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ABSTRACT

Corrugated sheets have been used for a long tingeatechnical engineering and for roof
covering, but corrugated web girders have been usdtie previous 30 years in industrial
buildings and bridges. Previous research activitietated to the girders with corrugated
webs showed that the structural behaviour of theugated web girders is different from the
conventional I-girders, especially the stress disttion in the flanges and in the web due to
the corrugation profile. An additional transverseriding moment developes in the flanges
which comes from the shear flow in the corrugateeb wplate. Due to this additional
transverse bending moment additional normal stressecur in the flanges. Previous
research investigations studied the normal strasgidutions in the flanges and proposed
analytical equations to determinate the maximunsitds additional normal stresses coming
from the transverse bending moment. But therelagla of investigations analyzing the effect
of the additional normal stresses on the in-plaeeading resistance of the corrugated web
girders. There are several recommendations in thernational literature regarding to take
the effect of the shear force on the in-plane-hapdesistance into account, but there are
contradictions in the results of the previous stésdiTherefore the subject of this paper is the
determination of the additional normal stresseshe flanges due to the transverse bending

moment and analyzing its influence on the loadyiag capacity.
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1.Problem statement

The corrugated web plates have been used for 38 yedridge engineering as the web of a
hybrid superstructure and also have been usedilditmyengineering, especially in industrial

buildings and halls. Typical layout of a hybrid stgtructure can be seen in Fig. 1.

Wave-type steal
plate wab

Wave-type steat
plate web

¥ Concrate lower =lab

Intermal cable

Fig. 1: Typical layout of a hybrid superstructure.

Numerous experimental and numerical investigatioas be found in the international

literature related to girders with corrugated websese investigations are dealing with the
strength, stability and fatigue problems of suctucttires. Several papers investigate the
bending and shear resistance of corrugated welergirdNumerous investigations had the
focus on the determination of the shear bucklirsgstance of the corrugated webs taking into
account the different buckling failure modes sueshl@cal buckling of web folds, global

buckling of adjacent web folds and the interactaintwo aforementioned phenomenons.
Further investigations are intended to determire ithplane-bending resistance of girders
with corrugated webs. The main purpose of suchsitigations is generally the determination
of the buckling resistance of the compressed flarigee under bending. Moreover there are

many researches regarding to the fatigue behawviotorrugated web girders.

It is commonly accepted among researchers andragsighat the flanges of corrugated web
girders are carrying the major part of the bendmgment and normal forces and the
corrugated web plate is carrying the major parthaf 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 normedsses. Numerous papers are dealing with

the normal stress distribution in the flanges dushear force. The purpose of these papers

-4 -
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are mainly the determination of the maximum transdending moment in case of different
layouts, but there are just a very small numbemuéstigations focusing on the bending
moment resistance affected by the modified norrtraks distribution. Thus the purpose of
this research activities is the analysis of the dognm moment resistance reduction of
trapezoidally corrugated web girders due to modifiermal stress distribution in the flanges.

The applied parameters and notations used in #smare shown in Fig. 2.
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Fig. 2: Geometry of a girder with trapezoidally mayated web.
In the Eurocode there is recommendation how toutatie the bending resistance of girders
with corrugated webs. In this design equation thgplane-bending moment resistance is
reduced by the effect of shear force using a realucfactor. Previous investigations,
experimental and analytical studies showed cordtiadis in this topic, and several
researchers had the opinion, that the effect otrdnesverse bending moment on the bending

resistance could be neglected.

In the frame of the recent research work the rasc& reduction of the in-plane-bending
resistance is analyzed due to the shear force.ahalyzing the aforementioned resistance
validated numerical models are used verified by tesults taken from the international
literature. The bending moment reduction factoitsutated by the Eurocode standard design
formula and the numerical simulations are compamed the importance of the resistance

reduction factor is discussed and evaluated.

The purpose of this study is the analysis of thaedverse bending moment on the in-plane-

bending resistance and harmonizing the previolweareh results.
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2.Bending resistance according to EN1993-1-5 Annex D

There are several contradictions in the internafititerature considering the influence of the
additional normal stresses on the bending resistarte design rule of EN1993-1-5 Annex D
[1] gives a reduction factor for the bending resise of the corrugated web girders, if the
girder is also subjected by shear force. The peradimg resistance of the corrugated web
girders according to [1] can be determined by the(E).

M., = min{bUf . Oy Eﬁh'v +tuf +1 ] by O O [ﬁm +tuf +i ] by O Oy CF s Eﬁhﬂt”f +i J] (1)
" Yo 2 Yo 2 Ymo 2

The used notations can be seen in Fig. 2. Yhi&actor considers the plate buckling
phenomenon of the compressed flange. The EN199&darex D suggests using buckling
coefficient assuming an equivalent rectangular eplatipported along three edges. The

buckling coefficient can be calculated as follows:

k., = max(0,6,043 + (c/a)?) (2)
where: ¢ the greatest outstand from weld to free edge,

a the greatest length of the assumed plata{+2a,, see Fig. 2).
The flange buckling is considered in EN1993-1-5thy buckling coefficient given above in
Eq. (2). After determination of the buckling coeféint the relative slenderness and the

reduction factor related to the outstand comprasslements can be determined on the same

was as for the conventioal I-girders.

If the girder is subjected also by shear forcelibading resistance should be reduced by a
reduction factor ff) which depends on the flange size and on the maximormal stress
coming from the transverse bending moment. The aedlubending resistance can be
determined by Eqgs. (3)-(4), if the valueyak equal by 1,0.

My ra = fr Mgy (3)

(4)

where:

fys yield strength of the flange plate,

ymo  partial factor for stress check,
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oxMz) Maximum value of the additional normal stressaming from transverse
bending moment,

Mz max maximum value of theansverse bending moment.

According to the EN1993-1-5 Annex D [1] the maximwalue of the transverse bending
moment can be calculated by the Eq. (5). The thealibackground of the calculation of the
maximum transverse bending moment due to sheae isrehown in Fig. 3. It can be seen
that this theory assumes that the girder is supdannhder a paralell fold of the corrugated

web, the number of the web corrugation is odd dmed ghear force along a corrugation is

constant.
V a,
M =—— (&, +a,) (5)
zZmax hW 4
I _Vza T
2 h;2 V, )
_’W 7-2 g 32 _2’
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}
—» 0.580 -84 »l«—— a1 »le-a 0.5a0 le—
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Mz max = 4_',,:W a3 (2amax + a4)

amax = Max(ap; a1)

Fig. 3: Calculation of the maximal transverse bagdnoment.

The reduction factor in Eq. (4) was developed lbydber [2] and it was also implemented in
the DASt-Richtlinie 015 [3]. However the same relitut factor is not considered in the
Austrian and Swedish design rules, because it waedsthat the effect of the additional
normal stresses on the bending resistance is ndatge. The commentary document of the
EN1993-1-5 [1] also emphasizes that from theorkpomt of view these bending moments
are required for reasons of equilibrium, but igisestionable how important they actually are
in real life [4]. Elgaaly et al. investigated therlaling and shear resistance of the trapezoidally
corrugated web girders in 1997-98 [5], [6] and [Their conclusion was that there is no
interaction between the bending and shear resistahdhe trapezoidally corrugated web

girders. It was proved by Pasternak and Hanneb@jien 2003 that in case of sinusoidal

-7 -
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corrugation profiles the effect of the addition&anding moment can be neglected, and the
reduction factoffr can be set to 1.0. Against it Kuchta proposeddd62an M-V interaction
equation for girders with sinusoidally corrugatedbs [9], however it has to be mentioned

that only a small interaction behaviour is obsergiedng the investigations.

Due to the contradictional observations on the iignze of the additional normal stresses on
the bending resistance this paper focuses on thkysas of the structural behaviour of the
trapezoidally corrugated web girders under combibedding and shear. The aim of the
investigation is to analyse the effect of the tvamse bending moment on the bending
resistance and to harmonize the previous reseashlts. The necessary consideration

method of the transverse bending moment in thegdesialso discussed.
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3. Literature overview

In this section the previous investigations ares@néed in the field of girders with corrugated
web. Numerious experimental and numerical investiga can be found in the international
literature related to girders with corrugated websese investigations are dealing with the
strength, stability and fatigue problems. Seveeglgrs investigate the stress distributions and
the bending and shear resistance of corrugatedgwedrs. Numerous investigations focus on
the determination of the shear buckling resistasfdbe corrugated webs taking into account
the different buckling failure modes such as Idmatkling of web folds, global buckling of
adjacent web folds and the interaction of two afwetioned phenomena. Further
investigations are intended to determine the imglaending moment resistance of girders
with corrugated webs. In the following subsectidime different fields of investigations are

presented in detail.

3.1. Previous studies on the stress distributionsid on the bending resistance

The international literature includes many invediigns on the stress distributions of the
flange plates and web plate of girders with cortedaveb. The stress distributions in the web
and in the flanges were investigated by differ@searchers in the past such as Linder [2] in
1992, Aschinger and Linder [10] in 1997, Elgaalyak{5] in 1997, Huang et al [11] in 2004,
Mori et al. [12] in 2006, Abbas et al. [15], [16),7] in 2006 and 2007, Hannebauer [13] in
2008 and Kovesdi et al. [14] in 2012.

Thenormal stress distribution in the webis almost negligible in the greatest part of thebw
depth, only very close to the flanges it has a icmmable value but it decreases rapidly
towards to the axial centerline of the web foldsm® papers suggest considering the lower
and upper 15% of the web depth when the normatseeare calculated in a cross section
with a parallel fold, however it is also negligitd¢ an inclined fold of the corrugated web.
This phenomenon is called as “accordion effect’eréfore the web is neglected in the
calculation process of the bending moment resistahcorrugated web girders in the praxis.

The normal stress distribution in the flangesof corrugated web girders is not constant
along the width of the flange plate length. Thexaisignificant difference between the two
edges of the flange plate in a cross section asctirmal stress difference has an alternating
tendency along the girder length. This stress iiffee can be explained by two different
effects. The first reason is the different intekd@etween the flange and the web plates at the

parallel and at the inclined folds and the second i3 the effect of the shear force. The

-9-
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normal stress difference between the two edgeslaively small due to the effect of the
different interlock. In a cross section at a paidibld the interlock is more efficient than in a
cross section at an inclined fold of the corrugatesh. The normal stress difference in the

flanges will be much more dominant if the girdeaiected by combined bending and shear.

The normal stress distribution and the bending nmimesistance of girders with corrugated
web were investigated firstly by Linder [2]. It wasoposed that the bending moment
resistance reduction is theoretically calculately mom the additional normal stresses due to
shear flow in the corrugated web and the desigmpgweal was developed by this way.
According to Linder the direction of the shear flémilows the shape of the web corrugation
and based on this the flange can be assumed &dea lgiaded by additional lateral forces)(F
and transverse bending moments,)(Roming from the shear flow, as shown in Fig. AisT
mechanical model is proved by all the previous stigations.

