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ABSTRACT

A large rectangular industrial duct consists of plates stiffened with parallel wide flange sections.
The plates along with stiffeners acts to resist the pressure loads and to carry other loads to the
supports. The behaviours of the components of large industrial ducts are significantly different
from the behaviours on which the current design methods are based on. Investigation presented
herein deals with the design methods for spacing stiffeners, proportioning stiffeners and
calculating shear resistance of side panel.

Current method of spacing stiffeners is based on large deflection plate theory. A parametric
study was conducted on dimensionless parameters identified in order to benefit from membrane
action in partially yielding plate for spacing stiffeners. Design equations were established in
terms of dimensionless pressure, plate slenderness and normalized out-of-plane deflection for
three cases namely; 0%, 16.5% and 33% of through thickness yielding of the plate. Results show
that approximately 50% increase in stiffener spacing when yielding of 16.5% of thickness is
permitted.

Under suction type pressure load, the unsupported compression flange and restrained tension
flange lead to distortional buckling of the stiffeners. The current methods do not address
distortional buckling adequately. A parametric study on dimensionless parameters governing the
behaviour and strength of stiffened plat panels was conducted. The study indicated that the
behaviour and strength of the stiffened panels could be a function of web slenderness and
overall slenderness of the stiffener. The study also identified the slenderness limit of stiffener
web for which the stiffener reaches the yield moment capacity. This study demonstrated the
conservatism of current method. Finally a method was established to calculate the strength of
stiffened plate panel subjected lateral pressure.

Side panels adjacent to the supports transfer large amount of shear to the supports and, in
addition, resist internal pressure. Currently the design of side panels for shear is based on the
methods used for the web of fabricated plate girders. The behaviour and the characteristics
between the web of plate girder and the thin side panels are significantly different. A parametric
study was conducted on dimensionless parameters identified. It was concluded that the plate
slenderness dominates the normalized shear strength of stockier side panels. The aspect ratio
and plate slenderness influence the normalized shear strength of slender side panels. Design
methods to calculate the shear strength of side panels were proposed.



ACKNOWLEDGEMENTS

First and foremost I wish to extend my sincere thank to my co-advisor Dr. Bassam Halabieh
for guiding and sharing his immense experiences and knowledge in this subject. His many years
of practical experiences in analysing and designing large industrial ducts raised the scopes of this
study and were valuable inputs for successfully completing this study. His readiness and
willingness to apply the findings of this study inspire me to keep busy myself for the rest of my
life.

I especially want to acknowledge and thank my advisor Prof. Ken Siva Sivakumaran for his
patient, precious guidance, valuable advice and systematic approach during this study.
Furthermore, without Prof. Sivakumaran’s gracious acceptance of my research interests during
my master’s and doctoral studies, I could never have had a chance to achieve a successful career

in structural engineering,

Lastly and most importantly, a big thank to my wife, Usitha, for her understanding, support and

endless love and a great thank to my sons, Vipul and Sayal, for many sacrifices they have made.

Tharani Thanga

iv



To my elder brother Thaya:

For his Love, Support and Strength that have always been for me



TABLE OF CONTENTS

AADSELACE et s iii
ACKNOWIEAZMENT ..o v
Table Of CONLENLS ..ot vi
LISt Of TADLES .ot ses x
LISt Of TAGULES covvvviiiiiiiiiiii s ssss s X
Chapter 1T INtrodUCtON. ....c.cvcuiciieicirciicicci e 1
1.1 INtrOAUCHON. ..ttt 1
1.2 Large Rectangular Industrial Duct System ........cccveveuerveeneenerncenenncnnenn. 2
1.3 Current Design Methods.......c.cccuiiiiiniciniinicinicininiccccceeees 5
1.4 MOtVAHON. ..ottt 8
1.5 Scope and ODJECtIVES. ... sessesesesesesnes 9
1.6 Organization Of TheSsIS ......ccouiiiriiiiicicicie s 11

Chapter 2 Strength of Plate and Stiffener Spacing of Large Rectangular

Industrial DUCE et eeeans 26
2.1 INtOAUCHON. coeeeeiieiectiiicieeiciei ettt sees 27
2.2 ODJECHVES .ecvuvieiiiiciiieieiieiiietsi et ssesaenes 30
2.3 Bending of Long Rectangular Plate .........ccccocuveuviiniineinineincinininninncnnn. 35
2.3.1  Fixed Plate St ..o sessesesensessenans 42
2.4 Finite Element MOdel........ooovieerninriiieeeenieecsesesssssssssessssns 40
2.4.1 Numerical Integration through Thickness.......ccccocoeuvieiivviniincnnce 42
242 Statement of Problem......cccovecenecurnecinnecnceneceneceeneceeeenens 43
2.4.3  Validation of Modeling Techniques.........cccccvuvieiciciniiicicnenncn 44
2.4.4 Comparison of Bending Stress, Membrane Stress
ANd DEfleCtion ......ccceeccurineecinecienecereciereciesece e seeeaens 47
2.5 Dimensionless Parameters......coocvicrvinierniieinineeinieneiieneniesesesenens 48
2.6 Parametric StUAY ....ccovvveeeieieieieieeieieisenieisenseie e 55



2.6.1 Forces due to Membrane StrESSES...ouviniivenrerirrenreveesrerseeeressenes 60

2.7 Desigh EXAMPIE ....ocuieiiiiciiiiciiieieie e sessaens 63
2.8 Recommendations for Further Research........cccoovivivivivinininininnne, 66
Appendix 2.1 NOAHOMNS. cc..cvuiveieieieieieieieieeieieeeeesse s ssessessessessessesesesee 84
Appendix 2.2 ReferenCes ....couiimiuriiiriciiiriciicieiieieiciee s sessescseiaes 86

Chapter 3  Literature Review and Finite Element Modeling Techniques

Applied for Stiffened Plate Panels.........cccoovviviviviviciccinnncnciicicinnnns 87
3.1 INtOAUCHON. ...t sasaens 88
3.2 ODBJECHVES ittt 91
3.3 Literature ReVIEW.. ..ot 93
3.4  Finite Element Model........ccocviiininininiiieieeieieneseneseseneeenns 108
3.4.1 Initial Geometric Imperfections.......coccvecineeviccinicincenicininn. 112
342 Residual StIESSES ...t 116
3.3.3  Matetial MOAEIS ....cvururiicrcicicicicieiccccceisieiesiesseseneneens 118
3.5  Statement of Problem......ccoeuvirieinieiiinicineiicieieieeesenesenennes 121
3.5.1  Mesh Density and Convergence Study.........cccvueveuvierierierieninnnn. 122
3.5.2  Verification of Numerical Modeling Techniques...................... 124
Appendix 3.1 NOtAtONS.....cvivieieiiiriiii s 149
Appendix 3.2 References ....cviiiniieieieieieieseseeesesesessesessensessens 152
Chapter 4 Parametric Study on Stiffened Plate Panels.........cccoocueeivvivcicrncnncnnce 155
41 INtOAUCHON...euveeereieieii e sesnes 156
I © 1< 158
43  Dimensionless Parameters Characterizing Stiffener
Behaviour and Strength ... 160
4.4 Finite Element Model.......cccoieinieiniiniciicieieicneieieieeiesseennesessenaes 167
4.4.1 Estimation of Distortional Buckling Moment ..........ccccocoeuvcuviunnes 169
4.5  Complete Set of Independent Dimensionless Parameters............... 172
4.6 Effect of Plate Slenderness.......cccocuiuvevviurirviininieninniiniiisieieieienenns 175
4.7  Effect of Flange Flexural Slenderness........coccuvcuveeveeverncererncnnerncenenns 177

vi



4.8 Parametric StUAY ...cocrecunierecinieeieiiceineetieneeiee st sesesienae 180

4.9  Conclusions and Further Recommendations...........ceceveececurencreenecnns 191

4.9.1 Further Recommendations ........ceeeeureeueereneueenecunenecrnineeeneceennenes 192
Appendix 4.1 NOTAHONS ...ceveurereieieieiieiaeneiereresesessessessessessesssssessesesesesenes 228
Appendix 4.2 RefErenCes ..o essessesenans 230

Chapter 5 Shear Capacity of Side Plate Panel of Large

Rectangular Industrial DUCES ..o 233

5.1 INEOAUCHON .o eeaees 234
5.2 ODJECHVES wucrurrrrrrcrneeereiereieieeseiessessessesessessessessesssssesssssessesesssesesenes 236
53 Literature REVIEW ...c.cuvvviveveeeeiereieiririicceicieieseserecesesese e tsesesesesesesesenens 237
5.4  Finite Element MOdel.......oceeincniinicinicicncneieeiseeneieecsseiennes 247
5.4.1 Initial Geometric Imperfection ........cccveecuviciniviccinicinenicineiines 249
5.4.2  Matetial MOdEl ..o esenseseens 251
543 Loading and Boundary Condition .........ccceeeveuveucenceneuneusersensennees 253
5.4.4 Validation of Modeling Techniques ..o 255
5.5  An Evaluation of Current Method......ccceevevvcineeincnecincnicincnicnnee 258
5.6  Dimensionless Parameters . ... eeceeerecreineecreereerneseseeseesessescseesesens 262
5.6.1 Completeness of Dimensionless Parameters.........ccoovvvvuvivrivinnce. 269
5.7 Paramettic StUAY ....cceueuuereieicieieireeieeieeseeneienessenssseneseseneses 271
5.8  Conclusions and Further Recommendations...........cceveeceeerecreunecnne 280
5.8.1 Further Recommendations ........cccocveeuneerecuneinicrneeeecinieencnneeenenn. 281
Appendix 5.1 NOTAHONS ...ceveureieieieieiieieeeeneneresesessessessessessesessseseseseseseenes 313
Appendix 5.2 References ... 315
Chapter 6 Summary and CONClUSIONS ........ccvvueveunierineinieinirieneeieeeeseeseeens 319
0.1  Stiffener Spacing and Strength of Plates........ccccccvuvivinivinininininnns 319
6.2 Behaviour and Strength of Stiffened Plate Panel........ccccocuvucuncncancs 322
6.3  Shear Capacity of Side Panel of Large Industrial Ducts.................... 326

viil



LIST OF TABLES

Table 2.1
Table 2.2

Table 2.3
Table 2.4
Table 2.5

Table 2.6
Table 2.7

Table 3.1
Table 4.1
Table 4.2
Table 4.3
Table 4.4
Table 4.5
Table 4.6
Table 4.7
Table 4.8
Table 4.9
Table 5.1
Table 5.2
Table 5.3
Table 5.4
Table 5.5
Table 5.6

Mesh Density and Convergence Study.........oceeeeeeeereecenieneeneeeeeeneecenennns 77
Comparison of Bending Stress, Membrane Stress
and Deflection ... 77
Dimensionless Load Parameters...........ovveevierierierienieeienienieneeneenieenenen. 78
Strength and Serviceability of Plate Beyond Elastic Limits................ 79
Dimensionless Strength and Deflection of
Plate beyond Elastic LIMItS........ccccvieiiuricinieriericieireeseeieieieneene 80
Normalized Diaphragm Stress and Plate Slenderness ..........cccvueviunnees 81
Summary of Proposed Relations for
Dimensionless Pressure and Deflection ..........cccvcvcvicincnicinicincnnenees 84
Results of Mesh Convergence Study.........occucueueineineenennennennennennennenn: 141
Completeness of Dimensionless Parameters.........cocvcviervieviciriennnne. 194
Section Modulus for various Plate Widths ........ccccvevivivivininininnne. 195
Effect of Plate Slenderness ... 196
Effect of Stiffener Flange Flexural Slenderness.........cccveuveecuvicincunees 197
Matrix of Dimensionless Parameters........coveuveerncrveernernicrneenscnnenens 198
Distortional Buckling Moment of Parametric Study ........ccceeeveueenee. 201

Normalized Distortional Buckling Moment of Parametric Study....201

Normalized Ultimate Moment of Parametric Study.....cccoevvcereeennce. 202
Normalized Stiffener Capacity Based on CSA 2010........cccevuveucenee. 203
Ultimate Strength of Different Mesh Densities........cccccvuvivinrinrinnce. 283
Plate Panels for Completeness and Scale Effect........cccovueviveicincicnnes 283
Matrix Of Parameters......ccouiciniinicrniinieiicieie e sesenans 284
Results of Parametric Study ... 287
Shear Buckling Strengths.......c.cevieveecveicieeeesesceecseeseneeeenne 288
Contribution of Tension Field ACiONS .......cccocvvceurieivciriciniiniciricnnee. 289

ix



LIST OF FIGURES

Figure 1.1
Figure 1.2
Figure 1.3
Figure 1.4
Figure 1.5
Figure 1.6
Figure 1.7
Figure 1.8
Figure 1.9
Figure 1.10
Figure 1.11
Figure 1.12
Figure 1.13
Figure 1.14
Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8
Figure 2.9
Figure 2.10
Figure 2.11
Figure 2.12
Figure 2.13
Figure 2.14

Sample Large Rectangular Industrial Duct System..........ccoocuvvuneee. 12
Large Rectangular Industrial Duct During Fabrication.................... 13
Isometric View of an Industrial Duct between Expansion Joints.. 14
Elevation View of a Duct Segment ..o, 15
Typical Plate Stiffener Welds ..o 16
Typical Corner Detail.......c.ociiiciniciiiiciiniciescceeeeeeaes 17
Corner Detail at a Support Ring Including Bracing...........cccvvuueee. 18
SUPPOLt ALFANGEMENLS ....vuuveeieieierrricirerereeeee e 19
Typical Fixed SUPPOLt ... 20
Typical Guide SUPPOLTL....ciiiiriiiciiieieiecieeesasesesaes 21
Typical RONEr SUPPOLL ....vuieiiiiciiiiiiriciciicii e 22
Plate between SHIFENETS .cc et 23
Composite Action between Plate and Stiffeners........ccevvvvvevveceenec. 24
Effective Corner Elements on Cross Section of Duct .........ccu.u..... 25
Typical Large Rectangular Industrial DUCt ......cocvcvcicicrncincrniiniicines 68
Large Rectangular Industrial Duct During Fabrication.................... 09
Long Plate between SHfeners ..o, 70
Free Body Diagram of Strip of Plate........cccccoeucuiivciciiincincincincicnnnn. 71
Elemental Strip of Plate ..o, 71
Four Node Shell Element for Thick and Thin Shells ........c.ccocccuuneee. 72
Newton-Cotes Integration Points in Thickness Direction ............... 72
Elemental Strip of Long Plate.........cccveiiviccininincnicncsicccicicn, 73
Finite Element MOdel.......cccviicininicinicnecicineeeseeseneeeisesennens 73
Normalized Total Stress versus Dimensionless Pressute................. 74
Normalized Diaphragm Stress versus Dimensionless Pressure...... 75
Normalized Deflection versus Dimensionless Pressure................... 76
Dimensionless Load Parameter versus Plate Slenderness............... 72
Normalized Deflection versus Plate Slenderness........cooveecereveecerencnee 73



Figure 2.15
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9
Figure 3.10

Figure 3.11
Figure 3.12
Figure 3.13
Figure 3.14
Figure 3.15
Figure 3.16
Figure 3.17
Figure 3.18
Figure 3.19

Figure 3.20
Figure 3.21
Figure 3.22

Figure 3.23

Figure 4.1

Figure 4.2
Figure 4.3

In-Plane Forces due to Membrane Stresses ....ererniernerneernennnnes 85
Typical Large Rectangular Industrial Duct.......c.cccuviciccivicinicincnnaees 132
Stiffened Plate Panels ......ccocerecernecirinicinneeneceeceeciseseseseeeeens 133
Lateral Torsional Buckling ..........ccccueueueuneencmnerncrnencneneinescsenceene. 133
Web Distortion of a Cross SECOMN ....c.veueeeereecueerecrrereecieereacreeeaeeeenene 134
Cross Section of Singly Symmetric Beam.........ccocvcvcvcviviininincnnce. 135
Lateral Distortional Buckling...........cccueueieuneunernernencnencnncneneeceenn. 136
Four Node Shell Element for Thick and Thin Shells .........ccccccune... 137

Exaggerated Initial Geometric Imperfection in Plate Elements....137

Exaggerated Initial Geometric Imperfection in Stiffeners.............. 138
Exaggerated Combined Initial Geometric

Imperfections for MOES.......cuuieueicecineincieieieseeseiseseesenennes 138
Exploded Residual Stress Pattern .......cccvcvieuvecicivicinininericicaee 139
Idealized Material MOdELS.........ouiuririuniriiciciciciciccieceicinae 140
Geometry of Model for Convergent Study........cceeevcuveureererscerennennes 141
Verification MOdel ... 142
Finite Element Model.........cccciiiiinineiicccccecensenes 143
Buckling Mode of Stiffener W8x18 from Experiment................... 144
Buckling Mode of Stiffener W8x18 from Numerical Analysis...... 144
Buckling Mode of Stiffener W12x14 from Experiment............... 145
Buckling Mode of Stiffener W12x14 from

Numerical ANAYSIS.....cvveveuriciniiricinieieireeree et esseeesesseaenne 145

Buckling Mode of Stiffener W12x14 from Experiment................ 146

Buckling Mode of Stiffener W12x14 from Numerical Analysis..146

Lateral Pressure versus Vertical Deflection of

Stiffened Plate Panel(W8X18) ..o 147
Lateral Pressure versus Vertical Deflection of

Stiffened Plate Panel(W12X14).....ccvvenencenicinenicneeerneeeneeeenes 148
Distortional Buckling of Stiffened Plate Panel...........ccccccuvivucnnnece 204
Fundamental Parameters ..o 205
Typical Stiffened Plate Panel.........ccceveueicicivcincncecinccncrescennens 207



Figure 4.4
Figure 4.5
Figure 4.6
Figure 4.7
Figure 4.8
Figure 4.9
Figure 4.10

Figure 4.11

Figure 4.12
Figure 4.13
Figure 4.14
Figure 4.15
Figure 4.16
Figure 4.17

Figure 4.18

Figure 4.19
Figure 5.1
Figure 5.2
Figure 5.3
Figure 5.4
Figure 5.5
Figure 5.6
Figure 5.7
Figure 5.8
Figure 5.9
Figure 5.10
Figure 5.11
Figure 5.12

Boundary Conditions .......cceceeeeeuneeinernicineieieneenerneesesseessesensens 208

Idealized Material MOdEIS........ccuiuruniuriciriiriciicicciccceieciaes 209
Applied Moment versus Mid Span Vertical Deflection.................. 210
A /MEVEISUS A i 211
Normalized Applied Moment A, .....c.cceueveuevererernernenersensensensenens 212
Applied Moment versus A, Histories of Models.........cccvcueruruneee. 213
Normalized Applied Moment versus A, Histories of Models .....214
Normalized Applied Moment versus A, : Effect of B3 ...cccvevunecne. 215
Normalized Applied Moment versus Deformation ..., 216
Applied Moment versus Deformation HiStory .......cccvcvcvvcuneencnneen. 217
Buckling Modes of Stiffened Plate Panels.........cccocvuveuviciniiricinnanee. 218
Normalized Distortional Moments versus Slenderness ................ 223
Deformed Shape of Stiffened Plate Panel.........ccocvuviviviviniennanee 224

