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ABSTRACT

IPE sections are widely employed as beam membeasramge of structural applications,
owing to their structural efficiency when loadedoabtheir major axis. However, their
load carrying capacity decreases with increasiegddrness when no lateral restraint is
provided, due to the occurrence of lateral tordidnackling (LTB). The present paper
investigates the effectiveness of a novel meansnbiincing the structural efficiency of
IPE beams by welding side plates at the flangepgrsallel to the section web at the beam
ends, thereby providing an effective warping restraA comprehensive finite element
study is conducted, which investigates the effédhe welded plates’ geometry on both
the critical buckling moment Mand the ultimate moment Mf the considered beams
over a wide range of IPE cross-sections and beandstnesses. Moreover, a simplified
analytical model is derived, which allows an acteirastimation of the critical buckling
moment M, and thus of the non-dimensional slendernesgor a given cross-section and
side plate geometry. Having established the noredsional slenderness, the ultimate
capacity of the member can be determined followfegprovisions of EN 1993-1-1 [1].

1. INTRODUCTION

Numerous researchers have studied various meashahcing the load carrying capacity
of unrestrained beams with open cross-sections) wie focus lying on enhancing
unrestrained I-beams. In cases of slender beammdyehaviour of which is governed by
lateral torsional buckling, provision of bracing additional restraint at the ends is an
effective method of increasing the elastic critibaickling moment M and hence the



ultimate capacity M whilst more traditional strengthening techniqoéscreasing the in-
plane capacity of a beam by welding plates onldreges are less efficient.

Ojalvo and Chambers [2] proposed the use of béfesérs at the beam ends, facilitated by
welding channel sections with their axis perpendictio the beam axis and their web
parallel to the beam web. These stiffeners proadesffective restraint against warping
and hence increase the elastic critical bucklingnexat M,,. Plum and Svensson [3] further
investigated the use of box stiffeners as warpasgraints and derived a numerical method
to determine the optimal placement of box stiffeneithin a beam length for given load
patterns. Szewczak et al. [4] examined the effeaigs of different configurations of
stiffeners including side plates welded between filaege tips, which are in detail
discussed in the present paper, whilst Murtha-Sgbitfocused on the behaviour of beams
employing cross stiffeners. The influence of camgion details of | beams, including end
plates and notches, on their LTB response wasestuw; Lindner [6, 7]. More recently Liu
and Gannon [8] conducted an experimental study-beams strengthened while under
load with transverse stiffeners, side plates argéaplates.

The present paper investigates the effect of webildel plates (similar to the configuration
studied in [4]) on the LTB response of IPE beamse Plates are welded between the
flange tips at the beam ends in a similar fashioiiné one reported in [8]; the details of the
welding procedure and the required weld throatktieéss are not considered herein. The
plates are placed symmetrically at the beam ends thieir height being equal to the
distance between the flanges, whereas their agpéiot and thickness is varied, and
provide an effective warping restraint, therebyréasing both the elastic critical buckling
moment M, and the ultimate moment MThe effect of the plate geometry is investigated
over a wide range of IPE sections and beam lengthsneans of geometrically and
materially nonlinear finite element analysis, asail#ed in the following Section.

2.NUMERICAL ANALYSIS

An extensive numerical study by means of the génmugpose finite element analysis
software ABAQUS [9] has been carried out to asskeseffectiveness of the proposed
strengthening technique for IPE beams susceptiblelB. Twelve IPE sections (IPE 200
up to IPE 600) with four different lengths per geection (10h, 15h, 20h, 30h) have been
modelled, thus encompassing a wide range of nommsional slendernesseas; (0,73-
2,13) commonly encountered in practice. All beaneseasimulated as simply supported
under constant bending moment with fork supports (ixed torsion, free warping and
rotation about the minor axis) at the ends. Forheaf the totally forty-eight beams
considered, nine side plate geometries were imyadsil. In all cases the considered
configuration consisted of four identical side p&tplaced symmetrically with respect to
the beam web and the beam midspan (two side pt&tebeam end, one on each side of
the cross-section). The aspect ratio of the sideeplc was set equal to either 0,5, 1 or 1,5,
whilst the plate thickness t was a fixed fractidrthe considered sections web thicknegs t
(1/1,5/2).

