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ABSTRACT
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An experimental study was presented to investigate the magnitude and distribution of residual stresses in welded | sec-
tions fabricated from a new type of high performance steel with high strength as well as improved fire and corrosion
resistance. The residual stress of three | sections with various width-thickness ratios was measured by using sectioning
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method and more than 2000 original readings were obtained. The effects of width-thickness ratio and interaction of

residual stress in the flange and web were clarified. It was found that compressive residual stress was strongly correlated
with sectional dimensions, while tensile residual stress at the weld region or flange edge was less correlated with them.

KEYWORDS

In addition, no interaction between the residual stress in the flange and web was identified. Based on the test results, a

distribution model of residual stress was proposed which could well represent the experimental results. Finally, the mag-
nitude of residual stresses in welded | sections fabricated from this new type of high performance steel was compared

with that of high strength steel.
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1. Introduction

Residual stress in structural steel members is induced by non-uniform heat
input during manufacturing, fabricating and welding process [1]. As one of the
most important initial imperfections for welded steel members, it has significant
effects on the loading capacity, especially the buckling capacity, because of
premature yielding and reduction of section stiffness.

In order to understand the magnitude and distribution of residual stresses,
extensive investigations were conducted on conventional strength steel (CSS)
sections [2-7], including rolled or welded sections and plates. Based on previous
investigations, steel structural design specifications such as Eurocode 3 [8, 9],
ANSI/AISC 360-10 [10], and Chinese code GB 50017-2003 [11, 12] have
specified some models or calculation methods to represent the residual stress.

However, the models proposed by previous investigations and existing
design specifications may not be applicable to high strength steel (HSS) or high
performance steel (HPS) members, which have been increasingly applied in
recent years [13]. The main considerations are as follows: (1) The material
properties and the manufacturing process for HSS or HPS members are different
with CSS; (2) Since the yield strength of HSS or HPS is higher, the ratio of
tensile residual stress at the welding region to the yield strength of steel material
may be less than that of CSS; (3) Most of the current models has not taken into
account the effects of section dimensions.

Since the effect of residual stress on mechanical performance is more
important for welded sections than rolled ones, and | sections are widely
adopted in steel buildings, numerous researches on residual stress of HSS and
HPS welded | sections have been carried out.

Rasmussen and Hancock [14, 15] conducted a series of experiments to
obtain the compressive residual stress of 4 welded | sections fabricated of 690
MPa HSS. Then 4 welded | sections fabricated of 700 MPa HSS, designated as
D and B, were examined by Beg and Hladnik [16]. It was found that the
compressive residual stress in the flange was 0.09f, for section B and 0.14 f, for
section D.

In 2012, Wang et al. [17] investigated the magnitude and distribution of
residual stresses of 3 flame-cut welded I-section columns with a nominal yield
strength of 460 MPa and different section dimensions. Test results showed that
the compressive residual stress in the flange would decrease and tensile residual
stress at the flange edge would increase when the width-thickness ratio of the
flange increased. Ban et al. [18] conducted an experimental investigation to
quantify the residual stress in 460 MPa steel welded | sections by using
sectioning method. The magnitude and distribution of both compressive and
tensile residual stresses were obtained, and a distribution model for the residual
stress of 460 MPa HSS welded | sections was proposed based on test data
obtained from 8 different sections. Ban [19] proposed a versatile model to
estimate the magnitude and distribution of residual stresses, which was
applicable to welded | sections and box sections fabricated from steel with
various strength.

Chen [20] applied the blind-hole method to test the residual stress of flame-
cut welded | sections fabricated from a new type of HPS designated as GJ steel,
which was widely used in landmark buildings like National Olympic Stadium
(Birds Nest) and new CCTV Headquarters in China. Yang et al. [21] presented
an experimental investigation on the residual stress in welded | sections made
of 345 MPa GJ steel by using sectioning method. The test results indicated that
the distribution of residual stresses for 345 MPa GJ steel members had a similar
profile with that for CSS, but the peak tensile and compressive residual stresses
in the flange were much lower than those given by existing models. Qiu et al.
[22] designed and manufactured 7 flame-cut welded I-section columns
fabricated from 550 MPa GJ steel plates. It was found that tensile residual stress
at welding regions was less than actual yield strength of GJ steel (624 MPa),
and compressive residual stress in flanges and webs decreased as the width-
thickness ratio increased. Yang et al. [23] focused on the residual stress of
flame-cut welded | sections made of 460 MPa GJ steel. 8 full scale | sections
welded by flame-cut 460 MPa GJ steel plates including 5 doubly symmetric
sections and 3 singly symmetric sections were tested. Li et al. [24, 25] proposed
a numerical procedure for sectional analysis and suggested a method to account
for residual stress and geometric imperfections separately and independently.
The approach could be applied to design HSS members.

