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Abstract

Girders with corrugated steel web is likely usedridges as well as in building structures
due to its numerous favourable properties. It igvikm from previous investigations that due to
the web corrugation the normal and shear stresshdison in the flange and web plates of
the corrugated web girders are different from ttress distribution of the conventional I-
girders. The shear force in the corrugated wele pkdults in an additional transverse bending
moment in the flanges, which indicates additionatnmal stresses. Previous investigations
analysed this modified normal stress field anduwaton methods for the maximum normal
stresses were proposed. But there is a lack ofstigagions analysing the effect of the
additional normal stresses on the bending resistahthe corrugated web girders. Different
proposals can be found in the international litekato take this effect in the in-plane-bending
resistance into account. Therefore this paper s the determination of the transverse
bending moment and its effect on the load carrygapgacity of girders with trapezoidally
corrugated webs.

Keywords: corrugated web girder; transverse bendimament; flange stress distribution;
bending and shear interaction.

1. Introduction

In the last 30 years the corrugated steel plateoban increasingly used as a beam web. This
structural layout has spread in the field of brglges well as in the field of industrial
buildings. Numerous studies detailed in Sectionv&stigate the bending and shear resistance
of the girders with corrugated webs. Different meals were developed to determine the
shear buckling resistance of the corrugated welsidening the local and global buckling
behaviour, and the interaction of the two bucklippenomena. Numerous previous
investigations are also dealing with the deternmomatof the bending resistance of the
corrugated web girders. The main focus of thesestigations is usually to determine the
buckling resistance of the compressed flange platker bending moment.

It is commonly accepted by the researchers andyules, that in case of corrugated web
girders the main part of the bending moment isiedronly by the flanges and the main part
of the shear force by the corrugated web. It i® &isown from the previous investigations

that the shear stress in the corrugated web iredicattransverse bending moment in the
flanges, which results in additional normal stress&everal previous investigations

introduced in Section 2 analysed the additionatmabrstress distribution in the flange plates.
Different proposal were developed to determinenigimum value, but there is a very small

number of investigations focusing on the effecttttd modified normal stress field on the

bending resistance. Therefore the focus of thiepapthe analysis of the bending resistance
reduction of the girders with trapezoidally corrtegh webs due to the transverse bending
moment in the flanges.



There are several contradictional information ie thternational literature considering the
influence of the additional normal stresses on libading resistance. The design rule of
EN1993-1-5 Annex D [1] gives a reduction factor floe bending resistance of the corrugated
web girders, if the girder is also subjected byasherce. The bending resistance of the
corrugated web girders according to [1] can berdetesd by the Eq. 1.
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If the girder is subjected also by shear force libading 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 aediubending resistance can be
determined by Eqgs. (2)-(3), if the valueyak equal by 1,0.

My rg = fr M (2)

where:  f;

3)

fyf yield strength of the flange plate,

ymo  partial factor for stress check,

oxMz maximum value of the additional normal stressa®ing from transverse
bending moment.

This reduction factor was developed by Lindnerd@¢l it was also implemented in the DASt-
Richtlinie 015 [3]. However the same reduction éads not considered in the Austrian and
Swedish design rules, because it was stated teadftbct of the additional normal stresses on
the bending resistance is not too large. The conamgdocument of the EN1993-1-5 [1] also
emphasizes that from theoretical point of view ¢éhéending moments are required for
reasons of equilibrium, but it is questionable howportant they actually are in real life [4].
Elgaaly et al. investigated the bending and shesistance of the trapezoidally corrugated
web girders in 1997-98 [5], [6] and [7]. Their ctugion was that there is no interaction
between the bending and shear resistance of thezialally corrugated web girders. It was
proved by Pasternak and Hannebauer [8] in 2003 ithatase of sinusoidal corrugation
profiles the effect of the additional bending momeam be neglected, and the reduction factor
can be set to 1.0. Against it Kuchta proposed @628n M-V interaction equation for girders
with sinusoidally corrugated webs [9], however @&shto be mentioned that only a small
interaction behaviour is observed during the ingasions.

Due to the contradictional observations on the inigmze of the additional normal stresses on
the bending resistance this paper focuses on talysas 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 twamse bending moment on the bending
resistance and to harmonize the previous reseashlts. The necessary consideration
method of the transverse bending moment in thegdes also discussed. The applied
parameters and notations used in this paper aversimoFig. 1.
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Fig. 1. Geometry of a girder with trapezoidally mayated web.

2. Previousinvestigations and current resear ch strategy
2.1. Previous studies on the stress distribution and on the bending resistance

There are many previous investigations dealing whih stress distribution in the web and
flange plates of the corrugated web girders. Thenab stress distribution in the web was
investigated among others by Aschinger and Lindib@} in 1997, Elgaaly et al. [5] in 1997,
Huang et al. [11] in 2004, Mori et al. [12] in 2Q@8annebauer [13] in 2008 and Kévesdi at
al. [14] in 2012. Based on the experimental and emigal investigations the conclusion was
drawn that the corrugation profile has a signiftoaffiect on the axial stress distribution in the
web. It was observed that the normal stress desseaapidly under the flanges and its value is
almost negligible in the largest part of the wehbisTphenomenon is called as “accordion
effect”, which is typical for girders with corrugat webs. This is the reason, why the
contribution of the web in the moment carrying aatyais neglected in the design process of
the corrugated web girders.

Beside the special stress distribution in the veelrugated web girders have also a special
stress distribution in the flanges. It was obserligdnany researchers in the past, that the
stress distribution in the flanges are not constiwetre is a significant difference between the
two flange edges and the difference has an aliagh&gndency along the girder length. This
stress difference can be explained by two diffeeffécts. In case of girders subjected by
bending moment without shear force, the stresemdiffce between the two flange edges is
relative small and it can be explained by the déife interlock between the flange and web
plates in the parallel and inclined folds. In tmess section of the parallel folds the interlock
between the upper and lower flanges are betterithre cross section with an inclined fold.
Therefore the web contribution in the bending tesise is more dominant in a cross section
with a parallel fold than in a cross section witblined folds.

The stress difference between the flange edge®is dominant if the girder is subjected by
the combination of bending moment and shear fofceleeper overview on the previous
studies on the stress distribution in the flangeggfrders loaded by shear force can be found
in [14]. This paper gives just a short summary ¢we ttonclusions of the previous
investigations in this topic. The flange stresdrdigtion and the bending resistance of the
girders with corrugated web was investigated adt fisy Lindner [2] in 1992. Based on
experimental investigation on large scale test ispsts with corrugated webs it was
proposed that the bending resistance should belatdd only from the contribution of the
flanges taken the additional normal stresses corfiomg the shear force in the corrugated
web into account. Design proposal was developeatttermine the additional normal stresses.



The theoretical background of the calculation &t tine additional normal stress comes from
the shear flow in the corrugated web. The sheav flas different directions along the girder
length in a parallel and in an inclined fold. Basedthe theory of Lindner [2] the flange can
be assumed as a girder loaded by additional laferaks () and transverse bending

moments (M), as shown in Fig 2.
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Fig. 2: Théoretical background of the fransversmdh&g moment [2].

