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ABSTRACT

This thesis investigates the imperfection sensitivity of the shear behavior of stainless
steel beams with corrugated webs, with the main objective of verifying the shear
resistance design equations in EN 1993. Firstly, a comprehensive literature study

was conducted to acquire deeper knowledge on the subject and generate a database to
verify the calculated reduction factor by the Eurocode equations. Afterward Finite
Element Modeling analysis using ABAQUS was done to consider the imperfection
sensitivity of the shear behavior of beams with different geometric parameters. 17
different parametric models of stainless steel corrugated web beams were considered to
cover various slenderness ratios and simulations by using Python code were run.
Nonlinear analysigor the mentioned models was performed while considering 20
buckling modes as patterns of the initial imperfection with different amplitudes of

@ Tc¢ m@ s the larger length between inclined and horizontal fald)web
thickness), and2 /200 (Q is web height). Lastly, a discussion is conductesl/aduate

theuse of theEurocodé s d egeatiogpdor stainless steel beams

Key words: Corrugated web, Stainless steel, Imperfection sensitivity, Shear
resistance, Buckling modes, Abaqus simulation, Nonlinear behaviour.



Kanslighet for imperfektion i tvarkraftsbeteende hos balkar med vagformade nat

Examensarbete inomasterprogrammeq€onstruktionsteknik och Byggnadsteknologi
Shabhriar Khalili

Institutionen forarkitektur och samhallsbyggnadsteknik
Avdelningen forByggnadsteknik
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SAMMANFATTNING

Denna avhandling undersodker kansligheten fér ojamnhet i skjuvningen hos rostfria
stalbalkar med vagformade tvarsnitt, med huvudsyftet att verifiera
dimensioneringsformlerna for skjuvmotstand enligt EN 1893 Forst genomfordes

en omfattande litteraturstudie for att forvarva djupare kunskap om amnet och generera
en databas for att verifiera den berdknade reduktionsfaktorn enligt Ewfocoderna.
Darefter utfordes en analys med andliga elementmetoden med hjalp av ABAQUS for
att beakta kansligheten for ojamnhet i skjuvningen hos balkar med olika geometriska
parametrar. 17 olika parametriska modeller av rostfria stalbalkar med vagformade
tvarsnitt bektades for att tacka olika slankhetsforhallanden, och simuleringar
genomfordes med hjalp av Pythkad. Ickelinjar analys for dessa modeller utfordes
samtidigt som 20 bucklingslagen beaktades som monster for den initiala ojamnheten
med olika amplituder a®o  ¥¢ Tt @ar®  ar den langre langden mellan lutande
och horisontellt veck)p (tvarsnittets tjocklek) ocf /200 (dar’Q ar tvarsnittets

hojd). Slutligen genomfors en diskussion for att utvardera anvandningen av Eurocodes
designformler for rostfria stalbalkar.

Nyckelord: Vagformade webbarRostfritt std) Kanslighet for imperfektioner
Skjuvstyrka BuktningssattAbaqussimulering Icke-linjart beteende
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Notations

Roman upper-case letters

Bending stiffness per unit length about x axis

Bending stiffness per unit length abauaxis
Youngds modul us

Second moment of area of one corrugation of length w
Span ofloaded beam (distance between supports)
Ultimate shear load

Shear resistance

Shear resistance

Global shear resistance

Local shear resistance

¢

e e e e e <cogmoo

Roman lower-case letters

@ hd Flat panel length

® hw Inclined panel width
®,d Corrugation depth

®,b Horizontal distance between flat panels
W Greater value of and®

@ Flange width

Q Yield strength of web

0 Flange thickness

0 Web tickness

i Sum ofw and®

0 The length of one half wave

Greek letters

‘'Oa nd U Corrugation angle

- Ultimate tensile straistrain

- True dtimate tensile straistrain
Global buckling slenderness ratio
Local buckling slenderness ratio
Ultimate tensile strength

Ultimate true tensile strength

Yield strength

Partial factor

Critical shear stress for global buckling
Critical shear stress for local buckling

S |
¢ 0%
o

—+ —+
¢
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Poi ssonds ratio

n Reduction factor for global buckling

n; Reduction factor for local buckling

n Reduction factor which has lower value between local and global
buckling

n Ultimate ratio between ultimate shear stress and yield shear stress

n Reduction factor
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1 Introduction

In order to control high bending moments, it is often necessary to increase the height
of beams to achieve a higher moment of inertia. However, this can result in a larger
slenderness ratio, making the web of the beam more susceptible to buckling. Bs addre
this issue, transverse stiffeners have traditionally been used to strengthen flat webs, but
this approach has its limitations. To achieve enhanced shear stability without the use of
transverse stiffeners, new solutions have been developed for steelGvebsuch
solution is the use of corrugated webs, which provide significantly highef-qlane
stiffness.It can be mentionedorrugatedwebs have exhibited the ability to retain
approximately 50% of their maximum shear strength even after buckling ptusrs
characteristic serves as a crucial reserve strength, enabling bridge structures to
withstand unexpected collapses effectividj, Corrugated webs have beesedin a

wide range of engineering structures, from structural engineering to aer@sphce
marine engineeringShear failure in a corrugated web beam may occur due to either
local buckling within the corrugation folds or global buckling of the entire web panel
or eveninteractive shear buckling modeight attribute to the interaction between
global and local shear buckling modes and governs the shear buckling s#eigjtier

crucial aspect that requires attention isithperfection sensitivityas the oubf-plane
deflection can lead to a reduction in buckling resistance. This thesis focuses on
investigating the imperfection sensitivity of the shear behavio corrugated web
beams.

1.1 Background

The first idea for bendintheweb plate of a beam instead of usthgregular form of
beams with flat webis developed in a patent by Herman Voshardt in Chicago, USA
(1907) Figure 1.1 below presents sketches frahewritten article[2].

CHALMERS Architecture andCivil Engineering Mast er 6s Thesi s 1
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Figurel-1  The figure shows different geometries developed by Hergjan [

In 1975, Campenon Bernard in Clichy France develdpedlea of using corrugated
steel webs instead of traditional beams with flat wielbdox or Fgirders The first
bridge withthe useof corrugated steel webs the girderwasbuilt in France (1986),
the name of this bridge is Cognathe grders of this kridge were designed witha
combination of prestressed concrete and corrugated steel 3}ebs |

In Sweden productionof steel girders witha thin corrugated steel wefor roof
structurs beganin 1961 Ranaverken AB waa pioneer in this areal’hese elements
were designed to carry light logdsnd generallyfor medium and small spanihey
were suitablg?2].

Over the past few years, box girdevith corrugated steel wellsave emerged as a
formidable opponentto other typs of girders for wide-span bridges agheir
manufacturing processgwoductiontechnology, and design theory have become more
advancedMany studiesare performedon theoretical and practicalspects to develop
knowledge inthe area ofshear buckling and deformation béams with corrugated
webs[3].

In Figure 12 Ezzeldin Yazeed Saygdhmed has presented different shapes for girders
that is built with usage of corrugated web in girders of bridges.

2 CHALMERS, Architecture and @il Engineering - AOOA 08 O 4EAOQE



Corrugated steel web

RC or PC lower flange

Corrugated steel web

Concrete-filled steel tube lower flange

Corrugated steel web
Steel plate lower flange

Figure1-2  Different types of girders used in bridgegh usage of corrugated web
[4]

1.2 Aim and objective

Themainobjective of thighesis works to gain a more comprehensive understanding
of the shear imperfection sensitivityf corrugated web beamélintil now, many
investigationdy scientisthavebeen dongresultingin thedevelopment of numerous
designformulas.Conductingnew tests with different imperfectiongeometriesand
especially slenderness ratissnecessary to obtaia reliable design standartbr the
shearesistancef corrugated webs aradsoto provide a standarir thelimitations of
production errorshowever, this process can be costly. Alternatively, simulation of tests
is an efficient solution, but it requires verification of the models to ensure reliable
results.Before conducting the finite element simulationgy previously tested beams
were simulatedand analyzedn ABAQUS. The results showed a low level of error,
thereby validating theurrent FEsimulationprocedureln the next stepa parametric
FEM analysis wasrun to simulate different slenderness ratios with varying
imperfections. Thetargetis to verify the calculated reduction factors for shear
resistance using Eurocode equations, which can be fouEld k9931-5. Initially, the
author conducted a review of various articles by different scientists to gain a deeper
understanding of the subject. In addition, a databasestdfconducted was generated

to validate the equations.

1.3 Limitations

The main obstacle encountered during the analysis of additional models was the
required computational time. As stated in the project scope, a larger volume of data
would enable scientists to develop more precise, safer, and optimized design standards.
Another limitation of this project was the lack of specific details regarding the
conducted tests ithe published articles, which madee verification process difficult.

To model various geometries in ABAQUS, the author developegtlao® code.

CHALMERS Architecture andCivil Engineering Mast er 6s Thesi s 3



However, to model different geometries, the author still needed to create a geometry in
ABAQUS and extract the code for use in the PYTHON code. A more efficient solution
would be to create a more sophisticated code that allows users to input geometr
directly into the codeThe following limitation pertains to the literature review, where
only four tests were identified specifically examining corrugated stainless steel webs
As a result, the primary database utilized in this thesis comprises test resulisted

on carbon steeln this thesisthe focuss on trapezoidal corrugated webs, huttier
investigations are necessary to validate the Eurodegegnequations, particularly

with regards to various types of corrugated webs.
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2 Literature study

Over 60 scholarly articles were reviewed to obtain the necessary information to
commence the present study. Emphasis was placed on articles that focused on either
conducting tests or analyzing previous test results regarding the shear failure of
corrugatedrapezoidal webs. From the reviewed literature, 164 tests were selected and
compiled into a databasehich will be presented in Chapter 4 and used to validate the
accuracy of Eurocode equations.

2.1 Indication of different geometric parameters

Various typs of geometriedhave been proposed by scientiststire literaturefor the
design ofcorrugated webs, but trapezoidal, sinusqidadd triangular have been
selected mor& be used in loadarrying structurefo].

Flange

Web

}‘-l‘dlﬁ\\\ éﬁ\._\

Web

2w

b) Sinusoidakorrugation[6, 7]

CHALMERS Architecture andCivil Engineering Mast er 6s Thesi s 5



c) Triangularcorrugation[5]

Figure2-1  Different shapes for corrugated webS],[[6] & [ 7]

2.2 Elastic buckling modes

Shear buckling of corrugated weten occur irthree different modes:

1) Local buckling
2) Globalbuckling
3) Interactive buckling

In the following discussion these three bucklmgdes are@liscussed

2.2.1 Local buckling

Local buckling, illustrated in Figur2.2, depends on the slendessof a single fold

This phenomenon arises when a fold or flat-pahel located between vertical edges
has a highratio between width and thickneskr such a case, the corrugated web
behaves like an array of syplanels made of flat plates, which are interdependent along
their verticalsidesand upheld by the flanges at theamnected sidd 8].
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U, Magnitude
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Figure2-2  Local bucklingmode which is from analysis of model 10 mode 16,
geometries are presented in Chapter 4.

2.2.2 Global buckling

The type of buckling referred to as "global” is recognizearasde with several folds
thatare engaged ithe deflectedweb paneland resulin aninclined deflected area
Figure 2.3 indicates this buckling mod}.[

U, Magnitude
+1.000e+00
+9.171e-01
+8.337e-01
+7.503e-01
+6.66%9e-01
+5.836e-01
+5.002e-01
+4.168e-01
+3.335e-01
+2.501e-01
+1.667e-01
+8.337e-02
+0.000e+00

Step: Buckling, Bucklle
Mode 1: EigenValue = 64012.

Figure2-3  Local bucklingmode which is from analysis of model 2 mode 1,
geometries are presented in Chapter 4.

2.2.3 Interactive buckling

In instances where buckling spreads across thganbls and exhibits features of both
the local and global buckling modes, it is referred tihasnteractive mode9] Figures
2.4and 2.5respectively presentalocal and globainteractive buckling mode. In this
thesis,modesthat are interactive antiave more local characteristics are called lecal
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interactive and tlosewith more characteristics of global buckling are called global
interactive.

U, Magnitude
+1.001e+00
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ODB: Buckling-model-1.0db Abaqus/Standard 2022.HF3  Wed Apr 05 14:40:39 W. Europe Daylight Time 2023

Figure2-4  Localinteractivebucklingmode which is from analysis of mod&0
mode 3, geometries are presented@mapter 4.

U, Magnitude
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+6.711e-01
+5.872e-01
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+2.517e-01
+1.678e-01

+8.389e-02
+0.000e+00 /

ODB: Buckling-model-1.0db Abaqus/Standard 2022.HF3 Sun Apr 16 17:31:25 W."Europe Daylight Time 2023

Figure2-5  Globalinteractivebucklingmode which is from analysis of modeb 1
mode 4, geometries are presented in Chapter 4.

2.3 Review of Eurocode3 and Commentary to Eurocode

To investigatethe applicabilityof EN 19931-5 for the design ofstainless stegjirders
with corrugated web ithesubject of shear resistanéairocode 3%] and commentary
to Eurocode 10] are reviewed This revision will be the basis of the discussions
Chapted.