A new type of HPS, designated as WGJ steel, with high strength as well as
improved fire and corrosion resistance, was recently developed by Wuhan Iron
and Steel (Group) Company. This type of steel will be widely used in the near
future because of its excellent mechanical properties, especially under fire and
corrosion conditions. Though there were some research publications and design
guides on the loading capacity of columns and beams under fire or corrosion
conditions, residual stress in welded | sections made of fire-resistant and
weather-resistant steel with higher yield strength was not investigated yet. The
magnitude of residual stresses in welded | sections fabricated from WGJ steel
may not be precisely obtained by applying traditional models presented before,
because of its special material properties.

This paper presents an experimental program to investigate the residual
stress distribution of welded | sections fabricated from flame-cut WGJ steel
plates. The sectioning method was employed to quantify longitudinal residual
stress. | sections were characterized by various width-thickness ratios of flanges
and webs. Based on the experimental results, a model to identify the magnitude
and distribution of residual stresses was proposed and validated for WGJ steel
welded | sections. This model will provide supportive information to the design
and analysis of columns and beams fabricated of WGJ steel.

The distinct feature of this investigation is establishing a model to identify
the magnitude and distribution of residual stresses in welded | sections
fabricated from a new type of high performance steel. In addition, the magnitude
of residual stresses in WGJ steel | sections was compared with that in HSS |
sections. The comparison indicated that the negative effect of residual stress in
steel members could be reduced by applying WGJ steel.
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2. Experimental program
2.1. Test specimens

3 welded I-section specimens fabricated from WGJ steel in this
experimental program, were summarized in Table 1. Sectional geometric
parameters are illustrated in Figure 1, where bg/ts and he/t,, denote the width-
thickness ratios of the flange and the web respectively. Specimens were all
1000mm in length and had different width-thickness ratios 72 of the flange and
web. All components of WGJ steel plates were flame-cut and built-up by
automatic submerged arc welding with HO8MnMoA welding wire and SJ101
welding flux. The fillet weld size (hs) was 8mm for all specimens.

Before the automatic submerged-arc welding process, the welding flux was
pre-heated for one hour at about 300°C in order to remove the water in it. As is
known, water (H;O) is decomposed into hydrogen (H) and oxygen (O) under
high temperature, which results in weld defect.

Based on practical experience and design specifications, 10 mm steel plates
in this investigation did not need pre-heating because of small thickness and
large coefficient of thermal conductivity. In contrast, when the thickness of a
steel plate is over 40mm, it needs pre-heating before welding to reduce non-
uniform heat input during the welding process, which leads to inhomogeneous
crystalline structure of steel and residual stress in structural steel members.

Post-heating was conducted after welding in order to relieve residual stress
and reduce the deformation of | sections. The temperature of post-heating was
under 800°C.
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Fig. 1 Schematic diagram of the | section specimen
Table 1
Specimen section dimensions
Spleésblg;en H(mm) B(mm)  t(mm) tw(mm) br/te hoftw
RI1 120 80 10 10 35 10
RI2 220 125 10 10 5.75 20
RI3 300 200 10 10 9.5 28

2.2. Main sections

To obtain the mechanical and fire-resistant properties of WGJ steel,
material tests at ambient temperature and elevated temperature were conducted.
The elastic modulus of WGJ steel at ambient temperature obtained from
material tests would be used to calculate the residual stress, after the residual
strain was measured.

As is known, the yield strength and elastic modulus of steel reduce
significantly under high temperature during welding process, especially for steel
near the junction of the flange and web. WGJ steel was manufactured to be fire-
resistant, so mechanical properties of WGJ steel under high temperature would
be quite different from those of CSS. In addition, the residual strain and stress
in structural steel members after welding may be related to the mechanical
properties under high temperature during welding process. Thus, residual stress
of WGJ steel | sections may be different from that of CSS | sections. Material
properties of WGJ steel at elevated temperatures were tested in this study.