Contours of Normalized Distortional Moments
VELSUS SIENAEINESS c.veuviviieireieeieeereteesresseteessesseessesseessessesseressesseneens 225

Contours of Normalized Ultimate Moments

VELSUS SIENAEINESS ..ecvuvrevviieeirieicirieieisieictsieie et sseesetseeseasesesesseaes 226
Proposed Normalized Moment Capacity .........cceeeeveveurerseererseenenne 227
Rectangular Plate with Uniform Shear........ccocovviicincincinnnnnnes 290
Complete Tension Field ..o 291
Buckling Shape of Long Plate and Bands of Tension Fields......... 292
Stresses at Buckling and Ultimate State ..o 293
Effect of Diaphragim Stress.......cociviiininciniinciniineeesccscienennes 294
Schematic of Duct Side Panel........coccervcvnccinnccinccnccneceenes 295
Exaggerated Initial Geometric Imperfections ..........cccvcvcvcvreucunnn. 296
Idealized Matetial MOdES.....c.vueuiereecereeniciniieiciniicieirecseeeesseseeneieenes 297
Boundary Conditions ... 298
Model for Verification Study .......c.cccveevcericinienecenecineenicnneeerenneeenne 299
Bucking Strength of Square Plate.........ccocveiviviciricincinicininicine, 300
Fundamental Parameters ......c.oveceeeeenineeeinenceeineceeineceereerseneseenenenes 301



Figure 5.13
Figure 5.14

Figure 5.15
Figure 5.16
Figure 5.17

Figure 5.18

Figure 5.19
Figure 5.20

Applied shear versus drift......cccocvircnicincnienicneeecenne 302

Normalized shear versus normalized dfift ..cccoceeveeeeeeeeeeereereeeeeeeeee. 303
Finite Element Model of % =5 andg %” =707 oo, 304
Deflected Shape of Model of % = 5and % FEy =707 coeeeeeennn. 304

Bands of Tension Field Action for Panel with g %y =7.071........ 306

Normalized Shear versus Dimensionless Parameters .........oenne... 311
Contour of Normalized Shear versus Dimensionless

AT AMIELELS ittt ettt et s ete st st st e eatesresssesssesnesaresasesaen 312



Ph.D Thesis- Tharani Thanga McMaster University-Civil Engineering

Chapter 1:  Introduction

1.1 Introduction

Many industrial processes such as coal power stations, industrial boiler applications and
furnace off-gas systems, require a series of large rectangular duct system to transport
large amount of air and flue-gases. Recent flue-gas emission reduction measures by
national governments raised the requirements of the large duct systems for many existing
and new industrial processes. As flue gas emission requirements add large precipitators
and scrubbers to become part of duct systems, the design pressure increases significantly
and large duct design becomes more complicated. In the last ten years, several large duct
systems have been constructed. This unique structure is formed by plate surfaces

stiffened with often parallel stiffeners.

The investigation presented herein deals with the design methods for components of the
large rectangular duct systems. The design of large industrial ducts is not covered by any
design standard. In addition, very little technical information has been published
describing suitable analysis and design techniques for such structures. Current design
methods commonly used for the duct components are adapted from other standards and
limited previous publications. The major difficulty for an engineer in the analysis and
design procedures of this unique structure is the uncertainty as to how the components
should be designed. The behaviours of the components of large industrial ducts are
significantly different from the behaviours on which the current design methods are based

on.
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The purpose of this chapter is to briefly describe the large rectangular duct system and the
analysis and design methods currently used to design its components. The main chapters

present the details associated with the investigations of the each component.

1.2 Large Rectangular Industrial Duct System

Large industrial processes require to transport large volume of hot air and flue gases in
controlled manner between process equipments through a series of ducts system. Figure
1.1 illustrates the arrangement of a sample large rectangular duct structural system for an
industrial process. The duct structural system associated with industrial applications are
significantly large and in some ways unique structures. Though ducts having circular or
rectangular cross sections are feasible, the large industrial ducts are often rectangular.
The cross sectional dimensions of such industrial ducts may be in the range of 5m to

15m, sometimes even larger. Figure 1.2 shows an industrial duct during fabrication.

The large rectangular ducts are air tight conduits to transport air or flue gases under
positive or negative pressure. The ducts are sometimes exposed to high temperature as
well as the air or flue gases are transported at elevated temperature. In order to
accommodate the expansion due to the temperature, expansions joints are introduced
along the duct length. This creates independent pieces of ducts with own floating
supports. Figure 1.3 illustrates a typical piece of large rectangular duct between two

expansion joints.
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A segment of rectangular duct is formed by welding together four flat side plate panels.
Each side duct panel consists of a thin steel plate generally stiffened with stiffeners as
shown in Figure 1.4. The thin plates that are stabilized in one direction by the stiffeners to
form an integral part of large rectangular system in which a high strength-to-weight ratio
is important. The plates of those large industrial ducts are generally stiffened with wide
flange stiffeners in parallel configuration by wrapping around the duct as shown in Figure
1.3. The stiffeners are generally oriented perpendicular to flow direction. The typical
connection between stiffener and plate is generally made by intermittent fillet welds that

are staggered on either side of the stiffener as shown in Figure 1.5.

The duct system is designed to resist the following loads: (1) internal positive or negative
pressure, (2) weight of the duct, insulation and lugging, (3) live loads such as wind, snow,
seismic and ash loads (4) other loads such as thermal expansion or support reactions. The
internal pressure load consists of two components; operating pressure, which is the
expected pressure continuously acting on the wall, and transient pressure, which is the

very high pressure for relatively very short period of time during an abnormal event.

The duct side panels are often joined longitudinally with angles or bent plates at the
corner of the duct as shown in Figure 1.6. Corner angles provide air tight seal in addition
to strength and stiffness. The stiffener and the plate act as one composite section to
jointly resist the loads. In order to be a complete composite section, the attachment
between the stiffener and the plate must have adequate strength enough to transfer

horizontal shear arising between them due to bending. End connections of the wrapping
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stiffeners on each ring are either pinned or fixed. The most common end connection
would be pinned. There are many alternative ways to make a pinned connection and
Figure 1.6 shows the typical end stiffener pinned connection. The large industrial duct
should be able to transfer lateral loads to supports and keep the shape of the cross section.
This can be achieved by internal bracings and struts members. Figure 1.7 shows the

details of the bracing connection at support ring.

The support system of the duct should be able to accommodate the thermal expansion and
contraction. Therefore, the supports associated a duct segment generally consist of pinned
support, guide supports and roller support. Figure 1.8 shows typical support arrangement
for a rectangular duct. The pinned support and the guide supports resist the lateral loads
while maintaining the lateral stability and accommodating the thermal expansion. Figure
1.9, Figure 1.10 and Figure 1.11 show the typical pinned, guided and roller supports used

in large industrial ducts.
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1.3 Current Design Methods

The design process of the large rectangular ducts and their supports generally involves
local structural analysis (stiffener and plate level) and global analysis (entire structure
level) to predict their performance and verify their structural integrity. Determining the
duct plate thickness, stiffener spacing, and proportioning of stiffener section are done
based on local structural analysis. The global analysis of the large rectangular ducts is
related to the methods of transferring all external and system loads to the supports by
flexural behaviour. The duct cross section provides flexural stiffness in resisting bending
stresses. The side panels of the duct segment transfer the gravity loads to the supports by
shear. Therefore, the global analysis involves with flexural stiffness and strength of the

duct cross section and shear resistance of the side panels.

In large rectangular ducts, the side plates act along with stiffener to resist the pressure
forces and to carry gravity and external loads to the supports. The plate between parallel
stiffeners is assumed to span and be supported by those stiffeners as shown in Figure
1.12. The stiffener spacing and plate thickness are determined by considering allowable
stress and deflection of a unit width of plate strip between stiffeners subjected to the
pressure load. The transient pressure load governs the plate design. The stress and
deflection of the strip of the plate is generally calculated by considering large deflection
plate theory to include the bending stress and diaphragm stress. Based on previous
analytical studies, Roark’s Formulas for Stress and Strain by Young (1989) provide
simplified design tables which are currently used in the industry to establish stiffener

spacing and plate thickness.
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Having defined the stiffener spacing, the stiffener member is chosen to resist the
governing load. The pressure inside the ducts may be positive or negative. The stiffener
design is generally governed by the combination of transient internal pressure and wind
load. The beam section is chosen by determining the capacity of the stiffened plate panel
in composite action. In large industrial duct, the long stiffener span (5m to 15m or even
larger) due and high internal pressure generally result in wide flanged beam stiffeners. As
noted earlier, the pressure inside the duct may be positive or negative. Negative pressure
acts to pull the stiffeners in, resulting in tension to flange attached to the plate and
compression in outstanding flange. As the compression flange is not braced, the full span
of the beam length is taken as unsupported length in the current design practice. On the
other hand, under the positive pressure, the flange not connected to plate will be in

tension and the plate in compression.

In the current design practice, a certain portion of plate and the corresponding stiffener is
considered to act together as one composite section to resist pressure. The typical
combined section due to the composite action between the plate and stiffener is shown in
Figure 1.13. The design methods commonly used in industry for proportioning stiffeners
are based on the steel structural member design method adapted from the standards. The
method are somewhat modified to account the composite action between the stiffeners

and plate and other unusual service conditions.
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The global bending behavior of large rectangular duct is related to the cross sectional
strength and stiffness of the duct to resist mainly the longitudinal stresses. Because of
high slenderness ratio (height to thickness ratio) of the plate in rectangular duct, only
portion of the plate at the corners would be effective in providing stiffness for the global
behavior of the cross section. As mentioned before, the side panels are connected at
corners usually with embedded longitudinal angles. Therefore, the effective area of the
plate and the area of the angles are used to calculate the axial and flexural cross sectional
properties for the global analysis. For this purpose, in industry, the effective section is
usually assumed to be a plate width of certain times of plate thickness from the edge of

the corner angles as shown in Figure 1.14.

Duct side walls consist of thin plate panels between parallel stiffeners. The vertical and
other system related loads must be transferred to the side walls and then to the supports.
The side panels transfer the loads to the supports by shear. For a long span duct,
significant shear accumulates near the supports. In the current design method, the side
plate panel between the stiffeners is considered as the web of a large fabricated plate
girder with transverse stiffener in resisting shear. Therefore, the shear capacity of the side
plate panels is calculated using the methods in the structural steel building design
standards for the web of large fabricated plate girders. In this method, the contribution of
shear buckling and diagonal tension field of the plate between stiffeners is considered in

resisting shear.
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1.4 Motivation

The questions arose during practical experiences gained in designing large rectangular
industrial duct gave rise to the scope of this study. Although the large industrial duct has
been designed for many years, the behavior and strength of its elements are still not
understood well. Current analytical methods and provisions used to design large
rectangular duct were found to be inadequate, inconsistent and very conservative in many
cases. When working on some of the mega projects, it was found that many questions

remained unanswered.

During the recent design of ducting for Ohio Sammis Coal Power plant in OH, USA,
being the largest duct retro-fit known to date, tipping the scales at 44 million Ibs of
structural steel, reaching 2.8 km (1.75 linear miles) across Ohio’s horizon and consisting
ducts with the cross sectional dimensions up to 12.8 m (44 feet) in height and 6 m (20
feet) in width, it was observed proper understanding the behavior of the elements of large
industrial duct may lead optimum design resulting huge capital savings in future mega

projects.

The main drawback deterring engineers from using available design methods is
uncertainty as to how the components of the large industrial rectangular ducts should be
analyzed and designed. It is because the behaviours of the components of large industrial
ducts are significantly different when compared to the behaviours on which the current
design methods from the building design and bridge design standards are based on. The

structural design and analysis of the components of large industrial duct system is not
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covered by any specific standard. In addition, very little research studies has been
published describing suitable analysis and design methods for large rectangular ducts. In
short, the overall motivation of this research is to increase the understanding of the
behavior of the components and to develop comprehensive methods to estimate their load

carrying capacities.

1.5  Scope and Objectives

The primary objectives of the study are to understand the behaviour of the components of
large rectangular industrial ducts and to propose effective design and analysis methods
for such systems. Although the components of large rectangular industrial ducts have
been designed over past several years, the stability aspects of the components are still not
well understood. The structural analysis and design of these large industrial duct systems
is not governed by any design standard and a little publication on structural analysis and
design procedures is available. Number of parameters that dictate the behaviour of the
components is too large to do limited tests. Therefore, there is a need to do large scale
parametric study for each component. With the current finite element tools, more precise
modeling of the components can be achieved. The residual stresses, initial geometric
imperfections, boundary conditions, nonlinearities and other factors can be explicitly
incorporated into numerical models. In this study, experimentally verified finite element
modeling techniques will be used to perform extensive parametric studies for the
behaviour of the components of industrial ducts and to derive method to calculate their
strength. In this study, ADINA 8.5 has been selected to model and analyze the

rectangular stiffened steel plate duct.
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In this study, the scopes of the work include:
¢ Investigate the method of spacing stiffeners and the design of plating

¢ Investigate the behaviour and strength of plate stiffened with general steel
sections by parametric studies

¢ Derive a method to calculate the flexural capacity of stiffened plate panels
under negative pressure

o Study the behaviour of the side plate panels subjected to support shear and
to propose a comprehensive method of estimating shear capacity of plate

panels between stiffeners

The verified finite element modeling techniques are to be used extensively to study the
behaviour and strength of the components of large rectangular industrial duct through the
parametric studies. In order to assess all the parameters involved and reduce the number
of parameters for the parametric studies, dimensional analysis will be done. However, the
parametric studies would require hundreds of finite element analysis models. Therefore,
in addition to above primary scopes, there are number of secondary scopes.
o Verify the finite element modeling techniques with the experimental and
theoretical results available in literature.
e Develop external programming tools that will generate the numerical
models instantly with basic information such as physical dimensions,
material model type, analysis type , residual stress and initial geometric

imperfection patterns, etc.

These studies considered only the static pressure loading conditions and the components

are assumed to be at ambient temperature.

10
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1.5  Organization of Thesis

This section provides an overview of the remaining thesis. The thesis consists of six
chapters. Chapter 2 presents the details of study on the strength of plate and stiffener
spacing and describes the proposed optimum method of spacing stiffeners. An example
on stiffener spacing based on the proposed method is also presented. These results are

valid for plate

Chapter 3 provides the review of the previously published researches in a chronological
order and evaluates the methods for stiffener capacity in the literature and describes the
nonlinear finite element modeling techniques applied for the model of stiffened plate

panel. Finally, the modeling techniques are verified with full scale experimental results.

Chapter 4 presents the method of dimensional analysis in order to do a manageable
parametric study. Two dimensionless parameters are identified to be dominant in
affecting the behaviour of the stiffened plate panel subjected to lateral pressure load.
Based on the results of the parametric study, a method to evaluate the bending capacity of

the plate panel is presented.

Chapter 5 firstly describes a chronological review of earlier researches on plate subjected
uniform shear, secondly presents the finite element model developed and the
dimensionless parameters affecting the behaviour of the side panel subjected to shear and
finally provides design methods to evaluate the shear capacity of the side panel based on

the parametric study.

Chapter 6 provides a summary of the research conducted and presents the conclusions.

11
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Approximately
50m in height
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Approximately
500m in length

Figure 1.1 Sample Large Rectangular Industrial Duct System
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Figure 1.2 Large Rectangular Industrial Duct During Fabrication

13



Ph.D Thesis- Tharani Thanga

McMaster University-Civil Engineering

P Sl

Stiffener

Support

—1

-~

Plale _"2

Bracing

14

Figure 1.3 Isometric View of an Industrial Duct between Expansion Joints
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Figure 1.5 Typical Plate-Stiffener Welds
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Chapter 2: Strength of Plate and Stiffener Spacing of Large Rectangular
Industrial Duct

Abstract

A large industrial duct is often rectangular and consists of stiffened plates, where the
plates along with stiffeners act to resist the pressure loads and carry other loads to the
supports. The plates of these ducts are generally stiffened with wide flange stiffeners in a
parallel configuration. The plate between parallel stiffeners is assumed to span and be
supported by those stiffeners. The load carrying capacity and the serviceability of the
plate determine the plate thickness and the stiffener spacing. The current method of plate
design and spacing of stiffeners are based on the large deflection plate theory in which
bending and membrane actions contribute to elastic strength and deflection of the plate
between stiffeners. The purpose of this study is to determine how partial yielding of the

plate can result in economical stiffener spacing by benefiting from membrane action.

A numerical parametric study was conducted on the dimensionless parameters identified
to characterize the behavior of laterally loaded long plates. The results were established
for dimensionless pressure versus plate slenderness, and normalized out-of-plane
deflection versus plate slenderness relations for three yielding cases namely; 0%, 16.5%
and 33% of through thickness yielding of the plate. Design equations were established for
the three cases above. Results show that approximately 55% and 110% increase in load
carrying capacities when 16.5% and 33% yielding is permitted. However, such yielding
results in 30% and 40% increase in deflections as well. Partially yielding plates can

easily satisfy the serviceability limits states and lead to economical stiffened plate
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systems for large industrial ducts. Also, results show approximately a 50% increase in
stiffener spacing when 16.5% yielding is permitted. This study proposes design equations
for plating and for spacing stiffeners for three different scenarios namely; 0%, 16.5% and

33% of through thickness yielding of the plate.

Keywords: Rectangular industrial duct, Stiffened plate, Finite element analysis, Large

deflection, Partial yielding

2.1 Introduction

Many heavy industrial processes require transport of large amounts of air or flue gases
through series of steel ducts. The duct systems in industrial applications are significantly
large and, in some ways, are quite unique structures. Ducts with rectangular cross section
are commonly used in large industrial applications. The cross sectional dimensions of
industrial rectangular ducts are in the range of 5 to 15 m, sometimes even larger. The
rectangular cross section is formed by welding together relatively thin steel plates.
Stiffeners should be added to a plate to reinforce the thin plate. The plate is generally
stiffened with stiffeners in a parallel configuration as shown in Figure 2.1. Figure 2.2

shows a similar industrial duct during fabrication.

The plate and the stiffeners act together as one composite section to resist the pressure
loads. The plate is the most important structural element in a duct, but it could not
economically function without its stiffeners. The plate between two parallel stiffeners is

assumed to span between the stiffeners and be supported by those stiffeners. Thus, the

27
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duct structural system develops the load path from the plate to the stiffeners. The load
carrying capacity of the plate element is obviously determined by the plate thickness, i.e.,

the stiffener spacing.