T,
\T,gTy'W?; F=Ya,
T
M, || M, TFV Mzzyai%

Fig. 4: Theoretical background of the transversedbey moment [2].
In the field of this research topic Abbas et alrrieal out similar results. The stress
distribution in the flanges was analyzed underlang loading. The so called “fictitious load

method” was developed which is similar to the meate model of Linder.

According to the ,Commentary and worked exampleBif§-EN-1993-1-5 Plated Structural
Elements” [4] the maximal transverse bending montam be calculated with the Eq. (5)
which is relevant to the mechanical model of Lind€he theoretical background of the

calculation of the maximum transverse bending mdmesistance can be seen in Figs. 3-4.

The theoretical investigations of Balaz [18] prowaso the applicability of this theory and it
is proposed to implement the Eqg. (5) into the ENEQ9L [19].

In 2012 Kovesdi et al. [14] analyzed girders withrragated web from point of view of the
additional normal stresses in the flanges withedéht girder geometries, corrugation profiles,
loading and support conditions. In the Fig. 5 thiéedent girder can be seen which were

analyzed.

-10 -
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girder type 1 By
N\, V4 N\, V4 N\ / N\ / N\ load position

girder type 2
b f-N S o frramean z
N/ N/ N ) — ﬁ‘ load position
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
girder type 3
C SN N y o, 8 load position
N N— \_/
1 2 3 4 5 6 7 8 9 g 11 F2 15 16
girder type 4 B
d / Y / N V4 N,

N/ Nt N— load position

Fig. 5: Analyzed girder geometries, and supportlaading conditions.

The numerical results show that the aforementiorsgthbles have significant effect on the
structural behaviour of trapezoidally corrugatedovggrders. At first the most unfavorable

geometric layout is when the girder is supportedeurat an inclined fold of the web instead
of the recommendation of the Eurocode where thdegiis started and ended with a parallel
fold of the web. According to Kdvesdi et al. the ximum possible transverse bending
moment can be calculated by the Eq. (6) which isdwas large as obtained from Eg. (5) and
the maximum possible transverse bending momentatimgan be seen in Fig. 6.

V a,

Mzmax h 2 (m +a4) (6)

Furthermore the numerical calculations showed thatproposal of Linder and Aschinger
[10] will give a good approximation for the maximuadditional transverse bending moment
in the flanges if the shear force diagram alongdinder length is constant, but it will give
smaller values comparing to the numerical restilise shear force diagram is not constant or

the fold lengths of the corrugation profile are aqual.

-11 -
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Fig. 6: Proposal for the maximum possible transy®ending moment calculation [14].
Moreover the proposed closed form solution of Abblal. gives exactly the same result as
the Eq. (6) proposed by Kévesdi et al., but thelieplpility is relatively narrow, because it
can not consider different loading conditions.hié tgirder is loaded by uniformly distributed
load the obtained maximum transverse bending mofoemtthe proposal of Abbas et al. will

give a good approximation in comparison with thenetical results.

Due to the numerous investigations it is known ttiee shear force causes additional
transverse bending moment in the flanges of coteagaveb girders. The theoretical
background and the calculation methods are cldrifiut there is a lack of investigations
dealing with the effect of this transverse bendimgment on the in-plane-bending resistance

of corrugated web girders.

-12 -
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3.2. Previous studies on the shear buckling resistee

Numerous studies are dealing with the shear bugktesistance of the corrugated web
girders. In this field the first investigation wedene by Easley and McFarland [20] in 1969.
They suggested a formula for the calculation of ¢ih@bal shear buckling resistance for
corrugated webs. In this study the corrugated wab supposed as an orthotropic flat web.
After that several experimental, numerical and tbgcal investigations have been performed
in this field. In 1988 and 1992 Linder and Aschin{f&l], [10] analyzed the shear buckling
resistance of girders with corrugated web. Expentaenvestigations were done by Bergfelt
et al. [23] in 1984, Elgaaly et al. [7] in 1996, nifazaki [22] in 2001, Driver et al. [24] in
2006, Scheer [25] and Moon et al. [26] in 2009.

Numerical investigations were executed by Luo adhliid [27] in 1996 and by Yi et al. [28]
in 2008 where all the geometric parameters of treugation profile were analyzed including
the span length and web depth and thickness. @#parimental and numerical investigations
were carried out by Pasternak and HannebauerZ8],ifi 2003 and 2004, Moon et al. [26] in
2009, Eldib [31] in 2009 and Hassanein and Kharf8fj, [32] in 2013. Based on these
investigations different design proposals werewaetito determine all the three type of shear
buckling failure modes, namely the local, global ameractive shear buckling resistances.

3.3. Previous studies on the bending and shear iméetion
In the international literature there are many pspukealing with the bending resistance and
shear buckling resistance of corrugated web girsepsrately and there is just a few numbers

of investigations paying attention to the combibedding and shear loading.

Both bending and shear buckling resistance of tleigated web girders was investigated by
Elgaaly et al. in 1997 and 1998 [5]-[7]. Based ba éxperimental investigations a numerical
model was developed on which the stress distrihutidhe flanges of girders with corrugated
web was analyzed in detail. The experimental ancharmical results showed that the
contribution of the web to the ultimate moment @afyaof such girders is negligible, thus the
in-plane-bending resistanc can be calculated awly fthe contribution of the flanges. It was
also demonstrated that the shear force is carmégdlry the corrugated web. Based on their
investigations they also stated that there is reraction between the shear and bending

resistance of the trapezoidally corrugated webeggd

The EN1993-1-5 [1] recommends how to consider ffeceof the shear force on the bending
resistance. It suggests taking the reduction fgétpaccording to the formulas of Egs. (3)-(5)

-13 -
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into account as a multiplication factor of the pbending resistance of a given girder. As far
as the authors know, this reduction factor wasbcaied based on experimental results on
specimens tested by combined bending and sheareefailure mode was lateral torsional
buckling of the specimens. Based on my opiniois @&n important task, because the current
paper focuses only on the combined bending andr slesestance of the corrugated web
girders and the lateral torsional buckling resiseaetermination is not the topic of this

paper.

Sinusoidally corrugated web girders have been sinely studied on this research field by
Pasternak and Hannebauer [8] in 2003. They inwasiigthe effect of the shear force on the
in-plane-bending resistance of the sinusoidallyruaated web girders. According to their
results the additional normal stresses indicatethbyshear force have no significant effect on
the in-plane-bending resistance in case of usuwdeg with sinusoidal corrugations used in
the praxis. The ratio of the corrugation depths #mel usually used flange widths are
relatively small, therefore the reduction of theplane-bending resistance due to the
transverse bending moment in the flanges can bkeated. This statement is noted in the
EN1993-1-5 Annex D [1], that the reduction factdf) (can be set to 1,0 in case of

sinusoidally corrugated web girders.

Another research was carried out by Kuchta [9]06&investigating the structural behaviour
of sinusoidally corrugated girders under combinedding and shear. Based on the executed
experimental investigations a numerical model wagetbped. In this research program the
interaction behaviour and the stress distributiongder the differeint loading situations were
analyzed. As a result of the investigation an adBon equation is proposed for girders with
sinusoidally corrugated web under the combined itgadsituation. According to the
aforementioned interaction equation there is alsraduction in the load carrying capacity of
such girders. In the model of Kuchta related toitivestigation of the bending resistance the
effect of the transverse bending moment is not idensd thus the magnitude of the
additional normal stresses in the flanges wereshadied. Furthermore the shear resistance
and bending resistance of the girders were detexniseparately based on the plastic
resistance of the web and the plastic resistandbeoflanges neglecting the possible shear
buckling or flange buckling phenomenons. Accordiogthe proposal of Kuchta [9] the
maximum reduction of the bending or the shear t&st® in the M-V interaction is 1/12

(8,33%). The proposed interaction diagram can ba seFig. 7.

-14 -
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Fig. 7: M-V interaction diagram for sinusoidallyrcegated web girders [9].

3.4. Evaluation of the previous result and researchims

Based on the previous investigations, it can bedttat the effect of the transverse bending
moment on the in-plane-bending moment resistanggrdérs with corrugated web is still not
clarified until now. The different research result®m different authors should be
harmonized. The reduction factor in the EN1993{1]5s still questionable in the practicle
design according to several researchers in the phaat is why further investigation is needed
in this field to clearify the structural behaviof corrugated web girders under combined

moment and shear.

The following questions which should be answerethis paper that what is the magnitude of
the additional normal stress and which parametghseince the the additional normal stresses
in case of typical girders used in the praxis. kemnore how significant can be the effect of
the shear force on the in-plane-bending momensteesie, and moreover is it necessary to
consider the transverse bending moment in the ipahatesign and how can it be considered
in the design formula.

To give answers to the above questions, the folldwesearch strategy is carried out. Firstly
numerous existing experimental and numerical ingagsons on the research field of
corrugated web girders are collected in this papata base have been made with more than
1900 girder geometries which were found in therimd@onal literature. For each girder the
bending moment reduction factors according to tiN1¥93-1-5 [1] are calculated and
compared. This comparison gives an overview abdwtrhportance of the reduction factor in

the case of typical girders used in the practicewestigated by researchers in the past.
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Numerical investigations showed, that the supportd@ions have a large influence on the
additional normal stresses in the flanges. In #ee®f real structural elements, the transverse
bending moment is influenced by the support cood#iand its value can be significantly
smaller than the theoretically determined maximwatue. To give overview about the effect
of the lateral and longitudinal support conditicors the normal stress distribution, girders
with different support conditions are investigataad the normal stress distributions are
compared.

Finally the recent research program contains tla¢yais of the structural behavior of girders
with corrugated web under pure bending and combbeuling and shear using numerical
simulations (GMNIA). Based on test results foundha literature and own experiments [14]
numerical model is developed and verified on wtited M-V interaction behavior is studied,
and the effect of the shear force on the bendisgtance is determined on various girder
geometries. The numerically calculated resistaacesompared to the design equations. The
aim of the recent paper is to give proposal howandle the M-V interaction for girders with

trapezoidally corrugated web for the practical gesi

-16 -
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4. Effect of the additional normal stresses accordg to the Eurocode

This Section is meant to analyse the magnitudehefttansverse bending moment in the
flanges of typical corrugated web girders whichased in the pracitcal design and determine
their in-plane-bending moment resistance redudtators ) according to the EN1993-1-5

[1]. The reduction factor which can be calculatgdHy.(4) depends on the applied shear

force, therefore this formula represents the M-¥iiaction curve which can be seen in Fig. 8.