Tension coupons were prepared and tested according to Chinese standard
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GBJ/T 228.2-2015 [26]. Temperature conditions in the tests were 20°C, 100°C,
200°C, 300°C, 400°C, 500°C, 600°C, 700°C, 800°C. Once specimens were
heated to the specified temperature, a duration of 10 minutes was maintained
for the temperature to stabilize. Three coupons were tested under each
temperature condition, while the yield strength, ultimate strength, initial elastic
modulus and entire stress-strain curves were measured.

Material test results showed that the 0.2% offset yield strength of WGJ steel
at ambient temperature (fo2) was 433.8 MPa, and the initial elastic modulus (E)
was 196533 MPa, which will be used to determine the residual stress of welded
| sections. The stress-strain curves shown in Figure 2 indicate that there are no
visible yielding plateaus for WGJ steel under any temperature, which shows
typical nonlinearity[27].
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Fig. 2 Stress-strain curves of the tension coupon at different temperatures

Reduction factors can be used to describe the effect of temperature on the
strength and elastic modulus of steel. For yield strength, the reduction factor
fo.21/fo.2normar 1S defined as the ratio of 0.2% offset yield strength at different
temperatures (foo7) to that at ambient temperature (foznoma). Similarly, the
reduction factor E+/Enoma iS defined as the ratio of initial elastic modulus at
different temperatures (E+) to that at ambient temperature (Enormar)-

The 0.2% offset yield strength at 600°C was 301.0 MPa (i.e. fo.2,600/fo.2,n0rmal
=0.694), which was more than 2/3 of that at ambient temperature, so WGJ steel
was proved to be fire-resistant. At the same time, initial elastic modulus at
600°C was 162411 MPa (i.e. Egoo/Enormal =0.826), which was far more than 2/3
of that at ambient temperature.

Reduction factor curves of 0.2% offset yield strength (fo21/fo2normar)
obtained from this test program were compared with the formula recommended
in AISC 360-10 [10], ASCE Manual [28], Australian Standard AS4100 [29] and
Chinese Standard CECS 200:2006 [30], as shown in Figure 3. It can be seen
that WGJ steel has higher yield strength than CSS at elevated temperatures,
especially at temperature around 600°C.
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Fig. 3 Reduction factors of 0.2% offset yield strength in the test and specifications at
different temperatures

Reduction factor curves of initial elastic modulus (E+/Enoma) Were also
compared, as shown in Figure 4. It can be seen that WGJ steel has higher initial
elastic modulus than CSS at elevated temperatures as well.

Since this paper emphasizes on the residual stress distribution of welded |
sections, the material property and structural performance of WGJ steel under
fire and corrosion conditions will not be discussed further.
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Fig. 4 Reduction factors of initial elastic modulus in the test and
specifications at different temperatures

2.3. Measuring residual stress by sectioning process

The sectioning process was conducted following the guidance of Tebedge
etal. [3]. A Wire-cut Electronic Discharge Machining (WEDM) was employed
to reduce thermal effects. The strain values were calculated based on the
deformation of strips which was measured by using YB-25 strain gage (as
shown in Figure 5) before and after the sectioning process. The gauge length of
YB-25 strain gage was L,=250mm and the tolerance was 0.001mm.

~ The temperature reference bar

Fig. 5 YB-25 strain gage and the temperature reference bar

According to Tebedge et al. [3], tested segments should be selected more
than 1.0 times of the section height (H) away from both ends of members to
reduce the end effects. In this experimental program, since the length of all
specimens and strips was the same, the distances from the test segments to the
ends were taken as 365mm, which was more than 1.0H for all three specimens
RI1, RI2, RI3, respectively.

An example was given in Figure 6 for specimen RI1 to shown the
sectioning arrangement. The length of strips was 270mm and the distance of
YB-25 gage holes was 250mm. As shown in the section view in Figure 6, the
top and bottom flanges of RI1 were both cut into 15 strips with a width of 5mm
each, and the web was cut into 10 strips with a width of 10mm.

