
Journal of Constructional Steel Research 210 (2023) 108069

A
0

Contents lists available at ScienceDirect

Journal of Constructional Steel Research

journal homepage: www.elsevier.com/locate/jcsr

Experiments and proposed model for residual stresses in hot-rolled wide
flange shapes
Andronikos Skiadopoulos, Albano de Castro e Sousa, Dimitrios G. Lignos ∗

School of Architecture, Civil and Environmental Engineering, École Polytechnique Fédérale de Lausanne (EPFL), Station 18, Lausanne 1015, Switzerland

A R T I C L E I N F O

Keywords:
Residual stresses
Hot-rolled steel profiles
Statistical analyses
Dataset
Residual stress measurements
Wide flange shapes

A B S T R A C T

This paper proposes a new residual stress model for hot-rolled wide flange steel cross sections. For this purpose,
a dataset of 85 residual stress measurements is first assembled. The dataset is comprised of prior measurements
available in the literature that are complemented by additional ones as part of the present study. A constrained
optimization problem is then formulated by assuming parabolic residual stress distributions for both the flanges
and the web of hot-rolled wide flange cross sections. The parameters of the developed residual stress model
are inferred from the results of the optimization method and from rigorous statistical analyses. The results
demonstrate that the cross-sectional area and the depth-to-width ratio strongly influence the residual stress
distributions in the flanges and the web of a hot-rolled wide flange profile. The results suggest that there is
no evidence that the yield strength of the material influences the developed residual stresses within a cross
section. Contrary to available residual stress models in the literature that may be applicable for a limited range
of cross-sectional geometries, the proposed model reduces the mean error between all available measurements
and predictions by 60%–70%. The variance of the error is also reduced by a factor of two to four across all
known cross-sectional properties.
1. Introduction

Residual stresses form during the manufacturing process of struc-
tural steel members. They are attributed to uneven cooling, welding,
and/or cold forming [1]. In the former two cases, residual stresses
are formed as a result of differential cooling rates. In the case of
cold forming, residual stresses are attributed to uneven spatial inelastic
strain distributions [2].

In the casting process of wide flange cross sections, the flange
plate edges and the web center tend to cool down earlier than the
web-to-flange joint. These early cooling regions increase their Young’s
modulus faster than their neighboring areas which, in effect, restrain
the shrinking of the warmer parts of the cross section. As such, in
built-up or hot-rolled cross sections the late cooling web-to-flange joint
is subjected to tensile stresses and the flange tip and the web center
that cool earlier are subjected to compressive stresses to satisfy the
equilibrium within the cross section (see Fig. 1). If, however, web
cooling is delayed, the web can be subjected to pure tension [1]. The
effect of cooling rate on residual stresses was also stressed by Mas [3],
where slow cooling rates were related with decreased residual stresses
within the cross section. In built-up cross sections, residual stresses are
typically higher compared to those in hot-rolled sections due to the
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high temperature gradient spatial distributions during plate welding
that accelerates plate cooling [4].

Residual stresses depend mainly on the geometry of hot-rolled wide
flange cross sections, the rolling temperature, the cooling process and
the cold straightening [1,5–10]. They are typically assumed to follow
a parabolic distribution [11,12], as schematically depicted in Fig. 1b.
Hereinafter, tensile stresses are denoted with a plus sign and compres-
sive ones with a minus sign. The material yield strength was not found
to affect the overall pattern and magnitude of the residual stresses [1,5–
11,13]. As such, for a given cross-sectional geometry, members made
of mild structural steel are expected to yield earlier than those made of
high strength steel, i.e., the effect of residual stresses on mild steel is
more significant compared to high strength steel.

The presence of residual stresses in hot-rolled structural steel mem-
bers could lead to premature yielding and/or may accelerate the onset
of geometric instabilities [14]. Moreover, it may accelerate corrosion,
brittle fracture and fatigue [14]. The influence of residual stresses on
reducing the lateral load capacity of hot-rolled steel members was
identified in the early 1950s from experimental research on columns [7,
15]. This was confirmed by subsequent studies on structural steel
members [4,10,16–18]. The presence of residual stresses influences the
resistance of a structural steel member against lateral–torsional and
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Fig. 1. Formation of residual stresses in: (a) steel plates; (b) hot-rolled steel cross
sections; and (c) built-up steel cross sections.

flexural buckling [19–21]. This is attributed to the premature yielding
as well as the increase of the Wagner coefficient [7,22] in the presence
of residual stresses. Residual stresses strongly influence the buckling
resistance of members under high compressive axial loads [23,24]
and intermediate normalized member slenderness, ranging from 0.5 to
1.2 [25].

When hot-rolled or built-up sections do not meet the initial geomet-
ric imperfection requirements [26–28], cold straightening is employed.
This process entails further redistribution of residual stresses within
a structural member [29–31] that alters those formed after welding
and/or hot-rolling. As a result, residual stresses may vary within a
structural member and may even be asymmetrical in case of cold
straightening along the weak axis of the cross section [32,33].

All-in-all, the magnitude and shape of residual stresses depend
on many parameters and estimating them precisely a priori may be
challenging [18,34,35]. Regardless of the existing variability in the way
residual stresses develop, prior work focused on the development of
simplified residual stress models for non-straightened hot-rolled wide
flange cross sections [4,7,11,12,36,37]. Since the buckling resistance
of wide flange members is mainly provided by the flanges, emphasis
was put in the flange residual stresses [38].

Bradford and Trahair [36] assumed parabolic residual stress distri-
butions in the flanges, with fixed values at the mid-flange and flange tip
locations of 0.5𝑓𝑦 and −0.35𝑓𝑦 (where 𝑓𝑦 is the material yield strength),
respectively, regardless of the section geometry. With regards to the
residual stresses in the web, a quartic distribution was assumed, with
peak values relying on 𝐴𝑓 , 𝐴𝑤, ℎ, 𝑡𝑓 , and 𝑏𝑓 (where 𝐴𝑓 and 𝐴𝑤
are the areas of the flanges and the web, respectively, and ℎ, 𝑡𝑓 and
𝑏𝑓 are the height, the flange thickness and flange width of the cross
section, respectively). The model proposed by Szalai and Papp [12] is
similar in nature with that of Bradford and Trahair [36] except from
the fact that the residual stresses in the web are assumed to follow a
parabolic distribution. Both models suggested that residual stresses are
proportional to 𝑓𝑦 and constrained the Wagner coefficient to zero. This
implies that there is no torque due to residual stresses after a member
is loaded, thereby suggesting no reduction in the torsional stiffness of
the steel member.

Galambos and Ketter [7] suggested that the web is under pure
tension for compact cross sections featuring ℎ∕𝑏𝑓 < 1.5. They proposed
a fixed residual stress distribution for the flanges that relies on 𝑓𝑦.
Young [11] proposed parabolic residual stress distributions for the
flanges and the web of primarily light-to-medium weight wide flange
cross sections (i.e., 19 ≤ 𝑊 ≤ 280 kg/m, where 𝑊 is the cross-
sectional weight per meter). Interestingly, the proposed distributions
do not depend on 𝑓𝑦 in this case.