Figure 26 indicatesthe definition of notations in Eurocode. line next chapters
different notations ha been used buthe author has mentioned definitions there as
well.
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Figure2-6  Indication of notations.Z]

2.3.1 Shear resistance

Shear resistance can be calculated from equéia). [2]:

N isareductiorfactor, and it can be calculated for both local and global bucklihg
minimum value will be used in (B) equationn j is reduction factor for local buckling
mode andh j; is reduction factor for global buckling mode.Eurocode 3interactive
buckling mode is ignore@dndonly theglobal and local reduction facwareconsidered
in thedesign shear resistance equatknem equatiog(2.2) and (25), local and global
reduction factors can be calculatedd if, after calculationthevalueis greaterthan1,
they need to be considered equal to 1.

N5 (2.2)
I — 23)
Th @O — (2.4)
nEo - Sﬁ (2.5)
i p— (2.6)
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t i 00 (2.7)
o — (2.8)

o — (2.9)

By using equations (2.2) to (2,9¢duction factors for both local and global modes can
be calculated?2].
Equatiors (2.10) and (2.11) are used to calcul@eandO .

o — (2.10)
o — (2.11)

2.3.1.1 Review of commentary to Eurocode 1993-5

According to the smmentary to EN 1993-5, the results of69 collected tests
according to Table 2.1, are the basis for deriving the shear design equations in
Eurocode In Table 2.1, Eurocode equations are used to calawlatendw , w is
shear resistance that is calculated by corresponding reduction factor for local buckling
andw is shear resistance that is calculated by corresponding reduction factor for
global bucklingw can be defined as measured shear resistareéest. In order to
compare reduction factorR, is defined asheratio of ultimate shear stressyielding

shear stress— T’:—h and— ]:—h andthe governing mode are specified in Table
2.1 by shading.
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Table2-1 Test results for 69 experiments, tablexsracted from commentary on
Eurocode. [10]

Test T te Su @ @ as V, K A Az VilVer ViV
No original ref® mm mm MPa mm mm kN
0 L1A 5 994 1,94 292 45 140 48 280 0,860 0,931 0,558 1,370 0,860
1 LiB 5 994 259 335 45 140 48 502 1,007 0,747 0,556 1,442 1,007
2 L2A 5 1445 194 282 45 140 50 337 0,737 0915 0,774 1,164 0,737
3 L2B 5 1445 254 317 45 140 50 564 0,839 0,741 0,768 1,197 0,839
4 L3A 5 2005 2,01 280 45 140 48 450 0690 0880 1,092 1068 0,778
5 L3B 5 2005 2,53 300 45 140 48 775 0,881 0,724 1,067 1,244 0,962
6 B1 10 600 21 341 45 140 50 208 0,837 0929 0347 1,332 0,837
7 B2 10 600 262 315 45 140 50 273 0954 0716 0315 1340 0,954
8 B3 10 600 262 317 45 140 50 246 0854 0718 0316 1,202 0,854
9 B4b 10 600 2,11 364 45 140 50 217 0815 095 0358 1,315 0815
10 M101 10 600 099 189 45 70 15 53 0817 0,734 0,750 1,460 0,817
1 M102 10 800 099 190 45 70 15 79 0908 0736 1,003 1,202 0912
12 M103 10 1000 085 213 45 70 15 84 0,718 0812 1,342 1,069 1,101
13 M104 10 1200 099 189 45 70 15 101 0778 0,734 1,501 1,106 1,428
14 L1 11 1000 21 410 30 106 50 380 0,764 0,772 0616 1,110 0,764
15 L1 11 1000 3 450 30 106 50 610 0,782 0566 0590 0996 0,782
16 L2 11 1498 2 376 30 106 50 600 0921 0,776 0,894 1343 0,921
17 L2 11 1498 3 402 30 106 50 905 0867 0535 0836 1,081 0,867
18 1 12 850 2 355 33 102 56 275 0,788 0,731 0459 1,118 0,788
19 2 12 850 2 349 38 91 56 265 0,773 0B42 0466 1036 0,773
20 V1/1 13 298 2,05 298 45 144 102 68 0646 0917 0,099 1,021 0646
21 V1/2 13 298 21 283 45 144 102 70 0684 0872 0,096 1,054 0684
22 V1/3 13 298 2 298 45 144 102 81 0,789 0940 0,00 1,262 0,789
23 V2/3 13 600 3 279 45 144 102 235 0810 0,606 0,175 1,060 0,810
24 CW3 8 440 3,26 284 45 250 45 171 0,726 0976 0,218 1,184 0,726
25 CW4 8 440 297 222 45 250 45 154 0918 0,947 0,198 1475 0918
26 CW5 8 440 297 222 45 250 63 141 0,841 0947 0,156 1,350 0,841
27 I'5 14 1270 2 331 62 171 24 260 0535 1,223 1483 0,987 0,963
28 /11 14 1270 2 225 62 171 24 220 0666 0974 1267 1,085 0,935
29 121216A 15 305 064 676 45 38 25 50 0656 1,165 0,583 1,177 0,656
30 121221A 15 305 0,63 665 55 42 33 46 0623 1298 0501 1,190 0623
31 121221B 15 305 0,78 665 55 42 33 73 0,798 1,048 0475 1,352 0,798
32 121232A 15 305 064 665 63 50 51 41 0546 1,741 0,391 1,255 0,546
33 121232B 15 305 0,78 641 63 50 51 61 0692 1403 0365 1,386 0,692
34 121809A 15 305 0,71 572 50 20 14 63 0880 0509 0829 1,078 0,880
35 121809C 15 305 063 669 50 20 14 55 0,740 0620 0924 0978 0,740
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36 121832B 15 305 0,92 562 63 50 51 53 0581 1,113 0328 1,018 0,581
37 122409A 15 305 0,71 586 50 20 14 58 0,791 0515 0839 0973 0,791
38 122409C 15 305 066 621 50 20 14 58 0803 0570 0880 1,026 0,803
39 122421A 15 305 068 621 55 42 33 43 0578 1,162 0475 1,086 0,578
40 122421B 15 305 0,78 638 55 42 33 61 0695 1,027 0466 1,165 0,695
41 122432B 15 305 0,78 634 63 50 51 49 0562 1395 0,363 1,122 0,562
42 181209A 15 457 0,56 689 50 20 14 81 0,795 0,708 1446 1,111 1,373
43 181209C 15 457 061 592 50 20 14 89 0933 0602 1312 1,219 1,382
44 181216C 15 457 0,76 679 45 38 25 119 0873 0984 0839 1430 0,873
45 181221A 15 457 061 578 55 42 33 62 0666 1250 0,706 1,244 0,666
46 181221B 15 457 0,76 606 55 42 33 98 0806 1,027 0684 1,350 0,806
47 181232A 15 457 06 552 63 50 51 52 0594 1692 0542 1,340 0,594
48 181232B 15 457 0,75 602 63 50 51 80 0671 1414 0535 1,349 0,671
49 181809A 15 457 061 618 50 20 14 82 0823 0615 1341 1,085 1,262
50 181809C 15 457 062 559 50 20 14 78 0852 0576 1,270 1,093 1,200
51 181816A 15 457 063 592 45 38 25 75 0,761 1,108 0,821 1,329 0,761
52 181816C 15 457 0,74 614 45 38 25 96 0800 0961 0803 1,294 0,800
53 181821A 15 457 063 552 55 42 33 56 0610 1,182 0684 1,104 0,610
54 181821B 15 457 0,74 596 55 42 33 93 0,798 1,046 0683 1,351 0,798
55 181832A 15 457 061 689 63 50 51 53 0477 1859 0603 1,145 0,477
56 181832B 15 457 0,75 580 63 50 51 79 0687 1,388 0,525 1,368 0,687
57 241209A 15 610 062 606 50 20 14 71 0536 0599 1,765 0699 1,292
58 241209C 15 610 0,63 621 50 20 14 79 0573 0597 1,780 0,746 1,400
59 241216A 15 610 063 592 45 38 25 76 0578 1,108 1,096 1,009 0,656
60 241216B 15 610 0,79 587 45 38 25 133 0813 0880 1,032 1,259 0,848
61 241221A 15 610 061 610 55 42 33 77 0587 1284 0968 1,114 0587
62 241221B 15 610 0,76 639 55 42 33 127 0,742 1,055 0938 1,261 0,742
63 241232A 15 610 062 673 63 50 51 69 0469 1808 0,792 1,104 0,469
64 241232B 15 610 0,76 584 63 50 51 101 0645 1374 0,701 1,276 0,645
65 Gauche 16 460 2 254 305 0 126 139 1,029 1494 0121 2,142 1,029
66 Droit 16 550 2 254 305 0 126 109 0675 1,494 0145 1405 0,675
67 Sin1 17 1502 21 225 2w=155 40 370 0,902 0,433 1108 1,046 1,038
68 Sin2 17 1501 21 225 2w=155 40 365 0890 0433 1,108 1,032 1,025
69 Sin3 17 1505 2,1 225 2w=155 40 353 0,859 0433 1,108 0,996 0,989

In Figures 2.7 and 28, data fromTable 2.1 is compared withe calculated reduction
factor by Eurocod& gquationsand these figures show thiie calculated reduction
factor by Eur basagdoe essimaton ofte toweo logndary ands
conservative The mnimum and maximumlocal slenderness ratdn Figure 2.7
respectivelyare0.509and 1.859, anthe nmnimum and maximum globalenderness
ratiosin Figure 2.8respectivelyare 1.108 and 1.78.

O 4EAOE

h-S
(@)
O
o
O;
Ou

12 CHALMERS, Architecture and @il Engineerindh -



|
. !

i r ! | 1
| 5 I

0 025 015 L R R & /{1.5 T
1

Figure2-7  Vertical axis presents reduction factor for local buckling mode and
horizontal axis indicates corresponding losénderness ratio.1D]
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Figure2-8  Vertical axis presents reduction factor for global buckling mode and
horizontal axis indicates corresponding global slenderness réit. [

2.4 Database generated bliterature review

Earlier in Chapter 1, it was mentioned that a database of 164 shear tests is collected by
the author in literature review stage, ref. Tabiz

Table2-2 Database of all theollected experimental that the author has
collected during literature study.