) 365mm= 1.0H 10mm || 250mm |_10mm__ 365mm=1.0H
T | Smmx15

e ——— 11t

YB-25 gage holes 80mm

10mmx10

Fig. 6 Sectioning arrangement of RI1

The sectioning process consisting of 3 steps is illustrated in Figure 7. Before
sectioning, holes were drilled based on the arrangement shown in Figure 6,
except some holes at the junction of the flange and web. Then the YB-25 strain
gage was placed on each couple of holes to measure the initial gage length r;.
After that, the specimen was cut into segments by using the WEDM and the
middle part was 270mm long. The flanges and web were sliced further, and the
holes had not be prepared before sectioning process could be drilled at this time.
YB-25 strain gage was used to measure the distances of the holes drilled just
now, and these values were also designated as r;. The flanges and web were cut
into strips and the distance between each couple of holes on the strip was
measured by YB-25 strain gage and it was designated as rs. The distance of
holes on both sides of each strip was measured and recorded, and the average
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was taken for the subsequent analysis and modeling. The strips obtained from
sectioning process are shown in Figure 8.

f Step 3 Complete
sectioning

Step 1 ’ Step 2

Partial sectioning fliizzs:rﬁnv\?;b

Step 3 Complete
sectioning

Fig. 7 Process of sectioning

In addition, bending deformation of strips should be measured and used to
calibrate the results obtained from YB-25 strain gages. The bending
deformation measurement is shown in Section 2.4. A reference bar for
temperature compensation was applied to eliminate the error resulting from the
temperature change during the test process.

Fig. 8 Strips of RI3 after sectioning process

Residual strain can be obtained by comparing the initial reading r; prior to
the sectioning process and the finial reading r; after sectioning. The residual
strain can be calculated according to Eq. 1.

oo (BFAL) = (n+AR,) )
Lo+0n+Ar

where Lo is the gauge length of YB-25 strain gage and equals 250mm,
Arg(i=1, 3) is the reading of the temperature reference bar.

2.4. Bending deformation measurement

After sectioning, it was observed that some strips cambered out of
straightness, especially those close to flame-cut edges and welding regions.
Therefore, the measured value was the chord length rather than the arc length
between two holes, so corrections should be incorporated in the calculation of
residual strain.

As shown in Figure 9, a highly flat marble was employed as the reference
plane, and a type of vertical caliper was applied to measure the offset of the
strip.

Tebedge et al. [3] suggested a bending correction equation as given in Eq.
2. By moving the strip, the maximum offset was measured and designated as o
in this paper.

(5/L) @

& =e+——4—
6(s/L) +1

r

where & is the residual strain incorporating bending correction, and L is the
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gauge length of YB-25 strain gage and equals (Lotri+Ary).

Fig. 9 Deformation measurement of a bending strip

Following the Hooke’s Law, residual stress at the measured surface can be
calculated as follows:

o.=-E-¢ ®

r r

where E is the Young’s modulus of WG] steel and taken as E=196533 MPa
obtained from the material test results in this paper.

3. Residual stress and analysis
3.1. Residual stress results

In this experimental program, 3 specimens were cut into 155 strips in all
and then more than 2000 data were recorded. Figure 10 summarizes the
magnitude and distribution of residual stresses for each specimen. In these
figures, compressive stress is negative while tensile stress is positive. Test
results include measurements from both inside and outside surface of each strip
and the average values are taken and presented in Figure 10.

The distribution pattern of residual stress for WGJ steel welded | sections
is simplified as shown in Figure 11, which is similar to the distribution pattern
for CSS as discussed in Section 1. Tensile residual stress was observed at weld
regions and flange edges in Figure 11, while compressive residual stress was
observed at middle regions of the steel plates. oru and one represent the
maximum values of tensile residual stress at welding regions of two flanges,
while gwri1 and awree represent the maximum stresses in the web. o (i=1,2,3,4)
respectively denotes the maximum compressive residual stress in one of the four
outstand flanges, while g, denotes the maximum one in the web. At last, o
(i=1,2,3,4) respectively denotes the maximum tensile residual stress at each
flame-cut edge in the flange. These characteristic values are summarized in
Table 2.