In the past, the analysis and design of the plate thickness, i.e., the stiffener spacing, was
done in accordance with pure plate bending behavior known as elastic small deflection
theory. The small deflection theory generally leads to a thicker plate or smaller stiffener
spacing. Currently, engineering firms have adopted the design process of determining the
spacing of stiffeners based on elastic large deflection plate theory. Based on previous
analytical studies for uniformly loaded rectangular plates with large deflections, various
publications, such as Roark’s Formulas for Stress and Strain (Roark’s Formula) by
Young (1989), provide simplified design tables which are widely used in the industry.
For example, Young (1989) has provided tabulated numerical values for dimensionless
coefficients for the relations among pressure load, deflection and stresses for rectangular

plates under uniform load producing large deflections.

A close observation of the numerical values in the table mentioned above (Young 1989)
and the practical experience gained in designing large industrial ducts raised the scope of
this study. The range of the dimensionless coefficients does not cover the cases of
laterally loaded slender plates with large pressure loads. Furthermore, these
dimensionless coefficients were derived for the elastic state of analysis of rectangular

plates subjected to transverse pressure and are not valid at the onset of yielding in plates.
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In that sense, these approximate elastic solutions do not establish the true limit state

capacity of the plate element.

Also, the pinned edge support condition leads to a larger stiffener spacing compared to
the fixed edge support condition for a given pressure load and plate thickness. This is due
to the fact that the deflection of a pinned edge plate is larger than the deflection of a fixed
edge plate. This larger deflection causes higher membrane stresses and a higher
proportion of the pressure load is supported by membrane stress rather than by bending
stress. This illustrates that membrane action requires some deflection. Therefore, it is
anticipated to benefiting from the partial yielding which rises the deflection. The
structural analysis and design of the large rectangular duct systems is not governed by
any design standard and very little publication on structural analysis and design
procedures is available. Therefore, there is a need to conduct a study to derive a

comprehensive method for plating and spacing stiffener for large industrial ducts.
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2.2  Objectives

The primary objective of this part of the study is to establish relations between loads,
plate thickness and stiffener spacing, recognizing the benefit of yielding and the true
capacity of steel plates associated with large industrial ducts. In order to achieve this
primary objective, a nonlinear finite element model was developed to accurately simulate
the plate behavior in the inelastic range. The model was validated using results from
theoretical solution and the values from “Roark’s Formulas” by Young (1989). Another
objective was to identify the fundamental parameters that dictate the behavior of laterally
loaded plates for the numerical study. The final objective was to obtain dimensionless
parameters to conduct a manageable parametric study to achieve the primary objective.
The plate subjected to static pressure loading and under ambient temperature was only

considered in this study.

Section 2.3 provides the background theory on the bending of long rectangular plates
undergoing large deflection. Section 2.4 describes the finite element model developed for
this study. Section 2.5 describes the determination of the dimensionless parameters that
completely simulate the response of a long plates subjected to lateral pressure. Section
2.6 describes the parametric study conducted and presents the summary of study and the
proposed method of plating or stiffener spacing for large industrial ducts. Section 2.7
presents an example for applying the proposed method to space the stiffeners. Section 2.8

provides recommendations for future studies.
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2.3. Bending of Long Rectangular Plate

The classic theory of laterally loaded plate bending is often classified into small and large
deflection plate theory, based on the out of plane deflection as compared to the plate
thickness. Regardless, the out of plane deflection is small compared with other plate
dimensions. The small deflection theory does not consider the membrane (diaphragm)
stress that arises when deflection becomes large and when the edges are prevented from
pulling in. If the deflections are sufficiently smaller than 10-20 % percent of plate
thickness, the stretching of the plate can be negligible. The relationship between pressure
and deflection will be linear during small deflection. The linear small deflection theory is

generally attributed to Kirchoff (Ugural 1981).

Large deflection behavior occurs when the magnitude of the out of plane deflection
becomes equal to or greater than half the thickness of the plates subjected lateral pressure.
The large out of plane deflection causes stretching of the plate resulting in membrane
stresses in addition to bending stresses. If the edges are prevented from pulling in,
membrane action becomes significant. The plate behavior when carrying lateral load by
bending and membrane action is referred to as nonlinear large deflection plate theory, as
the relationship between pressure, stresses and deflection becomes nonlinear due to

membrane action.

The use of small deflection theory leads to excessive thickness or smaller stiffener

spacing. Solutions based on the small deflection theory are readily available. The

solutions for large deflections theory in plate design are complicated. However, the
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analysis of rectangular plates subjected to uniform lateral pressure and undergoing large
out of plane deflection, received increasing attention in the 1940s ( Levy 1942a, 1942b,
Levy et al 1944). In large industrial ducts, the plate between stiffeners can undergo large
deflection while performing safely and satisfying the serviceability limit. This leads to a
need for a method of analysis that can trace the behavior of plates after undergoing large

deflection.

The nonlinear differential equations for large deflection plate theory were developed by
von Karman (Ugural 1981). The differential equations, namely the compatibility and

equilibrium equations, are as follows:

2

o4 04 04 _ ( o*w ) . 2%w 92w (2 l)
0%x 82x92y = 3ty 02x0%y 02x0%y )
*w o*w rtw _t [E 9’0 0°w | 3*pd*w 2 a%p 9%w 2.2)
04x 82x32y 8%ty Dlt = 82ya2x 02x92y 0x0dy 0xdy '

Where w(x,y) = Out of plane deflection, @(x,y) = Stress function which defines in-

plane forces N,, N, and N,,, E = Young’s modulus, p = Pressure load and D =

yl
Flexural rigidity of the plate. There were several attempts to solve these differential
equations (Levy 1942a., Levy et al 1944), which resulted in lengthy mathematical
procedures for limited boundary support cases. The approximate solutions were derived

in terms of Fourier series for the von Karman equations (Levy 1942a., Levy et al 1944).

Some of the other methods for limited cases are based on the energy method that assumes
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a deflection in advance. To solve these two fourth-order and second-order partial
differential Von Karman equations relating the lateral deflection and applied load, a
lengthy mathematical solution for this long standing plate problem of simply supported
plate was presented by Wang et al (2005). This solution was facilitated by benefiting

from current computing facilities in solving equations.

In order to obtain a solution for the plates of large industrial ducts, the width of the plate
between stiffeners can be assumed to be small compared to the length of the plate. The
plate analysis can, therefore, be assumed to be bending of a long plate that is subjected to
transverse load. The deflected shape of the plate can then be assumed to be cylindrical.
Therefore, the investigation of the plate bending can be restricted to bending of an
elemental strip cut from the plate by two planes perpendicular to the stiffener direction as
shown in Figure 2.3. The x axis is perpendicular to the stiffener direction and the y axis

929

is parallel to the stiffener direction. In this case, w(x), Fr

920
and a2y are constant along

the y axis. Therefore, N,, and N,,, can be taken as zero.

Currently in the design of duct plating, the stiffener spacing is determined by considering
the allowable stress and the allowable deflection of a strip of plate between the stiffeners.
The stiffener spacing is the distance between the centre lines of the stiffeners. However,
the length of the strip of the plate under consideration is distance which is equal to the

stiffener spacing minus one flange width as shown in Figure 2.4.
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The bending of an elemental strip of the long plate can be assumed to be one way
bending. For an elemental plate strip of length b, thickness t and having a unit width, the

governing Equation 2.1 is satisfied identically while Equation 2.2 can be reduced to:

LN =p (2.3)
Because, in stiffened duct plating, the elemental plate strip is attached to the stiffeners
and its edges are not free to pull in, a tension in the plate is produced depending on the
magnitude of lateral deflection w(x). The tensile forces in the plate carry part of the
lateral loading through membrane action. The relative magnitude of membrane forces
depends on two factors: the degree of lateral deflection due to lateral pressure and the

degree of lateral restraint from pulling in.
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2.3.1. Fixed Plate Strip
Assure the edges of the elemental strip to be fixed in such a manner that they cannot
rotate and pull in. Considering an elemental strip with a bending moment M, per unit

length along the fixed edges, the forces acting on the strip are shown in Figure 2.4.

The bending moment M at any cross section of the strip is

b
M=5x—

P Now + M, (2.4)
Substituting this bending moment into, Z% = —% , the modified Equation 2.2 in terms of

moment, Equation 2.3 becomes:

d’w N b x2 M
Xy =Dy B2 _ 0 (2.5)
d2x D 2D 2D D

Observing the symmetrical deflection curve and other boundary conditions, the general

solution for this equation given in Timeshenko (1959) is:

o {cosh [w(-3)] 1} LA GESE: (2.6)

" 16u3D tanh () cosh (u) 8u2D

2
Where u is defined as: u? = %%. Thus, the deflection of elemental strip depends on wu,

which is a function of the membrane stress. This stress can be determined from the
extension of the elemental plate strip produced by the membrane stress. The extension
due to the deflection curve and the strain in the x direction can be equated as shown

below:

1y () = 20 @2.7)

Et

Substituting the above in Equation 2.6 for w and performing integration, the following

equation for calculating u can be obtained:
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2+8
E“t _ 81 27 27 +i (28)

(1-v2)2p2p8 " 16u’tanh (w) " 16u®sinh? (u)  4uB  8ub

Having calculated u, the membrane stress g,,, at any point and the bending stress o, at

edge point can be obtained as follows.

_ Ny _ 4u?p _ Eu? (t)?

Om =7 T Tz T 3002 (b) (2:9)
_ 6Mo _ —3p(b\*[1 _ cothw)

T2 T (t) [uz u ] (2.10)

The current method used to space the stiffeners is based on the numerical values of
coefficients in the table found in “Roarks’ Formula” by Young (1989). The relations
among pressure load, deflection, plate characteristics and stresses are expressed by
numerical values of dimensionless coefficients. Those dimensionless coefficients are

ob? omb?
Et?’ Et2

A . ) . .
and T These dimensionless coefficients were obtained from the

approximate elastic solution of uniformly loaded rectangular plates (Levy 1942a, 1942b,
Levy et al 1944). Also, it is evident from Equations 2.6, 2.9 and 2.10 that the relations
among pressure load, deflection, plate characteristics and stress can be expressed by the

same dimensionless coefficients.

From our observation during recent design of large industrial ducts and review of these
dimensionless coefficients from “Roark’s Formula” by Young (1989), it can be noted that
the calculated membrane stress a,, for pinned edge plate is significantly higher than the

membrane stress a,, in a similar fixed edged plate. Nevertheless, the total stress, the
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summation of the membrane stress a,, and the bending stress g, is significantly lower
for pinned edge plate. This is due to the fact that at a given pressure the out-of-plane
deflection of pinned edge plates is higher than the deflection of fixed edge plates. This
higher deflection of pinned edge plates causes higher membrane stress, indicating that a
high proportion of the pressure load is supported by membrane stress o, rather than by
bending stress a;,. This means that the design of large industrial duct plates allowing for

large deflections would lead to economical design.

One approach to reduce the edge rotational restraint and to increase the membrane action
would be to permit yielding of the plate element at the supported edges. The edge
condition of the plate between stiffeners is generally taken as fixed edge because the
stiffeners are welded on a continuous plate and the plate thickness generally is smaller
than the thickness of stiffener flange. In addition, the uniform pressure load acting on
adjacent plate panels prevents any rotation of the stiffeners and leads to a fixed boundary
condition. Therefore, yielding first occurs at the boundaries of the plate as the pressure
load increases. This marks the beginning of the transition from fixed edge boundary to
pinned edge boundary conditions. Furthermore, it can be argued that it is not mandatory
to prevent local yielding of the duct. As the load is further increased, the yielding
gradually penetrates through thickness. At the same time, a higher portion of the
increased load will be taken by the increasing membrane stress a,,. Therefore, the use of
membrane stress can lead to economical design. Also the pressure load that results in the
onset of yielding does not represent the limiting load. The plate can be further loaded

until the serviceability becomes a governing factor. The purpose of this study is to
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determine how the plate can take the advantage of yielding beyond the elastic range and

the membrane stress a,,, for spacing the plate between stiffeners.

To continue, the properties that characterize the plate behavior should be identified. The
bending of the plate usually occurs in two orthogonal directions. The plate between
stiffeners is a very long and narrow rectangular plate. A plate that is infinitely long in one
direction will bend in one direction. Therefore, the unit width of a plate strip
perpendicular to the stiffener direction can be used to represent the behavior of the plate

between stiffeners as shown in Figure 2.3. From the plate stress Equations 2.9 and 2.10,
_ . b . b .
it is clear that stresses depend strongly on the ratio T The ratio 7 Is measures the

slenderness of the plate strip. The dimensionless coefficients in “Roark’s Formula” by

Young (1989) further prove that the deflections and the plate stresses depend strongly on

b _ . . :
plate slenderness T Other fundamental properties that characterize a plate strip are yield

stress F, and Young’s modulus E. While the yield stress F, defines the elastic range of a

plate, Young’s modulus E characterizes its elastic flexibility. For the purpose of this

study, the parameters that characterize the behavior of the plate strip are the plate

b .
slenderness 7 the yield stress F,, and Young’s modulus E'.

The purpose of this study is to derive a comprehensive method that estabilishes the plate
thickness t and the stiffener spacing b of rectangular long plates subjected to a uniform

lateral pressure p. Equations 2.9 and 2.10 are based on the elastic theory in which
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materials do not yield. However, the lateral pressure load applied to the plate which
results in the onset of yield does not represent the limit of the lateral pressure load that the
plate can support. The plate can withstand a lateral load several times greater than the
elastic load before it fails in limiting stress level or in acceptable deformation. When the
lateral load becomes very large, the edge of plate strip gradually yields. The elastic large
deflection plate theory is somewhat complicated. The theories relating the behavior of the
plate following the onset of yield is then quite complicated due to the different sources of
nonlinearities such as yielding, large deflections and restraint from the edge pulling in.
Therefore, it is not so easy to derive closed form solutions when the plate is partially
yielding due to difficulties associated with the incorporation of nonlinearities. An
accurate and general solution requires the use of numerical techniques such as the
incremental finite element method. Several numerical studies for plate problems have
been done satisfactorily. Therefore, the powerful finite element analysis can be used to
study the solution of large deflections of thin plates beyond the elastic range, as several
commercially available finite element programs now have material and geometric

nonlinear analysis capability.
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2.4.  Finite Element Model

The nonlinear finite element method is applied to determine the stresses and maximum
deflection of a long rectangular plate subjected transverse pressure in the inelastic range.
The aim of this portion of the study is to develop a reliable finite element model to trace
the stresses and the deflection of a long plate under uniform pressure. The model will be
validated using theoretical results after the mesh density is refined so that it can be

analyzed for the rest of the study.

A numerical model for the long plate was developed using the commercial multi-purpose
nonlinear finite element program ADINA (2009). In this investigation, since the
nonlinearity may come from the material properties and the kinematic assumption of
large deflection, nonlinear static analysis was performed using the structural analysis
module of ADINA. ADINA contains an extensive element library that can model variety

of geometry and boundary conditions.

The large deflection of a laterally loaded plate involves in-plane and out-of-plane
displacements. Therefore, a shell element was used to study the behavior of the laterally
loaded plate. Figure 2.6 shows a 4-node rectangular shell element with the shell mid-
surface nodal points. In addition, the 4-node rectangular shell element makes it easier to
obtain the stresses in the direction of the plate edges for this nonlinear plate analysis. The
shell element is formulated with the assumptions used in the Mindlin/Reissner plate

theory and can be employed to model thick and thin general shell structures.
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This shell element can be used with elastic-isotropic, plastic-bilinear and plastic-
multilinear material models. It can also be used in a large displacement/small strain
problem. This type of element is suitable for the present application since the magnitudes
of the strains are generally not very large. To predict material behaviour under multi-axial
loading, a yield criterion, that indicates for which combination of stress components
transition from elastic to plastic deformations occur occur, should be used. The applicable
yield criterion for metal plasticity is the von Mises yield criterion. The von Mises yield
criterion has been interpreted physically as implying that plastic flow occurs when shear
strain energy exceeds a critical value. The von Mises criterion is often used to estimate
the yielding of ductile materials. Also, this criterion is largely based on the experimental
observation that most polycrystalline metals are isotropic. Steel is an isotropic and ductile
material. A flow rule relates the plastic strain rates to the current stresses and the stress
increments subsequent to yielding and a hardening rule specifies how the yield condition
is modified during the plastic flow. ADINA’s metal plasticity model is characterized as
an associated flow plasticity model with the isotropic hardening rule being used as the
default hardening rule. An associated plasticity model is a plastic flow rule. It is observed
experimentally that metals such as steel obey the associated flow rule. Also, in other
numerical studies on the behaviour of steel structural members, it is common practice to
use the isotropic hardening rule to track the yield surface. Therefore, the default ADINA
metal plasticity features were used in the present study. These features are based on an
associated flow plasticity model that uses the von Mises yield criterion as the failure
surface. Evolution of this failure surface was restricted in the current study to the

isotropic hardening rule.
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In this study, it is necessary to obtain the nonlinear equilibrium path in order to study the
laterally loaded plate beyond the elastic limit. When the response is nonlinear, the
equilibrium path should be obtained by incremental methods. In this study, the increment
is done by automatic step increment. This automatic increment can be carried out by the
Automatic Time Stepping (ATS) method to obtain a converged solution. The basic
approach used in ADINA to solve for the nonlinear equilibrium path is the Modified
Newton iterative method applied at each incremental load. In this iterative method, the
solution seeks the equilibrium through a horizontal path at a constant load vector. In this
method, the stiffness matrix is updated at the end of every iteration. It should be noted
that this method fails to converge in the neighborhood of unstable response as this ATS

method uses the load-control iterative method.

2.4.1. Numerical Integration through Thickness

This study attempts to capture the behavior of steel plates beyond the elastic limit.
Therefore, it is necessary to capture the onset and spread of the material yielding
accurately. In finite element analysis, material yielding is established at the integrations
points of the elements. In members subjected to bending, yielding occurs first at the
surface of the elements and it may spread through the thickness. Thus, it is necessary to
perform through thickness integration to trace the partial yielding. In addition the
integration points should preferably lie on the top and bottom surfaces of the element.
Therefore, a Gauss quadrature rule for numerical integration is inappropriate because its
sampling points lie within the thickness of the plate and no integration point is at either

surface, where yielding begins first. This consideration leads to conclude that the
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Newton-Cotes integration scheme, simply the Simpson rule, is very effective to perform
through thickness integration because this method has integration points on the
boundaries. Figure 2.7 shows the integration points. The number of integration points
through the thickness was chosen to be available was a maximum of seven for this study

in order to trace the yielding of plate through thickness.

2.4.2. Statement of the Problem

This part of the study attempts to establish the maximum possible stiffener spacing based
on the allowable stress and the allowable deflection of a long plate supported between
stiffeners. To simplify the modeling and computation, only a portion of the long plate
can be used for the satisfactory solution. With respect to the symmetry of the deflected
shape of a long plate, a strip of plate can be modeled. Figure 2.3 shows the overview of
the strip of the plate under consideration. This is a strip of plate of length, thickness t and

having a unit width.

