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ABSTRACT

Corrugated sheets have been used for a long tingeatechnical engineering and for roof
covering, but corrugated web girders have beentstato use within the previous 30 years in
industrial buildings and bridges, especially in quosite bridges. During incremental
launching of such structures the girder is subjddtethe combination of different actions as
bending moment, shear force and transverse foreehwisult in a complex stress field in the
girder and may occur interacting instability prodie Previous research activities related to
the girders with corrugated webs showed that thecstiral behaviour of the corrugated web
girders is different from the conventional I-girdeespecially in the stress distribution in the
flanges and in the web. On the other hand the tiyabehaviour of the corrugated web girders
are also different from the flat web girders duetie corrugation profile. In spite of this fact
there is a lack of investigations analyzing theafbf the complex loading situation. There is
just a small number of previous investigations oheplvith the combined loading situations
related to corrugated web girders. Therefore therent diploma thesis focuses on the
investigation of the structural behaviour of thedgrs with corrugated webs under all of the
aforementioned actions and their combinations. Basethe experimental investigations from
the international literature numerical models areveéloped and the structural behaviour of the
girders with corrugated web is analysed under tloenplex loading situation due to the

combination of bending moment, shear and transvierses.
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1.Introduction

Due to its adventages properties of corrugatedtshiednas been used for a long time in
geotechnical engineering and for roof covering.rGgated web girders have been started to
use within the previous 30 years in industrial émigs and bridges, especially in composite
hybrid bridges in which the upper and lower flangethe bridge deck are made of presstressed
concrete however the webs are made of corrugatetigates. During the construction stages,
particularly in case of incremental launching o€lsstructures the girder is subjected to the
combination of different actions as bending momshgar force and concentrated transverse
force which result in a complex stress field in 8teucture what can lead to an interacting
instability problem. Fig. 1 demonstrates the caiticonstruction stages during launching.
Figure 1 a) shows the most critical one when tipegiructure is just before reaching the next
pier and a large cantilever bending moment acti@structure with accompanying large shear
and transverse force at the previous pier. Therattigcal stage when the launching nose is
moved through the pier and the superstructureaj®ise the pier. In this case the structure is
suddenly subjected to a large shear force withcanrapanying transverse force.
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Fig. 1: Critical stages during incremental launghin

Previous research activities related to the girdeith corrugated webs showed that the
structural behaviour of the corrugated web girdedifferent from the conventional I-girders,
especially in the stress distribution in the flawgad in the web. The local and global stability
behaviour of the whole girder is also different doiéhe corrugation profile. In spite of this fact
there is a lack of investigations analyzing theefbf such a complex loading situation. There
is just a small number of papers dealing with tbhenlsined loading situations related to
corrugated web girders. Therefore the current diwglothesis focuses on the numerical
investigation of the structural behaviour of thedgrs with corrugated webs under all of the
above mentioned actions and their combinations.

It has to be mentioned that there are many questmbe answered in case of corrugated web
girders which is discussed in Section 2 with poigtiout the incompleteness of the
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investigations. The strength, stability and fatiguemlems regarding to corrugated web girders
are discussed separately and finally the evaluasianven with emphasizing the future and
current aims.

A short outlook on the interacting stability ber@awi of flat web girders is attached to this
dimploma thesis in Appendix C. Several researchbserved in the past that the corrugated
web girders have several advantages in comparigbrflat web girders which is an important
statement because it does always have to be Higdighat the use of any structural layout is
reasonable or not.

The notation system using in this diploma thesgmrding to corrugated web girders can be
seen in Fig. 2.
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Fig. 2: Geometry of a girder with trapezoidally mayated web.

Based on the information coming from the internaiditerature on the topic of corrugated
web girders a research program was prepared ineStitas 3.4 to execute the investigation
precisely on the interacting behaviour of corrugateb girders subjected to combined bending
moment (M), shear (V) and transverse force (F)addtailed literature review was conducted
on this topic in Section 3.2. It has to be mentitieat the number of corresponding papers in
the literature is slightly more than ten which igeay low number and only one recommendation
can be found related to the M-V interaction of agated web girders. Design method given in
the EN1993-1-5 [1] Annex D was found to be too ernative by Kovesdi et al. [58]. Advanced
numerical models were developed and verified irntiSea@ on the basis of experiments found
in the literature considering initial geometric ienfections and residual stresses and then the
parametric study was executed to understand tlegaicting behaviour of corrugated web
girders and to propose a possible interaction féanfor this combined loading situation,
namely M-V, M-F, V-F (Section 6) and M-V-F (Secti@ interactions, respectively. Finally
comparison was taken place with other proposalsdon the literature and statistical analysis
was performed to determine the correctness of élneinteraction equations.
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2. Behavioural aspects of corrugated web girders

Due to the appearance of a new structural layourt aase of girders with corrugated webs a
new structural behaviour can be observed. Manytmunssto be answered came out due to
corrugated web and new investigations became regefsr better understanding and for
standardization. The problems regarding to coredyateb girders are strength, stability and
fatique problems, respectively. In the internatioli@rature numerous papers have been
published dealing with corrugated web girders. dimeent section is focusing on the previously
analyzed structural behaviours related to corrubateb girders and discussing the unexamined
problems up to now which have to be solved in tharé. Thus it is useful as a starting point
for the further investigations.

2.1. Stress distributions

Numerous experimental and numerical investigatiomge been done in the field of stress
distribution and strength capacity of the web dadde of corrugated web girders. At first the
bending moment resistance of corrugated web girdexrs investigated experimentally by
Linder [2] in 1992 and continued by Aschinger andder [3] in 1997. It was stated that the
bending moment resistance can be calculated frenesdhtribution of the flanges considering
the effect of the additional transverse bending mwinin the flanges coming from the shear
flow in the web. Thus the normal stress distribuifilo the flanges is nearly linear and the shear
stress is considered as constant along the welb.dEpe first proposal for the calculation of
the transverse bending moment was developed byidgamhand Linder. Based on numerical
results the stress distributions in the flangesiarttie corrugated web was analyzed in detail
by Elgaaly et al. [4] in 1997. It was presented tha ultimate moment carrying capacity can
be calculated only from the contribution of thenfi@s and the shear force is carried only by the
corrugated web and concluded that there is nodaoten between them. A significant research
programme was executed on the stress distributidine flanges of corrugated web griders by
Abbas et al. [6, 7, 8] in 2006 and 2007. The deimation of the transverse bending moment
was one of the scope of the programme. Furtherstigations were executed on the
determination of the maximum transverse bending emdrm the flanges by Balaz [9] in 2012
and Kovesdi et al. [10] in 2012. It was recognitieat the loading conditions and the location
of the supports in different positions comparethi® corrugated web have a significant effect
on the maximum transverse bending moment, thusalytecally derived calculation method
was proposed for the most unfavorable situatioKdwesdi et al. The calculation analogie for
different corrugation layouts can be seen in Fig. 3

The normal stress distribution in the web was areadyby Elgaaly et al. [4, 5] in 1997 and 1998.
It was established that the normal stresses aresalmero along the web depth, merely in a
small part adjacent to the flanges arise. Thusag woncluded that the contribution of the web
to the bending moment or axial force carrying cégas negligible. This phenomenon is the
so called “accordion effect” which was confirmed Hyang et al. [11], Mori et al. [12],
Hannebauer [13] and Kovesdi et al. [10] and itnplemented in the design formula of the
EN1993-1-5 [1] Annex D regarding to corrugated walers.
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Fig. 3: Analytical formulas for the maximum transsebending moment [9, 10].

2.2. Stability behaviour of the structural members

In case of thin-walled structures the failure moalesusually the loss of stability of a structural
member or the combination of structural memberdhemwhole structural element. By having
a flat web I-girder the loss of stability may occduwe to patch loading failure of the flange and
web, the shear buckling failure of the web, thedieg failure of the web considering the local
flange buckling or the combination of these failamedes. In case of corrugated web girders
the loss of stability can not happen due to thedimgnfailure of the web because of the
aforementioned “accordion effect” that the conttiba of the corrugated web to the bending
moment carrying capacity is negligible, thus thentiom of bending failure due to the
corrugated web is not relevant.

Patch loading resistance

The research on the patch laoding resistance aigated web girders was started by Aravena
and Edlund [15] in 1987 with experimental resegmadgram. The patch loading resistance was
discussed theoretically based on experimental teesfilcorrugated web girders by Kéhénen

[16] in 1988, thus a new design model (Eq. (1)) malslished for the first time. The developed

model is the improved version of the model for fleeb girders which was developed by

Rockey and Roberts [14] in 1979 in which the cdmition of the web and the flange to the

patch loading resistane is separated.

R=R, +R, 1)
where Ry = o Bep 5 Tk, contribution of the web, 2
Ry =20/4M , &, F,, contribution of the flange, (3)

where fyw  yield strength of the web,
twep effective web thickness,
S  loading length,
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kw  shear stress interaction factor,
Mot plastic moment calculated from the flanges.

In 1997 the first numerical model was developecElyaaly and Seshadri [17] verified with
experimental test results and a parametric study exa&cuted with different geometric and
material parameters. On the basis of their resutisw design formula was proposed by having
the observed failure modes as web crippling and yielding. The proposed formula can be
also decomposed into the contribution of the webftange parts separately. Luo and Edlund
[80] executed an additional numerical investigatising non-linear imperfect FE-analysis in
1996. Different material models, geometric and inggharameters were applied and studied in
detail. It was detected that the most influentiatgmeters are the loading length and the
corrugation angle, therefore a new empirical rasist formula was developed based on design
formula for flat webs by taking the most affectedrgmeters into account with major
importance.

PUZZQ/4DMpI,f D([ﬂwgyw-'-fywl;b([ﬂwl}s (4)

where x reduction factor.

3 = M, 260" with o >15° ()
t 115

w

where a smallest web fold width,
hw  web depth,
tw  web thickness,
o corrugation angle.

All of the aforementioned investigations on the patch loadingstegxe are focused on
geometric parameter domain of frame structures. Therefore an extended nupaeaicadtric
study was executed by Kovesdi et al. [18] in 2008 in ordeinvestigate the geometric
parameter range used in bridge structures which is signifidamplyrtant for an incrementally
launched superstructure. The modified version (Eq. (4)) of the desagosal of Kahdnen fits
best into the numerical results due to long loading leratisthe global buckling of the web
was prevented by a limit function (Eg. (5)) of the individual felugths proposed by Kuhimann
et al. [19] in 2008. It has to be emphasized that the newopabponsiders only the pure patch
loading resistance without any interaction factor of Kdhénerharmonize the method with
the EC principle for buckling analysis, new buckling curve waisvdd and the significant
effect of the corrugation angle was included in the standardized forithdaapplicability of
the derived formula for bridge structures was confirmed by Kdvesdi [@04lin 2010 and the
sensitivity analysis of the influence of the initial imperfectiaras studied in detail by Kovesdi
et al. [21]. It is important to note that there is no dedmmula recommended for the
determination of the pure patch loading resistance in the EN18931] standard for
corrugated web girders.
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Shear buckling resistance of the corrugated web

Numerous papers are dealing with the shear buckéisigtance of the corrugated web girders.
Due to the large number of researche investigatjioststhe main steps are discussed in this
section. The first investigation was done by Easley McFarland [22] in 1969. The suggested
formulas are based on the orthotropic plate theorg the Ritz energy method and it is
applicable only for the determination of the glosiaar buckling resistance of corrugated webs.
Further buckling formulas were discussed relatecbtougated plates by Easley [23] in 1975.
It was stated that the failure modes may be govebyeocal or global shear buckling which
can be calculated using isotropic (Eq. (6)) andhairbpic (Eq. (7)) plate buckling theory,
respectively. After that several experimental, ntoa and theoretical investigations have
been performed in this field mostly dealing witle ihteraction between local and global shear
buckling (Fig. 29 in Section 5.3). The existingrfarlas for the determination of the elastic local
and global critical shear stresses are the follgain

e . mE (t, Y
Z-cr,L - kL 12(1_U2)[amaxj (6)

4/D D3
E —ke# (7)

hit.,

k. the local buckling coefficient,
ke the global buckling coefficient,
E the Young’s modulus,

v Poisson’s ratio,

tw  thickness of the web,

amax Maximum fold width of the web panels,

Dx longitudinal bending stiffness per unit length,
Dy transverse bending stiffness per unit length.

However, the failure may be caused by the intevadbetween local and global shear buckling
which is called interactive shear buckling strengtitl investigated at first by Leiva [24] in
1983 and Bergfelt et al. [25] in 1984. A first orde=1) interactive formula was proposed (Eg.
(8)) in which the material inelasticity and yieldiare not considered.

SIRCARES
Tcr,l Tcr,L Tcr,G

In 1988 Linder and Aschinger [26] proposed the samberactive formula but with n=2 as
second order approximation and suggested a 70% fionithe nominal shear strength
(reduction factor) for design. After that sevenalters have confirmed the applicability of the
proposed interactive formula but with different ersl Elgaaly et al. [27] in 1996 suggested
firstly to take the local and global inelastic watl stresses explicitly into account in the first
order interactive formulae (Eq. (9)). This was @onéd by Luo and Edlund [28] in 1996,
Johnson and Cafolla [29] in 1997 and Galambos i{81P98. In addition Johnson and Cafolla

-9-
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proposed a design formula for the determinatiothefshear buckling stress of the corrugated
profile.

BREVRES
Tcr,l Tcr,L Tcr,G

|NE — E . . . ..
where I, =.08r,1; <7 is the inelastic critical stress, (10)
f
T, :%3 is the shear yield stress using von Mises yielkegon, (11)

fy  uniaxial yield strength of the material.

The same interaction equation considering the stieldbehaviour was proposed by Abbas et
al. [35] in 2002 with n=2, Hiroshi et al. [39] in @B with n=4 and Driver et al [44] with n=2.
Abbas et al. concluded that the initial imperfesichave a significant effect on the shear
buckling capacity and it was confirmed by Driver &t [44] and recommended that the
amplitude of the initial imperfection may be takas the thickness of the web as a realistic
imperfection magnitude and suggested a shear desitgria for bridges by giving a new
relationship between the normalized shear streagththe buckling slenderness rageif),

where p= Tor is the normalized shear strength, (12)
r
y

T
A= T—y is the buckling slenderness ratio. (13)

cr

In 2008 Yi et al. [46] studied the nature of theemactive shear buckling of corrugated webs,
and concluded that the first order (n=1) interacthyear buckling equation in which the
material inelasticity and material yielding are rmmnsidered (Eq. (8)) provides a good
estimation of the shear strength of corrugated stebs. In addition a new proposal for the
relationship betweepris was provided. Moon et al. [47] presented in 20@4 the observation
of Yi et al. was appropriate regarding not to cdasithe inelastic behaviour in the first order
(n=1) interactive formulae (Eqg. (8)), nevertheleswe® proposal for the relationship between
p-As was developed with a condition to maximize theasleickling strength capacity without
any shear buckling based on first order interacthvear buckling curve. Moon et al. also stated
that the initial imperfections have a significanffeet and the measured geometrical
imperfections from specimens were presented. Netagkperimental and numerical
investigation was conducted by Nie et al. [50] @12. An imperfection sensitivity analysis on
the order of the interactive formula of Yi et dfo(n Leiva and Bergfelt et al.) was studied in
detail (Eg. (8)). It was presented that the effecthe amplitude of the initial geometric
imperfections on the post-buckling behaviour isligdgle due to the membrane effect when
the shear buckling governs the failure, but it Aasgnificant effect when the shear yielding
governs the failure. In consequence of the obsienai new shear buckling curyeXs) was
proposed which belongs to a realistic initial infpetion amplitude (/200) with n=0,7 value
for the order of the interactive formulae. Anotimetable research program was executed by
Hassanein et al. [51] in 2013 on the applicabiityhe interactive formulae proposed by Yi et

-10 -
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al. (from Leiva and Bergfelt et al.). The qualititbbe web-to-flange junction was analyzed and
stated that a realistic support condition is nefxid (&/t»>3,0). Using n=0,6 is appropriate for
girders with fixed junctures and a new interacsbear buckling strength formula was proposed
in case of fixed junction. Hassanein et al. conetuthat for simple junction¢(t,<3,0) the first
order (n=1) approximation is suitable.

There are three further methods for taking theautigve shear buckling behaviour into account.
The first one (Eq. (14)) is suggested by EI-MetwBl2] in 1998 which considers the inelastic
buckling behaviour by having the yield strengthtted material in the interactive formulae in
an implicit way using second order (n=2, u=1) agpration. The value of “u” is a weighing
factor of the yield term in the interactive formeldt was confirmed by Sayed-Ahmed [43] in
2005 with n=3 and u=1, Sause et al. [49] in 201th w3 and u=2 and Hassanein et al. [52] in
2013 with n=3 and u=2 especially for bridges. Sakhdhed stated that global buckling mode
is mostly affected by the corrugation angle andpist-buckling behaviour is negligible in
comparison with the post-buckling behaviour of tleeal buckling mode where it is
considerably high. Sause et al. presented thagje¢benetric imperfections have a significant
effect on the shear buckling strength capacity Wiiave to be studied in the future and a new
relation betweep-iswas also presented. Hassanein et al. investigfagarbrrugated webs used
in bridge girders. It was stated that for bridgedgis with corrugated webs the proposed
formula of Sause et al. is the most suitable amdiltned the observation of Moon et al. that
neither the stocky corrugated webs can not reazkigid shear strength. During the numerical
analysis realistic initial imperfection amplitudasvapplied by taking the magnitude of the web
thickness suggested by Driver et al.

GIREARCARG
Tcr,l Tcr,L Z-cr,G Ty

The next interaction formula (Eq. (15)) was progbbg Eldib [41] in 2004 which considers
the shear yielding in an implicit way but accordiiogthe failure mode just the unfavourable
(lowest from the local and global) shear bucklirigeisgth is applied into the interactive
formulae. If the local shear buckling failure mogteverns then n=4 is used otherwise n=1,5.
The reason is that in case of local shear buckhegpost-buckling behaviour is relaviely high
but in case of global shear buckling it is negligib

)
Tcr,B Tcr,B Ty

where Tos =MINGTS, T5c) - (16)

The last one is the recommendation of the EN1983Hl} for the determination of the shear
capacity of corrugated web girders which can be se&q. (34) in Section 3.2. The calculation
method is based on the proposal of Hoglund [30[L997. Two different formulas were
suggested for each local and global shear bucldimythe unfavourable one is used. In 2002
Ullman [36] modified the method and provided thdcakation methods for the reduction
factors related to local and global shear bucklregpectively. It was explained that in case of
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local buckling the post-buckling behaviour is calesable in comparison with the global

buckling where it is negligible. According to theopided method the reduction factor for local

buckling has no plateau but for global bucklingréhes. In addition, Uliman implemented an

increase in the buckling coefficient for global klieg due to the restraintment of to the flanges
if a certain stiffness criteria is fulfilled.

Most of the authors mentioned that more experimiéeséing and numerical investigations are
needed in the field of shear capacity of corrugateth girders to specify the interactive
formulas and thus a reliable design method coulgrepared. Previously, experiments were
carried out by Easley and McFarland [22], Leiva][Bkrgfelt et al. [25], Linder and Aschinger
[26], Elgaaly et al. [27], Johnson and Cafolla [2BEil [33], Yamazaki [34], Abbas [35],
Pasternak and Hannebauer [37][40], Lee et al. [38], et al. [42], Driver et al. [44], Scheer
[45], Moon et al. [47] and Nie et al. [50].

As an outlook on the new research topics relatatidshear buckling capacity of corrugated
web girders the curved corrugated webs are indbpesof the paper of Eldib [48] in 2009. In
comparison with existing bridges it was stated thatlevant amount of weight can be saved
by the use of curved corrugated webs. Another cetalyl new paper of Hassanein [53] in 2014
is dealing with haunched corrugated web girder<ivins more realistic for design since it is
favourable due to design purposes. It was obseihvatdthe behaviour of the tapered bridge
girders with corrugated webs differs from the pmsio ones. Therefore a new formula was
adopted for those cases where the web-to-flangeigumcan be assumed as fixed, otherwise
the formula proposed by Yi et al. may be suitableuse.

Local flange buckling

Flange buckling of corrugated web girders has itgmae in the bending moment resistance of
the corrugated web girders. The loss of stabigtated to the flange buckling can occur in the
compression flange due to local flange bucklingMeein the inclined web folds or global
buckling of the whole flange around the centerlofethe corrugated web which is called
torsional buckling of the flange. The latter ondl e discussed in Section 2.4.