The theoretical background of the additional norstaéss in the flanges was analyzed by
many researchers in the past. The applicabilityhef mechanical model of Lindner [2] is
proved by all the previous investigations.

Significant research activity is carried out by Allket al. [15], [16], [17] in 2006 and 2007 on
this topic. The behaviour of the corrugated webdegis under in-plane loading was
investigated and the stress distribution in thengés was analyzed. To determine the
transverse bending moment a so called “fictitionsdl method” is developed. This load is
introduced as a tool for analyzing flange trans¥drsnding of corrugated web I-girders, what
is similar to the mechanical model of Lindner.

Proposal to determine the maximal transverse bgndioment can be also found in the
-commentary and worked examples to DIN-EN-1993-Pi&ted Structural Elements” [4].
According to [4] the maximum transverse bending raontrivk, maxoccurs where the inclined
part of the web intersects the centerline of thedk and its value can be calculated by Eq.
(4).

_Viz,
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The theoretical investigations of Balaz [18] prowaso the applicability of this theory and it
is proposed to implement the Eqg. (4) into the ENEQ9L [19].

Significant numerical investigation has been cdrroeit by Kovesdi et al [14] in 2012 to
analyze the flange stress distribution of the ggatad web girders. The additional normal
stresses are determined by different girder geaasetcorrugation profiles and loading and
support conditions. The effect of the geometricalameters and the loading conditions are
determined on the additional normal stress distioinu Based on the numerical calculations
the following conclusions were drawn:

M [GZ (&, + a4) (4)

1. Analyzing the most unfavorable geometrical situativom point of view the
additional normal stresses the value of the maxtraakverse bending moment can be
determined by Eq. (5). The internal forces comingnf the shear force and the
maximum possible transverse bending moment diagrampresented in Fig. 3.

Mo = g 1278 +2) ©)
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Fig. 3: Proposal for the maximum possible transy®ending moment calculation [14].

2. The numerical calculations showed that the proposalindner and Aschinger [10]
gives a good approximation of the maximum additidreasverse bending moment, if
the shear force diagram along the girder lengtboisstant. The design proposal of
Lindner and Aschinger gives smaller values than rtbmerical calculations in the
analyzed parameter range, if the shear force diagsanot constant, or the fold
lengths & anday) of the corrugation profile are not equal.

3. The numerical calculations showed that the valuth@fmaximum transverse bending
moment can be also determined according to theogetp closed form solution by
Abbas et al. [15] - [17], if the girder is loaded bniformly distributed load. But the
application range of this method is relative narrwecause there are no closed form
solution for different loading conditions. The vatuaccording to the proposal of
Abbas et al. resulted exactly the same transvessdilyg moment as calculated by Eq.

().

It is clear from the previous investigations, tlla¢ shear force in the web results in an
additional transverse bending moment in the flangee mechanical background of it is
introduced by Lindner and proved by several reseasc The calculation method of the
transverse bending moment is also clarified in ghevious studies. But there is a lack of
investigations dealing with the effect of this waarse bending moment on the bending
resistance of the corrugated web girders.

2.2. Previous studies on the shear buckling resistance

There are numerous studies, which are dealing thghdetermination of the shear buckling
resistance of the corrugated web girders. Reseaarthis topic was started by Easley and
McFarland [20] in 1969, they proposed a global shegkling equation for corrugated webs
by treating the corrugated web as an orthotro@t ileb. Since then numerous significant
experimental, numerical and theoretical investaeiare executed in this topic. The shear
buckling resistance of the corrugated web girdeas analyzed by Lindner and Aschinger
[21], [10] in 1988 and 1992. Experimental investigas were completed by Elgaaly et al. [7],
Yamazaki [22], Bergfelt et al. [23], Driver et gR4], Scheer [25], and Moon et al. [26]
focusing on the determination of the shear buckieggstance of corrugated web girders.

Significant numerical investigation was executedloy and Edlund [27] and by Yi et al.
[28] where the different geometric parameters (wepth fw), span ), web thicknessty),

corrugation depthag), corrugation anglea) and the fold lengthag and a;) were analyzed.
The research was continued by Pasternak and Hamere[29], Moon et al. [30], Eldib [31]



and Hassanein and Kharoob [32]. In these rese&udres the shear buckling behaviour of the
corrugated web girders were studied in detail. Nme experiments were executed and
different numerical models were developed. Basedhese investigations different design
proposals were derived to determine all the trpe tf shear buckling failure modes, namely
the local, global and interactive shear bucklirgjs&ances.

2.3. Previous studies on the bending and shear interaction

Despite there are many papers available dealing wie bending and shear buckling
resistance of corrugated web girders, there is ardynall number of previous investigations
dealing with bending and shear interaction.

Both the bending and shear buckling resistancheotorrugated web girders was investigated
by Elgaaly et al. in 1997 and 1998 [5]-[7]. Basen the experimental investigations a
numerical model was developed and the stresshiisitvn in the flange and in the corrugated
web was studied in detail. According to the expental and numerical results the conclusion
was drawn that the contribution of the web to themate moment capacity of the girder is
negligible, the bending resistance can be caladlaty from the contribution of the flanges.
It was also demonstrated that the shear forcerigedaonly by the corrugated web. Based on
their investigations they also stated that themoisnteraction between the shear and bending
resistance of the trapezoidally corrugated webeg#d

The EN1993-1-5 [1] gives proposal to take the éffeicthe shear force on the bending
resistance into account by the reduction facter (6ee Eqgs. (2)-(4)). As far as the authors
know, this reduction factor was calibrated baseaxmerimental results on specimens tested
by combined bending and shear, where the failurdenveas lateral torsional buckling of the
specimens. Based on the authors opinion, it istgoitant task, because the current paper
focuses only on the bending and shear resistantteeaforrugated web girders and the lateral
torsional buckling resistance determination istoptc of this paper.

More intensive research activity has been madehisnrésearch field in case of sinusoidally
corrugated web girders. At first Pasternak and l¢haner [8] investigated the effect of the
shear force on the bending resistance of the sidaiép corrugated web girders. The result of
their investigations was that the effect of theioidal normal stress coming from the shear
force is relative small in case of the usual gisdesth sinusoidal corrugations used in the
praxis. The corrugation depth compared to the bsuaked flange widths are relative small,
therefore the reduction of the bending resistanmetd the transverse bending moment can be
neglected. An additional note is also introducedh@ EN1993-1-5 Annex D [1] with the
statement, that the reduction factfi) €an be equal by 1,0 in case of girders with sided
corrugation profile.