No. | Name a b d d Q o _ _ Q ... | Reference
number

1 SP1 100 | 80.0 | 60.0 | 36.9 | 3810 |19 0.78 | 0.22 | 225 | 0.77 [11]

2 SR2 100 | 80.0 | 60.0 | 36.9 | 4180 | 19| 0.76 | 0.24 | 205 | 0.83 [11]

CHALMERS Architecture andCivil Engineering Mast er 6s Thesi s 13



3 SR3 100 | 80.0 | 60.0 | 36.9 | 419.0 [ 3.0] 052 | 0.23]|234 | 0.82 [11]
4 CWB1 170 | 80.0 | 80.0 | 45.0 | 351.0 4.0 0.61 | 0.13 | 205 | 0.92 [12]
5 CWB2 170 | 80.0 | 80.0 | 45.0 | 351.0 4.0 0.61 | 0.13 | 205 | 0.86 [12]
6 UCW1 130 | 70.0 | 70.0 | 45.0 | 380.0 241 0.69 | 0.15 | 159 | 1.04 [12]
7 UCWwW2 130 | 70.0 | 70.0 | 450 | 380.0 [ 2.1]0.78|0.16 | 159 | 1.05 [12]
8 UCWS5 130 | 70.0 | 70.0 | 450 | 380.0 [ 2.1]0.78 | 0.16 | 159 | 0.93 [12]
9 UCW6 130 | 70.0 | 70.0 | 45.0 | 380.0 191087 ]0.16 | 159 | 1.11 [12]
10 | TS 6063 170 | 80.0 | 80.0 | 45.0 | 600.0 3.0]0.82 | 0.23 | 205 | 0.77 [12]
11 | TS 80062 170 | 80.0 | 80.0 | 45.0 | 800.0 | 2.0] 122 | 0.34| 205 | 0.52 [12]
12 | TS 13062 170 | 80.0 | 80.0 | 45.0 | 1300.0 | 2.0 | 1.08 | 0.49 | 159 | 0.67 [12]
13 | TS 13003 170 | 80.0 | 80.0 | 45.0 | 1300.0 | 3.0| 0.72 | 045 | 159 | 1.05 [12]
14 | TS 80068 170 | 80.0 | 80.0 | 45.0 | 800.0 8.0]0.31 1024|205 | 114 [12]
15 L1 450 | 300.0| 200.0| 33.7 | 1500.0 | 4.8 | 1.12 | 0.22 | 144 | 0.72 [13]
16 | L2 550 | 300.0] 188.8| 32.2 | 1500.0 | 4.8 | 1.37 | 0.23 | 144 | 0.60 [13]
17 L3 450 | 300.0| 49.6 | 9.4 1500.0 | 4.8 | 1.12 | 0.64 | 144 | 0.51 [13]
18 L4 550 | 300.0] 55.9 | 10.6 | 1500.0 | 4.8 | 1.37 | 0.57 | 144 | 0.46 [13]
19 G2 160 | 50.0 | 33.0 | 33.4 | 2000.0| 3.8 0.50 | 1.16 | 144 | 0.83 [13]
20 | G3 160 | 100.0| 26.9 | 15.1 | 2000.0 | 3.8 0.50 | 1.41 | 144 | 0.85 [13]
21 11 320 | 100.0| 44.6 | 24.0 | 2000.0 | 4.8 | 0.80 | 0.87 | 144 | 0.95 [13]
22 12 350 [ 100.0]| 28.6 | 16.0 | 2000.0 | 3.8 | 1.10 | 1.28 | 144 | 0.52 [13]
23 | G1 200 | 180.0] 454 | 14.2 | 2000.0 | 4.8 | 0.50 | 0.93 | 144 | 0.79 [13]
24 S1-2 20 16.0 | 12.0 | 37.0 | 460.0 0.9]10.33|1.09 | 223 | 0.73 [14]
25 | S13 20 16.0 | 12.0 | 37.0 | 660.0 0.9]10.33| 156 | 223 | 0.61 [14]
26 | S14 20 16.0 | 120 [ 37.0 | 760.0 | 0.9 ] 0.33 ]| 1.80 | 223 | 0.52 [14]
27 | S15 20 16.0 | 120 [ 37.0 | 860.0 | 0.9]0.33] 2.03 | 223 | 0.48 [14]
28 | S21 80 64.0 | 48.0 | 370 | 260.0 | 09| 1.33|0.22 ] 223 | 0.48 [14]
29 S22 80 64.0 | 48.0 | 37.0 | 360.0 0.9]1.33|0.30 | 223 | 0.55 [14]
30 | S23 80 64.0 | 48.0 | 37.0 | 460.0 0.9]1.33|0.38 | 223 | 0.74 [14]
31 MI2 250 | 220.0| 60.0 | 15.3 | 2000.0 | 4.0 0.81 | 0.86 | 171 | 0.64 [15]
32 MI3 220 | 180.0] 60.0 | 184 | 2000.0 | 4.0 0.71 ] 0.85 | 171 | 0.62 [15]
33 Mi4 220 | 180.0| 75.0 | 22.6 | 2000.0 | 4.0|0.71]0.72 | 171 | 0.77 [15]
34 | A12-305-30 40 34.6 | 20.0 | 30.0 | 305.0 1.210.39]0.36 | 133 | 1.02 [16]
35 | A12-30545 40 28.3 | 28.3 | 45.0 | 305.0 1.2 039|027 | 133 | 1.11 [16]
36 | A12-41030 40 34.6 | 20.0 | 30.0 | 410.0 1.21039]0.49|133 | 1.01 [16]
37 | A12-41045 40 28.3 | 28.3 | 45.0 | 410.0 1.210.39]0.37 | 133 | 1.13 [16]
38 | A12-505-30 40 34.6 | 20.0 | 30.0 | 505.0 1.210.39] 0.60 | 133 | 0.89 [16]
39 | A12-50545 40 28.3 | 28.3 | 45.0 | 505.0 1.21039] 045|133 | 1.11 [16]
40 | B12-30530 40 34.6 | 20.0 | 30.0 | 305.0 1.2 0.39]0.36 | 133 | 1.10 [16]
41 B12-305-45 40 28.3 | 28.3 | 45.0 | 305.0 1.2 1039 ] 0.27 | 133 | 1.07 [16]
42 B12-410-30 40 34.6 | 20.0 | 30.0 | 410.0 1.21039]0.49 | 133 | 1.01 [16]
43 B12-410-45 40 28.3 | 28.3 | 45.0 | 410.0 1.21039] 037|133 | 112 [16]
44 | B12-505-30 40 34.6 | 20.0 | 30.0 | 505.0 1.2 1039 ] 0.60 | 133 | 1.01 [16]
45 | B12-50545 40 28.3 | 28.3 | 45.0 | 505.0 1.2 039 ] 0.45 | 133 | 1.09 [16]
46 | A20-41030-N | 40 34.6 | 20.0 | 30.0 | 410.0 | 2.0]|0.26 | 0.48 | 167 | 0.91 [16]
47 | A20-41045N | 40 28.3 | 28.3 | 450 | 410.0 | 2.0]0.26 | 0.36 | 167 | 0.85 [16]
48 | A20-50530-N | 40 34.6 | 20.0 | 30.0 | 505.0 2.0]10.26 | 0.59 | 167 | 0.91 [16]
49 | A20-50545N | 40 28.3 | 28.3 | 450 | 505.0 |2.0]0.26 | 045 ] 167 | 0.90 [16]
50 | B20-50545N | 40 28.3 | 28.3 | 450 | 505.0 | 2.0]0.26 | 045 ] 167 | 0.89 [16]
51 | TP23300-30 | 60 346 | 20.0 | 30.0 | 305.0 [2.0]0.39]|0.35] 167 | 0.83 [16]
52 B20-305-30 40 346 | 20.0 | 30.0 | 305.0 | 2.0]0.40]|0.55] 393 | 0.97 [16]
53 B20-30545 40 28.3 | 28.3 | 45.0 | 305.0 2.0]10.40 | 0.41 | 393 | 1.05 [16]
54 | B20-50545 40 28.3 | 28.3 | 450 | 505.0 |[2.0]0.40]|0.68] 393 | 0.83 [16]
55 | CG24GQ2 76.3| 73.7 | 20.0 | 15.2 | 799.5 321031084 | 174 | 0.87 [16]
56 | CG24064 80.3(69.7 |40.0 | 29.9 | 798.8 |3.3]0.32]0.49 | 174 | 0.95 [16]
57 CG2406 87 63.0 | 60.0 | 43.6 | 7994 321035036 | 174 | 0.99 [16]
58 | G7A 300 | 200.0| 150.0| 36.9 | 1500.0 | 6.0 | 0.83 | 0.37 | 269 | 0.90 [17]
59 | G8A 300 | 200.0] 150.0| 36.9 | 1500.0 | 6.0 | 0.83 | 0.36 | 268 | 0.85 [17]
60 | SC1 300 | 200.0] 150.0| 36.9 | 1500.0 | 6.3 | 0.78 | 0.35 | 268 | 0.80 [18]
61 | SP28-8001 | 170 | 80.0 | 80.0 | 450 [ 800.0 |8.0]0.26 | 0.21 | 156 | 1.31 [17]
62 SP28-8002 | 170 | 80.0 | 80.0 | 45.0 | 800.0 8.0]0.26 | 0.21 | 156 | 1.38 [17]
63 | V-PILOTA 38.1] 254 | 25.4 | 45.0 | 304.8 0.8]10.91 | 0.53 | 358 | 0.97 [17]
64 | V-PILOTB 38.1(254 | 254 | 450 | 3048 [ 0.8]0.92 | 0.53| 368 | 0.81 [17]
65 | V121216A 38.1(254 | 254 | 450 | 3048 |06 1.17 ] 0.58 | 390 | 0.66 [17]
66 | V121216B 38.1] 254 | 254 | 45.0 | 304.8 0.8]10.97 | 0.55 | 384 | 0.98 [17]
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67 | V181216B 38.1| 254 | 254 | 45.0 | 457.2 0.6 117084 | 357 | 094 [17]
68 | v181216C 38.1] 254 | 254 | 450 | 457.2 0.8]10.99 | 0.83 | 392 | 0.88 [17]
69 | V181816A 38.1] 254 | 254 | 45.0 | 457.2 0.6 ]1.10| 0.81 | 342 | 0.75 [17]
70 | Vv181816B 38.1]| 254 | 254 | 45.0 | 457.2 0.7]10.97 | 0.79 | 354 | 0.81 [17]
71 | V241216A 38.1| 254 | 254 | 45.0 | 609.6 0.6 1.10] 1.08 | 342 | 0.57 [17]
72 | V241216B 38.1| 254 | 254 | 450 | 6096 | 08088 1.02| 339 | 0.82 [17]
73 | V121221A 419|234 | 33.3 | 55.0 | 304.8 0.6]1.29 | 0.46 | 384 | 0.63 [17]
74 | V121221B 41.9| 23.4 | 33.3 | 55.0 | 304.8 0.8]11.04|0.44 | 384 | 0.79 [17]
75 | V122421A 419|234 | 33.3 | 55.0 | 304.8 0.7 1117 ] 0.44 | 358 | 0.59 [17]
76 | V122421B 419|234 | 33.3 | 55.0 | 304.8 0.8]1.02]0.43 ] 368 | 0.70 [17]
77 | V181221A 419|234 | 33.3 | 55.0 | 457.2 0.6 1.25]0.65 | 334 | 0.67 [17]
78 | VvV181221B 419|234 | 33.3 | 55.0 | 457.2 0.8]1.02 | 0.63 | 350 | 0.80 [17]
79 | V181821A 41.9| 23.4 | 33.3 | 55.0 | 457.2 0.6]1.17 | 0.63 | 318 | 0.61 [17]
80 | Vv181821B 419|234 | 33.3 | 55.0 | 457.2 0.7]11.05] 063|344 | 0.81 [17]
81 | V241221A 419|234 | 333 | 550 | 6096 |06]|128]0.89 ] 352 0.59 [17]
82 | V241221B 419|234 | 333 | 550 |609.6 [0.8]1.05)|0.86]| 369 | 0.74 [17]
83 | V121232A 49.8 | 26.4 | 50.8 | 62.5 | 304.8 0.6]1.74 | 0.33 | 384 | 0.55 [17]
84 | V121232B 49.8| 26.4 | 50.8 | 62.5 | 304.8 0.8]11.40 | 0.31 | 370 | 0.70 [17]
85 | V121832A 49.8| 26.4 | 50.8 | 625 | 3048 |06]1.79]0.34 | 406 | 044 [17]
86 | V121832B 49.8| 264 | 508 | 625 | 3048 [091.11)|0.28| 324 | 0.59 [17]
87 | V122432A 49.8| 264 | 508 | 625 | 3048 |[0.6|1.80 | 0.34| 412 | 0.39 [17]
88 | V122432B 49.8 | 26.4 | 50.8 | 62.5 | 304.8 0.8]1.40 | 0.31 | 366 | 0.56 [17]
89 | V181232A 49.8| 26.4 | 50.8 | 62.5 | 457.2 0.6 ]1.70 | 0.46 | 318 | 0.59 [17]
90 | Vv181232B 49.8| 26.4 | 50.8 | 62.5 | 457.2 0.7 1142 ] 0.45 | 348 | 0.67 [17]
91 | V181832A 49.8| 264 | 508 | 625 | 4572 [ 0.6|1.86 | 0.51 | 398 | 0.48 [17]
92 | V181832B 49.8| 264 | 508 | 625 | 4572 | 0.7]1.39 | 045|335 | 0.69 [17]
93 | V241232A 49.8 | 26.4 | 50.8 | 62.5 | 609.6 0.6 ]1.80 | 0.67 | 389 | 0.47 [17]
94 | V241232B 498 | 26.4 | 50.8 | 62.5 | 609.6 0.8 ] 1.37 | 0.59 | 337 | 0.65 [17]
95 | V121809A 198|119 | 142 | 500 | 3048 | 0.7]051|0.79 ]330 | 0.89 [17]
96 | V121809C 19.8(119 | 142 [ 50.0 | 3048 |06]|0.61|0.88 ]| 386 | 0.74 [17]
97 | V122409A 19.8] 119 | 14.2 | 50.0 | 304.8 0.7]10.51 | 0.80 | 338 | 0.79 [17]
98 | V122409C 19.8| 119 | 14.2 | 50.0 | 304.8 0.7 ] 0.56 | 0.84 | 358 | 0.80 [17]
99 | V181209A 198|119 | 142 | 500 | 4572 | 0.6|0.70 | 1.38 | 398 | 0.80 [17]
100 | V181209C 19.8| 119 | 14.2 | 50.0 | 457.2 0.6 | 0.60 | 1.25 | 342 | 0.93 [17]
101 | V181809A 19.81 119 | 142 [ 500 | 4572 |06]|0.61 | 1.28 | 357 | 0.83 [17]
102 | Vv181809C 19.8] 119 | 14.2 | 50.0 | 457.2 0.6 ] 057|121 | 323 ] 0.85 [17]
103 | V241209A 19.8| 119 | 14.2 | 50.0 | 609.6 0.6 ] 059 |1.68 | 350 | 0.53 [17]
104 | V241209C 198|119 | 142 | 500 | 609.6 | 0.6| 059|169 ]| 358 | 057 [17]
105 | L1A 140 | 50.0 | 50.0 | 45.0 | 9940 [19]0.93|054 ]| 169 | 0.86 [17]
106 | L1B 140 | 50.0 | 50.0 | 45.0 | 994.0 2610751054 | 193 ]|1.01 [17]
107 | L2A 140 | 50.0 | 50.0 | 45.0 | 1445.011.9]0.91 | 0.77 | 163 | 0.74 [17]
108 | L2B 140 | 50.0 | 50.0 | 45.0 | 1445.0[ 25| 0.74 | 0.77 | 183 | 0.84 [17]
109 | L3A 140 | 50.0 | 50.0 | 45.0 | 2005.0 | 2.0 | 0.88 | 1.06 | 162 | 0.69 [17]
110 | L3B 140 | 50.0 | 50.0 | 45.0 | 2005.0 | 25| 0.72 | 1.04| 173 | 0.88 [17]
111 | B1 140 | 50.0 | 50.0 | 45.0 | 600.0 |2.1]0.93|0.35]|197 | 0.84 [17]
112 | B4 140 | 50.0 | 50.0 | 45.0 | 600.0 2.1]10.95|0.36 | 210 | 0.69 [17]
113 | B4b 140 | 50.0 | 50.0 | 45.0 | 600.0 | 2.1|0.95 | 0.36 | 210 | 0.82 [17]
114 | B3 140 | 50.0 | 50.0 | 45.0 | 600.0 | 2.6|0.72 | 0.32 | 183 | 0.86 [17]
115 | B2 140 | 50.0 | 50.0 | 45.0 | 600.0 | 2.6|0.72|0.32 ]| 182 | 1.00 [17]
116 | M101 70 15.0 | 15.0 | 45.0 | 6000 | 10| 0.73|0.75] 109 | 0.82 [17]
117 | M102 70 15.0 | 15.0 | 45.0 | 800.0 1.010.74]1.00 | 110 | 0.91 [17]
117 | M103 70 15.0 | 150 | 45.0 | 1000.0 | 1.0| 0.81 | 1.34 | 123 | 0.72 [17]
119 | M104 70 15.0 | 150 [ 45.0 | 1200.0|1.0| 0.73 ]| 1.50 | 109 | 0.80 [17]
120 | L1-2.1 106 | 86.6 | 50.0 | 30.0 | 1000.0 | 2.1 | 0.77 | 0.67 | 237 | 0.76 [17]
121 | L1-3 106 | 86.6 | 50.0 | 30.0 | 1000.0 | 3.0 ] 0.57 | 0.64 | 260 | 0.78 [17]
122 | L2-2 106 | 86.6 | 50.0 | 30.0 | 1498.0 | 2.0 ]| 0.78 | 0.98 | 217 | 0.92 [17]
123 | L2-3 106 | 86.6 | 50.0 | 30.0 | 1498.0 | 3.0 | 0.53 | 0.91 | 232 | 0.87 [17]
124 | No. 1 102 | 855 | 55,5 [ 33.0 [ 850.0 [20]0.73|0.50 | 205 | 0.79 [17]
125 | No. 2 91 715 | 56.3 [ 38.2 |850.0 |2.0|0.64| 049|201 ) 0.77 [17]
126 | V1/1 144 | 102.0| 102.0| 45.0 | 298.0 211092 | 0.10 | 172 | 0.65 [17]
127 | V1/2 144 | 102.0| 102.0| 45.0 | 298.0 2.110.87 | 0.10 | 163 | 0.69 [17]
128 | V1/3 144 | 102.0| 102.0 | 45.0 | 298.0 20(094 1010|172 | 0.79 [17]
129 | V2/3 144 | 102.0| 102.0| 45.0 | 600.0 |3.0]|0.61 | 0.18 | 161 | 0.81 [17]
130 | SP1 146 | 104.0| 104.0| 45.0 | 800.0 2.0]10.97 | 0.27 | 177 | 0.80 [17]
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131 | SP2 170 | 80.0 | 80.0 | 450 |800.0 [20]111 031|172 | 0.78 [17]
132 | SP3 185 | 65.0 | 65.0 | 45.0 | 800.0 201119 |0.35]| 168 | 0.78 [17]
133 | SP4 117 | 83.0 | 83.0 | 45.0 | 800.0 2.0]10.76 | 0.31 | 172 | 0.84 [17]
134 | SP5 136 | 64.0 | 64.0 | 45.0 | 800.0 2.0]10.88 | 0.36 | 168 | 0.82 [17]
135 | SP6 148 | 52.0 | 52.0 | 45.0 | 800.0 | 2.0]0.96 | 042 ] 169 | 0.81 [17]
136 | SP22-4001 | 170 | 80.0 | 80.0 | 45.0 | 400.0 |2.0] 1.04 | 0.15 ] 152 | 0.66 [17]
137 | SP22-4002 | 170 | 80.0 | 80.0 | 45.0 | 400.0 2.0]1.04|0.15| 152 | 0.73 [17]
138 | SP22-8001 | 170 | 80.0 | 80.0 | 45.0 | 800.0 2.0]1.06 | 0.30 | 157 | 0.71 [17]
139 | SP22-8002 | 170 | 80.0 | 80.0 | 450 |800.0 [2.0] 106 | 0.30] 157 | 0.71 [17]
140 | SP23-6001 | 170 | 80.0 | 80.0 | 45.0 | 600.0 |3.0]0.73|0.212 ] 170 | 0.99 [17]
141 | SP23-6002 | 170 | 80.0 | 80.0 | 450 | 600.0 [3.0]0.73]0.212]170 |1.01 [17]
142 | SP23-12001| 170 | 80.0 | 80.0 | 45.0 | 1200.0 | 3.0 | 0.73 | 0.42 | 170 | 1.00 [17]
143 | SP23-12002| 170 | 80.0 | 80.0 | 45.0 | 1200.0 | 3.0 | 0.73 | 0.42 | 170 | 1.02 [17]
144 | SP24-8001 | 170 | 80.0 | 80.0 | 45.0 | 800.0 |4.0|0.58 | 0.27 | 188 | 1.00 [17]
145 | SP24-8002 | 170 | 80.0 | 80.0 | 45.0 | 800.0 |4.0|0.58 | 0.27 | 188 | 1.00 [17]
146 | SP24-16001| 170 | 80.0 | 80.0 | 45.0 | 1600.0 | 4.0 | 0.58 | 0.55 | 189 | 1.00 [17]
147 | SP24-16002| 170 | 80.0 | 80.0 | 45.0 | 1600.0 | 4.0 | 0.58 | 0.55 | 189 | 1.01 [17]
148 | V1b 30 47.0 | 40.0 | 40.4 | 500.0 251031 | 0.32 | 156 | 1.00 [19
149 | 3PCW350 350 | 100.0] 100.0| 45.0 | 384.0 | 28| 1.70 | 0.12 | 188 | 0.52 [19]
150 | 4PCW275 275 | 100.0] 100.0| 45.0 | 384.0 | 3.0 1.31]0.12 | 206 | 0.62 [19
151 | 3PCW200 200 | 100.0] 100.0| 45.0 | 384.0 | 2.8 0.97 | 0.12 | 188 | 0.58 [19]
152 | CW1 180 | 45.0 | 45.0 | 45.0 | 440.4 3.1]10.79 | 0.24 | 185 | 0.83 [19
153 | CW2 180 | 45.0 | 45.0 | 45.0 | 437.9 3.3]10.73 | 0.23 | 180 | 0.87 [19
154 | CW3 250 | 45.0 | 45.0 | 45.0 | 437.2 3.3]10.98 | 0.22 | 164 | 0.72 [19]
155 | S1 430 | 370.0| 220.0| 30.7 | 1500.0 | 8.0 | 0.83 | 0.24 | 233 | 0.82 [20]
156 | S2 480 | 420.0| 240.0| 29.7 | 1500.0 | 8.0 | 0.96 | 0.23 | 252 | 0.79 [20]
157 | S3 480 | 420.0| 240.0| 29.7 | 1500.0 | 8.0 | 0.92 | 0.22 | 230 | 0.84 [20]
158 | L-1 60 30.0 | 30.0 | 45.0 | 400.0 1.0 0.72 ] 0.36 | 138 | 0.80 [21]
159 | G-2 30 10.0 | 10.0 | 45.0 | 400.0 | 2.0] 0.22 ]| 0.81 | 202 | 0.90 [21]
160 | TS 4002 170 | 80.0 | 80.0 | 45.0 | 400.0 [ 2.0] 122 |0.17 ] 205 | 0.81 [22]
161 | CwW4 250 | 45.0 | 45.0 | 45.0 | 440.0 3.0]0.95| 0.20 | 128 | 0.92 [22]
162 | CW5 250 | 63.0 | 63.0 | 45.0 | 440.0 3.0]0.95|0.16 | 128 | 0.84 [22]
163 | I/5 171 | 12.8 | 24.0 | 619 | 1270.0| 2.0] 1.17 | 1.20 | 191 | 0.54 [22]
164 | 11/11 171 | 12.8 | 24.0 | 61.9 | 1270.0| 2.0 ]| 0.96 | 0.99 | 129 | 0.67 [22]
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3 Verification of FEM method