(a, +a,)a,
(2, +2a,)0, o (a7)

The local flange buckling of the compression flamgenainly influenced by the geometry of
the corrugation profile. In the literature thereaismall number of investigations regading to
local flange buckling. In 1997 Johnson and Caffiig stated that under a certain value of the
ratio given in Eq. (17), the average outstand efftange may be used for the classification of
the flange (the notation system can be found in Eign Section 1). For practical girder
geometries this ratio can not be fulfilled, thuse@rchers recommend to use the large and small
flange outstands for the classification of the canipess of the compression flange as it is
implemented in the commentary of the concerning 8811-5 [55].

k, = 0,43+(5j2 (18)
a
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where C the largest outstand from the weld toe to freeeedg
a the greatest length of the assumed plata{+2a4, see Fig. 2).

It is assumed that the buckling coefficient rela@the subdomains of the flange bounded by
the inclined folds of the web corresponds to a $§yrappported plate — corrected with the flange
subdomain’s geometry — on the three edges andoinethe fourth edge which leads to a
conservative estimation of the buckling coefficigiq. (18)). Due to the lack of the
investigations a conservative limit for the bucglinoefficient (k=0,6) is suggested to still
guarantee the safety of the method (DASt [56]is Important to mention that Sayed-Ahmed
[43] in 2005 executed a parametric numerical stayhis field in which the comparison was
performed with the AISC-LRFD [81] and the CAN/CSA&1-02 [82] which handle the
classification in a less conservative way4M as average outstand), but anyway the physical
content is the same. It was concluded that the limgckoefficient (k=0,7) may be chosen
greater than the aforementioned limit in the comiaugrof the EN1993-1-5 [55]. He also stated
that the classification of the section compactrstgsild be based on the large outstand of the
flanges.

2.3. Interacting stability behaviours

Although there are numerous researchers dealirfgthét investigation of the pure resistances
namely bending (M), shear (V) and patch loadingéS)stances of corrugated web girders and
there is just a small number of researchers dealitigthe combined loading situation. It has
to be mentioned that the number of correspondipgrsain the literature is slightly more than
ten which is a small number and only one recomntemuaan be found related to the M-V
interaction of corrugated web girders in the ENTA93 [1] Annex D. Another essential fact
has to be announced that there are no investigaéinacuted in the field of combined M-V-F
interaction related to corrugated web girders.

Interaction of combined bending moment and shear fce

In the international literature there are many pspukealing with the bending resistance and
shear buckling resistance of corrugated web girdeparately and there is just a few number
of investigations dealing with the combined loadsitgation. This topic is presented in Section
3.2 in a more detailed way.

Based on the numerical results the stress distoisiin the flanges and in the corrugated web
was analyzed in detail by Elgaaly et al. [4] in 98 was presented that the ultimate moment
carrying capacity can be calculated only from thwetcabution of the flanges and the shear force
is carried only by the corrugated wabd concluded that the interaction of combined end
moment and shear force can be neglected.

The EN1993-1-5 [1] recommends how to consider ffexeof the shear force on the bending
resistance. It suggests taking the reduction fgéipmto account as a multiplication factor of
the pure bending resistance of a given girder. rEdection factor can be calculated from the
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maximum additional transverse bending moment irflimges coming from the shear flow in
the web.

Sinusoidal corrugated web girders have been intelysistudied on this research field by
Pasternak and Hannebauer [37] in 2003. They inyestd the effect of the shear force on the
in-plane-bending resistance of the sinusoidal gated web girders. It was stated that there is
no interaction between bending moment and sheee fiorcase of sinusoidal corrugated web
girders which is also noted in the EN1993-1-5 [Hn&x D, that the reduction factdf)(can

be set to 1,0 in case of sinusoidal corrugated guelers. Another research was carried out by
Kuchta [57] in 2006 investigating the structurahaeiour of sinusoidal corrugated web girders
under combined bending and shear. Based on theutexkexperimental investigations a
numerical model was developed. As a result of tivestigation an interaction equation was
proposed with a small reduction due to the combiloadling situation for girders with
sinusoidal corrugated web.

Interaction of combined bending moment and patch lading

In the international literature there are a couglpapers dealing with the bending resistance
and patch loading resistance of corrugated webegrdeparately and there is just a small
number of investigations dealing with the combibetiding and patch loading. This topic is

presented in Section 3.2 in a more detailed way.

Elgaaly and Seshadri [17] first investigated thedieg and transverse force interaction of the
corrugated web girders in 1997. Based on a limitachber of test results and numerical
calculations, an interaction equation was proposed.

Kdvesdi et al. [59] in 2011 modified the interactiourve provided by Elgaaly and Seshadri
based on numerical results. In 2012 Kovesdi ¢66], [61] presented the same proposal related
to the interaction of combined bending moment aatdiploading.

It has to be mentioned that there is no recommendet the EN1993-1-5 [1] for the calculation
of the combined bending moment and patch loaditgraction in case of corrugated web
girders.

Interaction of combined shear force and patch loadhg

In the international literature there are a cowflpapers dealing with the pure shear and patch
loading resistances of corrugated web girders séglgrand there is just a very low number of
investigations paying attention to the combinedaslaad patch loading interaction. This topic
is presented in Section 3.2 in a more detailed way.

Kahonen [16] first proposed a formula for the iat#ion of shear and transverse force in 1988.
The patch laoding resistance was discussed thealtgtibased on experimental results of
corrugated web girders and the combined loadingasdn was taken with a shear stress
interaction factorky) into account (Eq. (2) in Section 2.2).

Elgaaly and Seshadri [17] investigated the shedrpatch loading interaction of corrugated
web girders in 1997. Five specimens were testedniodal transverse force. The main aim of
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their research was to determine the patch loadisigtance of corrugated web girders. The pure
patch loading resistance and the interaction betwhear and patch loading was studied within
the scope of a numerical research programme. Basd¢de numerical calculations, a design
interaction curve was proposed.

Kdvesdi et al. [62] in 2010 modified the interactiourve provided by Elgaaly and Seshadri
based on numerical results. In 2012 Kovesdi ¢66@], [61] presented the same proposal related
to the girders with corrugated web subjected tolwosd shear and transverse force.

It has to be mentioned that there is no recommendet the EN1993-1-5 [1] for the calculation
of the combined shear and patch loading interactiamase of corrugated web girders.

2.4. Global stability behaviour

In the international literatue there are numeroayseps dealing with lateral-torsional buckling
(LTB) of corrugated web girders. In most of the @apanalytical and numerical investigation
have been conducted, however in some papers exgeahests and their results can be found.

The LTB of corrugated web girders was investigargderimentally and theoretically at first
by Linder [64] in 1990. An analytically derived faula for ordinary flat web girders was
proposed for the calculation of the critical momeegarding to simply supported conditions
and under uniform bending by Chan and Lui [63] @atambos [31]. The derived formula (Eq.
(19)) was corrected and verified with the help xjperimental results by Linder.

71 /
M ocr — I\/ El y,ccho‘Jco 1+W2 (19)

T Echo
where W:I G J’ (20)

L length of the girder,

E  Young's modulus,

lyco moment of inertia about the minor axis,
Gco  shear modulus,

Joo  pure torsional constant,

Cw,co Warping constant.

Instead of warping constant used for flat web gsdenew empirical formula for the warping
constant (Eq. (21)) was proposed, but the otherpaters in the critical moment formula were
inherited from flat web girders.

LZ

w, flat + Cw E7T2 (21)

where Cw fliat Warping constant for flat web girders,

Cue =C

w,co

Ccw  correction factor for corrugated web girders adoay to Linder [64].
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In 2005 Sayed-Ahmed [66] investigated differentgm®als for the moment gradient factors
(Eq. (22)) numerically applying different momenstibutions along the girder length. The
critical moment formula for ordinary flat web girdesuggested by Chan and Lui [63] and
Galambos [31] (same as Eqg. (19) but with parameégyarding to flat web girders) was used
with an equivalent web thickness correction. Simglpported corrugated web girders were
analyzed under 5 different linear bending momesirithutions along the girders and 3 types of
three-point bending in which the differences wedre lbad position in the mid-span cross-
section (top, middle, and bottom). During the irtigegions the numerically obtained results
for the moment gradient factors were compared thighexisting moment gradient factors for
flat web griders proposed by Chen and Lui [63] @adambos [31] for different end moments
(Eg. (25)) and for three-point bending and unifdoading (Eq. (26)) and proposed by the
AISC-LRFD [81] for different intermediate momentlwes (Eq. (27)). Calculation of the

critical moment with the moment gradient factor banseen in Eq. (22).

M cr = Cb (M ocr (22)
where Cp moment gradient factor,
Mocr critical moment for simply supported beam undeafarm bending (Eqg. (19)).

The results showed a very good agreement withrity@ogals regarding to the moment gradient
factors, but the numerically calculated critical ments did not coincide with the critical
moment formula since it is underestimated andtibégsconservative for design purposes. Thus
a simply equivalent web thickness correction is gatisfactory for taking the real LTB
behaviour of corrugated web girders into accouhe main conclusion of the paper was that
the lateral-torsional buckling capacity of corrugghiveb girders is greater than those of griders
with flat web.

Theoretical, experimental and numerical invest@atvere carried out by Abbas et al. [6, 7, 8]
in 2006 and 2007. It was stated and proved thagmineplane loading of corrugated web girders
due to the effect of shear flow in the web, addgilctransverse bending moment is generated
into the flanges which causes a torsional momemipoment in the flanges. Therefore out-of-
plane twist of the girder occures simultaneouslyhwn-plane deflections due to in-plane
loading.

In 2008 Hannebauer [13] confirmed the statemerayfed-Ahmed that the global buckling
capacity of trapezoidal corrugated web girders gmeater than those of flat web griders.
However, numerical investigation regarding to smdal corrugated web girders were also
carried out but it was concluded that the latevadibnal buckling capacity of these girders are
not greater than those of flat web griders in comspa with the EN1993-1-5 [1] buckling
curves.

As a next step Moon et al. [70] executed a notdfd®retical and numerical study under
uniform in-plane bending of simply supported coatggl web girders in which a new warping
constant (Eq. (23)) was proposed and verified aechtoment of inertia about the minor axis
is considered with no contribution of the web. samconcluded that the warping constant
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suggested by Linder is not applicable for greaberugation angles than 15 degree and the LTB
capacity of corrugated web girders is higher iregafsgreater corrugation angles than those of
flat web girders. Hence the buckling curve providbgydthe EN1993-1-5 [1] is applicable but
conservative in case of elastic and inelastic bogkds well considering initial imperfections.
It is important to mention that the provided sheadulus by Johnson and Cafolla [29] in 1997
for corrugated web girders was suitable.

va,co = %Z (an2| +anWni +Wn?) [ﬂj Lij (23)

where Whi  normalized unit warping at point “”,
tj, Lij thickness and length of the individual intercoried@late elements.

In 2010 Nguyen et al. [71] investigated theoretyicahd numerically the LTB of corrugated
web girders under uniform moment gradient. He detithe same warping constant (Eq. (23))
suggested by Moon et al. and concluded that th&tielaTB strength of an I-girder with
trapezoidal web corrugations is not only affectgdlwarping constant and shear modulus but
also by the moment of inertia about the minor axisch is the quadratic function of the
divergency of the corrugated web which varies fzmro to the half of the corrugation depth.
Thus to simplify the calculation, the moment ofriree about the minor axis is given by the
average value of the moment of inertia using zexblaalf corrugation depth. It was observed
that the value of the elastic LTB strength of tiggrter with trapezoidal web corrugations under
uniform moment gradient is about 21% to 29% latgan the I-girder with flat web.

Kazemi [74] in 2010 analyzed numerically the effetan elastic lateral restraint in the mid-
span on the inelastic LTB behaviour of corrugategbvgirders under pure bending and
concluded that the effect of the restraint deperatonly on the stiffness of the restraint but
also on the modified slenderness of the girder.hgiétfor the calculation of the optimal
stiffness of the restraint was proposed under wmifbending. Kazemi [73] conducted a
numerical parametric study as well in 2010 and kated that the corrugated web girders have
a higher resistance against LTB than those of flathwebs.

Zhang et al. [75] in 2011 presented a method flmudating the critical buckling moment under

uniform bending relying on the assumptions firstganted by Lindner [64], stating that the
moment of inertia about the weak axis and the @aarsonstant of the girder with corrugated
web can be assumed to be equal to those of wittvéla, and that the increased critical buckling
moment is caused only by an increased warping anh@tq. (24)) based on a prismatic girder
with a flat, eccentric web.

PR i (24)

weco — w, flat
12

C

where e eccentricity of the web.

In 2013 another notable investigation was perforragdvioon et al. [76] on the LTB of
corrugated web girders under linear moment gradiesihg simply supported boundary
conditions. During the investigation the observagiof Abbas et al. were considered that under
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in-plane loading out-of-plane twist and in-plandl@gion are eventuated, therefore different
corrugation layouts, initial imperfections and cesl stresses were analyzed to determine an
applicable calculation method for the moment gnaihiactor in case of linear moment gradient.
Three existing method for the determination ofrtiement gradient factor were analyzed. The
first one (Eq. (25)) is provided by Chen and Lug][énd Galambos [31], the second one (Eq.
(27)) is provided by AISC-LRFD [81] and the lasieqiizq. (28)) is proposed by Lim et al. [65]
which was also produced for flat web girders byng€Bubnov-Galerkin method. Calibration
and modification were done by Chapra [67] in 20®8rovide the applicability of the moment
gradient factor of Lim et al. for corrugated welpdgrs. The results showed that the moment
gradient factor of Lim et al. gives a very goodesgment with the EN1993-1-5 [1] “b” buckling
curve for linear moment gradient. During the numerinvestigation the inelastic buckling
behaviour was considered with initial geometric @ripctions and residual stresses.

B B

2
C, = 175+ 1,05% " o,{%j <23 (25)
where Ma smaller end moment,
Mg greater end moment.
A/ B loads acting at the top flange,
C, = A loads acting at the shear centre, (26)
AB loads acting at the bottom flange.
A=13E

where for concentrated loads,
B =1+ 049N — 018W?

A=112 . L
for uniformly distributed loads.
B =1+ 0538V - 0154W7

C - 125M, . 27)
3M, +4M, +3M_ + 25M __

where M; absolute value of the moment at the quarter amdspan points,
Mmax absolute maximum bending moment along the girder.
2
C,= - - (28)
\/(1_(M1/ Mz)) + R1(1+ (Ml/ Mz))

where R1  coefficeient (for corrugated web girders it is set to 0,1442 [67]),

Mi  end moments on the simply supported girder.

It was also observed that in case of elastic buckling usingudter of half corrugation waves
a bifurcation type buckling behaviour governs the failure, howeuefinear type behaviour
was observed for those of with even number of half corrugation waveshe&nimportant

observation was drawn out that in case of inelastic bucklingdake initial imperfections and
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residual stresses into account, the differencedsmtvthe LTB capacities is not considerable by
having even or odd number of half corrugation waves

Further numerical investigation was executed in30% Tohamy et al. [77] on the LTB
behaviour of corrugated web girders in comparisath ¥hose of flat web girders in case of
simply supported boundary conditions. Higher LTBiseance was again attributed to the
corrugated web girders according to the numerieslits. It was concluded that smaller the
corrugation wave length or/and thicker the webhbigs the LTB capacity. It was also observed
that the highest LTB capacity was reached wherctiaigation angle is equal to 30 degree.
Another notable conclusion was drawn out that usimpgivalent in weight flat and corrugated
web girders the less deflection belongs to theugated one.

Although many theoretical investigation was doneupted with numerical analysis,
nevertheless just a very few number of experimeasas have been executed namely by Linder
[64], Hannebauer [13], Jamali [69], Denan et al2][and Divahar et al. [79]. Furher
experimental testing is needed in this field codpleith theoretical and numerical
investigations, because different boundary anditgadonditions have not been taken into
account in this field yet. However, there are aaptpaper can be found dealing with the
applicability of corrugated web girders into frastarctures by Sabat [78] in which the global
behaviour of the frame was investigated as a dasky.sPromising results were concluded by
Sabat that higher resistances can be achieved asinggated webs.

It has to be mentioned that there is no directmenendation in the EN1993-1-5 [1] for the
calculation of the LTB strength of corrugated wélolgrs, however as far as the authors know,
the reduction factorf{) in the EN1993-1-5 Annex D related to the bendimgment resistance
was calibrated based on experimental results arirepes tested under combined bending and
shear, where the failure modes were the LTB ofpeximens.

2.5. Fatigue behaviour

From optimal solution point of view of the desirstdel structures due to the economical design
demands need to be as low in weight as it can llbe d€sign demands indicate the use of thin-
walled structures for which the loss of stabilgyhe critical keypoint of the structure. Therefore
stiffeners are applied on the structure by welduhgch reduce the life time of the structure due
to fatigue. Based on the advantageous stabilityatielr of the corrugated web girders less
stiffeners are needed which may leads to a moreufable fatige behaviour. There is a
relaviely low number of papers can be found inlileeature dealing with the fatigue problems
of corrugated web girders. The available papersvasstly investigating experimentally the
fatigue behaviour of such girders, but some of tla@enfocusing on the numerical analysis as
well. For the sake of completeness not only theemapegarding to trapezoidal but sinusoidal
corrugated web girders are being discussed irstiisection which is not entirely relevant in
case of fatigue while the geometry of the structums a significant influence on the stress
concentrations promoting the appearance of craaksiicg propagation and finally the collapse
of the structure.
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Sinusoidal corrugated web girders

The first investigation related to sinusodial cgated web girders was executed by Harrison
[83] in 1965. Two specimens were tested under famint-bending. One of the girders failed
from a notch in the flame cut edge of the flange @@ other was failed from cracks initiated
from the web-to-flange fillet weld and propagatedbas the flange. In 1979 Korashy and Varga
[84] tested the fatigue behaviour of eleven girdsiened using discrete web corrugations
under four-point-bending. It was reported thatithigation of the cracks arised at the toe of the
web-to-flange fillet weld where the inclination tfe web was close to the maximum and
propagated into the flange causing fracture. Not bamogeneous but inhomogeneous hybrid
girders were tested with different steel qualiteshie flanges and in the web. No significant
differences were reveled in the fatigue life betwélge two types. It was observed from the
results that the wave-stiffened girders had att|2&%o higher fatigue strength than those of
with flat webs and even with stiffeners welded otalyhe web.

In 2006 crane girders with sinusoidal corrugatedsweere tested under shear, transverse force
and moving load to analyze the fatigue behaviouMghacek et al. [94]. It was reported that
under shear loading the initiation of the crackseat from the weld toes at the web-to-flange
or web-to-stiffener connections and propagatedidyito the fracture. As a result, proposal
was presented for the fatigue detail categorieseustear and transverse forces for design
purposes in case of girders with sinusoidal cortredyavebs.

Trapezoidal corrugated web girders

Rodriguez [86] in 2000 reported on tests of sixlgis with trapezoidal web corrugations. For
the web-to-flange welds continuous one-sided filetds were applied. Five girders failed to
fracture where the cracks initiated close to tiiféesers placed at the load and reaction points
to prevent web crippling. One girder failed by ¢raatiation from the web-to-flange fillet weld
toe at a location outside of the pure bending megidere combined bending and shear
interacted. It is important to confirm again thadRguez applied one-sided web-to-flange fillet
welds which have never been used in bridges ahal$, this research is not relevant for further
metioning and study.

In 2001 six specimens with trapezoidal corrugatiwese tested under four-point-bending by

Ibrahim [87]. For all girders the web-to-flangddtlweld was 5 mm in size and the bend radius
between the adjacent web folds was 27 mm. All &s¢ $pecimens failed by fatigue cracking

within the constant moment region. The initiatidnihee cracks arised at the web-to-flange weld
toe along an inclined fold and propagated in tinsiten flange. For five girders the point of the

crack initiation was at the end of the inclineddfalt the beginning of the bend region. This
point has been called the S-point (see Fig. 5pse®f trapezoidal corrugated web girders. In
case of one girder the initiation of the crackediat the weld toe in the middle of an inclined

fold which was attributed to the welding stop-start

Experimental and numerical research program wasueee by Anami and Sause et al. [89, 90,
91] in 2006. Eight specimens with trapezoidal cgations were tested under four-point-
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bending, the weld was 8 mm in size and the bendsadas 120 mm. Six girders failed due to
fracture at the web-to-flange weld toe in the tendlange within the pure bending region and
two girders did not fail at all. In case of fiveaftured girders the fatigue cracks initiated and
propagated from the S-point and one fractured giialked due to cracks arising at the parallel
web fold which was attributed to the welding stég@rs process. It was concluded that
corrugated web girders have longer fatigue lifentbedinary flat web girders with stiffeners,
but smaller than those of without stiffeners. Amastobservation was reported that the welding
method influences the life time since robotic GMAWIding has almost one and a half greater
resistance then semiautomatic GMAW welding. It vegmorted that the highest measured stress
range reached 121% compared with the nominal staege at the stress concentration point.