Kuchta [9] investigated also the structural behavi@f the girders with sinusoidally
corrugated webs under the combined bending andr $he2006. Based on the executed
experimental research program a numerical modeldeasloped. The interaction behaviour
and the stress distribution under the differentiog situation was studied. The result of the
investigation showed that there is a small redacitiothe load carrying capacity under the
combined loading situation and therefore an intevacequation is proposed for girders with
sinusoidally corrugated webs. But the bending taste model used in the proposed
interaction equation does not take the effect eftthnsverse bending moment into account,
and the magnitude of the additional normal stressas not studied in frame of this
investigation. Furthermore the shear resistancth@fgirders are determined by the plastic
shear resistance of the web and the bending resests also determined by the plastic
bending resistance of the flanges neglecting tresipte shear buckling or flange buckling



effects. The maximum reduction due to the M-V iatgion is 1/12 (8,33%) of the bending or
the shear resistance according to the proposatiohta [9].
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Fig. 4: M-V interaction diagram for sinusoidallyrcagated web girders [9].

2.4. Evaluation of the previousresearch activitiesand current research aims

It can be seen from the previous investigationat the effect of the transverse bending
moment on the in-plane-bending resistance of threugated web girders is not a clarified
topic till now. There are different research reswthich should be harmonized. The
importance in the practical design of the reducfamtor fr) is stated questionable by several
researchers in the past in [4] and [14], thereforeeeds further investigation to clarify the
structural behavior of the corrugated web girderden combined bending and shear.

The questions to be answered in this paper arfoliogvings.

How large is the additional normal stress in cddgpcal girders used in the praxis?
Which parameters have influence on the additionahal stresses?

How large can be the effect of the shear forceherbending resistance?

Is the consideration of the transverse bending mmbmecessary in the practical
design, and how can be considered in design eqs&tio

PwpNPE

To answer these questions, the executed reseaatbgst is the following. At the first step the
existing experimental, analytical and numerical esitigations on this research field are
analysed, evaluated and compared. The effect oMhé interaction equation taking the
reduction factor of the EN1993-1-5 [1] is analysedaase of typical girder geometries. More
than 1900 girder geometries found in the intermatiditerature are collected and the bending
moment reduction factors are calculated and condpdrieis comparison gives an overview
about the importance of the reduction factor inecaktypical girders used in the praxis or
investigated by researchers in the past.

Numerical investigations showed, that the supportd@ions have a large influence on the
additional normal stresses in the flanges. In adsesal 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 conditiams the normal stress distribution, girders
with different support conditions are investigataad the normal stress distributions are
compared.

At the third step of the research the structurddaveour of the corrugated web girders are
analyzed under combined bending and shear usingemeah simulations (GMNIA).

Numerical model is developed and verified basetestresults found in the literature. On the
verified numerical model the M-V interaction behawi is studied, and the effect of the shear



force on the bending resistance is determined adouwsgirder geometries. The results of the
numerical calculations are compared to the previdasign equations and proposal is
developed to handle the M-V interaction for girdeish trapezoidally corrugated webs for
the practical design.

3. Effect of the additional normal stressesfor typical girder geometries

This Section analyses the value of the transveeselibhg moment and the bending resistance
reduction factor in case of typical girder geonestrused in the praxis. Considering the
reduction factorfg) of EN1993-1-5 [1] its value depends on the appsibear force, therefore
this equation represents actually an M-V interactiarve, as shown in Fig. 5.
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Fig. 5: M-V interaction diagrams according to EN3985 [1] and evaluation strategy.

It can be seen from the diagram, that this inteacéquation has a different character than
the usual M-V interaction equations used for sgtrictures. The maximum possible value
(frmax) is reached by a shear force equal by the she@taace of the analyzed girder. This
maximum value characterize the interaction diagexactly, therefore it is the basis of the
current comparison (point 1 in Fig. 5). More th&0Q girder geometries are collected from
the international literature and the maximum valeésthe bending resistance reduction
factors {rmax) are determined. For all the analyzed girdersstinear resistance is calculated
according to the rules of EN1993-1-5 [1]. The maxim reduction factor f{m) IS
determined using a shear force equal by the sles@tance of the analyzed girder. Thus this
maximum value occur rarely or never in case of staictures, the same evaluation are also
made at shear force levels of 25% and 50% of tlearshesistance (points 2-3, in Fig. 5),
which can usually occur in case of real structufdse transverse bending moments are
calculated on two different ways, using Eq. 4 awnd &, representing line I. and Il in Fig. 5.
The expression according to Eq. 4 gives the maxinpossible average value of the
additional normal stresses (line 11.). Equationigeg the possible maximum value (line 1.). It
means, that for each analyzed geometries 6 differ@lnes are calculated representing the
bending reduction factors at three different shiemce levels using the average or the
maximum value of the transverse bending momentn{poi-6 in Fig. 5). It has to be
mentioned, that the reduction factor of Lindnerigtalibrated by using the maximum value
of the additional normal stresses. The theoreticdérived equation consisted a factor of
0.816, but its value has been reduced to 0,4 irBEor design purposes. The background of it
is that the value of the transverse bending morhastlarge changes along the girder length,
even its sign can be changed.



Beside the determination of the reduction factbesrhaximum additional normal stresses in
the flanges are also determined and compared tgigheé strength of the analyzed girder.
This comparison shows the stress increasing effiettte transverse bending moment on the
normal stress field in the flanges. It means thtite girder is designed based on the allowable
elastic stresses, and its bending utilization r&droin-plane-bending is 1.0, the effect of the
transverse bending moment can be characterizeldeonatio ofoy/fy. This ratio represents the
overstress ratio in case of elastic design, ifatiditional normal stresses are neglected from
the design and the bases of the design is the gisdtigth. This comparison is just a fiction,
gives not real utilization values, but it charaiztes the importance of the transverse bending
moment in the practical design.

Typical girder geometries with trapezoidally andusioidally corrugated webs are also
collected and evaluated in the frame of this studycase of sinusoidal web corrugation an
equivalent trapeze profile is created to be ableva@uate the geometrical properties and to
determine the additional normal stresses coming Bbear. The typical girder geometries are
collected from the international literature. Thealenation is separated for the trapezoidally
and sinusoidally corrugated web girders. For battheg types, the available girder geometries
of the previous experimental and numerical calooatare also collected.

115 different girder geometries are found in theenmational literature for trapezoidally
corrugated web girders which were tested experiatigrand 292 different girder geometries
analyzed by numerical parametric studies.

12 different girder geometries are collected froxisting bridge structures with corrugated
web girders. These bridges are the Altwipfergrumidde [33] [34], Shinkai bridge [30],
Matsunoki bridge [30], Hondani bridge [30], Cogriaadge [30], Maupre bridge [30], Dole
bridge [30], Maetani bridge [35], llsun bridge [36] and the Mérarénc bridge [37]. In case
of several bridges only the geometry of the cortiogaprofile and the web depths were
available from the literature. In these casestitis flange sizes are assumed, which are
usually used for these kind of bridges.

The typical geometries of the sinusoidally corregagirders are also collected. A total of
1519 different girder geometries can be found i@ pinoduct description of the company
Zeman [38]. The most research activities analyzivegsinusoidally corrugated web girders
are using the same geometries which can be founthisnproduct catalog, but slightly
different girders are analyzed by Hannebauer [bd]luchta [9].