It can be observed that the interaction equatiandiffierent character than in case of usual
steel structures. The maximum possible vafygf is related to the shear force applied on
the structure equal to the shear resistance ofgihen girder. The maximum transverse
bending moments in the flanges can be calculatesvandifferent ways depending on the

support conditions (see Fig. 5). If the girderupported under at the parallel fold of the web
the maximum transverse bending moment in the flarnge be determined analytically with

the Eq. (5) (see Fig. 3) representing by linedtherwise the maximum transverse bending
moment can be determined with Eq. (6) (see Figef)esenting by line I. The transverse
bending moment calculating with Eqg. (6) (line I. Fig. 8) is two times greater than

calculating with Eqg. (5) (line Il. in Fig. 8), thuke Eq. (6) gives the maximum possible value

representing by line 1.

v
Vr
1.0
0.75--
0.5
0.25

Fig. 8: M-V interaction diagrams according to EN3985 [1] and evaluation strategy.
Hereafter the interaction diagram which is chamgge by this maximum possible value (line
I. in Fig. 8) is presented in detail, because ihithe basis of the current comperison (point 1
in Fig. 8). Due to the data base which consist$98f0 collected girder geometries found in
the international literature the maximum value loé in-plane-bending resistance reduction

factor frmay IS determined for each geometries. For all thelyared girders firstly the shear
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resistance is calculated according to the EN1993f1} and then the maximum reduction

factors {rmay are determined from this shear resistance asmidneémum possible applied

shear force on the structure. This maximum valu¢hefapplied shear force (equal to the
shear resistance) acts on the real structuresraszly, therefore the reduction factor of the in-
plane-bending resistance is also determined in abskeear force levels equal to the 25% and
50% of the shear resistance (points 2-3, in FigT8gse situations can frequently occur on
real structures. In the Fig. 8 the point 4-6 metfwescorresponding values with regarding to

the line Il. where the transverse bending momedetermined by Eq. (5).

It can be seen that in case of one girder geometrgifferent values are calculated
representing the bending reduction factors at thliflerent shear force levels using two
different support conditions (points 1-6 in Fig. & has to be mentioned, that the reduction
factor of Lindner [2] is calibrated by using the ximaum value of the additional normal
stresses. The theoretically derived equation ctatsia factor of 0.816, but its value has been
reduced to 0,4 in Eg. (4) for design purposes. Bdekground of it is that the value of the
transverse bending moment has large changes dhengirtder length, even its sign can be
changed.

The maximum additional normal stresses in the #angre also calculated and compared to
the yield strength of each analyzed girder. The gamson shows that how much does the
transverse bending moment increse the normal dieddsn the flanges. It means that if the
girder is designed based on the allowable elassses, and its bending utilization ratio for
in-plane-bending is 1.0, the effect of the transedsending moment can be characterized by
the ratio ofgy/fy. This ratio represents the overstress ratio ire acdselastic design, if the
additional normal stresses are neglected from #ségd and the bases of the design is the
yield strength. This comparison is just a fictiaggiyes not real utilization values, but it

characterizes the importance of the transverseibhgmdoment in the practical design.

In the frame of this study typical girder geomedri@ith trapezoidally and sinusoidally
corrugated webs are also collected and evaluateckgliivalent trapeze profile is prepared in
case of sinusoidal web corrugation to evaluategmmetrical properties and to determine the
additional normal stresses indicated by the sheacef The evaluation is carried out
separately for trapezoidally and sinusoidally coated web girders. The girder geometries of
the experimental and numerical calculations whichrevexecuted in the past are also
collected for both girder types.
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In case of trapezoidal corrugation 115 differemtlgr geometries are found which were tested
experimentally and 292 different girder geometrigéme found which were analyzed

numerically.

12 different girder geometries are collected froxistng bridge structures with corrugated
web girders. These bridges are the Altwipfergrumidde [33] [34], Shinkai bridge [30],
Matsunoki bridge [30], Hondani bridge [30], Cogrnaadge [30], Maupre bridge [30], Dole
bridge [30], Maetani bridge [11], llsun bridge [3@hd the Mo6ra Ferenc bridge [36][37]. In
case of several bridges only the geometry of tmeugation profile and the web depths were
available from the literature. In these casestituis flange sizes are assumed, which are

usually used for these kind of bridges.

In case of sinusoidal corrugation 1519 differemtlgr geometries are found in the product
catalog of the company Zeman [38]. In most of thpgrs in the international literature the
authors analyze the same geometries as can be foutite product catalog, however
Hannebauer [13] and Kuchta [9] analyzed girder$ wihusoidally corrugated web slightly

different geometries in comparison with the girgeometries in the product catalog.

In total of 1941 different girder geometries ardleztied from the international literature and
product cataloge and the transverse bending mommeaticulated and its effect is evaluated
for each girders. In case of sinusoidally corrudateeb girders the corrugation depths are
small (40 — 43 mm) in comparison with the flangedtj and the fold lengths of the

equivalent trapeze profiles are also relativelyls(38 - 60 mm), and the thickness of the web
is also small (1,5 — 6 mm). These girders are usédilding structures as shown in Fig. 9.

11 L

I.H" T
ot

Fig. 9: Corrugated web girders used in industnialdings, from [38].
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In case of girders with trapezoidally corrugatedowibe size of the corrugation profile

extremely different. The folds lengths which arelaga are mostly between 150 — 400 mm
are larger and the sizes of the flanges are algerdhan in case of sinusoidal corrugation
profiles. This can be attributed to that fact ttied trapezoidally corrugated web girders are

mostly used in bridge structures as shown in Fig. 1

Fig. 10: Corrugated web girders used in bridgesnf{39].

Due to the differences between the applied geooattsizes of the sinusoidally and
trapezoidally corrugated web girders the transvessling moment coming from the shear
force are significantly differenct, therefore thagnitude of the bending resistance reduction

factor 1) are also significantly different.

Table 1: Girder geometries collected from intermadi literature.

corrugation angle (a) [°] fold length (a;) [mm] fold length (a;) [mm]
Min. Max. |Average| Min. Max. | Average| Min. Max. |Average
Sinusoidal corrugation 20 38 37,9 26 100 26,5 65 220 66,1
Trapezoidal corrugation 10 90 39,4 20 750 245,1 14 707 237,1
Existing bridges 25 39 33,3 250 430 334,8 250 430 340,3

In Table 1 the minimum, the maximum and the aversgees of the corrugation angle and
the fold lengths can be seen which are calculatih tve help of the available data base
containing the collected girder geometries. Théedéht statistical values with regarding to

the sinusoidal and trapezoidal corrugations anceitigting bridges are separately calculated.
In case of trapezoidal corrugation the differeneaMeen the minimum and maximum values
is much larger than in the other two cases, bectusind of girders was widely analyzed

by different researchers, however the average saba® be more comparable. It can be

observed that the corrugation angles are almossahe for all the tree groups. The average
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fold lengths are smaller in case of sinusoidal wgation and larger in case of the existing

bridges.

The Table 2 shows the maximum, minimum and avevafiges of the calculated additional
normal stresses and the bending resistance redufgators of sinusoidal, trapezoidal and
existing bridge corrugations with 3 different loaduations using the maximum possible

transverse bending moment (points 1-2-3 in Fig. 8).

The average value of the additional normal stressbksated by the shear force equal to shear
resistance is 9,18 MPa in case of typical girdetk sinusoidal corrugation. The same value
for girders with trapezoidal corrugation and exigtbridges are 107,9 MPa and 159,6 MPa,
respectively. It can be observed that the effedheftransverse bending moment in case of
existing bridges or trapezoidal corrugation is mudahger, than in case of sinusoidal

corrugation.

Table 2: Calculated additional normal stressesraddction factors
using the maximum transverse bending moment (Eq. 6)

Evaluation of Line I. using the additional normal stress bending resistance
maximum transverse bending Oy, (mz) [MPa] reduction factor f [-]
moment Min. Max. |Average| Min. Max. | Average

b oé: s Sinusoidal corrugation 0,34 65,68 9,18 0,79 0,98 0,93
.% g % E Trapezoidal corrugation 0,8 488,9 | 107,9 0,58 0,99 0,81
& Existing bridges 60,4 | 651,7 | 159,6 | 0,46 | 0,84 0,75
N L 5T Sinusoidal corrugation 0,2 32,8 4,6 0,85 0,99 0,95
% ?1 g E Trapezoidal corrugation 0,4 244,4 54,1 0,71 0,99 0,87
e Existing bridges 30,2 325,9 79,8 0,62 0,88 0,82
Q R Sinusoidal corrugation 0,1 16,4 2,3 0,89 0,99 0,97
% 3 % E Trapezoidal corrugation 0,2 122,2 27,2 0,79 0,99 0,90
& Existing bridges 15,1 162,9 39,9 0,73 0,92 0,88

The large differences between sinusoidal and t@gak corrugations are attributed to the
sizes of the geometric parameters and not the sbépihe corrugation (sinusoidal or
trapezoidal). The average of the bending resistaedaction factors related to the maximum
applied shear force situation (shear resistance)0a03, 0,81 and 0,75 for the the three
different groups, which means that the in-planedib@nresistances are reduced on an average
with 7% for the sinusoidally corrugated web girdarsl 19% and 25% for the trapezoidally
corrugated web girders and existing bridges. It lsarobserved that in case of trapezoidally
corrugated web girders and in case of the exidimdges the maximum bending resistance

reduction can reach a value close to 50% accortbhnthe EN1993-1-5 [1] if the shear
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resistance is applied as the shear force on thetgte which is extremely high. These

aforementioned values are corresponding to the fjamthe Fig. 8.

The additional normal stresses and the bendingcteufactors can be significantly smaller
if the 50% or 25% of the shear resistances araeapph the sturucture as shear force. These
values are corresponding to the point 2 and 3 e Rly. 8. The values of the additional
normal stresses are in linear relationship withapplied shear force, which means that if the
half of the shear resistance is applied as sheee fan the structre then the additional normal
stresses will be tha half of original one. In tastlthree rows of the Table 2 in which only the
fourth of the shear resistance is applied as doee it can be seen that the average values of
the additional normal stresse are 2,3 MPa for sidla$ corrugation, 27,2 MPa for trapezoidal
corrugation and 39,9 MPa in case of the existingdas. These last two values are still
dominant and can have a significant effect on ttractiral behavior of the bending
resistance.