The observations from test results was verifiechibynerical analysis that the crack initiation
arises in the S-point at the bend radius betweeradlipcent web folds. During the numerical
analysis the effect of the corrugation angle amdlnd radius were meant to be investigated.
It was stated that increasing the corrugation aogbknd decreasing the bend radius the fatigue
life decreases effectively. The effect of the cgation depth and the fold lengths are negligible.

Another investigation was conducted by lbrahim lef@2, 93, 94] in 2006 on the fatigue
behaviour of trapezoidal corrugated web girdergeExnental testing and numerical analysis
was also included in the research program. Sixisygets were tested under four-point-bending.
For all specimens the weld size was 5 mm and tine badius was 27 mm. All the fatigue
cracks initiated at the pure bending zone fromShmint and propagated perperndicular to the
longitudinal stress. It was revealed that the agated web girders have 30-50% longer fatigue
life than those of with flat webs even with shoutted stiffeners from the tension flange.
Moreover the results showed that the fatigue tegory for corrugated web girders is smaller
than those of with unstiffened flat welbsurthermore, the researchers reported that themngeld
stop-start point results in a high stress conceatrahat can reduce fatigue life. In comparison
of the nominal stress with the highest measure$stihe differences was 117 in percentage.

The authors suggested to develop as simple nurherarel as possible. Modelization of only
one corrugated wave can be satisfactory since th#itomes did not show any notable
differences. The numerical analysis again verifteat the crack initiation arises in the tension
flange in the S-point. It was also pointed out thatmost influencial geometric parameters are
the corrugation angle and the bend radius betwe=weéb folds.

Experimental investigation was executed on trapklyi corrugated web girders by Kovesdi
et al. [96, 97] in 2009. Total number of six speems with the same corrugation profile were
tested, two under four-point-bending and four urtdeze-point-bending. The weld size was 3
and 6 mm and the bend radius between the webvi@dd$0 mm. Solely three specimens failed
due to fatigue cracks which initiated from the Sapolt was pointed out that the smaller the
weld size, the longer is the fatigue life, thereftiie use of as minimal weld size in the design
as possible was recommended. Based on the noniessas the fatigue detail category was
proposed to 90 according to the EN1993-1-9 [99Fatering the previous experimental results
from the literature as well. Moreover the paperpleasized that the highest measured stress
concentration reached 124,6% compared with the imedsiominal stress in the undisturbed
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zone of the flange in case of four-point-bendind 4h6,4% in the case of three-point-bending.
Furthermore it was observed that the combined Ingndnd shear loading has a significant
influence on the fatigue life.

Notable experimental and numerical investigatioreyencarried out analysing the fatigue
behaviour of corrugated web girders by Wang e{24] in 2014. Fillet welded joint with
corrugated plate specimens were fabricated aseaedn in Fig. 4 and Fig. 5. It was assumed
that the virtual girder is subjected to pure begdind it was employed that the contribution of
the web to the in-plane bending moment capacityeglegible which is not true in a small
region of the web close to the flanges but forghilkee of simplicity it was assumed.

Fig. 4: lllustration of a fillet welded joint witborrugated plate [99].

Several specimens were tested with corrugatiorearegjual to 30, 45 and 60 degree and with
different bend radiuses between the web foldsak abserved that the cracks initiated close to
the S-point depending on the corrugation angletheaentre of the bend radius. By increasing
the corrugation angle or/and the bend radius ofatble the crack initiation translated slightly
from the S-point to the bended region which is shawFig. 5. Moreover the fatigue strength
of the test joints is improved with the decreas#hefcorrugation angle or with increase of the
bend radius of the web. Furthermore, in comparibenresults on the S-N curve with the
previous results of real girders from the literatilivas revealed that the same fatigue behaviour
was observed in strength and in crack initiatiod propagation as well.

crack positio

Fig. 5: Fatigue crack positions of specimens wihying corrugation angel [99].

Based on the experimental results numerical modets developed to investigate the stress
concentrations around the S-point. Parametric stvaly executed to analyze the effect of the
different geometric parameters in detail.
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Hybrid girders with concrete flanges and corrugatedsteel plate web

Beyond pure steel corrugated web girders inhomagenbybrid girders have been also in the
scope of some researches. Hybrid bridges are mosthyposed with prestressed concrete
flanges and trapezoidal corrugated steel webs.r8lesennection types are existing between
the concrete flange and the steel web which habe taptimized considering fatigue as well.

The first investigation in this topic was conductadTakesita et al. [85] in 1997. The main
conclusion of this paper pointed out that the fagigracks initiate from the web-to-flange weld
toe even if the web is embedded into the conctategé. Therefore it was suggested that in
most cases it is easier to analyze the fatiguagitneof the structure by substituting the concrete
flanges to steel which leads to a safe result.

Experimental investigations have been performelytmid bridges with corrugated steel webs
and concrete flanges by Sakai et al. [88] in 2002 purpose of the tests was to analyze the
fatigue behaviour of the connection between the plates at the elongation cross-section. A
new connection type was proposed to reduce thesstancentration and to improve the fatigue
life. The fatigue tests revealed that up to 60iomllcycles, no fatigue cracks occurred.

Despite the detailed standardization of ordinagyrdters, due to the lack of investigations on
the fatigue behaviour of corrugated web girdersetiie no recommendation in the concerning
EN1993-1-9 [99]. Furher experimental investigaticar® needed coupled with numerical
analysis. Each researchers stated that longeuéatifie can be achieved with corrugated web
girders instead of using stiffened flat web girders

2.6. Evaluation and current and future aims

As it turned out, several questions have to be arevin case of corrugated web girders. In
the Eurocode 3 standard there are only recommemdator the calculation of the bending
resistance considering local flange buckling amdstiear buckling resistance regarding to steel
corrugated web girders. This summary had the aistuss the problems to be solved coupled
with an in-depth literature overview in this topic.

The stress distributions have been investigatedelygral researchers in the past. It is known
that the shear force is carried by the web antbéimeling moment is carried by the flanges. The

stress distributions have been studied in detaik the observed additional transverse bending
moments in the flanges coming from the shear flothé web have been discussed theoretically
as well which is the specific characteristic offsgtructures. It was stated by later papers that
there is no relationship observed between the wmes bending moment and the bending

resistance reduction, if plastic design is applied.

Several researchers were dealing with the investigaf the pure patch loading resistance of
corrugated web girders, however there is no recamlee: design formula in the EN1993-1-5
[1]. Analytically derived formulas have been alrgakisting from different researchers. By
harmonizing the proposal of Kahdnen [16] with th@3Eprinciple for buckling analysis it can
be applicable for bridge structures where the platatling length is relaviely long.
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The EN1993-1-5 [1] Annex D provides recommendation the calculation of the shear
buckling resistance of corrugated web girders. @asign formula does not consider the
interactive shear buckling phenomena, thus the lmed global shear buckling are handeled
separately and the unfavourable one has to bedmmesi. Papers from the literature are dealing
with the interactive shear buckling resistance sthifferent interactive formulas have been
published coupled with different buckling curve posals.

The local flange buckling is considered in the EBR39-5 [1], however it gives conservative
results because of the assumed boundary conditonghe three edges of the flange’s
“subpanels” between the inclined web folds. Theeefthe buckling coefficient should be
specified with further investigations.

Although there are numerous researcher activitesginly with the investigation of the pure
resistances namely bending (M), shear (V) and gatddting (F) resistances of corrugated web
girders and there is just a small number of re$eascdealing with the combined loading
situation. It has to be mentioned that the numlberoaresponding papers in the literature is
slightly more than ten regarding to M-V, M-F and®nteraction which is a small number and
only one recommendation can be found related tthéinteraction of trapezoidal corrugated
web girders in the EN1993-1-5 [1] Annex D which vi@asnd to be too conservative by Kovesdi
et al. [58]. Another essential fact has to be anced that there are no investigations executed
in the field of combined M-V-F interaction relatexcorrugated web girders.

Several researchers have achieved significanttsasuthe investigation of the lateral-torsional
buckling of the corrugated web girders within thstl10 years. Only simply supported girders
were in the scope of the investigations, theretbeefurther investigations regarding to the
different boundary and loading conditions are ndeddere is no direct recommendation in
the EN1993-1-5 [1] for the calculation of the lafetorsional buckling strength of corrugated
web girders, however as far as the authors knosvretuction factorf{) in the EN1993-1-5
[1] Annex D related to the bending moment resistamwas calibrated based on experimental
results on specimens tested by combined bendingleeat, where the failure mode was lateral-
torsional buckling of the specimens.

Due to the low number of investigations on thegiag¢l behaviour of corrugated web girders
there is no recommendation in the EN1993-1-9 [#9Fher experimental investigations are
needed coupled with numerical analysis. Each rekees stated that longer fatigue life can be
achieved with corrugated web girders instead ofhgustiffened flat web girders. Only one

proposal [96] can be found in the literature foe fatigue detail category regarding to the
concerning EN1993-1-9 [99]. It suggests detail gatg 90 which is in between the stiffened

and unstiffened flat web girders’ detail category.

As a conclusion it can be stated that one of thetnmberesting and not solved research topic
regarding to corrugated web girders is the deteatiun of the interacting behaviour under
combined bending moment, shear and transverse. fdmeever a few authors have already
discussed the interaction between M-V, M-F and WHich may be the individual interaction
planes of the aforementioned M-V-F 3D interactiorface. Therefore the current MSc diploma
thesis focuses on the numerical investigation efabove mentioned interactions.
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3. Interacting stability behaviour

Based on the conclusions of the Section 2 it casthged that one of the most necessary
investigation in the field of corrugated web girsles on the interacting stability behaviour. The

importance and the basic conditions of this top& discussed in Section 3.1. The previous
research activities in this field and their resaits presented in Section 3.2 while the aims and
the research strategy of the current diploma thasssintroduced in Section 3.3 and 3.4,

separately.

3.1. General statement

Typical layout of a hybrid superstructure can bensie Fig. 6. In case of hybrid bridges the
upper and lower flanges of the bridge deck are nohgeestressed concrete however the webs
are made of corrugated steel plates. During themental launching procedure only the steel
corrugated webs with steel flanges are launchedlwban be seen in Fig. 7. By using
corrugated steel plates as web in the launchirdpgimakes it possible to reduce temporary
loads, materials and construction equipments. Btewacrete panels are placed on the lower
flanges of the steel launching girder thus the sdedformwork of lower slab and scaffolding
are omitted.

¢ | .::' Wawe-type steal
L T 3 - o i -3 i:ll:ltﬂ wiah

Wave-type steat
plate web

& Concrate lower slab

Internal cable

Fig. 6: Typical layout of a hybrid superstructure.

During the construction stages the girders areestdyl to the combination of different actions

as bending moment, shear force and patch loadimghwasult in a complex stress field in the

structure and may occur interacting instability pbraena. The most critical stages when the
launching superstructure is just before reachimgréxt pier and a large cantilever bending
moment acts on the structure with accompanyingelaigear and transverse force at the
previous pier.

In the past numerous invastigations have beenechott in case of corrugated web girders for
design purposes. Many questions have come oubdratugated web and new investigations
became necessary for better understanding anthfuta dization. Numerous experimental and
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numerical investigations can be found in the iradomal literature which is practicably
discussed in Section 2 related to girders withugated webs. These investigations are dealing
with the strength, stability and fatigue problenisuch structures.

Corrugated web

Fig. 7: Incrementally launched superstructure steéel corrugated web.

In spite of the aforementioned numerous paper®tisea very low number of papers dealing
with the interacting stability behaviour of corrige web girders. The concerning literature is
slightly more than ten papers which is a small nemiherefore the investigation has high
priority. It is commonly accepted among researchemd designers that the flanges of
corrugated web girders are carrying the major pathe bending moment and normal forces
and the corrugated web plate is carrying the magotr of the shear force. It is also known from
previous investigations that the shear flow in¢berugated web indicates transverse bending
moment in the flanges resulting additional norniedsses. Some papers are dealing with the
normal stress distribution in the flanges due teasHorce and a few number of papers are
dealing with the reduction in the in-plane-bendimgment capacity due this aforementioned
additional transverse bending moment in the flantiess namely the interaction between the
bending moment and shear force of such girders.

Researchers dealing with the patch loading resistahcorrugated web girders agree with the
obvious fact that both, the flange and the corregjaveb contribute to the patch loading

resistance of the girder. It is also expressethénproposed formulas for the determination of
the patch loading resistance. Due to the contobutof both structural members an

accompanying shear force or bending moment carceethe effort of capacity into the patch

loading resistance. Therefore the investigationthefcombined bending moment and patch
loading and the combined shear force and patchirigaake in the scope of a few papers
discussed in Section 3.2. In real cases the thogena act in the same time which result in a
complex stress field in the structure. There argapers found in the literature dealing with

corrugated web girders subjected to combined bgnaioment (M), shear (V) and transverse
forces (F). Therefore the current diploma thes@$es on the numerical investigation of the
structural behaviour of the girders with corrugatesbs under all of the aforementioned actions
and their combinations.
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In case of conventional flat web girders the pregositeraction planes and the whole 3D
interaction surface are discussed which can beiretiee Appendix C. Proposals regarding to
corrugated web girders for the distinct interactmanes (M-V, M-F and V-F) of the 3D
interaction surface (M-V-F) have been already @xgst However the validity of these
interaction planes have to be studied numericallg avaluated at first and then the 3D
interaction surface have to be in the scope ottheent diploma thesis to give a proposal for
the determination of the M-V-F interaction whichassential in case of an incrementally
launched superstructure with steel corrugated webs.

3.2. Previous research activities

Calculation methods for the pure resistances

Determination formulas for the pure bending andasheckling resistances have been already
existing in the EN1993-1-5 [1] Annex D. However rineare no recommendations in the
standard for the calculation of the pure patch ilmgdesistance of corrugated web girders,
therefore in the current diploma thesis the deteatnon of the pure patch loading resistance is
based on the proposal of Kovesdi et al. [18] wisctpecialized for bridge type girders.

According to the EN1993-1-5 [1] Annex D the puratiag resistance can be determined from
the contribution of the flanges by the Eq. (29).

M. = bf Eﬂf D(nyf EEh +tuf +t|fJ (29)
Rd W
Vi 2

where br, &t the smallest width and thickness from the lowenmper flanges,
tur, tir upper and lower flange thicknesses,
hw  web depth,
X reduction factor due to local flange buckling,
ym1 partial factor for buckling (1,1 for bridges ab@ for buildings),
fyr  flange yield strength.

The EN1993-1-5 [1] Annex D suggests using bucklogfficient assuming an equivalent
rectangular plate supported along three edges.blickling coefficient can be calculated
according to the Eqg. (18) in Section 2.2. The feabgckling is considered in EN1993-1-5 by
the buckling coefficient given above in Eq. (18}wan upper limit value of 0,6 discussed in
Section 2.2. After the determination of the buadklaoefficient the relative slenderness and the
reduction factor related to the outstanding congioeselements can be determined on the same
way as for the conventional I-girders (acc. toENL993-1-5 [1] 4.4.1 and 4.4.2).

Design method of the shear buckling resistanceoolugated web girders is implemented in
the EN1993-1-5 [1] Annex D. The formula for the efetination of the design shear capacity
can be seen in Eqg. (30) without introducing of¢hkulation of the reduction factor.
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Viwrd = Xe y:v/— h,t, (30)
Y1

where xc  the lesser reduction factor regarding to local glotbal buckling,
fyw  yield strength of the web,
ym1 partial factor for buckling (1,1 for bridges ab@ for buildings),
hw  web depth,
tw  web thickness.

The patch loading resistance is determined in tireent master’s thesis according to the
proposal of Kovesdi et al. [18] which can be cadtedl according to Eq. (31).

20/4M @ f, +f i s
Pu= Q/ pl, f D( wmyw Y\ND( w s (31)
Y1

where x reduction factor,
fyw  yield strength of the web,
tw  web thickness,
S  loading length,
Mot plastic moment calculated from the flanges,
ym1= partial factor equal to 1,35 (for quality S23%8yiged by Kévesdi [60, 68].

This procedure is proposed for only bridge typdgjis thus two conditions have to be fulfilled,
one for the smallest web fold width and one for¢berugation angle (Eq. (5) in Section 2.2).
There are other limits of this method, becausatteyzed parameter range forth ratio was
between 200 and 500, and the analyzed parametg fans/hw was between 0,4 and 0,8, but
anyway there is no existing general proposal forugated web girders.

Previous studies on the bending moment and shearteraction

In the international literature there are numerpapers dealing with the in-plane-bending

moment resistance and shear buckling resistanoarafgated web girders separately and there
is just a few number of investigations paying aitento the combined bending moment and

shear force.

Based on numerical results verified by experimémsstress distributions in the flanges and in
the corrugated web was analyzed by Elgaaly et fin[1997. It was presented that the ultimate
moment carrying capacity can be calculated onlgnftbe contribution of the flanges and the
shear force is carried only by the corrugated amdb stated that there is no observed interaction
between the bending moment resistance and the blueiting resistance of girders with
trapezoidal corrugated web.

EN1993-1-5 [1] recommends how to consider the eftédadhe shear force on the bending
resistance. It suggests taking the reduction fg€tpmto account as a multiplication factor of
the pure bending resistance of a given girder. rfEdection factor can be calculated from the
maximum additional transverse bending moment irflimges coming from the shear flow in
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the web. The reduced moment capacity can be cébcukccording to the Eq. (32) and the
interaction diagram can be seen in Fig. 8.

Myre = fr M g (32)

where: f_=1-04 (33)

fyt yield strength of the flange plate,

ymo  partial factor for stress check,

oxMz) maximum value of the additional normal stressesing from transverse
bending moment,

Mz max maximum value of th&ransverse bending moment (see Fig. 3).

1
0,8 - ‘—'ﬂw
~0,6 -
~ 0,4
——proposal of the EN1993-1-5 [1]
0,2 - Annex D
O 1 1 T T 1
0 0,2 0,6 0,8 1

0,4
M/Mg
Fig. 8: M-V interaction diagram according to EN19B3 [1].

It has to be mentioned that according to the atglkarowledge, the reduction factdf)(in the
EN1993-1-5 [1] Annex D regarding to the bending neoiresistance was calibrated based on
experimental results on specimens tested under io@hlbending moment and shear force,
where the failure modes were lateral-torsional binogk of the specimens. Thus the
aforementioned design procedure is not a direggdesethod for the M-V interaction because
it considers the lateral-torsion buckling of thegelers which belongs to the global stability
problems of girders with corrugated web.

Sinusoidal corrugated web girders have been intehsistudied on this research field by
Pasternak and Hannebauer [37] in 2003. They inyegstil the effect of the shear force on the
in-plane-bending resistance of the sinusoidal gated web girders. It was concluded that
there is no interaction between bending momensaedr force in case of sinusoidal corrugated
web girders. This statement is also noted in theeming EN1993-1-5 [1] Annex D, that the
reduction factorfg) can be set to 1,0 in case of sinusoidal corrupgatb girders.
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Fig. 9: M-V interaction diagram for sinusoidallyraogated web girders [57].

Another research was carried out by Kuchta [570606 investigating the structural behaviour
of sinusoidal corrugated web girders under combbeting moment and shear force. Based
on the executed experimental investigations a nigadenodel was developed. As a result of
the investigation an interaction equation was psepowith a small reduction due to the
combined loading situation for girders with singadicorrugated web. Kuchta did not take the
effect of the transverse bending moment in thegi@nnto account, thus the magnitude of the
additional normal stresses in the flanges werecaonsidered. Furthermore the possible shear
buckling of the web or local flange buckling phereras were also not considered instead the
plastic resistances were determined. The propddalichta [57] for the M-V interaction can
be seen in Fig. 9 where the maximum reductioneénbiégnding and shear resistance is 8,33%.

Previous studies on the bending moment and patchdding interaction

Elgaaly and Seshadri [17] investigated the bendind transverse force interaction of the
trapezoidal corrugated web girders in 1997. Basea @imited number of experimental test
results and numerical calculations, a “moving” ratgion equation was proposed which is
demonstrated by the Eq. (34) below. During thewestigation unstiffened flange model was
used which means that the interaction of the webflamge buckling is allowed as a collapse
mode of the structure.

M 125 F 1,25
] AE] s .

where Mr bending resistance,
Fr patch loading resistance.