400 400 400
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h i
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Fig. 10 Residual stress for all sections (MPa), compressive stress in negative and tensile stress in positive

Table 2
Characteristic values of residual stress at typical locations

Results in flanges (MPa)

Results in web (MPa)

Ofrcl Ofrc2 Ofre3 Ofrca ofrtl ofrt2 Ofrtel Ofrte2 Ofrte3 Ofrted Owrc Owrtl owrt2
RI1 -278.7 -245.9 -270.1 -247.3 215.8 207.8 160.8 1237 116.3 53.2 -177.3 199.1 208.6
RI2 -228.4 -224.0 -219.3 -215.0 249.1 225.4 60.6 101.4 51.7 51.1 -132.9 203.5 210.2
RI3 -151.0 -150.0 -145.4 -166.5 256.2 252.2 238 116.8 -48.9 117.1 -89.5 238.6 206.1
o 3.2. Effects of width-thickness ratio
g gtel fril g gtez
| I | | I Magnitude of compressive and tensile residual stresses are given in Figure
ha Ofret [T g 9 fre2 12, where compressive stresses both in flanges and webs decrease
t:; monotonously as width-thickness ratios increase. This is because the residual
stress after cooling process can be dispersed more effectively when the width-
thickness ratio is larger. Compressive stresses in flanges reduce more rapidly
o than those in webs.
= f : Tensile stresses at welding regions in flanges vary slightly from 215.8 MPa
y to 256.2 MPa (256.2/215.8=1.19), and have no clear correlation with width-
thickness ratios. On the other hand, tensile stresses at flame-cut edges in flanges
§ change more irregularly from -48.9 MPa to 123.7 MPa.
SpI Org LS Opres .
<L — ?—\\ : 3.3. Closing error
3 B e |
g o . . . .
frtes 0 frp frted Since there is no external force applied on tested segments, the closing error
ab ¢ e of residual stress over the whole cross section should be equal to zero to satisfy

Fig. 11 Distribution and characteristic values of residual stress

stress equilibrium. Thus, the closing error, defined by Eq. 4, can be used to
verify the accuracy of test results.
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o_err:|:iA'o—ri:|/iA (4)

i=1 i=1

where n is the number of strips, A; is the sectional area of each strip, o is
the residual stress magnitude of one strip.
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Fig. 12 Relationship of residual stresses and width-thickness ratios

So as to investigate the relationship between residual stress in the flange
and web, the closing error in each individual steel plate was obtained and shown

5

in Figure 13. Figure 13 illustrates that the closing error of the whole section for
RI1, RI2, or RI3 is no more than #30 MPa (around 7% of fy>). It indicates that
sections of all specimens are in stress equilibrium, and the test results of residual
stress are correct.

With regard to the closing error in flanges, the maximum closing error is -
27.2 MPa in top flanges, while -29.7 MPa in bottom flanges. In specimen RI12,
the closing error in the web is -55.9 MPa (around 13% of f;2), which is the
greatest value of closing error both in individual plates and in whole sections.
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Fig. 13 Residual stress closing error of whole sections and individual parts

In summary, the stress equilibrium assumption is valid with the individual
flanges and web for each specimen. In other words, residual stress in the flange
is independent of that in the web.

4. Modeling of residual stress for WGJ steel welded | sections
4.1. Existing residual stress distribution models

Many distribution models of residual stress were proposed by other
researchers, as shown Figure 14. Model (a) was proposed by Li et al. [31] and
Model (b) [12] was adopted in Chinese standard for the steel structure design
GB 50017-2003 [11]. These two models are suggested for residual stress when
designing steel columns under axial compression. Chernenko and Kennedy [6]
proposed Model (c) by studying former experimental data of CSS sections.
These 3 models can be adopted when investigating flame-cut welded | sections
fabricated from CSS, but may not be appropriate for HSS or HPS sections.

0.75%, y 0.75f; Y 0.50~0.82f;, O31.0%
‘,X //+\\ /A\ AﬁA—fLA
- N \EEA ) ¢ = DY
)U 0.4f, 0.275~0.405f; ,’/0\3%1./0/;
0.2, |- 0.3f |- 0.1~0.4f,
Y \;><x\ | l/f\x ﬁh W—w N
(@) (b) (©)
o, 0.73~1.00f, 0.75f; 0.50f,
0.08~0.49f, 2= 0.08% y Iy
— - - IH\ — - —J
0200414, [T 073-1 005 — /\J—WO';% 0.22f, s,
0.13~0.24f, - 0.18% |-
— TR b - S " S
i N 7 | i |
(@) (e) ®

Fig.

