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1. ABSTRACT

Local and member instability modes in structural steel members are influenced by initial
geometric imperfections and residual stresses among other parameters. The robustness of
stability-related design provisions and finite element modeling procedures of steel
members relies on the accuracy of the accounted residual stresses. Numerous residual
stress models exist in literature. However, they are based on experimental work that dates
to early 1950s. In this paper, the validity of available residual stress models is assessed
based on a dataset of physical residual stress measurements of more than 80 wide flange
cross sections. This dataset was complemented with measurements on five additional wide
flange cross sections. Collectively, it is found that the accuracy of available residual stress
models, such as the commonly used ECCS model, is not sufficient in most cases. For this
reason, we propose a residual stress model that was derived based on a constrained
optimization problem between the experimental observations and an assumed quadratic
residual stress distribution. The mean error between the proposed model and all
observations reduces by 70% compared to available models in the literature. Moreover, the
corresponding variance reduces by up to four times.



2.  INTRODUCTION

Residual stresses form during the manufacturing process of structural steel members. In
hot-rolled wide flange members, which constitute the primary focus of this paper, residual
stresses are formed after the rolling process due to uneven differential cooling within the
web and flange plates [1]. Referring to Fig. 1a, the more exposed regions of web centre and
flange edge tend to cool down faster than the late cooling region of the flange-to-web
intersection. Therefore, the early cooling regions develop an increased Young’s modulus
compared to the late cooling ones. This results in tensile stresses in the latter region that is
restrained from contraction by the former one. To satisfy equilibrium within the cross
section, the web centre and the flange edges are subjected to compression. The distribution
that best describes the evolution of residual stresses within the section is parabolic [2].

The presence of residual stresses in structural steel members may lead to premature
yielding and instabilities and it may accelerate corrossion and fatigue [3]. The effect of
residual stresses in reducing the axial and the lateral load resistance of steel members was
first identified in 1950s at Lehigh University from experiements of steel columns [4], [5]
and was later extensively validated [6]-[8]. These studies showed that residual stresses
strongly affect the buckling resistance of steel members subjected to increased axial loads
and intermediate normalised slenderness [9]. This is highlighted in Fig. 1b that illustrates
the axial or moment capacity reduction factor of a membrer with respect to its normalised
slenderness with and without residual stresses.
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Fig. 1 (a) Formation of residual stresses in hot-rolled wide flange sections, and (b) member strength
reduction factor versus normalised member slenderness with and without residual stresses

The parameters that mostly influence the formation of residual stresses in hot-rolled wide
flange steel members are the cross-sectional geometry, the rolling and cooling process and
the potential cold-straightening [4], [10], [11]. However, there is no consensus in literature
regarding the effect of the material yield stress on the residual stresses [2], [4], [11].
Regardless of the increased uncertainty in predicting residual stresses in hot-rolled wide
flange steel members [12], residual stress models exist in literature. For instance, Szalai
and Papp [13] and Bradford and Trahair [14] relied on the (a) flange area, Ay, (b) the web
area, Ay, (c) the height, h, (d) the flange thickness, ty, (¢) the flange width, b, and (f) the
material yield stress, f,,, in their proposed models. Contrary to Young’s model [2],
Galambos and Ketter [4] and the European Convention for Constructional Steelwork
(ECCS) [15] developed a model that relies on f,,. The Young’s model [2] acknowledged
the strong dependence of the magnitude of residual stresses with 4,,/A;. However, this



model was calibrated to limited measurements on wide flange sections with weight, W,
between 19 kg/m and 280 kg/m. It is understood that the development of a new model to
predict residual stresses in hot-rolled wide flange steel members is timely.

To this end, this paper proposes a new residual stress model for non-straightened hot-rolled
wide flange steel members. The model development is informed by a residual stress
measurement dataset that was supplemented with five additional measurements conducted
as part of this study. The developed model relies on thorough statistical analysis and a
formulated constraint optimisation problem.