A total of 1941 different girder geometries arelectied and the effect of the transverse
bending moments are evaluated for each girders.dbserved that girders with sinusoidally
corrugated webs have usually small corrugationtdeftO — 43 mm) compared to the flange
width, and the fold lengths of the equivalent tperofiles are also relative small (30 - 60
mm). At the same time the web thickness is alsdlem@.,5 — 6 mm). These structures are
usually used in building structures as shown in Big
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strialdings, from [38].

Girders with trapezoidal corrugation has usuallyaltg different corrugation sizes. The
applied fold lengths are usually between 150 — A0, what is 5-7 times larger than for
sinusoidal corrugation and the used flanges arallysaiso larger. It comes from the fact, that

the trapezoidally corrugated girders are usualbdus bridge structures. One example can be
seen in Fig. 7.

Fig. 6: Corrugated web girdersued in indu

F|.: Corruged eb girders used in bridgesnf[89].

The differences in the typical girder geometrieswieen the sinusoidal and trapezoidal
corrugations results in significantly different wat in the transverse bending moment and in
the reduction factorf{) of the bending resistance.

Table 1 summarizes the typical girder geometriegasning the minimum, the maximum and
the average values of the corrugation angle andolddengths of the analyzed girders. The
values for the sinusoidal and trapezoidal corragatiand the existing bridges are separately
evaluated. The minimum and maximum values have ahnlarger difference in case of
trapezoidally corrugated girders. The reason as ithat this girder type was extensively
investigated by numerical parametric studies bgasshers in the past in a wide range of the
applied parameters. The average values give a googarison possibilities. It can be seen,
that the average corrugation angles are almossahee for all the three groups. The average
fold lengths are much smaller in case of girdetth winusoidal corrugations and much larger
for girders with trapezoidal corrugations, incluglie existing bridges as well.

Table 1: Girder geometries collected from interoaai 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

Table 2 summarizes the results of the calculatelitiadal normal stresses in the flanges and
the bending resistance reduction factors usingntlagimum possible transverse bending
moment (points 1-2-3 in Fig. 5).

The average of the maximal normal stresses comarg the shear force is 9,18 MPa in case
of typical girders with sinusoidal corrugated webhe same value for girders with
trapezoidal corrugation and existing bridges aré,AMPa and 159,6 MPa, respectively. It
shows, that the effect of the transverse bendingnemd for girders with trapezoidally
corrugated webs is much larger, that for sinusoidal

Table 2: Calculated additional normal stressesraddction factors
using the maximum transverse bending moment (Eq. 5)

Evaluation of Line I. using the additional normal stress bending resistance
maximum transverse bending Oy, (mz) [MPa] reduction factor f 1 [-]
moment

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

Sinusoidal corrugation 0,34 65,68 9,18 0,79 0,98 0,93

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

shear
force)

Point #1
(100%

I L 5T Sinusoidal corrugation 0,2 32,8 4,6 0,85 0,99 0,95
% 3 % ‘g 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@ e Sinusoidal corrugation 0,1 16,4 2,3 0,89 0,99 0,97
E 'é" % 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 author opinion is that this large differencenes not from the shape of the corrugation
(sinusoidal or trapezoidal), but on the typical metries used for the different girder types.
The average of the maximum bending resistance tieduiactors are 0,93, 0,81 and 0,75 for
the three groups. It means that the average vdltreeonaximal bending resistance reduction
for the sinusoidally corrugated web girders is Tt the same values are 19% and 25% for
the trapezoidally corrugated web girders and exgsbridges. The investigations show that
the effect of the additional normal stresses cansigmificant in case of girders with
trapezoidally corrugated webs. In extreme casesri&we@mum possible resistance reduction
can reach 50% of the original bending resistan¢koui accompanying shear force.

The above mentioned reduction factors are the maximnvalues of the M-V interaction
diagram, shown in Fig. 5. If the applied shear éoacting on the girder is only 50% or 25%
of the shear resistance the additional normal stgesand the reduction factors are
significantly smaller. The value of the additiomedrmal stress is in linear relationship with
the applied shear force, therefore if the shearefas only 25% or 50% of its total value the
normal stress will be also 25% or 50% of its maximhe results show, that the additional
normal stresses due to shear force what is 25%eo$lear resistance of the girder results is
in average 2,3 MPa for girders with sinusoidal ggation. The same values for girders with



typical trapezoidal corrugations are 27,2 or 39,Baylwhich can have a dominant effect on
the structural behavior of the bending resistance.

The same tendencies can be observed in the reddettors. The average reduction factor
for girders with typical sinusoidal corrugation B$% shear force is 0,97 what represent 3%
reduction in the bending resistance. The maximurthefbending resistance reduction factor
is not larger than 10%. The same values for gireletis trapeze profiles are 0,88 and 0,73
what represents in average 12% and maximum 27%ctieduin the bending resistance.
These reduction factors can be evaluated as signifireductions for typical girders with
trapezoidally corrugated webs.

The same evaluation process is made using thege/gansverse bending moment (line Il. in
Fig. 5). Table 3 summarizes the results of thiduateon procedure. It can be seen from the
results, that the average value of the maximum ateatu factor for girders with sinusoidal
corrugation is 0,95. For trapezoidally corrugatezbwirders and existing bridges these values
are 0,87 and 0,82. The reduction factors by 25%rsfarce are in average between 0,91 —
0,97.

Table 3: Calculated additional normal stressesraddction factors
using the average transverse bending moment.

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

. Oy, (mz) [MPa] reduction factor fr [-]
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)

A, L =T Sinusoidal corrugation 0,1 16,4 2,3 0,89 0,99 0,97
% 8 % E Trapezoidal corrugation 0,2 122,2 27,2 0,79 0,99 0,90
e Existing bridges 15,1 162,9 39,9 0,73 0,92 0,88
-4 L 5D Sinusoidal corrugation 0,1 16,6 1,2 0,92 0,99 0,98
% 3 % E 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

For the analyzed cases with 25% and 50% shearsftineeadditional normal stresses coming
from the transverse bending moment are comparéketyield strength of the flange plate.
This comparison represents the effect of the amtthti transverse bending moment on the
bending resistance, if elastic design method isl wgieh maximum allowable normal stress.
The ratios in Table 4 represents the differenciéaénbending utilization, if only the in-plane-
bending effect is taken into consideration (utiiiga ratio equal by 1) or the additional
normal stresses coming from the transverse bendoment are also considered. The results
show, that the average effect of the additionalntadrstresses in case of girders with
sinusoidal corrugation is between 1,8-3,6%, butase of trapezoidal corrugation this ratio
can be between 10-20%.