Based on the numerical results Kovesdi et al. {6@hd the proposal of Elgaaly and Seshadri
too conservative and modified the indices of th@Vving” interaction curve in 2011. During

the investigation stiffened flange model was usduchv is shown by Fig. 16 and 17 and
described in Section 4.5. The applied geometriarpater domain of the models was wider
than before on which the typical failure modes weeweb crippling and bending. This new
proposal can be seen in Eq. (35). In 2012 Kovesdl. ¢60], [61] presented the same proposal
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related to the interaction of combined bending mamend patch loading. In Fig. 10 the
proposals for the M-F interaction diagram can lenssccording to Elgaaly and Seshadri [17]
and Kovesdi et al. [59].

12 8
) e o

where Mr bending resistance,
Fr patch loading resistance.

It has to be mentioned that there is no recommeordat the EN1993-1-5 [1] for the calculation
of the combined bending moment and patch loaditgraction in case of corrugated web
girders.

1 -
0,8 -
0,6 -
L
" 0,4 -
0.2 - ——proposal of Elgaaly et al. [17]
——proposal of Kévesdi et al. [59]
0 . , , :
0 0,2 04, 08 0,8 1

Fig. 10: Proposals for the M-F interaction curve.

Previous studies on the shear and patch loading ietaction

Kahonen [16] proposed a formula for the interacbbahear and transverse force in 1988. The
pure patch loading resistance was discussed theadhgtbased on experimental results of
corrugated web girders and the combined loadingasdn was taken with a shear stress
interaction factorky) into account (see Eg. (2) in Section 2.2).

Elgaaly and Seshadri [17] investigated the shedrpatch loading interaction of corrugated
web girders in 1997. Five specimens were testeérdondal transverse force. The main aim of
their research was to determine the patch loadisigtance of corrugated web girders. The pure
patch loading resistance and the interaction betwhear and patch loading was studied within
the frame of a numerical research programme in lwtlie geometric parameter ranges of the
analyzed girders were limited. Based on the nurakdalculations, a “moving” interaction
curve was proposed as shown the in Eq. (36).

v-05E )" (E)™
Vo UoR T <10 36
) g e 2

where VR shear resistance,
Fr patch loading resistance.
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The proposal of Elgaaly and Seshadri was foundetaajppropriate enough based on the
numerical investigation executed by Kovesdi efé#] in 2010. However the interaction curve
was modified and a new lower limit interaction cerrwas provided by Kovesdi et al. based on
their numerical results. The new interaction foranid demonstrated by the Eq. (37). The
applied geometric parameter domain was wider tharahalyzed parameter range of Elgaaly
and Seshadri. In 2012 Kovesdi et al. [60], [61Fpraed the same proposal related to the girders
with corrugated web subjected to combined sheatrangverse force. In Fig. 11 the proposals
for the V-F interaction diagram can be seen acogrth Elgaaly and Seshadri [17] and Kévesdi
et al. [62].

12 12
e

where Vr shear resistance,
Fr patch loading resistance.

1 -
0,8
0,6 -
L
“ 0,4
0,2 - ——proposal of Elgaaly et al. [17]
——proposal of Kovesdi et al. [62]
0 : . , , .
0 0,2 0,4 0,6 0,8 1

(V-0,5F)/Vg
Fig. 11: Proposals for the V-F interaction curve.

It has to be mentioned that there is no recommeéndet the EN1993-1-5 [1] for the calculation
of the combined shear and patch loading interactiaase of corrugated web girders.

Evaluation of the proposals

EN1993-1-5 [1] Annex D provided formulas for theetenination of the pure bending moment
and shear buckling resistances of corrugated welerg with an adequate accuracy verified by
several researchers. However there is no formusiged for the determination of the pure
patch loading resistance of corrugated web giratetise Eurocode. There can be found some
proposal regarding to corrugated web girders wisatiscussed in Section 2.2. In the recent
MSc thesis the proposal of Kévesdi et al. [18]sediinspite of the fact that it was developed
for bridge type girders and not for a general cgated web girder geometry.

The combined bending moment and shear force iriterabave been investigated by three
research groups in the past regarding to trapekzowieugated web girders. At first Elgaaly et
al. [4] investigated the combined bending and shrgaraction of corrugated web girders and
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concluded and stated that the interaction behawanrbe neglected. In contrast with that the
EN1993-1-5 [1] Annex D recommends an interactiormigla which predicts a significant
interaction behaviour considering the additionahabstresses in the flanges coming from the
shear flow in the web. This interaction formula wagestigated by Kdvesdi et al. [58] in 2014
and concluded that the proposal of the EN1993-4-0 conservative and the interaction
behaviour on the numerically analyzed geometriaipater range was less than 5% with
respect to the numerically calculated pure rest&gtarbut it can be neglected when adequate
design formulas for the pure resistances are applie

The Eurocode standard does not provide formulagherdetermination of the combined
bending moment and patch loading and combined dbeas and patch loading interactions
related to corrugated web girders. Both interactioave been studied by two research groups.
At first Elgaaly and Seshadri [17] investigated twmbined M-F and V-F interactions of
trapezoidal corrugated web girders. Based on Ionib@mber of experimental tests and
numerical investigation, proposals for both intéats were provided. On the basis of the
numerical results of Kévesdi et al. [59] which waesformed on a wider geometric parameter
range, a new proposal for the M-F interaction behawof trapezoidal corrugated web girders
was proposed. It was stated that the proposalgaaly and Seshadri was too conservative. On
the other hand the proposal for the V-F interactiorve of Elgaaly and Seshadri was found to
be acceptable according to the numerical resultsévesdi et al. [62] nonetheless a lower
bound interaction curve was proposed with a smallifrcation.

As a conclusion it can be stated that a small nurmbgrevious investigations are dealing with
the combined loading situtations of corrugated weders from which the combined M-V-F
interaction has never been investigated at allsThe investigation in this field must be of high
priority.

3.3. Research strategy

In the previous sections the problems regardingptougated web girders are discussed with
pointing out the most untapped topic in this fiedaich is the investigation of the 3D interaction
surface with respect to the interaction of combibedding moment, shear and transverse force.
To solve this problem the individual interactioapés are studied at first. In the literature there
can be found proposals for the individual inte@ctplanes, namely M-V, M-F and F-V
interaction planes, however there is no existingppsal for the M-V-F interaction surface.
Therefore the research strategy of the currenbdiplthesis is the following:

1) An in-depth literature overview on the topic of frevious investigations on the M-V,
M-F and F-V interaction behaviour are collected distussed in detail in Section 3.2.

2) Advanced numerical models are developed with the bethe ANSYS v15.0 [101]
finite element package using four-point shell elaetaeconsidering the geometric and
material nonlinearities and initial geometric imjgetions and residual stresses.
Different loading and boundary conditions are agpldealing with the individual
interaction planes. (Section 4)
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3)
4)

5)

6)

7

Based on the test results in the literature thearigal models are verified (Section 4.9).

Numerical parametric study is executed on the dag@eel model using different
geometric parameters to investigate at first thee pesistances (Section 5) and the
individual interaction planes, namely M-V, M-F axieF- interaction planes (Section 6)
and then the 3D interaction surface (Section 7).

There is no proposal existing for the M-V-F intdrac domain, therefore at first the
numerical results are compared with the composedn8&action surface from the
previous proposals for the individual interactidargs. Then demanded correction can
be made on the interaction domain (Subsection 7.2).

Statistical analysis is conducted to determine dpplicability of the new M-V-F
interaction equation (Subsection 7.3).

The comparison with the interaction behaviour af Web girders is executed (Section
8).

After the execution of the aforementioned stratiagyproposal for the determination of the M-
V-F interaction surface is given for design pur@osehich is essential in case of an
incrementally launched bridge structure with stemirugated webs or in case of industrial
buildings and halls with corrugated web girders.
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4. Numerical model development and verification

The developed finite element models (geometric,hmésad and boundary conditions) are
introduced in this section. The finite element medere developed in ANSYS 15.0. The
experimental background, the analysis type, corererg study, applied imperfections and the
verification of the numerical models are also pnéseé in this Section.

4.1. Experimental background

The behaviour of corrugated web girders under @imelined loading situation are in the scope
of investigation, therefore the verification of themerical model with respect to the pure
ultimate load carrying capacities, namely the begdmoment, shear and patch loading
capacities has high importance in this researclyrpr. To verify the advanced numerical

model 16 available test results of specimens haen lcompared with the numerically

computed results. Six bending tests of Elgaalyl.ef4d one shear test of Moon et al. [47],

Hannebauer [13] and Driver et al. [44], two patohding tests of Elgaaly and Seshadri [17]
and five patch loading tests of Kovesdi et al. [2@re analyzed numerically and compared
with the ultimate load carrying capacities of thsttresults. The evaluation of the comparison
can be seen in Section 4.9.

4.2. Geometric model

The geometrical model with the defined surfaces banseen in Fig. 12 in which four
corrugations are applied with inclined web foldbatth ends of the beam. In this case the length
of the beam is 4800 mm, thus the length of oneugation is 1200 mm in which the length of
the parallel fold is 400 mm and the depth of thewgmation is 200 mm with an angle of 45°.

Fig. 12: Geometric model of corrugated web girders.
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4.3. Material model

The character of the applied material model armeat elastic - hardening plastic material
model using von Mises yield criterion. This muttéiar material model has in the plastic domain
an isotropic hardening behaviour. The materiatsianed to behave linearly elastic and to obey
Hook’s law with a Young’ modulus equal to 210000 &3/ to the yield stress/\f The yield
plateau is modelled up to 1% strains. Thereaftdruaniil it reaches the ultimate stresg,(the
material is assumed to behave linear hardeningawttduced modulus. The ultimate strength
is defined by 12% strains. The material is perjeglhstic when it reaches the ultimate stress.

Different yield and ultimate stress values are i@optlepending on the analyzed girders. For
the verification of the numerical model the meaduwralues of the yield and ultimate stresses
are contained in thé"aand 18" columns of Table 1, Table 2 and tH€, 39, 4" and %' columns

of Table 4, respectively (Subsection 4.9). In thenerical parametric study the characteristic
value of the yield and ultimate strength are usethe computations instead of the measured
values. The @ and 18" columns of Table 6 contains the yield and ultimsitesses used in the
parametric study (Section 5.1).

4.4. Finite element mesh

Figure 13 presents the finite element mesh. Idithie element model the SHELL181 element
was applied which can be seen in Fig. 14.

Fig. 13: Finite element mesh.

The attributes of the SHELL181 finite element dre followings:

- four-node thin shell element,

- bending and membrane capabilities, so both in-pdertenormal loads are permitted,

- six degrees of freedom at each node, translatiotisei nodal x, y and z direction and
rotations around the nodal x, y and z-axis,

- large strain and large deflection capabilitiesase included,

- it can be applicable for stability analysis (calistress level determination),

- applicable for linear or nonlinear analyses.
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In this geometry with mesh size 40 mm the numbeppiied nodes is 8026, thus the degrees
of freedom of the whole model is 48156.

=

KL

J
Trianguiar Opfion
{not recommended)

Fig. 14: SHELL181 finite element [101].

4.5. Loads and boundary conditions

The different boundary and loading conditions & timite element model specialized for the
investigation of each interaction planes and theraction surface are presented. Different
boundary and loading conditions have been apptiethe investigation of each M-V, M-F, V-
F and M-V-F interaction behaviour of corrugated weblers. In case of all girders diaphragms
are placed to the ends of a beam. Fig. 15 showssaimedary and loading conditions in case of
the investigation of the bending moment and sha@efinteraction behaviour.

Fig. 15: Boundary conditions in case of the in\gegion of the M-V interaction.

It is assumed that the virtual girder is subjediedhree-point bending with accompanying
bending moments acting at the ends of the girdee. €n observe in Fig. 15 that only the half
of the virtual girder is modelled in order to redube computational time. The shear force is
distributed and applied on the left end diaphragid the bending moment is applied as
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equivalent normal forces distributed in the flangesthe right end of the girder. On the left
hand side the girder is supported against displanoém the longitudinal direction and rotation
around the transverse and lateral directions, emigfint hand side the girder is supported in the
transverse and lateral directions.

Fig. 16: Stiffened flange model for the investigatof the M-F interaction.

For the investigation of the bending moment andipkitading interaction the applied boundary
and loading conditions can be seen in Fig. 16. gilger is subjected to three-point bending
with accompanying bending moments acting on bottiseit has to be emphasized that
stiffened flange model is used during the parametiidy which excludes the local flange
buckling due to patch loading. In the case of keitlgunching flange buckling can not occur,
because of the stiffening effect of the concretende and/or loading device. Thus, for the
numerical analysis the nodes of the flange have beapled in the lateral direction with rigid
elements. The rotation of these rigid lines are tiestrained around the longitudinal and lateral
directions to avoid flange buckling. In this wag ttiffening effect of the concrete flange and/or
loading device is taken into account and the failmode remains pure web crippling or local
web buckling (Fig. 16).

Fig. 17: Boundary conditions in case of the in\gtion of the V-F interaction.

In Fig. 17 the boundary and loading conditions slrtewn in case of the investigation of the
shear and transverse force interaction behavione €n observe that on the left diaphragm
the shear force is acting while in the midspanpgateh load is acting. On the right hand side
the girder is supported vertically, on the left tiaide the girder is supported longitudinally and
against rotation around the transverse and latBrattions. Stiffened flange model is used
during patch loading (Fig. 17).
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Fig. 18: Boundary conditions in case of the invgegion of the M-V-F interaction.

In Fig. 18 the boundary and loading conditionssdr@wn in case of the investigation of the M-

V-F interaction behaviour. The girder is simply paged and subjected to bending moments
at both ends. The shear force is applied on thepail diaphragm while the patch load is acting
close to the quarter point of the beam placed abqgvarallel web fold. The beam is supported
laterally at the end points and at the midspan.

4.6. Analysis type

The analyzed numerical models are developed ubmdjriite element software ANSYS 15.0
[101]. The numerical modelling is based on a fliels model using four node thin shell
elements. The ultimate loads under the combinedidgasituations are determined by
geometrical and material nonlinear analysis usimgiv@lent geometric imperfections
(GMNIA). The full Newton-Raphson approach is usethie nonlinear analysis since it is well-
suited for handling large deformations. The nordimgolver convergence was analyzed using
different time stepping attributes such as the tatep size and maximum and minimum time
step sizes. Due to the convergence study the tiepesszes are set properly in the numerical
simulations. During the simulations the default\eengency criteria built in ANSYS is used.
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4.7. Applied imperfections

The aim of the current research is to determinedhistances of the pure and combined loading
situtations under bending, shear and transverse fartrapezoidal corrugated web girders. As
itis discussed in Section 2 the pure failure modesost of the cases are governed by buckling,
thus the initial imperfection has an important rolethe numerical computation procedure.
Initial imperfections can be geometric and strugtumperfections (residual stresses) from
which both can be taken with equivalent geomeiniperfections into account. There are three
different alternatives to define the equivalent mgetric imperfection which are allowed
according to the EN1993-1-5 [1].

1) The first possibility is to apply manually the comnty observed imperfection shapes
after the fabrication processes. In this casertperfection shape is practically defined
by a functional description such as sine functionother periodic functions. This
approach is the most complex one in comparions thetother types.

2) The second possibility is to apply the eigenmodpearfections. The standard allows
using the first eigenmode as an imperfection shap&h corresponds to the bukling
shape of the analyzed panel. The eigenmodes agd basnathematical background so
it is fully objective and the modelling techniquashbeen already well clarified. The
main advantage is that the usage of the first engele imperfection shape leads to a
safe design.

3) The third one is the ultimate failure shape assside imperfection shape type. In this
case the applied imperfection shape comes fronpteeious geometrically perfect
computation (GMN analysis) then the originally getf geometry is updated by the
ultimate failure shape of the structure as an if@géishape. This imperfection type is
not a commonly used imperfection may be becausdiihe-consuming and may lead
to a too conservative design approach.

In most of the cases the initial imperfectionsha&f specimens are not known for the verification
of the developed numerical model. The measuringqatore is very time-consuming and does
not contain the residual stresses. Using periodinctfons as equivalent geometric
imperfections can be a possible solution, butad&eto a very complex and slow approach
which requires a high degree of attention. Theeefois not suitable for parametric study and
for combined loading situations.

Using the ultimate failure shape as equivalenalinthperfection is also very time-consuming

approach because all of the nonlinear computati@ave to be performed at least twice to
determine the appropriate ultimate failure shapethérmore it is very rare that the applied

imperfection coincide with the ultimate failure geamperfection, thus this approach leads to
the most conservative design.

The application of the first eigenmode shape isniest common one because it contains the
relevant failure mode. In the current research wdifkerent failure modes are studied
separately and also on a combined way, the bestlarays a safe side solution is ensured by
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using eigenmode imperfections. This imperfectigmetgan handle the change of the failure

mode in the interaction domain. Maybe the usagiheffirst eigenmode imperfection shape

leads to a conservative design, but it can be edghat all of the calculations are on the safe
side. Therefore all the numerical parametric stidiee executed using the first eigenmode
imperfection shape. The first eigenmodes due te pending, shear and transverse force can
be seen in Fig. 19.

The imperfection amplitudes for the pure resistarare discussed in some papers and in the
EN1993-1-5 [1]. In case of pure patch loading themo recommendation in the EN1993-1-5,
therefore an imperfection sensitivity analysis wasformed by Kovesdi et al. [21]. In this
diploma thesis the first eigenmode (web cripplinb® sine-wave, the ultimate shape and the
modified sine-wave imperfections were investigaéed compared. In case of the modified
sine-wave imperfection the amplitude of the sinetevig the highest at the web crippling zone
and descending away from the attacked flange. trclosion of that paper the fold length
divided by the scaling factor equal to 200 is psmgabas imperfection magnitude in case of the
application of the first eigenmode imperfection.

a) local flange buckling b) shear buckling c) loaadb buckling
Fig. 19: First eigenmodes due to pure a) bendipghear force and c) patch loading.

There is no recommendation in the EN1993-1-5 [1] tlee imperfection amplitude for
corrugated webs. However imperfection sensitivibalgsis has been also carried out by
different researchers investigating the pure sheekling resistance of corrugated web girders.
Driver et al. [44] proposed that the magnitudetd applied imperfection amplitude can be
taken as the thickness of the web which was coefiriny Hassanein et al. [52]. Another
magnitude for the imperfection amplitude was pregoBy Yi et al. [46] and Nie et al. [50].
They suggested using web depth devided by thengctactor equal to 200 as equivalent initial
geometric imperfection amplitude. The last onesedubecause in most of the cases it gives
greater imperfection magnitudes.

In case of pure bending the recommendation of &9@3-1-5 Annex C [1] for local panel or
subpanel buckling is used in which the flange gr&labutstand devided by the scaling factor
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equal to 200 is applied. This magnitude is apphdtie parametric study on the M-V interaction
behaviour by Kévesdi, Jager, Dunai [58].

Even though an imperfection sensitivity analysis performed using the eigenmode
imperfection shape. As a result, the previouslguksed proposals are judged to be appropriate
for further use. During the numerical analysish& tombined loading situations the appropriate
imperfection magnitude is applied with respect® dominant first eigenmode.

4.8. Convergence study

Mesh convergency study is executed to ensure tloelhmneliability. According to Moon et al.
[76] one web fold should be modelled by minimum3e4 elements along the fold length to
determine the capacity of the girder with adeqaatairacy. Due to the imperfect analysis as a
principle 6-10 elements have to be used to ensugacy. It means that in case of the analyzed
girders the applied average finite element sizeesdyetween 5 - 40 mm.

For representing the process of the convergendy,stune geometry is chosen which can be
seen in Section 4.2 (Fig. 12) and 4.4 (Fig. 13pvixg the accuracy of the numerical model
different mesh sizes were applied and analyzedinQuhe investigation the computational

time is also measured. Figure 20 shows that usimajler mesh sizes the obtained values for
the numerically computed bending moment resistéerds to the accurate solution.

Convergence study
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Fig. 20: Convergence study of pure in-plane-bending

The calculated bending moment resistances by diffenesh sizes are represented by the blue
line. According to the Microsoft Excel software tims case the exact solution tends to the
bending moment resistance equal to 2690 kNm wkidemonstrated by the lower dashed line.
The one percentage difference from the assumed sghtion is demonstrated by the upper
dashed line. The intersection point of the uppehdd line with the continuous blue line is
close to the mesh size 40 mm which is marked bgllaw dotted line in Fig. 20. It is shown
by red columns that the computational time is ntore-consuming in case of mesh size 20
mm and this is the main reason why mesh size 4Gvasrjudged to be accurate enough for the
application in the numerical computation.
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4.9. Verification of the numerical model

In this Section the verification of the numericabael is presented. Tests of different
researchers available in the international liteeatare used for the verification of the finite
element model. In the followings the correspondmge ultimate load carrying capacities of
the numerical models of the specimens, namely timenically computed bending moment,
shear buckling and patch loading capacities of ¢cheesponding specimens are shown
separately and compared with the test results.