3.  EXPERIMENTAL DATA AND ADDITIONAL MEASUREMENTS ON
RESIDUAL STRESSES OF HOT-ROLLED WIDE FLANGE MEMBERS

A residual stress dataset is developed comprising nearly 80 measurements based on
research conducted on steel grades fabricated in the US, the UK, Canada, Europe between
1958 and 2021 [2], [7], [8], [10], [16]-[29]. According to Fig. 2, the web and flange local
slenderness of available data range from 3 to 54 and from 1.3 to 9.4, respectively.
Moreover, the flange thickness ranges from 5.7 mm to 130 mm and the cross-sectional
aspect ratio, h/by, ranges between 1.0 and 3.0. Most of the cross sections are classified as
Class 1 and 2 according to CEN [30].

60
{>  European profiles
50t O  Auvailable data
% Present study
40 1
-
=307 -
S
20t (o) .
10 | h
0 1
0 9 12 ,

Fig. 2 Available residual stress data with respect to d,, /t,, and by [ 2t;

To supplement the assembled dataset, five additional measurements are conducted in an
IPE 120, HEA 160, IPE 200, IPE 360, and HEM 500 European profiles made of S355-J2
(i.e., f, = 355 MPa). Basic geometric and material characteristics of the steel sections
under examination are shown in Table 1. These profiles are selected (a) to expand the
assembled dataset in terms of cross-sectional geometric characteristics (IPE 120 and HEM
500), (b) to investigate the effect of regional differences on residual stresses (HEA 160
compared to the equivalent W6x20 US profile by [8]), and (c¢) to investigate the effect of
steel grade on residual stresses (IPE 200 and IPE 360 compared to measurements on
nominally identical profiles and lower yield stress by [16], [23]). While the former aspect
is discussed in this paper due to brevity, details on the remaining ones are found in
Skiadopoulos et al. [31], [32].



Profile A [mm?] h/bg ty [mm] b/2t; d,/t, fy[MPa]

IPE 120 1320 1.88 6.3 3.49 20.9 355
HEA 160 3880 0.95 9.0 6.89 17.3 355
IPE 200 2850 2.00 8.5 4.12 28.2 355
IPE 360 7270 2.12 12.7 4.96 37.3 355
HEM 500 34400 1.71 40.0 2.88 18.6 355

Table 1 Characteristic geometric and material properties of the examined steel members

The measurements are conducted according to the sectioning method [33], which has been
extensively used in the literature. In brief, this method relies on the uniaxial relaxation of
stresses after slicing the steel member. To achieve this, indentations were marked at each
member slice before slicing at a predefined gauge length of 250 mm. The normalized
difference of the distance between markings before and after slicing equals the uniaxial
residual strains which are, then, translated to residual stresses, according to the Hooke’s
law. Fig. 3 depicts the selected cross sections together with their markings, after slicing.
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Fig. 3 Schematic of the sliced cross sections (in scale)

The residual stress measurements for the IPE 120 and the HEM 500 are highlighted in Fig.
4a and 4b, respectively. It is demonstrated that for the lightest cross section, the ECCS [15]
and Young [2] models are not at all accurate. Lighter sections tend to develop lower
residual stresses [16]. Contrary to that, the ECCS model [15] considers only the material
yield stress as the primary factor affecting residual stresses. Similar observations hold for
the Young’s model [2] that solely relies on Ay, /Af. The distributions in the web and the
flange follow reasonably well the parabolic distribution shape assumed by Young [2]. Both
flanges develop almost matching residual stresses, due to symmetry in the cross section. A
thorough review of all available residual stress models highlights that none of them enjoys
generality in depicting residual stresses in hot-rolled wide flange members.
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Fig. 4 Residual stress measurements and model predictions for the: (a) IPE 120 and the (b) HEM 500