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

olx,(Mz) /fy [%]

£, L 5T Sinusoidal corrugation | 0,35 | 17,47 3,61
% 8 % g Trapezoidal corrugation [ 0,06 54,04 | 14,18
o - Existing bridges 6,89 91,79 19,80
My L 5T Sinusoidal corrugation 0,2 8,7 1,8
€ Q9 g Trapezoidal corrugation 0,0 27,0 7,1
S Existing bridges 34 | 459 | 9,9

4. Effect of support conditions on the additional normal stresses
4.1. Numerical model development and verification

The aim of the numerical investigations is to stublg effect of the transverse bending
moment on the flange stress distribution undeediifit support conditions. Numerical model
is developed with the finite element program Angy¢ss [40]. The effect of the corrugation
profile, the geometrical properties, the corrugatigometry at the beam end and the loading
conditions are extensively studied by Kovesdi etial 2012 [14]. These investigations
showed, that the maximum possible value of the tehdil normal stresses\¢) can be
determined by Eqg. 5 with adequate safety. It is alsserved that this maximum value can be
significantly influenced by the lateral and longitoal support conditions. The current
investigations are supplementary investigationsabmalyze the additional normal stress
distribution, if the girders have different suppoonditions. The analyzed girders are modeled
using eight node thin shell elements. The developacherical model, the applied finite
element mesh, the loading and support conditionseaseen in Fig. 8

Fig. 8: Developed numerical model.

The stresses in the numerical model are calcullyed linear analysis using linear elastic
material model (E=210000 MPas0.3). Convergence study is executed to ensurentiael
reliability. As a principle it is concluded thatefold should be modeled by minimum of 8-10
elements along the fold length to determine thesstrs with adequate accuracy. It means, that
in case of the analyzed girders the applied fieleanent size varies between 2 - 30 mm. The
detailed description of the numerical model, anel tmodel verification based on own test
results are described in [14]. It has to be mesetithat the investigations in [14] showed that
the most unfavorable situation from point of vietloe additional normal stresses is if the
supports and load introduction places are locatedeamiddle of an inclined fold and a full
number of corrugation waves are between these twtgpas shown in Fig. 9. Because this
corrugation layout is the most unfavorable fromnpaif view the transverse bending moment,
all the calculations are made on this geometryetagsults always on the safe side.



girder type 4 B

N/ N/ N/ load position

1.2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17

Fig. 9: Analyzed corrugation layout, support anadantroduction locations.
4.2. Results of thenumerical calculations

Girders with typical bridge geometries and with itgb geometries used in industrial
buildings are also analysed. The same tendentiestkaerved for both girder types, therefore
only the tendenties observed for typical bridgelgis are presented here. The analysed girder
geometry is near to the average dimensons of tistirexbridges made with corrugated webs.
The flange width is 400 mm with thickness of 30 nthe web plate has a depth of 2500 mm
and thickness of 10 mm. The fold lengths=@a) are 350 mm and the corrugation angle is set
to 39°. The manualy determined maximum value of tlamsverse bending moment, the
maximum value of the additional normal stress dmel teduction factor of the bending
resistance can be determined by Eqgs. 6-8. Theeapphear force is 1000 kN, what is about
25% of the shear resistance of the analysed girder.

) _ 100GN (220mm

M, e = % {2 +a, [{2 @5cm+ 272cm) = 42819kNcm (6)

202500mm
M, o b
o, (M,)= emex 1 AZBINNE 1y pachipa (7)
l, 2 (40cm)’ @Bcm
12

i, =1-040/2Me) g _gap)23MPR _ 045 8)
f, 355VPa

The real additional normal stresses coming fromttaesverse bending moment determined
by numerical calculations are presented here usliffprent support conditions. The
descriptions of the analysed support conditiongtagdollowing:

model .  simply supported girder with lateral pogs at the two ends (modeling the
worst case as reference),

model II:  simply supported girder with 5 latesaipports, where the lateral restrains do
not give accompanying rotational supports (modeliregyeffect of transverse
girders or purlins),

model Ill: simply supported girder with 5 lateslipports, where the lateral restrains
give also rotational supports (modeling the effeictransverse girders with
fixed connections),

model IV: simply supported girder with 7 latesaipports, where the lateral restrains do
not give accompanying rotational supports,

model V: simply supported girder with continoasekal supports (modeling the effect
of concrete slab, what is usually used in bridgébk worrugated webs),

model VI: fixed supports at both ends withoutetat restrains (modeling the effect of
the longitudinal support conditions).

The results of the numerical calculations are shanvririgs. 10-15 for each model. The
horizontal axis of the diagrams show the numbetheffolds as introduced in Figx. The



vertical axis represent the value of the calculaigditional normal stresses in each fold along
the girder length. The red horizonatal lines repnéshe manually calculated maximum

values of the additional normal stress. The addlionormal stress distribution of the

reference model with simply support conditions barseen in Fig. 10.
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Fig. 10: Additional normal stressesd) for model .

The value ofAc has an alternating tendency along the girder kerag observed also in the
previous investigations. It can be seen from thgulte that the maximal values of the
additional normal stresses are equal in the uppér@aver flanges and the calculaed values
by the FE model shows a very good agreement wihhtind calculations according to the
proposed model of Kévesdi et al [14]. This moddiasdled as reference to analyse the effect
of the following support conditions.

Figure 11 shows the effect of the lateral suppamtthe normal stress distribution. The dashed
line shows the simply supported girder without intediet lateral supports and the continous
line represents the normal stresses using 5 |latapgdorts.
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Fig. 11: Additional normal stressesd) for model 1.

It can be seen from the results that the latenapsris have a significant effect on the stress
distribution. The reason of it is the following. & transverse bending moment comes from
lateral forces and eccentric longitudinal forcesoading to the mechanical model of Lindner



[2]. The lateral forces are supported by the lateupports and the transverse bending can be
developed only from the eccentric longitudinal &sc Therefore the transverse bending
moment and the additional normal stresses in tdreg# plates reduce significantly near to the
supports. This effect can be clearly observed g EL. The green continous lines show the
modifid tendency of the normal stress distributidine maximum value of the additional
normal stress in the region of the lateral supp@tseduced by 30% due to the lateral
restrains. If the lateral supports are locatedross sections where the effect of the lateral
forces are negligible (at the two end and at midpass sections) the lateral supports have no
influence on the normal stress distribution.

If the lateral restrains can also give support rgjaiotation, its effect will be larger because
the transverse bending moment coming from the @gcdongitudinal forces can be also
reduced in the region of the lateral supportshasva in Fig. 12.
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Fig. 12: Additional normal stressesd) for model 111.

The same tendency as shown in Fig. 12 can be aabérmore lateral supports are applied
along the girder length. Figure 13 shows the aoldl#i normal stress distribution for a girder,
where 7 lateral support are applied. The resulbsvshthat the additional normal stresses are
significantly reduced (~40%) by both support coiodis.

g 4 4 4 4 4 4«
A

60

40

20

0

-20

-40

additional normal stresses [MPa]

-60 —e—girder with 7 lateral supports
girder with lateral supports at two ends

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

Fig. 13: Additional normal stressesd)) for model 1V.



In practical cases by hybrid girders, where bodimdles are made from concrete and the web
is usually made from steel with corrugated profitee concrete slab gives continuous lateral
support to the steel web. Therefore a model withtinoous lateral supports are also
investigated in the present study. The comparisoth® additional normal stresses for a
model without and with continuous lateral suppaestpresented in Fig. 14. It can be seen
from the results that the tendency of the additioxemal stresses are the same for the two
models, but the maximum values reduced by about @b8te original values without lateral
restrains.