The models were discretized with the reduced iatgmn 4-noded doubly-curved general-
purpose shell element S4R with finite membranargrg®], which has performed well in
similar studies [10]. Symmetry was exploited tousel computational time and hence half
the beam length was modelled, with suitable boundanditions applied at midspan.



Kinematic coupling was employed to impose identidisplacements between the beam
flange tips and the attached side plates at tlo#itncon nodes. The root radii of the IPE
sections were modelled with the 3-noded Timoshdrgam element B33 [9], which was
endowed with the torsional stiffness and the afetheroot radii and was attached to the
flange-web junction as a stringer. Failure to actdar the root radii in numerical studies
results in significant underpredictions, in ternfsboth stiffness (i.e. critical buckling
moment) and ultimate capacity, due to the highidoed rigidity of the root radii. Lateral
displacements of the end cross-sections were fkaag the web, thereby also preventing
torsion, whereas the vertical displacement of #&enb ends was restrained at mid-height of
the web. The rotation of the stringers (simulatiogt radii) was also restrained at the end
cross-section. The uniform bending moment was ag@pét the end cross-sections by
imposing shell edge pressures along the flangegtendeb, which were consistent with
plastic stress distribution and the resultant ofcWwhwvas a unit moment. It was found
however, that the models were relatively insensitivthe exact way the end moment was
applied, with similar results being obtained evdrewthe bending moment was applied as
a pair of equal and opposite forces at the flangb-junctions.

The material model (elastic-perfectly plastic-straardening) utilised by Taras and
Greiner [11] to simulate steel grade S235 was amtbiot the present study and was applied
in the true stress-logarithmic plastic strain fotmdowever in the vast majority of the
performed simulations, failure occurred within thkastic plateau region and hence an
elastic-perfectly plastic model would give identic@sults. Residual stresses were
incorporated in the present study assuming thdisgehdistribution proposed in [11] and
[12] and were applied as stress blocks having astaoh value within each element;
therefore a fine discretisation at cross-sectiteal was employed, with sixteen elements
along the flange width and the web height of eadsssection. The adopted material
model and the applied residual stress distributoa depicted in Fig. 1. No residual
stresses were imposed on the side plates, sin@l foonsidered cases both the side plates
and the end parts of the beam to which the sidieplaere attached remained elastic at
failure with stresses much lower than the yielésdr high inelastic stresses occurred at the
mid-part of the beam. Moreover, as demonstrated[8h where residual stress
measurements of beams with welded side platesepmted, the welding residual stresses
have a beneficial effect on the residuals strestibution of the extreme parts of the
beams, with tensile residual stresses occurritigeatiange tips.
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Fig. 1: Adopted material model and idealized residual stress distribution



A linear eigenvalue buckling analysis was initiakkpnducted to extract the lowest
buckling mode shape for each model, which in aflesacorresponded to lateral torsional
buckling. This was thereafter introduced as thenggadc imperfection pattern in the
subsequently performed geometrically and materiadig-linear analyses. The amplitude
of the geometric imperfection was set equal to QLEL being the beam length) in
accordance with similar studies [11, 12]. The noedr analyses employed the modified
Riks method [9], which enabled tracing the posimdte response of the modelled beams.
For each beam cross-section and length considexedsimulations were performed; the
beam was initially simulated without any side psate order to verify the validity of the
generated numerical model and subsequently nirerelift side plate geometries (three
aspect ratio variations and three thickness vana)i were considered. The numerically
obtained elastic critical buckling moment,Mor the beams without side plates was on
average 98% of the theoretical critical bucklingmamt M., with a coefficient of variation
equal to 1%. The theoretical elastic critical bugkimoment M; is given by Eqg. (1) [13,
14] for a beam subjected to uniform bending momwhere k and k, are effective length
factors for the lateral buckling mode and the tmwai buckling mode respectively, L is the
actual beam length and the remaining symbols Haaie isual meaning.

T 7°El (1)
M_ = —JEL, |Gl + —x
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Typical buckling mode shapes are depicted in Rigand 3 for a beam with and without
side plates respectively. The ultimate moment abtiifrom the non-linear analyses for
the beams without side plates is in good agreemvéhtthe predictions of EN 1993-1-1
[1], as shown in Table 1. The numerical resultspaesented in the following section.

