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ABSTRACT

In recent years, the use of corrugated web girders has been increasing all around the
world. The shapefahecorrugation can providacreased shear stiffness aufficient

lateral stability in the girder withouritroducingtransverse stiffeners and are thus well
suitable for certain types of structures such as bridges. Stainless steel can be a beneficial
choice of material for these girders as they are often used in corrosive environment with
limited accessibility for maintenanc®Vith the increased strengthf stainless steel,
compared to carbonated steel, the combinatiothiofwalled stainless steelna the
corrugatedshapecanprovide anoptimal solutionwith respecto the environmentlife
cyclecost and structural capacttiyie to being lightweight

Steelgirders areoften subjected to @tch loadingin various locatios, for example

during transporation, constructionphase operation etcLimited research has been
conductedbn the patch loadingcapacity of trapezoidal corrugated web girdeade

from stainless steel subjected to patch loading. In this thesis, an extensive finite element
(FE) parametic study wasperformed foranalysis of thepatchloadingresistance of
stainless steel girders with trapezoidal corrugated webs as well as an overview of
existing theoreticalhumerical,and analyticatesearcton the subject.

In the parametric study theelifferent load locationsare considered for the patch
loading that i central loading on the longitudinal fold, inclined fold and at the
intersectionof the folds The geometrcal parametershat have beerexaminedn the
study are: number of unit cells flange widh, corrugation angledepth of the
corrugation, flange and web thickness The results of this parametric studye
compared tdour existing design modeland the formula from the newest draft of
Eurocoded to examindts validity and accuraclevelfor stainless steeorrugated web
girders.The results showed that the Euroc@&lormula was very conservativend
none of the otheavailabledesign modelanalyzedin this studywere conservative
enoughcompared to the FBnalysis The longitudnal load case showedifferent
behavior for the patch loading resistance compared to the other two load cases.
Different failure mechanisnisad a large influence on the patch loading resistance.

Key words:Trapezoidal orrugated welbstainless steetjeg girder, patch lading
resistancgparametric studypatch load
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Notations

Roman upper case letters

Youngsmodulus

Radius of the curved edges between the corrugated folds.
Patch loading resistance.

Length of the girder.

Length of oneunit cell

Elastic criticalmoment.

c: o5 Om

R Flangeplastic moment capéy.
Ultimate moment.
Resistance of the flanges.
Resistance of the web.
Reaction force in theveb.
Forcedue to bending moment in the flang

Pressurancreasedue to normal force in thitange.

S << < e

Total weight of the girder.

Roman lower case letters

Height of the web.

Length of the longitudinal fold
Length of the inclined fold
Depth of the corrugation.
Width of the inclined fold.
Length of theloadedfold.
Width of the flang.

Initial imperfectionfactor.
Distance from the patch load to the plastic hinge.
Yield stress lower limit.

Yield stress upper limit.

Yield stress of the flangeaterial.

S 665680 e e e

Yield stress of the welmaterial.

Correctionfactor.

olie)

Correctionfactor.
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ko) Correctionfactor.

Q Correction factor.

€ Factor considering the number of developed pidstiges.
3 Number ofunit cells.

i Loading legth.

0 Thickness of the flargy

0 Thickness of the we

Greek lower case letters
| Corrugation agle.
I Ratio between the depth of the corrugation and flamggih.
I Material safety factor.
I Material safety factor.
- Plastic strain lower lim.
- Plastic strain upper lifh
— Correction factor.
i-th dgenvalue.
’ Poi ssonds ratio.
Mass density
Factordependent othe ratio between flange and witlickness.
” Stress irthe flanges.
T Shear stress ithe web.
Reduction factor.
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1 Introduction
1.1 Background

In recent years more focus has bpatforwardon patch loaddcorrugated welirders
although research hmbeen limited, rain focus has been oshearand bending
resistance Few researchers have presenteedmulas to predict theatch loading
resistanceof corrugated web girderandit is notyet included in standardsuch as
Eurocode dthoughit is planned to be introduced in the upcoming Eurocode.

The usage of stainless stemdn substantiallyincreasethe strength andorroson
resistance of a structymmmpaedto the conventional carbondtsteel Using stainless
steel can also be more cost effectgethe increased strengtliows for the steel plate

to be more slender and thteduces the amount of steel requirétle redued web
thickness of a stainless steel girder comes at the expésssceptibility of buckling

and instability, especially for patch loading. An innovative way of constructing the
girder with stainless steel is to introduce the corrugated shape for theThe
corrugation shape increases the lateral stability of bitkeigand increases its shear
stiffnessand thus greatly reduces the need for transversal stiffeners

The subject of corrugated web under patch loading has noshetadto a sufficient
extent and the same subject with stainless steel hasifessticgatedeven lessThere

is agreat deabf benefisin using stainless steel in construction and in addition using it
with corrugated web designeans that less material is needed and higdsestances
gained whictcanoptimize theratio betweeroad resstanceandweight ratio

A thorough research on this topic is needed to get an ideth@akdowledge tanake
modek which can estimate tlpatch loading resistancé girders with corrugated web
in an efficient wayand therefag a parametric study is madThe parametric study
investigats how different parameters effect tipatch loading resistanc# girders
subjected to patch loading.

1.2 Aim and objectives

The aim of this thesis is nalyzethe structurabehaviorof stainless steel girdewith
corrugated websubjected topatch loading and identify the optimal geometrical
configuration with regard to thpatch loading resistancélso, the optimal patch
loading resistancés considered with respect to total weight of the girder and thus
optimizing co$ and environmental aspect&dditionally, how valid and accurate
existing design models and theodel in the latest draft of Eurocode 2020,
developed focarbonated stegre at predictinghe failure patch loadf stainless steel
corrugated web giets Furthermore how well do these designmodek fare for
geometryoutsideof the parametric rangdhey aredeveloped fromTo achieve thse
aims and objectivesa parametricstudy is performed with varying geometrical
parameters.
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1.3 Method

To achieve th aimand objectiveshe followingis done

First, a literature studys performed where thetrengths and weakness#sorrugated
web and stainlessteelareinvestigatedAn overview of previous research on the topic
are presentedxistingdesignmocels arentroducedwhich haveconstructedormulas

on how to estimate the patch loading of girderth corrugated webconsidering
different parameters

Furthemore,a Python scripts developed which establishinite elemen{FE) models
in the ABAQUS CAE software These modelsre verified and validated by using
convergence study amdferencanodels

Then aparametric studys perforned based on varyingeveral different geometric
parametersin the Python script to develop multiple modeksnd perfom the
comparativeoptimization.

Finally, the results of the parametric stualy analyzed and¢ompared to thexisting
designmodels and th&ormulapresentedn thedraft of theupcoming Eurocoda.

1.4 Limitations

- Height of the weland length of the girdsareconstant in the analysis

- The selfweight ofthe girderis neglected.

- Only trapezoidal corrugation shapéth curved intersection igsed.

- Patch load applied at three locations only andhe top flang

- Same material used for both flanges andiabb.

- Onestainlessteel material grade is considered.

- One initial imperfection factoronsidered.

- Patchloading length is constaand narrow

- Separation traction isot consideredor the patch load

- Theresuls from the parametric study is limited tcetiparameters varied in the
FE-analysis.They will not necessarily correlate to the existing design models
considered.
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2 Literature study

In this chapterthree sectionareaddressedrl hefirst section focusson thestainless
steelmaterialin generabnd its strengths and weaknesshext, the corrugatedshape
of theweb iscoveral and itsbenefitsanddisadvantageare addressd A review of
the heoretical, numerical arekperimental researelthathave provided design
models forthe patch loading sistanceof girders with corrugated wslarepresented
Some of theeexisting design modslarefurtheranalyzedFinally, the modelwhich
is planned tdeincluded inthe upcoming Eurocodgfor theresistancef corrugated
web girderssubjected tgatchloadingis presented

2.1 Stainless steel

When designersnake decisions regarding the type stéel to use irdesign,they
normally considermultiple aspectseg., the financialremarks the strengthand the
environmenral aspectaround the structur@nebenefit of choosing stainless stegker
carbonated steé that ithas higher strengthowever the initial cost of thenaterialis
greater Otheradvantageof usingstainless stearethat itis resistahto corrosion and
can befully recycled(Herrysson and Ymar2020 which optimizes its lifecycle cost
In recent yearsnore focushas been putn life-cycle costcompared to the initial cost
(Dahlstrom and Persson, 2018herefok, stainless steel isecoming more popular in
design and it has been use&d structures fomore thanhundredyears

Stainless stea$ dividedinto four classeghatare martensitic, ferritic, austenitic and
duplex.One of the decidindactorsof what category the stainlesteel fits in is the
chromium content. The chromium contemastbe atleast 16% to be considered as
stainless steglDen Ujl and Carless, 2012 Increasing chromiungontentcauses an
increase othe corrosion protectiohe development ofuplexstainless steedtarted
around 1930 and it ia combination ofwusteniticandferritic. Duplex grae is often
usedin bridge girders since it has high strength high resistance against corrosion
(Karabulut et gl2021) Austeniticsteel gradalsohashigh resistance against corrosion
and isoftenused inbridges put it has lower strengttompared tauplexsteé (Baddoo,
2008)

Stainless steetoss more on the market than carbon stedhich is mainly due to
uncertaintiesas well aghe price ofnickel. Nickel does not have a stable price on the
market andherefoethe price is fluctuating, irecent years it has been increasing which
is not beneficial for the price of stainless stéeisteniticand duplestainless ste@lost
more than ferritic steel since they includekel. Austenitic containgaround 8% nickel
while duplex contains-6% therefoe it influencesthe cost of austenitisteelmore
(Baddoo, 208).

2.2 Corrugated webgirders

Corrugated web wagleasednthemarket in the 196Qshe concept of corrugated web
girderisaSwedish desigrbweden, France, Germardgpanand Austrieare theleading
countriesn manufacturingandbuilding with corrugated webg&Raviraj 2009)

Girders with corrugattwebsare preferabé in some cases compdr&o girderswith
flat webs sinceresearcland experience has shown that they Hagbker sheastability
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andenhancedlesign life. Inaddition,the strength to volume ratis increasedvith the
use of corrugated wehue to thinner weband therefagtheycan bemorecostefficient.
Transversaktiffeners areoften acrucial design part oflane web girders but when
corrugated webs aresedtheneed for transversal stiffeners is ghgaeducedsince the
corrugation providesufficient stiffening for the wefinaam ad Upadhyay, 2020)

By using corrugated wetransversal stiffenerare not needd as muchand the web
thickness can be reduceuhce the corrugated web design providegher resistance
around the wealkxis (Boutillion et al 2015)Using acorrugated welzanalsolower

thecost of theconstructiondue to the fadhatthere isnot & muchneed for extra lifting
equipment in théouilding phase sincéhe weaker axiss more resistainto bending
(Raviraj 2009).

There aralifferent shapes of corrugation desitre most commonnesin practiceare

shown in Figure lthat isthe trapezoidalthe sinusoidal and the zigag shapeThe

most common one in bridges is the trapezoidal shape, that shape provides high shear
capacity for thin webs and optimizes the amount of steel required (Karlsson, 2018). The
trapezoidal web shape adso the one that has beienestigatedhe furthestout of the

three shapes mention¢@drecki and; 1 A A U E2020)01& dirderswith sinusoidal
shaped corrugation the local buckling in the longitudinal part of the corrugation is not
relevant while it can occur in the trapezoidgtder, but the manufacturing of sinusoidal
shape is morehallenging(Raviraj 2009).

Trapezoidal /\_/

Sinusoidal N

79729 VN

Figure 1. Three differenmost commonorrugation shapes.

The corrugation shape allomgeeb members to bslendererand therefae can appear
moreappealingo someextentin terms of aesthetic¥he corrugation shape gives the

flanges high longitudinal stiffness but levsthelongitudinal web stiffnessSimilarto

flat web girdersthe flanges provide bending resistari{@recki anl j | AAUEAx OEE
2020).

In aresearcltarried out in 1984, it washown that girders withcorrugated webare
lighter thanflat webswith stiffenersto theextentof 9- 13% inselfweight The ratio
between strength and weightimsproved by usingorrugated web in the girdemce
theyare strongeandrequireless materiajHamada et all984)
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In Figure 2, geometrical configuration of the corrugated web girder is stugether
with different possible locations of applied transverse lod#t& notation of each
parameter positions of load cases amderall visual representation of the girders
analyzed in this theserealsopresented itthe figure.

Intersection Longitudinal Inclined
r,x load case load case load case
; \

! |
/. by
/.
. :SS N

hw

Inclined

Longitudinal|  ™!d
fold

z -~
a3
I ,II/

A
y =1 =¥} Lecorr

Figure 2. Geometry of th&rapezoidalcorrugationshape along with notation of
parameters

2.3 Previous researchon corrugated web girders subjected
to patch loading

As mentioned previouslytilizing a corrugabn shape instead of the conventional flat
web strengthead with stiffeners will enhance thesistanceTherefoe, the amount of
steel could be reducetlie to the corrugated shaged thimer webscan be usedrhis

will lead to susceptibility of the structural element to the bucklivigch is dominantly

in theform of local patchbuckling or lateraltorsional buckling.Thesetwo forms of
failure canbe postponed bwsingcorrugated shape for the web. However, the extent
of improvement by corrugating relatively thier webs is the topic of research.

Numerical,theoretical and experimental research have peeiormedfor corrugated

web girders subjected to patch loading. In this chapter an overview of the previous
research on corrugated web girders subjected to patch loadihgxisting design
models argreseted. Four of the existing design models are presented in morel detai
since they will befurther analyzed and compared to the results from the parametric
study.Note that none of thesxisting design modelsonsides stainless steghll of
themare basedn experiments on girders with carbtetasteel
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In 1974 a design mod#&br the patch loading resistanc®, was presented by Carling
(1974) see equation 1, based on results from experimental studies made at a Swedish
consulting firm.In the test two girders were examined and 52 tests were done an them

0 T8 T0D 1)

Leiva-Aravenaperformeda test in 1983in that test three parametavere analyzed
that is theweb thicknesso , loading lengthi , and load locationLeiva-Aravenaand
Edlund (1987 analyzedthe results fromthe test and found out th#te behaviorof

girders wth corrugated web igery dependent on the web thickness. Ppa&h loading
resistancencreased 380% with increasing the web thickness from@ & 2.5 mm.
They also concluded that tipatch loading resistanagould increasdwice by using
corrugated shzed welbcompared tdlat web.

Dahlén and Krona (1984)sedthe results from the test done by Lekeavena and
Edlund (1987) and compared the resulieom thatto the obtainedpatch loading

resistanceisingthe modethat Bergfel{1974)constructegthes o c al |-Himge i Thr e e

F | a n@Dablén.and Kron&1984)assumed that thclined part of the corrugation
shape would act as stiffenefsh e r esul t s s hdlingelB| 6 mepdeldot h e
resulted in20% lower values for thpatcth loading resistancand girders thatwere

loaded at the inclined fold have around 14% higher resistance then when the load is
applied at the longitudinal foldChanging théneight of the web didiot influence the
resistance of the girdaccording tdahlén and Kron&1984)

Rockey and Robertgl979)introduced a four plastic hinge failure mechanism and
based on thaheydeveloped a designodelfor girders with flat webs, see equation 2.