These investigation show, that the effect of ther& supports on the additional normal stress
are significant. Transverse girders, or purlinsjchigives lateral support to the girders can
reduce the additional normal stresses in the regiidhe lateral supports by 35-40% in case of
the analyzed girder. Continuous lateral supportuiced the additional normal stresses by
75%. These reductions depend on the ratio of thallphand inclined fold lengths and the
corrugation angle. But anyway it can be concludeat the effect of the lateral support is
significant on the additional normal stresses.
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Fig. 14: Additional normal stressesd) for model V.

During the numerical calculations it was also obedy that the longitudinal supports have
also influence on the additional normal stressés. domparison the normal stress distribution
along the girder length calculated on a simply sujgal girder (model I.), and on a girder
with fixed boundary conditions are shown in Fig. 15
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Fig. 15: Additional normal stressesd) for model VI.




The results show that the longitudinal support &lae a significant effect on the additional
normal stress distribution. The values can be 8agmtly reduced in the region of the
longitudinal support, which are placed at the twdsin case of the analyzed girder.

Based on the numerical calculations analyzing tfeeeof the different support conditions on
the corrugated web girders, the conclusion can tmvrd that both type of supports
(longitudinal and lateral) can reduce the maximuwaue of the additional normal stresses.
Therefore in case of real structures with real supponditions that maximum value of the
additional normal stresses can be significantly llemahan the theoretically determined
maximum. Thus the maximum value of the normal stieshe flange plate depends on the
corrugation geometry, the flange plate size, theugation layout and on the lateral and
longitudinal support conditions, the determinatminthe maximum value is quite hard by
analytical methods. The maximum possible valughermaximum from the average values
can be determined by simple analytical solutiorppeed by Koévesdi at al. in [14]. But if the
determination of a more accurate value of the trars® bending moment is necessary, the
authors propose to use finite element software, eliragl the real boundary conditions and
girder geometries.

5. Effect of the transverse bending moment on the in-plane-bending
resistance

5.1. Aim of theinvestigations, resear ch strategy

The results presented in Sections 3 and 4 showadthk effect of the transverse bending
moment on the flange stress distribution can beifstgnt, especially in case of typical bridge
girders. But the effect of the modified stress ribsttion on the bending resistance needs
further investigations. This Section has a focustton bending resistance determination of
corrugated web girders with typical geometries usethe praxis. The resistances of the
analyzed girders are determined under pure beratidgunder combined bending and shear.
The resistance reductions in function of the apipdieear force are determined and compared
to the proposed reduction factor of EN1993-1-5 THe resistance of the analyzed girders are
determined by geometrical and material nonlineaalysmmns using equivalent geometric
imperfections (GMNIA).

The numerical models are verified based on testlirésund in the literature. Based on the
verified numerical model a numerical parametriagtis 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 industialdings can have different structural
behaviour under combined shear and bending, threregfioders with both typical geometries
are investigated. The effect of the parameters lwhave influence on the transverse bending
moment (fold length, corrugation angle, web deptt® varied in the numerical parametric
study. For all the analyzed girders the bending strehr buckling resistances are determined
as a first step and after it the M-V interactiomdeé@our is analyzed by 8 calculations for each
specimens.

5.2. Numerical model development and verification
Applied analysistype

To analyze the structural behaviour of the corregawveb girders under pure bending and
under the combined loading situation, a numericadeh is developed and verified. The
analyzed numerical models are developed usingitite £lement software Ansys 14.5 [40].
The numerical modelling is based on a full shelldelausing four node thin shell elements.
The ultimate loads are determined by geometrical araterial nonlinear analysis using



equivalent geometric imperfections (GMNIA). The NemRaphson approach is used in the
nonlinear analysis.

Analyzed test specimens

Model verification is executed by recalculations eXperimental results found in the
literature. The primary aim of the determinationasdetermine the bending resistance and its
reduction due to the accompanying shear forceetber the numerical model is verified
based on bending test results. Elgaaly at al.g8fetd 6 large scale test specimens under 4-
point-bending. The failure mode occurred in allesam the “pure” bending zone (middle part
of the test specimens) by the failure of the flapigtes. The aim of the investigations of
Elgaaly et al. [5] was to determine the bendingstaace of girders with trapezoidally
corrugated webs, therefore these test results@mma to the numerical model verification.
The numerical model of all the 6 test specimenglaxeloped and the bending resistances are
recalculated.

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 obserfagéidre mode was shear buckling of the
corrugated web. Test specimens taken from two ieii@gnt 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 [30] on three large scale
test specimens. From the three specimens one spedsnselected (M14) to the model
verification. Independent experimental researclyfam was also executed by Hannebauer in
2008 [13]. One girder with trapezoidally corrugatedb was investigated in this research
program. The numerical model of these test spe@maea developed and the shear buckling
resistances are determined by the numerical sirookat

Thus the model verification is based on three dhffié 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 analyggetimens, which are necessary to the
model development and recalculation of the testltesre listed in Table 5.

The applied numerical models, boundary conditiamd typical failure modes can be seen in
Fig. 16. The boundary conditions applied for thecsmens of Elgaaly et al. [5] are simply
supports loaded by bending moments at the two éttteagirder. Only the middle part of the
test specimen is modelled in the current invesbgaand the two sides of the girder are
supplemented by the applied internal forces. Ire @dghe test specimens of Moon et al. [30]
only the half of the girder is modelled. This siffipation could be made, because the test
specimens were also symmetrical. In case of theskels symmetry conditions are defined at
the left end of the girder and simply support &t ight end.



b, half girdeEMoon’s specimen

c, typical bending failure d, typical shear bucglifailure
Fig. 16: Applied numerical models and typical fadumodes.

Applied material models

Two different material models are used. The firsidel is used to the numerical model
verification and the second one to the numericatupatric study. The first material model
follows the measure material properties observetienests, to ensure the best agreement of
the numerical calculations to the measured registarin the numerical parametric study the
characteristic value of the yield strength is usethe calculations instead of the measured
values. Only girders made from S355 steel matar@alanalysed in frame of the calculations,
where the yield strengthyffis equal by 355 MPa and the ultimate strengphigfequal by 510
MPa. The character of the applied material modeal limear elastic - plastic material model
using von Mises yield criterion. This material mbtias in the plastic domain an isotropic
hardening behaviour. The material is assumed ta\zehnearly elastic and to obey Hook’s
law with a Young’ modulus equal by 210000 MPa uph® yield stress. Thereafter and until
it reaches the ultimate stress, the material isimaed to behave linearly with a reduced
modulus. The ultimate strength is definedds10%, which usually fits to the material tests.
The material is assumed to be perfectly plasticrwheeaches the ultimate stress.