Two previously conductedxperimentatestsare selected to be simulated by ABAQUS
software in order to verifythe finite element modeling procedur&he frst
experimental study was conductedlidyo Moon, Jongwon Yi, Byung H.Choi and Hak
Eun Lee in July 20Q8&ndthe specimeris labeledMI2. [15] The £condexperimental
study was conducted byMozhdeh Amani, Mohammad Atmranj and Mathias
Flansbje inSeptember 2022nd the specimen is label#d01[23].

3.1 Simulation of specimenMI|2

Themainreasorfor the selection othe pecimen MIi2in the current FEM verification
studywasthe availability of needed data about the initaperfectiorsin the relevant
literature. This allowed for a better understanding of the impact of imperfections on the
shear failure behavior, particularly with respect to the magnitude of the maximum
imperfection observed in the specimen.

3.1.1 FE Modelling of MI2 specimen

The geometrical properties of MI2ave been chosemccording tothe dimensions
mentionedn the article andthe fabrication errors have been neglect€de detailed
geometry is presented Trable3.1, andFigure 3.1showsthedefinition of eactsymbol

In table 3.1'Q is web heightp is web thicknessp is flange widtho is thickness
of flange and L is length of spamvhich is distance between supports.

d

-~
~
7’
s
7’
'~
v
VIR FE——

v Z 1

w

Figure3-1  Geometical parametes of the corrugated web 15]

Table3-1 Profile of the tesspecimen, MI2 (all the dimensions are in mm).

Label| a b d 0 o) ® o L

MI2 | 250 | 220 | 60 | 2000, 4 300 | 30 | 5820

In the middle of the beana flat webpanelis used witha higher thickness thathe
corrugatedveb. Two vertical stiffeners arattached to the ends tfis flat webpanel.
In addition,two more stiffeners are attachedhewebatthe support locationto avoid
any failure under point loads during testimgcan be mentioned th#te width and
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thickness otthe flat webare400 mm and 15 mprespectively.The hickness of the
stiffeners is 25 mmthe st setup is onpoint loading so in the model load is

distributed on one ofhe middlestiffeners The reason behindhis is to controlthe

location ofthe shear buckling The beam is simply supported, aimdthe middle,
stiffeners are set to resist against lateral movemeEeigsre 3.2 showsthe location of
stiffeners,the flat web pane] the appliedoad andendsuppors in the FE nodel of

MI2.

Load

v

Stffener —_ Stiffener

1
Y

T~ Stiffener

«

Flat web

Figure3-2  Configuration of MI2 in Abaqus.

The only informatiorgivenregardinghematerial properties of tested specimens in the
article istheyield stress ofhecorrugated webwhich is 296 MPaOtherproperties like
modulus of elasticitandPoissord matio have been selectelirectlyaccordingo Table

3.2, which is estimatedfrom a published databas&he ultimate tensile stresand
ultimate tensile straihavebeen estimately considering Figure 3.3.

Table3-2 Mechanical properties of carbon steel database published in 2017.[24]

Temp. Grade A
(°C) E (GPa) O, (MPa) G, (MPa) £p v
199.6 299.3 464.9 0.423 0.3
20 196.1 208.9 464.6 0.427 0.3
186.3 300.8 462.4 0.426 0.3
Mean 194.0 299.6 463.9 0.425 0.3
212.2 310.7 485.5 0.425 0.3
20 208.6 323.8 512.6 0.439 0.3
206.5 326.3 506.4 0.410 0.3
Mean 209.1 320.3 501.5 0.424 0.3
181.2 345.0 512.5 0.458 0.3
-60 173.8 349.6 514.2 0.436 0.3
189.8 3454 509.2 0.448 0.3
Mean 181.6 346.7 512.0 0.447 0.3
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Figure3-3  Stress strain diagram for mild stee¥]

The ®lectedmaterialpropertesfor theMI2 FE modelingaredescribed inrable3.3:

Table3-3 Mechanical properties of the MI2 Raodel.
E(MMPa)| A - 0A] K -0A A -0A R R 3
Engineering | Trueultimate | Engineering | Trueultimate
ultimate tensilestress ultimate tensilestrain
tensilestress tensilestrain
196000 296 486 575 0.1846 0.1664 0.3

The S4Rshell elements used in this analysig& convergence study on the first mode
of buckling has been done in order to selecuitable mesh sizeA percentage
differencefor each mesh size is calculated in comparison thigtEigenvaluefor one
gradeof finer mesh. Tabl&.4 and Figure 3.4 presentthe results of tle convergence
study,and based on them, a mesh siz®fim is chosen.