Table 3: Calculated additional normal stressesraddction factors
using the transverse bending moment determinedgb{3x

additional normal stress bending resistance
Evaluation of Line Il. using the

. Oy, (mz) [MPa] reduction factor f; [-]
average transverse bending moment

Min. Max. |Average| Min. Max. | Average

Sinusoidal corrugation 0,2 32,8 4,6 0,85 0,99 0,95

Trapezoidal corrugation 0,4 244 4 54,1 0,71 0,99 0,87
Existing bridges 30,2 325,9 79,8 0,62 0,88 0,82

Point #4
(100%
shear
force)

X e Sinusoidal corrugation 0,1 16,4 2,3 0,89 0,99 0,97
% 8 % :5_) Trapezoidal corrugation 0,2 122,2 27,2 0,79 0,99 0,90
& Existing bridges 15,1 162,9 39,9 0,73 0,92 0,88
s L 5D Sinusoidal corrugation 0,1 16,6 1,2 0,92 0,99 0,98
% E % 5 Trapezoidal corrugation 0,1 98,1 13,7 0,80 1,00 0,93
a

Existing bridges 7,5 81,5 20,0 0,81 0,94 0,91

The bending resistance reduction factors are idimear relationship with the applied shear
forces, however the same tendencies can be obsémvti last three rows of the Table 2 in
which only the fourth of the shear resistance gliad as shear force it can be seen that the
average values of the reduction factors can rethea-plane-bending resistance with 3% in
case of sinusoidally corrugated web girders and Hi%d 12% in case of trapezoidally
corrugated web girders and existing bridges, wiiéemaximum reduction in case of existing
bridges can reach the 27% of the bending resistaeh is a significant reduction in the

bending resistance for typical bridge girders.
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The same evaluation procedure can be seen in Bableere the transverse bending moment
in the flanges are determined with the help ofEhe (5) instead of Eq. (6), thus this Table is
corresponding to the line Il. in the Fig. 8. It d@seen from the results that the average value
of the bending resistance reduction factors fodegs with sinusoidally corrugated web is
0,95 and for trapezoidally corrugated web girderd axisting bridges these values are 0,87
and 0,82. If only the fourt of the shear resistaiscapplied as shear force on the structure the

reduction factors are on an average between 00998~

In the Table 4 the additional normal stresses atéit by the transverse bending moment are
in comparison with the yield strength of the flaqgjate when the 50% and the 25% of the
shear resistance as shear force are acting orirtletuse. The results show the effect of the
additional transverse bending moment on the bendisgtance, if elastic design method is
used with maximum allowable normal stress. Theeasia the Table 4 show the difference in
the bendind utilization. The results represent thtite 50% of the shear resistance is applied
as shear force on the structure that the averdget eff the additional normal stresses can be
3,6% for sinusoidally corrugated web girders, hogvetv can be 14%-20% for trapezoidally
corrugated web girders and existing bridges.

Table 4: Differences between bending utilizatiomosaconsidering or
neglecting the effect of the transverse bendingerd.

Evaluation of Line I. using the
maximum transverse bending
moment Min. Max. |Average

ox,(Mz)/fy [%]

% L 5w Sinusoidal corrugation | 0,35 | 17,47 3,61
% ,_3 % g Trapezoidal corrugation | 0,06 54,04 | 14,18
o - Existing bridges 6,89 91,79 19,80
2 L 5w Sinusoidal corrugation 0,2 8,7 1,8
k= 2 g Trapezoidal corrugation 0,0 27,0 7,1
S Existing bridges 34 | 459 | 99

-23 -



Bence JAGER Scientific Students’ Paper 2013

5.Finite Element Models

The finite element models are developed in ANSYS14he developed finite element
models (geometric, mesh, load and boundary comdifiare introduced in this section. The
experimental background, the analysis type and/éniication of the numerical models are
also presented in this section. Most of the submestare devided into two parts according to
the additional normal stress analysis in the flangad the in-plane-bending moment

resistance analysis including the M-V interactioalgsis of girders with corrugated web.

5.1.Experimental background

Additional normal stress analysis in the flanges

Large scale tests have been done in the last favs ye analyze the fatigue and patch loading
resistance of girders with corrugated web by theEBepartment of Structural Engineering.

From these experiments the measured results ofpe@men which is loaded by static load
are used to verify the numerical model for the gsialof the additional normal stresses in the
flanges. The geometric parameters of this specifsgecimen number 3) can be seen in Fig.
11 and Fig. 12. During the loading of the specirtten deflection of the midspan and the

stresses in some cross sections were measuretheitielp of strain gauges.

"
'
'
)

Fig. 11: Experimental layout. [14]

Geometric parameters of the specimen number 3:

- length: 7147 mm

- span: 6765 mm

- web depth: 499.39 mm
- web thickness: 6.01 mm

- flange thickness: 20.53 mm

- flange width: 224.62 mm
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- weld size: 6 mm
- angle of the inclined fold of the web: 39 degree
- bending radius of the corrugation: 60 mm
mI %M%@%Wﬁ%m
8 ®
@ OH i i o P
o 210020/ 24/
,200, 3375 375 L 3375 200,
1200, 6750 1200,

7150

Fig. 12: Geometry of specimen number 3.

The geometrical differences between the specimdrtta numerical model are that there is
no stiffener in the numerical model and the lengithhe model is equal to the span length.

The profile of the trapezoidal corrugation can éersin Fig. 13 below.

Corrugation profile

, 105 | a,=165 L a=210 ,  a,=165 , 105

A

L
1 ? 7 2(a+a,)=750 ~ :L

Fig. 13: Profile of the corrugation.

In-plane-bending moment resistance analysis

In the international literature more than 150 ekpental tests can be found in case of
trapezoidally corrugated web girders. Model vedfion is executed by recalculations of
experimental results found in the literature. Fribrese specimens 8 specimens were chosen
to verify the numerical model. Six large scale spens are chosen from the 4-point-bending
tests of Elgaaly et al. [5] in 199The failure mode occurred in all cases in the “pbending
zone (middle part of the test specimens) by th&ling of the flange plates. The aim of the
investigations of Elgaaly et al. [5] was to deterenthe bending resistance of girders with
trapezoidally corrugated web. Therefore thesertsilts are optimal to the numerical model
verification. The numerical model of all the 6 tegtecimens is developed and the bending

resistances are recalculated.
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Thus the aim of the current investigation is thedgt of the M-V interaction, the
determination of the shear resistance is also aontant task. Therefore the numerical model
is also verified by test results where the obsefaddre mode was the shear buckling of the
corrugated web. Test specimens taken from two iewdegnt previous research programs are
selected and the model verification is made forhbiast results. Experimental research
program on corrugated web girders was made by Mbah in 2009 [26] on three large scale
test specimens. From the three specimens one spedsnselected (M14) to the model
verification. Independent experimental researchym was also executed by Hannebauer
[13] in 2008. One girder with trapezoidally corrtegh web was investigated in this research
program. The numerical model of these test speanemeveloped and the shear buckling
resistances are determined by the numerical sironat

Thus the model verification is based on three iffé research programs in the current paper,
the detailed description of the test layouts arsl $pecimens are not given here. All the
necessary information can be found in the releympers [5], [13] and [30]. But all the

geometrical and material properties of the analygsetimens, which are necessary to the

model development and recalculation of the testli®are listed in Table 6.

5.2.Geometrical model

In this subsection only one geometric model is gmé=d because the geometry of all models
are similar. The geometrical model can be seengnld, where four and a half corrugations
are applied with parallel folds at both ends of bleam. In this case the length of the beam is
5400 mm, thus the length of one corrugation is 1200 in which the length of the parallel
fold is 400 mm and the depth of the corrugatioad® mm with an angle of 45°.

Fig. 14: Geometric model of trapezoidally corrugatesb girder.
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5.3. Material model
Additional normal stress analysis in the flanges

For the additional transverse bending moment aisalgsthe flanges linear elastic material
model is applied. The Young modulus is taken to 3200 MPa and Poisson ratio equal to
v=0.3.

In-plane-bending moment resistance analysis

For the in-plane-bending moment resistance analyg® different materal models are
applied. The first model is used for the numericabdel verification according to the
measured material properties and the second medesed for the numerical parametric
study. The character of the applied material modedsa linear elastic - hardening plastic
material model using von Mises yield criterion. §hnaterial model has in the plastic domain
an isotropic hardening behaviour. The materialssuaned to behave linearly elastic and to
obey Hook’s law with a Young’ modulus equal to 2000MPa up to the vyield stress.
Thereafter and until it reaches the ultimate sirégs material is assumed to behave linearly
with a reduced modulus. The ultimate strength fsndd by e=10%, which usually fits to the
material tests. The material is assumed to be gérfplastic when it reaches the ultimate

stress.

The first material model follows the measured matesroperties observed in the tests, to
ensure the best agreement of the numerical caloogato the measured resistances. In the
numerical parametric study the characteristic valughe yield and ultimate strength are used
in the calculations instead of the measured valmethe second part only girders made from
S355 steel material are analysed in the frameetéhculations, where the yield strengt) (f

is equal to 355 MPa and the ultimate strengghig¢fequal to 510 MPa.

5.4. Finite element mesh

Convergence study is executed to ensure the meli@bitity. As a principle it is concluded
that one fold should be modeled by minimum of 8€l@ments along the fold length to
determine the stresses with adequate accuracyednsithat in case of the analyzed girders

the applied finite element size varies betweed@ mm.

For representing the process of the convergenaystne geometry is chosen which can be
seen in Subsection 5.2. Proving the accuracy ofmtimaerical model different mesh sizes
were applied and analyzed. During the investigatibe computational time was also
measured for each case. In the Fig. 15 it can &e &t using smaller and smaller mesh size
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the obtained value of the numerically calculateddieg moment resistance has a better and
better accuracy.

Convergence study

:
:

412.5

5 &
\\
g 8

g

3
putational time [s]

1% differencefrom the exact solution

Bending moment resktance [kNm]

yor—————— 200 g
Exact solution tends to~2690 kNm 3
2650 o 100
I‘ 318 o4
2600 B — o

20 40 60 80 100 120 140 150 180 200

Average mesh size [mm]

Fig. 15: Convergence study of the mesh size.

The tendency of using different mesh sizes is ssred by the blue line. According to the
Microsoft Excel software in this case the exactusoh tends to the bending moment
resistance equal to 2690 kNm which is representedhb lower dashed line. The one
percentage difference from the assumed exact snligi demonstrated by the upper dashed
line. The intersection point of the upper dashad lvith the continuous blue line is close to
the mesh size 40 mm which is marked by a yellowiddhe Fig. 15. It is shown by red
columns that the computational time is more timastmning in case of mesh size 20 mm and
this is the main reason why mesh size 40 mm wagepgido be accurate enough for the
application for the numerical calculation. In theldw Fig. 16 you can see the finite element
model after the mesh generation.

Fig. 16: Finite element mesh.
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In the finite element model the SHELL181 elemensapplied which can be seen in the Fig.