O ¢OT1TD DIQ QDI Q (2)

In the equationf is the distance from the edge of the patch load to the nearest plastic
hinge Theplastic moment capaciyf the flange0 , is calculated with equatio®.
It takes into account the flange width, the yield stress of the flangéQ hand the
flange thickness) 8
®»IQ D 3)

T

Kahonen (1988) presentadl1988 a desigmodelfor girders with corrugated web. The
modelis based on the four plastic hinge failure mechanism presenteddkgyrRand
Roberts.The model Kahdnen developedfor the patch loading resistander girders
with corrugated web, see equatiyrconsiders the intactionbetween shear force and
bending momentnd the increasing pressure due to the normal forite flange.
Q30
o Y Y Y :)r— 4)

WhereY is the reaction force in the wel, is force due to bending momantthe
flange Y considers the increasing pressure due to normal force in the flange,
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mateial safety factor,Q and'Q are correction factor&ahonen, 1988)The modelby
Kahonencan behard to use in practice since it is dependent on many design factors

Bergfelt and Lindgrer{1974) made a simplenodelfor girders with flat websThe
modelis presentedn equation5 and it has proven to underestimate pa¢ch loading
resistance

O p@&J D IQ (5)

" Is a positive parameter which depends on the ratio between the thickness of the
flange and wepo 70 , and™Q is the yield stress of the webhis formula is very
conservative and underestimates the resistancesifiged on girders with corrutgal

web (Bergfelt and Lindgren, 1974)

Luoand Edlund (1996) studied haix different parameters affected tpatch loading
resistancaising nonlineaFE-analysis The factors considered were stra@rdening
models, initial imperfections (both local and globabrner effect, loading position,
loadng length,and five geometric paramets ( , 0,0 ,Q andL). Ther results
showed that the loading length, andthecorrugation angle , had thebiggesimpact.
When the load was applied as uniformly digitddl patchload it resulted in higher
patch loading resistancempared t@girder subjected to lne loadover the width of
the flangethe difference in the loathpacitywas 2040% so changing the loadingdcha
drastic influence. The geometric parametersitifatencedthepatch loading resistance
were| , 0 ando . The patch loading resistandacreases with increasing all these
factors athough when the corrugation angle is between 75 and 90 degrees the
resistanceés almost equal. The result also showed thap#ieh loading resistancan
increase 812% by using Ramber@sgood straithardening model instead of elastic
perfectly plastic model and thidte patch loading resistancan decrease about 7% due
to localinitial imperfection in the web. The corner effect doaeshave much influence
on thepatchloading resistancd hepatch loading resistancglowest wheraline load
over the width of the flangs applied on the center of the longitudinal fold of the web
but highest at the inclined folluo and Edlund, 1996)

After this studyLuo and Edlunl (1996)took the formula presented Bergfelt and
Lindgren(1974)for girders with flat web subjected to patohding and modified it for
girderwith corrugated webLuo and Edlund 996 suggested that theatch loading
resistancédor girders with commgated web and with a corrugation angle less or equal to
75 degrees can be estimated with equaion

(6)

O DD IQ

That means that theatch loading resistands influenced by theveb thicknesso h
flangethicknesso , the yield stress of the welf2 , and a factot which is determined
by equation/, that is oe constant along with two factgrs andf (Luo and Edlund,
1996)

f pB8J J (7)

At first the constant 10.4 was presented as 15.6 butredascedafterwards to 10.4

which has been used s&caccording td_jungstromand Karlberg(2010). The first
factorf considers the corrugation of the web. It is also affected by the ratio between
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the thickness of the flange atiteweb. If the ratio is less than 3.82 then this factor is 1
but if it more or equal to 3.82 thanigHactor is ckulated with equatio® (Luo and
Edlund, 1996)The equation in the original article published by Luo Bdtiind (1996)
hada misprint according to Ljungstrom and Karlberg (2010p\Wwhd Bo Edlund as
their supervisqgr hence theequation fron the publishedarticle was changed in
accordance

i ———for — o@¢ (8)

The factor] his dependent on the corrugation anglgengthof the inclined fold g ,
and thelength of thdongitudinalfold, & . The second factdr aacounts forhow the
load is distributed, it is calculated with equatfbn

' p sO (9

It is dependent on the loading length, and correction coefficieng, given as 1/240
(Luo and Edlund, 1996).

Elgaalyand Seshadri (1997) performadparametric study with three different load
locations, on the longitudinal fold, inclined fold and intersectidre load length was
narrow inthestudy. Thevarying parameters considerednsthe welthicknessflange
thicknessyield stress, corrugatioprofile and width of the patch plate. Based on the
result of this parametric study they preserdedksign model to calculatie patch
loading resistancd he results showed thiierewere two different failure modes when
the girderwas subjected to pzh loading. The failure modes were web crippling and
web yielding, the one that yields lower value determines the capacitpaidteloading
resistancdor web crippling failure is caldated with equatiod0.

O 0 O (10)

The patch loadng resistancdor web crippling is calculated with the sum thfe
resistancdrom the web0 , and theaesistancef the flangesp 8The patch loading

resistanc®f the web ) , is calculated with equatidii.
0 00Q o (11)

The capacity of the web depends on the Yol
web,"Q , and the thickness of the web .

Thepatch loadig resistancef the flangesd |, is calculated with equatidi?.

- T | (12)

|
W T

The patch loading resistanaaf the flanges depends on the flange plastic moment
capacity,0 j, which is calculated with emtion3. The capacity of the flanges is also

influencedby theloading lengthi , andthe distance between the plastic hinges at the
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positive anchegative bending moment locatiaihor it can be calculated with equation

13.

QaAD 13)
cOQ T

The second failure is web yieldinthe patch loading resistander that failure is
calculated with equatior1Thisfailure is not considered for the longitudinal load case

O O o DI (14)

Whereb is the length of the inclined fold, or determinedby equationl5. This
equationis only considereth the FEanalysidor the valueb, sinceit is only applicable
for the inclined load case, howeveisitalsoused for the intersection load case.

x 0

A (15)
o is calculated with equatiorfl
X e ) 0) LI
@ | o (16)
where the| factor is determined by equation T.
| pT O Ok LB (17)

Wher€ is defined as the ratio between the depth of the corrugation and flange width,
® fw (Elgaaly and 8shadri, 1997).

In 2007, Kuchta (200) used finite element analysis tesearchhow different web
thickness andlifferent loading length effestthe patch loading resistanad girders
with sinusoidally corrugated welhe results showed thaith increaing theloading
length thepatch loading resistanaacreased. In the results it was also observed tloat
wide loading lengths, and thicker wethg patch loading resistance wasre affected
compared to thinner webs.

KuhlmannandBraun (2008)developd a desig modelwhich is based on the design
model presented bigahonen in 1988, see equation 2. develop thdormulafurther
they used results from parametric study done by Koév€2ai0) The parameters
consideredn the studyby Kdvesdi (2010yverethe loading length, corrugation angle,
flange width, flange thicknessyeb slenderness rati@@ 70 , and fold slenderness
ratio, @f0 . According to the parametric study made in the research the design model
is valid for corrugation angle of 15 to $80f0 between 12.5 and 116.® between
150 and 500mmy between 20 and 100mrthe ratio ofi Q between 0.4 and 0.8
and web slenderness raft® 70 between 200 and 50&6vesdi, 2010)The formula
presented biuhimannandBraun(2008)to determine thpatch loading resistancan
be seen irquation 18

"0 QJ0; Oy 30 (18)
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The design method is applicable for girders with a fold length that fulfills the criteria in
equation 19.
Q 0
) — C @ 10— (19)
o> “"om
The equatiorconsiders contributiofrom the flange’O, hand the webBOy, . Along
with two modification factor&) and™Q. The first one is deito the corrugation angle,

see equatio@0, and the second one due to influence of shear and bending interaction,
see equabin 21.

2 @ (20)
w w
.t Jfo
: o g g TR
Q _ (21)
1 : ” T 6 ”_ T m T[& 0_
P® B-O=5— ™ 0 >0

The first part of quation18 which considers the contribution from the wéby, his
determinedy equation 2.

O .. 0Q d JQ (22)

In the equation there is one modification fact@r, which considers the interaction
between shear and thernsxerse force, see equati®d

. T (23)
QP Bmoo

The reduction factor in equati@2, .., is due to theorrugation angle, calculated with
equation 2 and it is dependent onl which is shown in equatiorb2

psh [ p&xo

& W 24
2 —n&r ¥ T paxo &9
£ — (25)
Where thecritical stress is calculated with equati2®
NIy 0 5 o "
"opgp 0 (26)

WhereQ is a constant set to 1.11 addis the loaded fold lengtbr the maximum
fold length if there are more than oiwéd loaded
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The second part of equation 18 considers the contribution from the flanges which is
shown in equation22

O ¢OTd M 2.I0Q Joje my dd» @7

The plastic moment capacity of the flanges is like before determined by equatidn 3
the reduction factor is determined from equafidnThere are two modificatiorattors
considered in the contribution from the flanges and th& iand’Q. The first one is
calculated with equatiob3 and thdater one is due to bending interaction, see equation
28 (Kuhlmannand Braun2008)

Q p (28)

In 2010 Kovesdetal (2010)presente@nenhanced design model to calculatepgath
loading resistancéor girders with corrugated web, see equatkth The equation
presented by Kévesei alis based on #hparametric studgone byKdvesdiwhich is

the samas theparametric stuglthe model byKuhlmannandBraunis based onlt is

not known without a doubif the design modelits for parameters outside ofeh
previously describedange. The results shed that the patch loading resistance
increases almost proportionally to the increase of the loading lengtipaltie loading
resistancealso increases with increased corrugation angle but decreases with high web
and fold ratiogKovesdi et al, 2010)

O ¢2T1dD DIAIJQ ..®»IQ I T (29)

Thefirst part of the formula considers the contribution from the flanges and the second
one considers contribution from the wé&becontribution from the flange isfluenced
by the plastic moment capacity, tkiess of the welyjeld stress and@ductionfactor,
... The reduction factas due to the corrugation angklculated with equatioB0and
it is dependent on the factok which is shown in equatio?6 (Kévesdi et al., 2010).

pgh _[ p& xo

pd TR .

T jh L p&xo (30)

The contribution from the web is influenced by the reduction factor, thickness of the
web, yield stress of the web, loading length amadification factoy™Q, due tothe
corrugationangle, see equatid0 (Kévesdi et al, 2010)

In 2010 Kovsed{2010)published his Ph@issertation which included an even more
enhanced design modske equatiof1.

O ¢c2¢&¢D DI DI I T (31)
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This equation is the same as equatithexcept that now the constant 4 in the
contribution from the flange has been enhanced to a factor n. This factor considers the
ratio between thickness of the flange and the amib according to Kovesdi it should

be determined witrequation32. This factorconsidershow many plastic hinges can
develop in the flange

— T
(4 0 o
¢ oh 1 — X (32)
I'p
v o
. ¢h —
u’C (0] X

In 2011, Kovesdiand Dunai (2011jested 12girdersand examinel how thepatch
loadingresistances influenced by the location of the loddading length, span and
flange thicknesdn addition theyinvestigatedvhat effect the loading eccentricitas.
The results showed thtiite postbucklingbehaviorfor the deflection wadifferent,the
difference waglue to the imperfection siz€he EN 19931-5 (2006 AnnexC lacks
information on howthe imperfection factor should be determinddherefoe, the
imperfection shapewere further researched and fromose resultghey proposed
scaling factos. The scaling factor proposed for the enfection was talivide the fold
length by 20qKo6vesdi and Dunai, 2011)

All of thepreviously mentioned researdee directed atimply supporte@jirders but
a recent researchy Inaam andUpadhay (2020) analysesther static formsuch as
simply suppatedgirderswith overhang, continuousrdersand cantilevegirders The
results showed that for cantilevepans thepatch loading resistandermulas are
unconservativeso theysuggested a formula for that, see equad@n

O ...»Jd 00 (33)

Where... is amodificationfactor, see equatioB4, whichconsiders the effect that the

change in static forrhas on the capaciynaam and Upadhyay, 2020)
i 8

(34)

X 20 ®

Regardingloading positions all of the studies agree that the highest resistance of the
girder is obtained when the load is applied at the inclined fold. Although there is not an
agreement of if the lowest value is obtained when it is applied aitérsection oon

the longitudinal féd. According toLieva-Aravenaand Edlund1987), andElgaaly and
Seshdri (1997)applying the load at the intersection yields the lowest resistance but
accordingto Luo and Edlundq1996 the lowest resistance is obteed byapplying the

load at the longitudinal fold
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2.4 Eurocode3

In the current Eurocode theienota formula that addresseatch loading resistance
of girders withcorrugated welEN 19931-5 (2006) Annex Daddresses members with
corrugated weland as it is now there is no formula providedestimate the patch
loading resistanc@henewest draft foEN 1993 1-5 (202) includesaformula forthe
problem. The formul@hat is provided in the draft &urocodeto estimate the design
resistace of arapezoidatorrugated web under patch loadiagresented irquation
35.

LIQd D 0Q (35)
pg 1O

The modification factor due to corrugation angle, is the same as the one presented
by Kuhlmannand Braun2008),calculated with equatio20. The reduction factar..,
is due tothe corrugation anglés calculatedwith equation36.

pah _[  p& x

pdy T,

36
jjh b opg x (36)

Where_l and, aredetermined like in equatier25 and 26. The design method is
applicable for girders with afd lengththat fulfills the criteria in equatioh9, that is
the same as was presentedkioynimannand Braurn(2008.

This formula is similar to th@ne suggested by Kovesdit al (2010) and Kovesdi
(2010, that is the part in theormulas that consides the contribution from theveb.
Althoughthis formula hasome improvements and it includes the material safety factor
unlike the Kdvesdet al (2010) and Kévesdi (2016)odel.
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3 Finite elementanalysis

In this chapter,ihite element EE) analysis of stalesssteel girders with corrugated
webs under patch loading is developed and checKddltiple FE models are
established and evaluated. The medetestablished byunning a Pythoscriptin the
FE programABAQUS CAE. The modelshave varying geomey, but same material
properties boundary conditions, loadinigngth and meshsize All the modelsare
analyzedby running a lineareigenbuckling analysisas well asnonlinear post
buckling analysis. Also, dinear static analysis used ina mesh convergee study.
Themodelis verified and validatedn comparisorwith two referencanodels

3.1 Geometryand material properties

All of the girdersstudied heréave corrugated web with a shape that is shown in Figure
2. The intersections between tloagitudinaland inclined fold are curvedn Tablel

the fixed variablesind parametric rangese presented. The length of all tiedersis

set to 3 meters tioave the lengtmore than two times the height of tieder.