Figure 2.8 shows the finite element model and the coordinate system for the strip of plate
considered. The x-y plane coincides with the middle plane of the plate. The z-axis is
perpendicular to the plate. Unless otherwise shown, all nodal degrees of freedom for all
nodes were set to freely displace and rotate. The strip of the plate should satisfy the
artificial boundary formed when it is cut from the long plate. This artificial boundary
represents the symmetric continuous edges that link the adjacent strips of plate. In order
to provide the symmetric continuous edges (L, and L3), the rotations about the x direction

and the translation along the y direction are restrained. This edge condition represents the
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situation of the strip of plate cut from long plate. The strip of plate is assumed to be fixed
along the edges (L, and L,) connected to stiffeners in such a manner that it cannot rotate
or pull in from the two edges along the stiffeners. The boundary edges and the
corresponding boundary conditions for the model are shown in Figure 2.8. The plate is

subjected to uniform lateral pressure.

This nonlinear analysis involved material nonlinearity in association with yielding and
plasticity. For the current practice of ultimate limit state design, the effects of strain
hardening are not often considered. The simplified elastic-perfectly plastic material can
be satisfactorily used for this study. The plate material is chosen to be carbon steel Grade
A36. The Grade A36 carbon steel has an Elastic modulus E of 200,000 MPa, Poisson
ratio v of 0.3 and yield strength F, of 250 MPa. However, it should be noted here that the
parametric study will be conducted on dimensionless parameters that are independent of

geometric and material characteristics.

2.4.3 Validation of Modeling Techniques

Before the analysis of the strip of plate begins, it is necessary to verify that the proposed
finite element modeling techniques are adequate. This can be accomplished through
comparison of theoretical and experimental results available. However, a convergence
study should be done before the validation study in order to establish a suitable mesh

density.
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Figure 2.8 shows the plate model used in this convergence study. In this convergence

study, a 200 mm wide and 1000 mm long strip (b) of plate was used. A thickness t of
: . . . b . _—
5mm, i.e., a width to thickness ratio s 200, was chosen to perform this mesh validation

analysis. The convergence study was based on an elastic analysis. In order to do an elastic
analysis, the elastic material model with a Young’s modulus of 200 GPa was assumed.
The load control increment method with a 60 kPa total pressure load was applied. The
percentage change in total stresses at the top side of the clamped edges was compared as
the mesh was being refined. The mesh validation was performed on five different runs
with the same physical and material plate properties and the same uniform pressure
loading condition. The only variable was the mesh size. Table 2.1 shows the mesh detail
and the results from the analysis. Five different finite element mesh configurations were
considered in this convergence study. The coarse mesh contained only 40 shell elements,

whereas the most refined mesh contained 800 elements.

In order to find the suitable mesh density, the percentage change in total stresses between
different mesh refinements was compared. The total stresses were obtained at top surface
of the fixed edge. The percentage change in total stress from mesh density of 1 to 2, 2 to
3 and 3 to 4 were 8.87%, 5.91% and 3.61%, respectively. The percentage change in the
total stress between mesh densities of 4 and 5 was only 1.14%. In general, a percentage
change of less than 5% may be considered acceptable. Thus, mesh densities 4 and 5 may
be acceptable. However, due to the severe nature of the material and geometric
nonlinearities involved in later analyses, a very dense mesh of shell elements was

desirable in order to trace the nonlinear equilibrium path. Thus, mesh 5 was selected as
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the most suitable mesh and its mesh density 50x16 was used for rest of the studies

presented in this chapter. In physical dimensions, each element is of size 20 x 15 mm.

As found in the above convergence study, the accuracy of the finite element model
increases with the number of elements used. In this study, the stresses across the
thickness at different depth are to be obtained in order to calculate the diaphragm stresses
and to trace the partial yielding of plate through its thickness. Therefore, smaller elements
are desired at the clamped edges when compared to the size of the element at the middle
of the plate model. A graded mesh is then adopted to provide more elements at the

clamped edges as shown in Figure 2.9.

In order to verify the accuracy of the final finite element model, the same model with the
refined mesh used for the convergence study was used for the comparisons with
theoretical results found in the literature. The pressure load was reduced to 10kPa for this
validation study as the available dimensionless coefficients in “Roark’s Formula” by
Young (1989) is limited for lower pressure loads. The bending stress o, and the
membrane stress o, of a laterally loaded elemental strip of plate were compared in order
to determine the validity of the current finite element model. The theoretical results were
calculated from the method explained in Section 2.2 and from the values in the book by

Young (1989).
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2.4.4 Comparison of the Bending Stress, Membrane Stresses and Deflection

The bending stresses g, the membrane stresses o, and the deflections A from the
theoretical and the numerical analysis are presented in Table 2.2. Two cases with
clamped edge and pinned edge boundary conditions were considered for this comparison.
The stresses and the deflections obtained for both boundary conditions were in very close
agreement to the theoretical values. However, the membrane stress of numerical results
shows around 4% less than theoretical and the results of “Roark’s Formula” (Young
1989). Also, the bending stress is around 2% higher than theoretical and the results of
“Roark’s Formula”. Despite these minor differences in the stresses, the deflection agrees
well as the deflection generally converges faster than stresses in numerical analysis.
From the above observations, it can be concluded that the accuracy of the finite element
model developed in this study to analyze the laterally loaded strip of long plate is

reasonable.
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2.5 Dimensionless Parameters

Before a parametric study can be carried out, it is necessary to identify the dimensionless
parameters that influence the bending stress o;,, the diaphragm stress a,, and the out-of-
plane deflection A of laterally loaded long plates. Ideally these parameters should be
independent of scale and material characteristics. First the fundamental parameters that
govern the strength and the out-of-plane deflection of laterally loaded plates are defined.
Then, a set of dimensionless parameters are identified. Finally, these dimensionless

parameters will be used to perform a parametric study.

The geometric parameters that affect the strength and deformation of laterally loaded
long plate are the plate length b and the plate thickness t. The material parameters for the
plate are Young’s modulus E, Poisson ratio v and yield strength F,,. The Poisson ratio v
is dimensionless. The lateral pressure p is the loading parameter and the maximum lateral
deflection A , the total stress o, the diaphragm stress g,,, are other parameters measuring
the response . Therefore, a total of 8 fundamental parameters, b, t, E, E,, p, A, o, and a,,,
affects the behavior of laterally loaded plate. This is a complete and independent set. The
above set of fundamental parameters with the practical range of each parameter will
result an unmanageable number of finite element models. Therefore, it is necessary to
reduce the number of variables to do a manageable parametric study. Dimensional
analysis offers a method for reducing the number of variables that must be specified for a

physical problem. This can be done by using Buckingham Pi-theorem (Harris 1999).
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If the behavior of a physical problem can be defined by a set of n complete and
independent variables, the relationship among them can be expressed by a homogeneous

function of n variables. Then, Buckingham Pi-theorem is stated as (Lanhaar 1951)

When a complete relationship between dimensional physical quantities is expressed in
dimensionless form, the number of independent quantities that appear in it is reduced
from the original n to n-k, where k is the rank of the dimensional matrix of the n physical

guantities

These parameters have the dimensions: M = mass, L = length and T = time. To apply
the Buckingham Pi-theorem, the matrix by the fundamental parameters and their

dimensions is formed as shown below.

Fundamental b t A p E, E o Om
Parameters
M 0 0 0 1 1 1 1 1
L 1 1 1 -1 -1 -1 -1 -1
T 0 0 0 -2 -2 -2 -2 -2

The rank of above matrix is 2. Therefore, the number of dimensionless parameters

expected in this case would be 6.
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The Buckingham Pi-theorem simply identifies the number of dimensionless parameters
and does not form the dimensionless parameters. From the theoretical method in Section

2.2 and the “Roark’s Formula” by Young (1989), It can be shown that the surface stresses

. b . .
and the deflections for such long plates strongly depend on the < ratio which measures

the slenderness of the long plates. The material parameter Young’s modulus E governs

the elastic flexibility and the other material parameter that characterizes the elastic range
F
is yield strength F,,. Therefore, another dimensionless parameter Ey can be defined.

Similarly, the total stress o; and the diaphragm stress a,, can also be normalized by yield

stress F, of the plate material.

A preliminary study was carried out to identify other dimensionless parameters that can
be used to study a laterally loaded long plate beyond the elastic range. First, the basis for

the selection of the parameters is explained below as per Hughes (1981).

In order to determine the dimensionless parameters that govern the strength of the long

plate, the pure bending of a laterally loaded strip of plate with unit width between

2
stiffeners is considered. The edge surface stress along the strip length is 0X=%p (%)

(longitudinal stress). In the long plate, a transverse deformation due to the longitudinal

stress does not occur, i.e. & = 0. The zero transverse strain causes a transverse stress

. . O'y Oy . ..
= v g, as seen from the strain equation €, = - VE = 0. The third principal

% y

y

stress is zero at the free surface and p at the loaded surface. The third principal stress p at
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the loaded surface is very small compared to the principal stresses o, and oy. Therefore,

the o, at yielding as per the von Mises yield criterion is o,= \/L The bending

1-v+v2

2
™ T Therefore, the pressure at which

1-v+v? 6

moment at initial yielding My would be M, =

the initial yielding occurs is

_ 2F, t 2
b= Vi-v+v2 (b) (2'11)

In the above case, it was assumed that only pure bending of long plate occurs without

stretching of plate.

b N . .
In order to make the plate slenderness n material independent, a dimensionless parameter

. . - . . E
that combines the f and I;—y can be derived by defining a dimensionless load parameter %
y

from Equation 2.11. Therefore Equation 2.11 can be rewritten as follows

2
E___2 (t[E
F2 Vi-v+o? (b Fy> (2.12)
. pE b |Fy . . . .
From Equation 2.12, Y and T4F can be identified as dimensionless parameters that
y

make the laterally loaded long plate independent of material characteristic when first

yield occurs by pure bending only. In the literature, § = ?b\/% was defined as the plate

slenderness parameter. Also, it can be shown from the deflection equation of the long
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plate under pure bending that the normalized deflection % depends on the plate

F . . . :
slenderness § = ?b\/% Therefore, the dimensionless parameters that define the behavior

of laterally loaded plates are named as follows:

Q= ;’—Ez = Load parameter
y

b |F,
B=- /Ey = Plate slenderness

% = Normalized deflection

% = Normalized total stress
y

‘;—m = Normalized diaphragm stress
y

Before a parametric study can be carried out, it is important to determine that these
dimensionless parameters are still independent from scale and material characteristics
when the long plate undergoes stretching in addition to pure bending beyond the elastic
range. In order to establish the independence of these dimensionless parameters for the
above mentioned case, a numerical study was performed. In this investigation, two
models each having the same plate slenderness g = 8.367 from two different
combinations of geometric and material parameters were analyzed. The first, Model-1,
was a 200 mm wide, 1000 mm long and 5 mm thick plate with elastic perfectly plastic
material with yield strength of 350 MPa. The second, Model-2, was 200 mm width, 1000
mm long and 4.22 mm thickplate with elastic-perfectly-plastic material with yield

strength of 250 MPa. The results for each of above two models were presented in Figure
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2.10. The normalized total stress ? versus the dimensionless loading history If—i of the
y y

. . . (o . .
analysis results is presented. The plot of normalized total stress F—t versus dimensionless
y

E : . . E
load parameter p—z showed the independency of the dimensionless parameters 5 and p—z
Ey Ey

even for the case of stretching and bending of the plate in the inelastic range. The other

useful information that is extracted from the results was the load parameter % at the
y

onset of yielding, at yielding of 16.5% and 33% of plate thickness for both models. Those

load parameters were also found to be same for all three cases of both models as shown in

Table 2.3. Therefore, it can be concluded that these dimensionless parameters g and %
y

are independent of any scale and material characteristics.

Similarly, the normalized diaphragm stress ;—’" versus the loading history i—Ez of the
y y

analysis results is presented in Figure 2.11. The graph of the normalized diaphragm stress

‘;—m versus the dimensionless load parameter % showed the independency of
y y

dimensionless parameters 8 and % even for the case of stretching and bending of the
y

plate in the inelastic range.

Further, the results of same models were used to verify the independency of the

normalized centre deflection. The normalized deflection 7 against the dimensionless
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E N
pressure P2 for both models were plotted in Figure 2.12. The graph showed the
Fy?

: . . A : .
independency of the normalized deflection 7 with respect to the dimensionless

parameters S and % even for the case of stretching and bending of the plate in the
y

inelastic range.

It can be concluded from the analysis above that the dimensionless parameters % \/% ,

A . .
If—i T “tand ™ can be used to define the behavior of a laterally loaded long plate
y y y

beyond the elastic range and have no scale effect. Therefore, these parameters can be

used for the parametric study.
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2.6 Parametric Study

To determine the plate thickness or the stiffener spacing, it is evident that plate can be
loaded beyond the elastic limit. However, the inelastic plate theory is more complex than
the elastic plate theory. The stiffener spacing or the plate thickness for industrial ducts is
generally governed by serviceability rather than limit states. Therefore, it will be helpful
to study how much lateral pressure can be applied beyond the elastic range while
satisfying the serviceability requirements. The boundary condition of the long plate
between stiffeners is considered to be clamped and restrained to pull in. Therefore,
yielding will first occur at the boundaries of the plate along the stiffeners. As the load is
further increased, the yielding gradually penetrates through the thickness of plate. In
order to determine the basic relations between the lateral pressures loads, the plate
characteristics, the spread of yielding through the thickness and the deflection, a

parametric study was conducted in this portion of this study.

In practice, the ratio of stiffener spacing to plate thickness % is generally in the range of

125 to 350. For these slender plates, the deflection will be large and hence membrane
effects may become significant. It will be seen that as the pressure increases for slender

plates, the bending causes more deflection, thus membrane effects become significant.

Figure 2.9 shows the model of the strip of long plate used for this parametric study. The
plate is assumed to be made of carbon steel Grade A36, which is the common steel
material used in the ductwork. An idealized elastic perfectly plastic material model was

used for plate material. Young's modulus, Poisson ratio v and yield strength F, of the
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material were taken as 200 GPa, 0.3 and 250MPa, respectively. Since the concern with
this study is the load carrying capacity of the plate in the inelastic range for spacing the

stiffeners, plate models with different slenderness ratios ranging from 125 to 350 were
. . . b
considered. Strip of plate models having = 125, 150, 175, 200, 225, 250, 275, 300, 325

and 350 were analyzed. Therefore, these plate models have dimensionless plate

slenderness: 8 = f\/% = 4.419, 5.303, 6.187, 7.071, 7.955, 8.839, 9.723, 10.607, 11.490

and 12.374. In this study, an incremental nonlinear static analysis was done, as it was
necessary to trace the yielding of the plate through its thickness. From the results of the
analysis, the x -directional stresses and strains at the support for each time step and for all
integration points through the thickness were obtained. The maximum deflections for
each time step at the middle of the plate models were also obtained. From the results, the
time step for the first yielding was identified. The corresponding lateral pressure and
deflection for that time step were then obtained. The membrane stresses for each time
step were calculated from the stresses obtained at seven integration points through
thickness. The membrane stress will be the resultant stress obtained by adding all the
stresses at seven integration points through thickness as the algebraic summation of
bending stresses become zero. In order to estimate the possible load increments beyond
the elastic limits, the time steps for the first yield stress at the first, second and third
integration points through thickness from the top were identified. The yield stresses at
the first, second and third integration points from the top indicate the yielding of 0%,

16.5% and 33% of plate thickness. The corresponding pressure, deflections and
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membrane stresses were identified for each model. The results obtained were tabulated in

Table 2.4.

As shown in Table 2.4, it is demonstrated that higher lateral loads can be carried by the
plate if partial yielding is permitted. It can be observed that, as the slenderness increased,
the membrane stress became significant. As the load is further increased, the yielding
gradually penetrates through thickness. It should be noted that the percentage increment
of the load to yield one sixth of the thickness (16.5% of the thickness) was approximately
50% of the load required for onset of yielding. At the same time, the percentage
increment in the out-of-plane deflection was approximately 20%. Similarly, the
percentage increment of the load to yield one third of thickness (33% of the thickness)
was approximately 100% of the load required to begin yielding and the percentage
increment in the deflection is approximately 35 to 40%. Therefore, the rate of increase in
deflection compared to the rate of increase in loading as yielding penetrates through the
thickness is not significant enough to affect the serviceability design requirement.
Generally the allowable limit for out-of-plane deflections of a plate between stiffeners is
one hundredth of the length b of the plate. Nevertheless the forgoing analysis showed that
for a long plate, the load can be even doubled from the load at first yield without

affecting the serviceability design requirement.

In this section, the results obtained from the parametric study for the selected range of

slenderness of plates made of carbon steel Grade A36 have been analyzed in order to

study the relations between the lateral pressure load, deflection, plate thickness , stiffener
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spacing and partial yielding. In order to analyze the results, the results in Table 2.4 were
converted into dimensionless parameters identified in Section 2.5 and that are
independent of the geometric and the material characteristics. Table 2.5 summarizes the
values of the dimensionless parameters obtained from the finite element analyses for the

range of plate slenderness considered.

To derive the relationship between the plate slenderness ?b\/% and the dimensionless load

E . . .
parameter p—z, the dimensionless load parameter was plotted against the plate
Ey

slenderness as shown in Figure 2.13 for the cases of onset of top fibre yielding and 16.5%

and 33% of plate thickness yielding. The horizontal and vertical axes are associated with

: . E : :
the plate slenderness %\/% and the dimensionless load parameter % , respectively. This
y

graph is useful in illustrating, in a general way, how the dimensionless load parameter
varies with the plate slenderness when 0%, 16.5% and 33% of plate thickness yields.
From Figure 2.14, it is obvious that the percentage of the pressure load increment from
the onset of yielding to the yielding of one sixth (16.5%) of the thickness for the whole
range of slenderness under consideration is nearly constant at about 55%. Similarly, an
additional 33% increase in load carrying capacity can be observed between 16.5% of the

thickness yielding and 33% of the thickness yielding.

At the same time, to check the serviceability of the plate between stiffeners, the

. . . F, .
normalized deflection é was plotted against the plate slenderness ?b \/; as shown in
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Figure 2.14. The generally accepted deflection limit for these types of duct plate is one

hundredth of the stiffener spacing (Fbo) Figure 2.14 indicates that the deflections satisfy

the serviceability limit of the plate between stiffeners even for the case of 33% of the
plate thickness yielding. On the other hand, the increments of deflection for the cases of
yielding of 16.5% and 33% of plate thickness are within the serviceability requirement.
Therefore, the design of plates between stiffeners for higher pressure loads will not be
governed by serviceability limit but would be by the strength limit. Even though the
above general conclusions can be reached, it will be meaningful and useful to establish
practical design equations incorporating the degree of yielding. These design equations
should be able to quantify the stiffener spacing and deflection for a given plate thickness
and design pressure. The graphs provided herein can be used for manual calculation.

