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1. ABSTRACT

Cold bending is one of the most commonly used nutHor bending straight members

and creating arches using hot rolled wide flangeti@es. This process induces plastic
deformations along the length of the member soitlatn develop the required curvature.

Thus, a different residual stress distributionngdduced than the well-known residual

stress pattern due to hot rolling. The influenceesidual stresses due to hot rolling on the
resistance of wide flange steel sections has baghed extensively, showing that they

may have non negligible influence on the respohsrited studies have been performed

using the residual stress pattern due to cold rrbiding. Based on this residual stress
pattern a detailed study is carried out to invedégts influence on the section resistance,
focusing on their elasto-plastic behavior.

2. INTRODUCTION

Roller bending is nowadays the most common and exent way to produce curved
members. These curved members are most commonlg mwiladot rolled wide flange
sections and are used in various structural agmita such as arched roofs, atriums and
bridges. Due to the manufacturing process, hoedoWide flange sections are not stress
free. They initially have an internally self-eqbiiated stress distribution, the so called



residual stress distribution [1]. Extensive studi@se been carried out so far using this
residual stress distribution showing that theituence on the resistance of such members
is not negligible. This is reflected by the inclusiof buckling curves and residual stress
models in construction standards such as Eurocodi#o®ever, after such a member is
curved to its desired shape, this residual straienm due to hot rolling is removed and a
new residual stress pattern is now induced in do#ians of the curved member. In order
to evaluate the elasto-plastic behavior of suchi@ecan in-depth study of the influence of
this residual stress pattern is carried out, foilmyvthe methodology proposed by
Sophianopoulos et al. [2] for their study on thdiynaduced residual stresses.

2.1. ROLLER BENT SECTIONS
2.1.1 ROLLER BENDING PROCESS

Roller bending, or cold bending as it is calledamsiterative process. A straight member
passes through three rollers (Fig. 1). Plastic meftions are induced in the part of the
member between the two outer rollers. As the mensbaslled all over its length, plastic
deformations are induced along the length of thenber so that it gradually becomes an
arch. In each subsequent pass, the middle rolleemweertically towards the other two, in
order to increase the curvature. Because wide dlasgtions are prone to local buckling,
there are limitations on the maximum curvaturertteenber can assume with this process.
In order to prevent local buckling, two smallerlecd are sometimes used on the tension
flange, so that they prevent it from transversedben known as “Brazier effect” or
“ovalization”[3]. A detailed description of the tet bending process has been presented by
Bjorhovde [4]. The elongated and shortened flarayesdenoted in this paper as top and
bottom flange, respectively (Fig. 1).
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Fig. 1: Roller bending process.
212 RESIDUAL STRESSES

The residual stress distribution due to cold bemdias been theoretically proposed by
Timoshenko [5] using a bi-linear material law. et analytical and experimental
investigation of the residual stresses in varidwgpss other than wide flange sections have
been performed in various studies, [6], [7], [8edArding the residual stresses in wide
flange sections, the experimental data are limi®gborenberg et al. [9] have recently
carried out an experimental program which focusedh® residual stresses due to cold
bending on wide flange sections. Using the seat@method for their measurements, they
validated their method by comparing measurementsresfdual stresses in straight
members with the theoretical thermal stresses @&miloduced the same method for
members after curving. Moreover, they compared ttesults with detailed finite element
simulations of the roller bending process [10] Bpleitly modeling the whole process. In



their models they included full interaction betwettie machine parts, i.e. rollers, and
workpiece, i.e. steel section. Based on these, fliegosed a residual stress model for
roller bending wide flange sections [11]. This mladegenerally applicable within a range
of bending radii ofl0< R /h< 4(and is linearly related to the magnitude of theioal
yield stress for S235 and S355 steel sectionshithnrhodel the residual stress gradients
over the web thickness and the flange thicknessgm@red. For the top flange, a linear
stress gradient of 0,20fensile stress at the flange tips to -O,2@fmpressive stress at the
flange center is proposed. For the bottom flanbelmear stress pattern is suggested, with
a compressive stress of 0,3%# the flange tips and a maximum of 0,78f the flange
center. For the web two triangular stress blocles sarggested, namely a tensile and a
compressive stress block with the peaks of thedles at distances of 0,2band 0,75k
respectively from the web-to-flange junction of thap flange. Based on equilibrium
conditions the value of the peaks for the tendress block is:
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Fig. 2: Proposed residual stress model for roller bent I-sections by Spoorenberg et al.[11].
2.1.3 INFLUENCE ON RESISTANCE

Studies on the influence of residual stresses kérrbent steel arches which have been
performed by various researchers [12], [13], weaselnl on a residual stress pattern of
straight members. However, recent studies [9],,[[Xl] showed that this is not the actual
residual stress distribution of such members. As da the actual residual stress pattern
are few and quite recent, there is still a lackstofdies on their influence on section and
member resistance.