Although a single geometric parameter cannot depict the residual
stress distributions in the flanges and the web of a cross section,
numerous models still rely on this assumption. For instance, Young [11]
selected the 𝐴𝑤∕𝐴𝑓 ratio for their one-parameter model. Other stud-
2

ies [8,10,13,38,39] lean on a trend of the peak web and flange residual
stresses with respect to (𝑏𝑓∕𝑡𝑓 )∕(𝑑𝑤∕𝑡𝑤) (where 𝑑𝑤 is the depth of
straight portion of the web and 𝑡𝑤 is the web thickness of the cross sec-
tion). The role of the ℎ∕𝑏𝑓 parameter was also stressed by the European
Convention for Constructional Steelwork (ECCS) [4]. In stocky cross
sections with ℎ∕𝑏𝑓 < 1.2, higher residual stresses are expected because
the flange and the web plates are subjected to an increased confine-
ment. More recently, Spoorenberg [30] showed qualitatively that cross
sections with smaller area develop considerably lower residual stresses
compared to sections with a larger area.

Comparisons of experimental data with finite element models that
disregard residual stresses show that the flexural resistance of steel
members that are prone to lateral–torsional buckling may be underes-
timated by about 30% [40]. Moreover, the difference in predicting the
lateral–torsional buckling resistance by considering different available
residual stress models may exceed 20% [40]. As per Eurocode 3 [28],
the flexural and lateral–torsional buckling equations are based on finite
element simulations that utilized the ECCS residual stress model [4],
which is found to underestimate the member buckling resistance [41].
Contrary to this conservative approach, the lateral–torsional buckling
resistance of steel members according to the US specifications is based
on experimental data [42].

The development of available residual stress models to date was
mostly based on calibrations to limited experimental data that date
back to 1950s–1970s. The validity of these models in estimating resid-
ual stress profiles in wide flange steel cross sections that are produced
with current fabrication techniques and quality control has not been
assessed to date. An improved residual stress model for hot-rolled wide
flange cross sections is timely, similarly to recent developments on
built-up cross sections [43].

To address the existing knowledge gap, this paper proposes a new
residual stress model for hot-rolled wide flange cross sections as part
of non-straightened steel members. First, available residual stress mod-
els in literature are evaluated based on data from 85 residual stress
measurements that are collected in a consistent format. Out of these
data, 21 correspond to steel members manufactured after 2010, while
the remaining ones were manufactured before 1992. The assembled
residual stress dataset is supplemented by measurements conducted by
the authors to acquire information on cross-sectional geometries for
which measurements are lacking. A constrained least square problem
is then formulated based on parabolic distributions for the flanges and
the web and applied to the assembled dataset. A new residual stress
model is then developed based on rigorous statistical analyses.

2. Available residual stress data for hot-rolled cross sections

Table 1 summarizes the available data from residual stress mea-
surements. The dataset comprises measurements of various steel grades
from US, British, Canadian, European and Italian manufacturers that
date from 1958 to 2021. The nominal yield strength, 𝑓𝑦,𝑛, ranges from
235 MPa to 460 MPa. With regards to the geometric properties, the
dataset consists of cross sections with height to width ratio, ℎ∕𝑏𝑓 ,
that ranges from 1.0 to 3.0, and flange thickness, 𝑡𝑓 , from 5.7 mm to
130 mm. The dataset is made publicly available at [44]. Residual stress
measurements were mostly conducted between 1950s and 1970s [6,
10,11,13,22,32,38,45,46]. Regarding the residual stress measurements
of the assembled dataset, flange and web centerline measurements are
reported. When residual stresses are reported through the thickness of
the flange or the web plate, the average residual stresses thought the
plate thickness are extracted (e.g., [37]).

Fig. 2 shows the available European profiles and the collected
data with respect to the geometric properties that affect the residual
stresses within a hot-rolled wide flange cross section [4,11]. From this
figure, the collected data cover a broad range of the European profiles.
Referring to the web local slenderness ratio, 𝑑𝑤∕𝑡𝑤, available residual
stress data range from 3.0 to 54.0, while the flange local slenderness

ratio, 𝑏𝑓∕2𝑡𝑓 , ranges from 1.3 to 9.4. However, there is still need for
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Table 1
Summary of collected residual stress experimental data on hot-rolled cross sections (in alphabetical order).

Reference Year Nr. tests Steel grade 𝑓𝑦,𝑛 [MPa] ℎ∕𝑏𝑓 𝑡𝑓 [mm]

Adams et al. [45] 1964 2 ASTM A441 345 1.0–1.2 11.0-18.0
Albert et al. [47] 1992 2 300 W 300 1.9–2.8 9.7-10.7
Alpsten [13] 1968 3 ASTM A7 250 1.9–2.7 11.2-21.1
Auger [48] 2017 1 ASTM A992 Gr50 345 1.0 19.6
Brozzetti et al. [46] 1970 1 ASTM A36 250 1.3 124.7
Daddi and Mazzolani [32] 1971 23 Fe 42C 235 1.0–2.0 8.0-39.0
de Castro e Sousa and Lignos [49] 2017 3 S355-J2 355 1.1–2.2 13.5-39.0
Dibley [22] 1969 4 DL30 380 1.0–3.0 8.4-20.6
Dux and Kitipornchai [50] 1983 1 Not Reported 250 1.8 10.9
Feder and Lee [6] 1959 3 ASTM A242 345 1.0–1.5 11-16.3
Jez-Gala [38] 1962 4 Not Reported 250 1.0 9.3-21.7
Ketter [10] 1958 11 ASTM A7 250 1.0–3.0 5.7-77.2
Lamarche and Tremblay [19] 2011 1 ASTM A992 Gr50 345 1.0 20.6
Spoorenberg et al. [30] 2010 7 S235/S355 235/355 1.0–2.1 8.0-22.5
Spoorenberg et al. [37] 2013 6 HISTAR 460 460 1.2–2.3 115.0-130.0
Sonck et al. [51] 2013 1 S275 275 2.0 7.4
Tankova et al. [52] 2021 2 S460 460 1.0–2.5 15.5-16.0
Young [11] 1975 5 BS-4360 Gr43A 250 1.0–2.3 6.6-11.2

Present study 2021 5 S355-J2 355 1.0–2.1 6.3-40.0

Total – 85 – 235–460 1.0–3.0 5.7-130.0
Fig. 2. Available residual stress experimental data with respect to cross-sectional geometric properties.
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upplementary residual stress data to better describe the 𝑏𝑓∕2𝑡𝑓 −𝑑𝑤∕𝑡𝑤
pace, especially for cross sections with 𝑏𝑓∕2𝑡𝑓 ∼ 3.0 − 4.0 and 𝑑𝑤∕𝑡𝑤 ∼
10.0−30.0. The cross-sectional classification for pure axial compression
and 𝑓𝑦,𝑛 = 355 MPa is superimposed in the same figure. Most cross
sections (i.e., nearly 70 out of the 85) are Class 1 and 2 according
to [28]. For the remaining cross sections, plastic analysis would only
be permissible under combined compression and bending [28].