Tablel. Geometical parameters of the girder

Variable Value Unit

Length of girder, L 3000 mm

Height of web, hy 1450 mm

Thickness of webtw 4-8 mm

Width of flanges, by 250500 mm

Thickness of flangests 20-40 mm

Loading length, s 150 mm

Initial imperfection, ep 7.25 mm

Length of the longitudinal fold, a1 Varies mm
Corrugation angle, U 30-70 °

Depth of the corrugation, az 100400 mm

Radius at the intersection Cradius 25 mm
Number of unit cells, ncorr 2-4 -

Each girder is developed in ABAQUS CAE invay that makes the results for each
girder more comparable to other girddfer each variation of the number it cells

an additional quartesf aunit cell (onehalf of thelongitudinal fold andnehalf of the
inclined foldis added at each endtbk girder, asvell as a 100 mm longlatecentered

at the flange widthThisway of constructing the girder makes it symmetric around the
weak axis at the middle of the girder. Additiona® mm thick transversal stiffeners
are included at each end bktgirderto provide further lateral stability at the supports.

Thelength of oneunit cell, Lcor, is kept constant for each numberwfit cells ncor,
that means that whehe depth of the corrugatioas, andthe corrugation angle,, are
changed thetthe length of the longitudinal foldy, changs accordingly so that the
lengthof oneunit cell, Lcorr, doesnot change.
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Thematerial properties for thetainless stegradeis taken fronirable 2.1 irEN 1993
1-4 (2006)for 1.4462hot rolled plateand can be seen in TableTais stainless steel is
a duplex steel grade wihigs frequently used in bridges due ®dbrrosionresistance

Table2. Material properties of thetainless steel constituent for thieders.

Stainless steel 1.4462 Value Unit
Mass density,’ 7800 kg/m?
Youngdés HBodul 1200 GPa
Poi sson®ds rat 0.3 -
Yield stress lower limit, fy1 460 MPa
Plastic strain lower limit, & 0 -
Yield stress upper limit, fy2 640 MPa

Plastic strain upper limit, 3 0.09 -

3.2 Loading and boundary condition

Boundary conditionsre applied on the flangedn both sideghe edges of the bottom
flangeareconstrainedn y- and z direction anthe edges of theéop flange are locked
in y-direction To increase lateral stabilitygne point is fixed in the patch plaite y-
direction Additionally, one rigid point is applieat the middle of the bottorlange
The boundary conditions applied are displayed in Fi§ure

Figure 3. The boundary conditioapplied

Patch loadings applied on theyirder by making gpartitionon the flange to mmic a
patch plateThe area of the patch plate the flange width muftlied by the loading
length and on it apressurdoad s appliedThe load is applied at three different places
that is on thdongitudind fold, inclined fold and the intersection between the, tsee
Figure 4.
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Figure 4. The three loading Ioéations of the girder. The one on the left is the
longitudinal fold, middle one is the inclined fold and the onéhemight is the
intersection.

The load is applied at these three locatittnseehow the loading position effects the
patch loadingcapacity of the girdeThese three locations should presamtialtypes
of behaviorin the girder

3.3 Meshand analysis

Samemesh density is used over the whole girddement typeof S8Ris used which

is aneightnode shell elemenThe reason why element type of S&Rused instead of
the general type of S4R is that S8R has more nodes and edmparing the
convergence ratlor the twq S8Ris a lot faster to convergence. That means that with
the same element siz88Rexhibitsbetter resultsThe mesh size used in the analysis
is a mesh with element size of 20 mm which can be seen in Figure 5.

Figure 5. Mesh used in the analysis.

The linear static analysis only used for the convergence study of the mesh and will
not be used further on in the study. The aresly{thatareused furthemarea buckling
analysis to get the eigenvalue for thiederwhich is thenused in the second analysis
which is a noHdinear analysis.
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In the eigerbuckling analysishe eigen solverused is Lanzos and the minimum
eigawvalue derived is set to OtBat means thaio negative eigenvalues are extracted.

The linear bukling load capacitys estimated by using lineargenbuckling analysis.
The buckling load capacity is estimated by multiplying the eigenvalile the
reference load.

In the nonlinear analysis thgeneral static Riks method is us@tie Riks method ian

arclength based incremental methdalde initial arc increment was set to 0&id the
maximum number of incremeritsset as/5. For most of theirders75 is bo much but
since it is a large parametric stuthe number of incrementaustbe sufficient for

majority of thegirders

3.4 Verification and validation

The modeis examined from differenperspectiveto validate and verify itTo verify

the model a mesh convergence stuslyperformed Next, he effect of the initial
imperfection and size of ¢hpatch platarecheckedLastly, the models verifiedand

validatedby comparing ito two knownreferencanodels

3.4.1 Meshsensitivity and convergence study

To decide the size of elements in the meisiee different mesh convergence $tsd
areperformed One for each analysithat is for linear static, buckling- and nonlinear
analysis.

The convergence study for the linear static analysisidershe maximum vertical
deflection of the girder. The results are shown in T@blehere the elementzg in the

mesh is shown along with the number of elements and the corresponding maximum
vertical deflection of the girder. The last column shows the difference between each
value, that ighe previous value compared to the current vatee equatioB?.

1 Y i Y

5¢

(37)

¢

Table3. Results from mesh convergence study for linear static analysis.

Element Number of Maximum vertical Difference
size [mm] elements displacement[mm]

75 2086 -9.152 -

60 2604 -9.375 2.41%
50 3379 -9.775 4.18%
40 5587 -9.793 0.18%
30 8545 -9.908 1.17%
20 19142 -9.982 0.74%
10 74419 -10.000 0.18%
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The convergence rate is shown in Figaréhe maximum vertical deflection is plotted
against numbeof elemens. In the figure it isobserved thathe model converges to a

sufficient extent.
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Figure 6. Mesh convergence study for the maximum deflection.

The mesh size thas deemed sufficient from this convergence stisdg meh with
elementsize 0of30 mm.

The convergence study for the lineagenrbuckling analysiconsidershe first five
eigenvalues of the girder. Tallgresents how the first five eigenvalues change with
decreasing thelementsizein themesh

Table4. Results from mesh convergence studgiigen-buckling analysis.

Element size  Number of elements

[mm]

75
60
50
40
30
20
10

2086
2604
3379
5587
8545
19142
74419

o

2.6804
2.5367
2.2001
2.1371
2.1061
2.0971
2.0935

o2

2.9400
2.6470
2.3794
2.3324
2.3053
2.2%6
2.2932

O3

3.3323
3.1547
2.8516
2.7804
2.7445
2.7338
2.7300

Oy

3.7172
3.3097
2.9900
2.9248
2.8869
2.8743
2.8702

o5

4.1319
3.7794
3.4545
3.3572
3.3017
3.2841
3.2789

The convergence rate is shown in Figaréhe maximum vertical deflection is plotted
against number aflementsall eigenvalues converge to a sufficient extent
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Figure 7. Mesh convergence study the eigerrbucklinganalysis

Eigenvaluel is examined furtheseeTable 5,since that is the eigenvalue extracted in
the FE-analysis The eigervaluedoesnot change much afterelement size 080 mm,
therefoe the elementize thais deemed sufficierfor the meshrom this convergence
studyis elementsize of 30 mm.

Table5. Results from mesh convergence sfodgigenvalue 1

Element Number of elements E, Difference
size[mm]

75 2086 2.6804 -

60 2604 2.5367 5.51%
50 3379 2.2001 14.21%
40 5587 2.1371 2.91%
30 8545 2.1061 1.46%
20 19142 2.0971 0.43%
10 74419 2.0935 0.17%

The convergence study for the rnamear analysis considerthe patch loading
resistancef the girderand theresults are presented in Tablar& Figure8. The mesh
thatis deemed sufficient from this convergence sis@mesh withelementize 0f20
mm since when changing it t mmit changed lesthan1% withdrastically increased
computational time

Table 6. Mesh convergence study for nonlinear analysis.

Mesh size  Number of elements FR[kN] Difference

75 2086 916.72 -

60 2604 943.67 2.90%
50 3379 892.04 5.63%
40 5587 845.26 5.39%
30 8545 817.43 3.35%
20 19142 797.79 2.43%
10 74419 791.13 0.84%
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Figure 8. Mesh convergence study for {hegch loading resistance

Therefoe, from thesahree mesh convergence studies at different analysisatypesh
with element size 020 mmis chosen ant used for he rest of this study

3.4.2 Effect of initial imperfection

The initial imperfection of the girdes accounted fowith guidelines fromEN 1993
1-5 (2006 AnnexC. Thereit is suggested to relate timeperfection factor to the depth
of the web that means that thétied imperfection can be calculated with equatiéh 3
Theinitial imperfection can also be related to the length of the loadedvuilch was
suggested by Kovesdi and Dunai (2011). In shigly the initial imperfection is related
to the height of the wekince those results were more conservative and yielded higher
imperfection.

Q9 (38)

QT

Different imperfection factorareanalyzed for a referenaggrder, the geometry of the
girder ispresented in Table 15. The girder i@aded at three diffent locationsand

the results for that are shown in Fig@rel'he figure shows the results for all three load
cases with six different values for the initial imperfection fadkoom this figureit is
observed that the intersection and inclined load casesnore sensitive to changed
imperfection factor while for the longitudinal load case the difference in patch loading
resistance is very small.
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Figure 9. Load-displacement curves for differanitial imperfection factos for dl
load cases

3.4.3 Effect of the size of patch plate

Different ways of loading thegirder are analyzedto see if the patch load should be
applied over the whole width of the flangevaith a width less thn the flange which
givesa square or rectangularearon the flange likis shown in FigurelO.

Figure 10. The two different shapes of the patch plate analysedh®leftis over the
whole witdh of the flange and the one on the right is with an square or rectan
shape.

The results from these two different loading ways are shown in Figuréhe patch
loading resistance increases with increasing the loading length which matches previous
studies. The curves show tliat theFE-model at handf is more conservative to apply

the load over the whole width of the flange which is also consiigmevious studies

that is for example Kovesdi et al (2010), and Ljungstrom and Karlberg (2010).
Applying the load over the whole whidimakes the resistance more influenced by the
bending of the flanges and therefdryieldsalower value.
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Figure 11. Visual representation ohow the loading length and the shape of the patch
plate influences the patch loadingsistance.

Since loading the entire flange width is more conservaikecision is made apply

the load over the wile width of the flange andlso since that is more comparable to
previous studiedn ABAQUS CAE, the load is applied on the flangepasssure so
applying the load over the entire width of the flange causes more bending and
deformations than it would ireality. The material applying the load would have to
deform as much as the flange to make this way of applying the load realistic.

3.4.4 Comparison with known FE results

Here two reference modslarecompared to results from the fagalysis tofurther
validate the model.

3.4.4.1 Reference model 14l-Emrani, 2020)

This referencenodelexamines one girder with corrugated wabde fromcarbonated
steel, with steel grade d355.In the referencenodellateral torsional bucklings to be
analyzedso it is different from the task in thilsesis but it candespite that verify if the
Pythonscriptis working correctly in terms dor examplethe nonlinear analysisThe
Pythonscriptis changed so it correlates to the referenoéeel That is diffeent load,
boundary condition and geometry. The resultstlae@compared and cheellif they
correlate togethef.he geometry of the referenoedelis shownin Table7 and Figure
12 There is a small difference between the geometry of the model &yt script
creates amall curve in the corrugation which can affect the results.
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Figure 12. Girder examinedn referencanodell.

Table7. Geometrical parameters for referenoedell.

Variable Value Unit

Length of girder, L 4800 mm

Height of web, hy 300 mm

Thickness of webtw 6 mm

Width of flanges, bx 150 mm

Thickness offlanges,ts 10 mm

Initial im perfection,ep 12, 16 and 24 mm

Length of the longitudinal fold, a; 70 mm
Corrugation angle, U 65 °

Depth of the corrugation, az 100 mm

Radius at the intersection Cradius 0 mm

The loadacting on thegirder is a moment,M, of 100 kNm which is simulated by
applying arevenly distributed edge load on tfi@ngesof the girder, applied on both
top and bottom flangeJ o calculate the shell edge loadieguation 3 is used.

. 0
° . 500 o (39)

The boundary conditions useslequivalent to fork support¥heweb a both sides is
restrained to displace in thedaal direction Then on one end a point is restrained at
the middle of the web in-xy- and zdirectionand also to rotate about thexis that is

the longitudinalaxis. On the other side a point is restrained at the middle of the web
height iny- and zdirection and to rotate about theaxis.

The analytical calculations are shown in Appendid. In Table8 the results are
presented and compared tee tiesults from the FEnalysis.The ultimatemoment
capacity is presented fduree different bucklingurves(b, ¢ and d)The difference is
highest28.85%which is rathehigh, but it was expected sintlee analytical values are
more conservativthanthe values extracted from the falBalysis

Table8. Results from analytical caltations andFE-analysis

Analytical FE-analysis Difference [%]

Mecr [KNmM] 150.89 162.00 7.10
Muit [KNm]
Curve b 92.51 110.94 18.11
Curve c 83.65 105.38 22.99
Curved 72.34 96.73 28.85
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Then theFE-analysiss compared to the Fanalysis valuefom the referencenode
those values are presented in Tabl&he values correlate well to each other and the
highest difference is 3.12% which is reasonable.

Table9. Results from the refereno®delcompared td-E-analysis

Reference model  FE-analysis Difference [%]

Eigenvalue 1.60 1.62 1.27
Mecr [KNmM] 159.96 162.00 1.27
Muit [kNm]
Curve b 108.92 110.94 1.83
Curve c 102.94 105.38 2.34
Curved 93.76 96.73 3.12

The difference between the twaluescan be explairgtin some parsincethe reference
modelhas sharp edges at the intersections betweerinclined fold andongitudinal

fold while the other haacurved shapd.oad displacement graplse extractedor all

three curvesln Figurel3 curve b is presentaghich correlates taitial imperfection

of 12 mm. The other two curves are shown in Appendi®.1 and A2.2. All of the

curves correlate well together and have the same trend. This verifies that the nonlinear
analysis othe code is working correctly ngpared to the referenoeodel

120 2nd-order analysis with initial imperfection 12mm (curve b)
T T T T T T T

—— FE-Model
—-=-- Reference model

60 —

Moment [kNm]

40 -

20

0 | | | | | | I I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Lateral Displacement [m]

Figure 13. Momentdisplacement grapfor bothanalyses
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3.4.4.2 Referencemodel 2 (Ljungstrom and Karlberg, 2010)

For this referencenodelcorrugated wb girderamadewith material grade 05355are
examinedThe material parameters used for the S355 ateshown inTable10.

Table10. Material parameters used in@¢lfFE-analysis.