Table3-4 The first buckling mode eigenvalues for different nsezts.
Mesh size Eigenvalue Error (%)

100 10526

75 9235 13.9
50 8403 9.9
25 7935 5.8
18 7872 0.8
12 7829 0.5
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Figure3-4 Diagram of corresponding eigenvalues for different mesh sizéson
eigenvalue

In the main reference, the initial imperfection for one side of the beam has been
measured, and the results are shown in FiglrdrBa search among the eigen modes,

it was found that the 28th buckling mode of the MI2 specimen, as shown in Figure 3.
is nearest to the pattern of the measured initial imperfecsiogethe location of the
maximum imperfection is near the right side of the upper flange. In the main reference,
it was mentioned that the maximum amplitude of the imperfection is 17.9 mm.
However, in the current study, this amplitude is not applied in thécation study

since it includes not only the eaf-plane deflections of the web but also the produncti
errors and oubf-straightness deflections of the entire beam. Also, it is mentioned in
the main reference that there was a relatively huge production error in the depth of the
corrugation (d), which definitely affects the magnitude of theobytlanedeflection of

the web. Therefore, based on an estimation of the production aiod-strightness
errors by taking the average value of imperfecasnl1.65 mm, the relative eot-

plane deflection of the web panel in the FE validation study is estirtatesl in the
range ofb-7 mm.

1850

Unit : mm
-7.100
-3.975
-0.8500
| 2.275
i 5.400
11.65
-
17.90

8.525

w

h (mm)

150

Length (mm)

Figure3-5  The measureditial imperfection contour ahetest specime(MI2)
[15]
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U, Magnitude
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+5.001e-01
+4.168e-01
+3.334e-01
+2.501e-01
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+8.336e-02
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ODB: Buckling.odb Abaqus/Standard 2022.HF3 Tue Feb 21 21:46:20 W. Europe Standard Time 2023
¥ Step: Buckling

Figure3-6  The 28 buckling modef the FE model MI2

3.1.2 Verification r esultsfor MI2

Table 3.5 shows the results of both the experimental test and the nonlinear FE analysis
in the current study. It should be mentioned that buckling mode 28 with a maximum
amplitude of 5mm isised as the initial imperfection.

Table3-5 Results of experimental test and analysis by Abaqus.
Maximum Maximum Percentage | Themaximum | The maximum| Percentage
shear stress| shear gess difference vertical vertical difference (%)
in thetest in FEM (%) displacement | displacement

(MPa) (MPa) in thetest in FEM (mm)
(mm)
109.19 109.62 0.39 6.8 5.7 16

It is observed that the difference between the ultimate shear capacity of the tested beam
and the FEMis negligible. However, the difference between the ultimate vertical
deflectiorsis considerable. FigureBshows the vertical displacement at the middle of

the bottom flange vs. the shear stress. This relatively large difference in the vertical
deflection can be attributed to the lower elastic stiffness of the test beam in comparison
to the FE model, which caoriginate from:

1. There is dack of information about the mechanical properties of the material,
including the modulus of elasticity

2. The measured dimensions of the beam, including the effective distance between
the supports and the span length, can be different from what has been reported
as the dimensions of the beam according to Table 3.1 since production errors
are neglected.

3. The deflection in the test may include the deflections of the supports, and the
relative maximum deflection can be less.
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Shear stress vs vertical displacement
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Figure3-7  Shear stress vsertical deflection othemiddle ofthe bottom flangen
the test beam (MI2) and FE model

Figure 3.8 shows the failure and buckling of the test specimen, and Figure 3.9 illustrates
the area where bucklirggarted Figure 3.10 shows tHauckling deformatiorafterthe
maximum load increment.he buckling locationn the analyseshowssimilarities to

the observed behawioin the experiment. The 28th buckling mode has lssbected

as the pattern for the initial imperfection due tosisilarity to the contour of the
specimen's initial imperfectionAs the location of buckling coincides with the
conducted testa significanteffect of initial imperfections in determining the failure
mode of corrugateaveb beamscan beobserved The rext understandingrom the
analyses isheimportance ofa comprehensive level of detail in the modeling process
to achieve more realistic results. The development of buckling after reaching the
maximum load increment also corresponds to the experimental observations,
particularly in thedevelopment of buckling afteéhe maximum load incrementhis

type of buckling canbe categorized as local buckling, as evidenced both in the
experiment (Figure 3.8) and tB&" buckling mode (Figure 3.6).
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Figure3-8  Deformed shape of test specimen after loadihgj. [

+6.126e+00
+4.896e+00

-2.170e-02
Fl.
2.

ODB: nenlinear.odb  Abaqus/Standard 2022.HF3  Tue Mar 07 23:18:33 W, Europe Standard Time 2023
X Step: nonlinear

Increment 24: Arc Length = 555.8

Primary Var: U, U2

Figure3-9  The buckling deformation on maximum load increment.
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X Step: nonlinear
Increment 28: Arc Length = 742.9
Primary Var: U, U2

Figure3-10 The buckling deformation after the maximum loading step.

3.2 Simulation of specimenl1001

This test has been selected to be simulttethe followingreasons

1. The test beams are made of stainless steel, which is very relevant to the current
study.

2. Testing conditions and material properties are well described in the main
reference.

3. The web panel has been scanned before conducting the test, and the data about
the initial geometric imperfections is available.

3.2.1 FE Modelling of 1001specimen

Specimen 1001 has been tested in order to investigashear behavior of a stainless
steel beamdeel type: LDX 210fEN 1.41632. Vertical stiffeners are used under the
point load in the middle of the beam as well as at the supports in order to prevent local
failure under concentrated forces. In 1001, flat web panels are used at the location of
the end supports as well as the miduflehe beam. The thickness of the flat web panels

is 10 mm. Other dimensions of the beam are presented in Table 3.6, e&nd th
configuration of the FEM model of specimen 1001 is indicated in Figures 3.10 and
3.11.Thetest setup is twgoint loading, so in the moddbad is distributed ototh
middlestiffeners. The beam is simply supported, and in the middle, stiffeners are set to
resist against lateral movement$e hickness othe corrugated welon the left side

of loado andtheright sideo s different to controthelocation of failure.

Table3-6 Profile of the test specimen, 1001 (all the dimensions are in mm)

Label| a b d 0 0 0 ® ) L
1001 | 170 85.7 60 1400 4 6 250 25 |3818.4
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Figure3-11 The onfiguration of corrugated web, stiffengesd flat welpanels in
1001[23].
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Stiffener 1
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Flat web
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Figure3-12 The onfiguration of corrugated web, stiffeners, flat wenels loads
and support locations

The material properties have been chosen from tensile test data on sahtipétested
specimen. Stresses and strains were engineering valuegeamdonvertedinto true
valuesbefore being introduced in ABAQUSable3.7indicategshematerial properties
that have been used inputfor nonlinear analysis in Abaqus.

Table3-7 The material properties that have been used in FE modeling of 1001.

E(MPa) 3 A -0A] K -0A| K -0A[ K -0A[ A -0A
195000 | 0.3 4428 500 700.1 850 973.87
0 0.000125055 0.017400241 0.096145032 0.244291589

The S4R shell element is used in this analysis.convergence study on the first
eigenvalue was done in order to select a suitable mesh size. Table 3.8 and Fgjure 3.1
present the results of this studyccordindy, a mesh sizequal tol0 mm is chosg 25

mm could also be pickedbut the author selected 10 mm to compare results wieh

main reference

Table3-8 The mesh size sensitivity and convergence study in the FE modeling of

1001.
Mesh size Eigenvalue Error (%)
100 12827
75 12700 1
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50 9308 36.44

25 7405 2.5

18 7238 2.3

12 7092.5 2.05

10 7058.4 0.48
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Figure3-13 The sensitivity of the firgtigenvalueso themesh sizén the FE model

of 1001.

According to the maimeference, the third buckling mode with a maximum relative
amplitude of 1 mm was chosen as the initial imperfections in Aba&gqeording to
the measured imperfection in Fig. 314, the magnitude of the imperfectionsis
highest close to the point loagdand this corresponds to the 8 mode. Figure 3.4
shows the Dl@neasured initial imperfections of the beam 1001, and FigubesBdws

the third buckling mode shape in the FE model.
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Figure3-14 The DIGmeasured initial imperfection of the corrugated web panel in
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Figure3-15 The third buckling mode in the FE model of 1001

3.2.2 Verification results for 1001

Figure 3.16 showsthe vertical displacement dhe beam vsthe total applied load in
boththetest andhe nonlinear FE analysis Figure 3.17 shows buckling deflectian
the maximum load incrementigure 3.18 showsthe distribution ofthe Von Mises
stresses ithe FE modehtthe ultimate loadrigure3.19 representthedeformed shape
of the specimen after failure.

Test vs. FEM for 1001 specimen
4000
3500
3000
2500
2000

1500

Applied load (kN)

1000

500

0 2 - 6 8 10 12 14

Vertical displacement (mm)

Test ——FEM

Figure3-16 The total applied load vs. theertical displacement in 1001.
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Figure 3-18 This contour represents von mises stress values correspondirg to
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Figure3-19 Deformed shape dlhespecimeri00lafter failure[23].

Table3.9compares theesults othe test and the FEM. It is observed that the difference

in both the ultimate load and the vertical deflection is negligible.

Table3-9 Comparison of the failure load and corresponding vertical
displacement in the test and the FEM.
Failure load (kN) | Vertical
displacemet (mm)
Test 3189 10.54
FEM 3370 10.18
Error (%) 5.3 3.4
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Conclusionfor verification of FEM method

In this chapter, two distinct models, namely specimen MI2 and 1001, have been
carefully chosen from published experimental results to validate the Finite Element
Method (FEM). The findings presented in tables &hd 39, along with the locations
where buckling initiates as illustrated in figure9,3310, 317, and 318, serve as a
confirmation of the effectiveness of the FEM approach. This validated method will be
applied in the subsequent chapteringestigatethe reliability of buckling factors
outlined in Eurocode 3.

The outcomes of the FEM analysis for specimen MI2 indicate 0.4% error for maximum
shear stress and 16% error for maximum vertical displacement. A thorough discussion
regarding the rationale behind the higher error in vertical displacement has been
previousy addressed in this chapter. Similarly, the FEM analysis for specimen 1001
reveals a 5.3% error in failure load and a 3.4% error in maximum vertical displacement.
The identification of the initiatiorpoints for buckling, coupled with acceptable
variancedetween vertical displacement and failure load, affirms the verification of the
FEM approach for the purpose of parametric studies. This validated approach will be
further employed in the ensuing chapteimieestigatethe reliability of the established
standardgor the shear behavior of corrugated web stainless steel girders
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Imperfection sensitivity studies

After verification of the FEM procedure in the current study, 17 parametric models
were designed and modeled in ABAQUS in order to analyze the sensitivity of the shear
behaviar to the pattern and amplitudes ioitial imperfections in corrugated web
beams with a wide range of slenderness ratiafie procesaneigenbuckling analysis

is donefirst. The first 20 buckling modelwith three different amplitudes of—, 0

and— are considered as the initial imperfections in all the parametric models. The aim

is to study the sensitivity of the ultimate shear capacity to the pattern and amplitude of
the initial imperfectionsAfterward a fraction of the maximum buckling deflection was
included in a nonlineaRiks analysis as the initial imperfection. It can be mentioned
that Riks analysis is performed in order to investigéte nonlinear behaviour of
corrugated webdue to buckling and materiabnlinearities Python code is useid

order to run analysis for different geometries to decrease modeling time in ABAQUS,
but more advanced code can help further investigatidreauthor later irthis Chapter
mentioned which subjects need more attention to raaoptimized design solution.

@ isthelarger value betweethe fat panel length anthclined panel widtho is
thethickness otheweb and’Q istheweb heightThethickness othecorrugated web
ontheleft side oftheload, 6 ,andtheright side 6 his different to contrathelocation

of thefailure.

The dimensions of all the considered parametric models are presented i13.T@ble
The material properties, configuration of the loading point, location of stiffeners, and
flat web panels are like the test on th@01 specimen as described in the previous
chapter.

Table3-10  Dimensions of the parametric models in the current study (all the
dimensions are in mm)

Name a d d | Q 5 o o 5 Span
support
to
support

Modell | 170 | 60 35 | 1500 12 16 250 75 5218
Model2 | 170 | 60 35 | 2000 12 28 250 90 5218
Model3 | 170 | 60 35 | 2500 | 12 32 250 90 5218
Model4 | 170 | 60 35 | 3000 12 38 250 100 5218
Model5 | 170 | 60 35 | 1500 4 6 250 25 5218
Model6 | 170 | 60 35 | 3000 4 12 250 40 5218
Model7 | 340 | 60 35 | 1500 6 8 250 50 7258
Model8 | 340 | 60 35 | 2000 6 8 250 50 7258
Model9 | 340 | 60 35 | 3000 6 10 250 50 7258
Model10 | 340 | 60 35 | 2000 4 6 250 25 7258
Model11 | 340 | 60 35 | 3000 4 8 250 40 7258
Model12 | 340 | 60 35 | 1500 8 16 250 70 7258
Model13 | 340 | 60 35 | 3000 8 16 250 70 7258
Model14 | 220 | 60 35 | 1500 4 6 250 30 5816
Model15 | 220 | 60 35 | 3000 4 6 250 70 5816
Model16 | 200 | 60 35 | 1500 4 6 250 25 5578
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| Modek17 | 200 | 60 | 35 | 1500] 5 | 8 | 250 | 45 | 5578 |

Table 3.11 indicates the result of the nonlinear analysis of parametric models in
ABAQUS. Table3.12illustrates the calculated slenderness ratio and reduction factors
that are calculated bthe Eurocode equations that are presented in Chapt€he
critical mode number ithenumber of buckling modehat hare been used for pattesn

of initial imperfection withthementioned magnitude in nonlinear analysis and rasult
the minimum failure load... is theratio between the ultimate shear capacity and the
shear yield capacity.