3. Assessment of residual stress models for hot-rolled cross sec-
tions

Fig. 3 shows comparisons of available residual stress measure-
ments with the corresponding residual stress model predictions. Par-
ticularly, predictions are based on the models by Bradford and Tra-
hair [36], ECCS [4], Galambos and Ketter [7], Szalai and Papp [12] and
Young [11]. Fig. 3a features an IPE 400 European cross section made
of S355-J2 mild steel (i.e., 𝑓𝑦,𝑛 = 355 MPa), while Fig. 3b features a

14 × 808 US cross section made of HISTAR 460 high strength steel
i.e., 𝑓𝑦,𝑛 = 460 MPa). The former section is a relatively deep one,
ith (𝑏𝑓 𝑡𝑤)∕(𝑑𝑤𝑡𝑓 ) = 0.3, while the latter section is a stocky one, with
𝑏𝑓 𝑡𝑤)∕(𝑑𝑤𝑡𝑓 ) = 0.6.

Referring to the Galambos and Ketter model [7], it was based
n light-weight sections, where residual stresses in the web can be
rimarily in tension [13,29]. For heavier sections, as those in Fig. 3, this
ssumption may not hold true [13,29], because the web is primarily in
ompression and residual stresses seem to follow a parabolic distribu-
ion. The residual stress model by Young [11] was developed based on
ight-to-medium weight cross sections. This model provides reasonable
3

a

redictions for cross sections with (𝑏𝑓 𝑡𝑤)∕(𝑑𝑤𝑡𝑓 ) < 0.5 that are common
or steel beams in buildings. With regards to Bradford and Trahair [36],
t overestimates the mid-flange residual stresses for the high-strength
teel cross section of Fig. 3b. Similarly to [4,7,12], this model relies on
𝑦, by assuming constant mid-flange tensile residual stresses equal to
.5𝑓𝑦, regardless of the cross-sectional geometry. Moreover, the quartic
esidual stress distribution in the web is not justifiable.

The Szalai and Papp model [12] assumes the Wagner coefficient to
e equal to zero and leads to erroneous residual stress distributions
n the web, especially for stocky sections, whose torsional stiffness
s appreciable [49]. There is no scientific justification for setting the

agner coefficient equal to zero [40]. Finally, the ECCS model [4] is
ot generally applicable, because it relies on 𝑓𝑦 and is independent to
he cross-sectional geometry. Moreover, the assumed linear distribution
oes not accurately describe the residual stress evolution within the
lange and web plates.

To assess the predictive capability of available residual stress mod-
ls, the L1-norm (namely Manhattan norm) is calculated for the dif-
erence between available model predictions (i.e., [4,7,11,12,36]) and
esidual stress measurements. The L1-norm is calculated for both the
langes and the web, as per Eqs. (1a) and (1b), accordingly:

(𝑥𝑓𝑚𝑜𝑑𝑒𝑙 − 𝑥𝑓𝑟𝑒𝑎𝑙)‖ =
𝑏𝑓
∑

0
|(𝑥𝑓𝑖,𝑚𝑜𝑑𝑒𝑙 − 𝑥𝑓𝑖,𝑟𝑒𝑎𝑙)| (1a)

(𝑦𝑤𝑚𝑜𝑑𝑒𝑙 − 𝑦𝑤𝑟𝑒𝑎𝑙)‖ =
ℎ−𝑡𝑓
∑

𝑡𝑓

|(𝑦𝑤𝑖,𝑚𝑜𝑑𝑒𝑙 − 𝑦𝑤𝑖,𝑟𝑒𝑎𝑙)|, (1b)

here 𝑥𝑓𝑖,𝑟𝑒𝑎𝑙 and 𝑦𝑤𝑖,𝑟𝑒𝑎𝑙 are the measured residual stresses in the flange
nd the web, accordingly, at a location 𝑖 of the flange and the web
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Fig. 3. Comparisons of representative residual stress measurements with available residual stress models: (a) IPE 400, [49]; and (b) W14 × 808, [37].
Fig. 4. Minimum L1-norm residual stress model predictions for available experimental data with respect to 𝑡𝑓 and ℎ∕𝑏𝑓 : (a) flange; and (b) web.
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lates, whereas 𝑥𝑓𝑖,𝑚𝑜𝑑𝑒𝑙 and 𝑦𝑤𝑖,𝑚𝑜𝑑𝑒𝑙 are the corresponding residual stress
redictions based on available residual stress models.

Fig. 4 shows the best performing model at each of the data points.
pecifically, Fig. 4 depicts the residual stress models with the minimum
1-norm for all available residual stress data with respect to 𝑡𝑓 and
∕𝑏𝑓 , which are the main geometric variables of the ECCS [4] model.
or relatively slender cross sections with ℎ∕𝑏𝑓 > 1.5, the Young
odel [11] describes best the residual stresses for both the flange and

he web of a hot-rolled wide flange cross section. This agrees with past
tudies [49]. For stocky cross sections with ℎ∕𝑏𝑓 ≤ 1.5, it is inconclusive
hich model provides the least error for the flanges and the web.

. Experimental program

.1. Profile selection

To further extend the collected dataset, five additional residual
tress measurements on hot-rolled wide flange cross sections are con-
ucted, according to the sectioning method [53,54]. The steel members
re made of S355-J2 mild steel with 𝑓𝑦,𝑛 = 355 MPa. The selected cross
ections are summarized in Table 2 and are depicted in Fig. 5 prior and
fter section slicing.

A first objective of the experimental program is to measure residual
tresses on Class 1 sections with 𝑏𝑓∕2𝑡𝑓 ∼ 3.0 − 4.0 and 𝑑𝑤∕𝑡𝑤 ∼
0.0−30.0. For this purpose, an IPE 120 (i.e., 𝑏𝑓∕2𝑡𝑓 = 3.5 and 𝑑𝑤∕𝑡𝑤 =
0.9) and an HEM 500 (i.e., 𝑏𝑓∕2𝑡𝑓 = 2.88 and 𝑑𝑤∕𝑡𝑤 = 18.6) profiles
ere selected. A second objective is to investigate the influence of the

teel grade on residual stresses. To achieve this, measurements on an
PE 200 and an IPE 360 were conducted for the steel material with
𝑦,𝑛 = 355 MPa to compare these with available measurements on the
ame profiles for steel materials with 𝑓 = 235 MPa [30,32]. Finally,
4

𝑦,𝑛 o
o investigate how regional aspects with different manufacturing tech-
iques affect the residual stresses, measurements were conducted for an
EA 160 European profile. These measurements were compared with

hose of an equivalent W6 × 20 US profile [22].