S355 Value Unit
Massdensity, ’ 7800 kg/m?
Y o u n maadus, E 193 MPa
Poi s saiy®d s 0.3 -
Yield stress lower limit, fy1 357 MPa
Plastic strain lower limit, 3 0 -
Yield stress upper limit, fy» 491 MPa

Plastic strain upper limit, 3 0.0601 -

A parametric studys madewherea fewvariablesarevaried.The geometc valuesof
thegirdersareshown inTable 11.The corrugation shape of tggdersis fixed in this
parametric study and theeare three parameters varied that is the initigberfection
factor, thickness of théadhges andhe web.

Table1l1l Geometrical properties of referenagedel2.

Variable Value  Unit
Length of girder,L 3000 mm

Height of web,hy, 600 mm

Thickness of webtw 2-4 mm

Width of flanges,br 160 mm

Thickness of flangestr 1020 mm

Loading length,ss 50 mm

Initial imperfection, &g 0-5 mm

Length of the longitudinal fold, a1 140 mm

Corrugation angle,U 45 °
Depth of the corrugation, az 50 mm
Radius at the intersection Cradgivs 30 mm

The loadis appliedaround 1 medr away from the support ard three differentoad
locatiors on thegirder. The three different locaticare the following:

M Inclined fold
M Intersection
1 Longitudinalfold

For each load case themee 10 differentgirdersexamined and therefein total 30

girders are examinedThe 10 different combinations of girdetisat areexaminedare

shown inTable12. Where X represents each load caseekample Xequal to3 means
thatthe girder is loaded on the longitudinal fold.
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Table12 The 10 different girders examinadd their respective parameters

1 4 -

[mm]| 10 12 16 20 | 2
X00 5
X01
X02 )

X03 5
X04
X05
X06
X07
X08
X09

(@4
O¢C O¢ O¢ O W

O¢C O¢ O¢ O¢ O¢ O« «

O«
O«
O«

O¢ O¢ O¢ O¢ O« O¢

O¢ O¢ O¢ O«

The boundary conditiathatareapplied on thegirderare shown in Figuré4 along
with Table13.

BC3’ BC3

BC1

Figure 14. Boundary conditions used the referace mode(Ljungstrom and
Karlberg 2010)

Table13. Boundaryconditions (Ljungstdm and Karlberg 2010)

X y zZ
BC 1 Locked Locked Locked
BC2 Free Locked Locked
BC3 Free Locked Free
Note: " Locked just in one node

Thepatch loading resistan®m the referencenodelare compared to the results from

the FE-analysisalong with the trend ithe load-displacement graph3able 14 shows

the results from both methods and how they correlate with each othetargkst
differencein percentage i5.28%which is rather smallThe reason fothe differene

could beexplained by the fact that indglparametric stydmade byljungstrom and
Karlberg (2010) different material parameters were used for the flange and the web
howeverin the FEmodel same material parameters are used. The weaker material
parametersre chosen to be on tlemnservative sie so it should yield lowevalue
although that is not always the case.
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Table14. Comparison offte results from the refereno@delandthe FE-analysis.

Girder

100
101
102
103
104
105
106
107
108
109
301
302
303
304
305
306
307
308
309

CHALMERS Architecture andCivil Engineering

Reference FE-analysis

[kNm]
210.4

183.1
248.4
282.8
123.8
270.2
213.6
206.6
190.3
189.8
131.3
246.4
285.6
129.6
202.4
170.5
174.7
173.3
170.8

[kNm]
2115

187.6
247.3
274.7
127.6
271.2
219.4
208.7
200.6
180.5
131.3
237.9
276.3
132.3
194.8
166.5
168.3
168.4
168.2

Mast e ACEX30Thesi s

Diff
[%]
-0.53

-2.45
0.43
291
3.05
0.36
2.66
-0.99
-5.28
5.01
0.0
3.5
3.3
-2.1
3.8
2.4
3.7
2.9
15
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4 Parametric studies

In the parametric studyodels are developedthne FEsoftwareABAQUS CAE using
a Python scriptMore than athousand models are developed so three conditiens
consideredto reduce computational time and heglectmost modek that are not
realistic for practiceThe three conditions produceace the following:

1. & T

2.0 ™MD

3.0 w prnma
The first condition is made since the girders analyzed are with corrugated web and when
a certain ratio between the depth of the corrugatignand the width of the flanges

®, is reached the girders starts to behieean Fbeam. That means that the stifing
benefit of having the web corrugated is limited which is not preferred.

The second condition is due to the fact that the script is written in a way that the length
of oneunit cell, Lcor, is constant for edcnumber ofunit cells neorr, this means that the
length of the longitudinal foldgs, is dependent or changes with change in parameters
of the depth of the corrugatioas, and the corrugation angld, This condition is made

to avoidunrealistic values fathe length othe longitudinal folgas, that is to take out
negative values or small values

The third condition makes sure tlinge width @, is always larger than the depth of
the corrgation asz, andrestricts the ratio o€orrugation depth to flangeidth to a
certain extent.

To further investigate theffect of certain parameters, famall parametric studies are
madeto analyze the influence they have on plaéch loading restance These studies
were done foa referencegirder, the parameters of the referergieder areshown in
Table15.

Table15. Geometrical parameters of the referegieler used.

Variable Value Unit
Length of girder,L 3000 mm

Height of web,hy 1450 mm

Thickness of webtw 6 mm

Width of flanges,br 400 mm

Thickness of flangests 20 mm

Loading length,ss 150 mm

Initial imperfection, e 7.25 mm

Length of the longitudinal fold, a; 200 mm

Corrugation angle,U 45 °
Depth of the corrugation,as 200 mm
Radius at the intersection Cradius 25 mm

Number of unit cells, ncorr 3 -
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Different parameters are vari@d the referenceirder to do preliminary studies. In
thesepreliminary studies,the range for variation of thearameters arehosen to be
wider thana normal rangéo get abetteroverview of howeachparameteaffect the

patch loading resistanc&@he parameters that @rvaried in eacpreliminarystudyare

as follows

1. Thickness of theveb and the corrugatiangle.
In this preliminary parametricstudy, the influence of the thickness of the web
and the corrugation angleasalyzed There ardive parameters considered for
the thickness of the web thate2, 4, 6, 8 and 10 mm arsgvenparameters for
the corrugtion angle thaare30, 35, 40, 45, 50, 60 and 70°. This yields5
models but due to the limits previously described only 25 moededs
constructed and corrugation angle of 30 and @&sdot meet the criteridor
this specift girderso nogirderis mnstructed with tatwo smallestangles.

2. Thickness of the web and width of the flange.
In this preliminary parametricstudy; the influence of the thickness of the web
and the corrugation angleasalyzed There ardive parameters considered for
the hickness of the web thate2, 4, 6, 8 and 10 mm ariive parameters for
the width of the flange thatre 250,300, 350, 400 and 500. This yields in 25
models but due to the limits previously described only 20 moededs
constructed and flange width of @Boesnot meet the criteria.

3. Thickness of the web and thickness of the flange.
In this preliminary parametricstudy; the influence of the thickness of the web
and the thickness of the flangeisalyzed There ardive parameters considered
for the thickness of the web thate2, 4, 6, 8 and 10 mm aritve parameters
for the thickness bthe flange, thaare20, 25, 30, 35 and 4These yield$n 25
modelswhich areall constructed and reethe criteria previously described.

4. Thickness of #th web and depth of the corrugation.
In this preliminary parametricstudy, the influence of the thickness of the web
and the depth of the corrugati@re analyzed There are five parameters
considered for the thickness of the web that is 2, 4, 6, 8 and l1@nafor the
corrugation depth the parameters considene100, 150, 200, 250, 300 and
350 mm.Due to the three conditions orily) modelsare developed and only a
corrugation depth of 150 ar#D0 mmare consideredSince there are only two
different dephis of corrugation, the geometry of the reference gisladjusted
to agirder that gves more variations for the depth of the corrugation. The
change can be seen in Talileé compared to the initial referencgrder, the
difference is that the new refengirder has highercorrugationangle and
wider flange.
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Tablel6. The geometrical parameters for timétial referencegirder and the new
referencegirder.

Variable Initial reference New Unit
girder reference
girder

Length of girder, L 3000 3000 mm

Height of web, hy 1450 1450 mm

Thickness of webfw 6 6 mm

Width of flanges, by 400 500 mm

Thickness of flangest: 20 20 mm

Loading length, ss 150 150 mm

Initial imperfection, ep 7.25 7.25 mm

Length of the longitudinal fold, a1 200 200 mm
Corrugation angle, U 45 70 °

Depth of the corrugation, az 200 200 mm

Radius at the intersection Cradius 25 25 mm
Number of unit cells, ncorr 3 3 -

In addition to thespreliminarystudies, a&xtensve parametric studis executed using

the verified model. The paratees which are varied between the models are presented
in Table T. In total thereare six parameters varied, although the length of the
longitudinal fold,a;, changes as well since it is dependent on the corrugation &hgle
number ofunit cells ncorr, and corrugation deptias.

Tablel7. Thegeometrical parameteithatare varied in the parametric study.

Variable Values Unit
Thickness of webtw 4-6-8 mm
Width of flanges, bx 250-:300400500 mm
Thickness of flangests 20-30-40 mm
Number of unit cells, Ncorr 2-3-4 -

Corrugation angle, U 30-45-60-70 °

Corrugation depth, as 100-200-300-350 mm

This results in 1728 models in totBiue to thehree conditionset not all 1728 models
are evaluated and extractethat means that the models tlat not fulfill all of the
previously descried conditionsare neglected from the analysisherefoe, the total
number of analyzed models is reduced from 1728 models to 603 nimdetsh load
case Note, that due to time constraartd allocated computing tintee last 7 models
are not produced fahe intersection load case, in addition the loss cetfienodelss
deemed tmnly affect the results in a minor wai/hen all load cases are considered,
the total number of developed models are2180

Note that since thiparametricstudy isdevelopedor girder dimensions applicable for

stainless steethusthe flangeweb thickness ratiosre considerably higher than for
carbonated steel girders
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5 Preliminary resultsand discussion

In thepreliminarystudesall three loading locations aoensideredand the reference
girdershown in Tablel5is usedlIn eachpreliminaryparametric studythere are two
geometrical parameters varied in the referegioger. In this chaptethe results from

each studyreanalyzedand discussed. Finallthe results ar summarized

5.1 Thickness of the web and the corrugation angle

The change in thpatch loading resistanedth varying corrugation anglean be seen
in Figure 15for all load Ia@ations It is interesting to notice that for thin web of 2 mm
al the loading locatios have almost aastantbehaviorwith varying the corrugation
angle. From that it can lmssumedhat for very thin web girders the corrugation angle
haslittle to noinfluence on thepatch loading resistanc&he highespatch loading
resistancédor all load cases is fahe thickest web considered and the lowesistance
for the thinnest web considered.

Longitudinal Intersection
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Figure 15. Influence orthe patch loading resistander varyingcorrugation angle.

The curves for the longitudinal fold have some fluctugtbehaviorfor the lower
angles, after that it remains almost constant although there are some increases and
decreases in the curves. For lower angles of 40 to 50 degrees thelgzating
resistance seems to be decreasing but after that for web thickmasse than 8 mm

the patch loading resistance increases slokdy thinner webs it continues to decrease
but with less rate. These changes in patch loading resistance arecsalmatnthey

could be neglected but since the results are only for a spegicdier thebehaviorcould

be different for other types of girders. For the inclined fold the trend seems to be that
with increasing the angle the patch loading resistance sesehat is for web thickness

of 6 mm and larger and a constaehaviorcanbe observed for the thinner webs. The
patch loading resistance hasimilar trend for the intersection that is increases for web
thickness of 8nm and more but constant or sloecdease for thinner webs.
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For the longitudinal load case, global bucklinghbvior is observed for girders with
small corrugation angle, and local behavior is seen for the larger corrugationiangle.
girders loaded at thentersectionthere is adifferent behavior for the smallest
corrugation angle and the thickest web compdeethe other angles, this is due to
global buckling behavior in the girder while the other girders show local patch buckling.

Figurel6shows how changing the web thickaed thegirderinfluences theesistance

of the girderfor dl load casesThere is different trend faeach load case which shows
that it is important to distinguish between where the load is applied at least for a narrow
loading length. For all the load casthe patch l@ading resistancéncreases with
increagdweb thickness

Longitudinal Intersection
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Figure 16. Influenceof thewebthicknesson the patch loading resistanaeith
differentcorrugation angls.

For the longitudinal loading locatipthe patch loading resistanaecreases linearly for

web thickness of 2 to 4 mm. After that, the curvesng/e slope and increase with less
intensity from 4 to 10 mm and the effect from the corrugation angle starts to b
noticeable. This means that the web thickness from 2 to 4 mm influesitcésloading
resistancenore than from 4 to 1m, but the corrugain angle has the opposite effect.
Although this change in slope is not drastic this might need to be considered in the
design models for corrugated web girders with thin webs. It is interesting to observe
that the highegpatch loadingesistanceields fa web thickness from 2 to 8 mm for
corrugation angle of 40° but for the stockigstler, with web thickness of 10 mm, the
patch loading resistands highest for a corrugation angle of 45°. Looking at the
corrugation angle of 70°, the girders have thewest load capacity for a web thickness

2 to 6 mm, but changes slope from 6 to 10 mm and increasesstb@ancat a faster

rate than other angles. It is worth to note that even if different behavior can be observed,
that for each agle the change in capity for the same web thickness the trend is close
to identical. The inclined fold load location has similar trend as the longitudinal fold
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load location, that is the slope changes at web thickness of 4 mm althoughnaifter 4
thepatd loading resistandacreases at higher rate than before unlike the longitudinal
fold. When the load is applied at the intersectionpideh loading resistanagcreases
almost linearly for web thickness from 2 to 6 mm and then increases with higher rate
from 6 to 10 mm fomll angles expect for angles of lower degree. It is interesting to
notice that for the longitudinal fold load case tia¢ch loading resistanég highest for
corrugation angle of 40 degrees while it is the other way around for #netethwhere

an angleof 70 degrees yields the highgsttch loading resistanc&imilar trendsare
observed when changing the corrugation angle for the inclined and intersection load
casesThatis for lower thicknesses the capacity is close to iddrticaach angle and

for thicker webs the corrugation angle influences the capacity, however the behavior is
slightly different for the longitudinal load caskhis might be due to the flow of forces
between the folds, for the longitudinal load case inset benefit the giter to have
smaller corrugation angle.

Different fold slendernesgatio, that is the ratio betwedhe length of the ladedfold
and thethickness of the welfor varying corrugation angles examined and how it
influences the patch loading resistancthe results are shown in Figut€. It can be
observed from the curves that thatch loading resistanee lowest when the load is
applied at the longitudinal fold for small fold slenderness ratio but with inctéalske
slenderess ratio the longitudinabid yields higher value thathe intersection and
inclined loadcasesNotice thatfor the longitudinal load case, the highest corrugation
angle leads to the highest slenderness ratib vice versafor the inclinedand
intersectioroad case This is dugo a change in the loaded fdidbm a; to a; for the
inclinedand intersectiotoad cass andwith anincreased corrugation angle, tudd
length ofa; increases buhe lengtha, decreases.
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Figure 17. Influence of the fold shderness ratio on thgatch loading resistander
all three loading locations.