17. The attributes of the mentioned element istemiafter the Fig. 17.

®L

J
Tranguliar Oplion
inct recommended)

Fig. 17: SHELL181 finite element. [40]

SHELL181 finite element attributes:

four-node thin shell element,

bending and membrane capabilities, so both in-pdergenormal loads are permitted,
six degrees of freedom at each node, translatiotizel nodal x, y and z direction and
rotations around the nodal x, y and z-axis,

large strain and large deflection capabilitiesadse included,

it can be applicable for stability analysis (calistress level determination),
well-suited for linear or nonlinear applications.

In this geometry with mesh size 40 mm the numbeppiied nodes is 4963, thus the degrees

of freedom of the whole model is 29778.

5.5. Loads and boundary conditions

Additional normal stress analysis in the flanges

The developed numerical model for the verificataord analysis can be seen in Fig. 18 with

the applied finite element mesh, the loading anppet conditions. The girder is simply

supported at the two ends and the uniform loadtsgon the upper flange in the midspan.

This model is meant to recalculate numerically rdmults of the large scale specimen 3 [14]

which is described in Section 5.1 to verify the mural model by comparing the measured

and computed results.
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<

Fig. 18: Developed numerical model for the verifica and analysis.
In-plane-bending moment resistance analysis
For the in-plane-bending moment resistance and Migraction analysis the support and
load conditions are applied in the numerical madeich are demonstrated in Fig. 19. In the
numerical calculations only the half of the simplypported girder is modelled. It can be seen
that on the right side of the girder simply suppsrtiefined and on the left side of the girder
symmetry condition is defined. At both ends of gueler lateral supports are applied on the

upper and lower flanges.

There are two loads applied, which ratios are vayyn the parametric study. The shear force
(Venum is introduced at the midspan of the girder ane ttending moment (Mhwum IS
supplemented by two normal forces applied in theaseof gravities of the upper and lower
flanges. The shear force is constant along theegiehgth, therefore the shear resistance can
be determined on a definite way. The in-plane-mdnaéagram has a linear character along
the girder length, which has the minimum valuenatgimply support and the maximum value
at the midspan. The analyzed girder and the supattloading conditions can be seen in
Fig. 19.

Fig. 19: Boundary conditions and applied forcethennumerical model.
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In the Fig. 20 a schematic figure can be seen thi¢happlied forces and defined boundary
conditions. The figure emphasizes that the mostaticross section related to the bending

failure of the flange is localized in the middletbg first parallel fold close to the symmetry
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Fig. 20: Support and loading conditions of the gmadl model.
5.6. Analysis type
Additional normal stress analysis in the flanges

The stresses in the numerical model are calculayed linear analysis using linear elastic
material model (E=210000 MPes0.3).

In-plane-bending moment resistance analysis

For the analysis of the in-plane-bending resistamiceorrugated web girders under pure
bending and combined bending and shear geome#inchimaterial nonlinear analysis using
equivalent geometric imperfections (GMNIA). The NemRaphson approach is used in the

nonlinear analysis.

5.7. Applied imperfections

The aim of this research work is the determinatadnthe bending and shear buckling
resistances of the analyzed girders. In case df folure modes buckling can govern the
structural behaviour, therefore the applicationtlod imperfections is a key point of the
calculation. There are different possibilities tefide the equivalent geometric imperfection
according to EN1993-1-5 [1]. Thus in the currerde@ch work different failure modes are

studied separately and also on a combined way (Mt&faction), the best and always a safe
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side solution is ensured by using eigenmode impgofes. This imperfection type can handle
the change of the failure mode in the interactiamdin. Maybe the usage of the first
eigenmode imperfection shape leads to a conseeval®sign, but it is sure, that all the
calculations are on the safe side. Furthermorkarcurrent investigations not the exact values
of the resistances are studied, only the resistaedactions. Therefore all the numerical
parametric studies are executed using the firgnergpde imperfection shape scaled to the
proposed amplitude of EN1993-1-5 [1]. In the Fid. & typical first buckling mode can be

seen due to bending.

Fig. 21: First buckling modes due to pure bending.
5.8. Verification of the numerical models
Additional normal stress analysis in the flanges

With the help of the experimental background duth&large scale test in the Department of
Structural Engineering the verification of the nuic& model is performed. The measured
deflections and the normal stresses in the flarges compared with the numerically

recalculated results.

Table 5: Measured and computed stresses of thgefain the parallel fold of the web.

At the first parallel fold of the web in the midspan.
Bottom flange Upper flange
Strain gauge number Gl G2 G3 G8 G9 G10
Measured stresses [Mpal] 171.0]141.5(102.9|-167.1|-137.4|-102.8

Computed stresses [Mpa] 178.3]1148.0(112.2|-179.1 |-145.2|-116.7

Differences [%] 4.27 1 4.59 | 9.04 | 7.18 | 5.68 | 13.52
Averages of the differences [%] 5.97 8.79

In the above Table 5 shows the comparison of thesored and computed normal stresses. In

the last row of the table you can see that thesifices between the stresses are more than
5%. The difference related to the bottom flang®.87% and the difference related to the
upper flange is 8.79%. In the Fig. 22 the stressridutions in the bottom and in the upper
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flanges can be seen. It can be observed that thputed stresses are slightly higher, thus the

computed results are in the save side.
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In the Fig. 23 you can see the deflection of themewical model due to three point bending.
This geometry and loading condition of the modelidentical to the loading layout of
specimen number 3 (see Subchapter 6.1.). The dliiter between the deflection of the
specimen and the numerical model is 4.9%. The dedie of the specimen was 13.66 mm

\

¢ 25 50 75 100 125 150 175 200 225

Flange width [mm]

== [\]easured stresses [MPa]

Computed Stresses [MPa]

Fig. 22: Measured and computed normal stressémifiadnges.

and the deflection of the numerical model is 12.888 as you can see in the Fig. 22.

After the comparison it can be stated that the ldgeel numerical model is judged to be

accurate enough or gives results always in the sakein case of the normal stresses in the

i 2. BES 5,37 B S b I It
1,443 1. 320 TELS 10,035 RSB

Fig. 23: Deflection of the numerical model.

flanges, therefore further analysis can be perfoared.
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In-plane-bending moment resistance analysis

The applied numerical models, boundary conditiamd typical failure modes can be seen in
the Fig. 24. The boundary conditions applied f@r $hecimens of Elgaaly et al. [5] are simply
supported and loaded by bending moments at theetde of the girder. Only the middle part
of the test specimen is modelled in the currengéstigation and the two sides of the girder are
supplemented by the applied forces. In case ofa$iespecimens of Moon et al. [30] only the

half of the girder is modeled which is discussesvusly in Section 5.5.

a, middle part of Elgaaly’s specimen b, half girdeEMoon’s specimen

c, typical bending failure d, typical shear bucglifailure
Fig. 24: Applied numerical models and typical fadlunodes.

All the geometrical and material properties, thesults of the tests and the numerical

calculations are summarized in Table 6.

The comparison show, that there is a good agreefetween the test results and the
numerical calculations. In case of the bendingstéke difference is between +3%. The
observed failure modes in the tests and in the noaienodels are the same, yielding of the

flanges and the plastic buckling of the compredsae.
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A slightly larger difference (5-6%) between thet tesults and the numerical calculations can
be observed in case of the shear buckling tests. obiserved failure modes are the same,
global shear buckling of the whole web panel, betshear buckling resistance calculated by
the numerical simulations are 5-6% smaller than tést results. The reason of it is the
application of the first eigenmode imperfection lwitandard magnitudes, which results in
safe solution for the shear buckling resistancee Tést specimen could have smaller
imperfections, which results the slightly largesistance.

Table 6: Comparison of the experimental and nurakresults.

t | bf | hw w2 ) al | a2 aa | a3 | e | f | Ve | Miest | Vam | Mo | Vees/ M}“‘
[mm] | [mm] | [mm] | [mm] | [mm] [mm] | [mm] | [mm] | [mm] | [MPa] | [MPa] [kN] [kN] [kN] [kN] Vium Mo
Bending tests of Elgaaly et al. [5]

1] 12.7 ] 152.4 | 304.8 [ 0607 [ 3048 | 50 | 19.8 [ 1853 | 12 | 14 | 289 | 682 - J1809] - [1789] - [ 101

2| 12.7 | 152.4 | 304.8 | 0.607 | 304.8 | 45 | 38.1 | 3592 | 25 | 25 | 289 | 682 - |1933] - [1s1a| - | 107

3| 12.7 | 152.4 | 304.8 | 0.607 | 304.8 | 55 | 419 | 407 | 23 | 33 | 289 | 682 - 175 - |1788| - | oo9s

4] 12.7] 152.4 | 304.8 | 0.607 | 304.8 | 62.5 | 49.8 | 57.25 | 26 | 51 | 289 | 682 - |a7s2] - [1787] - | o0o9s

5| 12.7 | 152.4 | 3048 | 0.76 | 3048 | 55 | 419 | 407 | 23 | 33 | 376 | 682 - |2378] - [2311| - | 103

6| 12.7 | 152.4 | 3048 | 0.76 | 304.8 | 625 | 49.8 | 57.25 | 26 | 51 | 376 | 682 - 2232 - [2204| - | o097
Shear test of Moon et al. [26]

7/ 30 | 300 [2000] 4 |3110]226] 220 | 195 | 180 | 75 | 296 | 296 [ 10528 | - | 1003 | - [ 105 | -
Shear test of Hannebauer [13]

g 15 | 200 [ 500 | 2.5 [1000] 40 | 30 | 62 | 47 | 40 [ 270 | 270 | 2065 | - [ 1956 | - [ 106 | -
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6. Effect of support conditions on the additional normal stresses
6.1. Research strategy and goals

The aim of this part of the research program isamalyse numerically the effect of the

different support conditions on the additional nafnstress distribution in the flanges

indicated by shear. With the help of the Ansys J4( finite element package the numerical
model is developed with linear elastic material elodnd linear analysis. Previous

investigations of Kovesdi et al [14] in 2012 thefeet of the geometric parameters,
corrugation profile and different girder layoutedsFig. 5) on the maximum transverse
bending moment are studied in detail. These ingastins represented that the maximum
possible value of the additional normal stressethénflanges can be determined by the Eq.
(6) with adequate safety. In that paper it is statieat the influence of the lateral and
longitudinal support can have a significant effect the maximum transverse bending
moment. Thus the purpose of the current investigatis to provide complementary

investigation on the variation of the transversedagg moment along the girder length due to
the effect of the different support conditions.