14 Existing residual stress distribution models for flame-cut welded I sections
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Model (d) was presented in 2012 [17] based on the test of 3 flame-cut
welded | section columns with a nominal yield strength of 460 MPa. Ban et al.
[18] summarized previous research and proposed Model (e) in 2013 based on
original data measured from 8 | sections made of 460 MPa steel. In Model (e),
tensile stresses remain constant and compressive stresses are calculated
according to the function of plate thickness and width-thickness ratio (bs/ts, or
ho/tw). As for HPS sections, Yang et al. [23] suggested Model (f), which could
be applied to describe the residual stress distribution of 460 MPa GJ steel |
sections.

Considering the special mechanical properties of WGJ steel, the
distribution model of residual stress for WGJ steel | sections may be different
from the existing models mentioned above.

4.2. Proposed model

WG steel is a new type of HPS with high strength, so Model (d), (e) or (f)
may be possible solutions, while Model (a), (b) and (c) are suggested for CSS
sections. However, tensile stresses at flange edges turn into compressive
stresses discontinuously in Model (d), which does not match the test results. In
addition, in Model (f), residual stresses at flange edges are negative, which does
not match the test results observed in Section 3.1, either.

After examining the existing distribution models and the test results of
residual stress, the distribution pattern characterized in Figure 11 or Model (e)
in Figure 14 was adopted in this paper to describe the residual stress of flame-
cut welded | sections fabricated of WGJ steel.

In Figure 11 or Model (e), tensile stresses and compressive stresses in some
regions remain constant (o, G, Ofre, Gwrt, Gwre are constant values), and change
linearly and continuously in other regions. Since the section referred in this
paper is doubly symmetric and the section is in stress equilibrium, the residual
stress distribution should be doubly symmetric as well. Thus, the characteristic
values of residual stress at symmetric positions are the same (o#-2=0tt, Gfrter-
4=0frte, Ofrc1-4=Ofrc, 0'wr11-2:0'wrt)-

According to the above discussion, the equations employed to quantify the
residual stresses of welded | sections with WGJ steel are recommended as
below.

Oire 0<x<a
O — Oy
U'““Jrimb e (x —a) a<x<a+b
7, (X) =0, (B=X) =40y a+b<x<a+b+c (5)

Oin

a,,c+%‘"°[x—(a+b+c)] a+b+c<x<a+b+c+d
O a+b+c+d<x<a+b+c+d+e/2
O O<y<f
Owe = Oun
o (Y) =0, -y) = %ﬁT(yff) f<y<f+g (6)

o, f+g<y<f+g+h/2

wre

where o is the residual stress at certain position (x) in the flange, while oy,
is the residual stress at certain position (y) in the web. Independent variable x is
the coordinate along the flange while y is the one along the web, as shown in
Figure 11. The geometrical symbols of a to h are illustrated in Figure 11 as well.
As shown in Figure 11, the following equations need to be met:

a+b+c+d+e/2=B/2 O]
f+g+h/2=h,/2 (8)

Since individual flanges and web for each specimen are in stress
equilibrium, stresses in flanges oy and stresses in the web oy, should comply
with Eqg. 9 and Eq. 10.

” o, dA=0 9)
A
[[o,dn=0 (10)
Ay

where Arand A,, are areas of the flange and web respectively.
In this paper, only sections made of thin plates were investigated, so the
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variation of residual stress along thickness direction was not concerned. Thus,
equations below can be derived from Eq. 9 and Eq. 10.

[0, (=0 (11)
o (y)dy=0 (2
by

4.3. Parameters for tensile residual stress

The experimental results of residual stresses in flanges and webs are
summarized in Figure 15 and Figure 16 where the outstand plate is divided into
10 portions to describe the relative position of the measured data. According to
the experimental results shown in Figure 10 and Table 2, maximum tensile
residual stress oy ranges from 207.8 MPa to 256.2 MPa, corresponding to 48%
to 59% of 0.2% offset yield strength (fo2), which is 433.8 MPa as obtained in
Section 2.2. Therefore, o is suggested as 260.3 MPa, 60% of fo,, to cover all
the measurement.

The tensile residual stress at the flame-cut edge varies from -48.9 MPa to
160.8 MPa, corresponding to -11% to 37% of 0.2% offset yield strength (fo.,).
Tensile stress at the flange edge is considered favorable for the stability of steel
structure. Therefore, o is suggested as the average value of the measurement,
which is 75MPa, or 17% of f; .