When comparing thigureto thefigure Inaam and Upadhyay (2020) presentethéir
research theurveshave the same tren@ihepatch loading resistancerived by Inaam
and Uadhyay vyields in alightly higher value tan in Figure 17The reason fothisis
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that the referencgirderused is not the same and there are more parameters influencing
thepatch loading resistantian the thickness of the web and the corrugationeang|

5.2 Thickness of the web and width of the flange

The effectof changing the width of the flanges the patch loading resistancan be
seen in Figurel8 for all load casesFor the longitudinal loadingposition, the patch
loading resistancmcreases almos linear proprtion to increasinghe flange width

It is interesting thafor all three load casethe patch loading resistanc® almost
constant fothin webs of 2 mmFor the intersection and inclinéolad caseshe web
thickness of 4 mnmasalso narly constant behavior. The two alsalo not haveas
linearbehavioras the longitudinal loading fdhicker websThe 10mm web thickness
for theinclined load locatioincreases fronflange width of 30@o 450mm but for500
mm it decreases. This indicates that gach loadingresistancas not necessarily
enhanced with increasing the flange width if the loading position is on the inclined fold
althoughfrom these resultst is enhanced with applying the load on the other two
locations, that ishelongitudinalfold andthe intersectionAccording to this study the
highestpatch loading resistanteachievedy usingthe thickest web, hendecreasing
the thickness of the web enhances the patch loading resistance
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Figure 18. The influence of changirtbe flange width on theatch loading resistance
with differentweb thickness

Load [kN]

Note thatwhen the buckling shapare examined fogirders with applied load at the
inclined fold with 8 mm web thcknessand flange width o#00 and450 mm it is
observed thiathe buckling mode is shifting from a local patch buckling into flange
torsional buckling since the web has become thick enotggbhangeuckling mode
This is the reason for the increaseatch loading resistantetween these girders in
Figure 18.The difference infailure mechanisnior these two girderalong with the
load-displacementurvesareshown inFigurel9, thetop twofiguresare only presented

to show tle deformed shape of tiflangeso thescale of theontour can be ignored
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Figure 19. Failure mechanism and loadisplacement curves for two girddoaded
at the inclined fold.

When observing Figure lilere is also a difference in behavior betweerthhee load
cases fogirders wth thick web This difference in behavids due to thegirders not
having the samé@ilure mechanisnfior each load case like can be seen in Figure 20.
The scale of the contour in Figure 20 is irrelevaie buckling occurs in the flange

for the inclinedoad casédor girders with web thickness d8 mm a flange width o#50

and 500mm and allgirderswith a web thicknessf 10 mm For theintersection load
case this occurs for girders with web thickness of 10 mnadiashge width of 400 mm

or larger.In the longitudinal load case the flange failure mechanism only occurs for the
largest girder, that is a flange width of 500 mm and a wekrtbss of 10 mm.

Inclined

Intersection

Longitudinal

Figure 20. Different fiIure mechanism for each load case of gisdeith t,=8 mm
and b=450 mm
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The effect of changing the web thicknéssgain examined ar@hn be seen in Figure
21. For the longitudinal loadingosition,the patch loading resistanaecreaseglmost
linearly. It increases with faster rate for web thickness ah@4 mm which verifies
the conclusion made in chaptel and that is that the web thickness has more influence
on thepatch loading resistander thinner webs althoughit still increasesalmost
linealy for thicker webs.For the other two loadingositiors the patch loading
resistancencreaseslmostlinearly from 2to 6 mm and then it changes the sopor
the inclined loadingposition,the values of th@atch loading resistangeeld similar
valuesfor all flange widths andbr web thickness of 2, 4 and 10 mm but varying for 6
and 8 mmlt is the samdor the intersectiomesidedor web thicknes®f 10 mm, then

it is similar values for flange width @00to 500 mm, but yields lower patch loading
resistancdor flange widthof 300 and 350 mm

Longitudinal Intersection

2000

2000

‘ - b,=300mm
—hA b,=350mm
b,=400mm
—o— b,=450mm
b,=500mm =

- b,=300mm
—A— b,=350mm
b,=400mm
—o— b,=450mm
b,=500mm

1500 [

1500 [

Load [kN]
)
o
o
Load [kN]
)
o
o

500

tw [mm] tw [mm]
Inclined
2000 T T T
+bf=300mm
—A— b =350
1500 (=35omm -
b=400mm /‘r*""' -
i —e—b=450mm gl /
8 1000 [ bf=500mm —m
S

A |
2 3 4 5 6 7 8 9 10
tw [mm]
Figure 21. The influence on theatch loading resistancef varyingthe web thickness
with differentflange widtts.
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5.3 Thickness of the web and thickness of the flange

The effect of changing the thickness of the flange is showRigure 22 for all load
cases From the figure it can be concluded thettch loading resistandacreases
linearly with increasdflange thickness although for small web thickness of 2 mm the
patch loading resiahceis lessaffectedand showsearlyconstant behavioihe trend

for each load case is similar andaiso appeas that increasing the web thickness
increases the slope of tlwairves. This means thaincreasingthe web and flange
thicknessedothenhanceshie patch loading resistance
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Figure 22. Effect onthe patch loading resistanoeith varyingflange thicknesand
differentweb thickness.

It is observed that the stockiness of the girder seems to be more beneficial when it is
loaded on the longitudinal fold compared to the other two load cases. Since for the
longitudinal load casehe girder with web thickness of 10 nshows an ineasen

patch loading restanceof more thanlOOOkN from flange thickness of 20 to 40 mm
while for the othetwo load casethere is less increase patch loading resistance

The change in web thickneasd its effect on thpatch loading resistanéer different
flange thicknesses can be seen in FigiBeFor all three load cases the increase in
resistances almostinear, howevethe slopeseems to change for thin webs2ofo 4

mm. The patch loading resistanc@ems to bapproximatelythe same foall flange
thicknesses when the web thickness is 2 althoughthere isabout 100 kN difference
between théargest and smallest flange thickndasreasing either the flange thickness

or the web thickness increases pla¢chloading resistancdike wasmentioned before

It can be observed that for the intersection and inclined load cases for a flangesthickne
of 20 mm that the slope is slightly reduced from 8 to 10 mm web thickness, this minor
reduction in slope is due tachange to flange buckling for the 10 mm thick waihen

the highespatch loading resistander all three load cases is compared ih@iced

that thelongitudinal load case yields the highestsistanceof 2690 kN while the
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inclined and intersection abelow 2500 kN. What is interestimgthat the longitudinal

fold has the highesesistanceompared to the other two for the thickiéghge but the
lowestresistancdor the thinnest flange. The results for the longitudinal loading case
aremorespreacdutthan the other two.
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Figure 23. The influence on theatch loading resistanoith varyingweb thickness
and differenflange thickness.

5.4 Thickness of the web and depth of the corrugation

For thedepth of the corrugation, ontwo differert values of the corrugation deptg,
fulfil the conditions described in chaptérfor the referenceirder, the resuls for
varyingweb thicknessnd thesdéwo corrugaion depthsan be seen iRigure24. The
trend for all loading locationis that with increasing the web thickness tbsistance
increasesThe results show th&br both the longitudinal and intersectitovad casea
corrugation depth of 200 mwields higherpatch loading resistand¢ben the 50 mm
but the other way around for the inclined load c&®se.the longitudinal load case the
slope changes & web thickness of 4 mmand has almost the same slope vieeb
thickness of 4 to 10 mnWhen the load is applieat the intersection thgatch loading
resistancencreases almost with the same slégeall varying web thicknesse3he
inclined load case has some abnorbediaviorcompared to the other twAlmost the
same value is derived ftwoth corrugation depsfor web thickness of 2 to 6 mbut
at 8 mmweb thickness the girder with corrugation deptli®® mmspikesto a value
about 20kN higherthanthe girder with corrugation depth of 200 mm
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Figure 24. Influence on theatch loading resistancaf varying the welthicknesdor
differentcorrugationdepths

The reason for the abnorntahaviorfor the inclined load case wittorrugation depth
of 150 mm and web thicknes$ 8 mm is due tdlifferent bucklng behaviorcompared
to thecorrugation depth of 200 mm like can be seen in Figbrin the igure the scale
of thecontour is irrelevantThe larger corrugation depieems to prevent the buckling
mode to switch into #nge bucklingor the8 mm web.

az3= 150 mm tw 8m a3= 200 mmty =8 mm

Figure 25. Difference in buckling modes for different corrugation depths and same
webthickness, loaded at the inclined fold.
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When comparingthe different load cases ftine girder with8 mm web thickness and
150 mmcorrugationdepth it can be observed that when this specific giiddoaded
at the inclined fold théuckling modeis torsional flange bucklindut local patch
buckling for theother two load caseshich can be seen in Figu&s. In the figure the
scale of the contour is irrelevant

Intersection Inclined

Longitudinal

Figure 26. Different buckling modes for the same girder loaded in diftgresitions,
web thickness of 8 mm and corrugation depth of 150 mm.

Different fold slenderness ratio, that is the ratio between the length of the loaded fold
and the thickness of the web, for varying corrugation dept#xamined and how it
influences thepatch loading resistancthe results are shown in Figu2&. It canbe
observed from the curves that thatch loading resistanee lowest when the load is
applied at the longitudinal fold for small fold slenderness (afi®) but with increase

fold slenderness ratio the longitudinal fold yields higher value thamtaesection and
inclined loading locations, this is the same trend as was observed in Ffgure
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Figure 27. Influence of the fold slenderreegatio on thepatch loading resistander
all three loadingocations.

160

Since there are only two differedépths of corrugatiqgrthe geometry of the reference
girderis adjustedo agirderthat gvesmore variationgor the depth of the corrugatipn
seeTable16. The results for the new referengeder with varying thedepth of the
corrugation can be seen in Fig@2& From the resultd is observedhatincrease in the
corrugation depth can enhance aminish the patch loading resistance of the gjird
The trend for all three load cases is that for 4 mm web the resistance is enhanced with
increased corrugation depilhile for 8mm web the resistancedsninishedexcept for
the intersection load caséhe 6 mm welthas differenbehaviordepending onvhere
the load is applied. For the longitudinal load locativaresistance is almost constant
but for the other twdoad locations the resistano&reases from 200 to 300 mand
then decreases when the depth is increes880 mm.

For the intersean load case the smallest corrugation depth shows local buckling
mostly in the adjoining longitudinal fold, then with increased corrugation depth the
failure is observed first in both folds and then mainly in the inclined fold. Thisiegpla
the increasig and decreasing behavior for this load c&gken girders are loaded at
the inclined fold fothe smallest corrugation depth ahdthickest webthe girder fails

in the flanges while in all other cases local patch buckling is obseRgedsmall
corrugdion depth the failure imostly seernn thetwo adjoining longitudinal folds and
with increased depth the failure moves more into the inclinedTokelbehavior is more
linearwhen the girder is loaded at the longitudinal fokds is die to the failuralways
occurring in the longitudinal foldThese resultgive an idea that thefluence of the
corrugation deptis very complex anté dependent on other parameters.
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Figure 28. Influence on theatch loading resistanoaf varying the corrugation depth
for differentweb thickness.

The results for varying the web thickness for the three corrugdgipinsconsidered is
shown in Figure9. The trend of all load cases is that with increase in web thickness
the patch loadingesistance increases.
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Figure 29. Influence on theatch loading resistancef varying the web thicknessr
different corrugation depths
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It is interesting to see that for the longitudinal load case the charggah loaing
resistancés the smallest or around 500 kd web thickness from 4 to 8 mm while for

the other two it is around 1000 kN. When the load is applied at the longitudinal fold
there are similar values derived at web thickness of 6 and 8 mm for all aiiwrug
depth but for web thickness of 4 mm theragation depth of 200 mm yields lower
value then the other two depths. It is observed that in the inclined load case corrugation
depth of 300 and 350 has the same trend but corrugation depth of 200 mffehastdi
behavior Corrugation depth of 200 mmejds the lowest resistance for web thickness

of both 4 and 6 mm but for 8 mm web thicknesencreases aa faster rate than the
other two depths and yields the highest resistance. For web thickness oftl@emm
lowest resistance is for corrugation deptt350 mm. For the intersection load case the
smallest corrugation depth yields lower resistance than the other two for web thickness
of 4 to 6 mm, and at a web thickness of 8 mm the corrugation depth & 380mm

is approximately the same. What is instheg to mention here is that for all load cases,
the highest load capacity does neither follow the maximum or minimum corrugation
depth for all web thicknesses, however the differenpaioh loading resiahcefor the

same web thickness and differentrogation depth is very minimal in all cases.

Varyingfold slenderness ratavith differentcorrugation depthfor the new reference
girder areexamined, see Figui®0. The patch loading resistanés loweg when the
load is applied at the longitudinal fold for small fold slenderness ratio (<60) but with
increasd fold slenderness ratio the longitudinal fold yields higtesistanceéhan the
intersection and inclined loading locations, similar trendbseved in Figure 17 and
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Figure 30. Influence of the fold slenderness ratio onpla¢ch loading resistander
all three loading locations.
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It is worth to note that since ontlgree differenpatch loadingesistancearecalculated

for each varying parameter, it is difficult to conclude anything for the effect of
corrugation depth, however clear trerads observed. This subject could use further
investigation.

5.5 Summary

The results show that the web thielss has largeinfluence on theatch loading
resistancelncreasingthe web thicknesgcreasedhe patch loading resistancehis
matchegesults frompreviousresearchor example research done byo and Edlund
(1996), and_eiva-Aravena anddlund(1987) which alsshowed that thimad capacity
increased 380% with increasing the web thickness from 2 to 2.5.nmthe
preliminary studiesthe load capacity increases at a range of 80 to 200% with the
average around 100¢%aer increased wethickness from 2 to 4 mniProportionally,the
preliminary studies show gightly lessincrease in capacityompared tdhe previous
researches

When comparing Figure 23 to Figures 2@&, 24 and29 which all show the effect of
charging the web thickness along witine othemparaméer, it seems that varying the
flange thickness and web thickness yields more homogeneous thaanltthe other
three This is due to only changing thicknesses in the modelremather geometrical
paramegrs.These resultgvould indicate that the flangkickness has the least complex
influence on the patch loadimgsistanceut of the four parameters studied.

The fold slenderness ratio was examied it was observed that thgatch loading
resistancedecreases with increase in fold slenderness siafidhis verifies the
conclusion made by Kéves(010)thatthe capacity decreases with high web and fold
ratios.