Verification of the bending moment resistance

Six bending tests of Elgaaly et al. [4] were anatyzumerically and compared with the
ultimate load carrying capacities of the test rssuih Fig. 21 the numerical model of Elgaaly’s
specimen (Fig. 21/a) and its typical bending falorode (Fig. 21/b) can be seen.

a) numerical model b) typical failure mode
Fig. 21: Elgaaly’s specimen and its typical bendatyre illustrating the von Mises stresses.

In Table 1 the geometric parameters of the sixigpats can be seen with the average measured
yield and ultimate stresses’(&nd 18 column) which were applied in the numerical maieri
model (Section 4.3). The $icolumn and 12 column of Table 1 contain the experimentally
measured (Ms) and the numerically computed ultimate bending montapacities (Mm),
respectively. The #8column contains the comparison of the aforemesticzapacities.

Table 1: Comparison of the experimental and nurakresults.

ts by hw tw a a & fy fu Miest Mnum | Mtest/
[mm] | [mm] | [mm] | [mm] | [°] |[mm]|[mm] | [MPa] | [MPa] | [KNm] | [KNM] | Mnum

Bending tests of Elgaaly et al. [4]

12,7 | 152,4304,8/ 0,607 50 | 19,80 18,53| 289 682 | 180,9 183| 0,9

12,7 | 152,4 304,8/ 0,607 45 | 38,10 35.92| 289 682 | 193,3 182,3 1,0

12,7 | 152,4 304,8/ 0,607 55 | 41,90 40,70| 289 682 175 178, 0,9

12,7 | 152,4 304,8]0,607|62,5 49,80| 57,25| 289 682 | 1752 1779 0,9

12,7 | 152,4 304,8/ 0,607 55 | 41,90 40,70| 376 682 | 237,8 234,9 1,0

DA WINIF
Ok © YW Oo ©

12,7 | 152,4 304,8]0,607|62,5 49,80/ 57,25| 376 682 | 223,20 232,9 0,9
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The results show that the maximum difference is(@%6) on the unsafe and 6% (1,06) on the
safe side. It may be attributed to the measureherites using in the experiments and also to
the developed numerical model and to the differapplied imperfections. Despite the
differences of the measured and computed resglt®d agreement can be observed, therefore
the numerical model is judged to be accurate endoghthe application for the further
numerical parametric study.

Verification of the shear buckling resistance

One shear test of Moon et al. [47], Hannebauer H®] Driver et al. [44] were analyzed
numerically and compared with the ultimate loadyag capacities of the test results. In Fig.
22 the numerical model of Moon’s specimen (Fig.a22ind its shear buckling failure mode
(Fig. 22/b) can be seen. The real failure modéefMoon’s specimen is shown in Fig. 23.

Fig. 22: Numerical model of the half of Moon’s speen and its shear buckling failure.

In Table 2 the geometric parameters of the threszisgens can be seen with the average
measured vyield stresses"(8olumn) which were applied in the numerical maerhodel
(Section 4.3). The column and 1® column of Table 2 contain the experimentally measgu
(Vtes) and the numerically computed ultimate shear dépadVnum), respectively.

- - - et ———

Fig. 23: Moon’s-s.pe(:irﬁe'h after shear buckling fail[#7].

—_—
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Table 2: Comparison of the experimental and nurakresults.

ts by hw tw o a1 & fy fu Viest | Voum |V,
[mm] | [mm] | [mm] | [mm] | []] | [mm]| [mm] | [MPa]| [MPa] | [KN] | [KN] | von

Shear test of Moon et al. [47]

1] 30 | 300] 2000 4 | 23| 220 195| 296] - | 105831007|1,05
Shear test of Hannebauer [13]

2| 15 | 200| 500| 25] 40 30 | 62 | 270| - | 206,5193,2/1,07
Shear test of Driver et al. [44]

3] 50 | 450] 1500 6,3 | 37| 300 | 250| 485] - | 21552009]|1,07

The results show that the maximum difference is 2%097), and all of the numerically
computed results are on the safe side, thus thesmecah model is judged to be appropriate
enough for the application for the further numdrgarametric study.

Verification of the patch loading resistance

Two patch loading tests of Elgaaly and Seshadiighd five patch loading tests of Kovesdi et
al. [20] were analyzed numerically and comparedhwhe ultimate load carrying capacities of
the test results. In Fig. 24 the numerical moddl@¥esdi’'s specimen (Fig. 24/a) and its local
web buckling failure mode (Fig. 24/b) can be se€dme real failure mode of the Kévesdi’s
specimen is shown in Fig. 25.

By using unstiffened flange model in the numeraalysis the collapse mode is not only pure
web crippling or local web buckling, but also timeraction of the web and flange buckling.
This collapse mode corresponds to the experimehtigaaly and Seshadri [17]. During
incremental launching of superstructures the flabgekling can not occur, because of the
stiffening effect of the concrete flange and/ordiog device and/or the lateral restraint of the
bridge girder above the bearings. Thus, for theemoal analysis the nodes of the flange have
been coupled in the lateral direction with rigi@érakents (Figs. 16 and 17 in Subsection 4.5)
which is called stiffened flange model. The rotataf these rigid lines are then restrained to
avoid flange buckling. In this way the stiffeninffeet of the concrete flange and/or loading
device and/or the lateral restraint of the bridgdey above the bearings are taken into account
and the failure mode remains pure web cripplintpoal web buckling.

Fig. 24: Numerical model of Kévesdi's specimen #&adocal web buckling failure.
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Fig. 25: Local web buckling of Kdvesdi's specim@0].

Table 3: Geometric parameters of the test specimens

Location of| L hw tw by t a &

° S
load [mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm] o[]

[mm]

Patch loading tests of Elgaaly and Seshadri [lifjgusnstiffened flange model
1 | Parallel fold 750 | 376 2 120, 10, 130 157 4 146
2 | Inclined fold| 750 | 376 2 120 10, 130 157 40 104
Patch loading tests of Kovesdi et al. [20] usinfjested flange model
Inclined fold| 1500| 500 6 225\ 20| 210 212 39
Parallel fold 1875| 500 225\ 30| 210 212 39
Parallel fold| 1875| 500 225| 20| 210 212 39 20

)

)

o

o0~ lw
O oo™~

Parallel fold| 1140| 500 225 20 219 212 3¢
7 | Parallel fold| 1875| 500 225 20 210 212 34 380

In Table 3 the geometric parameters of the sevecisgns are presented. In Table 4 the
average measured yield and ultimate stresses @iatnges and the web can be seéfi (@ 5"
columns) which were applied in the numerical ma@action 4.3). The'®®column and %
column of Table 4 contain the experimentally meadufes) and the numerically computed
ultimate patch loading capacities.{k), respectively. The'8column contains the comparison
of the aforementioned capacities.

D|O|OO|O

The results show that the maximum difference is(Q%9) on the unsafe and 5% (1,05) on the
safe side. The Table 4 shows that almost all ohthraerically computed results are on the safe
side, thus the numerical model is judged to be @ppate enough for the application for the
further numerical parametric study.
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Table 4: Results of the tests and the numericdyses

fyf fuf fyw fUW
[MPa] | [MPa] | [MPa] | [MPa] Frest Frum | Fres/Frum

389 563 379 413| 131,28 1254 1,0p
389 563 379 413 102,35 103,16 0,9
379 517 373 542| 754,20 715,f7 1,0
379 517 373 542| 1192,01182,41 1,01

379 517 373 542 949,02 944,46 1,00
379 517 373 542| 1077,y2064,55 1,01
379 517 373 542| 1280,99235,5§ 1,04

©

O1

N[OOI WIN|EF
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5. Validity of the pure resistance formulas

In the current section the pure resistances, nathelyoending moment, shear buckling and
patch loading resistances of corrugated web girdersnvestigated. Several researchers were
dealing with the investigation of the pure resist® The developed design formulas for each
resistances used in this thesis are presentecctio86.2. The main question of this section is
the determination of the correctness of these malgoto make sure that its further use is
reasonable or not.

5.1. Numerical research program, strategy and goals

Experimentally and numerically investigated girdeometries have been collected from the
international literature into a created and devetbgatabase by Kévesdi, Jager, Dunai [58] in
2013. In the frame of the study program of Kéveddger, Dunai [58] typical girder geometries

with trapezoidal and sinusoidal corrugated websewanllected and evaluated as different
classes of the corrugation layouts. An equivalegedzeprofile are created in case of sinusoidal
web corrugation to evaluate the geometrical progertThe evaluation was carried out

separately for trapezoidal and sinusoidal corrudyateb girders.

The created database contains total of 1941 nurmbeifferent girder geometries which
composed from the above classes of corrugatiorutayo

1. 1522 sinusoidal corrugated web girder geometries fthe catalog of the company
Zeman [102], from the paper of Hannebauer [13]kachta [57],

2. 407 experimentally and numerically analyzed trapkdocorrugated web girder
geometries,

3. 12 different girder geometries from existing bridg&uctures with trapezoidal
corrugated webs.

In case of several bridges only the geometry otcthreugation profile and the web depths are
available from the literature. In these casestiotts flange sizes are assumed, which are usually
used for these kind of bridges.

Table 5: Evaluation of the geometries collectednfitbe international literature [58].
corrugation angle
(@] _ _
min | max| average min | max| average min | max| average
Sinusoidal corrugation 20 38 37,9 26 10®6,5 65| 220 66,1
Trapezoidal corrugation 10 | 90| 39,4 20| 750 245,1 | 14| 707 237,1
Existing bridges 25 3¢ 33,3 250 43(®34,8 | 250, 430 340,3

The statistical evaluation of the different classesorrugation layouts, namely the sinusoidal

corrugation and trapezoidal corrugation profiletwd existing bridges can be seen in Table 5.
It can be observed in Table 5 that in comparisothefaverage values regarding to the three
classes the differences between the fold lengsignificant while the differences between

the corrugation angles is small .

fold length a [mm] | fold length a [mm]
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From the database 11 typical bridge and 9 typiadtiing type geometries have been chosen
for the analysis of the ultimate load carrying aatya(current Section) and the interacting
stability behaviour (Section 6 and 7) of corrugatezb girders. The analyzed geometries and
material properties are summarized in Table 6.

The numerical model is verified by test specimaosifthe international literature (Section
4.9), therefore it is applicable for the determimaif the in-plane bending, shear buckling and
patch loading resistances of the analyzed girders.

Table 6: Analyzed girder geometries in the numépeaametric study.

br tf hw tw alpha a1 o) fy fu
[mm] [ [mm] | [mm] |[mm]| [] |[mm]|[mm]|[MPa]|[MPa]

Typical bridge geometries

1| 300 30| 2000 4 23 | 220| 200 296/ 460
2| 300 20| 1000 4 45 | 150| 150{ 355 510
3| 400 | 40 | 1500 6 45 | 200| 200{ 355 510
4| 400 | 40 | 1000 10 45 | 200| 200 355 51(
5| 450 | 40| 2500 9 32 | 330| 330{ 355 510
6| 450 | 40 | 2500 9 45 | 330| 330[ 355 510
7| 450 | 40| 2500 9 60 | 330| 330 355 510
8| 300| 20| 2500 9 32 | 330| 330| 355 51
9| 300 30| 2500 9 32 | 330| 330{ 355 510
10| 350 | 30 | 200Q 8 32 | 330| 330| 355 51
11| 350 | 30 | 120Q 9 36,8| 250| 250, 355 510

Typical building geometries
12| 200 | 15 | 500( 2,5/ 40 30 62 270 430
13| 300 | 20 | 1000 4 45 50 50| 355/ 510

14| 250 | 16 | 750 5 45 65 69 355 510
15 250 | 16 | 750 5 60 65 65 35p 510
16| 250 | 16 | 750 5 30 65 69 355 510
171 250 | 16 | 750 5 45, 120 120 355 510
18/ 250 | 16 | 750 5 45 200 200 35 510
19 250 | 16 | 750 5 45 40 40 35 510

200 220 | 12 | 100Q 1,5 | 45| 140| 70 270 360

The parameter ranges used in this diploma theglglsi differs from the parameter ranges used
in [59, 60, 61, 62]. By this research program thalgzed parameter ranges are extended as
follows:

*  hw/tw: 100 — 500

* a/ty: 8-93,33

e alpha: 23° - 60°

* s/hw: 0,042 - 0,865
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During the investigation the applied geometric latgoof the corrugated web are shown in Fig.
26. According to Kovesdi, Jager, Dunai [10] the tnosfavourable layouts of the girder are
when it is supported under the inclined fold of therugated web. Figure 26 shows these cases
with odd number of half corrugation waves (girdgpe 3) and with even number of half
corrugation waves (girder type 4). In this caseatiditional transverse bending moment in the
flanges coming from the shear flow in the web iximézed (Fig. 3/a and 3/b in Section 2.1).
It was stated in [10] that the most unfavourable @nthe girder type 4, but girder type 3 has
been used in case of patch loading since in tlpwehia thesis the patch load is acting at the
midspan of the girder above the parallel web felgarding to M-F loading.

girder type 3

| A N W A VAN
) —  —

girder tyvpe 4

P A, Y A,
N N/

Fig. 26: Geometric layouts with inclined web foldgew from above) [10].

For each of the 20 girders the individual ultima#pacities are computed numerically and
compared with the analytically calculated resisésnaf the design proposals of the EN1993-1-
5 [1] Annex D in case of bending moment and sheasef (Eq. (29) and (30) in Section 3.2)
and Kovesdi et al. [18] in case of patch loading. (1) in Section 3.2). All of the girders were
loaded under three different patch loading lengthgch were between ~0,5 to ~3,5 of the
parallel fold length (g depending on the meshing. Thus every girder inld & was analyzed
in total of five times, one time under pure bendingment, one time under shear force and
three times under transverse force applying diffel@ading lengths. Therefore in the current
section a total number of 100 numerical computatized been carried out.

With the help of the results statistical evaluati@me executed to determine the accuracy of
each proposals of the pure resistances for thgzethparameter ranges.

5.2. Investigation of the bending resistance

Twenty girder geometries which are included in ®ablre analyzed under pure bending. The
typical observed failure mode can be seen in Fig.where the failure occures in the
compression flange subpanel at the greatest odtsfdns phenomena is the so called local
buckling of the flange in the largest outstandtd flange subpanel from the web-to-flange
weld toe to the free edge of the flange.

After the sensitivity analysis and calibration dfetimperfection magnitude, during the
numerical computation scaling factor equal to 2Gswsed on the greatest outstand of the
flange as it is proposed in the EN1993-1-5 [1] An@for panel or subpanel buckling. Of
course this imperfection magnitude was appliechenverification procedure as well (Table 1
in Section 4.9). In case of bridge type girderdiphfactorym:1=1,10 and in case of building
type girders partial factonv1=1,00 is subtituted in the denominatior of the E29) (Section
3.2).
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Fig. 27: Observed failure mode under pure bending.

Figure 28 shows the comparison of the results.ndnzontal axis characterizes the amplitude
of the corrugation profile with the ratio of thearfige width devided by the corrugation depth
(br/ag) while the vertical axis represents the ratiohaf humerically computed and analytically
calculated resistances. One can observe that aelgioder geometry is on the unsafe side with
0,986 ratio. This one is the girder number 18 ibl&® (Section 5.1).
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Fig. 28: Comparison of the numerical and analytscdilitions.

The statistical evaluation of the results can nse Table 7. The average ratio is 1,08 with
standard deviation equal to 0,053 which meanshigatecommendation of the EN1993-1-5 [1]
is adequate enough for the further use. Accordnghe Student's T-test distribution the
reliability interval is 8+2,5% on the safe sidengsB5% confidence interval with two-tails 2,5%
upper and lower fractile of the analyzed sample.
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Table 7: Statistical evaluation of the numericalutes.

Average 1,081
Standard deviation 0,053
Coefficient of variation 0,049

Minimum 0,986

Maximum 1,194

Reliability interval of the mean considering norrdatribution
using 2,5% upper and lower fractile

Reliability interval of the mean considering Stutieii-test distributior

using 2,5% upper and lower fractile

0,023

' 0,025

5.3. Investigation of the shear buckling resistance

The same twenty girder geometries which are indudelable 6 were analyzed under shear
force. In case of shear buckling three types ddifaimodes are existing, namely local buckling
of the individual web folds (Fig. 29/a), global ling of the whole web panel (Fig. 29/c) and
interactive shear buckling (Fig. 29/b) which is #@mbination of the aforementioned two
phenomenas. Detailed description can be read inio8e2.2 about the shear buckling
phenomena of corrugated web girders.

a) local buckling b) interactive buckling c) glolimickling
Fig. 29: Typical shear buckling modes [48].

a) local buckling b) interactive buckling c) glolimickling
Fig. 30: Observed failure modes under shear force.

The typical observed failure modes can be seengn3®. In the Fig 30/a typical local shear
buckling of the individual web folds can be obserwvehile Fig. 30/c demonstrates the global

-52-



Bence JAGER Master's Thesis 2014

shear buckling of the web panel and Fig. 30/b s the interactive shear buckling of the
adjacent web folds. The type of shear bucklingufailmostly depends on the corrugation
profile.

After the sensitivity analysis and calibration dfetimperfection magnitude, during the
numerical computation scaling factor equal to 2@3 wsed on the web depth as it is proposed
by Yie et al. [46] and Nie et al. [50]. Of coursastimperfection magnitude was applied in the
verification procedure as well (Table 2 in the Sadt®n 4.9). In case of bridge type girders
partial factorym1=1,10 and in case of building type girders pafaatorym:=1,00 is subtituted

in the denominatior of the Eqg. (30) (Section 3.2).

1,4 - TS
1,2' . ® * g

1 ”‘ hd — @ = L . 4

O 1 1 T T T 1 1 1 T T
0 2 4 6 8 10 12 14 16 18 20 22
h,/ay

¢ Bridge type girders @ Building type girders

Fig. 31: Comparison of the numerical and analytscdilitions.

Figure 31 shows the comparison of the results.hdnzontal axis characterizes the web folds
as subpanels of the corrugation profile with theoraf the web depth devided by the parallel
fold length (h/ay) while the vertical axis represents the ratioh&f humerically computed and
analytically calculated resistances. One can olestitat only some girder geometries are on
the unsafe side with minimum ratio of 0,974. FigBiteshows that in case of greatefdaratios
(range 1) the results are very close to or underéd line (unsafe side) which is the case of
building type girders where the fold lengths arershrhis is the case of girder number 13, 14,
15, 16 and 19 in Table 6 (Section 5.1) where ikegparameters were relaviely small. It may
be attributed to the large imperfection magnitdmksause in this diploma thesis it depends only
on the web depth (#200).

The statistical evaluation of the results can lense Table 8. The average ratio is 1,091 with
standard deviation equal to 0,104 which meanshigatecommendation of the EN1993-1-5 [1]
is adequate enough for the further use since dhi@gerification procedure the numerically
computed results show higher resistances tharxiierienental test results (Table 2 in Section
4.9). According to the Student’s T-test distributite reliability interval is 9,1+4,8% on the
safe side using 95% confidence interval with twitstd,5% upper and lower fractile of the
analyzed sample.
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Table 8: Statistical evaluation of the numericautes.

Average 1,091
Standard deviation 0,104
Coefficient of variation 0,095
Minimum 0,974
Maximum 1,399
Reliability interval of the mean considering norrdatribution
) : 0,045
using 2,5% upper and lower fractile
Reliability interval of the mean considering Stut¥eii-test distribution
: . 0,048
using 2,5% upper and lower fractile

5.4. Investigation of the patch loading resistance

The same twenty girder geometries which are indudelable 6 were analyzed under patch
loading applying three different loading lengthsdach. In case of patch loading with stiffened
flange model (Fig. 16 and 17 in Section 4.5 andaqtion in Section 4.9) three types of failure
modes are existing, namely web crippling, local Wwabkling and global buckling of the whole

web panel from which the last one can be avoidethbyappropriate geometric layout of the
corrugation profile (Eqg. (5) in Section 2.2). Détdidescription can be read in the Sction 2.2
about development of the determination of the pdbelding resistance of corrugated web

girders.

a) web crippling b) local web buckling
Fig. 32: Observed failure modes under patch loading

The typical observed failure modes can be seengn32. In Fig. 32/a typical web crippling
failure can be observed while Fig. 32/b demonsir#ite local web buckling failure of the
corrugated web. The type of patch loading failustly depends on the corrugation profile.