Fig. 2: Lowest buckling mode shape for Fig. 3: Lowest buckling mode shape for IPE 300
IPE 300 (L=3000mm) (L=3000mm) with 300X300X7,1 side plates
Mp,rd, Ec4 Mb,Rrd, ABAQUS General case Special case
MEAN 0,95 1,05
Cov 0,04 0,02

Table 1: Numerical vs codified ultimate moment predictions



3. RESULTS AND DISCUSSION

Having demonstrated the validity of the generat&d rkodels, the obtained numerical
results are utilized to assess the effectivenesiseoproposed strengthening method and to
derive a simplified analytical method to predice teffect of welded side plates on the
ultimate capacity of IPE beams subjected to unifdremding moment. More general
loading cases (i.e. different bending moment diamgrand off-shear centre loading) can be
treated by means of suitable modification factmalable in the literature [13, 14]. In Fig.
4 the numerically obtained critical buckling moméfy; of a beam with side plates with a
thickness equal to the web thickness,{f# normalized by the respective moment of the
non-strengthened beam¢) and plotted against the non-dimensional slendsroéshe
beam without side plates, whilst Fig. 5 depictseffectiveness of the side plates in terms
of the numerically obtained ultimate capacity.
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Fig.4: Normalized critical buckling moment for various plate aspect ratios c and t=t,,
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Fig.5: Normalized moment capacity for various plate aspect ratios ¢ and t=t,,



In all performed simulations, the side plates reredielastic at failure with large inelastic
strains occurring at the flange tips towards thetre¢ part of the beams. Hence it is
reasonable to assume that the welded side plategdpran elastic warping restraint, the
effect of which on the elastic critical buckling ment M, can be taken into account by
means of the effective length factaqy, kcorresponding to the torsional buckling mode, in
Eq. (1). The effective length factoy, kkan be estimated from Eq. (2), in accordance with
similar studies [6, 7], wherg,ds the restraint (i.e. warping spring stiffnessjyided by
the side plates to the end parts of the beam.

05

k=1 1+ 2EI, /c,L @)
In order to quantify the effect of the welded splates, the beam is subdivided into three
parts; the two outer parts of the beam containregside plates with a length equal to 2ch
(c being the aspect ratio of the side plates ardehheight of the side plates) and the inner
part with a length equal to L-22¢hThe outer parts of the beam provide an additional
torsional restraint to the inner part due to thae gplates, which reduce the differential
bending of the flanges by (i) enhancing the Saiehadht torsinal rigidity of the outer parts
and (i) connecting the top and the bottom flantieys transferring warping stresses
between the flanges, as shown in Fig. 6. The wgrpinesses of the flanges impose an
equal and opposite rotation of the side plateschvig resisted by the flanges’ flexural
stiffness as schematically depicted in Fig. 7. $tiness ¢, provided by mechanism (i)
is given by Eq. (3), whilst the stiffness due tocmanism (ii) can be quantified on the basis
of the simplified mechanical model depicted in Fig.

Chng (2t°+13) (3)

w,(i) —

5
Fig. 7: Representation of a typical cross-section within an end part with beam elements



In Figs. 6 and 7 a beam end part and a typicalkesestion within an end part is isolated
and studied in order to determine the stiffneggiccontributed by mechanism (ii).
Assuming that the side plates remain rigid withieit plane, their rotation is resisted by
the flanges as shown in Fig. 6, where the idealasetinear displacement profile imposed
on the flange tips is also depicted. The warpirfinsss G, is given by Eq. (4), where h

is the side plate flanges (distance between thegélgl centroids) andsks the flexural
stiffness of the cross-section when subjected ¢oftinces shown in Fig.7, which can be
calculated from first principles, assuming beamawbur.

3
Cuiy = b-(c-h)"h, K, (4)
3

Hence the total torsional stiffness provided by ¢he beam parts is the sum gfcand
Ccw iy and the effective length factoy, ks determined from Eq. (2). The critical buckling
moment M, predicted following the proposed approach is orrage 95% of the
respective FE predictions with a coefficient ofigion equal to 5%. Having obtained the
critical buckling moment M the load-carrying capacity of the beam can berdwted,
following the Eurocode 3 [1] approach. The ultimatement M, rq is assumed to relate to

the non-dimensional slendernessr , which is readily obtained from the estimated.M

The accuracy of the simplified analytical methodtaount for the effect of the side plates
on the ultimate capacity of the modeled beams @svehin Table 2 for both the general
case and the special case set out in EN1993-1-11$lrjg the buckling curves codified for
each case. Hence the proposed method is readilicaple within the framework of EN
1993-1-1 [1] and provides a rigorous estimationhef effect of welded side plates on both
the critical buckling moment Mand the ultimate moment capacity M of an I-beam.