4. RESIDUAL STRESS MODEL FOR NON-STRAIGHTENED HOT-ROLLED
WIDE FLANGE STEEL MEMBERS

A constraint optimisation method is formulated based on the quadratic program expressed
in Eq. (1). The optimisation method minimises the least squares of all available residual
stress measurements [see Eq. (1a)], assuming a parabolic residual stress distribution for the
web and the flanges, by respecting a set of constraints [see Eq. (1b)]. The residual stress
distributions are depicted in Eqs. (2a) and (2b) for the flanges and the web, respectively,
and they consider identical distributions in both flanges (coordinate system as per Fig. 1a).

1
minimise EXTPX + q"x (1a)

subjectedto Ax = b (1b)

Where: vector X comprises the optimization variables, and matrix P and vector q describe
the objective function.

oor(X) =a+b-(x—br/2)° (2a)
oow () =c+d-(y—h/2)? (2b)

The constraints of the optimisation program are shown in Egs. (3a) and (3b). The former
assumes force equilibrium within the cross section, while the latter assumes continuity of
residual stresses in the flange-to-web intersection. Having the two constraint equations and
the four variables of the residual stresses, the proposed model provides a set of equations
for coefficients a and c of Eq. (2). These describe the maximum tensile and compressive
residual stresses in the flange and web centres, respectively. The proposed methodology is
accurate in representing the residual stress distributions, as characteristically shown in Fig.
4. Therefore, the proposed model will rely on the formulated methodology.
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The development of the residual stress model relies on multiple linear regression between
the response variables a and ¢ [Eq. (2)] and predictor variables. Based on prior research



work, the considered predictor variables are X = [h, A, h/bs, Ay /A, d,, [ty tf]. Fig. 5
shows characteristic trends of the response variable a with respect to A, h/by, and A,, /Af
and their corresponding coefficients of determination. To include potential differences in
manufacturing processes, a distinction in the fabrication year in before 1992 and after 2010
is made. Fig. 5a highlights increasing residual stresses in the flanges with respect to
increasing cross-sectional area, which is attributable to the higher rate of differential
cooling once A increases. The cross-sectional area is statistically the most significant
variable (Fig. 5a). Between h/bs (Fig. 5b) and A,,/Af(Fig. 5¢), which are collinear, the
former appears statistically more significant. Therefore, the former is selected for the
residual stress model compared to the latter, which is employed in the Young model [2].
The above observations contradict the assumptions of the ECCS model [15].
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Fig. 5 Coefficient a of the quadratic program versus: (a) cross-sectional area, A, (b) h/bg, and (c) A,, [ Af

Stepwise multiple linear regression analysis is conducted [34], as shown in Eq. 4a based on
a normalisation of the predictor variables to bound them within [-1, 1] for comparability
purposes. The robustness of the conducted analysis relies on: (a) exclusion of collinear
variables, (b) normality of residuals, (c) homogeneity of variances, and (d) no correlation
between predictor variables and regression residuals, according to Gauss-Markov [34].

y:ﬁo+ﬁ1'ﬁ+ﬁzj+ﬁa'h/bf+ﬁ4'Aw/A+ﬁs'dw/tw+ﬁ6'€‘+5 (4a)
7% max(X;) — min (X;) (46)

Where: y is the response variable, 3; are the regression coefficients, € is the regression
residual, and min (X;) and max (X;) are the minimum and maximum values of X;.