The results for the corrugation angle show tbaincreased corgation angléhe patch
loading resistancis close to constant or slightiecreasing for girders with thimebs
For girders with thicker webs the increase in corrugation anglesstatthe patch
loading resistance increasepproximately linedy. Luo and Edlund (1996pand
Kdvesdi 010 concluded that thpatch loading restanceincreases with increasing
the corrugation angld.uo and Edlund (1996) also noticed thdten the corrugation
anglewasbetween 75 and 90 degrgesich loading resistane@easalmost equal.

The patch loading resistance incresasightly or is appoximately constantwith
increagd flange widthfor girders with thin web. Girders with thicker welbisat fail
with local patch buding, show lineaiincrease in capacityith increased flange width.
When the failure mechanism chasdlee patchloading resistancecreass with less
rate

Varying the flange thickness shewinear increase in patch loading capacity with
increased flange thickness and that the slope increases with increased web thickness.
This matches the results from Luo and Bdlu1996) that increasing the flange
thicknesancreaseshe patch loading ssstance.
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Increasing the corrugation depth shows no clear trend in either increase or decrease of
the patch loadingesistancehowever for all loading positions it seems likerthis a

slight increase in the capacity for thin webke controlling factor o the patch loading
resistance for the varied corrugation deggipears to be where, and how the girder fails.

Too few variations of girderare analyzedo draw any clear cohgsion.

When load is applied at the longitudinal fold, the patch loading resistantenost
cases lower than the resistance for the other load,desgsver, the longitudinal load
case haslightly higher resistance for girders with high flangeb thckness atios
Loading of the inclined fold is more sensitive to changing buckling mode from local
patch buckling compared to the other two load casesording to Dahlén and Krona
(1984, girdersloaded at the inclined fold result in approximately 14@har path
loading resistance than girders loaded at the longitudinal fold, this conctefiects
results fromsome of thepreliminary studies butloes not seem universd&ince the
prdiminary studies show both higher and lower resistafacethe inclned loading
position, and wherthe resistances higher itis not necessarily 14% highehis
conclusion is not valid whetie parameteraboveare consideredResearch done by
Luo and Edlund1996)alsoshowed thahigher caacitywas achieved when thead
was applied at the inclined fold which is not always the case in tfen&lysis.
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6 Extensive parametric study results and discussion

In this chapter the re#fs are presented from the extensive parametric stasgd on a
large number of FE analyseserfprmed using the parallel processing cluster
computational tooldor all three loadcasesThe chapters dividedafter the loading
locationsand comparison between themor each loading location girder with the
optimal load-to-weight ratio ippreseng¢dfor costefficiency, since stainless steel is more
expensive than carbonated stdal addition, trends for the top P® most optimal
girders with respect to weightediscussedThe patch loading resistance from these
different loading locations arcompared to each oth&he results are discussiadeach
subchapteand summarized at the erd.this chapter, theesults areften presented
with respect to iteration,maalgorithmicflow chart is presented iAppendix B3 to
betterexplain how theteratiors areconnectedo differentgeometricaparameters

6.1 Longitudinal fold

Theresulsfrom the parametric studgr the longitudinal load casgeshown in Figure
31. The figure showsthe patch loading resistander all 603 girders eachiteration
represents one girdémom the FE-analyss. Thepatch loading resistanagcreasesvith
increasingthe geometricabparametes, so the stockiestgirderyields thehighestpatch
loading resistancand the thinneglirders give thelowest value.

Longitudinal

3000

2500 [

. &
A}

0 1 1 Il 1 1 1 ]
0 100 200 300 400 500 600 700
Iteration
Figure 31. Patch loading resistance for each girdexaminedor the longitudinal
load case

If the effecton the patch loading resistarimechanging different geometric parameters
is examined, see FiguB2, the followingconclusions arebseved:
1 With increased web thickness tpatch loading resistandacreases, which
means thathickerwebs give higher resistance.
1 With increased width of the flanges tipatch loading resistandaecreases
slightly.
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1 With increasedlange thickness thpatch loadng resistancéncreases.
1 With increased number omit cells thepatch loading resistanaecreases.
1 Changing the corrugation angle is not as clear as the other parameterseherefor
it is difficult to concludef it is beneficial to havemall orlargeangle. The main
trend is that larger anglgield higher patch loading resistanioet with a more
complexbehaviorandis dependent on other parameters
1 With increasing the corrugatiatepth thepatch loading resistanagcreasesor
most girders
These observationsorrelate to the results from tipeeliminary studes in chapter 5
where some of these parametarsalso considered.
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Figure 32. The patch loading resistancé a girder loaded at the longitudinal fold
with respect to different geometrical parameters.
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The ratio between theatch loading resistancand the weight of eaclirder is
examined, see FiguBs3, to find the optimal girderswith respect to weighfhisis done

fo see

whichgirder has the most dpnal resistance and materiasage to minimize

environmentabnd financial aspecthe figure shows that thegirderwith the highest
patch loading resistance from FiguB#is notthe most optimizedjirderin terms of
resistance and weight.
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Figure 33. Ratio betweerpatch loading resistance and weigiiteach girderfor the

longitudinal load case

How changng different geometrical parameters affettie ratio between the patch
loading resistance and the weighpresented ifrigure 34 the followingobservations
are deduced:

T
T

= =4

With increased web thickness thatio increasesywhich means thastockier
webs give higheratio betweemesistancand weight

With increased width of th#angesthe ratio decreaseswider flanges yitl
lower ratio this suggests that thancreased weight from widening the flanges
does not increase the patch loading capacity greatly.

The trend otthanging thelénge thicknesss not asclear but the main trend is
that with increasing thehickness theatioincreases.

With increased numbef unit cells,theratioincreases.

Changing the corrugation angle is not as clear as the other paratnetefse

it is difficult to draw conclusions from this graghthe angle should be small or
large for the opimized girder it seems to be highly influenced of the other
geometrical parameters.

With increasingthe corrugation deptkhe ratio decreasesso the optimized
girder hasthe smallest corrugation depthis is directly related to the flange
width.
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Figure 34. The effect ofach varying parameter in the Fhalysisonthe ratio
between patch loading resistance and wedgjtihe girder

The top10% most optimal girdersvith respect to resistance and weiglave a few
thingsin common. Most of the girders have a web thickness of 8 mm wdnlee also
have 6 mm web thickness, this suggésat thicker webs ammoreoptimal. The girders
haveall different types of flange wid# however thenarrowestflange of 250 mm is
seen met often in the top 10% while the widest flange of 500 mm is seen thglheas
narrowflangesappeato be more optimalA vast majorityof the girders in the top 10%
have a fange thickness of 40 or 30 mm, only a feavé20 mm, therefarthick flanges
aremore optimalMost of the girders hee eitherthreeor four number ofunit cellsfor

CHALMERS Architecture andCivil Engineering

Mast e ACEX30Thesi s

49



the top 10% most optimal girders, only a few girdeagetwo unit cells Neither the
corrugation angle nor the corrugation depdisa drastic influence for the magptimal
girders.

The girderthat has the@ptimized ratio between thesistance and thgeight has the
geometrical parameters presented in TadBleEThe girder hasthelargestvalue forthe

corrugation angle, web and flangethicknessbut thesmallestvalue for thewidth of

the flanges and the depth of the corrugatiewer number olnit cellsare expected
for the optimized girder, since thogiedersare lighter, here a numberwtit cellsequal

to threeis the most optimalThis result for the nunds of unit cellsis not surprising
since the longitudinal load case is sensitosBange deformations aralhighemumber
of unit cellshelps to reduce flange deformations.

Table18. Geometrical parameter of the girder witptonized load to wegjht ratio for
the longitudinal load case.

Variable Value
Thickness of webty 8 mm
Width of flanges, by 250mm
Thickness of flangest; 40 mm
Corrugation angle,U 70°
Depth of the corrugation,az 100 mm
Number of unit cells, Ncorr 3

CHALMERS Architecture andCivil Engineering Ma st e AGEX30Thesi s 50



6.2 Inclined fold

The results from the parametric study for when the load is applied at the inclined fold
areshown in Figure35. When tte figure is compared td-igure31 it is observedhat

there is not as clear division in those,but the trend is theame that is witlhigher
geometrical valuethe patch loading resistaneecreasesThe stockiesgirders result

in the highespatch loading resistan@nd theleast stockygirders have the lowest
resistance The effect of changing each paramekes the same trend as for the
longitudinalload casdut thefigure for the inclined folds found in AppendixB.2.1.
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Figure 35. The patch loadingesistance for each girder examined for the inclined
load case.

The results from the pametric study for the ratio between fheeich loading resistance
and the weight when the load is applied at the inclined fold is shown in FB§ulte
has similar tradsasFigure 33.The effect of changing each parameteyduailartrencs

as in Figure 38 for the longitudinaload casédut thefigure for the inclinedoad caseas
foundin AppendixB.2.2. A slight differenceis observedvhencomparing the two load
cases, for the inclined load casegreamg either the flange thickness or the number of
unit cellsdoesnot universally increase the patch loading resistance.

CHALMERS Architecture andCivil Engineering Ma st e AGEX30Thesi s 51



Inclined

221
&
2t Q o ©
I G
1.8
: aE

® o

= pe/ Weight [kN/kg]
0 &
«©0
@
Cg)@
&
R
O
OQ?D o

1.6

Soe)

6]

14

1.2

@5@0@ % g

©
o
©

F

o

&
Ree

0.4 :
0 100 200 300 400 500 600 700

Iteration

Figure 36. Theratio between patch loading resistance and weajlgach girderfor
the inclined load case.

For the top 10% most optimal girdensth respect taesistance and weiglior the
inclined loadcaste, not much differs from théongitudinalload casehowever here
are some differenceBor the longitudinal load case, thick flanges deemed optimal,
for the inclined load casthereis no distinct difference observed for thin or thick
flanges. The number aiit celks for the longitudinal load casse optimal at either 3
or 4 unit cells for the inclinedoadcase 2 unit cellsarealso observeth the top 10%
most optimal girdersThese observatns ca be visualized by compaririggure 34 to
thefigure in Appendix8.2.2.

The girderthat has the highest load weight ratiofor the inclined loadtasehas the
geometrical parameters presented in TaBle

Table19. Geometrical prameter of the girder with optimized load to weight ratio for
the inclined load case.

Variable Value
Thickness of webty 8 mm
Width of flanges,br 250 mm
Thickness of flangests 20 mm
Corrugation angle,U 70°
Depth of the corrugation,as 100 mm
Number of unit cells, ncorr 2
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The optimized girder hathe highest value for corrugation angle, the thickness of the
web but the lowest value for the numberuaiit cells the depth of the corrugation,
thicknes=f the flangeand width of the flange

6.3 Intersection

The results from the parametric studytloe intersection load caaeeshown in Figure
37. Similar trends are observed for this load case dhd other two load case§he
intersection load cassorrdates better tahe inclined load caséut somesimilarities
areseen when comparing this load case to the longitudinal load case aBowéile
intersectionoad casgthe load is applied at both the inclined fold ane tongitudinal
fold, soseeing a&ombination of trends for the other two load case®t surprising
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Figure 37. The patch loading resistance for each girder examined for the intersection
load case.

The results from the parametric study for the ratio betwhsspatch loading resistance
and the weight when the load is applied atititersectiorareshown in Figure38. It
has similatbehavioras the other two load cases, see Fig88and 36. The eéct of
changing each parameterstsamilar trendgor most @mrameterss in Figure 34 for the
longitudinalload casethe figure for thentersectioncan be found in Appendi.1.1.
Similar behavioris detected for the intersectitwmad caseas the inclinedbad casethat
is, increasing thdlange thickness or theumber ofunit cells doesnot necessarily
increase the patch loading resistalilceis observed for the longitudinal case.
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Figure 38. Theratio between patch loading resistance and wedajlgach girderfor
the intersection lad case.

When analyzingthe top 10% optimal girderswith respect to resistance and weight
loaded at the intersectiorthe parametricaltrends appearvery similar to the
parametrical trends for the inclined load ca$ew each parameteiffects thaop 10%
optimized giders loaded at the intersectioan be visualizeth the figures presented
in AppendixB.1.2.

The girder withthe highestatio between thgatch loading resistan@dweight for

the intersectiomoad caséias the geometrical parameters preeed in Tabl0. It is a

girder with the highest value for corrugation angle and the thickness of the web, but the
lowest value for the number ohit cells the depth of the corrugation and the thickness

of the flangethe width of flanges is 300 mm.igtworth tonote that this girder is almost
identical to the most optimal girder for the inclined load case, only the width of flanges
is slightly wider.

Table20. Geometrical parameter of the girder with optimized load to weiafid for
theintersection load case.

Variable Value
Thickness of wehty, 8 mm
Width of flanges, by 300 mm
Thickness of flangestr 20 mm
Corrugation angle,U 70°
Depth of the corrugation,as 100 mm
Number of unit cells, ncorr 2
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6.4 Comparison of the patch loading resistancebetween

eachload case

Here thepatch loading resistance from theee load cases are compared to each.other

First theresistance from when the load is applied atitingitudinalfold is compagd
to bothwhenthe loads appied at the inclined foldand the intersectigrsee Figur&9.
In thefigure the girdersare split into two groups, the first group are girders whth
ratio between the thickness of the flange and web lowerfthepnmarked withblue in
the scatter. The othehave ratio equal ¢argerthanfour. The reason fahe two groups
is that each parameteras examined to see if thei®any clear trendor girders that
have higher resistance for the inclinadd intersectiofoad cassand girders that ive
higherresistance for the longitudinal load ca$ke thickness ratics thecombination
of parametes that showthe clearestirend for the difference in the figuréhe main

trend is that the girders withickness ratio lower than 4 have higher resistancén@r t

inclinedand intersectiofoad cass
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Figure 39. Compari®n between the resistanoéthe longitudinaload caseand the
other two load cases
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The girders that yield 10% higher resistance for the longituthadicase compad to

theothertwo loadcaseall have a large flange thickness of 40 mm, large web thickness

of 8 mm, wide flangevidth of 400 to 500 mm, number ahit cellsaround 2 to 3, all
variation of the corrugation angle present and corrugation depth of 208350 mmis

seen. This shows that for the longitudinal load case it is beneficial to have the thickness
ratio higherthanfour and wide flanges.