After the sensitivity analysis and calibration dfetimperfection magnitude, during the
numerical computation scaling factor equal to 20@ised on the parallel fold length as it is
proposed by Kdvesdi et al. [21]. Of course this enfigction magnitude was applied in the
verification procedure as well (Table 3 and 4 irct® 4.9). In case of the analyzed girder
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geometries (bridge and building type as well) ifbl€e6 the proposed partial factma]lzl,%
is subtituted into the denominatior of the Eq. (88ction 3.2) suggested by Kévesdi [60, 68].

Figure 33 shows the comparison of the results. Fidrezontal axis represent the influence of
the rate of the loading length by the ratio of kbading length devided by the parallel fold
length (s/ar) while the vertical axis represents the ratio lvé numerically computed and
analytically calculated resistances. It can be ndegkthat only three dots are close to or under
(range 1) the red line (unsafe side) with minimuatior of 0,989. This is the case of girder
number 20 in Table 6 (Section 5.1) where the thesknof the web is extraordinarily thick
(tv=1,5 mm) thus the quick failure of this buildingpeygirder may be attributed to the large
imperfection magnitude, because in this diplomaithé& depends only on the parallel fold
length of the web panel{200).

2 -

2 24 28 3,2 3,6 4
SVEN

¢ Bridge type girders # Building type girders

0O 04 08 12 16

Fig. 33: Comparison of the numerical and analytscdilitions.

Omisson of girder number 20 the results show thatse of building type girders the received
ratios are higher in average than in case of brigpge girders. It has to be mentioned that the
design method of Kdvesdi et al. [18] for the det@ation of the patch loading resistance (Eq.
(31)) has been developed for bridge type girdéan be observed that using smalugratios

the differences become larger between the comparneddcalculated resistances, but anyway
most of the results are on the safe side.

The statistical evaluation of the results can l@nse Table 9. The average ratio is 1,405 with
standard deviation equal to 0,196 which means tt@tproposal of Kdvesdi et al. gives
conservative results, but without any other altevea for both bridge and building type girders
it is appropriate for further use. According to tBeident’s T-test distribution the reliability
interval is 40,5£5,1% on the safe side using 95%idence interval with two-tails 2,5% upper
and lower fractile of the analyzed sample.
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Table 9: Statistical evaluation of the numericalutés.

Average 1,405
Standard deviation 0,196
Coefficient of variation 0,139

Minimum 0,989

Maximum 1,981

Reliability interval of the mean considering norrdatribution
using 2,5% upper and lower fractile
Reliability interval of the mean considering Stutieii-test distribution
: . 0,051
using 2,5% upper and lower fractile

0,050

5.5. Evaluation

The proposals for the pure resistances, namelpehding moment (Eq. (29) in Section 3.2),
shear buckling (Eq. (30)) and patch loading rest#a (Eqg. (31)) were investigated in this
Section and the competencies and reliability irdksrwvere determined with the help of
statistical evaluations of the sample includedail€ 6.

In case of pure bending moment the proposal oEtH£993-1-5 [1] shows a good agreement
with the numerically computed resistances by giargwer limit estimate. Only one geometry
of the sample is lying under its calculated valuththe difference of 1,4%, thus the proposal
is judged to be adequate enough for further use.

The proposal of the EN1993-1-5 [1] for the detemtion of the shear buckling resistance of
corrugated web girders was investigated and theltseshow a good agreement with the
numerically computed resistances. The proposabgvgood estimate in case afda less than
10. If this ratio is greater than 10 the results\ary close to or a bit under the proposal of the
EN1993-1-5 which is attributed to the applied infpetion depending only on the web depth
(hw). The maximum difference on the unsafe side i82yéhich is de facto attributed to the
large imperfection magnitude. Therefore the propiefaund to be adequate enough for further
use.

In case of patch loading the proposal of Kévesdil €tl8] gives a conservative estimation for
the determination of the patch loading resista@dy one geometry is close to or under the
used proposal with maximum difference of 1,1% oa tmsafe side. Without any other
alternatives for both bridge and building type gnslit is appropriate for further use.
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6. Numerical investigation of the distinct interacton planes

In the current section the distinct interactionngla of the 3D interaction surface (M-V-F),
namey the M-V, M-F and V-F interaction planes ofragated web girders are investigated.
Just a few number of papers have been dealingthatinvestigation of the distinct interaction
planes which can be read in Sections 2.3 and B2 nfain questions of this section which are
being focused on is to determine the competentyesie proposals to make sure that the further
use is reasonable or to give new proposals to attithe observed interaction behaviours by
applying better lower limit approximations.

6.1. Numerical research program, strategy and goals

In this section the results of the numerical rese@rogram executed on the girder geometries
found in Table 6 (Section 5.1) are introduced itadleThe pure resistances, in other words the
intersection points of the distinct interactionvas with the corresponding axes are investigated
in Section 5. From then on the intermediate pahtie girder geometries under combined M-
V, M-F and V-F interactions are determined numdifgcand compared with the proposals
developed by different authors (Section 3.2). Daitime analysis the applied corrugated web
layouts can be seen in Fig. 26.

As it was introduced in the previous section allraf girders were loaded under three different
patch loading lengths which were between ~0,5 {6 eBthe parallel fold length {pdepending

on the meshing. In case of the investigation ofMR€ and V-F interaction 20 intermediate
points were computed for each, because of the thffeeent applied patch loading lengths and
8 intermediate points were computed for the charaetion of the M-V interaction behaviour.
Thus every girder in Table 6 was analyzed in total8 times, 20 times under combined M-F,
20 times under combined V-F and 8 times under coatiM-V loading. Therefore in the
current section a total number of 960 numerical matations had been carried out.

With the help of the results statistical evaluasi@me taken place in every cases to determine
the correctness of each proposals and if it issgzny new proposals are given.

A

interaction curve

>
Fig. 34: Basis of the statistical evaluation [61].
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The statistical evaluation is based on the distdrste/een the numerically computed results
and the proposed interaction curve shown by Fig.I84he figure R and R represent the
numerically computed results and its projectioth®interaction curve, respectively, since the
re and f represent the vectors pointing to theaRd R points. The ratio of the lengths of the
vectors characterizes the conformity of the progasteraction curve.

In most of the cases the exponents of the “movinggraction curves differ which means that
no analytical solution is existing for the probleithe only way is to solve the problem
numerically by using a nonlinear equation solver.

6.2. Investigation of the M-V interaction plane

Parametric study can be carried out due to they¢hnéed numerical model to investigate the
combined bending moment and shear force interatidwaviour of corrugated web girders as
a distinct interaction plane of the M-V-F interactisurface. It has to be emphasized that the
presented investigation of this section was peréatny Koévesdi, Jager, Dunai [58] in 2013
and published in 2014.

The ultimate load carrying capacities of the gisjderamely the bending moment and shear
buckling resistances have been determined numigrical each girder geometries found in
Table 6 in Section 5.1. The aforementioned capecitire the intersection points of the
interaction curves with the axes. In this parhaftecent research program 8 intermediate points
between the ultimate capacities are determined noatlg applying different bending moment
and shear force ratios on the structure. Thusshnatber of 160 numerical computations have
been performed on the 20 girder geometries. Thiedlypbserved failure modes are shown in
Fig. 35. Figure 35/a shows a typical bending failluhere local flange buckling governs the
collapse mode of the structure, Fig. 35/c represtre shear buckling failure of the web. The
combination of the aforementioned two failure modas be seen in Fig. 35/b.

a) pure bending failure  b) failure under combineatling c) shear buckling failure
Fig. 35: Observed typical failure modes.

One can observe in Fig. 35/b that the failure cesum the compression flange at the middle of
the parallel fold of the web, where the flange tarid is the greatest and the bending moment
is also relatively large. This location is at tivstfparallel fold viewed from the left side. Ingh

cross-section the bending resistance of the andiyzders can be determined from the applied
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bending moment and the applied accompanying slozae.f From the analyzed 20 girder
geometries two are chosen for illustrating thesutts. In Fig. 36 the results of a typical bridge
gider geometry and a typical building girder geametan be seen. In the figure the horizontal
axis represents the bending resistances and thiealexis represents the shear resistances of
both analyzed girders and the points show the nigalgr computed results. The proposed

interaction equation of the EN1993-1-5 [1] is gisesented in both diagrams by brown dashed
line.
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b) typical buildingustture
Fig. 36: Typical M-V interaction behaviour.

a) typical bridge structure

The results of the combined bending and shearactien analysis show that just a small
interaction behaviour can be observed. In both bfpgirder geometries in Fig. 36/a and Fig.
36/b the numerically computed results follow the dashed lines representing the pure bending

and shear buckling resistances. It can be obsenvedth cases that the bending resistance
reduction formula of the EN1993-1-5 [1] gives unesgarily conservative results.
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Fig. 37: Observed M-V interaction behaviour witkpect to the computed resistances.
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All the numerical results of the analyzed 20 girgeometries are presented in Fig. 37 in which
the horizontal axis represents the ratio of the enirally computed bending resistances while
the vertical axis represents the numerically comgwhear buckling resistances. In the figure
the blue dots demonstrate the results regardindpedoridge type girders and the red dots
demonstrate the results regarding to the buildipe girders. The numerical results show that
the maximum bending moment resistance reduction ted maximum shear buckling
resistance reduction due to the combined loadingtson are 4,62% and 2,95%, respectively,
thus the multiplication factors equal to 0,95 an@50(5%-0s interakcid) on the analytically
calculated bending moment and shear buckling eesiss can be applicable if the M-V
combined loading situation is subjected to the cétme. One can observe again that
recommendation of the EN1993-1-5 [1] gives too eovative estimate (light and dark grey

dashed lines). To approximate the results theviafig lower limit proposal is offered which is
shown by the green dashed line:

1M,V
20M, V.

max
M 1V (38)
—+——<10
My 20V,
where Mr numerically computed bending resistance,
VrR numerically computed shear buckling resistance.
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Fig. 38: Observed M-V interaction behaviour witkpect to the calculated resistances.

In Fig. 38 the results are ploted with the caladgbure resistances according to the EN1993-
1-5 [1] which are presented by the Eq. (29) and(&0). in the Subsection 3.2. One can observe
that the results drawn out a bit greater interactiehaviour than in Fig. 37. This is attributed
to the observation regarding to Fig. 31 (Subsedi@) that in case of small the computed
shear resistances are close to or a bit underrialgteally calculated resistances due to the
large applied imperfections (hw/200) which depemdthis diploma thesis only on the web
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depth. But anyway the aim of this research progisato provide safe side proposals for the
interaction behaviours and not to give new promodal the determination of the pure
resistances. Therefore all of the results are takienaccount during the creation of the new
proposals.

According to the results ploted in Fig. 38 the maxim reduction is around 5%, therefore the
current lower limit proposal for the M-V interaatia@iagram (green dashed line) is shown by
the Eq. (39) below for design purposes. The reslfis demonstrate that the recommended
reduction factor of the EN1993-1-5 [1] leads toummecessarily conservative design.

1 M + v <10
20M RdEC VRd,EC
max (39)
M 1V
+— <10
M Rd,EC 2OVRd,EC
where Mrg,ec calculated bending resistance according to the9BR1L-5 [1],

Vrdec calculated shear buckling resistance accordinigad=N1993-1-5 [1].

The statistical evaluation regarding to the Eq) @& Eq. (39) can be seen in Table 10. By
using the numerically computed pure resistancdsifoo 2 in Table 10) the average is 1,034
with standard deviation equal to 0,029. If the dead formulas for the pure resistances are
applied the average becomes 1,112 with standarataevequal to 0,065. It is well-marked
that the minimum value (0,974) is equal to the mimn value found in Table 8 in the
Subsection 5.3. Thus the minimum value belongsht® fure resistance and not to the
intermediate points, because all of the intermedpmiints are out of the current proposal.
Therefore the current proposal can be applicalylddsign purposes.

Table 10: Statistical evaluation of the numeriesuits.

lower limit proposal| lower limit proposal
using R,num using Rd,EC
(Eq.(38)) (Eq.(39))
Average 1,041 1,112
Standard deviation 0,027 0,065
Coefficient of variation 0,026 0,058
Minimum 1,000 0,974
Maximum 1,137 1,449

These research proves the results of Kuchta [54 suggested also just a small resistance
reduction due to the combined M-V loading situat@mm proves the statement of Elgally et al.
[4] that the interaction behaviour of trapezoidaltyrugated web girders could be neglected.

The observed resistance reduction is not largen tha web contribution in the bending
resistance or the flange contribution in the shesakling resistance. But these contributions
are neglected in the design procedures of the gared web girders.

Based on the numerical calculations another imporbdservation is also noticed that the
interaction behaviour does not depend on the catiogy profile, but the additional normal
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stress distribution in the flanges are largely aeleat on the corrugation profile of corrugated

web girders [58]. According to the results of thenerical calculations there is no relationship

existing between the transverse bending momeheifianges indicated by the shear force and
the in-plane-bending resistance reduction, if pdagsign is used.

6.3. Investigation of the M-F interaction plane

Parametric study can be carried out due to thdie@rnumerical model to investigate the
combined bending moment and transverse force ctterabehaviour of corrugated web
girders as a distinct interaction plane of the M=Viteraction surface.

The ultimate load carrying capacities of the gisderamely the bending moment and patch
loading resistances have been determined numerioaBection 5 for each girder geometries
found in Table 6. The aforementioned capacitiestla@entersection points of the interaction
curves with the axes. During the investigation ¢hdédferent patch loading lengths have been
applied on the structure for better understandingeinteraction behaviour.

In this part of the recent research program 20rnm¢eliate points between the ultimate

capacities are determined numerically applyingedéht bending moment and patch loading
ratios on the structure. From the 20 computatiegsnding to one girder geometry, 10 points
belong to the shortest applied patch loading lesygihd 5-5 belong to the longer ones. Thus
total number of 400 numerical computations havenlpsformed on the 20 girder geometries
in this subsection. The typical observed failurede®are shown in Fig. 39.

Figure 39/a shows a typical bending failure whewal flange buckling governs the collapse
mode of the structure, Fig. 39/c represents thehplatading failure of the web panel. The
combination of the aforementioned two failure modas be seen in Fig. 39/b.

=h

a) pure bending failure  b) failure under combineading  c) patch load failure
Fig. 39: Observed typical failure modes.

From the results of the 20 girder geometries tiselte of one typical brigde and one typical
building structure are chosen for illustrating tsteuctural behaviour under the combined
loading situation. Figure 40 shows the observeeraation behaviours regarding to the three
different patch loading lengths in comparison with proposals of Elgaaly and Seshadri [17]
and Kovesdi et al. [59]. For the sake of completenthas to be emphasized again that Elgaaly
and Seshadri proposed interaction curve for uest#tl flange model since Kdvesdi et al. [59]
proposed interaction curve for stiffened flange mlodt was explained and illustrated
previously in the Subsections 3.2, 4.5 and 4.9.
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Fig. 40: Observed M-F interaction behaviours irecasdifferent patch loading lengths.

In the current diploma thesis the proposal of Kdves al. [59] is relevant. In Fig. 40 the
horizontal axes represent the numerically compbttting capacities and the vertical axes
represent the numerically computed patch loadipgcigies in order to illustrate the results of
the combined loading situation. Both Fig. 40/a iggpbridge girder) and 40/b (typical building
girder) show the results using different patch ingdengths. One can observe in Fig. 40/a that
in case of a relatively short patch loading lengia=0,65 ploted by blue dots) the interaction
behaviour of the girder is very close to or a dlighinder the lower limit proposal of Kévesdi
et al. [59] illustrating by the red dashed line. &g longer patch loading lengths (ssia71
and 2,32 ploted by purple and light blue dots)dbeerved interaction behaviours are above
the proposal of Kdvesdi et al. However in casénefliuilding type girder (Fig. 40/b) the results
are mostly under the proposal of Kovesdi et al.epkdhat situation when very long patch
loading lengths (ssfa3,45 ploted by orange dots) were applied.
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Fig. 41: Observed M-F interaction behaviours irecafsdifferent patch loading lengths.

The results of the same girders can be seen idEigghere the computed values are normalized
with the numerically computed pure bending and Ipdtading resistances. A reasonable
behaviour is drawn out in both cases, that by ukinger patch loading lengths the interaction
behaviour is reducing significantly. Another obsgion is drawn out during the investigation
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that in case of bridge type girders the interachehaviour is smaller than in case of building
type girders which can be attributed to the folakla of the web panel.

The results of the total number of 400 numericahpgotations are ploted in Fig. 42. In the
figure the horizontal and vertical axes represéet normalized results with respect to the
numerically computed pure resistances, the blueeshdots represent the results regarding to
bridge and building type girders, respectively. Qam see that many points are under the
proposal of Kovesdi et al. [59] represented byrdeedashed line, therefore new proposals are
given for bridge and building type girders sepdyat@ Fig. 42 the red continuous line gives a
lower limit proposal for building type girders (E40)) while the blue continuous line
represents a lower limit proposal for bridge typeers (Eq. (41)).
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Fig. 42: Observed M-F interaction behaviour witepect to the computed resistances.
M) (FY”
IV J"‘(F—j <10 (40)
R R
MY (FY
M }{Fj =10 (41)
R R

where Mr numerically computed bending resistance,
Fr  numerically computed patch loading resistance.

The statistical evaluation regarding to the propasaKovesdi et al. [59] (Eq. (35) in the
Subsection 3.2) and the current proposals (Eq.448)Eq. (41)) can be seen in Table 11. By
using separately the Eq. (41) on bridge type g&deolumn 3) and the Eq. (40) on building
type girders (column 4) both result a lower linppaoximations for both samples. The received
averages are 1,074 and 1,121 with standard densatiqual to 0,057 and 0,091, respectively.
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If the EqQ. (40) is used for the whole sample therage arises to 1,154 with standard deviation
equal to 0,101. Figure 42 and the Table 11 showtligaEq. (40) is applicable as a lower limit
proposal, and for bridge type girders another lolweit proposal presented by the Eq. (41)
may be applicable by considering a smaller intéwadbehaviour.

Table 11: Statistical evaluation of the numeriesuits.

Interaction curve o Eq. (41) on EF?' .(40) on Eq.
Kovesdi et al, [59]|  °rdge type | building type | 5
) girders girders
Average 1,018 1,074 1,121 1,1%4
Standard deviation 0,064 0,057 0,091 0,101
Coeff. of variation 0,063 0,053 0,081 0,087
Minimum 0,837 0,997 0,998 0,998
Maximum 1,198 1,265 1,431 1,448
2 9.
1,8 1+ ;
. . .
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Call EEEE Kovesdi et al. [59]
g e Elgaaly & Seshadri [17]
0 0,2 0,4 0,6 0,8 1 1,2 1.4

MMRd:EC
Fig. 43: Observed M-F interaction behaviour withpect to the calculated resistances.
In Fig. 43 the normalized results with respecthte analytically calculated pure resistances
according to the the proposal of the EN1993-1-5(Hd. (29)) and Kdvesdi et al. [18] (Eq.

(31)) can be seen. In the figure the red and bhshed lines represents the proposal of Kovesdi
et al. [59] and Elgaaly and Seshadri [17] as before

29
M RAEC FR,KC‘)vesdi

where Mrgec calculated bending resistance according to the9BR1-5 [1],
Frkovesdi Calculated patch loading resistance accordingéeelsdi et al. [59].

The statistical evaluation of the proposal of Kdaliest al. [59] and the current proposal (Eq.
(42)) can be found in Table 12. The averages @&@9land 1,440 and the standard deviations
are 0,169 and 0,195. The minimum values (0,986kqt&l to the minimum value found in
Table 7 in the Subsection 5.2. Thus the minimurme/élelongs to the pure resistance and not
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to the interaction behaviour, therefore the currprdposal can be applicable for design

purposes.

Table 12: Statistical evaluation of the numeriesuits.

Interaction curve o

f current proposal

Kovesdi et al. [59] (Eq. (42))
Average 1,299 1,440
Standard deviation 0,169 0,195
Coefficient of variation 0,130 0,135
Minimum 0,986 0,986
Maximum 1,983 1,995

6.4. Investigation of the V-F interaction plane

Parametric study can be carried out due to thdie@rnumerical model to investigate the
combined shear force and transverse force interabghaviour of corrugated web girders as a

distinct interaction plane of the M-V-F interactisarface.