.2. Available residual stress measurement methods

Residual stresses are experimentally measured either by destructive
r non-destructive methods [55,56]. The former mechanical stress-
elaxing category comprises mainly the hole-drilling technique, the
eep hole method, the slicing technique and the sectioning method
mong others. The latter relies mostly on diffraction techniques. Al-
hough the above methods provide fairly accurate results, they ne-
essitate specialized equipment and they are generally applicable for
mall scale specimens. Contrary to that, the destructive methods, do
ot require specialized equipment and they do not compromise the
ccuracy of measurements.

Among the methods described herein, some measure residual
tresses locally (e.g., diffraction methods and the hole-drilling tech-
ique) and some utilize extensiometers over a gage length of 100–
50 mm (i.e., the slicing technique and the sectioning method). In the
atter case, averaging of the residual stresses over the gage length is
equired. Such methods have been found to provide satisfactory results
or structural steel cross sections [11,38].

In the present study, the sectioning method is selected instead of
he slicing one, since the variation of residual stresses through the
hickness direction of hot-rolled wide flange steel sections is insignifi-
ant [37]. Besides, most of the available residual stress measurements
n hot-rolled wide flange cross sections employed sectioning.
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Fig. 5. (a) Markings prior to slicing (IPE 200); (b) side view of sliced cross sections; and (c) plan view of sliced cross sections (in scale).
Table 2
Summary of experimental residual stress measurements.

Profile Steel grade 𝑓𝑦,𝑛 [MPa] 𝐴 [mm2] ℎ∕𝑏𝑓 𝑡𝑓 [mm] 𝑏𝑓 ∕2𝑡𝑓 𝑑𝑤∕𝑡𝑤
IPE 120 S355-J2 355 1320 1.88 6.3 3.49 20.9
HEA 160 S355-J2 355 3880 0.95 9.0 6.89 17.3
IPE 200 S355-J2 355 2850 2.00 8.5 4.12 28.2
IPE 360 S355-J2 355 7270 2.12 12.7 4.96 37.3
HEM 500 S355-J2 355 34400 1.71 40.0 2.88 18.6
Fig. 6. Schematic of the region of interest, slice cutting sequence and reference length conical marking locations for the IPE 200 cross section (unit: millimeters).
4.3. Methodology for residual stress measurements

The sectioning method relies on the release of the residual stresses
in the longitudinal-direction slices that the section is divided into, as
illustrated in Fig. 6. The transverse stresses are assumed to be negligible
in this case [53]. The longitudinal residual stresses are deduced by
applying the Hooke’s law in the slices. To achieve this, the change in
the length of the slices is measured before and after slicing. The number
of the selected slices in the cross section depends on the residual stress
gradient. However, given that the cold sawing process of slicing usually
removes 2–3 mm of material, a minimum slice width of 20 mm is
necessary.

The measurements were extracted over the cross section region
of interest (see Fig. 6). This region was defined by the largest gage
measurement length of the slices plus 50 mm [57] and was carefully
protected throughout the slicing and measurement process by applying
a protective compound. Since the present study investigates residual
stresses due to hot-rolling, cold-straightening was not applied in the
steel member. The specimens were cut 850 mm away from the region
5

of interest at both ends (see Fig. 6). This length respects the mini-
mum length of 1.5𝑏𝑓 proposed by Ziemian [57] to avoid heat-induced
modification of the residual stresses due to the cold-sawing process
of cutting the specimen in the region of interest. The adopted cutting
sequence of the slices for a characteristic cross section is illustrated in
Fig. 6. However, the sequence of slicing is not expected to influence
the residual stress measurements, as long as the self-equilibriate section
state does not lead to slice yielding [53].

Gage lengths of 110 mm and 250 mm were utilized for redundancy
in the measurements. The measured slice length was determined by
the average of six measurements (i.e., three measurements per slice
surface) per gage length. A 250 mm measuring base extensiometer was
utilized for the measurements, with a 0.005 mm system accuracy. Since
the utilized extensiometer featured a ball tip, the specimen markings
that define the gage length were conducted with the aid of a conical
head, so as the extensiometer rests precisely in the indentations. Even
though both gage length measurements showed a good agreement, the
measurements extracted from the 250 mm one were deemed more
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accurate. Therefore, the residual stress results reported in the present
study represent the 250 mm gage length measurements.

The longitudinal residual stresses were obtained according to
Eq. (2). The minus sign in Eq. (2) indicates that in case of slice
expansion, the residual stresses are compressive. Corrections were
applied for curvature and temperature differences in measurements
before and after slicing. As for the former correction, this was applied
to correct the cord length measurements of the curved slices to arc
gage lengths, according to Eq. (3). The slices remained fairly flat after
slicing, except from those extracted near the k-area of the cross section.
Nearby this region, the stresses differed substantially in the two slice
surfaces. Therefore, except from a few cases, the curvature correction
factor did not lead to appreciable modifications in the residual stresses
computed directly from the Hooke’s law. This suggests that the through-
thickness residual stresses were insignificant [57], as the sectioning
method assumes. As for the temperature difference correction, the
temperature was measured at each gage length measurement instance,
before (noted as 𝑇0) and after (noted as 𝑇 ) slicing. In case of positive
temperature difference, 𝑇−𝑇0 > 0, expansion of the gage length by 𝛥𝐿 is
predicted according to Eq. (4). The maximum temperature difference in
the testing program of the present study was +3◦C, which corresponds
o an overestimation of the residual stresses by up to +7 MPa in case

the temperature correction is neglected.

𝜎𝑟 = −𝐸𝜖, where 𝜖 =
𝐿𝑓 − 𝐿0

𝐿0
(2)

𝐿𝑓 = 𝜃𝑅, where:
𝜃 = 2𝑎𝑟𝑐𝑠𝑖𝑛( �̄�𝑓

2𝑅 ) and 𝑅 = 4𝑓2+�̄�𝑑𝑒𝑣
8𝑓

(3)

𝐿 = 𝛼𝐿0(𝑇 − 𝑇0) (4)

here 𝜎𝑟 is the measured residual stress in the slice, 𝐸 is the Young’s
odulus, which is assumed to be 210 GPa, 𝜖 is the uniaxial strain in the

lice, which is measured within the gage length, 𝐿0 is the gage length
rior to slicing, 𝐿𝑓 is the arc gage length after slicing, 𝜃 is the arc angle,

is the radius of the arc, �̄�𝑓 is the cord gage length measurement
fter slicing, 𝑓 is the sagitta of the arc, �̄�𝑑𝑒𝑣 is the length of the sagitta
easuring device, and 𝛼 is the coefficient of linear expansion, which is

ssumed to be 10𝑒−6 for steel.