The girders that yield 10% higher resistance for the inclamebintersection load cases
compared to the lomgidinalloadcase have a small flange thickness of 20 mm although

3000

in some cases 30 mm, large web thickness of 8 mm, all variations of the flange width,

the number oflinit cellsis 2 but few girders have 3, all variation of the corrugation
angleis presenaind corrugadn depth of 100 to 350 mmg seen. This means that for
the inclinedand intersectiofoad caseit is beneficial to have thickness ratio less than
four but unlike before the flange notas influential

When the effect of flange widils futher investyated wiencomparing the load cases,

it is observed that larger flange wid#me beneficial for the longitudinal loazhseand

the patch loading resistanicecloser to the two other load cases for larger flange widths.
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The resistance fromhen the loads applied at the inclined fold is compared to when
the load is applied at the intersection, seeifeig0.Theresistance from both load cases
correlate well to each othéhen thegirders that givel0% higher resistancéor the
inclined fold are examined and compared to the girderdnag10%higher resistance
for the intersectiorthenthere is no clear trend in the parameters except fowéie
thickness When the inclinedoad casegives 10% higher resistance then the web
thickness i8 mmbut when the intersection i50% higherthe web thicknesss always

4 or 6 mm
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Figure 40. Compari®n between the resistance from the inclined and the intersection
load case.
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6.5 Summary for the parametric study

Increasing the web thickngsflange thickness, flange width or numberuwiit cells
increass the patch loading resistance for all load cases. Increasing corrugation angle
andcorrugationdepth e@esnot show increase in patch loading resistance in a clear way
so these two paramesehase more complex effect on the resistaacel are dependent

on other parameters

When the optimizedjirders for all threeload casesrecompared, see TabR, it is
noted thaffor all three cases the optimizgdder hasthe same thickness of the web
corrugation angle and corrugation depth. The width of the flanges is different for the
intersection but only 50 mm differerce The number olnit cellsis highest for the
longitudinalload casethat could be explained due to the fact théien the loads
applied at the longitudinal fold it redistributéise load through the flanges over a
shorter distance to thieclinedfolds since the length of the longitudinal fold is smaller.
Out of the threeptimizedgirdersthe highestatio betwea patch loadingesistance
and weighis derived for the girder loaded at the intersection alththemclined load
case yields similaralue. The girdeloaded at théongitudinal foldhasthe highest patch
loading resistance but the stockiest girder and thexgfelds in the lowest ratio.

Table21. The optimizedjirder for each load caswith respect to resistance and

weight
Longitudinal  Inclined Intersection
Thickness of webty 8 mm 8 mm 8 mm
Width of flanges, br 250 mm 250 mm 300 mm
Thickness of flangest; 40 mm 20 mm 20 mm
Corrugation angle,U 70° 70° 70°
Depth of the corrugation,az 100 mm 100 mm 100 mm
Number of unit cells, ncorr 3 2 2
Ratio between resistance anc 2.02 kN/kg 2.11 kN/kg 2.12 kN/kg
weight, Fr/'W
Patch loading resistancefr 1632.1 kN 1363.4 kN 1515.3 kN
Total weight, W 8959 kg 646.6 kg 7160 kg

When the patch loading resistance fromttiree different load casese compared to
each other its observed that the inclined and intersecload casesorrelate well to
each other. The longitudinal load casedifferent fom the other two and a tré is
observed in the patch loading resistance anddgtthat the ratio between the thickness
of the flange and welnfluencesif the longitudinalload caseliffers from the other two

If the ratiois equal or larger thafour, the resistancef the giders yiel& higher
resistance for the longitudinal load casenpared to the other two load cadas lower
resistance when the rai®less than 4 for most girdehscrease in flange width appsar
to cause increase in patatading capacity fosome girders loaded at the longitudinal
fold.
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7 Existing design models

Here theresults from the Fanalysis are compared four existing design models and
the design model for corrugated wefstem the newest draft of the Euroco@eThe
design modelgonsidered are from a wide range of years and the oldest tmoenis
1996

7.1 Design modeby Luo and Edlund (1996)

When the parametric study results are compared tbetfign modeby Luo and Edlund
(1996)it is clear thathe model ison the unsafe sideompared to the FE resylnly

a few models falbn the conservative sid&€he comparison for the longitudinal load
case is shown in Figure 4the figures for the other two load cases presentedn
Appendix C.1.In the figurethe 45degree line represents when the patch loading
resistance from the F&nalysis andhe design model are equal, the red dashed line
represents the mean value oftb&ome abnormal behavior is observed where in three
places, different girders from the parane study yield the same patch loading
resistance in the design mod&his occurswhen the condition in equatid®is not
fulfilled and for trosegirders only thegield strengthof the web loading lengthflange
thickness and web thickness controlpaech loading resistance from the design model.
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Figure41. Patch loading resistander applying the load on the longitunl fold
from FEanalysis compared to design model from Luo and Ed{L886)

Luo and Edlund1996) desigmmodel was developed after a parametric study where
five different geometrical parameters were varied, that was the corrugation angle,
height of the web, span length, flange and web thickness. This means that in the
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parametric study the wild of the flage was not examined and only one parameter of
thecorrugationvas considered, that is the corrugation angle which although influences
the other parameters of the corrugation. This reflects in the design model presented by
Luo and Edlund (1996which consiérs the yield stress of the web material, flange
thickness, web thickness and a fa¢toihis factor is influenced by the corrugation of

the web and the distribution of the load. This shows that the model presented by Lu
and Edlund (1996} not sophisticated enough to determine the patch loading resistance
of girders with corrugated wedince it overestimates the resistance.

The mean valuef the patch loading resistanfag all three load caseas presented in
Table22. The differencean the average patch loading resistanceefieh load case
drastic, where the design model yieldsrendahan 45%higher average resistance
compared to the FE analyda all load casesThe design model by Luo and Edlund
was developed aumd parametemifferent from this parametric studynatis likely the
reason for why the results do not correlatdl together.

Table22. Mean value for all three load cases from thed&talysis and the design
modelpresented by Luo and EdIufti996)

Average patch loading Longitudinal  Intersection Inclined
resistance
FE-analysis[kN] 11196 1136.6 1145.6
Design model [KN] 1663.7 1663.7 1663.7
Diff erence[%] 48.6 46.4 45.2

7.2 Design modelby Elgaaly and Sshadri (1997)

The design model from Elgaaly and SeshéBb7)is compared to the results from the
FE-analysisfor the longitudinal lod casethe results are presentedFigure42. The

results from the design model presented by Elgaaly and Segh@@irjshow that the

patch loading resistance matches quiet well to the results from the parametric study
This is easily seen from the meawalue line which lies closely to the line,
Frre=F Rr Eigaaly,Which is when the results from the two are equal. However, a lot of the
models are on the unsafe side of the line which means that the model is not conservative
in estimating the patch loadingsistance of all girders considered.

In the malel they take into consideration two failure modes, web crippling and web
yielding. The web crippling model considers contribution from both the web and the
flange unlike the formula presented by Luo and EdI(#®96)which only considers
parameters of the web and thickness of the flange. The formula presented by Elgaaly
and Seshad(iL997)consider more parameters than the formula presented by Luo and
Edlund (1996) The parameters considered are the plastimmemd capeity of the
flanges, the loading length, Youngs modulus, yield stress of the web and flange,
thickness of the web, thickness of the flange, distance between the plastic hinges, width
of the inclined fold and longitudinal fold. This shows thatftrenula s more complex

and considers a broader variety of girders then the model presented by Luo and Edlund.

What is similar to the Fanalysis performed and the research done by Elgaaly and

Seshadri(1997) is that there are the same load locations idensd excluding the
intersectionand the loading length is rather narrow in both studies.
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Figure 42. Patch loading resistander the longitudinal load caskom the FE-
analysis compared to design model from Elgaaly and Skeis{i®297)

The mean valutor the patch loading resistanfoe all three loading locatiorfsom the
FE-analysis anthe models shown in Tabl23. Themean valuérom thedesign model

is 14% higherfor the longitudinal load case compared to the resisténoen theFE-
analysis For the other twaases it yields almost the same value or approximately 1
2% difference. Tis result underlines that the model is unconservatioe the
longitudind load casecompared to this Fanalysisand can overestimate thatph
loading resistance ajfirders with corrugated wefor that load casd-or the other two
the mean value correlate well together.

Table23. Mean value for all three load cases from thed&talysis and the design
model presenteldy Elgaalyand Seshadr{1997)

Average patch loading Longitudinal  Intersection Inclined
resistance
FE-analysis [KN] 1119.6 1136.6 1145.6
Design model [kN] 1277.8 1127.4 1127.4
Difference [%] 14.1 -0.8 -1.6

Since there waa good correlation betweehe intersection and inclined load case the
design model from Elgaaly and Seshddf@97)was compared to the results from the
FE-analysis for the other twoad cases, inclined and intersection, aad be seen in
Figure 43. From the figure it is cledrat for thos two load cases the results from the
model and the Fanalysis fit well together which matches the results from the mean
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valuecomparisoralthoud there are still girders falling on the unconservative side. It
is also observed that there aréew girders that yield much higher capacity in the FE
analysis thn in thedesignmodel. For the inclinetbad caséwo outlaw girders yield

in around 2600 K from the FEanalysis but only yield in around 1400 kM the
design model.
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Figure 43. Patch loading resistander theinclined and intersection load casom
FE-analysis compared to design model from Elgaaly and Ses(iza87)

7.3 Design modelby Kovesdi et al(2010)

The design model presented by Kévesdi et alQ23 compared to the results from the
FE-analysisfor all three load cases. The comparison for the longitudinal loadsase
shownin Figure44 but the other twtoad cases afeund in Appendix C.2. In Figure

44 distinction is made fogirders that flfill the conditions set for the design modeid
girders that do not fulfill the condition3here is one condition neglectadat isthe
criteria consideringhe ratio between théoading lengthand the height of the girder
since none of the girdefom this FEanalysismeetshatcriterion Thegirdersthatdo

not fulfill the suggested conditions for tdesignmodel follow similar trend as the
other ones although they ar®re unconservativeompared to the ones that fulfill the
conditions, which meanthat they yieldhigher resistance values.

The model from Kovesdet al (2010)its worse than the model presented by Elgaaly
and Seshad(i1997) both modelsare ;m the unsafe side compared to the redubis

the FEanalysis The formuladeveloped by Kvesdi et al(2010) considers the
contribution from the flanges and the wekhe contribution from the flanges is
influenced by the plastic moment capacity of the flanges, thickness of the web, yield
stress of the web and the reduction factbhe contribtion from the flangs is
influenced by the same reduction factor and in addition the web thickness, yield stress
of the web, loading length andodification factor due to the corrugation angte.
addition, the design model follows a ndimensional slendeess curveThe same
parameters are considered by Elgaaly and Sesfi®®7)butin additiontheyhave a
parameter whiclksonsidesthe distance between the plastic hinglagch could explain

why that formulagives bettercorrelation to the Fanalysis.
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Figure 44. Patch loading resistance from Fahalysis compared to design model from
Kovesdi et a(2010)

The mean value for the patch loading resistance for all three loading locations from the
FE-analysis and the model is shownTable 24. The mean valuelaver for all three

load locations from the FBnalysis compared to thheean valuédrom thedesignmodel,

the difference is arounthb-26%.

Table24. Mean value for all three load cases from the &taysis and the design
model presented by Kévesdi et al.

Average patch loading Longitudinal  Intersection Inclined
resistance
FE-analysis [KN] 1119.6 1136.6 1145.6
Design model [kN] 1413.4 1311.2 1349.6
Difference [%] 26.2 15.4 17.8

Thegirdersthat fulfill the criteriafor theKovesdi et a{2010)design modearefurther
examined and@ompared to the resultsr those girders ithe FEanalysis, see Figure

45 for the longitudinaldad case. Theesults for the other two load cases be found

in Appendk C.2.2 The mean valuéor the design modejets closer to themean value

from theFE-analysisvhich means that thoggrdersfit bettertogetherThisis expected
since the model is developed based on girders that fulfill the congiidar the design
model so girders outside of the conditiooutd have different behavior and failure
mechanism although the model should give a good estimate for those girders as well.
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Figure 45. Patch loading resistance from Fahalysis compad to design model from
Kovesdi et a(2010)for girders thatfulfill the criteria of the model.

For girdersthatfulfil the criteriaof the design model for alhree loading locationghe
mean valudérom the FEanalysis is compared to the mean valoenfthe design model
see Table5. The model gives aroun®B22% higher resistance than the-BRalysis.
Themean value for when the load is applietbagitudinal fold gets closer to the mean
valuefrom the design model compared to when all the girdere@nsidered in Table
24, the difference decreases approximately. 3¥e difference for the other two load
cases increasepproximately 3% compared to Table 24.

Table25. Mean value for all three load cases from thedtalyss and the design
model presented by Kdvesdi e{2010)for girders that fulfill thecriteria set by the
design model.

Average patch loading Longitudinal  Intersection Inclined
resistance
FE-analysis [KN] 851.5 910.2 920.4
Design model [kN] 1031.2 1080.2 1123.8
Difference [%] 21.1 18.7 22.1

7.4 Designh modeby Kovesdi (2010)

The design model presented by Koveg@i10)is compared to the results from the-FE
analysis The comparison for the longitudinal load case is presentBdjure 46, the
results forthe other two load cases can be found in Appendix Cli3.the figurethe
samedistinction is madeas befordhat isgirders that fulfill the conditions set for the
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design model and girders that do not fulfill the conditji@ludingthe loading length
The onlydifference between this model by Kove$ad10)and the design model by
Kdvesdi et al2010)is thereduction in flange capacity for girders where notf@lir
plastic hinges can form. This reduction in flange capaun#yes the design model and
the FEanalysis fit closer together.
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Figure 46. Patch loading resistance from Fahalysis compared to design model from
Kovesdi(2010)

The mean value for the patch loading resistance for all three loading locations from the
FE-analysis and the model is shown in Table PBe difference between therdée
loading locations and the model are all similar or al#ei$%. The longitudinal load

case has the highest difference from the maddlthe intersection the lowest

Table26. Mean value for all three load cases from the-&talysis and the design
model presented by KovegdD10)

Average patch loading Longitudinal  Intersection Inclined
resistance
FE-analysis [KN] 1119.6 1136.6 1145.6
Design model [kN 1287.0 11935 1228.3
Difference [%] 15.0 5.0 7.2

The results for the girders that fulfill the conditions of Kove&dilQ design model
werefurther studiedComparison between the design model and theufddysis can
be seen in Figuré7 for the longtudinal load case and the figures for the other two load
cases can be found in Appendix C.3/Zhen comparindrigure 47 to the results from
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Kovesdi et al2010)design model presented in FigutBit is observed that the results
from the FEanalysis fit ketter to the current design model.
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Figure 47. Patch loading resistandeom FEanalysis compared to design model from
Kovesdi(2010)which fulfill the criteria of the model.

The difference for the average patch loading resistdor each load case of the-FE
analysis compared to the design model is less Th@rfor all loadcaseslike can be
seen in Tabl@7. The averag@atch loading resistander all the loadcase is on the
unsafeside The difference for the longitudinabdad case has been reduced by
approximately 10% when comparing Table 27 to Table 26, while theddiffe for the
other two load cases has only reduced slightly.