3. ELASTOPLASTIC BEHAVIOR OF ROLLER BENT WIDE FLANGE
SECTIONS

The residual stress distribution proposed by Spumey et al. [11] is well defined and is
currently the most realistic residual stress mddelroller bent wide flange sections.
According to this model (Fig. 2) there is a non-gyatrical stress distribution through the



height of the section with significant magnitudetba bottom flange and around the peaks
of the triangles on the web. The residual stresgnimade in the flanges depends on the
yield stress (f Residual stress magnitude in the web depends @aisthe geometric
properties of the section. As this stress modginged to circular arches curved about the
strong axis, the study focuses on this case orig. ré€sidual stress pattern of Spoorenberg
et al. [11] is used as an initial stress state idlewllange sections in order to investigate
their elasto-plastic behavior. Based on the metlogyoof Sophianopoulos et al. [2] an in-
depth study of the influence of the residual seess conducted. The study is decomposed
into two parts: first the determination of the @élaslomain and then that of the plastic
domain. The material is assumed to be elastic-pgyfplastic, neglecting hardening. The
plus (+) sign denotes tensile axial forces and nmasthat tend to open the arch , while the
opposite holds for the negative sign (-).

3.1. DETERMINATION OF THE ELASTIC DOMAIN

The normal stress at any position over the hei@lth® section should always be less or
equal to the yield stress, ffor any combination of normal force N and bendmgment
My, including the residual stresses (Fig. 2). Thiplies that for various combinations of
these loads, the stress in the section will fiesich the value of in one of the peaks of the
residual stress model. Which peak will first redble yield stress,fdepends on the
magnitude and direction of normal force and momehée general expression is:

%+N:Nz+crssfy (3)

z is the distance from the neutral axis (N.A.) lné section, and is the residual stress
depending on the position over the height of thaise. By satisfying expression (3) at
every position over the height of the section,dlzstic domain is defined.

3.2. DETERMINATION OF THE PLASTIC DOMAIN

For the plastic domain, it is supposed that therakpart of the section undertakes the
normal forces and the external parts the bendinghembs, in order to maximize the
section’s capacity. The limit between these partdenoted asyyand it is evaluated from
the magnitude of normal forces and the geometbalracteristics of the section. The
normal force in the section is:

N =2t,y,f, - .[crsdz (4)
S
whereS= y,t, .The corresponding moment is:
My =M,-M, - [czdF (5)
F

where F=A-y,t,, Mp is the total plastic moment resistance of theisea@nd M, is

the moment within the range of,yin other words the part of the section which utedess
the normal forces. Repeating the calculations shalwve for all values ofyy namely
from zero to the whole height of the section, idahg the residual stresses, the plastic
domain of the section can be defined. The valueseobending moment and normal forces
are normalized with the total plastic capacity leé section and the total axial capacity of
the section.



3.3. PARAMETRIC STUDY

Based on the residual stress model of Spoorenberd. §11] and on the proposed
methodology for obtaining the elastic and plasbndin, a parametric study is carried out.
The yield stress has no influence on the elaststipldbehavior of the section, as it is
linearly related to the residual stress model. e bther hand, the geometric
characteristics of the section influence the resurhis is reflected in expressions (1) and
(2) for the residual stresses on the web. By chmntjie geometric characteristics of the
section and specifically the non-dimensional patamét/hot, the magnitude of the
residual stresses on the web changes, whereasréhnegin constant on the flanges,
independent from any geometric characteristicss Trhplies that the influence of residual
stresses is different for different sections. Tlghér this non-dimensional parameter is,
the higher the residual stresses will result tmbahe web. Consequently their influence
on the limits of both the elastic and plastic damdepends on this non-dimensional
parameter.

Since the residual stress model used in this papespecially developed for wide flange
sections, the study is focused on the most comraciioss of the European steel industry,
IPE, HEA, HEB. Among these sections this non-dinmmd parameter varies
considerably. In IPE sections this parameter isllemasarying from 0.5595 (IPE600) to
0.8415 (IPE80). For HEA/HEB sections this parameserin general, larger, varying
between 0.5877(HEA1000) and 1.8763 (HEB260).