The proposed model coefficients a and c are given in Eq. 5. The ranges of the predictor
variables, which serve for de-normalization as per Eq. 4b, are 1320 mm? < A <
175000 mm? and 0.95 < h/by < 3.0. Contrary to the ECCS model [15], statistical
analysis including f,, showed no statistical significance, contrary to the proposed equations

that resulted in statistical p-values lower than 1e 6.

a=107+51-h/bf +20-A4 ,0, =37 MPa (5a)
c = —(142 + 84 - h/by) ,0. = 81 MPa (5b)

The accuracy of the proposed residual stress model is assessed through the compuration of
the L1-norm of the difference between the residual stress measurements and the model



predictions. The L1-norms are normalized to the maximum norm, based on all available
models [2], [4], [13]-[15], [18]. Fig. 6 shows the histograms and their fitted log-normal
distributions of the L1l-norms for the proposed and the ECCS model [15]. It is
demonstrated that the mean of the log-normal distribution of the proposed model is 50%
less than that of the ECCS model [15], while the variance of the proposed model is four
times smaller than that of the ECCS model.
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Fig. 6 Histogram of normalised L1-norm of the difference between flange residual stresses measurement data
and model predictions

S. SUMMARY AND CONCLUSIONS

This paper proposes a residual stress model for hot-rolled wide flange steel members. First,
a dataset of nearly 80 residual stress measurements is assembled and complemented with
five additional measurements by the authors. The model development is based on statistical
analysis and a least square optimization problem that is formulated and provides an
accurate representation of the residual stress measurements. In brief, contrary to the ECCS
model [15], the material yield stress, f,,, is not considered in the proposed model, because
rigorous statistical analysis highlighted no correlation between f,, and the magnitude of
residual stresses. This leads to a 50% lower error in predicting residual stresses utilising the
proposed model, compared to the ECCS one [15]. The peak residual stresses in the center
of the flange of a hot-rolled wide flange steel section are best described by the cross-
sectional area, A, and the height-to-width ratio, h/bs. The latter strongly influences the
peak compressive residual stresses in the web.
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1. NIIEPIAHYH

H evotdfeto ped®dv HETOAMKOV pOpE®V ETNPEALETOL OO TIC APYIKES YEMUETPIKES OTEAELES
Kol amd TG TOPAPEVOLGES TAoELS PEAOLS, petalld dAdwv apapétpov. H aélomotio tov
KOVOVIOTIK®V Olotdéemv 0cov apopd oty euotdbele, oAAd KOl TOV TPOCOUOIDCEDV
TEMEPOCUEVOV  OTOLYEIOV  UETOAMKOV peAdV, eEaptdtal amd v  okpifela TtV
VTOAOYILOUEVOV  TOPOUEVOVCHV TACE®V. A00E01U0 TPOCOUOIDUOTO TOPUUEVOLCHDV
Tace®v Exovv onovpynel pe Paoel TepapaTIKd dESOUEVE TOV TPOYUATOTOONKAV GTIC
apyés g oekaetiog tov 1950. Adym avtov, cvykpicelg pe mepimov 80 Swwbéoya
TEWPAPATIKA dedopéva OV CLAAEEOUE KOl GUUTANPOCOUE HE OIKEG LOG TEIPOLOTIKES
OOKIUEG OE UETOAMKEG OLATOWUES OTTOV OEV VINPYUV SLOOECIIEG LETPNGELS, delyvOUV OTL TO
dwbéoo Evpomaikd mpocopoiopa (ECCS) dev givar axpiféc. Xtnv moapovca epyacio
TPOTEIVOLUE €V VEO TPOGOUOIOMUN TOPAUEVOLCAOV TACE®MV 7oL otnpiletor oe o
pebBodoroyia Bedtiotonoinong g dpopds HeTAE) TV GLUAAEYUEVOV LETPNCEDV KOL TOV
e€lomoemv 0evTépag Taéng mov yapaktpilovv Tig mapapévovoeg toelg. O pécog 6pog
TOV CQAAUOTOC UETAED TOV TPOTEWVOUEVOL TPOGOUOUDUOATOS Kot OA®V TV SoBEGI®V
TEPALOTIKOV HETPNOEOV givan pewwpévos katd 70% oe olOykpion pe Tt0 vRAPYOV
Evpomnawud npocopoiopa. Emmiéov, n avtictoyn dwaocropd peidverot kotd 300%.