Distribution parameters in the flange (a, b, c, d, e) are identified based on
Figure 15 and given in Table 3. The parameters a, b and e are constant, while c
and d are determined according to Eq. 7 and Eq. 11.

In Figure 16, maximum tensile residual stress oy varies from 199.1 MPa
to 238.6 MPa, corresponding to 46% to 55% of 0.2% offset yield strength (fo.).
owrt 15 suggested as 238.6 MPa, or 55% of f;, to cover all the measurement.
Distribution parameters in the web (f, g, h) are identified based on Figure 16 and
given in Table 3. The parameter f is constant, while g and h are determined
according to Eq. 8 and Eq. 12.
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Fig. 16 Magnitude and distribution of residual stresses in the web

Table 3
Distribution parameters of the residual stress model
a b c d
0.1(bs-hy) 0.2(br-hr) Eq. (7), (11) Eq. (7), (11)
e f o] h
twt2hy h+0.05(ho-2hy) Eq. (8), (12) Eq. (8), (12)

4.4. Parameters for compressive residual stress

As discussed in Section 3.2, the magnitude of compressive residual stresses
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is affected by the width-thickness ratio (b¢ts, or ho/ty). It was also concluded by
Ban et al. [18] that the magnitude of compressive residual stresses is also
affected by the steel plate thickness (ty, or t,). Therefore, two empirical fitting
equations are proposed here and can be used to determine the compressive
residual stress of welded | sections with WG] steel:

O = 0o + Kpy (bf It )aﬁ + Ky (tf )ﬁ" (13)

O-wr + K\ml (hO /tw )O’W' + KwrZ (tw )ﬂw,

c = o-wro

The coefficients in Eq. 13, including oo, owo, Ki, Kz, Kur1, Kur, 0, Sy
awr, Bur, Were obtained from nonlinear fitting by using the general software
Origin, based on the test results given in Table 2. The fitting result was shown
in Eq. 14. It should be noted that the calculated results of compressive residual
stress from the fitting equation Eq. 14, where both osc and awe, may be larger
than 0.2% offset yield strength (fo,) when width-thickness ratios are small. In
case of this situation, the maximum magnitude of compressive residual stress
should be limited to fo,.

-1.16

e =1100—2890(b, /t,) ™ +170(t, )°° >_f,=-4338 (14
G =1790-5190(h, /1, ) ™ +43500(t,,) >—f,,=-433.8

However, Eq. 14 is still too complex for engineering application, and it is
further simplified to Eq. 15, which can clearly describe the increasing trend of
compressive residual stresses as width-thickness ratios (bs/t;, ho/ty) and steel
plate thickness (t, t,) decrease.

Coefficients ag, Sr, owr, Pur are taken as -1.0 in Eq. 15. The other
coefficients in Eq. 15, including oo, owro, K1, Kirz, Kur1, Kurz are determined in
the similar way through nonlinear fitting based on the test results given in Table
2.

o,, =50—~570x —— ~1570x ~ >_f,,=-4338 (19)
b /1, t
1 1
O =120-1140x———1840x = =~f,, 4338
0 W W

Table 4
Compressive residual stresses obtained from proposed equations and
comparison with test results

La- otos otreflon OHCE ot lo owel e ilo oW el
bel (MPa) re,fl Ofre,t (MPa) rc, et (MPa) wre, fl Owre,t (MPa) wre, fs/ Gwre,t

RI1 -298.4 1.145 -269.9 1.036 -214.3 1.209 -178.0 1.004

RI2 -2443 1.102 -206.1 0.930 -162.5 1.223 -121.0 0.911

RI3  -190.8 1.245 -167.0 1.090 -137.5 1.537 -104.7 1171

where s and owr s denote compressive residual stresses in flanges and
webs determined by the fitting equation Eq. 14 respectively. osc: and owrct
represent the test results of compressive residual stresses in flanges and webs,
respectively. o and owe i denote compressive residual stresses in flanges and
webs determined by the simplified fitting equation Eq. 15 respectively.

4.5. Model validation

Based on the model given in Section 4.2 and parameters determined in
Section 4.3 and Section 4.4, the modeling results of residual stress are obtained
and illustrated in Figure 17 with black solid lines. Notice that the compressive
stresses (ofrc and owrc) applied in this model are identified by the simplified
fitting equation Eq. 15 and shown in Table 4. It is found that the modeling
results are in good agreement with the test results. The validation indicates that
the proposed model in this paper can be employed to identify the magnitude and
distribution of residual stresses for WGJ steel flame-cut welded | sections.