Using the procedure described in sections 3.1 addir®eraction diagrams are developed
for both the determination of the elastic and thestic domain for the cases that this
parameter obtains maximum and minimum values. Fig. 3 to 6 represent the interaction
diagrams for the above sections.
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Fig. 3: Interaction diagrams for IPE600.  Fig. 4: Interaction diagrams for IPE8O.
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Fig. 5: Interaction diagrams for HE1000A.  Fig. 6: Interaction diagrams for HE260B.
4. DISCUSSION AND CONCLUSIONS
4.1. RESIDUAL STRESSMODEL

The proposed residual stress model by Spoorentieaty[£1] is currently the only one
developed specifically for roller bent wide flangections. Even though it is based on
detailed experimental and state-of-the-art compartat study, it should be verified by
further investigation. It is independent of theiwsdof curvature of the bent member. It is
linearly related to the yield stress of the matel&v, which is consistent with the
theoretical model of Timoshenko [5]. However, thagmitude and variation of stresses
between the two models are different, especiallyhenflanges. This might result from the
fact that the theoretical model [5] assumes a dimmaterial law without strain hardening.
while strain hardening is included in the experitaéi®] and computational [10] study of
Spoorenberg et al. Additionally, the theoreticald®eloassumes no stress variation over the
width of the flanges, which may not be realisti@anSidering the fact that during bending
the section undergoes large strains, the assumibtadrplane sections remain plane might
not be valid. Also, the interaction of the rolleva the roller bending machine and the
member might also alter the theoretical residuasst model. Further analytical study is
required in order to better study these effects.

4.2. ELASTO-PLASTIC BEHAVIOR OF ROLLER BENT SECTIONS

The residual stresses affect both the elastic dastip domain of roller bent wide flange
sections. Since the residual stress model usedigrstudy is not symmetric, its influence
depends on the type of loading (positive or negathoments and tensile or compressive
normal forces). The elastic domain in curved sestis significantly reduced due to the
presence of residual stresses. The plastic donmaihis affected a lot less, but in some
cases it is reduced by approximately 10%, so thaadditional safety margin of this
magnitude seems reasonable for such sections. ®hesmooth limits of the plastic
domain at some locations on the interaction diagaeendue to the different residual stress
variation on the web and the flanges of the secfldne influence of the residual stresses
increase with the increase of the non-dimensioaedmpeter hthot,, which determines the
residual stresses on the web. In general HEA/HERi@m®s are affected more by the
presence of residual stresses than IPE sectionsg $his parameter is higher in such
section types. It is pointed out that such curvesiioers are also prone to stability issues,



which are also affected by the residual stressiligton. This effect is investigated in an
on-going study.
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INEPIAHYH

H pébodog g ev yoyxpd xapumdrlmong eivar orjuepa n o cvvniiopévn dadtkacio yio v
Topay@yn To£otdv pHeA®V amd svbvypappa HEAN pe T xpnon Tpoturev dutopdv. Katd
1 OOIKGI0 TG KAUTOAMGNG 01 STOUEG TOV HEAOVG TAAGTIKOTOLOUVTAL GE OAO TOVG TO
UAKOG, MOTE OVTO VO ATTOKTNHGEL TNV EMOLUNTH AKTIVOL KAUTOAOTNTOS. ATOTEAEGLLO QVTHG
g Odkaciog eivar va avoipsitor 1 émowo TPOHTAPYOVGA KATOVOUTY TAPUUEVOVCHV
TACE®V Kol Vo, TPoKOTTEL pia véa. H emppon tov mopapevous®v tdoemv Adym g &v
Oepud Ehaong €xet e€etaotel EKTETAUEVO KOl TPOKVTTEL OTL GE OPKETEC TEPMTMOGELS QLT
wpénel va. Aapfavetor veoyn. Avtifeta 1 dlepedvnomn TG EMPPONG TOV TUPUUEVOVCHV
TAGE®V GE JTOUEG LEADV TTOV £Y0VV KAUTVAMOEL eV Yuypd elvar TePLOPICUEVT]. ZE QLT
mv epyocio e£etdleTon M EMPPON TOL £XEL ALTN 1) KOTOVOUT TAPUUEVOVCHV TAGEDV CE
dwtopég dmAov tav. [lpoxvmtel TOAD €viovn emppon 610 Oplo EMUGTIKNG GUUTEPLPOPAL,
Kol o1oOntd piKkpoTepn, oAMd O KOMOlEG TEPUTTMOOELS Oyl OUEANTEQ, EMPPON OTNV
TAOGTIKY OVTIGTOGT TNG OLULTOUNG.