Table3-11  The results of the nonlinear analyses in ABAQUS in the current
parametric FE studies.
Label Imperf | Critical Imperf | Critical Imperf | Critical
-ection | mode -ection | mode -ection| mode
— number o] number _ number
(mm) (mm) (mm)
Model1 1 1 1.46 12 4 1.23 7.5 1 131
Model-2 1 1 1.42 12 13 117 10 13 124
Model3 1 20 1.33 12 - - 12.5 7 1.08
Model4 1 2 1.27 12 2 1.09 15 2 1.03
Model5 1 14 1.11 4 15 0.9 7.5 2 0.79
Model6 1 19 1.00 4 11 0.89 15 11 0.45
Model7 1.7 1 0.89 6 1 069| 7.5 1 0.65
Model-8 1.7 1 0.88 6 5 0.72 10 1 0.54
Model-9 1.7 5 0.75 6 5 0.54 15 5 0.29
Model10 | 1.7 5 0.54 4 5 0.48 10 5 0.37
Model11| 1.7 7 0.48 4 7 0.37 15 7 0.17
Model12 | 1.7 1 1.09 8 4 078 75 - -
Model13 | 1.7 16 0.98 8 6 0.66 15 6 0.48
Model14 | 1.1 2 0.96 4 2 075| 75 2 0.58
Model15| 1.1 1 0.94 4 1 0.74 15 1 0.36
Model16 1 4 1.01 4 4 077| 75 4 0.54
Model17 1 1 1.19 5 3 095| 7.5 3 0.83
Table 312 Calculated slenderness ratios aretluction factors for both local and

global buckling for the parametric models using the Eurocode
equations and also indication of critical buckling modes.

Name | FEM buckling | FEM buckling | FEM buckling | _ _h n n
critical mode | critical mode | critical mode
Imperfection: | Imperfection: | Imperfection:
® /200 0 "Q /200
Model1 Global Local Global 0.23 0.57 1 1
interactive
Mode}l2 Global Global Global 0.23 0.76 1 1
interactive interactive
Model3 Local - Local 0.23 0.96 1 1
interactive interactive
Model4 Global Global Global 0.23 1.15 1 0.82
Model5 Local Local Local 0.7 0.77 0.72 1
interactive interactive
Model-6 Global Local Local 0.7 1.55 0.72 0.52
interactive interactive interactive
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Model7 Global Global Global 0.94 0.66 0.63 1
interactive interactive interactive

Model8 Global Local Global 0.94 0.88 0.63 1
interactive interactive interactive

Model9 Global Global Global 0.94 1.34 0.63 0.65
interactive interactive interactive

Model10 Local Local Local 1.41 0.99 0.5 1
interactive interactive interactive

Model11 Global Global Global 1.41 1.49 0.5 0.55
interactive interactive interactive

Model12 Global Local - 0.7 0.60 0.72 1

interactive

Model13 Local Global Global 0.70 1.24 0.72 0.74
interactive interactive interactive

Model14 Local Local Local 0.91 0.75 0.63 1
interactive interactive interactive

Model15 Local Local Local 0.91 1.50 0.63 0.54
interactive interactive interactive

Model16 Global Global Global 0.83 0.76 0.67 1
interactive interactive interactive

Model17 Global Global Global 0.66 0.71 0.74 1
interactive interactive interactive

Figures3.20to 3.36 indicate:

1) FEM reduction factors for the models with different imperfection values and
different imperfection patterns.
2) The calculated reduction factor based on the Eurocode equations.

Model 1
1.6 .
14 T e e o ———— o
1.2
1
¥ 0.8
0.6
0.4
0.2
0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Mode number
=== 1. Imperfection=1 «==@==Xu.Imperfection=7.5 Xu. Imperfection=12

—| — g

Figure3-20 Indication ofn extracted by FEM analysis versus calculatecandn by
Eurocode equations for model
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Model 2
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Mode number
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— ] —Xg

Figure3-21 Indication ofn extracted by FEM analysis versus calcularedcandn by
Eurocode equations for mod2l

Model 3
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Mode number
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Figure3-22  Indication ofn extracted by FEM analysis versus calculatecandn by
Eurocode equations for modal

Model 4
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Figure3-23  Indication ofn extracted by FEM analysis versus calculatecandn by
Eurocode equations for modél
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Figure3-24 Indication ofn extracted by FEM analysis versus calcularedcandn by
Eurocode equations for modgl
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1 2 3 4 5 ¢ 7 & 9 10 11 12 13 14 15 16 17 18 19 20
Mode number

= X1, Imperfection=1 === 31, Imperfection=4 Xu, Imperfection=15
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Figure3-25 Indication ofn extracted by FEM analysis versus calculatecandn by
Eurocode equations for modél
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Figure3-26 Indication ofn extracted by FEM analysis versus calculatecandn by
Eurocode equations for modeél

CHALMERS Architecture andCivil Engineering Mast er 6s Thesi s 35



Model 8
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Figure3-27 Indication ofn extracted by FEM analysis versus calculatecandn by
Eurocode equations for mod&l

Model 9
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Mode number
== 11, Imperfection=1.7 s=@== X1, Imperfection=6 Xu. Imperfection=15
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Figure 3-28 Indication ofn extracted by FEM analysis versus calcularedandn by
Eurocode equations for mod@l
Model 10
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Figure3-29 Indication ofn extracted by FEM analysis versus calculatecandn by
Eurocode equations for mod&0.
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Model 11
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Figure3-30 Indication ofn extracted by FEM analysis versus calculatecandn by
Eurocode equations for model.

Model 12
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Figure3-31 Indication ofn extracted by FEM analysis versus calculatecandn by
Eurocode equations for mod#.

Model 13
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Figure3-32 Indication ofn extracted by FEM analysis versus calculatecandn by
Eurocode equations for mod#8.
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Model 14
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Figure3-33  Indication ofn extracted by FEM analysis versus calcularedcandn by
Eurocode equations for mod4.

Model 15
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Figure3-34 Indication ofn extracted by FEM analysis versus calculatecandn by
Eurocode equations for modb.

Model 16
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Figure3-35 Indication ofn extracted by FEM analysis versus calculatecandn by
Eurocode equations for mod6.
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Figure3-36  Indication ofn extracted by FEM analysis versus calculatecandn by
Eurocode equations for mod&¥.

The critical buckling modes for different imperfection valube deflectionsand Von
Misses stress distributiat thepoint of shear failure for the FE models are depicted in
Figure5.1 t05.125.

According to Table8.12, 73% of critical modes are interactiodels 14, all with a

very low local slenderness ratio (0.23) and a global slenderness not above 1 (except
model 4), show an ultimate shear capacity greater than the shear yield strength,
according ta.. values in Table3-11. According to the reported critical buckling modes

in Table3-12, all the critical modes on such models that attain the full yield capacity
are global or interactive. The reason for this is discuss&8jnds in cases where the
yielding in shear precedes the shear buckling, those buckling modes that are more
extended over the web panel cause a larger degradation of the ultimate capacity.
Model 5, with a medium local slenderness (0.7) and not a high global slenderness, still
has the potential to reach the full shear yield capacity for low amplitudes of
imperfection. However, for higher values of imperfection, the ultimate shear capacity
gets lower than the shear yield capacity. Again, with the same reasoning as discussed
about models-4, it is expected that those mode shapes that are more extended over the
web panel cause a larger degradation of the ultimate capacity.

In model 6, the global slenderness is much higher than the local slenderness, but still,
the critical buckling mode is interactive. Again, for a small amplitude of imperfection,
the beam reaches the shear yield capacity. However, the ultimate sheardoadesi

for the higher values of imperfection, like model 5.

In models 7 and 8, the local and global slenderness ratios are both uaddrtte

critical buckling mode shapes are interactive. It is observed in ERfsand3.27 that

for all the considered imperfection amplitudes and patterns, the ultimate shear capacity
is less than the yield strength.

In model 9, the local slenderness ratio is approximately 1, and the global slenderness
ratio is more than 1. The critical buckling modes, as shown in 5i§8.t05.68, are

gl obal . However, Eurocodeds | ocal and
approximately the same. According to B8, the ultimate shear resistance for a wide
range of imperfection magnitudes and patterns is less than the shear yield strength. On
the other hand, it is observed that for the highest imperfection magnitude anadpuckli
modes 5 to 9, the ultimate shear strength is lower than what is predicted based on
Eurocodebds equations.
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In model 10, the local slenderness ratio is larger than the global slenderness ratio.
However, since the global slenderness ratio is near 1, the critical buckling mode is
interactive rather than pure local. It is obseruwedrig. 3.29 that the ultimate shear

strength in a wide range of imperfectioatess than the shear yield strendtlowever,

for the | ow and medium i mperfection ampl.
strength is conservative. But , forsthe hig
predicted shear strength can be nonconservative for the critical buckling models.

In model 11, the local and global slenderness ratios as well as the local and global
buckling reduction factors are approximately the samd the critical buckling modes

as shown in Fig$.76 t05.82, are global or interactive. Thus, like what is observed in

the case of model 10, the ultimate shear strength is less than the shear yield, strength

and Eurocodeds predi ct edaonsenatere for afl theengt h
imperfection amplitudes if the critical buckling mode shape (nMdgconsidered

In model 12, the local and global slenderness ratios are less than 1. The critical buckling

mode shapes are global or interactive. It is observed in Fig. 4.12 that for the minimum
imperfection amplitude, the ultimate shear strength can reach the shdastygelth.

However, when the amplitude of the imperfection increases, then the ultimate capacity

is less than the yield strength. It seems that the reason for the low local buckling
reduction factor calculated based on Eurocode is this high imperfeetisitigty.

In model 13, the local slenderness ratio is less than 1, and the global slenderness ratio

Il's greater than 1. However, Eurocodeds cal
factors are approximately the same. The critical buckling modes, as shows.m&9g

t0 5.96, are interactive. According to Fig.32, the ultimate shear resistance for a wide

range of imperfection magnitudes and patterns is less than the shear yield strength. On

the other hand, it is observed that for the highest imperfectionitndgrand buckling

modes 6, 7, 13, and 14, the ultimate shear strength is lower than what is predicted based

on Eur oc od eHoweves, gt isaobsereed that for the lowest imperfection
amplitude, the ultimate shear strength can reach the shear yield strength.

In model 14with a local slenderness ratio close to 1 and a global slenderness ratio less

than 1, the critical buckling modes, as shown in FBg7 t05.103 are interactive. For

low amplitudes of imperfections, there is still potential to reach the shear yield strength.
However, for higher values of imperfection, the ultimate shear capacity gets lower than

the shear yield capacity.

In model 16, with a local and global slenderness ratio less than 1 and close to 0.8,
according to Fig3.35, for the low imperfection amplitude, the shear yield strength is
attainable. However, for higher imperfections, the shear capacity is less than the shear
yield strengt h, and in some cases, for the
predicted buckhg reduction factors can be noanservative.

In model 17, in which both the local and global slenderness ratios are less than 1

and close to 0.7 for the lonand medium imperfection amplitudes, the ultimate

shear resistance is observed to reach the shear yield strength in a wide range of
imperfection mode shapes/ T  OEA 1T OEAO EAT Ah %OOI AT AA8O
factors are conservative in a wide range of imperfectiongccording to Figs.3.20

to 3.36, in most of the cases, the critical buckling mode shapes are different from

the first buckling mode. However, in modks 15, 8, and 7 the critical buckling mode

is the first buckling mode.In model 15, it is observedthat for the first buckling

iTAA AT A OEA EIi PAOAZAAOGEIT Ai DIl EOOAAS T &£ 11
predicted buckling reduction factors are safe. However, for the highest

imperfection amplitude, Eurocode gives norconservative reduction factors.
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Discussionand conclusion

3.3 Verification of Eurocode equations

The data from Tabl8.11and from the 17 models that have been analyzed in ABAQUS
have been presented in FiguB37 and3.38in order to compare the reduction factors
with the calculated reduction factors based on Eurocode. According to these figures,
for local buckling, almost 14% of the reduction factors of conducted tests are less than
the calculatedbuckling factor by Eurocode equations, and for global buckling, this
number is almost 13%. It shows tlilhé recommendeequation forthe calculation of

the reduction factor is on-conservative and needs to be revisedstainless steel
Investigation on imperfection sensitivity shows ththe recommendedouckling

reduction factorby Eurocodeis safefor imperfection equal te— but not for

imperfection amplitudes ob and—.

In order to investigatehe applicability of the first buckling mode asthe initial
imperfection pattern fonontlinearanalysis, it can be mentioned that for imperfection

magnitude equal te—, only 7 from 17 models, for imperfection magnitude equal to

0 , only 2 from 17 modelsand for imperfection magnitude equakte, only 4 from
17 models are observed with first buckling mode as critical buckling mode.