.4. Residual stress measurement results and discussion

Fig. 7 depicts the residual stress measurement results for all cross
ections sorted with ascending order of height (see Table 2). The
esidual stress predictions by Young [11] and ECCS [4] are also super-
mposed in the same figure for comparison purposes. It is observed that
oth top and bottom flange measurements provide fairly similar results
or all cross sections. This is justifiable, given that the measurements
ere conducted in non-straightened members, where symmetry in the

lange residual stresses is expected.
The results highlight that the assumption of parabolic residual stress

istributions in hot-rolled wide flange sections is reasonable. Regardless
f the geometry of the cross section, the web is mostly in compression,
ontrary to the model proposed by Galambos and Ketter [7]. Moreover,
he results suggest that, qualitatively, cross sections with higher cross-
ectional area, 𝐴, develop increased residual stresses in the flanges.
his is consistent with observations by Spoorenberg [30]. The effect
f the cross-sectional area on the residual stresses in the web appears
o be less significant. In this case, residual stresses tend to increase
ith increased ℎ∕𝑏𝑓 . Referring to Figs. 7a and 7b, the ECCS [4] and

he Young [11] models provide unrealistic results for light-weight cross
ections, because they only rely on ℎ∕𝑏𝑓 and 𝐴𝑤∕𝐴𝑓 , respectively.
oreover, according to the same figures, the Young model [11] is more

ccurate on deep cross sections with (𝑏𝑓 𝑡𝑤)∕(𝑑𝑤𝑡𝑓 ) < 0.5.
Fig. 8 shows comparisons of residual stress measurements on sec-

tions with nominally identical geometry but variable material yield
6

strength (see Fig. 8a), manufacturing date and company (see Fig. 8b).
For the former comparison, results of the present study (i.e., 𝑓𝑦,𝑛 =
355 MPa) and Daddi and Mazzolani [32] (i.e., 𝑓𝑦,𝑛 = 235 MPa) are
shown in Fig. 8a for an IPE 200. Referring to Fig. 8a, decreased residual
stresses are highlighted for the material with higher yield strength,
contrary to available residual stress model assumptions (e.g., ECCS [4]).
Comparisons of the IPE 360 section of the present study and the one
by Spoorenberg [30], suggest the opposite. These results demonstrate
that the material yield strength may not necessarily affect residual
stresses [30].

Referring to Fig. 8b, the HEA 160 measurements of the present
study are compared with those of the equivalent W6 × 20 US section
from Dibley [22]. Although residual stresses in the flange do not
substantially vary, this does not hold true for the web. This may be
attributable to the manufacturing process of different manufacturers or
the different quality control of steel production in the 1970s and the
2020s. The findings of Fig. 8 suggest that a new residual stress model
is imperative.

5. Proposed residual stress model for hot-rolled wide flange steel
members

5.1. Methodology

The residual stress model development is based on a constrained
least square method that is applied to the collected residual stress data.
The residual stress observation least squares are minimized to a model
that is assumed to follow a parabolic curve [11,12]. The problem can be
formulated as a quadratic program [58], according to Eq. (5). Referring
to Eq. (5a), vector x comprises the optimization variables that minimize
the objective function that is defined by matrix P and vector q. A set of
inequality and equality constraints need to be respected, as per Eq. (5b).

minimize 1
2
𝐱T𝐏𝐱 + 𝐪T𝐱 (5a)

ubjected to 𝐆𝐱 ≤ 𝐡 and 𝐀𝐱 = 𝐛 (5b)

The residual stress model of the flange and the web are described in
qs. (6a) and (6b), respectively (see Fig. 1 for the coordinate system).
oefficients 𝑎 and 𝑐 introduced in Eq. (6) describe the residual stresses

n the flange and web centers, respectively. Due to symmetry in the
ross section, both flanges are assumed to develop the same residual
tresses, given in Eq. (6a).

0,𝑓 (𝑥) = 𝑎 + 𝑏(𝑥 − 𝑏𝑓∕2)2 (6a)

0,𝑤(𝑦) = 𝑐 + 𝑑(𝑦 − ℎ∕2)2 (6b)

The sum of squares of the difference between the flange residual
tress observations and the model of Eq. (6a) is given in Eq. (7a). This
quation is rewritten as shown in Eq. (7b). By expanding the quadratic
orm of Eq. (7b), the final form for the residual stresses in the flanges
s given in Eq. (7c). This form conforms with the quadratic program
ormulation, introduced in Eq. (5a). Following the same methodology,
he formulation of the web residual stresses can be derived by account-
ng for the parabolic distribution of Eq. (6b). It should be noted that
n cases where measured residual stresses are reported for both section
langes, the sum of least squares of the quadratic program of Eq. (7)
onsiders both flanges:

1
2

𝑛
∑

𝑖=1
[𝜎0,𝑓 (𝑥𝑖) − 𝜎𝑚𝑒𝑎𝑠

0,𝑓 (𝑥𝑖)]2 =
1
2

𝑛
∑

𝑖=1
[𝑎 + 𝑏(𝑥𝑖 − 𝑏𝑓∕2)2 − 𝜎𝑚𝑒𝑎𝑠

0,𝑓 (𝑥𝑖)]2 (7a)

1
2
‖𝐐ab𝐱ab − 𝜎𝜎𝜎ab‖

2
2, where:

ab =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1 (𝑥1 − 𝑏𝑓∕2)2

1 (𝑥2 − 𝑏𝑓∕2)2

⋮ ⋮
1 (𝑥𝑛 − 𝑏𝑓∕2)2

⎫

⎪

⎪

⎬

⎪

⎪

⎭

, 𝐱ab =

{

𝑎
𝑏

}

, and 𝜎𝜎𝜎ab =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝜎𝑚𝑒𝑎𝑠
0,𝑓 (𝑥1)

𝜎𝑚𝑒𝑎𝑠
0,𝑓 (𝑥2)

⋮
𝜎𝑚𝑒𝑎𝑠
0,𝑓 (𝑥𝑛)

⎫

⎪

⎪

⎬

⎪

⎪

⎭

(7b)
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Fig. 7. Residual stress measurements: (a) IPE 120; (b) HEA 160; (c) IPE 200; (d) IPE 360; and (e) HEM 500.
1
2
𝐱T

ab𝐏ab𝐱ab + 𝐪T
ab𝐱ab, where: 𝐏ab = 𝐐T

ab𝐐ab, and 𝐪ab = −𝐐T
ab𝜎𝜎𝜎ab, (7c)

where 𝜎𝑚𝑒𝑎𝑠0,𝑓 (𝑥𝑖) is the flange residual stress measurement at location 𝑥𝑖,
and 𝑛 is the number of residual stress measurement points in the flange.