Table27. Mean value for all three load cases from the &talysis andhe design
model presented by Kéveg@dD10)for girders that fulfill thecriteria set by the design

model.
Average patch loading Longitudinal  Intersection Inclined
resistance
FE-analysis [KN] 851.5 910.2 920.4
Design model [kN] 889.9 940.3 981.4
Difference [%0] 4.5 3.3 6.6

If the girders that fulfil the criteria for Kévesd2010) design model are further
analyzedwith respect to flange and web thickness mtsmme interesting results can
be observefbr the longitudinal load cas&hevast majorityof girders withflange and
web thickness ratio greater than 5 are on the conservativeaigeared to the FE
analsis like can be seen in the figure in Appen@3.3. These results indicate that
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theKdvesdi(2010)model could beisedto estimate the patchdding resistanctor a
ceriain parametricange

7.5 Design modelin the latest draft of EN 1993 1-5 (2020)

The design model presented in the latest draiusbcode3 is compared to the results
from the FEanalysis The results for the longitinal load casarepresented inFigure
48 and the results from the other tload casearefound in Appendix C.4The figure
shows that the model from Euroco8i¢s very conservative andublon the safe side
compared to the results from thE-analysisIn the figure distinction is made between
girders that fulfill the conditins in equation 19 for the design modetl rders that
do not fulfill the conditions.

If the model presented in Euroco8es examined, see equati@, it is clear that it
only considers the web that means that the contribution from the flangegksted.
Therefoe, the Eurocod&® modelis expe&ted to be on the safe side and that the results
from the FE-analysiswill yield higher resistance since it takes into account the
resistance from the flanges.
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Figure 48. Patch loadingesistance from Ftanalysis compared to design model from
thedraft of EN 1993 1-5 (2020)

The meanpatch loading resistandeom the FEanalysis for all three load casis
compared toesultsobtained witlithe Eurocodenodel Theaverage resistanée®m the
Eurocode3 modelis about72-76% smaller than theesults for thehreeload cases in
the FEanalysis This shows that if thenodelfrom the newest draft of Euroco@ds
used in design it yields very conservative results for thehgaading resistance
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Table28. Mean value for all three load cases from the &italysis and the design
model presented in thdraft of EN 19931-5 (2020)

Average patch loading Longitudinal  Intersection Inclined
resistance
FE-analysis [KN] 1119.6 1136.6 1145.6
Design model [kN] 308.8 275.7 286.0
Difference [%] -72.4 -75.7 -75.0

7.6 Summary and discussion

These results mean that the only model that can be deemed applicable and safe to use
for the results from the parametric study is the model fromdodies, since that ishe

only model which is conservativ€he model although gives very conservatigsuls

and lackscontribution from the flangedf the flange contribution would bedded in
thedesign model itould makelte modelunsafe if it is nbdone correctlyTherefoe,

it is important to be careful when deciding how to take into consideration the
contribution from the flanges since that is a complex problem.

These resultarenot what was expected, that is that the existing design modeis sho
S0 unconservative resultempared to the FBRnalysis Therefoe, a reasoning for why

the simulations gavewer resistance then the existing design model was further looked
at. That is if any of the input parameterghe FEanalsiswere too conservativior

the model. The material model used was elggtistic material model that is the stress
strain relationsip is assumed to follow an elasfastic material with strain hardening.
According to Luo and Edlun@l996, using theRambergOsgood sain-hardening
model showed that the load capacity increased aroti¥@but that is not enough
increase togason this difference.

The design model fromuo and Edlund(1996) yielded unconservative results and
largely overestimated the patch loadimgistance compared to the-BRalysis this
supports the conclusion drawg Kovesdi 010) A possible reason for this is that the
parametric range for the Fahalysisis different from the parametric range in their
design modelFrom the comparisof the design model to the FE analysigsit
concludedhat thedesign model isota good tool to usi practice

Elgaaly and Seshad(iL997) design modehad the best fit with the FEanalysis in
average patch loading, howeveany girdersare on theunconsevative for the patch
loading resistanceThe average valudor the longitudinal load casefrom the FE
analysis ha 14% difference from the modeto for that load case the model
overestimates the patch loading resistabhaetheother twoload cassehadonly 1-2%
difference Even ifthe inclined and intersection load caserrelatewell for the average
patch loading resistandbereare girders lhat differin resistancanore than 1000kN
between the F@analysis and the design modebr all load cases, ¢tstandard deviation
for this design model is quite large.

When comparing the two design models presented by KovesdRétfl)andKovesdi
(2010) it is concluded that for the parametric ranges and combinations in the FE
analysis that the Kéves(010)designmodel ismore appropriatel he only difference

of the design models is that tKévesdi(2010)formula tes a factor, n, insteadof the
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constant 4vhich considers how many plastic hinges can develop in the flange and is
dependent on the ratio betwethe thickness of the flange and wé&be results show
that with adding this factdhedesign modeandthe FEanalysiscorrelate better

If the Kovesdi(2010)formula, see equatioBl, is compared to the one given in the
latest draft of the Eurocod®(2020) see equatioB35, it is clear that the formulas are
similar when looking at the contribution from the cmated web, although the Kévesdi
(2010)model lackssafety factors. If the contribution part of Kbve§2010)equation
that considers the ctarbution from the flangewould beadded to the formula from the
EN 1993 1-5 (2020)it would show similar results as the Kovesdi (2010) design model
The results fronthe modelsshowthat the contribution from the flanges according to
Kdvesdi(2010)exaggerates theapacitycompared to the FRnalysis The reason for
this overestimatiocould be he loading length.

The contribution from the flanges in Kéve$a010)formula is based on research where
a wide loading lengthss, was usedout in this FE-andysis narrowloading lengthis
considered.For a narrow loading length, loaded on tlmngitudinal fold the
distribution of the load to the corners of the corrugation is through bendingftzinge

and it dependson the bending stiffness of the flangéhe torsional rigidity of the
flanges distributes the load to the inclined part of the corrugations which means that if
the longitudinal partay, is long in relation to the loading lengtg, then the flange will
become flexible which means that therd & highbending and the concentrated force
will be large on the web. This means that for narrow loading length the flange
dimensions hava largeinfluence. henwhenthe loading length is widtne influence

of the flange dimensions is not as effectpezause the load will transfer directly to the
corner of the corrugation. For examgfet is loaded over the whole corrugation then
there ardour rigid points, one in eactornerwhich is much stiffer compared to when
the loading length is narrowhis could explain that if the contribution from the flanges
suggested by Koves@R010)is added toEN 19931-5 (2020) formula it will give
unconservative result®r narrow loading lengthsince the contribution from the
flanges is made from caseserethe loading was long.

The average patch loading resistance forall lesign models and the formula from
the Eurocod@® are compared to results from the-&ialysis for all load caseskigure
49. Theresistancés higherfor the design model presentieg Luo and Edlund1996)
Kdvesdi et a{2010)and Kovesd{2010)thanthe averagdrom the FEanalysisfor all
three load caseslowever the resistance fraime formula inEN 19931-5 (2020) draft
yields much smaller averagalues then the Fanalyss. The mean value from Elgaaly
and Seshadr{1997)is the closest to the mean value from thedrilysis results
although that has quite larger standard deviation compared to the K@@&Ka)design
model.
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Figure 49. Mean resstance values for all three loading cases from theaRBlysis
compared to results from each design model.

Note that none of these existidgsignmodelsaresophisticated enough to capture the
influence of every paraater that effects the patch loadiregistanceand therefoz a
furtherenhanced design model is still needed for the sulfaif the existing design
modelsanalyzedwere developed considering carbonated sfEle¢refor, it is not
surprisng thatsome of the desigmodels were sensitivi® the flangeweb thickness
ratio range fom FEanalysisdeveloped for stainless steel girders.
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8 Conclusion

8.1 Preliminary studies

The thickness parametds the web and flangéy andts, have thdargestinfluence on
the patch loading resistancicreasing the web thicknedtange thickness arthnge
width increases the patch loading resistarioereasing the fold slenderness ratio
decreases the patch loading resistance.

The influence of the corrugation angle and flange wadtrdependent on thkickness

of the web For girders with thin webs increasing the corrugation angle gwestant

or slightly decrease in the patch loading resistamcereasing the flange width
increases the patch loading resistance slightly or notRorggirders wittthicker webs
increasing the corrugation angle increases the patch loading resataostinearly.
Increasing the flange width increases the patch loading resistance linearly for girders
that fails with local patch. When the failure mechanism changegatch loading
resistance increaswith less rate.

In the analyses thmorrugation deptis varied lesghanthe other parametensicreasing
the corrugation depth shows no clear trend in either inciggas decreasg the patch
loading resistance, @verthereis a slight increase in the capacity for thin webs.

The patcHoading resistands for majority of the girdertowerwhentheloadis applied
at the longitudinal foldhanfor the othernwo load casesHowever, the longitudinal
load case haslightly higher resistance for girders with high flangeb thickness
ratios Loading of thenclined fold ismoresensitive to changing buckling mode from
local patch buckling compared to the other two load cases

8.2 Extensive parametric study

The extensive parametric study shathat the patch loading resistance increagiéh
increagd web thickness, flange thickness, flange width or numbeurof celks.
Increasing corrugation angle and corrugation déptiha more complex effect on the
resistance anid highly dependent on other geometrical parameters

The optimizedgirders have the same thickness of the web, corrugation angle and
corrugation depth. The width of the flangsslightly different for the intersectioload
case The highest ratio betwegmatch loading resistance and weightderived fora
girder loaded at the intersection although the inclined loadgraegsimilar results

The girder loaded at the longitudinal foldshihe highest patch loadingesistancédout
thestockestgirder, so te ratiois lower thanthe other two.

Thepatch loading resistance for timelined and intersectioload casesorrelae well

to each other. The longitudinal load casdifferent from the other tw If the ratio
betweerthe thickness of the flange anebis equal or larger thaour the resistance

of the girders yieldhigher resistance for the longitudinal load caséldwer resistance
when the ratias less tharfiour for most girdersThis is the trend for most girders, but
not all Increase in flage width appeaito cause increase in patch loading capacity for
some girders loaded at the longitudinal fold.
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8.3 Existing design model

The design model presented in the draft for the upcoming Eur&isdmnservative
for all girdersanalyzedhowever thenodel may be too eservative as it only accounts
for the web contributionNone of theotherexisting design modelare conservative
enough to be applied in practice for the parametric range presented in thisTseidy
design model by Luo and Edlu{d99%) yields very unconservative resultnd is
therefoe not recommended to be used in practice.

Theresults from thelesgn modeldeveloped by Elgaaly and $esli (1997)for the
average patch loading resistarfits well with the FEanalysis especially fothe
inclined and intersection load cagdthough it haslarger standard deviation when
compared to Kovesd{2010) design model. fius, the design modepresentedby
Kovesdi(2010)could be deemed more promising for the parametric range in this study.

Two designmodek presented by Kovesdkoévesdi(2010)andKoévesd et al (2010,

are consideredThe design modelthat accounts for the number of developed plastic
hinges with thefactor, n, has acloserfit to the FEanalysis ands deemed more
appropriatdor the parametric ranga this stidy.

None of the existing design models thetinvestigated in this thesaesophisticated
enough to estimate the patch loading resistéorcstainless steel girder&djustments
are needed on the models antkbty/ factorsto be consideredotheyyield conservative
resistance A better model is needed to consider this loaditype so thatfuture

designerdiavea good desigriod to predict the resistance of girdevith corrugated
webin an efficientway, so the resistance is n@bhderestimated in@ajor extend.

8.4 Further research proposals

This study show that the model from the newest draft of Eurocod® is very
conservative since it onlyonsiderghe contribution from the corrugated web. To get a
better fit with the FEanalysisthe contributiorfrom the flanges is needed to be added
althaugh that contribution needs to fugther studied so that it will not make thmodel
unconservative.

This parametric studis aimed for girders with stainless steel andy one grade of
stainless steé$ consilered. Further studies could compare twmoredifferent grades
of stainless steel and see if there is any other difference then increasésiance
proportion to the increase yeld stress

In further study one could vary the geometrical parareet®re and increase the range
that was used ithis thesis. In additigrthere could be other parameters varied. In this
study the same height and span lengtlused throughout the study since previous
studies have shown that the heigbesnot influence the patch loading resistanddis
could be further examined.

For further research parametric studygould be performedwith variety of loading
lengths, from very narrow patch loads to wide patchdoaeér one or morenit cells
In this thesis onlya constanharrow lading lengths consideredThis could result in
a design model that accounts for both narrow and wide loading lengths.
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In this thesis, only one corrugation shapeonsidered and that was trapezoidal shape
since that is the one thatnsost common in esign. Same or similar work as was done
in this thesis could be beneficial for other shapes as well, for example sinusoidal shape.

A similar parametric study with comparison to experimental refuitstainless steel
girders withlarge fangeweb thicknas ratiosvould be preciousThis would verify if
this FE-analysis correlates well to reality not

In addition to thepurepatch loacconsidered in this thesiapplying a moment around
the longitudinal axis of the girder at tsame location as theetch load could yield
interesting resultdn many cases theenter of gravity fothe patchload is eccentrito
one side of the girder and thus caeate out oplane bending.
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Appendix A T Results from reference model 1
compared tothe FE-analysis

A.1 Analytical calculations

Geometry
h_w = 300mm Height of web Corrugation profile
;= Thickness of web

t_w = 6mm 2 = 70mm
L s = 4800mm Length of span

. b =4Tmm

= 15 Width of flanges
b_f = 150mm g d = S0mm
t_f = 10mm Thickness of flanges
Material properties
N
E = 310-109Pa f v =353 .
E 0 mm”

G=————=8077x 101 Pa
"o [2-(1+ 03)]

f h_w;&- tf);" bftf }= 1210 “m

I tot =2b f-t f m
\ Z J 12
7 y
vy na = M = 0.16m
Wy = = gusir
y_na
Loading
M_ref = 100kN-m
Foref=— rf 551 108K
- b f-(h w+tf) s:
Linear
buckling
b f ot f »
[z=———=5625x10 61114
6
| 3 3) -7 4 :
It=-lt w-hw+bftf +bftf/=1216x10 m  Torsion constant
2
=
i T = e 2
I w= Bt b ed i, = 0.135L° Warping constant
- 4
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Non-linear analysis
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curve b
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curve C
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A.2 Load-displacement curves
A.2.1 Curve C
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Appendix BT Parametric study

B.1 Intersection
B.1.1 Load vs iteration- Effect of changing each parameter
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B.1.2 Load/Weight vs iteration - Effect of changing each parameter
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B.2 Inclined

B.2.1 Load vs iteration- Effect of changing each parameter
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B.2.2 Load/Weight vs iteration- Effect of changing each parameter
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B.3 Flow chart for iterative algorithm

foriin web thickness

A I—} for i in flange width

I_’ for i in flange thickness

I » for i in number of unit cells
I_’ foriin corrugation angle

I_’ foriin corrugation depth

. . No
Go to next combination 4 | Are conditions fulfilled?
of parameters

Yes l
T Create the model in ABAQUS CAE
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Appendix C T Existing design models

C.1 Luo and Edlund (1996)- Inclined fold and intersection
load case for all girders
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