Eurocode design reduction factor vs test resuction factor vs
FE model reduction factor for local buckling

0 0.5 1 L5 2 25

——Eurocode reduction factor
FE model-Imperfection=a(max)/200
FE model-Imperfection=tw
= FE model-Imperfection=Hw/200

* Experimental test

Figure 3-37 Indication ofshear design reduction factors for local buckling which are
calculated by both Eurocode equations, extracted from generated
database and reduction factors extracted from FEM analysis.
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Eurocode design reduction factor vs test resuction factor vs
FE model reduction factor for global buckling

0 0.5 1 L5

(&)
S}
[

Euwrocode reduction factor
FE model-Imperfection=a(max)/200
FE model-Imperfection=tw

= FE model-Imperfection=Hw/200

¢ Experimental test

Figure 3-38 Indication of shear design reduction factors for global buckling which
are calculated by both Eurocode equations, extracted from generated
database and reduction factors extracted from FEM analysis.

The author suggests neguationsonsidering imperfection limitatiafor design this
limit can be expected frorthe manufactured £ompany of corrugated web tme
consideeda required standard to produce gisl@he nentioned equations aceeated
by small change® theEurocode modednd are proposed with limited data from FEM
analysis so these equations need to be revised with more ddtafuture and ar¢he
basis for further investigationsnother reason for questionirtbe reliability of the
developed equations is that foesame slenderness ratid#fferent ultimate reduction
factors can be found. Indicatetkrsderness ratios are calculated accordinghto
mentioned equations from Eurocode in Chaptefigures3.39 and 3.40 show both
reduction factors calculated by Eucod e 6 s  eagdiharecoronmesded model for
an initial imperfection magnitude equal o 7¥¢ m.Trom Figure3.39, in local
buckling Eurocode standard is conservative for slenderreggss smaller than 1.15.
The rcommended modéah Figure 3.40 for global buckling isnot as accurate dke
recommended model for local buckliras less data is available in tlugse butthe
Eurocode reduction factor is conservativeFigures 3.41 and 3.42 show the
recommended model for local amgiobal buckling with consideringd as initial
imperfection magnitudeFrom Figure3.41, usingthe Eurocode reduction factor is not
safe for local buckling but for global buckling in Figur8.42, it is conservative.
However, vhen the initial imperfection magnitude has value equal t6Q ¢ 1 1t
according tdrigures 3.43 and3.44, theEurocode standard is not safeuge Equations
3.1 to 3.6 are presented e authorfor the calculation ofthe buckling reduction
factors with limited initial imperfection magnitude.
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Eurocode design reduction vs. FE model reduction factor for local
buckling with initial imperfaction magnitude a(max)/200

0.6

04 \

0.2

~==Eurocode reduction factor
FE model-Imperfection=a(max)/200

Recommended model

Figure 3-39 Indication of ultimate reduction factors for analyzed models with initial
imperfection equal t@ /200, recommended model for reduction
factor and calcul ated reduclbcalon f act c
buckling.

Eurocode design reduction vs. FE model reduction factor for global
buckling with initial imperfaction magnitude a(max)/200

0.6

0.4

0.2

——Eurocode reduction factor

FE model-Imperfection=a(max)/200

Recommended model

Figure4-40 Indication of ultimate reduction factors for analyzed models with initial
imperfection equal tay /200, recommended model for reduction
factor and calcul ated reduction f act
global buckling.
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n g - . ® &) Ng P Max imperfectiongd /200 (3.1)

] Nig p Max imperfectionsd /200(3.2)

Eurocode design reduction vs. FE model reduction factor for local
buckling with initial imperfaction magnitude t(w)

14

12

0.8
0.6
0.4

0.2

—=Eurocode reduction factor

FE model-Imperfection=tw

Recommended model

Figure 3-41 Indication of ultimate reduction factors for analyzed models with initial
imperfection equal t@ , recommended model for reduction factor and
calcul ated reduction factor by Euroc:
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Eurocode design reduction vs. FE model reduction factor for global
buckling with initial imperfaction magnitude t(w)

14

12

0.8

0.6

0.4

0.2

=== Eurocode reduction factor

FE model-Imperfection=tw

Recommended model

Figure 3-42 Indication of ultimate reduction factors for analyzed models with initial
imperfection equal to , recommended model for reduction factor and
calcul at ed reduction factor by Eur

buckling.
n Ss—ﬁs ™ Nj P Max imperfection© (3.3
n ﬁ ™ Ng p Max imperfection© (3.4)
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Eurocode design reduction vs. FE model reduction factor for local
buckling with initial imperfaction magnitude h(w)/200

02

Eurocode reduction factor

= FE model-Imperfection=Hw/200

Recommended model

Figure 3-43 Indication of ultimate reduction factors for analyzed models with initial
imperfection equal t€Q /200, recommended model for reduction factor
and calculated reduction factor by
buckling.

Eurocode design reduction vs. FE model reduction factor for global
buckling with initial imperfaction magnitude h(w)/200

0.8

0.6

0.4

0.2

=== FEurocode reduction factor

= FE model-Imperfection=Hw/200

Recommended model

Figure 3-44 Indication of ultimate reduction factors for analyzed models with initial
imperfection equal t& /200, recommended model for reduction factor
and calculated reduction factor by
buckling.
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5 . ° T X T@tXNy p MaximperfectionE 7¢ T 18.5)

& C N p Maximperfection€ 7¢ T (8.6)

As a concluding remark for this master thesis, Chapter 3 has successfully verified the
Finite Element Method (FEM) to facilitate parametric studies. These studies involved
generating models with varying dimensions, which were then coupled with the database
derived from a literature review, as outlined in Table 2.2. The objective was to assess
the conservatism of reduction factors calculated by the equations presented in Eurocode
3. The results, depicted in Figures 3.37 and 3.38, reveal that, for locahigudiki%

andfor global buckling, 13% exhibit lower reduction factors than those calculated by
Eurocode 3. Consequently, it is evident that the equations from Eurocode 3ekuitot

in conservative reduction factors and may not be entirely suitable for safe application
for the case of stainless steel corrugated web girders

Furthermore, the FEM analysis elucidated that the effectiveness of reduction factors is
not solely contingent upon imperfection magnitude but is also influenced by
imperfectiondistribution Buckling modes are used for the application of different
patterns of imperfectianThis intricate relationship is comprehensively illustrated in
Figures 3.20 to 3.36. Unlike prior investigations where imperfection patterns were
inadequately documented, this study, employing generated models, facilitated the
developmentf new equations. These equations accounthfEmaximum imperfection
magnitude in generatingucklingfactors.

The author underscores the imperative for manufacturers of beams with corrugated
webs to consider limitations on imperfection magnitude to meet standard requirements.
While time constraints hindered the generation of additional models for further
investigdion and more precise equation derivation, the author recommends that future
research should delve deeper. This involves generating models with diverse
dimensions, slenderness ratios, and imperfection magnitudes to formulate equations
that not only ensura safe design but also mitigate the risk of overdesign.
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5 Appendix-A

In order to provide material for fure investigation, in followingfigures indicate
critical buckling mode#or each imperfection magnituges wellout of plane deflection
andVon Mises stresses in maximum load increment

U, Magnitude
+1.003e400 /
+9.197e-01
+8.361e-01
+7.524e-01
+6.688e-01

+5.852e-01
+5.016e-01

+4.180e-01
+3.344e-01
+2.508e-01
+1.672e-01
+8.361e-02
+0.000e+00 /
Eur

ODB: Buckling-model-1.0db  Abaqus/Standard 2022.HF3 Thu Apr 06 23:02%59
X Step: Buckling, Bucklle
de * FiganValue =

e Dayllght Time 2023

Figure5.1 Buckling mode 1 for modél which is critical for failure with

imperfection equal te—and —.

U, Magnitude
+1.0492+00
+9.618e-01
+8.744=-01
+7.869e-01
+6.995e-01
+6.121e-01
+5.2462-01
+4.372e-01
+3.497e-01
+2.623e-01
+1.749e-01
+8.7442-02
+0.000=+00

ODB: Buckling-model-1.odb Abaqus/Standard 2022.HF3 Thu Apr :02:59 W, Europe Daylight Time 2023
X Step: Buckling, Bucklle
Mode 4: EigenValue = 80149.

Figure5.2  Buckling mode 4 for moddél which is critical for failure with
imperfection equal t®
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U2
+1.868e+01
+1.567e+01
+1.266e+01
+9.6432+00
+6.6292+00
+3.615e+00
+6.016e-01
-2.412e+00
-5.426e+00
-8.440e+00
-1.145e+01
-1.447e+01
-1.748e+01

Zz
ODB: Non-linear-Job-1.0db Abaqus/Standard 2022.HF3 Thu Apr 06 22:19:13 W, Europe Daylight Time 2023

1= | X Skep: nonlinear
Increment  28: Arc Length =  2.0691E+04
Primary Var: U, U2

Figure5.3  Out of plane deflection for modg&lin failure increment with
imperfection equal te—.

U2
+2.422e+01
+2.163e4+01
+1.204e+01
+1.646e+01
+1.387e+01
+1.128e+01
+8.690e+00
+6.102e+00
+3.513e4-00
+9.250e-01
-1.663e+00
-4.252e+00
-6.840e+00

/

ODB: Non-linear-Jab-4.0db Abaqus/Standard 2022.HF3 Thu Apr 06 22(:33:33 W. Europe Daylight Time 2023
X Step: nenlinear

Increment 24 Arc length — 1 6210E +04

Primary Var: U, U2

z

Figure5.4  Out of plane deflection for mod&lin failure increment with
imperfection equal ta®

u, u2
+2.926e+01
+2.525e+01
+2.123e+01
+1.721e+01
+1.320e+01
+9.1812+00
+5.165e+00
+1.1492+00
-2.867e+00
-6.883e+00
-1.090e+01
-1.492e+01
-1.893e+01

Zz

ODB: Non-linear-Jab-1.0db Abaqus/Standard 2022.HF3 Thu Apr 06/22:29:18 W. Europe Dayvlight Time 2023

1= X Skep: nonlinear
Increment  25: Arc Length = 2.1198E+04
Primary Var: U, U2

Figure5.5  Out of plane deflection for modglin failureincrement with
imperfection equal to—.
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Figure5.6 Maximum load increment for modelwith imperfection equal to
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U, Magnitude
+1.000e+00
+9.171e-01
+8.337e-01
+7.503e-01
+6.6692-01
+5.836e-01

+5.002e-01
+4.168e-01

+3.335e-01 /
+2.501e-01

+1.667e-01

+8.337e-02

+0.000e+00

ODB: Buckling-model-1.0db  Abaqus/Standard 2022.HF3 Sun Ap 23 15:30:34 W. Europe Daylight Time 2023
¥ Step: Buckling, Bucklle
Mode 1: EigenValue =  64012.

Figure5.9 Buckling mode 1 for mod@ which is critical for failure with
imperfection equal te—.

U, Magnitude
+1.0082+00
+9.242e-01
+8.402e-01
+7.562e-01
+6.7212-01
+5.881e-01
+5.041=-01
+4.201e-01
+3.361e-01
+2.521e-01
+1.680=e-01
+8.402e-02
+0.000e+00

ODB: Buckling-model-1.0db Abaqus/Standard 2022.HF3§ Sun A['23 15:30: 3“’\1 Elirope Daylight Time 2023
X Step: Buckling, Bucklle
Mode 13: ElgenVaIue = 1.26480E+05

Figure5.10 Buckling mode 13 for modé&lwhich is critical for failure with
imperfection equal t6 and—.

X Step: nonlinear
Increment | 27: Arc Length =  3.086

U2 .
+2.413e401
+2.130e+01
+1.847e+01
+1. 564401
+1.281e501
+9.979e+00 .
+7.149e4+00
+4.318e$00
+1.488e+00
-1.343e+00
-4.174e+00
-7.004=+00
-9.835¢+00 /
ODB: Non-linear-Job-1.o Abaqus/Standard 2022.HF3  Sun Apl3 14:56:11 W. Europe Daylight Time 2023

Figure5.11 Out of plane deflection for mod2lin failure increment with
imperfection equal te—.
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U2
+3.002e+01
+2.625e+01
+2.249¢+01
+1.8732+01
+1.4962+01
+1.1202 401
+7.4312+00
+3.6672+00

.516e+01

z
ODB: Non-linear-Job-13.0db  Abaqus/Standard 2022.HF3 Sun Apr 23 15:27:46 W. Europe Daylight Time 2023

TR X |Step: nonlingar
Increment | 25: Arc Length = 2.4315E-+04
Primary Var; U, U2

Figure5.12 Out of plane deflection for mod2lin failure increment with
imperfection equal t® .

u, uz2
+2.180&e+01
+1.893a+01
+1.606e 301
+1.319e4+01
+1.032&+01
+7.452e 300
+4.582e 300
+1.712e+00
-1.158e+00

2%e+00
9%e+00
69e+00
.264e+01

z

ODB: Non-linear-Job-13.adb  Abaqus/Standard 2022,HF3  Sun Apr 23 15:24:51 W, Eurcpe Daylight Time 2023
*r X Step: nonlinear

Increment = 25: Arc Length = 2.4315E+04

Primary Var: U, U2

Figure5.13 Out of plane deflection for mod2lin failure increment with
imperfection equal to—.