The constrained least square problem is subjected to force equi-
librium and continuity constraints within the cross section. The force
equilibrium is satisfied by constraining the sum of forces in the flanges
7

and the web to equal zero, as shown in Eq. (8). It should be noted
that the fillet radii is disregarded from the equilibrium and, therefore,
from the formulation of the residual stress model. With regards to the
continuity, it is imposed that residual stresses in the web-to-flange joint
are continuous. This constraint considers the centerlines of the web and
flange plates, as described in Eq. (9). Given the four coefficients of the
residual stress model (see Eq. (6)) and the two equations that relate

those (see Eqs. (8) and (9)), the development of the residual stress
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Fig. 8. Comparisons of residual stresses in cross sections with variable: (a) material yield strength; and (b) manufacturing practices.
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model relies on coefficients 𝑎 and 𝑐 of Eq. (6).

𝐹𝑓 + 𝐹𝑤 = 2𝑡𝑓 ∫ 𝑏𝑓
0 𝜎0,𝑓 (𝑥) 𝑑𝑥 + 𝑡𝑤 ∫ ℎ−𝑡𝑓

𝑡𝑓
𝜎0,𝑤(𝑦) 𝑑𝑦 = 0 ←←→

2𝑡𝑓 𝑏𝑓 𝑎 + 2𝑡𝑓
𝑏3𝑓
12 𝑏 + 𝑡𝑤(ℎ − 2𝑡𝑓 )𝑐 + 𝑡𝑤

(ℎ−2𝑡𝑓 )3

12 𝑑 = 0
(8)

𝜎0,𝑓 (𝑏𝑓∕2) = 𝜎0,𝑤(ℎ − 𝑡𝑓∕2) ←←→

𝑎 = 𝑐 + 𝑑(ℎ − 𝑡𝑓 )2∕4
(9)

The results of the quadratic program are superimposed in the resid-
ual stress measurements of the present study in Fig. 7. It is observed
that the proposed methodology provides an accurate representation of
the residual stresses in the web and the flanges, regardless of the cross-
sectional geometry. Therefore, the development of the residual stress
model is based on the optimization results of the quadratic program.

5.2. Observed trends of the residual stress model parameters

Previous work has shown the influence of cross-sectional geomet-
ric parameters on residual stresses of hot-rolled wide flange sections.
Among the influential parameters, the following prevail [4,7,11,12,36]
: 𝐴𝑓 , 𝐴𝑤, ℎ, 𝑡𝑓 , 𝑏𝑓 , ℎ∕𝑏𝑓 , 𝐴, 𝐴𝑤∕𝐴𝑓 , (𝑏𝑓∕𝑡𝑓 )∕(𝑑𝑤∕𝑡𝑤). Statistical analysis
on these geometric parameters highlighted that the most influential
parameters on coefficients 𝑎 and 𝑐 of the quadratic program described
in Eq. (6) are ℎ, 𝐴 and ℎ∕𝑏𝑓 for the flange and ℎ∕𝑏𝑓 for the web. These
observations are in line with the discussion of Section 4.4.

Fig. 9 depicts the influence of these geometric parameters on the
quadratic program coefficients 𝑎 and 𝑐 (see Figs. 9a-c and 9d, respec-
tively). The dashed straight lines superimposed in these figures indicate
the statistical trends within the range of applicability of the proposed
model. These figures distinguish between data measurements on cross
sections fabricated with both older and more recent manufacturing
processes to acknowledge the potential improvement of quality control
over time. Since there is lack of measurements between 1992 and 2010
(see Table 1), the data are distinguished in groups of before 1992 and
after 2010. Moreover, an additional dataset of all assembled data of
Table 1 is examined. With regards to the quadratic program coefficient
𝑎, which describes the residual stresses at the flange center, it is quali-
tatively observed that for increased cross-sectional area, 𝐴, and height,
ℎ, residual stresses increase. This is in line with past observations [30]
and may be attributed to the higher rate of cross-sectional differential
cooling once the area of the cross section increases. Moreover, for
increased ℎ∕𝑏𝑓 values, residual stresses in the flanges and the web
increase (see Figs. 9b). Since ℎ∕𝑏𝑓 is almost perfectly collinear with
𝐴𝑤∕𝐴𝑓 , this observation is in line with Young [11], while it opposes to
8

the residual stress model of ECCS [4]. t
To give a quantitative sense on the highlighted statistical trends,
the coefficient of determination, 𝑅2, is calculated for the above inde-
pendent (i.e., predictor) and dependent (i.e., response) variables. With
regards to the ℎ∕𝑏𝑓 parameter, 𝑅2 ranges between 0.3 and 0.4 for
the response variable coefficients 𝑎 and 𝑐 of the quadratic program,
respectively. 𝑅2 increases by up to 10% in the after 2010 subset
compared to the full dataset. Referring to the predictor variables 𝐴 and
ℎ, the coefficient of determination equals 0.5 and 0.7, respectively, for
the after 2010 subset for predicting the response variable coefficient 𝑎.
The 𝑅2 values decrease by nearly half in this case when the full dataset
is considered. Due to lack of scientific evidence to support utilization
of the after 2010 dataset, the proposed residual stress model relies on
all the collected data of Table 1.

5.3. Statistical analysis

The statistical trends discussed in Section 5.2 highlight that multi-
ple linear regression analysis is suitable for the residual stress model
development. Stepwise regression analysis is performed for this pur-
pose [59], which is based on a combination of forward selection and
backward elimination (i.e., bidirectional elimination). The regression
analysis model is based on the most influential geometric character-
istics of a cross section. Other than the significant predictor vari-
ables ℎ, 𝐴 and ℎ∕𝑏𝑓 , the model also includes the variables 𝐴𝑤∕𝐴,
𝑑𝑤∕𝑡𝑤, and 𝑡𝑓 , as shown in Eq. (10). The predictor variables, 𝑋 =
[ℎ, 𝐴, ℎ∕𝑏𝑓 , 𝐴𝑤∕𝐴, 𝑑𝑤∕𝑡𝑤, 𝑡𝑓 ], are normalized (referred to as 𝑋) as
shown in Eq. (11). This normalization is applied so as the predictor
variables are bounded within [-1 1]. In that way, the regression coef-
ficients, 𝛽𝑖, indicate the significance of the predictor variable, 𝑋𝑖, they
orrespond to. The statistical significance of the regression model is not
ffected by this normalization, since the predictor variables are linearly
odified.

= 𝛽0 + 𝛽1 ⋅ ℎ + 𝛽2 ⋅ 𝐴 + 𝛽3 ⋅ ℎ∕𝑏𝑓 + 𝛽4 ⋅ 𝐴𝑤∕𝐴 + 𝛽5 ⋅ 𝑑𝑤∕𝑡𝑤 + 𝛽6 ⋅ 𝑡𝑓 + 𝜖

(10)

𝑋𝑖 = 2 ⋅ 𝑋𝑖−min(𝑋𝑖)
max(𝑋𝑖)−min(𝑋𝑖)

− 1 (11)

Where 𝑦 is the response variable of interest (i.e., coefficients 𝑎 and 𝑐), 𝛽𝑖
are the regression coefficients, 𝜖 is the difference of the measured and
the predicted response (i.e., regression model residual), and min(𝑋𝑖)
and max(𝑋𝑖) are the minimum and maximum values of the predictor
ariable, 𝑋𝑖 over the full dataset of Table 1, respectively.