Mp,rd, Ec4 Mb,Rd, ABAQUS General case Special case
MEAN 0,89 0,98
Cov 0,05 0,04

Table 2: Numerical vs codified ultimate moment predictions for IPE beams employing side plates

4. CONCLUSIONS

A method of enhancing the LTB response of I-beagnsvelding side plates at the beam
ends has been proposed in the present paper aptfetsiveness has been investigated
numerically for 12 cross-sections of the IPE seaad four different lengths for every
cross-section. Nine different side plate geometngege been considered and their effect on
both stiffness and ultimate capacity has been ohéted. The generated FE models have
been described in detail and were shown to be ad ggreement with both the theoretical
critical buckling moment M and the ultimate capacity predictions codifiedEM 1993-1-

1 [1]. The effect of the side plates on the elastitical buckling moment M has been
highlighted and quantified on the basis of a sifrgdi analytical model, which has been
shown to be in good agreement with the FE predisti&inally the ultimate capacityd¥q

is derived with reasonably good accuracy, followthg provisions of EN 1993-1-1 [1].
The proposed strengthening technique can be apipliadrariety of cases, is shown to be
very efficient and is in principle applicable t¢ laéams with employing an I-section.



6. REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

EN 1993-1-1 (2005) Eurocode 3. Design of S&elictures: Part 1-1: General rules
and rules for buildings. CEN.

Ojalvo, M. and Chambers, R.S. “Effect of wampirestraints on I-beam buckling”.
Journal of the Structural Division, ASCE, Vol. 108. 12, 1977, pp.2351-2360.

Plum, C.M. and Svensson, S.E. “Simple methwmdtabilize I-beams against lateral
buckling”, Journal of Structural Engineering, VAl19, No. 10, 1993, pp. 2855-
2870.

Szewczak, R.M., Smith, E.A. and De Wolf, J:Beams with torsional stiffeners”,
Journal of Structural Engineering, ASCE, Vol. 189, 7, 1983, pp. 1635-1647.

Murtha-Smith, E. “Cross stiffeners for beanms torsion”. Journal of Structural
Engineering, Vol. 121, No. 7, 1995, pp. 1119-1124.

Lindner, J. “Influence of constructional deésabn the load carrying capacity of
beams”, Engineering Structures, Vol. 18, No. 1®6,%p. 752-758.

Lindner, J. “Stability of structural memberseeral Report”, Journal of
Constructional Steel Research, Vol. 55, No. 1-3@2@p. 29-44.

Liu, Y. and Gannon, L. “Experimental behaviand strength of steel beams
strengthened while under load”, Journal of Consgitonal Steel Research, Vol. 65,
No. 6, 2009, pp. 1346-1354.

ABAQUS/Standard user's manual volumes I-llldal\BAQUS CAE manual.
Version 6.6. (Pawtucket, USA): Hibbitt, KarlssonSwrensen, Inc; 2006.

Theofanous, M. and Gardner, L. “Experimentad aumerical studies of lean
duplex stainless steel beams”, Journal of Constmak Steel Research, Vol. 66,
No. 6, 2010, pp. 816-825.

Taras, A. and Greiner, R. “New design cunfes lateral-torsional buckling-
Proposal based on a consistent derivation”, JouwgfalConstructional Steel
Research, Vol. 66, No. 5, 2010, pp. 648-663.

Rebelo, C., Lopes, N., Simoes da Silva, Leth¢rcot, D. and Vila Real, P.M.M.
“Statistical evaluation of the lateral-torsional ckling resistance of steel I-
beams,Part 1: Variability of the Eurocode 3 resista model”, Journal of
Constructional Steel Research, Vol. 65, No. 4, 2@09818-831.

Traihair, N.S., Bradford, M.A., Nethercot, D.And Gardner, L. “The behavior and
design of steel structures to EC3”, Taylor & Fran&008.

Galambos, T.V. and Surovek A.E. “Structurahlslity of steel: concepts and
applications for structural engineers”, John Wiyl Sons Inc, 2008.