Also, it is necessary to derive some relations that can be used in spreadsheet applications.

A close inspection of these plots reveals that the trend of each line in Figure 2.13
represents a portion of a power law distribution. Therefore, three power equations for

each line on the graph were established such that each line would represent all the data

points. The power equations represent the relations between the plate slenderness % \/%

and the dimensionless load parameter % for the following cases: the onset of top fibre
y

yielding, 16.5% plate thickness yielding and 33% plate thickness yielding. Similarly,

another three linear equations were established for the relation between the normalized

out-of-plane deflections é and the plate slenderness f \/% for the cases of top fibre
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yielding, 16.5% percent and 33% percent of plate thickness yielding. The proposed
equations are shown in each graph. The summaries of the proposed equations to obtain
the limiting lateral pressure load and lateral deflection for various plate slenderness are
provided in Table 2.6. It should be noted that these results are valid only for the plate

subjected to static pressure loading and ambient temperature.

2.6.1 Forces due to Membrane Stresses

The plating or the spacing of stiffeners based on the large deflection plate theory
considers the contribution of the membrane stresses a,, in addition to the contribution of
bending stress a3, in carrying lateral pressure p. The membrane stresses g, develops in-
plane reactions at the plate edges. The in-plane forces due to the membrane stresses o,
are balanced by the adjacent plates on either side of the plate considered. Thus, the plate
is prevented from pulling in by the in-plane forces. However, the membrane stresses o,,
of the plates adjacent to the end stiffener-rings are not restrained as the plates discontinue
at the end stiffener-rings. Therefore, in the current design practice, the stiffener spacing
for the end panels are closely spaced based on the small deflection plate theory. The in-
plane forces developed in the middle plate panels are expected to be transmitted to the
end panels and resisted by the deep beam action formed by the end plate panels and the
adjacent end ring stiffeners. In this deep beam action, the end plate panel acts as a web
and the stiffeners act as flanges in resisting the in-plane forces developed by the
membrane stresses a,,. The in-plane forces are transferred by shear 1, to the duct corners

by this deep beam action as shown in Figure 2.15.
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. . h
In large rectangular ducts, as a consequence of the larger plate height to thickness (?)

ratio, only a portion of the corner duct becomes more effective and is considered in
contributing to the stiffness for global bending. The four effective corner elements of the
duct at corners experience compressive and tension force due to the global bending of the
duct. Therefore, the shear 1}, due to the membrane stresses o,, causes additional
compressive force on the effective corner elements. Thus, the equilibrium between in-
plane forces due to the membrane stresses a,, and the additional compressive forces on

the effective corner elements is maintained.

The analysis method proposed in this study is also based on large deflection plate theory,
while benefiting from partial yielding of the plate edges. This method increases the
contribution of diaphragm stress o, in carrying the lateral pressure p. Therefore, the
additional compressive forces on the effective corner elements are also increased. From

the parametric study, the relations between the normalized membrane stresses ;—’" and the
y

plate slenderness % \/i—y were established for the cases namely; 0%, 16.5% and 33% of

through thickness yielding as shown in Table 2.5. Therefore, for an industrial duct with

given plate slenderness ?\/% and height h, the additional compressive force due the in-

plane forces can be calculated for above cases using the corresponding normalized

diaphragm stress ‘;—m from Table 2.5. The effective corner elements should be designed
y

for the compressive force due to the global bending and the additional compressive force

due to increased diaphragm stresses a,,, from the proposed method of spacing stiffeners.
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2.7 Design Example

An example calculation is done to verify and compare the proposed design method for
spacing stiffeners. This example uses only a single pressure load. It is assumed that this
pressure load is the result of combinations of primary load cases. The first step in the
design process of industrial ducts is to determine the stiffener spacing. The stiffeners are
spaced to minimize the plate stress and deflection. In the conventional design process,
generally the maximum stress and the deflection of the plate for a given pressure and
predetermined plate thickness are calculated for an assumed stiffener spacing b. If the
maximum stress and the deflection of the plate are within allowable limits, the assumed

stiffener spacing will be accepted. The design parameters used for this calculation are:

Pressure load p =15 MPa
Plate Thickness t=5mm
Modulus of elasticity E = 200 GPa
Yield stress of plate material F, =200 MPa

Initially the maximum stress and the deflection were calculated from the large deflection
plate theory described in “Roark’s Formula” by Young (1989) where the relation among

the load, deflection and stresses are expressed by numerical values of normalized

2

ob? opb?
parameters F,

Et2

A . .
and 7 Ina table form. The variables o,,, oy and A represent the

membrane stress, the total stress found by adding the membrane stress and the bending

stress and the deflection respectively. These parameters are tabulated for different

4

- b . .
pressure coefficients :? ranging from 0 to 250 in step of 25. Therefore, the pressure

62



Ph.D Thesis- Tharani Thanga McMaster University-Civil Engineering

- b* . . N
coefficient Z?? for the above design parameters was first calculated for a trial stiffener
spacing = 1005 mm .

4
% = 122.42 Pressure coefficient

o:b?

t
Et2

. A i . i
The corresponding values for and T were obtained by interpolating the values of the

coefficients in the table linearly. The obtained values are:

bZ
220 _ 40.38
Et2
2_138

- =
Therefore, the maximum total stress and deflection are:

o = 199.9 MPa Maximum total stress

A= 6.92 mm Maximum Deflection

The trial stiffener spacing b = 1005 mm was purposely selected in order for the total

stress g reach the assumed yield stress of the material F, = 200 MPa. Hereafter, the

relations derived in this study will be used to compare the results from the conventional

method and the method (derived) in this study. Therefore, the corresponding

dimensionless parameter g = f\/% defined in this study was calculated for the design
parameters.

b B _
,6'—“/:—6.92

Using the obtained relations when the top fiber yields as given in Table 2.6, the

. E
corresponding load parameter Q = % can be calculated.
y
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-1.10
_ b |Fy
Q = 0.580. <t ’—E)

Q = I’j’i = 0.08

y

2_0.288 (3\/5> —0.399 = 1.38
t t E

Therefore, the required pressure load and maximum deflection when top fiber yields:

0 2

p= % = 15.17kPa Required pressure

A= 6.9 mm Maximum deflection

It is now clear through the examination of the proposed design method that it predicts the
same pressure load and maximum deflection when the top fiber of the plate begins to
yield.

However, the pressure load that results in onset of yielding does not represent the limit of
the pressure load that the plate can withstand. As stated in the purpose of the study, the
plate beyond the elastic range can be exploited the benefits of yielding and membrane

action in spacing the stiffeners. To take these benefits, the required plate slenderness

B = f\/% was calculated for the same load parameter Q = EEZ = 0.08 for the case of
y

16.6% of plate thickness yielding. Using the obtained relations for the case of 16.5%

thickness of top fiber yielding as given in Table 2.6.

—-1.08
_ b [Fy
Q = 0.864. <t ’—E>

Therefore, the § = %\/% is computed for the known Q as:

1n(0.864)—1n (Q)
:8 =e 1.08
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b |E_
ﬁ—t\/:—9.49

Therefore, for the same pressure load P = 15kPa and the same plate thickness = 5mm ,

the stiffener spacing b for which 16.5% plate thickness yields can be computed as:

=gt [ = £
b i [E=oamn [F

b = 1500 mm Stiffener spacing
The corresponding maximum deflection, when 16.5% of the plate thickness yields, can be
computed for the case of a laterally loaded plate with the same pressure load P =

15 kPa, the same plate thickness t = 5mm for the stiffener spacing b = 1500mm.

2 _0.330 (3\/§> —0.356 = 2.77
t t E

A= 13 mm Maximum Deflection
The span to deflection ratio is % = 115. This is within the allowable limit of one

hundredth of the span (Span/100) (ASCE 1995).
Therefore, the example calculation presented in this portion of the study indicates that the
stiffener spacing obtained from conventional method can be increased by 50% for just

yielding one sixth of plate thickness while satisfying the serviceability limit.
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2.8 Recommendations for Further Research
This parametric study focuses only on geometric and material parameters alone. The
scope of this study should be extended to include other parameters affecting the capacity

of plates subjected to lateral pressure beyond the elastic limit.

There will be a geometric imperfection in the plate between stiffeners as the welding of
stiffeners to steel plates affects the geometry of the plate. Generally, the distribution of
imperfection due to welding is some degree of inwards dishing of the plate bound by the
stiffeners. It is obvious that even a small initial deformation allows membrane effects to
occur as soon as the load is applied. Therefore, it is better to incorporate the effects of the

initial geometry imperfections for further study.

During the process of welding the stiffeners on the plate, significant residual stresses are
introduced into the plate between the stiffeners. If the plate has already acquired some
residual stress, the pressure may cause initial yielding earlier than with a residual stress
free plate. Therefore, it is important to incorporate the effect of the residual stress in the

future study.

The effects of other loading conditions such as compression, shear, lateral pressure and

their combinations need to be investigated.
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Table 2.1 Mesh Density and Convergence Study

Total Stress (o7 ) for Different Trial Meshes

. Number of ot (MPa) Percentage
Mesh Number Mesh Density Elements Change / (%)
1 10x4 40 424
8.87
2 15x6 90 465
5.91
3 25x8 200 494
3.61
4 40x12 480 513
1.14
5 50x16 800 519

Table 2.2 Comparison of Bending Stress, Membrane Stress and Deflection

Clamped Edged Elemental Strip of Plate

Membrane Stress o,

Bending Stress o,

Max. Deflection

(MPa) (MPa) (mm)
Roark’s Formula (Young 1989) 17.45 129.05 5.52
Method in Section 2.3 17.94 131.18 5.78
Present Study 16.70 132.00 5.84
Pinned Edged Elemental Strip of Plate
Membrane Stress o, | Bending Stress o, | Max. Deflection
(MPa) (MPa) (mm)
Roark’s Formula (Young 1989) 29.35 35.65 7.36
Method in Section 2.3 27.96 37.73 7.80
Present Study 27.57 35.06 7.53
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Table 2.3 Dimensionless Load Parameters

pE
Dimensionless Load F/?
Parameter
Model-1 Model-2
Onset of yielding 0.0552 0.0556
16.5% of thickness yielding 0.0855 0.0851
33.0% of thickness yielding 0.1151 0.1151
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Table 2.4 Loads and Deflections of Yielding Long Plates

Width to Thickness Ratio (b/t) 125 150 175 200 225 250 275 300 325 350
Pressure at onset of top fibre yielding (kPa) 36.4 28.6 23.8 20.4 18.0 16.0 14.6 13.4 124 115
Deflection at onset of top fibre yielding (mm) 6.90 7.50 7.90 8.23 8.50 8.67 8.80 8.90 8.94 9.01
Membrane stress at onset of top fibre yielding (MPa) 22.0 25.0 29.3 31.8 33.9 35.2 36.6 37.8 38.6 39.4
Pressure at which 16.5% of thickness yields (kPa) 55.4 44.2 36.8 31.7 27.9 25.0 22.8 20.8 19.3 18.0
Percentage Increment in Load to yield 16.5% of thickness 52.2% | 54.5% | 54.6% | 55.4% | 55.0% | 56.3% | 56.2% | 55.2% | 55.9% | 56.5%
Deflection at which 16.5% of thickness yields (mm) 8.70 9.28 9.68 9.93 10.15 10.29 10.43 10.52 10.55 10.63
Membrane stress at which 16.5% of thickness yields (MPa) 325 37.5 41.2 43.6 46.0 47.7 48.3 50.5 51.6 52.7
Pressure at which 33% of thickness yields (kPa) 74.6 60.0 50.0 43.3 38.2 34.4 32.0 28.7 26.7 24.9
Percentage Increment in Load to yield 33% of thickness 104.9% | 109.8% | 110.1% | 112.3% | 112.4% | 115.0% | 119.2% | 114.2% | 116.2% | 116.5%
Deflection at which 33% of thickness yields (mm) 10.30 10.78 11.10 11.34 11.54 11.68 11.78 11.91 11.96 12.01
Membrane stress at which 33% of thickness yields (MPa) 52.9 57.7 60.9 63.3 65.6 67.4 68.4 70.4 71.6 72.4
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Table 2.5 Dimensionless Strengths and Deflections of Yielding Long Plates

B = %\/% 4419 | 5.303 | 6.187 | 7.071 | 7.955 | 8.839 | 9.723 | 10.607 | 11.490 | 12.374
Dimensionless Load at onset of top fibre yielding %Ez 0.116 | 0.092 | 0.076 | 0.065 | 0.058 | 0.051 | 0.047 | 0.043 | 0.040 | 0.037
Normalized Diaphragm Stress at onset of yielding & | 0088 | 0,104 | 0117 | 0.127 | 0136 | 0.141 | 0146 | 0151 | 0.154 | 0.158
Normalized Deflection at onset of top fibre yielding % 086 | 113 | 1.38 | 165 | 1.91 | 217 | 242 | 267 | 291 | 315
Dimensionless Load at which 16.5% of thickness yields 2752 0177 | 0141 | 0.118 | 0101 | 0.089 | 0.080 | 0.073 | 0.067 | 0062 | 0.058
Normalized Diaphragm Stress at which 16.5% of thickness yields ‘;—’;‘ 0130 | 0150 | 0165 | 0176 | 0.184 | 0191 | 0193 | 0202 | 0.206 | 0.211
Normalized Deflection at which 16.5% of thickness yields % 1.09 1.39 1.69 1.99 298 257 287 3.16 3.43 3.72
Dimensionless Load at which 33% of thickness yields ﬁTEZ 0239 | 0192 | 0.160 | 0139 | 0.122 | 0110 | 0.102 | 0.0902 | 0085 | 0.080
Normalized Diaphragm Stress at which 33% of thickness yields ‘;—’;’ 0212 | 0231 | 0244 | 0253 | 0262 | 0270 | 0274 | 0282 | 0286 | 0.290
Normalized Deflection at which 33% of thickness yields % 1.29 1.62 1.94 297 2.60 2.92 3.24 3.57 3.89 4.20
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Table 2.6 Summary of Proposed Equations for Dimensionless Pressure and Deflection

Limiting Load Parameter

Normalized Deflection

Cases pE A
t
-1.10
. b |F,
Onset of yielding = 0.580. —=0.288 i 0.399
-1.08
. . b b |F,
16.5% of thickness yields = 0.864.| — fy —=0.330 e 0.356
t
—-1.05
: : b A b |F,
33% of thickness yields =1.112.| = Fy —=0367|— [—=|—0.328
t.|E t t|E
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Figure 2.1 Typical Large Rectangular Industrial Duct
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Closely spaced
stiffeners

Figure 2.2 Large Rectangular Industrial Duct During Fabrication
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Stiffener

Strip of Plate

Figure 2.3 Elemental Strip of Long Plate
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Figure 2.5 Free Body Diagram of Strip of Plate
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Mid Surface Nodes

Figure 2.6 Four Node Shell Element for Thick and Thin Shells
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Figure 2.7 Newton-Cotes Integration Points in the Thickness Direction
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Figure 2.9 Finite Element Model -Plate Analysis
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Model 1: b=1000 mm, t=5.00 mm, F,= 350 MPa, E=200000 MPa
Model 2: b=1000 mm, t=4.22 mm, F= 250 MPa, E=200000 MPa
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Figure 2.10 Normalized Total Stress versus Dimensionless Pressure
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Model 1: b=1000 mm, t=5.00 mm, F,= 350 MPa, E=200000 MPa
Model 2: b=1000 mm, t=4.22 mm, F,= 250 MPa, E=200000 MPa
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Figure 2.11 Normalized Diaphragm Stress versus Dimensionless Pressure
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Model 1: b=1000 mm, t=5.00 mm, F,= 350 MPa, E=200000 MPa
Model 2: b=1000 mm, t=4.22 mm, F,= 250 MPa, E=200000 MPa
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Figure 2.12 Normalized Deflection versus Dimensionless Pressure
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Figure 2.13 Dimensionless Load Parameter versus Plate Slenderness
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Figure 2.14 Normalized Deflection versus Plate Slenderness
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Appendix 2. 1 Notations

The following symbols are used in this chapter
b = Stiffener spacing

D = Flexural rigidity of plate

E = Young’s Modulus

F, = Yield stress of plate material

h = Height of duct

L = Length

M = Mass

M, = Bending moment at end of fixed plate

p = Pressure load

Q = I’:—i = Load parameter
y

t = Thickness of plate

T =Time

u = Function of membrane stress

1, = Shear forces due to membrane stress

w(x,y) = Out of plane deflection of laterally loaded plate

b ,F
L= < Fy = Plate slenderness

A= Mid span lateral deflection
@(x,y) = Stress function which defines in-plane forces

o, = Membrane stress
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o, = Bending stress
o; = Total stress

v = Poisson’s ratio
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Chapter 3: Literature Review and Finite Element Modeling Techniques
Applied to Stiffened Plate Panels

Abstract

In large rectangular industrial ducts, parallel stiffeners are attached to outside of the plate
in order to maintain the structural integrity and to increase the plate strength in the out of
plate direction. High pressure loading conditions and the length of the stiffener dictate the
use of wide flange steel sections as stiffeners. Under a suction type pressure load, the
flange not connected to the plate will be in compression whereas the tension flange is
restrained by the plates. The unsupported compression flange may lead to lateral
distortional buckling of the stiffeners. The current methods of practice to proportion the
stiffeners are derived from standard beam instability design methods. Considering the
differences in the instabilities between the general beam and the stiffened panels, the
current method is not applicable and very conservative. A better understanding of the
parameters associated with the behavior and strength of stiffened plate panels is therefore
necessary. A parametric study may be conducted to determine the behavior and strength
of laterally loaded stiffened plate panels. An extensive literature review on the buckling
behavior of beams with different restraint conditions was completed. The finite element
modeling techniques used to simulate the stiffeners in large rectangular industrial duct
were compared to experimental results. It was concluded that the bahaviour and strength
of laterally loaded stiffened plate can be predicted very well with the proposed modeling
techniques. Subsequently, a parametric study, presented in Chapter 4, was conducted
using the finite element techniques.

Keywords: Stiffener, Plate, Initial Imperfection, Finite Element, Distortional Buckling
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3.1 Introduction

As heavy industrial processes, such as in industrial furnace and boiler applications and
power plants, require a large supply of air and gas, duct systems in industrial applications
are significantly larger compared with those in residential and HVAC applications. Ducts
with rectangular cross sections are commonly used in large industrial applications. A
typical rectangular duct with stiffeners is shown in Figure 3.1. The width and the length

of the duct are labeled as w and h, respectively.