The correlation matrix is constructed for the predictor variables
f Eq. (10), so as variables with collinearity are not considered in

he regression model. This matrix is not shown due to brevity. The
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Fig. 9. Quadratic program coefficient trends over characteristic cross-sectional geometric properties: (a) Coefficient 𝑎 versus 𝐴; (b) Coefficient 𝑎 versus ℎ∕𝑏𝑓 ; (c) Coefficient 𝑎
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earson’s linear correlation coefficients are calculated for this purpose.
mong the significant predictor variables ℎ, 𝐴 and ℎ∕𝑏𝑓 , variable
is correlated with both 𝐴 and ℎ∕𝑏𝑓 . Therefore, regardless of the

ignificance of ℎ, this variable is eliminated, since the model comprising
oth 𝐴 and ℎ∕𝑏𝑓 is more significant, based on standard F-tests with a
5% confidence level.

Apart from the correlation coefficient checks, the quality of the
ultiple linear regression analysis is assessed based on the Gauss–
arkov theory [59]. The discussion herein is based on the response

ariable coefficient 𝑎. Similar findings hold true for coefficient 𝑐 but
re not presented due to brevity.

Firstly, normality of the residuals should be respected in the re-
ression analysis. This hypothesis is checked according to the Shapiro
nd Wilk test [60]. The 𝑝-value of 0.4 of the normality test confirms
he assumption of the null hypothesis of the residual normality, based
n a 5% significance level. This is visually supported by the quantile–
uantile plot (i.e., QQ plot) illustrated in Fig. 10a. The data follow the
heoretical dashed red straight line of linearity, while skewness in the
ata is not present. From the same figure, no data exceed the 95%
onfidence levels. Therefore, outliers are not part of the dataset utilized
or the regression analysis.

Secondly, the assumption of homogeneity of variances should be
erified. Fig. 10b depicts the raw residuals versus the fitted values.
o evident relation is observed between the residuals and the fitted
alues. The constant variance with respect to the fitted values entails
omogeneity of variances. From the same figure, the mean of residuals
s practically zero, as also confirmed by a statistical t-test with a 95%
onfidence level.

Thirdly, no correlation was observed between the residuals and the
redictor variables. A characteristic example is illustrated in Fig. 10c
or the predictor variable ℎ∕𝑏𝑓 . The constant variance between the
esiduals and the predictor variable implies no correlation among the
esiduals.
9

.4. Proposed residual stress model coefficients

The coefficients 𝑎 and 𝑐 of the proposed residual stress model
re given in Eqs. (12) and (13), respectively. These coefficients in
ombination with the constraints imposed in Eqs. (8) and (9) define
he coefficients of the proposed residual stress model (see Eq. (6)). The
tatistical analysis in combination with the exclusion of variables with
ncreased collinearity highlighted that coefficient 𝑎 of the residual stress
odel is described by ℎ∕𝑏𝑓 and 𝐴, while coefficient 𝑐 by ℎ∕𝑏𝑓 . The

standard deviations of the proposed residual stress model coefficients
are also given in Eqs. (12) and (13). The calculated 𝑅2 are 0.4 and
0.3 for coefficient 𝑎 and 𝑐, respectively. The relatively low 𝑅2 values
re attributed to the significant variability in the way residual stresses
orm in hot-rolled wide flange sections, as elaborated previously. The
-test of the significance of the proposed equations leads to p-values of
𝑒−9 and 1𝑒−6, respectively. Therefore, the proposed regression model is
obust. It should be noted that by utilizing residual stress data measure-
ents conducted after 2010, the above p-values decrease considerably.
ven if there is an indication that the difference in quality control and
abrication practices matters in how residual stress form, the collected
ata are not adequate to justify this. Therefore, the full dataset is
mployed for the model development. The experimental data utilized
or the derivation of Eqs. (12) and (13) are characterized by 1320 mm2

𝐴 ≤ 175 000 mm2 and 0.95 ≤ ℎ∕𝑏𝑓 ≤ 3.0. The bounds of these
ariables serve for denormalizing the predictor variables of Eqs. (12)
nd (13), according to Eq. (11).

= 107 + 51 ⋅ ℎ∕𝑏𝑓 + 20 ⋅ 𝐴, 𝜎𝑎 = 37 MPa (12)

𝑐 = −(142 + 84 ⋅ ℎ∕𝑏𝑓 ), 𝜎𝑐 = 81 MPa (13)

To explore the potential influence of 𝑓𝑦 on the residual stresses,
he statistical analyses described herein were repeated for the resid-
al stress data of Table 1. For this purpose, the measured residual
tress data were normalized with respect to 𝑓𝑦, similarly to the ECCS

model [4]. The results showed that the statistical significance of this
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Fig. 10. Regression analysis residuals of coefficient 𝑎 of the residual stress model: (a)
regression analysis quantile–quantile plot; (b) regression analysis residuals versus fitted
values; and (c) regression analysis residuals versus ℎ∕𝑏𝑓 .

residual stress model is significantly lower compared to the proposed
one that disregards 𝑓𝑦, similarly to Young [11]. This confirms that there
is no pertinent evidence that 𝑓𝑦 influences the built-in residual stresses
in hot-rolled wide flange cross sections.

5.5. Evaluation of the proposed residual stress model

The proposed residual stress model is evaluated based on the k-fold
cross-validation method [61]. Given the limited number of collected
residual stress data, this method is valuable since the full dataset is
utilized as training and test dataset. The dataset is divided into 𝑘 folds
of approximately equal size. All possible combinations of 𝑘−1 folds are
used as training subsets and the remaining fold per combination is used
as test subset. A typical value for this method is 𝑘 = 10, leading to a
training-to-test subset ratio of 90/10 [61]. Based on this method, the
collected residual stress dataset is divided randomly into 10 subsets.
This leads to 10 different residual stress models that are based on the
10
stepwise regression method applied in the training subsets. Therefore,
the model is trained based on 77 data and evaluated based on the
remaining 8 data for each of the 10 combinations of subsets.

The regression model coefficients for all k-fold models are given
in Fig. 11. Interestingly, the coefficients are insensitive to the k-fold
models and they match those of the full-dataset model. Similar findings
hold true for the standard deviations, 𝑅2 and the p-values of the
proposed full-dataset and all k-fold models.

