-
ual stresses through conventional sectioning or hole-drilling methods
can also be accurate. Therefore, the developed analytical models in
terms of compressive residual stresses are validated with present and
previous experimental results, which are measured with both destruc-
tive and non-destructive methods, as illustrated in Figs. (17–18). It
can be seen that most of the predicted compressive residual stresses
of HSS and UHSS box and I-shaped columns are greater than the actual
measured values, which meant that the proposed simplified model can
be safely adopted for design purposes.
(b) Web plate
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ive residual stress for HSS and UHSS I-shaped columns.
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6. Conclusions

The residual stresses of two box and two I-shaped columns made of
UHSS plates have been successfully measured with the neutron diffrac-
tion method. According to the measurements, the residual stress distri-
butions for UHSS box and I-shaped columns have been identified. The
influences of column dimension and plate thickness on the magnitude
of residual stress are discussed and further study is recommended.
The weld quality has been investigated prior to the development of an-
alytical models. Based on this study, the following conclusions can be
drawn:

• The neutron diffraction method is well suited for residual stresses
measurements of fabricated steel columns. Further tests on large-
scale fabricated columns are recommended, throughwhich the effects
of very thick plates (thickness around 50mm) on the residual stresses
can be investigated. Cross correlation with other residual stress tech-
niques is also encouraged.

• The tensile residual stress (σrt/fy) of thin-walled box and I-shaped col-
umns near the welds is around 0.7. The previous assumption of σrt/fy
= 1.0 leads to over-conservative design. The tensile residual stresses
(σrt/fy) have no correlation with the width-to-thickness ratio, but
tend to increase with an increase in the plate thickness.

• The compressive residual stresses (σrc/fy) of the measured thin-
walled box and I-shaped columns are smaller than 0.3, and this
value increases with a decrease in the width-to-thickness ratio. For
the fabricated HSS and UHSS columns that are readily available in
the current market, the compressive residual stresses (σrc/fy) can be
conservatively limited to 0.3 for design purposes.

• The proposed simplified equations for predicting the tensile and com-
pressive residual stresses of fabricated HSS and UHSS columns take
into account the plate thickness only. Comparison results indicate
that the proposed simplified equations are safe to be adopted by the
engineering practice.

• The additional tensile residual stresses at the edges of I-shaped col-
umn flange plates are not found due to waterjet cutting process,
which is significantly different from thosewith flame cutting. It is rec-
ommended to investigate the effects of various cutting methods, such
as flame cutting, waterjet cutting and laser cutting, on the residual
stress distribution pattern in future.

• The tensile stress within the vicinity of the weld can be reduced with
the change to the welding process to minimise heat input, investiga-
tion of laser welding processes are recommended.
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