The ultimate load carrying capacities of the gisgeramely the shear buckling and patch
loading resistances have been determined numgricaBection 5 for each girder geometries
found in Table 6. The aforementioned capacitiestla@entersection points of the interaction
curves with the axes. Three different patch loademgths have been applied on the structure

for better understanding of the interaction behawio

S

Loaded panel
F

\-"‘1' ‘\7:

T

Pure patch load Asymmetric load Inverse load Pure shear force
F F F
\-"1* "\’: \-"1' 'V: \-’1. 'Vz \?1‘ ‘V:
Vi
Vi
Vi
V2 V2 1 v " - b
Vi _ Vi Vi Vi_
Vz*-l -1<V2§0 0<V2<+1 V27+1

a) pure patch load b) asymmetric loading c) patchshear force d) pure shear force

Fig. 44: Phases of the combined shear and patdmipanteraction.

In this part of the recent research program 20rimeeliate points between the ultimate
capacities are determined numerically applyingedéht shear and transverse force ratios on
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the structure. From the 20 computations regarcrane girder geometry, 10 points belong to
the shortest applied patch loading lengths, andb®ibng to the longer ones. Thus a total
number of 400 numerical computations have beeropadd on the 20 girder geometries in
this subsection.

R

Fig. 45: Numerical model of the loaded panel.

The current investigation is carried out accordimdrigure 44. The determination of the load
carrying capacities under pure patch loading (#ga) and under pure shear force (Fig. 44/d)
have been already executed in Section 5 whilesthiisection is dealing with the asymmetric
(Fig. 44/b) and inverse loading (Fig. 44/c).

Vi/Va= -1 Vi/Vo=-0,5 Vi/Va=0

Vi/Vo= 0,89 Vi/Va=1

Fig. 46: Typical observed failure modes in casdifférent Vi/V2 ratios.

To deal with such a loading situation the modesented by Fig. 45 is needed where “x” varies
theoretically from 0,5 toce. Figure 46 shows the typical collapse modes obthecture under
different Vi/V ratios. One can see that if/V2 is equal to -1 then pure patch loading failure
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governs the collapse mode of the structure (Figa)44n the other hand ifiX¥/2 is equal to +1
then shear buckling failure occurs as Fig. 44/ abows. The additionally presented
intermediate collapse modes in Fig. 46 belong ¢ouiiV ratios equal to -0,5, 0, 0,5 and 0,89.
In this cases the location of the failure is shifiteto the direction of the influential shear force
which is the right side of the structure.

From the results of the 20 girder geometries tiselte of one typical brigde and one typical
building structure are chosen for illustrating tsteuctural behaviour under the combined
loading situation. Figure 47 shows the observeeraation behaviours regarding to the three
different patch loading lengths in comparison with proposals of Elgaaly and Seshadri [17]

and Kovesdi et al. [62] (Eq. (36) and Eq. (37)ha Subsection 5.3).

500
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a) typical bridge structure

b) typical buildingutture

Fig. 47: Observed V-F interaction behaviours inecafsdifferent patch loading lengths.

In Fig. 47 the horizontal axes represent the nuraklyi computed shear capacities and the
vertical axes represent the numerically computednp@ading capacities in order to illustrate

the results of the combined loading situation. Béihh 47/a and 47/b show the results using
different patch loading lengths. One can obsernkagn47/a and 47/b that the results are above

the proposals illustrating by the blue and red deddimes.
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Fig. 48: Observed V-F interaction behaviours irecafsdifferent patch loading lengths.
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The results of the same girders can be seen id8ighere the computed values are normalized
with the numerically computed pure shear bucklind patch loading resistances. A reasonable

behaviour is drawn out in
behaviour is increasing.

both cases, that by ukinger patch loading lengths the interaction
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Fig. 49: Observed V-F interaction behaviour witbpect to the computed resistances.

The results of the total number of 400 numericahpotations are ploted in Fig. 49. In the

figure the horizontal and

vertical axes represéet tormalized results with respect to the

numerically computed pure resistances, the blueeshdots represent the results regarding to
bridge and building type girders, respectively. @aa observe that both proposals (Eq. (36)

and (37)) give good lower

estimate for the V-Fiatdion behaviour of corrugated web girders.

Furtheremore it is drawn out that there is no netalifference between bridge and building
type girders in the V-F interaction behaviour. Mmrer the observation of Kovesdi et al. [61]
is confirmed by the results which says that smalierk/tw ratio, the greater is the interaction

behaviour.

Table 13: Statistical evaluation of the numeriesuits.

Interaction curve of
Elgaaly & Seshadri [17

Interaction curve o
Kovesdi et al. [62]

Average 1,125 1,145
Standard deviation 0,085 0,091
Coefficient of variation 0,076 0,079
Minimum 0,977 0,991
Maximum 1,321 1,352

The statistical evaluation regarding to the propos&lgaaly and Seshadri [17] and Kovesdi
et al. [62] (Eq. (36) and (37) in the Subsectio®) $an be seen in Table 1Bhe received
averages are 1,125 and 1,145 with standard dewsa&qual to 0,085 and 0,091, respectively.
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The minimum values are 0,977 and 0,991 while th&imam values are 1,321 and 1,352,
respectively.

In Fig. 50 the normalized results with respecthe &nalytically calculated pure resistances
according to the proposal of the EN1993-1-5 [1] Kidgdesdi et al. [18] (Eg. (30) and (31) in
the Subsection 3.2) can be seen. In the figureédeand blue dashed lines represents the
proposal of Kovesdi et al. [62] and Elgaaly andHaési [17] as previously. All of the
intermediate points are above the proposals, hawegeints are under the curves lying on the
horizontal axis. These points have been alreadydsed in the Subsection 5.3 where the pure
shear buckling resistances were investigated.
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Fig. 50: Observed V-F interaction behaviour witepect to the calculated resistances.

The statistical evaluation of the proposals of Blgand Seshadri [17] and Kdvesdi et al. [62]
can be found in Table 14. The averages are 1,387L&07 and the standard deviations are
0,212 and 0,218. The minimum values (0,974) araldguhe minimum value found in Table
8 in the Subsection 5.3. Thus the minimum valudsnggeto the pure resistance and not to the
intermediate points, therefore the current propoaalbe applicable for design purposes.

Table 14: Statistical evaluation of the numeriesuits.

Interaction curve of | Interaction curve o
Elgaaly & Seshadri [17] Kovesdi et al. [62]
Average 1,387 1,407
Standard deviation 0,212 0,218
Coefficient of variation 0,153 0,155
Minimum 0,974 0,974
Maximum 2,090 2,114

In spite of the fact that the proposal of Elgaalg &eshadri is also found to be adequate, some
intermediate points in Fig. 49 are under theirretdon proposals, therefore in the followings
the proposal of Kdvesdi et al. is used.
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6.5. Evaluation

In this section the investigation of the distingteraction planes of the M-V-F interaction
surface was performed. During the investigatiootal number of 960 computations have been
executed to understand the M-V, M-F and V-F inteoacbehaviours separately.

The EN1993-1-5 [1] recommends formula for the cdesation of the M-V interaction of
corrugated web girders. The results did not shomralationship with formula of the Eurocode.
A very small, only 5% interaction behaviour was etved under the combined bending
moment and shear force interaction. Based on #ssltr new proposal was given for the
consideration of the interaction behaviour. Thisgmsal is represented by the Eq. (38) and the
Eq. (39).

There is only one existing proposal for stiffenéahfie model how to take the combined
bending moment and patch loading interaction irtmoant. It is proposed by Kévesdi et al.
[59]. The results showed that the proposed “movintgraction formula is not appropriate for
the analyzed parameter range, therefore a new gabp@s provided as a lower limit proposal
in EQ. (40) and the Eq. (42).

Two proposals have been provided for taking theixtéraction behaviour into account. These
proposals belong to Elgaaly and Seshadri [17] ainkeKdi et al. [62]. The results showed that
the proposal of Kovesdi et al. (Eg. (37)) may bpliapble as a lower limit estimate for the
consideration of the V-F interaction behaviour ofragated web girders.
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7. Numerical investigation of the bending-shear-pa&h laoding interaction

In the current section the 3D interaction surfabeM-F) of corrugated web girders are
investigated. There are no previous investigatfonsd in the international literature dealing
with this subject. The main aim of this sectiottagyive and verify a lower limit proposal for
the 3D interaction behaviour of the corrugated geders.

7.1. Numerical research program, strategy and goals

In this section the results of the numerical rede@arogram are introduced in detail. The pure
resistances, in other words the intersection pahthe distinct interaction curves with the

corresponding axes are investigated in Sectiondbtlaa distinct interaction planes of the 3D
interaction surface are investigated in Section 6.

As it was introduced in the previous sections athe girders are loaded under three different
patch loading lengths which are defined betweeh t;-3,5 times the parallel fold length)(a

. In the current section a total number of 640 nuraésimulations have been performed on 20
different girder geometries defined in Table 6.€2ch girder 32 simulations are carried out in
average. Based on the results of Section 6 mor@atations belong to those girders where the
results are more unfavourable from point of viewtled M-V, M-F and/or V-F interaction
behaviours.

Fig. 51: Schematic view of the boundary and loadioigditions.

The schematic view of the loaded girder can be seEig. 51. The girder is simply supported,
stiffeners are placed at the ends and at the mmdsiiee girder is laterally supported at the
stiffeners to avoid lateral torsional buckling tae of the structure. The bending moments are
acting at both ends while shear force is actintgaimidspan and the transverse force is located
close to the quarter point of the beam placed altoweniddle point of the parallel web fold.
The internal forces are analyzed at the crosseseainder the midline of the transverse force.
The concerning numerical model is shown by Figinle Sectin 4.5.

To execute the intended numerical research progh&nfollowing strategy is applied. The
corner points of the 3D interaction equations, rgmbe numerically computed pure
resistances are already known from Section 5.rétttine shear force is fixed to a constant value
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and the bending moment and transverse forces aeglvahis method results in points along
the red curves in Fig. 52. After that the transedmsce is fixed and the bending moment and
shear forces are varied which results in pointagtbe blue curves in Fig. 52.

F

Fr

\Y

Vr

Fig. 52: Research strategy of the M—V-F interactioriace validation [100].

After the numerical simulation statistical evaloas are executed. The statistical evaluation is
based on the distance between the numerically ctadpesults and the proposed interaction
curve shown in Fig. 53. The values afddd Rrepresent the numerically computed results and
its projection to the interaction curve, respedtivsince the ¢ and ¢ represent the vectors
pointing to the Rand R points. The ratio of the lengths of the vectorarabterizes the
conformity of the proposed interaction curve.

In most of the cases the exponents of the “movintgraction curves differ which means that
no analytical solution is existing for the probleihe only way is to solve the problem
numerically by using a nonlinear equation solver.

mteraction surface

Fig. 53: Basis of the statistical evaluation.

According to the proposals of Kévesdi et al. [58] for the M-F and V-F interaction and the
current proposal for the M-V interaction (SectioB)@he following M-V-F interaction equation
can be proposed what is represented by Eq. (43).
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max

where Mgr
VR
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12 F 8
— | = +—=—<10
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12 12
(mj (L] LAM o
\

(43)

Ve Fr

pure bending moment resistance,
pure shear buckling resistance,
pure patch loading resistance.

The interaction surface defined by Eq. (43) casden in Fig. 54. It can be observed that the
interaction surface differs from the ordinary iatetion surfaces such as the M-V-F interaction
surface (Fig. 65, 66 and 67 in Section 8) of flabvgirders. It can be explained by the fact that
in case of corrugated web girders the interactiomending moment and shear force is almost
negligible, only maximum 5% resistance reductioabserved.
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F/F,

044
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1.2 12

Fig. 54: Composed M-V-F interaction surface acaggdo Eq. (43).

Due to the numerical results provided by the Secéimther 3D interaction equations can be
also proposed. Equation (44) is intended to reptetdee interaction equations regarding to
bridge type girders while Eq. (45) represents aelohmit proposal for the analyzed parameter
range. The difference between Eq. (43), Eq. (44) Bg. (45) are the exponents in the first
equations since they belong to the M-F interactidrere new proposals are also needed
(Section 6.3).
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6
ﬂ + i + il < 10
M, ) (Fy) 20V,

maxy (44)

v-05eY" (EY® 1 ™
_—’5 +| — +——S:LO
VR

max (45)

v-05eY" (E)® 1 ™
L Vi Fr

where Mr pure bending moment resistance,
VR pure shear buckling resistance,
Fr  pure patch loading resistance.

The aim of this section is to investigate the M-Vhteraction behaviour of corrugated web
girders and verify the above equations with theaaded numerical simulations.

7.2. Investigation of the M-V-F interaction surface

In this section the results of the numerical simiafes are presented. In Fig. 55 the typical
observed failure modes can be seen under the cethbpading situation. On the interaction
surface located at the top of the Fig. 55 nineeddht points are marked which are related to
the different applied bending moment, shear fome @mansverse force ratios. For example
marker 1 represents a loading situation when tipliexppatch load almost reaches the patch
loading resistance of the girder while the appliedding moment and shear force are relatively
small. The three failure modes in case of markearibe seen just below the marker 1 under
the interaction surface. It can be seen that ttiféerent failure modes belong to each marker
due to the three different applied patch loadinggiks. In case of the presented girder the
applied patch loading lengths are 0,75, 1,705 a2d @mes the parallel web foldifaln Fig.

Al in the Appendex A the von-Mises stresses urfdecombined loading situation can be seen.

The failure of the structure occurs under or véoge to the transverse force introduction place
in every cases. In case of marker 1, 7 and 9 therdnt failure modes are clearly patch loading,
shear buckling and bending failures, respectivélye further markers 2, 3, 4, 5, 6 and 8
represent the real combined failure modes. In oasearker 2, 3 and 6 the combined bending
moment and patch loading failures are dominantevhilcase of marker 4 the combined shear
buckling and patch loading failure is dominantc&se of marker 5 all the internal forces in the
cross-section under the midline of the patch lcagemearly the same ratios with respect to the
pure capacities, nevertheless the dominant fainoele is the patch loading failure of the
structure, while in case of marker 8 the failurénis combined M-V-F failure of the structure.
It can be said that the most dominant failure mani@er M-V-F loading is the patch loading
failure of the structure.
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M-V-F interaction surface
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Fig. 55: Typical observed failure modes under thalginted loading situation.
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In the followings the numerical results are presdrénd compared to the interaction equations
and the correctness of the proposed equationaastigated with statistical evaluation. In this
section a total number of 1700 numerical resuléspdoted on the diagrams. From the 1700
numerical results 100 belong to the pure resisw(8ection 5), 960 belong to the interaction
planes (Section 6) and finally 640 belong to theil@®raction surface. In the following figures
the green dots represent the results related tmtbaction planes presented in Section 6, the
magenta dots represent the results regarding ntladlest applied patch loading lengths while
the black dots demonstrate the results obtainech fitee simulations using longer loading
lengths.

= 0.6

0.4

0. :
1 (V-0,5F)V, o 02 04 06 08 1 1.2

s ' (V-0,5F)V,

a) front view b) back view
Fig. 56: Interaction surface regarding to Eq. @) the numerical results.

12 12

At first the numerical results are ploted couplathwhe Eqg. (43) in Fig. 56. All the results are
normalized with respect to the numerically compuygack resistances. It can be observed that
several points are under the Eq. (43) shown byahge 1, therefore correction is needed on
the interaction equation.

Table 15: Statistical evaluation of the numeriesuits.

Interaction surface
Eq. (43)
Average 1,079
Standard deviation 0,096
Coefficient of variation 0,089
Minimum 0,831
Maximum 1,406

The statistical evaluation of the Eq. (43) with tiemalized results can be seen in Table 15.
The received average value is 1,079 with a standaviation equal to 0,096. The obtained

minimum value is 0,831 located on the unsafe siwiiously this proposal is not adequate to

characterise the lower bound interaction behawdaorrugated web girders.
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Fig. 57: Interaction surface regarding to Eq. @49 the numerical results of bridge girders.

In Fig. 57 the numerical results of the bridge tgpelers are ploted with the Eq. (44). The
numerical results are also normalized to the puraerically computed resistances. ltcan be
seen that only one intermediate point is locatetbuthe interaction surface shown by the range
1 which is practically above the surface.

Table 16: Statistical evaluation of the numeriesuits.

Interaction surface
Eq. (44)
Average 1,106
Standard deviation 0,088
Coefficient of variation 0,079
Minimum 0,991
Maximum 1,406

The statistical evaluation is shown by the Tableegarding to the Eq. (44) and the results of
the bridge type girders. The received average valagl06 with a standard deviation equal to
0,088. The obtained minimum value is 0,991 whiobggal to the minimum value found in the
column 3 of Table 13 in Section 6.4 which is dethidao evaluate the V-F interaction plane of
corrugated web girders. This proposal is judgebet@dequate enough for bridge type girders
as a lower limit approximation.

All the numerical results and the interaction scefaccording to Eq. (45) are ploted in Fig. 58.
The numerical results are also normalized to thre pumerically computed resistances. It can
be seen in Fig. 58 that no intermediate pointd@rad under the interaction equation.
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Fig. 58: Interaction surface regarding to Eq. @) the numerical results.
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The statistical evaluation is shown in Table 17ardmg to the Eg. (45). The received average
value is 1,132 with standard deviation equal t®8,0rhe obtained minimum value is 0,991
which also relates to the V-F interaction plangasse of the Table 16. This proposal is judged
to be adequate enough for the whole analyzed paeamaage as a lower limit approximation.

Table 17: Statistical evaluation of the numeriesuits.

Interaction surface
Eq. (45)
Average 1,132
Standard deviation 0,098

Coefficient of variation 0,087

Minimum 0,991

Maximum 1,448
2
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Fig. 59: Interaction surface regarding to Eq. @) the numerical results.
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In Fig. 59 the numerical results devided by thdwitally calculated pure resistances with the
Eqg. (43) are presented. The analytically resistdagaulas are found in Egs. (29) - (31) in
Section 3.2. It can be seen that all of the inteliate points are above the interaction surface.

Table 18: Statistical evaluation of the numeriesuits.

Interaction surface
Eq. (43)
Average 1,297
Standard deviation 0,196
Coefficient of variation 0,151
Minimum 0,974
Maximum 2,114

The statistical evaluation of the results plotedFign 59 is demonstrated in Table 18 regarding
to the Eq. (43). The received average value is71y#¢h a standard deviation equal to 0,196.
The obtained minimum value is 0,974 which is eqaahe minimum value found in Table 8
in Section 5.3 which is dedicated to evaluate thre ghear buckling resistances of corrugated
web girders. As it is written in Section 5.3 thatge humerically computed pure shear buckling
resistances are under the proposal of the EN1998t]1-This observation can be attributed to
the large imperfection magnitude, because it dependhe web depth (200).
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Eﬂﬁ
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> 1.2 R 412 ;
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Fig. 60: Interaction surface regarding to Eq. @) the numerical results.

In Fig. 60 the numerical results devided by thelyitally calculated pure resistances are
presented. The analytical resistance formulas eaiodnd in Eqgs. (29) - (31) in Suection 3.2.
It can be seen that all of the intermediate panésabove the interaction surface.

The statistical evaluation of the results ploteéig 60 are shown in Table 19 regarding to the
Eq. (45). The average value is 1,359 with standidation equal to 0,213. The obtained
minimum value is 0,974 which is also equal to theimum value found in Table 8 in Section

5.3. For sake of completeness it can be said thatwas attributed to the applied large
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imperfection amplitude. But anyway the maximumetiénce is 2,6% on the unsafe side which
is judged to be acceptable.

Table 19: Statistical evaluation of the numeriesuits.

Interaction surface
Eq. (45)
Average 1,359
Standard deviation 0,213
Coefficient of variation 0,157
Minimum 0,974
Maximum 2,114

7.3. Evaluation

In this section new M-V-F interaction surfaces areestigated in order to characterize the
interaction behaviour of the analyzed parametegeasf corrugated web girders with a lower
limit approximation.

The results show that the Eq. (45) provides thé fresliction for the 3D interaction behaviour
of corrugated web girders as a lower limit intei@csurface. The obtained minimum value is
0,991, if the numerically computed resistancesratiee denominator. In addition the minimum
value is located in the V-F interaction plane.
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8. Comparison with flat web girders

8.1. Concept of the comparison

This section discusses the comparison of trapekoateugated web girders with ordinary flat
web girders from design aspects which is importanta designer in the practice. The
comparison is the so called “in-weight” comparisdmch means that the weight of compared
girders are quasi equal by not considering the ktedf the welds. Therefore the corrugated
webs are changed to a flat one with an equivaleckness calculated using the Eq. (46).

t o=t at (46)

weg, flat w,trap 81 + a4
where tw.rap Web thickness of the corrugated web girders (caldm Table 6),
a  characteristic lengths of the corrugation profitey. 2 and Table 6).