It has to be mentioned, that the investigationg1i| showed that the most unfavorable
situation from point of view of the additional naainstresses is if the supports and load
introduction places are located at the middle ofirglined fold and a full number of

corrugation waves are between these two placdsaagnsin Fig. 25. The possible layouts can
be seen in Fig. 5. Because the corrugation laysated to the Fig. 25 is the most unfavorable
from point of view the transverse bending mometitihe further calculations are made on

this geometry to get results always on the safe. sid

girder type 4 A

) N/ N load position

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Fig. 25: Analyzed corrugation layout, support amad introduction locations.
6.2. Results of the numerical calculations
In this subchapter the results of the numericatudations is presented. The analysis is
extended to girders with typical bridge geometraexl with typical industrial building
geometries, however only the results of a typicadige girder is presented because the
tendencies which are observed are the same fordnatbr types. The analyzed trepezoidally

corrugated web girder which is chosen to preserg has geometric parameters very close to
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the average parameters used in the existing briddesapplied geometric parameters are the
followings: the width and thickness of the flange 400 mm and 30 mm, the depth and
thickness of the web are 2500 mm and 10 mm, thgtheof the folds (s=&) are 350 mm and
the corrugation angle is 39°. For this geometryahalytically calculated maximum possible
value of the transverse bending moment, the maximaiue of the additional normal stress
and the bending resistance reduction factor arerm@ted with the Egs. (7)-(9). The applied
shear force at the midspan is 1000 kN which is abwel 25% of the shear resistance of the
given girder.

)= 1006kN [220mm

M, e = % 2z, +a,)= > 2500m [[25cm+272cm) = 42819kNcm  (7)
m

M, .. b
o (M,)=aman Pr - A2BIKNCM 1y pamyipg 8)
l, 2 (40cm)’@Bcm

12

i =1-040/2WMa2) - oAq/M‘ = 0845 9)
f, 355MPa

During the whole investigation the additional notstaesses indicated by the shear force are

also computed numerically using different longitadi and lateral support conditions and
compared with the analytical solutions. The analyfe different support conditions are
presented in the followings:

model 1: simply supported girder with lateral sogte at both ends (modeling the
worst case as reference),

model 2:  simply supported girder with 5 laterapports along the girder length
(modeling the effect of transverse girders or gl

model 3: simply supported girder with 5 laterappaorts with rotational constrains
(modeling the effect of transverse girders witleéixconnections),

model 4: simply supported girder with 7 laterapports along the girder length
(modeling the effect of transverse girders or gl

model 5:  simply supported girder with continougtal supports (modeling the effect
of concrete slab, what is usually used in bridgék worrugated webs),

model 6: fixed supports at both ends without Eteestrains (modeling the effect of
the longitudinal support conditions).

In the followings the results related to the 6 medee presented in the Figs. 26-31. In the

figures below the horizontal axis represents thaber of the individual web folds along the

girder length as demonstrated in Fig. 5 and Fig.T2® vertical axis represents the magnitude
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of the additional normal stress distribution in th@nges at a given web fold. For this
geometry the horizontal red line demonstrates tiayéically calculated maximum possible
value of the additional normal stress accordinght Eqgs. (7)-(9). The model 1 is taken as
reference model with simply support conditions avith lateral support conditions at both

ends. It can be seen in Fig. 26.

It can be observed that the additional normal streghe flanges has a cyclic development
along the girder length and this additional norsteéss diagram in the lower and also in the
upper flange is point symmetric to the midspanhef structure where the concentrated force
is acting. It can be clearly seen that the anayolution proposed by Kdvesdi et al. [14]
gives result in a very good agreement with the moakly computed maximum values in the
lower and in the upper flange as well. This modghwimply support condition and without

intermediate lateral supports is taken as referencdel with which the further models are

T
WA i

—e— |ower flange

compared and evaluated.

80 1

2]
o

®

Y
o

N
o

N
o

i
o

additional normal stresses [MPa]

[e2)
o

upper flange

| . number of folds
-80 —e— maximum value according to Eq.4.

Fig. 26: Additional normal stressesd)) for model 1.

The model 2 is the first model which is meant talgse the effect of the intermediate lateral
supports on the additional normal stresses aloegyifuer length. In the model 2 the lateral
supports do not provide constrains against rotaa®it can be seen in Fig. 27. In this case 3
additional intermediate lateral supports is appfirean which one is located at the midspan
where the concentrated force is acting. The dashadge line in the Fig. 27 represents the
results of the reference model (see Fig. 26) amd dbntiuous blue line represents the

additional normal stresses using 5 lateral supports
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4
60A A

-20

-40

additional normal stresses [MPa]
o

L 2

-60 —e—girder with 5 lateral supports

girder with lateral supports at two ends

ber of fold
-80 —e&— maximum value according to Eq.4. AUMRET o Joids

Fig. 27: Additional normal stressesq) for model 2.

In the Fig. 27 it is very conspicuous that ther@tsupports have a significant effect on the
additional normal stresses in the flanges alongdihger length. This significant effect is
attributed to the fact that the transverse bendimament is derived from the lateral and
eccentric longitudinal forces according to the nawtal model of Linder [2] in 1992 (see
Fig. 4). The lateral forces are supported by therdh constrains and the transverse bending
moment is developed only from the eccentric lordjital forces (see Eq. (6) and Fig. 6). This
is the reason why the additional normal stressabtenflanges can be reduced significantly

close to the lateral supports.

In Fig. 27 the green continuous lines represent iwelified tendency of the maximum

additional normal stresses along the girder lendthcan be observed that around the
intermediate lateral supports the maximum valuthefadditional normal stresses are reduced
by 30%, however if the intermediate lateral supp®tocated in a cross section in which the
lateral forces can be neglected (at the midspasscsection) then the lateral support has no

any influence on the additional normal stresses.

The model 3 demonstrates the case when the inteataddteral supports provide constrains
against rotation. In the Fig. 28. it can be obseéreat this rotational constrain has a larger
influence on the maximum additional normal stres3éss larger effect is attributed to the
fact that the transverse bending moment is comiog fthe eccentric longitudinal forces
which can be also reduced around the lateral stgadbran be clearly seen in the Fig. 28 that
at the midspan the maximum value of the additiovmal stresses are also reduced due to

the constrains against rotation.
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additional normal stresses [MPa]

-60

-80

—e—girder with 5 lateral supports with bending restrains
girder with lateral supports at two ends

’ . number of folds
—e— maximum value according to Eq.4.

Fig. 28: Additional normal stressesd)) for model 3.

The same tendency as shown in Fig. 28 can be adabérmore lateral supports are applied

along the girder length. Figure 29 demonstratesattditional normal stress distribution for

model 4 where 5 intermediate lateral supports ppied without rotational constrains. The

results show that the additional normal stressessaynificantly reduced (~40%) by both

support conditions.

additional normal stresses [MPa]

g
60 r

40

20

-20
-40
60

-80

4

—e—girder with 7 lateral supports
girder with lateral supports at two ends

| . number of folds
—e@— maximum value according to Eq.4.

Fig. 29: Additional normal stressesd) for model 4.

In case of hybrid superstructures where the flamjeke box girder are prestressed concrete

and the web is usually trapezoidally corrugatectlspgate. In this case the concrete slab

provides continuous lateral support to the corredatveb, thus this continuous lateral

constrain (model 5) is necessary to be investigetedis paper. In the Fig. 30 the additional

normal stresses coming from the model 1 (refrencdet) and from model 5 are compared. It

is very conspicuous that due to the effect of iratiouous lateral support the maximum value
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of the additional normal stresses is reduced byaB8%, however the tendency is remained

the same along the girder length.

" 444444444 4 444444444y 4

40

20

- SRR ARALARAS

-20

-40

additional normal stresses [MPa]

-60 —e— girder with continous lateral support

girder with lateral supports at two ends

number of folds
-80 —e— maximum value according to Eq.4.

Fig. 30: Additional normal stressesd)) for model 5.

The above investigations show that the lateral suppcan have significant effect on the
additional normal stresses in the flanges of cated web girders. The results show that due
to the intermediate lateral supports (transversdegs, purlins) the maximum value of the
additional normal stresses can be reduced by &@&4d40% around the lateral supports in case
of the analyzed girder. Furthermore the continuateyal support can be more significant, in
case of the analyzed girder the reduction is al@é&b. It can be stated that these reductions
depend on the corrugation profile (see Fig. 6) tltile conclusion is that the effect of the

lateral supports is also very significant.

N
N

number of folds

60

additional normal stresses [MPa]

&%~ girder with moving end supports & { |} &

girder with fixed longitudinal supp'p‘l'jts ~

60 —e— maximum value according to Eq.4. ®

Fig. 31: Additional normal stressesd)) for model 6.

In Fig. 31 the effect of the longitudinal suppaots the additional normal stress is presented.

The numerical results show that the longitudingbpsurts greatly influence the additional
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normal stress distribution along the girder lendthe dashed blue line represents the results
of the model 1 and the continuous orange line sgs the results of the model 6 in which
the girder has fixed supports at both ends. Theemngal results show that close to the fixed

supports the maximum value of the additional norstri@sses can be reduced.

The numerical investigation on the effect of thiedent support conditions shows that both
longitudinal and lateral support can reduce the imam value of the additional normal
stresses, therefore in case of real structuresreg@hboundary conditions the maximum value
of the additional normal stresses can be signifigagmaller than the analytical solutions
according to the proposals of the EN1993-1-5 [H Eivesdi et al. [14].

In case of corrugated web girders the maximum valughe normal stress in the flanges
depends on the corrugation profile, the sizes effdnges, the web depth, the applied forces
and the support conditions as well, thus the detertion of this value for a given girder is
very hard by analytical ways, only the maximum assvalues can be determined quite well
in some cases without taking into account the effiethe different support conditions and the
effect of the different loading conditions. Thelautsuggests using finite element simulation
if a more accurate value of the maximum normalsstri@ the flanges of corrugated web

girders is needed.
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7. Effect of geometrical parameters on the bendingesistance

7.1. Research aims and solution strategy

In this section the pure bending resistance oftzalally corrugated web girders is analyzed
with the variation of different geometric paramstand girder geometries. It was written in

Section 3.1 that the girder geometry has a sigmitieffect on the transverse bending moment
in the flanges indicated by the shear force. Degpi¢ girder is affected only by bending the
effect of the girder geometry is also studied. @ifeerent girder geometries can be seen in
Fig. 5. First of all the effect of different girdend layouts are analyzed on the in-plane-
bending resistance and then a parametric studyafa@lysing the different geometric

parameters on the in-plane-bending resistance.

The design code recommends the calculation of tmedibg resistance only from the
contribution of the flanges. According to the EN39B5 Annex D [1] the pure in-plane-
bending resistance can be calculated with Eqs(2)1and with the 4.4 (1) and (2) of the
EN1993-1-5. The flange buckling is considered in1EB883-1-5 by the buckling coefficient
given above in Eg. (2) (see Section 2). After dateation of the buckling coefficient the
relative slenderness and the reduction factorageltd the outstand compression elements can
be determined with the 4.4 (2) of EN1993-1-5 forasuhnd after the effective area of the
compression zone can be obtained with the 4.4 {1EN1993-1-5. In this Section the
accuracy of the reduction factor with respect ®s¢bmpression flange stability is studied.