Applied imperfections

The aim of this research work is the determinatadnthe bending and shear buckling
resistances of the analyzed girders. In case df flure modes buckling can govern the
structural behaviour, therefore the applicationtlod imperfections is a key point of the



calculation. There are different possibilities &fide the equivalent geometric imperfection

according to EN1993-1-5 [1]. Thus in the currergearch work different failure modes are

studied separately and also on a combined way (Mt&faction), the best and always a safe
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. Furthermorkarctrrent investigations not the exact values
of the resistances are studied, only the resistaedactions. Therefore all the numerical

parametric studies are executed using the firggnergpde imperfection shape scaled to the
proposed amplitude of EN1993-1-5 [1].

Calculation results

All the geometrical and material properties, thesuls of the tests and the numerical
calculations are summarized in Table 5.

Table 5: Comparison of the experimental and nurakresults.

tf bf | hw | tw L |alpha| a1 | a2 | a4 | a3 | fyr fyw | Viest | Miest | Voum | Maum | Viest/ | Meest/
[mm]] [mm] | [mm] | [mm]|[mm]| [] [[mm]{[mm]|[mm]|[mm]|[MPa]|[MPa]| [kN] | [kN] | [kN] | [KN] | Vrum | Mnum
Bending tests of Elgaaly et al. []
1] 12,7]152,4]304,8(0,607|304,8 50 | 19,8 |18,53| 12 14 289 682 - 180,9 - 178,9 - 1,01
2|1 12,7|152,4] 304,810,607 |304,8] 45 | 38,1]3592| 25 25 289 682 - 193,3 - 181,4 - 1,07
3112,7|152,4]304,8]10,607|304,8] 55 |41,9]|40,7| 23 33 289 682 - 175 - 178,8 - 0,98
41 12,7 | 152,4|304,80,607 [304,8] 62,5 | 49,8 |57,25| 26 51 289 682 - 175,2 - 178,7 - 0,98
512,71 152,4]|304,8] 0,76 |304,8] 55 |41,9(40,7| 23 33 376 682 - 237,8 - 231,1 - 1,03
6 | 12,7 | 152,4]| 304,8| 0,76 |304,8] 62,5 | 49,8 [57,25] 26 51 376 682 - 223,2 - 229,4 - 0,97
Shear test of Moon et al. []
7] 30 | 300 | 2000 4 [3110] 22,6 | 220 | 195 | 180 | 75 | 296 | 296 | 10528 - [1003| - | 105 -
Shear test of Hannebauer []
8| 15 | 200 | 500 [ 2,5 [1000] 40 | 30 | 62 | 47 | 40 [ 270 | 270 [ 2065 | - [19s6] - [ 106] -

The results show, that there is a good agreemdnieba the test results and the numerical
calculations. In case of the bending tests thesigfice is between £3%. The observed failure
modes in the tests and in the numerical modelsheresame, yielding of the flanges and the
plastic buckling of the compressed flange.

A slightly larger difference (5-6%) between thet tesults and the numerical calculations can
be observed in case of the shear buckling tests. cbiserved 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 tdst results. The reason of it is the
application of the first eigenmode imperfection lwgtandard magnitudes, which results in
safe solution for the shear buckling resistancee Tést specimen could have smaller
imperfections, what resulted the slightly largesiseance.

5.3. Numerical research program

The verification of the numerical model provedaisplicability to determine the bending and

shear buckling resistance of the analyzed girdgaised on the developed model a numerical
parametric study is executed to analyze the straichehaviour of the corrugated web girders
under combined bending and shear.

In frame of the numerical calculations girders wighical geometries used in bridges and in
industrial buildings are also analyzed. A total 2if specimens are investigated, 11 with
typical bridge geometries and 9 with typical geaimestof building structures. The analyzed
geometries and material properties are summarizédble 6.



Table 6: Analyzed girder geometries in the numépeaametric study.

bf tf hw | tw | L/2 |alpha| a1 | a2 fyt fyw
[mm]|[mm] | [mm] | [mm]|[[mm]| [°] [[mm]|{[mm]]|[MPa]|[MPa]

Typical bridge geometries

1|300) 30 | 2000 4 13200) 23 | 220 ] 200 [ 296 | 460
2 (300 ] 20 | 1000 4 |1000| 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
71 450 [ 40 | 2500 9 ]19%0] 60 | 330 ] 330 | 355 510
81300 [ 20 | 2500 9 |[2440| 32 | 330 | 330 | 355 510
91300 [ 30 | 2500 9 12440 32 | 330 | 330 | 355 510
10| 350 | 30 | 2000 8 12440 32 | 330 ] 330 | 355 510
11] 350 | 30 | 1200 9 |1800] 36,8 | 250 [ 250 | 355 510

Typical building geometries
12] 200 | 15 500 | 25 | 922 [ 40 30 | 62 [ 270 | 430
13| 300 | 20 | 1000 | 4 |1000( 45 50 | 50 [ 355 [ 510
14| 250 16 750 887 45 65 65 355 510
15| 250 | 16 | 750 780 | 60 65 | 65 [ 355 [ 510
16| 250 | 16 | 750 960 | 30 65 | 65 [ 355 [ 510
17| 250 16 750 820 45 120 | 120 | 355 510
18] 250 | 16 | 750 1365( 45 | 200 | 200 | 355 | 510
19| 250 16 750 546 45 40 40 355 510
20| 220 12 1000 | 1,5 | 760 45 140 | 70 270 360

In the numerical calculations only the half of angly supported girder is modelled.
Symmetry conditions are defined at the left endhef model and simply support at the right
end. There are two loads applied, which ratiosvarging in the parametric study. The shear
force (Menum is introduced at the midspan of the girder arelliBnding moment (Mhun) IS
supplemented by two normal forces applied in theeareof 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-mdndéagram has a linear character along
the girder length, which has the minimum value bg simply support and the maximum
value at the midspan. The analyzed girder anduppat and loading conditions can be seen
in Fig. 17.




Fig. 17: Support and loading conditions of the ynadl model.

It is observed in the numerical calculations, tthet bending failure of the corrugated web
girders is mainly localized in a cross sectionhe middle of a parallel fold, where the flange
outstand is the largest and at the same time tinelitig moment is also relative large.

Therefore the M-V interaction is checked at thessreection marked by red in Fig. 17. The
bending resistance of the analyzed girders areuledds in this cross section by the

accompanying shear force. Four typical failure nsoden be seen in Fig. 18. The first one
(Fig.18.a.) is a typical bending failure under iafe-bending. Two typical shear buckling

failure modes can be seen in Fig. 18. For typicialge geometries the dominant shear failure
mode is usually the local buckling of the sub-panélowever for girders with geometries

used in building structures are usually global Ihagkof the whole panel. Figure 18. d shows
a typical failure mode under the combined shear laending. It can be seen from the
combined failure mode that the flange buckling @sdn the cross section at the middle of the
first parallel fold. This cross section is the wesikfrom point of view the M-V resistance.

Therefore the bending resistance is calculatetisoctoss section in the numerical parametric
study.