Common sizes of industrial rectangular ducts are in the range of 5m to 15 m in cross
sectional dimensions, sometimes even larger. As flue gas emission requirements become
more stringent over the years, and as the use of precipitators, fabric filters and scrubbers
becomes part of a duct system, the design pressure magnitudes have increased
considerably. Therefore, additional reinforcements that stabilize thin steel plates are
necessary in order to minimize the plate thickness and increase the strength-to-weight
ratio. A stiffener functions as a plate reinforcement. In large rectangular ducts, the plate is
generally stiffened with stiffeners in a parallel configuration. The plate and stiffeners act
together as one composite section to resist the loads. The plate is probably the most
important structural element in duct, but it could not economically function without its

stiffeners.

The design process of ducts generally consists of global and local structural analyses.

Determination of the stiffener spacing, as shown in Figure 3.2, and the selection of the

stiffener section are the local structural analysis. The stiffener spacing is determined by
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considering the allowable stress and the allowable deflection of a unit width of a plate
strip between the stiffeners. The allowable stress and deflection of the strip of plate is
generally calculated by considering large deflection plate theory which includes the
bending stress and diaphragm stress. If the maximum deflection of plates exceeds half the
plate thickness, the plate changes to shallow shell and withstands much of the lateral load
as a membrane member, rather than as a flexural member. A method of spacing stiffeners

using the large deflection plate theory and partial yielding was proposed in Chapter 2.

Once the stiffener spacing is defined, the stiffener member is chosen to resist the
governing load. The pressure inside the ducts may be positive or negative. The transient
negative and positive pressures are often in the range of 10 to 15 kPa. The stiffener
design is generally governed by the combination of transient internal pressure and wind
load. The critical load combination of transient pressure, wind load and other loads will
be in the range of 15 to 20 kPa. The beam section is chosen by determining the capacity
of the stiffened steel plate in composite action. The long stiffener span (5m to 15m or
even larger) due to the quite large size of industrial ducts and high internal pressure
generally result in using wide flanged steel section stiffeners. Under negative pressure
(suction), the flange not connected to the plate is in compression and the plate is in
tension. As the compression flange is not directly braced, the full span of the stiffener
length is taken as an unsupported length. On the other hand, under the positive pressure,
the flange not connected to plate will be in tension and the plate in compression. In the
current design practice, a certain portion of plate and the corresponding stiffener is

considered to act together as one composite section to resist positive pressure.
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Although the design of stiffened steel plates has been done over the past several years,
some of the stability aspects are still not understood. The structural analysis and the
design of these large duct systems are not governed by any design standards and little
publication on structural analysis and design procedures is available. Therefore, there is a
need to conduct a study on the behavior and the strength of stiffened steel plates
subjected to a lateral pressure load. This chapter focuses on the behavior of stiffened steel
plates subjected to a negative pressure load. In this case, the flange not connected to the
plate will be in compression and the whole tributary area of plate will in tension. The
width of tributary area is the distance between centerline of adjacent stiffeners. Therefore,
a representative stiffened plate panel consists of a stiffener and the tributary area. A

typical cross section of stiffened plate panel is shown Figure 3.2.

90



Ph.D Thesis- Tharani Thanga McMaster University-Civil Engineering

3.2 Objectives

In this part of the study, a nonlinear finite element model is to be developed in order to
accurately simulate the behavior of a stiffened plate panel subjected to a negative
pressure load. The finite element model was built using the commercially available
software ADINA (2009). ADINA is chosen because of its ability to perform geometric
and material non-linear bucking analysis. The modeling efficiency is also evaluated

against the accuracy of the solution with the experimental results.

In order to achieve this objective, it is necessary to incorporate the initial imperfections in
the form of initial geometric imperfections and residual stresses. A comprehensive study
of this plate panel requires an analysis of hundreds of finite element models which cover
all the parameters affecting the behavior and capacity of stiffened plate panels. Each
model would take a considerable amount of time to build. Therefore, it is necessary to
develop an external computer program that can create a model based on values of the

basic parameters provided.

This chapter is also to review and evaluate extensively the existing experimental and
analytical work performed in the earliest work of Timoshenko (1961) on the buckling

behavior of beams for different restraint conditions.

This chapter consists of three parts. In the first part, an extensive literature review related

to the capacity of stiffener sections for which the tension flange is restrained is presented.

In the second part, the numerical modeling techniques used to develop the finite element
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model, including initial conditions and methods of analysis, are discussed. In the third
part, the numerical analysis results are compared with the experimental test results to

validate the modeling techniques used in the finite element models.
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3.3  Literature Review

The current methods used to proportion the stiffeners are applications of standard code
formulae used to design regular steel beams. These formulae are somewhat modified to
accommaodate the composite action formed by the stiffener and the duct plate. In standard
design practice, the capacity of steel beams depends on the unbraced length of the
compression flange. If the unbraced length of the beam is kept below the critical
unbraced length, the section will fail by yielding rather than buckling. Bracing is

therefore specified at certain intervals in order to maximize the beam capacity.

The failure of a beam by overall buckling is generally called lateral torsional buckling. At
this failure mode, lateral movement and twist of the cross section occur. The closed form
solution (Timoshenko and Gere 1961) for lateral torsional buckling of a simply supported

doubly symmetric beam bent about strong axis by uniform moment M, is:

2

T m E
M, = L_\/EIyG] + (L_> IyCW (3.1)
b

b

Where L, = distance between braced points; E = Young’s modulus; G = shear modulus;
I, = weak axis moment of inertia; / = torsional constant and C,, = warping constant. It
should be noted that Equation 3.1 was derived using no twist but free to warp conditions
at each end of the doubly symmetric beam. However, the lateral torsional buckling of a
beam is a failure mode that involves lateral movement and twist of the cross section, but

the cross section does not distort as shown in Figure 3.3. This means the flanges still lie
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in parallel planes and the web remains straight and lies in the plane perpendicular to
flanges at the buckling mode. However, it should be noted the flanges may twist at
different angles and the web may involve distortion on its length during buckling as
shown in Figure 3.3. In this mode of failure, the cross section of the beam gets distorted

during buckling.

Bracing a beam is more complicated mainly due to the fact that the lateral torsional
buckling of a beam involves both flexure and torsion. Effective beam bracing should
resist the twist and lateral movement of the cross section. In general, bracing is divided
into two categories; lateral and torsional bracings. The lateral and torsional bracings can
restrain the twist and lateral movement fully or elastically. The lateral bracing restrains
lateral movement. The effectiveness of a lateral brace is related to the degree of cross
sectional twist prevented. For an I-beam subjected to uniform moment, the centre of twist
is located at a point outside the tension flange; the lateral movement of the top flange is
much bigger than that of the bottom flange. Therefore, a lateral brace restrains the twist
best when it is located at the top flange (compression). Lateral bracing attached to the
bottom flange (tension) is totally ineffective (Yura 2001). A torsional bracing can be
different from a lateral bracing as the twist of the cross section is restrained directly. An

example of a torsional bracing system is the twin beams with cross frame.
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Generally, the span of a stiffened plate panel is the width w or the height h of the
industrial duct. Therefore, the unbraced length of the compression flange of the stiffener
of a duct under a negative transient pressure is assumed to be the span of the stiffened
plate panel. However, the duct casing provides lateral restraint to the tension flange. The
web of the stiffener and the duct casing may also provide some rotational restraint to the
compression flange of the stiffener. Therefore, assuming the unbraced length of the outer

compression flange to be the full span of the stiffened plate panel is uneconomical.

Taylor and Ojalvo (1966) addressed the use of torsional restraint as bracing. The authors
gave the following exact equation for the critical moment of a doubly symmetric beam

under uniform moment with continuous torsional bracing

M. = /MOZ + BEL, (3.2)

Where B is the torsional stiffness of the bracing per unit length. Equation 3.2 also
assumes no cross section distortion. It should be noted that cross section distortion causes
poor agreement with this equation (Yura 2001). In the case of a duct stiffener, the web of
the stiffener and the plate attached to the stiffener will provide similar torsional restraint
causing distortion of the cross section. Milner (1977) showed that cross section distortion
could be approximated by considering the rotational stiffness of the web. Milner (1977)
proposed the effective stiffness of bracing g, in place of the 8 in Equation 3.2. The

effective stiffness of the bracing g, is defined by:
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1 1 1

B " By Prec

(3.3)

Where B, is the rotational stiffness of the external bracing and f,.. is the rotational
stiffness of the web stiffener. Milner (1977) defined the rotational stiffness S, of the

web as below:
CEt3w
ﬁsec = d (3'4’)

Where C = a constant, t = thickness of the web, d = height of the web and w = width of
the web beneath the support. This rotational stiffness S,.. was derived by assuming that a
section of the web acts like a cantilever beam with height equal to the stiffener depth.
This stiffness is equal to the end-moment of the cantilever divided by the end rotation. It
should be noted that Equation 3.3 which is for discrete torsional braces could be adapted
for continuous torsional braces. For continuous bracing, a unit width of web instead of

the width of the web w beneath the support can be used.

In stiffened plate panels, the rotational stiffness provided by the duct casing can be
considered as the rotational stiffness of the external bracing member S, in Equation 3.3.
According to Equation 3.3, the total effective stiffness S, will be less than the rotational
stiffness of the stiffener web or the duct plate. However, the application of this effective
brace stiffness B, into Equation 3.2 is based on the assumption that no cross section
distortion occurs. In the case of a torsional restraint of the web to the compression
flange, the web may bend to accommodate lateral movement of the compression flange

and cause distortion of the cross section.
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Since the stiffener section is welded to the duct plate, a singly symmetric composite
section is created as shown in Figure 3.5. The lateral torsional formulae for doubly
symmetric beams given in Equation 3.1 or Equation 3.2 cannot be used for a singly
symmetric section where the smaller flange is in compression as in the case of stiffened
plate panels. For the singly symmetric sections where bending is in the plane of
symmetry, the shear centre and centroid do not coincide and the general formula for the

lateral torsional buckling moment is given by Galambos (1968) as follows:

2
_ Cym*ELBy 4 CoK,* GJ(K,Lp)
M. = 1+ |1 3.5
T 2Ky Ly —j N (35)
Where K,, and K, are the effective length factors for the end restraint and g, =
coefficient of monosymmetry. The general expression for 5, is
1 2 2
B =1 | y(x* +y%)dA =2y, (3.6)
X

Where I,, = major axis moment of inertia, y, = shear centre distance which is positive
when the smaller flange is in compression, x and y are centroidal coordinates and
integration is over the whole sectional area A. For practical purpose S, of the section can

be approximated by ( Kitipornchai and Trahair 1980)

_ o9g (2l _ Y
B, = 0.9d ( 3 1> <1 <Ix) ) (3.7)
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Where d’ = distance between the centres of areas of the flanges, I, = minor axis
moment of inertia of the compression flange and I,, = minor axis moment of inertia of

the whole cross section.

For torsionally braced singly symmetric girders, Yura (2001) showed that effective
moment of inertia, I, of Equation 3.8 should be substituted for I,, in the bracing term of
Equation 3.2, where I, = second moment of inertia of the tension flange and ¢ and c are

distances from the centroidal axis to the tension and compression flanges respectively as

shown in Figure 3.5.

t
Ieff - ch + (E) Iyt (38)

Equation 3.2 shows that the buckling load increases without limit as the continuous
torsional brace stiffness increases. When enough bracing is provided, yielding will
control the beam strength, and therefore M. cannot exceed the yielding or plastic

strength of the section.

In the case of the industrial duct stiffener under consideration, the stiffener is fully
restrained against translation and elastically restrained against twist. Therefore, the closed
form solution (Timoshenko and Gere 1961) for lateral torsional buckling which assumes
no cross section distortion is not applicable, since the stiffener will not buckle in a global
mode as a lateral torsional buckling. In reality, the stiffener will buckle by distortion of

web in either elastic or inelastic mode depending on its slenderness.
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Whereas the distortion of the web was identified in some of the relatively early work on
lateral stability (Cherry 1964, Bradford et al. 1984, Svensson 1985 and Bradford 1992),
however, it was not able to derive any closed form solutions similar to Equation 3.1 or
Equation 3.5 because of complexity of distorted cross sections. This problem is
compounded by many effects which have a significant influence, including those of
moment distribution, member slenderness, cross-section slenderness, continuity,
restraints and interaction of local and global buckling. Therefore, a solution does not
become itself to a closed form. It should also be noted that the concept of bi-moment-
induced warping during buckling arises from the derivation of closed form solution for
lateral torsional buckling by Timoshenko and Gere(1961). The bi-moment is formed from
a pair of equal and opposite flange moments which lie in parallel to the flange planes. In
distortional buckling, the flanges twist at different angles during buckling, so that the
planes in which these flange moment are, are no longer parallel. Because of this, the
concept of a bimoment has questionable meaning when applied to distortional buckling,

although warping displacement occur during this mode of buckling.

Distortional buckling in a beam is characterized as a simultaneous occurrence of lateral
deflections and a cross sectional distortion which arise only from the web distortion as
shown in Figure 3.6 (Bradford 1997). It is assumed that the rigid top and bottom flanges
displace by Ur and U and twist by @ and @, respectively and that the web distorts into
a cubic curve(Uy,), and that all deflections and twists vary sinusoidally along the length
of the member. When the wave lengths of both the lateral torsional and local buckling of

the compression flange are the same, then the mode is defined as lateral distortional
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buckling. Early methods of analyzing web distortion were based on the assumption that
the compression flange is a uniformly stressed strut restrained by a continuous
translational restraint corresponding to the web, for which the elastic critical load can be
calculated quite easily. This method was used in design codes as a U-frame approach,
especially for distortional buckling of half-through girders. In this approach, the
uniformly stressed flange is translationally restrained by a continuous restraint of web

stiffness, a, per unit length. Then, the elastic buckling load N, was given as:

n?El;  al?
oo =Ttz

(3.9)

Where El; = flexural rigidity of compression flange and L = length of the strut. The
minimum value of N, may be obtained by differentiating Equation 3.9 with respect to L.
The elastic buckling load of the strut (compression flange) can then be used to determine
the elastic critical moment M,. Finally this critical moment is used to calculate the
bending strength M,, for the limit state of overall buckling using standard code formula.
This method was revised by Svensson (1985) to include a varying axial force on the
compressed flange, which corresponds to the moment distribution on the beam. This
method was proposed for deep bridge girders which have slender webs and very stocky
flanges. However, this method had been shown to provide inaccurate predictions of the

elastic critical loads of general rolled beams (Bradford 1997).
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An approximate solution for the distortional buckling of I-sections which have
comparatively stocky flanges and slender webs was presented by Hancock et al. (1980).
During the distortional buckling the web distorts when flanges buckle as rigid bodies.
Figure 3.6 shows a wide flange beam which buckles in such a fashion. During buckling,
the plate elements of the section deflect and twist and a strain energy associated with the
curvatures and twists of these elements is stored. These curvatures and twists can be
derived from the assumed deformations and the strain energies can be obtained by using
usual energy expressions. To simplify the calculation, some terms were neglected to get
the modified energy expression. During buckling, as the energy is conserved, the
determination of the stiffness matrix is zero. This yields a quadratic equation in terms of
uniform bending moment applied and stiffness of the plate element. However, this was
based on the assumption that stocky flanges rotate as rigid body. Therefore, it does not
predict the local flange buckling behaviour, which accompanies global buckling during

the distortional buckling.

The above method was extended to obtain a beam type finite element for a linear
eigenvalue problem by Bradford and Trahair (1981). This element has six nodal out of
plane buckling degrees of freedom, comprising the two flange translations Ut and Ug,
two flange rotations U, and U with respect to longitudinal axis and two flange twists
about vertical axis @ and @z. Thus, this beam type finite element has six degrees of

freedom at each longitudinal node.
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(Bradford 1988) was able to extent this method to monosymmetric beams as top and
bottom flange strain energies due to the warping and twisting of flanges were calculated
separately. This method predicts the buckling strength for longer and slender members
adequately, but inaccuracy arises in shorter and stockier beams for which the interaction
between elastic buckling and yielding becomes significant (Bradford 1988). The

inelasticity also becomes significant due to the level of residual stress.

Therefore, the above elastic method was extended to incorporate the inelasticity using an
incremental and iterative solution of the buckling equation to determine the lowest load
factor. In this extended method, a tri-linear stress-strain curve was assumed for the

structural steel, in addition to linear a residual stress pattern.

The inelastic method of analysis of the distortional buckling of I-beam sections was later
modified to include the effects of continuous elastic restraints against translation, minor
axis rotation, torsion and warping (Bradford 1997). In this method, a model of elastic
restraints appropriate to chosen displacement fields was introduced. These restraints for
top and bottom flange were two translational restraints, two rotational restraints, two
torsional restraints and two warping restraints. This method yielded a beam type finite
element that incorporates eight degree of freedom at each longitudinal node that is

augmented to handle elastic restraints. The vectors of buckling displacements are U, Ug ,

Uy, Ug, Or, @s, O and @, where prime indicate the rate of change with respect the

longitudinal axis.
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In the case of stiffeners in industrial ducts, a stiffener can be considered as a beam fully
restrained against lateral displacement and twist along its tension flange. The
compression flange is restrained elastically by the stiffness of the web. The effect of
elastic restraint, particularly the torsional restraint, on the buckling mode of the stiffener
is obviously distortional as shown in Figure 3.6. To include the full translational and
elastic twist restraint of the tension flange, the inelastic method presented by Bradford
(1988) was modified by Bradford (1998a). Here, it was assumed that a continuous
restraint of stiffness per unit length inhibits the twist of the tension flange, while a
continuous restraint of stiffness per unit length inhibits the rate of change of twist. The
latter stiffness is related to a warping type restraint. The top flange is assumed to be
completely free from restraint. These restraints against twist and rate of change of twist
correspond to the torque per unit length and warping bi-moment contribution per unit

length.

In a recent study by Udall (2007), a method to calculate the flexural capacity of a
stiffened panel was proposed. Udall’s (2007) proposal was based on standard elastic
lateral torsional buckling beam formula; Equation 3.1. Udall (2007) considered test
results on six stiffened plates panels and a parametric study for twelve stiffened panels.
The parametric study was an Eigen value elastic buckling analysis. The proposal was a
modification of the elastic solution (Equation 3.1) of the lateral torsional buckling of a
doubly symmetric beam. The primary requirement in the development of Equation 3.1 is
that the cross section should involve a lateral translation, while remaining a rigid body

when the beam buckles. As a result of that lateral displacement, the applied bending
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moment gives a torsional component which causes torsional buckling. The twisting of the
beam occurs when the compression of flange become unstable as a result of its being
subjected to a flexurally induced axial stress. To the contrary, the bottom flange of the
stiffener that is connected to duct plate is in tension and the top flange is in compression
when the duct is under negative pressure. The duct plate provides lateral restraint to the
tension flange. Because of this lateral restraint, the lateral torsional buckling theory
predicts that the beam should reach its plastic moment capacity. Stiffeners with full
restraint in the tension flange, however, buckle in a lateral distortional mode, in which the

web distorts in order for the compression flange to displace and twist during buckling.