The calculated bending reistances according todiémsign code are compared with the
obtained numerical results. Numerically the resisés of the analyzed girders are determined
by geometrical and material nonlinear analysis gistgquivalent geometric imperfections
(GMNIA). In the parametric study the web depth, theb thickness, the flange width, the
flange thickness and the corrugation angle of tled are the varied parameters. The fold
lengths of the corrugation profile is remained waraied in the whole analysis; €400 mm,
&=282.8 mm). During the investigation the web demhes from 200 mm to 4000 mm, the
web thickness varies from 4 mm to 20 mm, the flangdth varies from 220 mm to 1200
mm, the flange thickness varies from 10 mm to 40 amth the corrugation angle varies from
26.5 to 51.3 degree.

7.2. Results of the numerical calculations

For each analyzed girder the numerically calculagsistances and the calculated resistance

according to EN1993-1-5 [1] are compared. Firstly effect of the girder geometry on the

-43 -



Bence JAGER Scientific Students’ Paper 2013

bending resistance is analyzed. The different gigg®@metries can be seen in Fig. 5. As it is
expected that the analysis shows that the diffdisyduts have practically no effect on the

pure in-plane-bending moment resistance.

After that a numerical parametric study is carrma to analyse the effect of the orher
geometrical parameters. In the figures the horadocdntinouos red lines represent the ratio
of the numerically calculated bending resistanceiddel by the recommendation of the
EN1993-1-5 [1] (Mun/Mrk) equal to 1,0. In the Fig. 32 the ratios of thebwdepth and

thickness can be seen with the ,MMg ratios. The typical failure modes are shown in. Fig
33 related to 4 mm and 16 mm web thicknesses. 38 o small web thickness the failure
mode (see Fig. 33.a) is buckling of the comprefis@die and local buckling of the web folds.
In case of 16 mm web thickness the failure mode {&g. 33.b) is the pure buckling of the

compressed flange.

1.3
1.2
1.1

1 @

0.9
208
EE 0.7
3 0.6
S 05
0.4
0.3
0.2
0.1

0

0 200 400 600 800 1000 1200
hw/tw

® tw=4 mm tw=20 mm

Fig. 32: The effect of the web depth and thickness.

a, =4 mm b,4=16 mm
Fig. 33: Failure modes related to different welckhesses.
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It can be observed that in case of smaller welkngiss the M,./Mgrk ratios become also
smaller. This effect is attributed to the contribatof the corrugation web to the in-plane-
bending resistance due to its smaller and smadifémess. Furthermore if the web is not stiff
enough it can not support the flange against motain the transverse direction, thus
compressed flange buckling can occur easier. Thalteeshow a very good agreement,
because the differences between the numericallpuleaéd bending reistances and the
proposal of the EN1993-1-5 [1] are less than 6%.

bf/a3

=@=tw=4 mm tw=20 mm

Fig. 34: The effect of the flange outstands.

In Fig. 34 the effect of the flange outstands igvah in case of different web thicknesses. The
horizontal axis demonstrates thgabratio and the vertical axis demonstrates thg W gk
ratio. It can be seen, that using a girder wittasbratio close to 1.0 the M./Mgk ratio
becomes smaller, however the differences are hess %% in all cases. This phenomenon is
attributed to the effect of the relatively largebasorrugation on the relatively small width of
the flange. It is also observed which is statedteethat using smaller web thickness the
Mnun/MRgg ratio is getting smaller, because the corrugated gan not contribute so much to

the load carrying due to its smaller stiffness.

45 -



Bence JAGER Scientific Students’ Paper 2013

13
1.2
11

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

IVInum/NIRk

0 10 20 30 40 50 60
alpha [°]

=@=—hw=200 mm hw=4000 mm
Fig. 35: The effect of the corrugation angle wittiedlent applied web depths.

In the followings the effect of the corrugation Engnd the effect of the flange thickness are
studied with different corrugation web depths. ren the Fig. 35 the effect of the alpha
corrugation angle can be seen. It is observed apdcted that in case of smaller alpha the
corrugation depth is smallersjahus the contribution of the web to the real lar@-bending

resistance is larger. The differences are alscthess5% in both directions.
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Fig. 36: The effect of the flange thickness.
In Fig. 36 the effect of the flange thickness islgped with different web depths. It can be
seen that in case of web thickness larger thanraQtme recommendation of the EN1993-1-5
[1] gives a very good agreement with the numerieaults. In case of web thickness smaller
than 20 mm the M/Mrk ratio becomes larger so the EN1993-1-5 Annex Dditgs a
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conservative result which is attributed to the sl formula of the reduction factor related

to the compression flange buckling, thus furthe@estigation is needed in this direction.

It can be clearly seen from the results that tlop@sal of the EN1993-1-5 [1] gives results in
good agreement with the numerical results. Theedfices are not larger than 5-6%. in the
analysed cases The design rule recommends cahguthte bending resistance only from the
contribution of the flanges. Despite of the propost the design rule the numerical
calculations show that the corrugated web has ghtskcontribution in the load carrying
capacity but due to its slight contribution it che negligible. However further analysis is
needed for the reduction factor related to thecéffe flange width because the standard gives

very conservative results in case of thin flanges.

Except small flange thicknesses the results from #malysis of the in-plane-bending
resistance without the effect of shear are judgedd acceptable, therefore the further
investigations focusing on the load carrying catyaef trapezoidally corrugated web girders

affected by combined bending and shear can besdawit.
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8. Effect of the transverse bending moment on thegmding resistance
8.1. Research strategy and goals

The previous results in the recent paper in Sectiamd 5 demonstrated that the transverse
bending moment can have a significant influencetten normal stress distribution in the
flanges of corrugated web girders, however thecefdé this modified stress distribution on
the bending resistance needs further investigatibnis Section is dealing with the in-plane-
bending moment resistance determination of coraghateb girders affected by combined
bending and shear in case of typical geometried usehe practical design. The bending
resistance reductions in the function of the aplpsibear force are determined and compared
to the proposed reduction factor of EN1993-1-5 Tlje resistances of the analyzed girders
are determined by geometrical and material nontirmeealysis using equivalent geometric
imperfections (GMNIA).

The numerical models are verified based on tesitrésund in the literature. Based on the
verified numerical model a numerical parametriadgtis executed to analyze the effect of the
shear force on the bending resistance. The prewalailations showed that girders with
typical geometries used in bridges and in industrialdings can have different structural
behaviour under combined bending and shear, thergfioders with both typical geometries
are investigated. The geometric parameters whicfe inaluence on the transverse bending
moment in the flanges (fold length, corrugationlangieb depth) are varied in the numerical
parametric study. For all the analyzed girderskibieding and shear buckling resistances are
determined as a first step and after that the Mwéraction behaviour is analyzed with 8

calculations for each specimen.

8.2. Numerical research program

The numerical model is verified by test specimensfthe international literature, therefore

it is applicable for the determination of the bewmdiand shear buckling resistances of the
analyzed girders. Due to the developed numericalaina parametric study can be carried out
to investigate the structural behavior of girderworrugated web under combined loading

situation.

In this part of the recent research program firgtb ultimate load carrying capacity of typical
girder geometries are calculated numerically. Aaltatf 20 specimens are chosen and
investigated, 11 with typical bridge geometries &navith typical geometries of building
structures. The analyzed geometries and mateoglepties are summarized in Table 7.
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Further investigation is carried out on a choseonggry in which the effect of the variation
of the different geometric parameters (fold lengileb depth, web thickness, corrugation
angle) on the load bearing capacity affected bylined bending and shear is studied. This
girder geometry (C.P.1) is coming from the aticfeMoon et al. [35] in 2009. In [35] the
author studied the lateral-torsional buckling bebaw of trapezoidally corrugated web
girders. In the frame of this study the variatioh tbe fold lengths are taken with a
multiplication factor into account which varies 1ino0,6-1,4. The corrugation angle varies
between 20 and 60 degree, the web depth variesebrtd000 and 2000 mm and the web
thickness varies from 4 to 12 mm. The basic geametnd material properties of the

analyzed girder are presented in Table 8.

Table 7: Analyzed girder geometries in the numépesametric study.

bf tf hw tw L/2 [alpha| al a2 fyt fyw
[mm]|[mm] | [mm] | [mm]|[mm]| [°] [[mm]|{[mm]][MPa] |[MPa]

Typical bridge geometries

1(300) 30 ] 2000 4 [3200] 23 [ 220 [ 200 | 296 | 460
21300 20 | 1000 4 11000| 45 [ 150 | 150 | 355 510
31400 [ 40 | 1500 6 [1365[ 45 | 200 [ 200 | 355 510
41400 | 40 | 1000 | 10 |2000)| 45 ] 200 | 200 | 355 510
51450 [ 40 | 2500 9 [2440] 32 | 330 | 330 | 355 510
6| 450 [ 40 | 2500 9 |2250| 45 [ 330 | 330 | 355 510
71450 [ 40 | 2500 9 |1960| 60 [ 330 | 330 | 355 510
81300 | 20 | 2500 9 [2440] 32 | 330 | 330 | 355 510
91300 | 30 | 2500 9 |2440| 32 [ 330 | 330 | 355 510
10| 350 | 30 | 2000 8 |2440| 32 [ 330 | 330 | 355 510
11 350 | 30 | 1200 9 [1800] 36,8 | 250 | 250 | 355 510

Typical building geometries
12| 200 15 500 2,5 922 40 30 62 270 430
13| 300 20 1000 4 1000 | 45 50 50 355 510
141 250 | 16 750 5 887 | 45 65 65 | 355 510
15| 250 16 750 5 780 60 65 65 355 510
16| 250 16 750 5 960 30 65 65 355 510

5

5

5

171 250 | 16 750 820 | 45 | 120 | 120 | 355 510
18] 250 | 16 750 1365| 45 [ 200 | 200 | 355 510
191 250 | 16 750 546 | 45 40 | 40 355 510
20( 220 | 12 | 1000 | 1,5 | 760 | 45 | 140 | 70 270 360

Table 8: Analyzed girder geometries in the numépesametric study.

bf tf hw tw L/2 |alpha| a1l a2 fy fow
[mm] | [mm] | [mm] | [mm] | [mm]| [°] | [mm]|[mm]|[MPa]|[MPa]

1| 300 25 | 1500 8 1200 | 35,5 | 180 | 172 | 250 250

The numerical calculations show that the bendinigria occurs in the compressed flange at
the middle of a parallel fold of the web, where flenge outstand is the greatest and the
bending moment is also relatively large. In the. 2@ the red line is representing the location
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of the bending failure under combined loading sitim In this cross section the bending
resistance of the analyzed girders can be detedrioen the applied bending moment and
the applied accompanying shear force. In the FigioBr typical failure modes can be seen.
The first failure mode representing by Fig. 37.aaigypical bending failure due to pure
bending. The Fig. 37.b-c are representing the tyacal shear buckling failure modes. Local
shear buckling of the individual web folds is doamih in case of typical bridge structures,
however global buckling mode of adjacent folds @néhant in case of typical building
structures. In the Fig. 37.d a typical failure moden be seen under combined loading
situation. It can be observed what is mentionedratibat the flange buckling is localized in
the cross section at the middle of the first paldtild of the web, because this cross section is

the weakest from point of view of the the combitmatling situation.