Fig. 12 shows the L1-norms for the difference between the measured
residual stresses and characteristic residual stress models (see Eq. (1))
for the test subset of a randomly selected k-fold model (i.e., k-fold
model 9). The L1-norms are normalized to the maximum L1-norm value
of available residual stress models (i.e., [4,7,11,12,36]). It is observed
that the k-fold model provides practically the same accuracy with the
proposed model, both for the flange and the web residual stresses (see
Fig. 12a and Fig. 12b, respectively). This suggests that the proposed
residual stress model is not biased towards the selected dataset. With
regards to the flange residual stresses, the Young [11] and the ECCS [4]
models provide similar accuracy. For nearly all test subset data of
the 9th k-fold model, the proposed residual stress model reduces the
error in the flanges by a factor of at least two, compared to available
models in literature. This is particularly important, because the buck-
ling resistance of a steel member is mainly provided by the flanges of
its cross section [38]. Regarding the web residual stresses, the ECCS
model [4] provides similar accuracy with the proposed model for the
selected test subset. The accuracy of the proposed model in predicting
residual stresses in hot-rolled wide flange sections is, characteristically,
illustrated in Fig. 7.

Fig. 13 shows the normalized L1-norms for the difference between
the measured and characteristic residual stress models for the full
dataset. The test data are sorted with ascending order of cross-sectional
aspect ratio, ℎ∕𝑏𝑓 . The quadratic program normalized L1-norms are
also superimposed in the same figure for reference. It is observed
that the normalized L1-norms for the difference between the measured
residual stresses and the quadratic program optimized distributions is
not infinitesimal. This is attributed to the fact that residual stresses
may not always follow a parabolic distribution, either because of
the measuring accuracy or because of the nature of their formation
(e.g., see Fig. 7c). To give a quantitative sense in that error, the mean
of the calculated L1-norms over the full database equals 0.1 and 0.05
for the flange and the web, respectively. Therefore, a source of error
attributable to this aspect is expected in the proposed residual stress
model that is based on the quadratic program.

Referring to Fig. 13, the proposed model for the flanges and the
web leads to similar accuracy with the quadratic program for most
of the experimental data, regardless of ℎ∕𝑏𝑓 . The Young model [11]
error reduces with increasing ℎ∕𝑏𝑓 , while the ECCS model [4] is not
accurate for ℎ∕𝑏𝑓 values that are close to the database bounds. To
quantify the residual stress model errors, Fig. 14 shows the histogram
of the calculated L1-norms for the proposed and the ECCS [4] residual
stress models. Superimposed are the probability density functions of
log-normal distributions that are fitted to the histogram. With regards
to the residual stress distributions in the flange (see Fig. 14a), the mean
of the log-normal distribution of the proposed model equals 0.14 and
the one of the ECCS model [4] equals 0.23. Similar observations hold
true for the web (see Fig. 14b). Therefore, the proposed model reduces
by nearly 60% the error in predicting residual stresses in the flange and
the web compared to the widely used ECCS [4] model. Moreover, the
proposed model reduces by two times the variance of the error for the
web and four times for the flanges.

6. Summary and conclusions

This paper proposes a new residual stress model for wide flange
hot-rolled steel cross sections. To achieve this, a residual stress mea-
surement dataset is first collected and supplemented by additional
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Fig. 11. Regression analysis coefficients for the predictor variables of the residual stress model coefficients 𝑎 and 𝑐 for all regression models of the k-fold method.

Fig. 12. Normalized L1-norms for the proposed, the 9th k-fold, the Young [11] and the ECCS [4] residual stress models for the test data of the 9th k-fold model: (a) flange; and
(b) web distribution.

Fig. 13. Normalized L1-norms for the proposed, the quadratic program, the Young [11] and the ECCS [4] residual stress models for the full dataset: (a) flange; and (b) web
distribution.
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Fig. 14. Distribution of the normalized L1-norms for the proposed and the ECCS [4] residual stress models for the full dataset: (a) flange; and (b) web distribution.
measurements for geometries where data are lacking in. The assembled
dataset, which is made publicly available (https://resslab-hub.epfl.ch/)
includes 85 data on members fabricated between 1950 and 2021 and
comprises variable cross-sectional geometries and material properties.
A constrained optimization problem is formulated to best describe the
residual stress measurements for the flanges and the web. The optimiza-
tion problem is based on minimizing the least squares of differences
between the assumed parabolic distributions and the measurements.
Constraints for force equilibrium and continuity in the residual stresses
of the web and the flanges are applied to the optimization problem. A
residual stress model is then developed based on the assembled data
and statistical analyses on the residual stress distributions developed
by the optimization method. The proposed model is evaluated based
on the collected dataset and is compared with available models in the
literature. The primary findings of the present study are summarized as
follows:

• Statistical analyses on the collected data revealed that there is
no pertinent evidence that the material yield strength, 𝑓𝑦, affects
the residual stresses in hot-rolled wide flange steel cross sections
conditioned that the residual stresses do not exceed 𝑓𝑦.

• The residual stress model by Galambos and Ketter [7], is not valid
for stocky sections where the web is primarily in compression
and residual stresses follow a parabolic distribution. On the other
hand, the Young model [11] provides reasonable predictions for
sections with (𝑏𝑓 𝑡𝑤)∕(𝑑𝑤𝑡𝑓 ) < 0.5 that are usually utilized for
steel beams in building applications. The models by Bradford and
Trahair [36] and ECCS [4], are not generally representative of
residual stresses in steel cross sections, since they rely on 𝑓𝑦 and
not on geometric features of the cross section. The Szalai and
Papp model [12] leads to erroneous residual stress distributions
in the web for stocky sections, because it assumes that the Wagner
coefficient is equal to zero.

• Among the available residual stress models in the literature, the
residual stress model by Young [11] describes best the residual
stresses in hot-rolled wide flange cross sections with ℎ∕𝑏𝑓 > 1.5.
For cross sections with ℎ∕𝑏𝑓 ≤ 1.5, there is no consensus in which
model is more representative.

• The peak tensile residual stress in the cross-sectional flanges is
justified with high statistical significance by the cross-sectional
area, 𝐴, and height-to-width ratio, ℎ∕𝑏𝑓 . The peak compressive
residual stress in the cross-sectional web is best described by
ℎ∕𝑏𝑓 . The associated coefficients of determination of the de-
veloped multiple linear regression models are 0.4 and 0.3, re-
spectively. Although these statistical parameters are almost dou-
ble when the developed residual stress model considers data
of members fabricated with modern fabrication techniques and
quality control, there is not scientific basis to justify a model that
12

considers only this subset.
• The proposed residual stress model for hot-rolled wide flange steel
members leads to similar accuracy with optimally fitted parabolic
distributions to residual stress measurements from the flanges and
the web of hot-rolled cross sections. Compared to the ECCS model,
the proposed residual stress model reduces the error in predicting
residual stresses in the flanges and the web by nearly 70%. Other
than the mean of error, the variance of error is also decreased by
a factor of four and two for the flanges and the web, respectively.
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