APIOMHTIKH AIEPEYNHXH MEO®OAOY ENIXXYXHX AOKQN IPE ENANTI
XTPEIITOKAMIITIKOY AYTTEMOY

Maprog Ocopavovg
Aéxropag (I1A 407/80)
Tunua Ioltikdv Mnyavikodv, AI1.6.
®eocarovikn, EAAGOQ
e-mail: mariosgt@civil.auth.gr

EvOvpog Koltodxng
Erikovpoc Kabnyntng
Tunua oltikdv Mnyavikodv, AI1.6.
®eocarovikn, EAAGOQ
e-mail: mkolts@civil.auth.gr

IIEPIAHYH

2y mapovoa epyacio mapovoidletar pia pebodoroyia evioyvong 00KOV SLOTOUNS A0
Tad évovtl GTPEXTOKOUTTIKOD AVYIGHOD HECH TNG ELCOYMYNG “UETPOV TOPAKDANONG TNG
kopmolmong” (MIIK), péom g ekatépwbev GUYKOAANONG EMTES®V TAAKOV UETOED TOV
dxpov TV mtEApdTOV evog dumhod Tav. H dwpopikn 6tpopn tov TEAUAT®V TOL SITA0D
Tav odnyel 11g Tpdobeteg Aemideg oe avtippomeg GTPOPES TEPLE TOV GEOVA Y TNG OLUTOUNG
kotd EC3 Ey. 6). Tmv kivnon ovt] Tov TPpochiTtov TAUKOV OVTIOTEKETOL EVOG
unyoviepdg “oiypmons” g datopng (Xy. 7) kabmdg kot vog dg0TEPOG TOV GLVIGTA TNV
katd St Venantotpéyn tov tpdcbetov Aemidmv cuvaua e Ty €yyDg 6€ aVTEG TEPLOYN
oV KOprov Tov duhov Taw. Ot Vo avtol KvnUATIKOL PUNYavVicHol To0 EvEPYOTOLOVVTOL
and 1o MIIK divoov pion dvokapyio £€vavilt kKopmdiowong Cy oto onueio omov
epapuoloviol pe ouvakolovOn amopei®on TOv GUVTEAESTH Ky TOV GTPEMTOKOUTTIKOD
Ayiopov. H mpoomdbeia yio TV TOGOTIKOTOINGT TN EVVOTKNG EMOPOONS TOV TAPUTAV®D
unyovicpov meptéhafe 800 mpooeyyicels. APevoc v HEAETN TNG EVIGYLUEVNG KATO TOV
AvVOTEP® TPOTO O0KOV HE TEMEPOUCUEVO OTOLYEID EMTEOOL KEADPOVG UE YPNOT TOV
royopikov ABAQUS kot agetépov, pe v HOpO®MCT| AVOALTIKOV EKPPAGEDV Y0 TO
EAATNPLO SPPOTNG TTOV TPOKVITEL MG GLUVETELN TG El0ay®yng Tov MIIK, coppwva pe tov
KIVNUOTIKO UNYovVIGHd Tov Xy. 6 kot 7. Xto Zy. 4 mapovcidletor 1 enidpacn tov MIIK
oV Kpiowun pomn oTPEPAOONG OG GLVAPTNON TNG AVYNPITNTAG GTPEPA®ONG AT Yo Tpio
unkn mhokodv MITIK (¢ = 50%, 100% ka1 150% tov dyovg hs g dotoung peta&d tov
KEVIPOL PBAPOVG TV TEAUAT®V) EVD 6T0 XY, 5 mapovoialeton 1 emidpaon tov MIIK oty
teMkn avtoyn g dokov katd EC3. Xtov Ilivaxe 2 mapovcsidletor n amoTiunon tov
OTOTEAEGUATOV TNG TPOTEWVOUEVNC OAVOAVTIKNG TTPOGEYYIONG GE GYE0T e To Aapufavousva
and v ovalvon FEM. Q¢ ocvumépacpo TOV OTOTEAEGUATOV 7OV  TPOEKLYOV
SmMOTOONKE 1 ATOTEAEGUOTIKOTNTO TNG TPOTEWVOUEVNS HEBAdOV evioyvong TV d0KAV
IPE évovtt oTperToKoUmTTIKOD AVYIoHOD Kot Ol SuVOTOTNTEG YPHONG TG 0T TANIGLO TOV
eréyymv tov EC3.