The obtained equivalent web thicknesses of thd&2@keb girders can be seen in the column
5 in Table 20. Obviously the flange parameters,led depth and the yield and ultimate
strengths are not changed during the calculations.

Table 20: Parameters of ordinary flat web girders.

bf ts hw tw,eq fy fu
[mm] | [mm] | [mm] | [mm] | [MPa]|[MPa]

Typical bridge geometries

1| 300| 30| 2000 4,16| 296 | 460
2| 300 20| 1000 4,69| 355| 510
3| 400 | 40| 1500 7,03| 355| 510
4| 400 | 40| 100011,72) 355 | 510
5| 450 | 40| 2500 9,74 355| 510
6| 450 | 40 | 250010,54| 355 | 510
7| 450 | 40| 250012,00[ 355 | 510
8| 300 20| 2500 9,74 355| 510
9| 300 30| 2500 9,74| 355| 510
10| 350 | 30 | 200Q 8,66 | 355 | 510
11| 350 | 30 | 1200 10,00] 355 | 510

Typical building geometries
12| 200 | 15| 500, 2,97 270 430
13| 300 | 20 | 100Q 4,69 | 355| 510
141 250 | 16 | 750, 5,86 355 51(
15| 250 | 16 | 750 6,67 355 51(
16| 250 | 16 | 750 5,36 355 51(
17] 250 | 16 | 750, 5,86 355 51(
18| 250 | 16 | 750, 5,86 355 51(
19| 250 | 16 | 750 5,86 355 51(
20| 220 | 12 | 1000 1,66| 270| 360
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In the followings at first the corrugated web gisléound in Table 6 and the unstiffened flat
web girders found in Table 20 are compared witpeesto their pure capacities found in the
interaction equations. Then the 3D interaction behas are compared in case of each girder

geometry.

8.2. Comparison results

The proposed M-V-F interaction equation for cortegaveb girders can be found in Eq. (45)
while the M-V-F interaction equation for flat welrdgrs can be found in Eq. (C.4) in the

Appendix C.

13 -
21
2 *.
%08 1 00
= %
206 - L
3 3
Z04 - ¢
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0 T T T T 1
0 1 2 3 4 5

Aw,eq.flat/ Af
# Bridge type girders # Building type girders

Fig. 61: Comparison of the applied bending momesistance formulas.

It can observed that in case of flat web girdeesplastic bending moment resistance (Eg. (B.1)
in the Appendix B) is in the denominator in the ey term while in case of corrugated web
girders the “effective” bending moment resistanés.((29) in Section 3.2) is in the
denominator. The ratios of the two bending resistarior each girders are demonstrated in Fig.
61. It is observed that greater the & fafAf ratio (area of the web and flange), the smaller is
the Mrd,ec trapeMpi,Rd,EC flatFatio. This observation is reasonable becausase of corrugated
web girders the web does not contribute in the imgnchoment capacity because of the so

called “accordion effect”.
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Fig. 62: Comparison of the applied shear bucklegistance formulas.
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In case of both interaction equations (Eqg. (45) Bgd (C.4)) the shear buckling resistances
according to the EN1993-1-5 [1] (Eq. (30) and Hg.2J in the Appendix B) are in the
denominators in the shear terms. The comparistimeadhear resistances of corrugated and flat
web girders can be seen in Fig. 62. The figure shihat using greatefyfw,eq fiat ratios the
Vbw,Rd,EC trapdV bw,Rd,EC flat fatios are increasing significantly. It can be rabeved that design
shear buckling capacity of the corrugation profiém be four times greater than for flat web
girders.

9 -
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h\\'/ t\\‘:eq:ﬂat
@ Bridge type girders @ Building type girders

Fig. 63: Comparison of the applied patch loadirsistance formulas.

In the transverse force terms the proposal of Kévetsal. [18] (Eq. (31)) and the proposal of
Chacon et al. [103] (Eqg. (B.3) in the Appendix B3 ased. The comparison of the patch loading
resistances of corrugated and flat web girdersbeaseen in Fig. 63. The figure shows that
using greater fitw,eq,fiat ratios the kd kevesdi rapddRd,chacon flaf@tios are increasing significantly.
It can be oberserved in the figure that the degigith loading capacity of corrugated web
girders might be occasionally three or eight tigesater than for flat web girders.

In the followings the M-V-F interacting stabilityapacities of flat and corrugated web girders
are compared. The strategy is the followings:

1) The volumes under the interaction surfaces arermdeied and compared with the
enclosing 1x1x1 unit cube @Vr and kr are equal to 1,0).

2) Comparison is taken place between flat (Table 2d)@rrugated web girders (Table
6) regarding to the M-V-F interacting stability eaies.
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<
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Fig. 64: Convergence of the relative error in log-toordinate system.
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During the comparison the volumes under the intemaequations are determined with the
help of the Monte Carlo method in which the poguts generated randomly. Figure 64 shows
the convergence study of the necessarily applieérg¢ed points. Obviously the shape of the
curve can change but the tendency remains the stietea new run. One can see in the figure
that the relative error is decreasing when moratpaire generated. If 4 Points are applied
the relative error reduces to about*Mhich is judged to be an acceptable precisionuggg
single-precision floating-point format the allocht@emory is almost 400 MB while in case of
10° generated points it would be almost 4 GB therefisiag 16 points is reasonable.

Table 21: Volumes under the interaction equatioosfthe enclosing 1x1x1 cube.

Average volume
Interaction equation of flat web girders — Eq. (C.4 0,4413
Interaction equation of corrugated web girders —(B&§) 0,4906
Interaction equation of bridge type corrugated gelers — Eq. (44 0,5332

Table 21 shows the volumes of the normalized iotera equations ((M, Vr and k are equal

to 1,0) from the enclosing 1x1x1 cube which has wolume. One can observe that 44,13% of
the generated points were under the interactioateans of flat web girders while in case of

corrugated web girders this percentage is morerdadgeus with 49,06%. In addition in the

paper of Kovesdi et al. [100] the analyzed patciding lengths which is one of the most
influential parameters are between 200 and 600 nhitewvin this diploma thesis the applied

patch loading lengths are between 23 and 865 mrandiipg on the length of the parallel web
fold (au).

In the followings the M-V-F interacting capacitiesthe 20 girders are compared using flat and
corrugated web girders. This comparison is perforasefollows:

1) For each of the 20 girders the smallest enclosuimpicis are determined at first. For
instance in case of girder 18 (applied patch logdtemgth s = 318 mm) the lengths of
the edges of the enclosing cuboid are

max(Mrd ec trapeM pi,RdEC fla) = 1380,1556 KNm,

maxX(Vbw,Rd,EC,trapeV bw,Rd,EC fla) = 601,855 kN,

mMaxX(Frd,kovesdi trapsfRd,chacon figt = 697,3294 kN
as Fig. 65/a and Fig. 65/b also show. The examsepted by Fig. 65 is one of the
average from the 20 girders. The figure clearlywshthat the “maximum” bending
resistance is attributed to the flat web variantlevthe “maximum” shear and patch
loading resistances are attributed to the corrugane.

2) 10° points are randomly generated into the 1380,1586,855x697,3294 cuboid.

3) The volumes regarding to the flat and corrugateld vagiants are determined thus the
M-V-F interacting capacities are known.

In case of girder 18 the 38,73% of the points aen the interaction equation (Eq. 45) related
to the corrugated web while it is 14,36% for theiieglent flat web girder (Eq. (C.4)). The
difference between the two obtained percentag@d,37% for the benefit of the corrugated
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one which means that using an equivalent “in-wéigatrugated web instead of a flat web the
M-V-F interacting capacity of the girder is incremgabout 24% in average regarding to the
smallest enclosing cuboid. In other words, the N-Wveracting capacity of the corrugated one
is 2,7 times greater than that of with flat web.

836.7953 $36.7953
Z 697.3294 6973294
N
£ 557.8636 % 557.8636
g El
% 418.3977 8 418.3977
10 =i
M =
< 278.9318 < 278.9318
— =~
139.4659 139.4659
0l . 0l
0 0
276.0311 276.0311
552.0622 552.0622 :
828.0933 o3t §28.0933 G
1104.1245 ' lﬁo.ﬁ% 1104.1245 1.1%0.78
1380.1556 18§§1.4§3 ' 1380.1556 18§§1.4§§
My B trapep K801 16361867 72225381 Vo RA.EC trapez ') MpLRAEC,la (N1 1656.1867 72208050 W N
a) corrugated web b) flat web

Fig. 65: lllustration of the smallest enclosing oigband the interaction surfaces in case of an
average situation (girder 18 using=s318 mm).

The extreme cases are also presented in this Bekti&ig. 66 the most favorable case can be

seen which belongs to the girder 15 with appligdipbbading lengthss 59 mm. The obtained

percentages are 37,58% and 34,50% using the sateeas before, respectively. Thus it can

be said that using equivalent “in-weight” corrughteeb instead of a flat web girder, the M-V-

F interacting capacity is increasing at least vd18% regarding to the smallest enclosing

cuboid.
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Fig. 66: lllustration of the smallest enclosing oigband the interaction surfaces in case of the

most favorable situation (girder 15 usirg=$569 mm).
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Finally, the most unfavorable case is also preskEnt€ig. 67. The regarding results are 42,49%
and 1,41% which means that using equivalent “ingW&icorruged web instead of a flat one,
the M-V-F interacting capacity is increasing eveithwd1,08% regarding to the smallest
enclosing cuboid. By using the other definition i&/-F interacting capacity of the corrugated
one is 30,13 times greater than that of with flabw

216.6058 216.6058 //
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2 S :
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666.8466 433;.2852'14 2 666.8466 433;.28§?
833.5583 7}%5%9 833.5583 7%1_5;%9
M R.EC trapez (N 1000.2699 156.8533 71 Vi Ra ECtrapez N1 Myl R EC,fta [KNm] 1000.2699 156.8633 Vow.RdEC fatl N

a) corrugated web b) flat web
Fig. 67: lllustration of the smallest enclosing oigband the interaction surfaces in case of the

most unfavorable situation (girder 20 using 854 mm).

During the comparison it was observed that theceféé the patch loading length can be

significant. In case of girder 18 the obtained aliéinces regarding to the smallest enclosing
cuboid are 21,54%, 24,37% and 27,52% by using lopagkeh loading lengths. In case of girder

15 these are 3,08%, 5,57% and 10,49% while in cag@der 20 these are 40,71%, 40,83%
and 41,08%, respectively. One can observe thahénnost favorable case the relative

increment is the greatest while in the most unfablar case the relative increment is the
smallest.
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Fig. 68: Approximation of the ratio of the interiact capacity due to the corrugated web.
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Figure 68 is intended to show that how many time=ai@r is the interaction volume of a
corrugated web girder than that of with flat wabthe figure the red dashed line resresents the
approximation of the ratio of the interacting capas by changing the flat web to an equivalent
“in-weight” corrugated web. The average ratio 825,

A 3 -0378
ratio = 78158[EMa—J (47)
A s,
where Aweqiat area of the web in mfusing web thickness according to the Eq. (46),
A area of the flange in min
a corrugation angle subtitutted in degree (Fig. 2),
S applied patch loading length in mm.

The ratio of the interacting capacities can be axprately calculated by the Eq. (47). The
terms in the equation must be substituted as diimelless variables. This formula can be useful
if the designer wants to estimate the extra M-Vapazity provided by the corrugated web
girders.

8.3. Evaluation

In this section M-V-F interacting capacities oftflaeb and corrugated web girders are
investigated in the frame of a so called “in-weigladmparison.

The results show that the average interacting ¢gpaiccorrugated web girders is 5,52 times
greater due to the high shear buckling and patatiihg resistances than that of with flat web.
This average ratio is very large therefore the iclamation of usage of corrugated web girders
instead of unstiffend ordinary flat web girders an-V-F loading is reasonable.
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9. Conclusions and future aims

Previous studies have been already executed deaiihghe combined bending moment and
shear force (M-V), bending moment and transverssef@M-F) and shear and transverse force
(V-F) interaction of corrugated web girders. Thegeraction curves may be the interaction
planes of the M-V-F interaction surface. The priynaurpose of the current investigations is to
give a lower limit approximation for the M-V-F imection surface regarding to corrugated web
girders. The secondary purpose of this MSc thesim icompare the so called interacting
capacities of corrugated and flat web girders enftame of an “in-weight” comparison. During
the investigations the following results are achukv

1) Detailed literature overview on the behaviouralessp of corrugated web girders was
performed in Section 2. Numerous papers are stutkating with stress distributions,
strength, stability and also the fatigue problernsoorugated web girders.

2) Papers dealing with the interacting stability bebass of corrugated web girders are
also studied and the existing proposals are disdussSection 3.2.

3) The interaction planes of the M-V-F interactionfage is investigated separately.

a. The proposal of the EN1993-1-5 [1] was found ta@dmeconservative and a new
proposal is developed for the consideration of ¢benbined M-V loading
represented by the Eq. (39) for design purposes.

b. The results show that the proposal of Kovesdi 58] is not appropriate for
the whole parameter domain, therefore a new loweit lapproximation is
developed and proposed for the combined M-F intena®f corrugated web
girders shown by the Eq. (42) for design purposes.

c. The validity of the V-F interaction equation propddy Kdvesdi et al. [62] was
found to be adequate enough as a lower limit appraton in the whole
investigated parameter range.

4) According to the results a foremost proposal fer¢bnsideration of the combined M-
V-F interaction of corrugated web girders is congubg form of the Eq. (45). The
verification of the proposed interaction equatian performed with numerical
simulations. Another suggestion is given for bridype corrugated web girders
presented by Eqg. (44).

5) The comparison between flat and corruagated weleigirshows that due to the high
shear buckling and patch loading resistances atigated web girders the interacting
capacities of corrugated web girders is more thtim&s greater in average than those
of with equivalent “in-weight” unstiffened flat web

Several researchers have proved that the use nfgated web girders instead of flat web
girders is reasonable. In this MSc thesis it is aloved that the interacting stability behaviour
of corrugated web girders is also advantages.

In the future 1 would like to follow the researahthe field of the fatigue and global stability
(LTB) behaviours of corrugated web girders.
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Appendix A

Von Mises stresses under the M-V-F combined loadingjtuation

M-V-F interaction surface
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Fig. A.1: Von Mises stresses under the combintadilay situation.
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Appendix B

Calculation formulas for the pure resistances of attinary flat web girders

Formulas for the pure bending moment, shear buglkdimd patch loading resistances have been
already existing in the concerning Eurocode stahddMotwithstanding that there is
recommendation in the standard for the calculatbthe pure patch loading resistance of
ordinary flat web girders, in the current diplonieegis the determination of the pure patch
loading resistance is based on the proposal of @hetal. [103] which is the updated version
of the Eurocode’s recommendation.

The plastic bending resistance can be determinedebkzq. (B.1) below.

M _Wpl [fy (Bl)

pLRd —
Yo

where Wi plastic section modulus,
fy  yield strength,
ymo partial factor.

Procedure for the determination of the shear bagklesistance of corrugated web girders is
implemented in the EN1993-1-5 [1]. The formula tbe determination of the design shear
capacity can be seen in Eq. (B.2) without introdgaf the calculation of the reduction factor.

VY AL
bwRd yM1\/§

where yw  the lesser reduction factor regarding to local glotbal buckling,
fyw  yield strength of the web,
hw  web depth,
tw  web thickness,
ym1 partial factor.

(B.2)

The patch loading resistance is determined in tireent diploma thesis according to the
proposal of Chacon et al. [103] which can be calmd according to the Eq. (B.3). The whole
procedure is not introduced since it can be founithé concerning paper [103].

(B.3)

where xF  reduction factor,
fyw  yield strength of the web,
ly  effective loaded length,
tw  web thickness,
ym1 partial factor.
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Appendix C

Interacting stability behaviour of ordinary flat we b girders

To compare the load bearing capacity of flat weldlegis with corrugated web girders the
literature overview is done in the field of flat lwgirders as well. Thus this section is dealing
with the interacting stability behaviour of flat vegirders. In this section not the whole
literature but only one paper is referenced whgcthe latest one in this topic and includes all
the relevant papers and discusses all of the patgaoBhis paper is written by Koévesdi et al.
[100] in 2014.

The pure resistances of flat web girders, namety phatch loading, bending and shear
resistances have been discussed for a long timelahdrated till now. These design proposals
of the pure resistances are discussed in the AppBndhere are existing interaction equations
available for M-V, M-F, V-F and M-V-F interactionsespectively. All of these interaction
formulas are discussed in the followings.

Interaction between bending and shear

An in-depth literature overview can be found in gager of Kdvesdi et al. [100] thus it is not
discussed in the frame of this subsection. The BS185 [1] gives recommendation for the
calculation of the M-V interaction. The theoretitalckground of the standard is that if the
bending moment exceeds the flanges’ bending resistthen the interaction of bending and
shear is come into action or if the shear forcesdus reach the 50% of the shear resistance
then the reduction on the plastic bending momep&cigy is not necessary.

Other types of interaction equations have beenldped which is called “moving” interaction
equations by taking each terms, namely bending $kBar (V) and transverse force (F) terms
with different indices (as exponents) into accowing this approach breakpoints can be
avoided in the interaction curves thus the formblsome simple. According to this approach
different equations have been proposed using difteindices by different authors. Based on
the previously investigated M-F and V-F interactformulas a new interaction equation for
M-V is verified numerically by Kévesdi et al. [1Qdh Eq. (C.1) the proposed lower limit M-
V interaction equation can be seen.

Vv 16 M 30
+ <10 (C.1)
(VnumR j [ M plL,R J

where Vhum,r NumMerically calculated shear buckling resistance,

Mpi,r  plastic bending resistance.

If the shear buckling resistance is calculated atng to the formula of the EN1993-1-5 [1]
the index of 3,0 on the bending moment term cachiaeged to 3,6.
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Interaction between bending and patch loading

An in-depth literature overview can be found in gager of Kdvesdi et al. [100] thus it is not
discussed in the frame of this subsection. The BS185 [1] gives recommendation for the
calculation of the M-F interaction considering dxiarces as well. The proposal of the
Eurocode contains two breakpoints in the interactiorve.

“Moving” type of interaction equations have beesoatleveloped. By applying this approach
different equations have been proposed using diftandices on the terms by different authors.
The latest investigation was carried out by Kovesdial. [100]. Based on the numerical
investigation they proposed the following lower ilinmteraction equation (Eqg. (C.2)) for M-F
interaction.

3,0
M F
+ <10 (C.2)
[M pI,RJ (Fnuij

where Frum,r NUMerically calculated patch loading resistanciefweb panel,

Mpi,r plastic bending resistance.

If the analytically calculated patch loading remigte is applied according to Chacén et al. [103]
instead of the numerically calculated patch loadasistance then index of 3,6 can be used on
the bending moment term.

Interaction between shear and patch loading

An in-depth literature overview can be found in gager of Kdvesdi et al. [100] thus it is not
discussed in the frame of this subsection. Thene iecommended interaction equation found
in the Eurocode regarding to the V-F interactiohadx@our of flat web girders.

In this case “moving” type of interaction equationave been also developed. Different
equations have been proposed using different isdicethe terms by different authors. The
latest investigation was carried out by Kévesdilef1 00]. Based on the numerical investigation
they proposed the following interaction equatioq.(E.3)) for V-F interaction.

16
(_VV‘O’E’FJ {FF Jslo (€3)

numR numR

where Vnumr Numerically calculated shear buckling resistance,

Frumr Numerically calculated shear buckling resistance.
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Interaction between bending moment, shear and patcloading

There is no recommended interaction equation cdol& in the Eurocode regarding to M-
V-F interaction of flat web girders. In additiomlg one proposal had been existed in this topic
in the literature without any verification befotreetpaper of Kovesdi et al. [100].

Based on the previously investigated M-V, M-F an# \nteraction formulas a new interaction
equation for M-V-F is composed and verified numahcby Koévesdi et al. [100]. In Eq. (C.4)
the proposed lower limit M-V-F interaction equaticem be seen.

30 16
[ M J +(ﬂJ +(ij <10 (C.4)
M ik \ Fr

where Mpir plastic bending resistance,

Vr shear buckling resistance considering the flamggribution,
Fr patch loading resistance considering the flangeritution.

If the flange contribution to the shear bucklingdapatch loading resistance models are
neglected what is the case in the Eurocode des@ihads then the interaction equation can be
calculated with the index of 3,6 on the bending rantrterm which results in a lower limit
surface.

-102 -