The linear calculations and the evaluation of tiness distributions showed, that the geometry
and the layout of the corrugation profile has anicant effect on the transverse bending
moment. To analyze the worst situation from pointiew the transverse bending moment to
get the largest reduction in the bending resistahee to the shear force, the corrugation
layout is modelled according to Figs. 8-9. In thenerical parametric study the bending and
shear buckling resistances of all the analyzedegiréire determined at first. In case of all
girders 8 calculations are executed to analyzeMR¢ interaction domain by varying the
values of V and M. A total of 160 numerical caldidas are carried out.

a, bending failure b, shear buckling failure (ldmackling)



¢, shear buckling failure (global buckling) d,/tme under combined loading
Fig. 18: Observed typical failure modes.
5.4. Results of thenumerical calculations

For each analyzed girder the calculated resistannesthe proposed interaction equation
according to EN1993-1-5 [1] are compared. Two camspas are shown in Fig. 19 for
girders with geometries used in typical bridge &odlding structures. The horizontal axis
shows the bending resistance, the vertical axiesepts the shear resistance of the analyzed
girders. The points show the results of the nuraégalculations. The proposed interaction
equation of the EN1993-1-5 [1] is also presenteloti diagrams.
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Fig. 19: Typical M-V interaction behaviour.

Results of the GMNI analysis show that there i$ gusery small resistance reduction due to
the combined loading situation. All the blue poifadow the dotted lines, which shows the
“pure” bending and shear buckling resistancesait be also observed, that the interaction
equation on EN1993-1-5 [1] does not results inrgdaesistance reduction in case of typical
building structure, but in case of bridges the oidun can be significant. The evaluation of
the numerical calculations showed, that such alaegistance reduction is not needed for any
girder geometries, and the current proposal of E81B5 [1] results in a conservative
design.

The results of all the numerical calculations aespnted in one diagram (Fig. 20).
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Fig. 20: Observed M-V interaction behaviour.

The results show, that the maximum reduction orb#aling resistance due to the combined
M-V loading situation is 4,7% in case of the analy20 girders. These calculations prove the
experimental results of Kuchta [9] who observea d@lst a small resistance reduction due to
the combined loading situation, and proves thebéstanent of Elgally [5], that the M-V
interaction for girders with trapezoidally corrugatwebs could be neglected.

The observed resistance reduction is not largen tha web contribution in the bending
resistance or the flange contribution in the sheakling resistance. But these contributions
are neglected in the design of the corrugated wvirelers.

Another important observation is also made baseth@mumerical calculations, that the M-V
interaction behaviour of the corrugated web girdéogs not depend on the corrugation
profile, however the maximum value of the transgebending moment depends on the
corrugation profile. The executed numerical simala do not show relationship between the
transverse bending moment and the bending resestauiction, if plastic design is used to
determine the bending resistance of the girder.

6. Conclusions

It was known from previous investigations that shear force in the corrugated web results in
an additional transverse bending moment in theg#anwhich indicates additional normal
stresses. Different design proposals can be foontthé international literature to take this
effect in the in-plane-bending resistance calcofatof the corrugated web girders into
account. The importance of the bending reductiatofafr) due to the transverse bending
moment in the practical design is stated questiendly several researchers in the past,
therefore further investigations was needed tdfgl#ne structural behavior of the corrugated
web girders under combined bending and shear.

Based on the evaluation of the previously analygieder geometries, or the geometries of
existing real structures with corrugated webssitobserved that girders with sinusoidally
corrugated webs have usually small corrugationtdeppbmpared to the flange width, and the
fold lengths of the equivalent trapeze profiles @s® relative small. Girders with trapezoidal
corrugation has usually different corrugation pgesfi The applied fold lengths are usually 5-7
times larger than for sinusoidal corrugations amel ised web thicknesses are also larger.
These differences indicate, that the value of trensiverse bending moment can be



significantly larger for girders with trapezoidalelw corrugation, than for girders with
sinusoidal corrugation. But this difference comes from the shape of the corrugation
profile, but from the usually used girder dimension

Analyzing the reduction factofrf of EN1993-1-5 [1] it is observed, thus its vatlepends on
the applied shear force, therefore this equatignesents actually an M-V interaction curve.
But this interaction equation has a different chema than the usual M-V interaction
equations used for steel structures, however tfeetedf the transverse bending moment is
also unique. The evaluation of the calculated redndactors showed that it can significantly
reduce the bending resistance of the trapezoidadiyugated web girders with typical
geometries used in the praxis. The average redugtithe bending resistance can be about
5% for sinusoidally and 13-18% for trapezoidallyrogated web girders by shear forces
equal by 50% of the shear resistance if the mo$ivonable girder layout is used. The
analysis proves that the effect of the transveesgling moment can be significant in practical
cases, therefore its investigation is necessary.

The additional normal stresses and the normal sgsesoming from the in-plane-bending
effect are compared and evaluated in this papez.cBiculations showed, that the difference
between the maximum value of the flange normaks@g can be significantly by considering
or neglecting the effect of the transverse bendiognent. If the limit state of the design is the
maximum allowed stress, the effect of the trang/bending moment could have importance.

Previous investigations by Kévesdi et al. [14] estiatthat the support conditions have a large
influence on the maximum value of the transversadivgy moment. The numerical
calculations showed that in case of real structtinestransverse bending moment can be
influenced by the support conditions and its vabtam be significantly smaller than the
theoretically determined maximum value. Based om lamerical calculations it can be
concluded that both type of supports (longitudiaatl lateral) can significantly reduce the
maximum value of the additional normal stresse$iwiti region of the support location. It
means that in case of real structures with reaperpconditions the maximum value of the
additional normal stresses can be significantly llenahan its theoretically determined
maximum. Due to the large number of parameters hwhiave influence on the transverse
bending moment, its determination is quite hard dmalytical methods. The maximum
possible value, or the maximum from the averageaieslcan be determined by simple
analytical solution proposed by Kévesdi at al. ][ But if the determination of a more
accurate value of the transverse bending momenedgssary, the authors propose to use
finite element software, modeling the real boundamyditions and girder geometries.

To analyze the effect of the transverse bending emtran the in-plane bending resistance of
the corrugated web girders, the bending resistamze the M-V interaction behaviour is

analyzed by numerical simulations. Results of tMNGB analysis show that there is just a
very small resistance reduction due to the combloading situation. The evaluation of the

numerical calculations showed, that the currenppsal of EN1993-1-5 [1] results in a

conservative design.

The results show, that the maximum reduction orb#reding resistance due to the combined
M-V loading situation is 4,7% in case of the analy20 girders. These calculations prove the
experimental results of Kuchta [9] who observe gilst a small resistance reduction due to
the combined loading situation, and proves thebéstanent of Elgally [5], that the M-V
interaction for girders with trapezoidally corrugdtwebs could be neglected. The observed
resistance reduction is not larger than the weliritarion in the bending resistance or the
flange contribution in the shear buckling resisear8ut these contributions are neglected in
the design of the corrugated web girders.



Based on the numerical calculations it is also olegbthat the M-V interaction behaviour of

the corrugated web girders does not depend onattnegation profile, however the maximum

value of the transverse bending moment depends. dimeé executed numerical simulations
do not show relationship between the transversdibgrmoment and the bending resistance
reduction, if plastic design is applied.
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