¢, shear buckling failure (global buckling) d,/tme under combined loading
Fig. 37: Observed typical failure modes.

It is shown from the linear calculation of the sielistributions that the geometry of the
girder and the layout of the corrugation profilevéaa significant effect on the transverse

bending moment. To take the unfavorable situatimmf point of view of the transverse
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bending moment to obtain the largest reductiorh@in-plane-bending resistance due to the
shear force, the girder geometry is modeled aanthe seen in Figs. 18 and 25 according to
Kdvesdi et al. [14]. In the parametric study fiystthe bending and shear buckling resistances
of each analyzed girders are determined numericallg then further 6 calculations are
carried out under combined bending and shear byingathe values of the applied bending

moment and shear force. A total of 232 numericllutations are executed.

8.3. Results of the numerical calculations

The resistances are determined and compared nuhednd analytically according to the
proposal of the EN1993-1-5 [1] for each analyzedayis. From the analyzed 20 specimens
two is chosen for illustrating how the results ammpared. In the Fig. 38 the results of a
typical bridge girder geometry and a typical builgligirder geomtry can be seen. In the figure
the horizontal axis represents the bending resistand the vertical axis represents the shear
resistance of the analyzed girder and the poirdsvghe numerically calculated results. The

proposed interaction equation of the EN1993-1-5i$ldlso presented in both diagrams by

green line.
................... L Y TN PN gt 800 PR P PP ST
2000 e o
700
00 F 600
— 15 :
b= ° =
< < s00
= 1000 ‘o = 400
i 300
500 » 200
——reduction factor of EN1993-1-5 [1] ——reduction factor of EN1993-1-5 [1]
: 100 . .
° ical calulati ® numerical calculations
o numerical calulations M [kNm] MR'num kNm]
0 2000 4000 6000 0 500 1000
a, typical bridge girder b, typical building struce

Fig. 38: Typical M-V interaction behaviour.

The results of the combined bending and shearacitien analysis show that there is just a
very small resistance reduction developed. The migaleresults follow the red dotted lines
which demonstrate the pure bending and shear Imgckdisistances of the analyzed girder. It
can be seen that the bending resistance reductorufa of EN1993-1-5 [1] representing by
the green line does not result a large resistagaeaction in case of typical building structure,
however in case of bridges the reduction can beersmnificant. The figures show that the

proposal of the EN1993-1-5 [1] gives a very conaBve design which is not needed
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according to the numerical results. All the resoftshe analyzed 20 specimens are presented
in the Fig. 39. It can be seen that maximum bendasgtance reduction due to the combined
bending and shear interaction is 4,7%.

1,2
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0,2 . *

+ numerical calculations \ :

0 minimum reduction factor - EN1993-1-5 [1] \ M/Mg um
0 0,2 0,4 0,6 0,8 1 1,2

Fig. 39: Observed M-V interaction behaviour.

In the Fig. 40 the results of the numerical caltates can be seen respect to the specimen of
Moon et al. [35]. The green continuous line repnésehe reduced M-V interaction and the
yellow continuous line represents the determinezghsland bending resistances according to
the EN1993-1-5 [1]. It can be observed that in cals¢his girder there is no interaction
between bending and shear and the recommendatitime adlesign rule gives a very good

agreement with the numerically calculated sheartemdling resistances.
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Fig. 40: M-V interaction behaviour of specimen Q.P.
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Based on the numerically calculated results whenh lze seen in Fig. 41 it can be stated that
there is just a small interaction behaviour comeduuring the parametric study. It has to be

mentioned that all of the results are outside efuhsafest solution of the bending and shear
resistances according to the EN1993-1-5 [1]. #l$® observed as in the previous results that

the current Eurocode based reduction factor leadstdo conservative design.

12
1 #erereiiiniiinaiininie. - ‘...‘o.“.d........o....‘..._}.
\ H .
. E ‘00.0
E 08 \ N
2 HE
= ‘ b °'~
2 \ ol
= 0.6 : Dot
Poe
\ A 4
0.4 — -maximum reduction factor - ENlQQXl—S [4] :§
+ numerical calculations . Lt
-
0.2 minimum reduction factor - EN1993-1-§_[1] ; ‘.
Te
unsafest resistances acc. to EN1993-1-5 [h .M,/M
N ~h R,num
0 “
0 0.2 0.4 0.6 0.8 1 1.2

Fig. 41: Results of the parametric study on theispen C.P.1.
These computed prove the results of Kuchta [9] whggested also just a small resistance
reduction due to the combined M-V loading situataomd proves the statement of Elgally [5]
that the interaction behavior of trapezoidally ogated web girders could be neglected.

The observed resistance reduction is not largem tha web contribution in the bending
resistance or the flange contribution in the sheeakling resistance. But these contributions

are neglected in the design of the corrugated welers.

Based on the numerical calculations another imporbdoservation is also noticed that the
interaction behavior does not depend on the cotiagarofile, but the additional normal

stress distribution in the flanges are largely aej@at on the corrugation profile of corrugated
web girders. According to the results of the nuoarcalculations there is no relationship
existing between the transverse bending momerttarflanges indicated by the shear force

and the in-plane-bending resistance reductionastf design is used.
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9. Conclusions

Previous investigations in the field of corrugateeb girders are dealing with the effect of the
shear force on the normal stress field in the #andt is known that the shear force results an
additional transverse bending moment in the flangéséch indicates additional normal
stresses. There are different proposals existirthannternational literature how to consider
the effect of shear on the calculation of the iaAglbending moment resistance of girders
with corrugated web. The reduction factéf) jn the EN1993-1-5 [1] is still questionable in
the practicle design according to several resesscie the past. That is why further
investigation is needed in this field to cleariftyetstructural behavior of corrugated web

girders under combined moment and shear.

The evaluation according to EN1993-1-5 [1] of tmalgzed girder geometries found in the
international literature shows that in case of sodal corrugation the applied corrugation
depth is usually smaller in comparison with thenfja width than in case of trapezoidal
corrugation. Another observation is that the faddths of the equivalent trapeze profiles of
sinusoidal corrugation are also relatively smalgwhver the applied fold lengths of
trapezoidal corrugation profiles are 5-7 times éargnd the applied web thicknesses are also
larger. These different applied geometrical dimanresare the reasons why the value of the
transverse bending moment in the flanges can efisntly larger in case of trapezoidally

corrugated web girders, than in case of sinusgidalirugated web girders.

The reduction factorf{) of EN1993-1-5 [1] depends on the applied shearefothus this
formula expresses an M-V interaction diagram. Timgeraction diagram is extremely
different from the usual M-V interaction formulased for conventional steel structures. The
evaluation of the reduction factor shows that i lasignificant reduction effect on the in-
plane-bending moment resistance of trapezoidallyrugated web girders with typical
geometries used in the practical design. It canobserved that in case of the most
unfavorable girder layout the average reductioth& bending resistance can be around 5%
for sinusoidal corrugations and 13-18% for trapéabicorrugations when the 50% of the
shear resistance is applied as shear force ortrilese. This analysis demonstrates that the
transverse bending moment indicated by the sheee foan have a significant effect on the
in-plane-bending resistance reduction of girderhworrugated web in the practical design
according to the EN1993-1-5 [1], therefore the stigation is necessary in this field.

In this paper the additional normal stresses aadhtitmal stresses coming from the in-plane-

bending are compared and evaluated. The resultw shat the difference between the
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maximum values of the flange normal stresses casigméficant by considering or neglecting
the effect of the transverse bending moment. Ifliting state of the design is the maximum
allowed stress, the effect of the transverse bgneioment could have importance.

Kodvesdi et al. [14] carried out investigations feirig on the effect of the support conditions
on the maximum value of the transverse bending monmethe flanges. The results of the
investigations showed that the effect of the supponditions have a large influence on the
maximum value of the transverse bending momenthénrecent paper the results of the
numerical calculations have revealed that bothlahgitudinal and the lateral supports can
reduce significantly the theoretically determinedximum value of the transverse bending
moment in the flanges close to the support locatidhmeans that in case of real structures
with real support conditions the maximum value loé transverse bending moment can be
significantly smaller than its theoretically detémed maximum. The transverse bending
moment in the flanges are influenced by many patarsetherefore the determination of its
value is very hard with analytic ways. However tmaximum possible values can be
determined by analytical solutions proposed byEN4993-1-5 [1] and Kovesdi et al. [14],
but if a more accurate value of the transverse ingntioment is needed the author suggests

using finite element software for taking the realibdary conditions into account.

For analyzing the effect of the additional normi@esses on the in-plane-bending moment
resistance or girders with corrugated web, firtly pure bending resistance and then the M-
V interaction are analyzed with the help of numarisimulations. The results of the pure
bending resisatance analysis demonstrate that N®O®-1-5 [1] gives proposal in a very
good agreement with the numerical results excepallsfrange thicknesses where the
recommendation of the EN1993-1-5 [1] gives a vaygservative design. The results of the
combined bending and shear interaction analysis ghat a very small resistance reduction

is developed and the EN1993-1-5 [1] results inresseovative design.

The results show that in case of the analyzed grthkee maximum reduction on the bending
resistance due to the combined loading situatiah7%o. These results are close to the results
of Kuchta [9] who suggested also just a small tasise reduction due to the combined M-V
loading situation and proves the statement of Bygfa that the interaction behavior of
trapezoidally corrugated web girders could be retgte The observed resistance reduction is
not larger than the contribution of the web in bfeading resistance or the contribution of the
flange in the shear buckling resistance, howevesdhcontributions are neglected in the

design of girders with corrugated web.
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The numerical calculations demonstrate that the M#t¥raction behavior does not depend on
the corrugation profile, but the maximum valuelod transverse bending moment depends on
it. If plastic design is applied the numerical déswalo not show any relationship between the

transverse bending moment and the bending resestadaction.
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