Udall (2007) proposed that the effective width of a duct plate is equal to 128 times of the
duct plate thickness on either side of stiffener flange edge. However, less than half of this
effective width provides the second moment of area about weaker axis nearly equal to
second moment of area about stronger axis. According to derivation of beam elastic
buckling Equation 3.1, the second moment of area of the stronger axis must be large
compared to second moment of area about weak axis so that the lateral displacement U is
not linked to twist. This is clearly the case for general beam sections. But, this is not the
case for stiffened plate panels with the proposed effective width. Udall’s (2007)
modified lateral torsional buckling Equation 3.1 to calculate the section properties of
composite section ignored the tension portion of composite section. Udall (2007) used an
equivalent section whose depth is equal to twice the distance between the neutral axis and
compression flange of the stiffened plate panel. It was supported by the fact that the terms

As and r; of the compressive portion are employed by AISC ASD (1989) in calculating
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bending stresses. In the codification of elastic beam buckling in AISC ASD (1989), the

warping stiffness in Equation 3.1, neglecting the uniform torsional stiffness £/, GJ in

Equation 3.1, was only used to derive the bending stress. During the simplification of this

warping stiffness, it was assumed that rr = 1.2r7,.

This design method by Udall (2007) only focuses on the peak strength of a stiffened
panel and does not correctly predicts the behavior of stiffened plate panels. Grondin et al.
(1999) did a numerical analysis to investigate the strength and behaviour of a plate panel
stiffened with a T-section and identified the conditions that may lead to failure by
tripping of stiffeners. Stiffener tripping is characterized by the rotation of the stiffener
about the stiffener plate junction. Compared with other modes of failure, stiffener
tripping generally results in a sudden drop of load carrying capacity (Grondin et al 1999).
The dominant force in their study was longitudinal compression as they investigated
stiffened plate panels that form the hull of a ship or a box girder of a bridge. But, the
dominant force in stiffened plate panels of industrial duct is bending moment. The
ultimate and post buckling strength depend on the failure mode of stiffened plate panels
(Grondin et al. 1999). Therefore, it is necessary to identify the behaviour of stiffened

plate panels that dictates their strength.
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The methods of designing steel beams use a conversion of the beam’s resistance to elastic
buckling strength that allows for the effects of residual stresses and initial imperfections.
Thus, when the influence on the elastic buckling resistance of the brace stiffness can be
included with those effects of beam geometry, moment distribution and load height, then
the conversion allows the beam design strength to be estimated (Valentino and Trahair

1998).

The review of literature has indicated that the parameters that dictate the behaviour and
strength of stiffened plate panels are cross sectional slenderness, stiffener overall
slenderness, support restraint conditions, load height and location relative to the shear
centre and material characteristics (Bradford 1997). In a duct, the critical loading for the
stiffened plate panel is the lateral negative pressure. Then, the load height and type of
load will be out of focus from the list of parameters. Also, the stiffened panel is generally
designed and detailed for construction as a simply supported beam. The material
characteristics can also be out of focus as industrial ducts are constructed using general
structural steel members that are made of general steel grade. However, the material
characteristics will be considered. The geometric parameters that affect the behaviour and
strength of stiffened plate panels are cross sectional slenderness and member overall
slenderness. The effect of these factors on stiffened plate panels subjected negative
pressure load, however, did not receive much attention in research studies. Therefore, the
effect of these parameters on the behavior and strength of stiffened plate panels needs to

be investigated.
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With the current analysis tools and computing power, more precise modeling of stiffened
steel plate panels can be achieved. Factors such as residual stresses and initial
imperfections can be explicitly incorporated into numerical models. Grondin et al (1999)
showed that the magnitude and distribution of initial imperfections have an influence on
the capacity of stiffened plates failing by plate buckling, but little influence on failing by
overall buckling. Grondin et al (1999) also showed that residual stresses have an

influence on the compressive strength of stiffened plates failing by plate buckling.
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3.4 Finite Element Model

A review of the literature indicated that number of tests conducted on stiffened plate
panels subjected to negative pressure load is very limited. To fully understand the
behavior of stiffened plate panels, a large number of tests are required in order to
incorporate a wide range of the parameters that affect the behavior of stiffened plate
panels. However, it is uneconomical to conduct a large experimentally based
investigation. At the present time, one of the most popular methods used to analyze a
structural problem is the finite element method. The finite element method has been
proven to offer an efficient analytical approach while providing reliable results (Bathe
1996). In order to cover all the parameters, a finite element method based numerical

model was used to investigate the full range of parameters.

The numerical modeling techniques employed should be adequate in simulating the
stiffened plate panel subjected to lateral pressure load. The accuracy of the model
depends on the ability of the modeling techniques to simulate the material and geometric
properties, loading, boundary conditions and initial imperfections. Therefore, this chapter
focuses on the techniques used to build the model and analyze the numerical model
successfully. The performance of this model was first verified by comparing the predicted

strength with corresponding tests results.

In this numerical simulation, finite element analysis software ADINA (2009) has been

used. ADINA is a commercially available multi-purpose finite element software package.

The structural analysis module of ADINA was used for this study. In this investigation,
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since the nonlinearity comes from the material properties and buckling behavior of
stiffened panels, the nonlinear finite element method was done using ADINA. ADINA

contains an extensive element library, material models and modeling capabilities.

The large deflection of laterally loaded thin-walled stiffened plate panels involves in-
plane and out-of-plane displacements. Therefore, a shell element was used to study the
behavior of the laterally loaded stiffened plate. Figure 3.7 shows a 4-node nonlinear shell
element with the shell mid-surface nodal points. In order to simulate the nonlinear
buckling behaviour, the flanges and the web were modeled with the shell element. The 4-
node shell element is based on the updated Lagrangian formulation (Bathe 1996). The
nodal coordinates are updated to reflect the current position in space and all the shape
functions and derivatives are updated based on current updated coordinates. Each node
has six degrees of freedom: three translations and three rotations. The 4-node shell
element used in this study can be employed to model thick and thin general shell
structures. The shell element is formulated with the assumptions used in the
Mindlin/Reissner plate theory. This shell element can be used with elastic-isotropic,
plastic-bilinear and plastic-multilinear material models. This shell element can also be
used in a large displacement/small strain problem. This type of element is suitable for the
present application since the magnitudes of the strains are generally not very large. In
order to capture the onset and spread of material yielding accurately, the Newton-Cotes
rule, also known as the Simpson rule, was chosen with seven integration points. Further

information was given in Chapter 2,
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In order to study the laterally loaded plate panel beyond the elastic limit, it is necessary to
obtain the nonlinear equilibrium path even into the unloading region. In the nonlinear
finite element analysis, the equilibrium along the loading and unloading path can be
obtained by incremental methods. In order to obtain the equilibrium path after each
increment, an iteration technique is needed. In this study, the increment is done by
automatic step increment by Load Displacement Control (LDC) method. The LDC
method can be used to solve for the nonlinear equilibrium path of a model until its
collapse. In the LDC method, a prescribed displacement for the first solution step and an
expected maximum displacement have to be defined. The main feature of this method is
that the level of the externally applied loads is adjusted automatically by the program
even during the iteration process to eliminate unbalanced forces. This method uses the
arch length method for the iteration to solve highly nonlinear problems including snap-
through response problems. This method will terminate at the solution that satisfies the
user defined displacement. In spite of computational challenges arising from incremental
nature of the solution process and the highly refined finite element models, a personal

computer was used to satisfactorily carry out this study.

An experimentally verified finite element model will be extensively used in a parametric
study to investigate the behaviour and strength of stiffened plate panels subjected to
lateral pressure loads. This parametric study would require hundreds of different models.
In the finite element program ADINA, the model can be built either by entering the
model parameters through the ADINA User Interface (AUI) dialog boxes or by entering

the commands into the AUl command window. These commands can be a text batch file
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containing all commands and parameters needed for constructing the model. Then, this
text batch file, with file extension “.cmd”, can be entered through standard input. This
batch file contains the commands to create the geometry including initial geometric
imperfection, to create the residual stress pattern, and to define the material model,
loading information, boundary conditions, analysis options and post processing options.
Each batch file may contain thousands of command lines. Each model takes a
considerable amount of time to build. An effective way of creating the finite elements
models for a parametric study must utilize quick and effortless manipulation of the input
data. The analyst must be capable of altering the model quickly without any costly
changes in all model parameters. Also, it is important to guarantee the accuracy of
models and solutions for each parametric model by keeping general parameters
unchanged. Therefore, it was decided to automate the process of creating the command
batch file. An external program using Visual Basic for Application was developed for this
automation. All the general basic data for the model, such as the stiffener’s dimensions,
plate width, plate thickness, material information, boundary types, analysis options,
element sizes and density, amplitude of geometric imperfection and residual stress, etc,
will be entered in a table form. The external program will generate the necessary
coordinate points and the geometry of the stiffened plate panel and then the batch file
containing thousands of command lines is generated instantly, based on the above basic
data in the table. This automation helps keeping the similarities between models by
avoiding accidental error during manual modeling. Also, this automation enables quick
post processing as the user can identify the element and node numbers easily anywhere in

the model to obtain results.
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3.4.1 Initial Geometric Imperfections

The initial geometric imperfections may exist in the plate elements of stiffened plate
panels. The geometric imperfections arise during the production of stiffeners and the
fabrication of stiffened plate panels by welding. It may also be noted that in order to
initiate the buckling response, the finite element buckling analysis needs some
disturbance. This disturbance may be a geometric imperfection or a load disturbance. It
should be noted that both the magnitude and shape of the initial geometric imperfections
play an important role in buckling behavior. An initial geometric imperfection similar to
expected buckling mode or the shape of existing geometric imperfection is generally
applied on finite element models. In this study, the shape of the buckling mode was
assumed to be the initial geometric imperfection as this imperfection will lead to lower
bound until and after the ultimate limit state is reached. The stiffened plate panel under
consideration may experience local buckling on its plate elements and overall distortional
buckling in its stiffener. Therefore, each local buckling type and overall buckling mode of
initial geometric imperfections should be included and amplified by the maximum
amplitude and the resulting pattern should be superimposed to incorporate the complete

initial geometric imperfection.

In order to incorporate the local buckling modes on the plate elements of the stiffened
plate panel, in the current study, a double sine wave distribution of the initial geometric
imperfection was assumed. Carlsen and Czujko (1978) studied the distribution of post-
welding initial geometric imperfection in the plates used in ship structures and suggested

that the initial deformed shape could be expressed by a double trigonometric function. To
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incorporate the initial imperfections in the flanges, the lines along the flange-to-web joint
and the lines along both ends of the member were defined to be straight, but the free
edges of the flanges were defined to form a number of half sine waves along the member
length. For the web, all edges were defined to be straight, but the middle line along the
member length was defined to form a number of half sine waves. To incorporate the
initial imperfections in the flanges, web and plate, the lengths of the half sine waves were
taken as the half the width of the flanges, the depth of the web, and half the width of the
flange respectively. Therefore, the distribution of such assumed imperfection in the
flanges, the web and the plates can be calculated using the following curved line

equations:

For the geometric imperfection of the flanges and the plate:

o 2x\ 2y
6 =4, sin (T[ ?) sin <TL’ 7> (3.10)

For the geometric imperfection of the web:

é = 6§, sin (n %) sin (n %) (3.11)

Where 6, is the maximum imperfection amplitude, and b and h are the width of the
flange and the web respectively. The exaggerated initial imperfection for the local
buckling of the plate elements is illustrated in Figure 3.8. x,y and z axes are along the

longitudinal, transverse and vertical directions, respectively.
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In order to incorporate the overall distortional buckling mode of the stiffeners, the initial
geometric imperfection of the stiffener can be modeled with following sinusoidal wave

(Paik at el. 1998) :

8 = 6, —sin (> 3.12
= Osﬁsm(nz) (3.12)
Where §,, = maximum amplitude of the sinusoidal sweep of the stiffeners and L =

length of the stiffener. Figure 3.9 illustrates the exaggerated shape of sinusoidal sweep

applied to the stiffener.

The amplitudes of the imperfections such as the cross sectional geometry and sinusoidal
sweep, based on standard mill practice, are outlined in CSA (2010) and AISC (2005). The
maximum amplitudes of the imperfections used in this present study are limited to those
values associated with the cross sectional geometry and the sinusoidal sweep. The
maximum permissible variation in the cross sectional geometry of the flanges is 3mm to
4mm depending on the width of the flange as given in CSA (2010) and AISC (2005). For
the inelastic failure of high strength steel wide flange beams, Earls(1999) used the
maximum amplitude for the plate elements based on the mill practice as outlined in AISC
(2005). Thus, the present study also assumes the maximum imperfection magnitude &, of

3 mm for plate elements.

The maximum amplitudes of the permissible sinusoidal sweep are 0.001 times the length

of the W shape with flange width greater than 150mm and 0.002 times the length of the
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W shape with flange width less than 150 mm CSA (2010) and AISC (2005). Paik at el.
(1998) investigated numerically the characteristics of tripping failure in flat bar stiffened
plate panels subjected to an axial compressive force. In their study, the amplitude of the
global initial deflection was taken in the flat bar stiffener as 0.0015 times the stiffener
length. Therefore, the maximum amplitude §,, of the sinusoidal sweep was assumed to
be 0.001 times the length of the stiffener. In the current study, the above mentioned initial
imperfections were superimposed into the numerical model as illustrated in the

exaggerated Figure 3.10.
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3.4.2 Residual Stresses

Structural wide flange shapes are manufactured by hot rolling where hot steel is shaped
by being forced through a system of rollers. When the structural shape is allowed to cool
in the air, the tips of the flanges and the centre portion of the web cool more rapidly than
the areas adjacent to the flange-to-web junction. Then, when the central portion of the
flanges is restrained by already cooled stiffer areas near the flange tips and centre portion
of the web, this causes a self equilibrating stress pattern, known as the residual stress. In
W-shaped steel sections, it is typical for the tips of the flanges and the web centre to be in
compression while the flange-to-web junction areas are in tension. The residual stress in
structural shapes varies along the width of the web and flanges, but not significantly
across the thickness of the plate. The distribution of the residual stress across the flange
and web of the stiffener can be idealized linearly as shown in Figure 3.11. The magnitude

of the compressive and tensile residual stress was assumed to be equivalent to 0.3F,

(Arasaratnam 2008 and Grondin et al 1999).

The presence of residual stress in stiffened plates is primarily attributable to the welding
of stiffener elements to the plate. The distribution of residual stress due to welding is
generally quite different from that due to hot rolling. During welding, metal reaches the
plastic range. Due to the different cooling rates and the interaction between different plate
fibres, the area nearest to the weld is in tension. Faulkner (1975) measured the residual
stress in stiffened plates and proposed a tension block vicinity of weld region. The

tension block is extended to three to six times thickness of the plate on either side of the
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weld. The following relationship was proposed for the maximum compressive residual

stress on the plate.

(3.13)

Here f.= magnitude of compressive residual stress in the plate, f,,= yield strength of the

plate, b= width of the plate, t= thickness of the plate and, u = constant that depends on
type of welding. The recommended p was 4.5 to 3. The welding of stiffeners to the plate
introduces tension residual stresses close to the yield stress. As these residual stresses are
self equilibrating, residual stresses generally have little effect on the ultimate strength of

compressive elements (Grondin et al 1999).

In industrial ducts, the typical connection between the stiffener and the plate in order to
have composite action fully is made by using intermittent fillet welds that are staggered
on either side of the stiffener. The intermittent welding adds less heat to the plate, thus it
reduces the amount of residual stress in the plate. Therefore, the maximum welding
tensile residual stress was assumed to be 0.5f,,. The welding residual stresses in the plate
and the bottom flange are accounted for in this numerical study by assuming an idealized
linearly varying residual stress pattern as shown in Figure 3.11. The resultant residual
stress on the bottom flange due to forming and welding was incorporated in the finite

element model. The residual stress was applied at the nodal points as initial strains in the
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finite element models. ADINA (2009) provides facilities for allocating the initial stresses

and strains in the nodal points of the finite elements.

3.4.3 Material Models

The stiffened plate panels subjected to a negative pressure loads involves material
nonlinearity beyond the yielding. Therefore, for the nonlinear finite element analysis,
characteristics of the material behavior should be defined precisely in terms of stress
versus strain. The realistic relationship between stress and strain can be estimated through
the standard tensile coupon testing which covers linear elastic region, yielding, yield

plateau, strain hardening, ultimate strength and necking effect.

In the experimental test (Udal 2007), the plate was made of mild carbon steel 44W and
the material of the wide flange stiffeners was mild carbon steel A992. During the
experiment, the stress-strain relationships were not established for the material of the
stiffeners and the plates through the tensile coupon test. Numerical analysis found in the
literature generally employ simpler idealized material models as the effects of strain
softening and necking for the ultimate limit state of structural limit state design are often
unaccounted for. However, numerical simulations of structural steel require accurate
yield stress and ultimate tensile stress in order to predict the ultimate strength of the
structural member. Generally, ASTM specification provides one minimum yield stress
and one minimum ultimate tensile stress for all available grades of structural steels,
except for steel grade A992. The steel grade A992 has a range of minimum vyield stress

from 345 MPa to 450 MPa. Therefore, it is necessary to use realistic yield stress and
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ultimate tensile stress for the stiffener material (A992) used in the experimental tests.
Recently, Arasaratnam (2008) established stress-strain relation for steel grade A992 using
specimens obtained from plate elements of wide flange structural shape. The average

yield stress F,, of flange coupons was established to be 444 MPa.

In this verification study, therefore, the material model was assumed to be an idealized
tri-linear representation of mild carbon steels A992 and 44W. The tri-linear elastic-
plastic-strain hardening models are shown in Figure 3.12. These material models are
idealized considering three distinct material stress-strain relationship features; initial
linear portion, presence of a yield plateau, magnitude of strain hardening. The Young
Modulus E of all three models was taken as 200 GPa. The nominal yield stresses of mild

carbon steel A992 and 44W were assumed to be 440 MPa and 300 MPa, respectively.
The nominal strain at yield ¢,, is I;—y The strain hardening is anticipated at strains that are
somewhere between 10 to 20 times ¢,. The strain hardening slope Es; was considered to
be f—o The minimum specified ultimate stress for the steel A992 and 44W are 540 MPa

and 400 MPa respectively. The values of the strain-stress relation of mild carbon steel
A992 and 44W were presented in Figure 3.12. These relationships will be applied in the
material models. For both of mild carbon steels, the value of ultimate strain is specified to
be large so that it can never be reached in the analysis. The other parameter considered

herein is Poisson’s ratio, v. The accepted Poisson’s ratio values for steel in generally 0.3.
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To predict material behaviour under multi-axial loading, a yield criterion that indicates
the combination of stress components for which transition from elastic to plastic
deformations occur should be used. The applicable yield criterion for metal plasticity is
the von Mises yield criterion. The von Mises yield criterion has been interpreted
physically as implying that plastic flow occurs when shear strain energy exceeds a critical
value. The von Mises criterion is often used to estimate the yielding of ductile materials.
Also, this criterion is largely based on the experimental observation that most
polycrystalline metals are isotropic. Steel is also an isotropic and ductile material. A flow
rule relates the plastic strain rates to the current stresses and the stress increments
subsequent to yielding, and a hardening rule specifies how the yield condition is modified
during plastic flow. ADINA metal plasticity model is characterized as an associated flow
plasticity model with the isotropic hardening rule being used as the default hardening
rule. An associated plasticity model is a plastic flow rule. It was observed experimentally
that metals such as steel obey the associated flow rule. Also, in other numerical studies on
the behaviour of steel structural members, it is common practice to use the isotropic
hardening rule to track the yield surface. Therefore, the default ADINA metal plasticity
features were used in the present study. These features are based on an associated flow
plasticity model that uses von Mises yield criterion as the failure surface. Evolution of

this failure surface was restricted in the current study to isotropic hardening rule.