5, Mises

SNEG, (fraction = -1:0)

(Avg: 75%)
+7.136e+02
+6.542e4+02
+5.948e+02
+5.354e+02
+4.760e+02
+4.166e+02
+3.573e+02
+2.979e+02
+2.385e4+02
+1.791e+02
+1.197e+02
+6.033e4+01
+9.409e-01

z

ODB: Non-linear-Job-1.0db| Abaqus/Standard 2022.HR3 Sun Apr23 14:56:11 W. Europe Daylight Time 2023
27 X (Step: nonlingar

Increment ( 27: Arc Length = 3.0862E-+04 l'

Primary Var: 5, Mises

Figure5.14 Maximum load increment for mod2lwith imperfection equal to
—8
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S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)
+7.576e+02
+6.945e402
+6.315e4+02
+5.684e4+02
+5.053e4+02
+4.4232+02
+3.792e+4+02
+3.161e4+02
+2.531e402 o
+1.900e+402
+1.269e+02 d
+6.384e+01
+7.6992-01
ODB: Non-linear-Jab-13.ad Abagus/Standard 2022 uropeiDaylight Time 2023
X Step: nonlinear

2.4315E4+-0

Increment |25: Arc L.eng

5, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+7.46924+02
+6.8472+02
+6.226e4+02
+5.60424+02
+4.982e+02
+4.360e+02
+3.73%402
+3.117e402
+2.495e+4+02
+1.873e4+02
+1.252e4+02
+6.300e+01
+8.263e-01

ODB: Non-lingar-Job-13.o Abagus/Standard 2022

1T X Step: nonllnear

Increment : Arc Leng 2.4315E+04

U, Magnitude
+1.051=400
+9.632e-01
+8.756=-01
+7.880e-01
+7.005e-01
+6.1292-01
+5.2542-01
+4.378e-01
+3.502e-01
+2.627=2-01
+1.751e-01
+8.756e-02
+0.000e+00

ODB: Buckling-model-1.0db Abaqus/Standard 2022.HF3 FrLApr 07 19{56:53 W. Europe Daylight Time 2023
X StepiBUcKling, Bucklle
Mode 20: EigenValue = 1.62078E+05

Figure5.17 Buckling mode 20 for mod&lwhich is critical for failure with
imperfection equal te—s8
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U, Magnitude
+1.028e+00

+9.428e-01
+8.571e-01
+7.714e-01
+6.856e-01
+5.999e-01
+5.142e-01
+4.285e-01
+3.428e-01
+2.571e-01
+1.714e-01
+8.571e-02
+0.000e+00

_
\
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ODB: Buckling-model-1.0db  Abaqus/Standard 2022.HF3 Fri Apr 0719:56%53 W. Europa Daylight Time 2023
X StepiBlcKling, Bucklle
Mode 7: EigenValue = 1,33501E+05

Figure5.18 Buckling mode 7 for modé&l which is critical for failure with
imperfection equal te—.

U2
+7.28%+00

+3.216e+00 ‘
-8.577e-01
-4.931e+00
-9.005e+00

-1.308e+01

-1.715e+01

-2.123e+01 .
-2.530e+01

-2.937e+01

-3.345e+01

-3.752e+01

-4.159¢+01 /

ODB: Nan-linear-Job-20.0db  Abaqus/Standard 2022.HFZ i I 4':35 W. Europe Daylight Time 2023
X Step: nonlinear
In;rement 27: Arc Length = 3.3667E+04

Figure5.19 Out of plane deflection for modalin failure increment with
imperfection equal te—.

, U2

+1.705e+01
+1.376e+01
+1.047e+01
+7.185e400
+3.898e+400
+6.106e-01
-2.677e+00
-5.964e+00
-9.251e+00
-1.254e+01

-1,583e+01 f
-1.911e+01
-2.240e+01

Fri

ODB: Non-linear-Job-7.0db  Abaqus/Standard 2022.HF3
X Step: nonlinear
In;rement 25: Arc Length = | 2.4315E-+04

07 19:15:17 W. Europe Daylight Time 2023

Figure5.20 Out of plane deflection for modalin failure increment with
imperfection equal te—.
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+5.320e+02
+4.730e+02
+4.139e+02
+3.549e+02
+2.959%402
+2.368e+02
+1.778e+02
+1.188e+02
+5.972e401
+6.795e-01

Zz

1
ODB: Non-linear-Job-20.0db aqus/Standard 20228HF3 | Fri Apri07! 135 W. [Europe Daylight Time 2023
1P X Step: nenlinear
Increment| 27: Arc Length = [13.3667E+04 _L ]

Figure5.21 Maximum load increment for modelwith imperfection equal to

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+7.091e+02
+6.501e402
+5.911e+02

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+7.745e4+02
+7.100e402
+6.455e+4+02
+5.810e+02
+5.165e+02
+4.520e+02
+3.875e+02
+3.230e+02
+2.585e4+02
+1.940e+02
+1.295e+02
+6.505e+01
+5.5542-01

Zz

ODB: Non-linear-Job-7.0db | Abaqus/Standard 2022. i :15:17 W. Elirope Daylight Time 2023
X Step: nenlinear
Increment | | 25: Arclength = ‘2.4315E-|J4

Figure5.22 Maximum load increment for modelwith imperfection equal te—.

U, Magnitude
+1.003e+00
+9.193e-01
+8.357e-01
+7.521e-01
+6.686e-01
+5.850e-01
+5.0142-01
+4.179e-01
+3.343e-01
+2.507e-01
+1.671e-01
+8.357e-02
+0.0002+00

Zz

ODB: Buckling=miodel-1.0db  Abaqus/Standard 2022.HF3 SatApr08f6:12:13 W EEUrcpe Daylight Time 2023
FESX Stept Bucklingy Blucklle
Mode 20EigenValue = 52371,

Figure5.23 Buckling mode 2 for moddl which is critical for failure with
imperfection equal te—, o and—.
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U2

+1.074e+01

+7.0242+00

+3.311e+00

-4.030e-01

-4.116e+00

-7.830e+00

-1.154e401

-1.526e+01

-1.897e+01

-2.268e+01

-2.640e401

-3.011e+01

-3.382e+01
ODB: Non-linear-Job-2.adb | Abaqus/Standard 2022, tAprO . Europe Daylight Time 2023

*r X Step: nonlinear
Increment 27: Arc Length = 890E+
Primary Var; U, U2

Figure5.24 Out of plane deflection for modélin failure increment with
imperfection equal te—.

U2
+3.884e401
+3.319e401
+2.754e+01
+2.189%+01 ’
+1.624e401
+1.059e+01
+4.933e+00
-7.187e-01
-6.371e+00

-1.202e+01

-1.767e+01

-2.333e+01
-2.898e+01

ODB: Non-linear-Job-2.adb Abaqus/Standard 2022.HF3  Sat Apr 08 16:42:06 W. Europe Daylight Time 2023
X Step: nenlinear

Increment  26: Arc Length = 3.7408E+04

Primary Var: U, U2

Figure5.25 Out of plane deflection for modélin failure increment with
imperfection equal t@

u, u2
+4.551e+01
+3.915e+01
+3.279%e+01
+2.642e+01
+2.006e+01
+1.369e+01
+7.326e+00
+9.606e-01
-5.404e+00
-1.177e+01
-1.813e+01
-2.450e+01
-3.086e+01

ODB: Non-linear-Job-2.0db  Abaqus/Standard 2022.HF3  Sat Apr 08 15:36:18|W. Europe Daylight Time 2023
X Step: nonlinear

Increment 26: Arc Length = 3.6473E+04

Primary Var: U, U2

Figure5.26 Out of plane deflection for modélin failure increment with
imperfection equal to—.

58 CHALMERS, Architecture and @il Engineeringh - AOOA 08 O



S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+6.808e+02
+6.241e402
+5.674e+02
+5.107e+02

+4.540e+02
+3.974e+02
+3.407a+02
+2.840a+02
+2.2732+02 i
+1.7062+02

+1.13%+02
+5.720e401
+5.028e-01

z
ODB: Non-linear-Job-2.0db  Abaqus/Standard 2022 HF3 Saté‘: 5:30:26 W. Europe Daylight Time 2023
‘X Step: nonlinear

Increment  27:Arc Length = 4,4890E+04 | ’

i

Figure5.27 Maximum load increment for modélwith imperfection equal to
—8

o
S, Mises ' ' ‘ ‘
SNEG, (fraction = -1.0) \
(Avg: 75%)

+6.754e+02

+6.191e+02
+5.6292+02
+5.0668+02 '

+4.5042402
+3.941e+02
+3.379%+02
+2.817e4+02 ﬁ
+2.254e4+02
+1.692e+02
+1.12%e+02
+5.667e401
+4.241e-01

z

ODB: Non-linear-Job-2.adb ' Abaqus/Standard 2022, S I 6 WY, Europe Daylight Time 2023
*r X Step: nenlinear

Incremsnt S 26: Arc Length = = 3.7408E+04 |

Figure5.28 Maximum load increment for modélwith imperfection equal té 8

| - ||

S, Mises

SNEG, (fraction = -1.0) ‘I ‘ \ \
(Avg: 75%) (

+7.453e+02
+6.833e+02
+6.212e4+02
+5.591e402
+4.9702+02
+4.349e+02
+3.728e+02
+3.108e+02
+2.487e+02
+1.866e+02
+1.245e402
+6.243e+01
+3.532e-01

Zz

ODB: Non-linear-Job-2.0db  Abaqus/Standard 2022 HE S. 5:36:18 LN Europe Dayvlight Time 2023
p s X Step: nonlinear
Increment 30: .f\rc Length = '4/7696E+04

Figure5.29 Maximum load increment for moeélwith imperfection equal te—.
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U, Magnitude
+1.001e+00
+9.175e-01
+8.340e-01
+7.506e-01
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+5.004e-01
+4.170e-01
+3.336e-01
+2.502e-01
+1.668e-01

+8.3402-02
+0.000e-+00 ‘

ODB: Buckling-model-1.0db  Abaqus/Standard 2022.HF3  Tue Apr 04 23! 4 136 W. Europe Daylight Time 2023
X Step: Buckling, Bucklle
Mode 14: FigenValue = 74456.9

Figure5.30 Buckling mode 14 for mod&lwhich is critical for failure with
imperfection equal te—.

U, Magnitude
+1.002e400
+9.187e-01
+8.352e-01
+7.517e-01
+6.681e-01
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+5.011e-01
+4.176e-01
+3.341e-01
+2.506e-01
+1.670e-01
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+0.000e+00

ODB: Buckling-model-1.0db  Abaqus/Standard 2022.HF3 ~ Tue Apr 042 a urcpe Daylight Time 2023

X Step: Buckling, Bucklle
Mode 15: EigenValue = 7510.9

L% 9 &%

Figure5.31 Buckling mode 15 for mod&lwhich is critical for failure with
imperfection equal té

U, Magnitude
+1.067e4+00
+9.780e-01
+8.891e-01
+8.002e-01
+7.113e-01
+6.224e-01
+5.335e-01
+4.446e-01
+3.556e-01
+2.667e-01
+1.778e-01
+8.8912-02
+0.000e+00

VY

ODB: Buckling-model-1.0db  Abaqus/Standard 2022.HF3 Tue Apr 04 23:41:36 W. Eurepe Daylight Time 2023
X Step: Buckllng Bucklle
Mode 2: FigenValue = 6245.2

Figure5.32 Buckling mode 2 for mod&l which is critical for failure with
imperfection equal te—.
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ODB: Non-linear-Job-14.0db  Abaqus/Standard 2022.HF3  Tue Apr 04 23:26:58 W. Europe Daylight Time 2023
X Step: nonlinear

Increment 21 Arc ength =340 7

Primary Var: U, U2

Figure5.33 Out of plane deflection for modBlin failure increment with
imperfection equal te—.
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ODB: Non-linear-Jab-15.0db Abaqus/Standard 2022.HF3 Thu Apr 06 16:%0 W. Europe Daylight Time 2023

X Step: nenlinear

Incremant 03 ARE i ength — S a2 85T
Primary Var: U, U2

Figure5.34 Out of plane deflection for modBlin failure increment with
imperfection equal ta®
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/

: Non-linear-Jab=2.0db Abaqu3fStandard 2022.H Mon May 1 144:18 W, Eutiope Daylight Timg| 2023
X SE8p: nonlinear ’E
THCT TSRt P NSRRI TR R = o
Primary Var: U, U2

Figure5.35 Out of plane deflection fanodet5 in failure increment with
imperfection equal te—.
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S, Mises

SNEG, | (fraction |= -1.0)

(Avg: 75%)
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ODB: Non-linear-Job-14.0db  Abaqus/Standard 2022.1§F3 Slue ApPE O 126:58 W. Eu Daylight Timg 2023
X Step: nonlinear |

Increment |21: Arc/length = 3414,

Pri 7 j

Var: 5, Mises

Figure5.36 Maximum load increment for modelwith imperfection equal to

Figure5.37 Maximum load increment for modglwith imperfection equal té 8

Figure5.38 Maximum load increment for modglwith imperfection equal te—.
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