It should be noted that the results of this investigation are only applicable
to steel members with special material properties, limited shape and dimensions
of the section, and specific welding and manufacturing process. More
theoretical and experimental researches are in need to confirm and improve the
proposed modeling approach.
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Fig. 17 Comparison of proposed model with experimental results

4.6. Analysis of the magnitude of residual stress

Ban [19] proposed a versatile model to estimate the magnitude and
distribution of residual stresses, which was applicable to welded | sections and
box sections fabricated from steel with various strength. Table 5 and Figure 18
compared the calculating results of residual stresses for specimen RI1, RI2 and
RI3 based on the proposed model by Ban and the proposed model in this paper,
respectively.

It is observed that for every specimen, the magnitude of tensile stress (i.e.
otr, Owrt) @nd compressive stress (i.€. ofc, owre) given by Ban’s model are larger
than those given by the proposed model in this paper. This is mainly because
these two models are applicable to different types of steel. Ban’s model is for
HSS sections, while the proposed model in this paper is for WGJ steel sections.
So it can be concluded that when applying WGJ steel in manufacturing flame-
cut welded | sections, the residual stresses can be reduced to some extent.

Table 5
Characteristic values of residual stress obtained from Ban (2012) and this paper

Proposed model by Ban (2012)

Ofrt Owrt Ofrc Owrc ofrt Owrt Ofrc Owre

(MPa)  (MPa)  (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

Proposed model in this paper

Label

RI1 345 345 -386.2  -266.0  260.3 238.6 -269.9 -178.0

RI2 345 345 -282.2  -156.0  260.3 238.6 -206.1 -121.0

RI3 345 345 -218.4  -124.6 260.3 238.6 -167.0 -104.7

Residual stress is associated with the non-uniform plastic deformation in a
rather narrow weld zone which is restrained by the rest of the plate. During the
welding process, the welding region is heated while strength and elastic
modulus of steel decrease rapidly, so the plastic deformation is more likely to
happen. As shown in Figure 19, because of the higher strength and stiffness of
WG] steel at high temperature when welding (detailed mechanical properties
can be observed in the test results mentioned in Section 2.2), plastic strain at
weld regions of the WGJ steel section under certain thermal stress oo (caused
by non-uniform heat) is less than that of the HSS or CSS section. As a result,
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the residual deformation and residual stress at welding regions of the WGJ steel
section after cooling may be much less. Since the tensile residual stress is
reduced, the compressive residual stress decreases as well because of stress
equilibrium.

Residual stress (MPa)
(=]
T

RIl RI2 RI3
DProposzed model by Ban
o ot © Tt a T ¥ Tnn
Propozed modsl in thiz paper

W, 8o, ko WO
Fig. 18 Comparison of residual stresses obtained from Ban (2012) and this paper

The explanation above just gives one possible reason why residual stresses
are reduced when applying welded | sections fabricated of WGJ steel. Further
study should be conducted on this topic.

A WGJ
HSS or CSS
Oro fommfffm e
] /
/ /
/ /
/
/ //
// T
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Fig. 18 Stress-strain curves for HSS, CSS and WGJ steel at high temperature

5. Conclusions

The residual stress in flame-cut welded | sections fabricated from a new
type of HPS, designated as WGJ steel, were investigated in this experimental
program. The sectioning method was applied to cut the plates into strips.
Residual strain was measured by using YB-25 strain gage. Based on the
experimental measurement and analysis on the effects of sectional dimensions
and interactions between flanges and webs, a distribution model of residual
stress was proposed and validated through experimental results. Based on this
work, the following conclusions can be drawn:

1. The distribution pattern of residual stress for WGJ steel welded | sections
was similar to that for HSS or HPS | sections, but the magnitude of tensile
residual stresses and compressive residual stresses was quite different.

2. Compressive stresses both in flanges and webs decreased monotonously
as the width-thickness ratios increased. In addition, the residual stresses in
flanges were not related to those in webs.

3. Maximum tensile residual stresses at welding regions in both flanges and
webs for WGJ steel were much lower than the steel yield strength (for WGJ
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