The finite element analysis method can be used accurately to trace the nonlinear

equilibrium path, even into the unloading region, in the buckling behaviour of stiffened

plate panels. Thus, the finite element method can be used to obtain the applied pressure
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load and corresponding deformations and stresses of stiffened plate panels, in addition to
obtaining their buckling and collapse modes. In this portion of the study, finite element
models for stiffened plate panels were developed to verify the accuracy of the model
techniques with available experimental results in literature. This model incorporates
initial imperfections in the plate elements forming the cross section and in overall length

of the stiffener and an idealized distribution of residual stresses for the cross section.

3.5 Statement of Problem

Nonlinear finite element methods are powerful tools in analyzing nonlinear structural
responses that involve geometric and material nonlinearities. Current nonlinear finite
element methods are widely accepted for their ability to predict structural behaviour and
strength accurately. However, the numerical modeling techniques employed should be
able to idealize adequately the structural problem under consideration. Therefore, it is
necessary to verify the modeling techniques used. This is generally accomplished through
comparison with experimental or existing theoretical results. Before the verification
study, first a convergence study is usually carried out to identify the best size of mesh in
order to achieve this verification. Therefore, in this portion of the study, an experimental

verification study, followed by a convergent study, is done.
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3.5.1 Mesh Density and Convergence Study

In order to get a sufficient level of accuracy with less computational cost, generally
similar nonlinear finite element models with a variety of element mesh densities are
analyzed to obtain the best mesh density. However, due to the local and global
distortional buckling in the flange and the web, which arise during the analysis of
stiffened plate panels, it is required to reflect the deformation behavior. The element size
should be able to represent the geometry and the deformation behavior. Although a
coarser mesh can generally yield the required degree of accuracy, the initial imperfection,
specially the residual stress pattern, dictate the finer element sizes in this study in order to

incorporate them into the model.

However, in this numerical study, a convergence study was performed in order to
establish a suitable mesh density. Figure 3.13 shows the geometry of the stiffened plate
panel model used in this mesh size convergent study. The thickness of the plate in the
stiffened plate panel was 5mm and the plate was assumed to be made of steel grade 44W
having 300MPa nominal yield strength. The depth of the stiffener was chosen to be
240mm as shown in Figure 3.13. The stiffened plate panel was subjected to a lateral
negative pressure. The stiffener section was assumed to be made of steel grade A992
having a yield strength of 440 MPa. The stress-strain relation of both material were
idealized to be tri-linear as described in Section 3.3.3. The geometric imperfection for
plate elements and the stiffener was incorporated as described in Section 3.3.1. The
residual stress was not applied for this convergent study. The percentage change in

ultimate load was compared as the mesh was being refined. The mesh validation was
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performed on five different runs with the same physical properties of stiffened plate
model and the same loading conditions. The only variable changing was the mesh size.
Table 3.1 shows the mesh detail and the analysis results. As shown in this Table 3.1, four
different finite element mesh configurations were considered in this convergence study.
The coarse mesh contained only 441 shell elements, whereas the most refined mesh

contained 1201 elements.

The results from the convergence study are also shown in Table 3.1. Table 3.1 also shows
the percentage change associated with ultimate moment capacity between different mesh
refinements. The percentage change in ultimate moment capacities from a mesh density
of 1to 2 and 2 to 3 were 2.65 % and 1.5 %, respectively. The percentage change in the
ultimate moment between mesh densities of 3 and 4 was only 0.75 %. In general, the
percentage change less than 5 % may be considered acceptable. Thus, mesh densities 1,
2, 3 and 4 may be acceptable. As seen from the above results, a reasonable degree of
accuracy can be obtained with a coarse mesh. However, due to the severe nature of the
material and geometric nonlinearities involved in later analyses, a very dense mesh of
shell elements was desirable in order to trace the nonlinear equilibrium path into the
unloading region. Thus, mesh 3 was selected as the most suitable mesh and this mesh
density was used for rest of the studies presented in Chapter 3 and Chapter 4. In Physical
dimensions, each element is of size 50 x 30 mm. Although this mesh density results in
more accurate solutions, a further finer mesh was required to incorporate the residual

stress pattern considered for this study.
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3.5.2 Verification of Numerical Modeling Techniques

The finite element model developed herein would be used to study the buckling strength
of stiffened plate panels. As part of this study, before performing the analysis, it is
necessary to validate the finite element modeling techniques used in the present study.
This can be accomplished through the application of above developed element modeling
techniques and the comparison of the results obtained from these finite element models
with available experimental results. This portion presents a comparison between test
results and the predictions from the finite element numerical analysis. It is interest of
here to determine the behaviour and strength of a stiffened plate panel subjected to lateral
pressure load. Therefore, the applied load versus displacement along with the buckling

modes of the experimental results and the numerical results will be compared.

Description of Experiment: Due to the severe nature of both material and geometric
nonlinearities involved, the finite element model should be able to adequately trace the
nonlinear equilibrium path of a laterally loaded stiffened plate. Therefore a similar
experimental tests are needed so as to compare the validity of the finite element model.
Because of the very limited research study in this area, it was difficult to find
experimental results to validate the numerical model. The experimental test results on
stiffened plates subjected to lateral pressure by Udall (2007) were selected as a basis of
comparison with the numerical results. The scope of Udall (2007) experimental test was
to estimate the capacity of the stiffened plate panel. To simulate the loading and the
boundary condition of stiffened plates of a large industrial duct, a shallow box with a

removable top was made. The removable top contained the plate with a stiffener attached.
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The box was made reasonably air tight and the pressure load was applied by vacuum
pump. This arrangement simulated a single stiffener and plate between two adjacent
stiffeners subjected to lateral pressure. The vacuum pressure was increased until the
stiffener collapsed. The test results from these tests (Udall 2007) were used to validate the

finite element techniques employed in this study.

A schematic diagram of the test specimen is shown in Figure 3.14. In his study, the size
of the box was 4572 x 2438 mm in plan area and 152 mm in depth. A 76X76X7.9 angle
frame around the perimeter of the box acted as flange for the removable stiffened plate
panel. As reported by Udall (2007), the plate thickness of stiffened panel was 4.76mm
and made of ASTM 44W steel with the nominal yield strength of 300MPa . The test
stiffeners were W310X21 (W12X14) and W200X27 (W8X18) wide flange sections made
of steel grade A992 with the nominal yield strength of 440 MPa. The W310X21
(W12X14) and W200X27 (W8X18) stiffeners were slender and compact sections
respectively. Therefore, different failure modes were expected. The experiment consisted
of six test specimens using three W200X27 (W8X18) stiffeners and three W310X21

(W12X14) stiffeners.

Description of Numerical Model: Based on the investigation by Udall (2007), two finite
element models for the stiffened plate panels, for each W310X21 (W12X14) and
W200X27 (W8X18) stiffeners, were developed to determine how accurately the proposed
modeling techniques are able to predict the buckling behavior and the strength of

stiffened plate panels. The modeling techniques used to develop the models were
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presented in Section 3.3. The geometrical details are shown in Figure 3.14. The geometry
of the finite element models was created incorporating the geometric imperfection as
described in Section 3.3.1. The initial imperfections were modeled at the time of defining
mesh. This enabled incorporating the known magnitude and distribution of imperfections
in the models. Several thicknesses were specified in each model corresponding to the
plate, stiffener flange, stiffener web, angle frame and box. A tri-linear elastic-plastic-
strain hardening material model with a von Mises yield criterion was used to model the
material’s constitutive behavior. Since large out of plane deformations and finite strains
were expected in the model during analysis, particularly after buckling, the large
displacement and small strain formulation was used. The yield strengths of the plate and
the stiffener were assumed to be 300 MPa and 440 MPa, respectively. The yield stress of
stiffener obtained by Arasaratnam (2008) was used for this nonlinear numerical analysis
as no material characteristics were established by Udall (2007) for his experiments or
numerical studies. In this verification study, the modulus of elasticity of 200 GPa was
assumed for both plate and stiffener. The only residual stress introduced in the model was
the longitudinal stress arising from cold forming and welding process as described in
Section 3.3.2. The residual stresses were incorporated into the model as initial strains at
nodal points. ADINA uses automatic step increment to carry out the nonlinear

incremental analysis for predicting the load-displacement path into unloading region.

In order to simulate the stiffened plate panel edges supported by the angle frame and the

box, the vertical faces of box including the angle frame were modeled. Figure 3.15 shows

the finite element model of the stiffened plate panels including the angle frame and

126



Ph.D Thesis- Tharani Thanga McMaster University-Civil Engineering

support box. The boundary conditions along the plate boundary are now realistically
represented by the stiffness of the box with angle frame flange. The bottom edges of the
box vertical faces were fixed. Although out-of-plane and in-plane lateral translation of the
flange and the web of the stiffeners are not prevented during the experiment as it is
usually the case in an actual stiffener of the industrial duct. It should be noted, unless
otherwise shown, all degrees of freedom for all nodes were set to freely translate and

rotate.

The automatic step incrementing was carried out by the Load Displacement Control
(LDC) method in which a prescribed displacement for the first solution time step and
expected maximum displacement are defined. The maximum displacement (50mm) was
specified at the middle of bottom flanges. The main feature of this method is that the
level of the externally applied pressure load is automatically adjusted by ADINA. The
Load Displacement Control method was used to follow the nonlinear equilibrium path of

the model until and after its collapse.

The characteristics of the stiffened plate panel behavior which were used to compare the
results of finite element model were obtained from the numerical analysis. The
characteristics were the failure deformation shapes of stiffened plate panels and the
applied pressure versus vertical deformation. A quick observation indicates that the
failure deformation shapes and the associated load versus deformation patterns are clearly

similar.
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It should also be noted that the ability of the finite element models to predict the failure
modes are consistent with buckling modes observed during the experiments. A
comparison of the buckling modes between experimental and numerical results is shown
in Figures 3.16, 3.17, 3.18, 3.19, 3.20 and 3.21. The web of the stiffeners got distorted to
accommodate the lateral movement of the compression flanges. This mode is clearly

similar to the buckling mode seen in numerical results.

Figures 3.16 and 3.17 compare the failure modes of a plate panel with stiffener W200X27
(W8X18) obtained from the test and the numerical simulation respectively. The deformed
shape obtained from the finite element analysis is very similar to the one observed during
the test. Both have same configuration and web distortional buckling wave at the middle
of the plate panel. Also, it should be noted the wave lengths of the distortional buckling

modes for the test and numerical simulation are same.

Figure 3.18 and Figure 3.19 depict the deformed configurations numerically predicted
and experimentally obtained for the steel plate panel stiffened by W310X21 (W12X14).
Both have the same configuration and similar distortional buckle waves. During the
deformation in both numerical and experimental tests, the both ends of the top flanges
move slightly in opposite direction with respect to the original location of the centre line
the top middle flanges. This is because the wave lengths of the case with stiffener
W310X21 (W12X14) is higher than that of the case with stiffener W200X27 (W8X18). It
should be noted that the cases with stiffener W200X27 (W8X18) do not experience the

opposite movement of top end flanges because of the shorter wave length of their
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distortional buckling mode. The buckling deformation shapes between the numerical
analysis and experiments are in good agreement. Also, it can be concluded that higher

web depths lead to higher wave lengths of the distortional buckling mode.

For further comparison, close up views of the middle portion of the stiffened plate panel
with stiffeners W310X21 (W12X14) from both the test and the finite element analysis
are also depicted in Figure 3.20 and Figure 3.21. Both experience local buckling type
deformations in the flanges following the distortional buckling of the stiffener. This
indicates that the numerical model is able to predict the behavior of the stiffener correctly

even after the collapse.

The next step in the validation process was to compare the predicted pressure load-
vertical displacement response with the reported test results. The analytical and
experimental results for stiffened plate panel with stiffener W200X27 (W8X18) was
presented in Figure 3.22. The vertical and horizontal axes represent the pressure load in
kPa and mid-span vertical deflection in mm, respectively. It could be observed that the
numerical analysis results agree well with the experimental results. The following
observations can be made. The shapes of the curves are similar and the measured and the
predicted peak strengths are almost the same. The differences between the predicted
capacities and measured capacities are only 1.5% for the case of stiffener W200X27

(W8X18).
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Although the finite element models successfully predicted the failure modes for both
stiffeners and the model with stiffener W200X27 (W8X18) very closely matched the
experimental load versus deformation response, comparison of the load versus
deformation response from numerical result of the model with stiffener W310X21
(W12X14) does not closely matched that of the test as shown in Figure 3.23. The
numerical model of the stiffener W310X21 (W12X14) predicted 12% smaller strength
than predicted by experimental analysis. However, the numerical model of stiffener
W310X21 (W12X14) buckles when the mid-span vertical deflection reaches around
20mm, while buckling in one of the experiments also occurs gradually after the mid-span
vertical deflection passes the same 20mm, even though the numerical model of stiffened
plate penal for the stiffener W310X21 (W12X14) predicts the strength 12% less. In order
to explain the difference between the observed and predicted strength of the stiffened
plate penal with stiffener W310X21 (W12X14), the following observations were made.
Firstly, it should be noted that minimum yield stress of A992 steel has a range of values.
The actual yield stress of the stiffener W310X21 (W12X14) may not be truly
representative of the material model used. Since the slopes of the elastic portion of the
response curves are predicted accurately, the lower strength can reasonably attributed to
the difference in material properties, mainly yield strength, between finite element model
and the test specimen. Secondly, it is important to remember that both magnitude and
shape of initial geometric imperfections dictate the ultimate strength in buckling collapse
behaviour. Considering the uncertainty involved in fabrication related initial
imperfections, average magnitudes are often assumed for initial geometric imperfections.

In numerical simulations, generally the shape of the geometric imperfections is assumed
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to be the expected buckling modes, which lead lower bound of ultimate strengths.
Therefore, it is reasonable to assume that the higher strength observed in experiment of
stiffened plate panel with stiffener W310X21 (W12X14) may have unfavorable
imperfections in the stiffener. This is further strengthened by the reported fact that the
stiffened panels with stiffener W310X21 (W12X14) experienced sudden collapse, instead

of progressive collapse as expected.

The finite element modeling techniques are employed successfully to simulate the
buckling behavior and predict the strength of the stiffened plate panels, despite the 12%
difference between measured and predicted strength of stiffener W310X21 (W12X14).
The finite element models were able to exactly capture the failure modes. The finite
element model for the stiffener W200X27 (W8X18) predicted exactly the load versus
deformation response of the experiment. In addition, the slopes of elastic portions and the
shape of response curves were identical. The finite element models could be relied on the
response of loading and unloading branch very well. Therefore, it can be concluded that
the behavior and strength of the stiffened plate panels subjected to negative pressure can
be reliably predicted with the proposed modeling techniques developed in Section 3.4.
These validated modeling techniques will be applied in Chapter 4 for an extensive

parametric study.
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Figure 3.4 Web Distortion of a Cross Section
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Figure 3.6 Lateral Distortional Buckling
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Mid Surface Nodes

Figure 3.7 Four Node Shell Element for Thick and Thin Shells
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Figure 3.8 Exaggerated Initial Geometric Imperfection in Plate Elements
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Table 3.1 Results of Mesh Convergence Study

Mesh Number Element Purit (kPa) Percentage
Physical Size Change / (%)
1 100x60 69.8
2.65
2 80x60 68.0
1.50
3 50x30 67.0
0.76
4 30X15 66.5
. 120 ,
| A4 ]
N
«©
4
5
(=}
S Length of Panel =4000

‘ 960 |

Figure 3.13 Geometry of Model for Convergence Study
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Figure 3.15 Finite Element Model
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Figure 3.20 Buckling Mode of Stiffener W310X21 from Experiment

Figure 3.21 Buckling Mode of Stiffener W310X21 from Numerical Analysis
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Figure 3.22 Lateral Pressure versus Vertical Deflection of Stiffened Plate Panel
(W200X27)
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Figure 3.23 Lateral Pressure versus Vertical Deflection of Stiffened Plate Panel
(W310X21)
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Appendix 3.1 Notations

The following symbols are used in this chapter

b = Width of flange

C = A constant

C,, = Warping constant

d = Height of web

d' = Distance between centers of areas of flanges,
E = Young’s modulus

E, = Strain hardening slope

El = Flexural rigidity of compression flange

f»= Magnitude of compressive residual stress

fy= Yield strength of plate

G = Shear modulus

h = Depth of web

I, = Weak axis moment of inertia

I, = Second moment of inertia about major axis
1, = Second moment of inertia about minor axis
I,,. = Minor axis moment of inertia of the compression flange
I.sr = Effective moment of inertia

I,,, = Second moment of inertia of tension flange
J = Torsional constant

K, = Effective length factor about minor axis
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K, = Effective length factor about major axis
L = length of strut

L, = Distance between braced points

M_,. = Critical moment

M, = Lateral torsional moment

P,;; = Maximum pressure load

N, = Elastic buckling load

t = Thickness of web

Up = Lateral Displacement of bottom flange

Ur = Lateral Displacement of top flange

Uz = Rate of Lateral displacement of bottom flange with respect to longitudinal axis

U, = Rate of Lateral displacement of top flange with respect to longitudinal axis

w = Width of web beneath support

¥, = Shear centre distance

p = Torsional stiffness per unit length

P, = Torsional stiffness of external bracing
Bsec = Torsional stiffness of stiffener web
B: = Effective Torsional stiffness

., = Coefficient of monosymmetry

&, = Yield strain

&;; = Strain at strain hardening

@r = Twist of top flange
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@ = Twist of bottom flange

@, = Rate of twist of top flange

(DB’ = Rate of twist of bottom flange

&, = Maximum imperfection amplitude

& = Geometric imperfection

d,s = Maximum amplitude of the sinusoidal sweep

u = A constant
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Chapter 4: Parametric Study on Stiffened Plate Panels

Abstract

A stiffened plate panel subjected to a lateral pressure load, which causes bending, was
investigated using a finite element model. Experimentally verified finite element
modeling techniques were used to develop the models. The emphasis of work presented
in this chapter is to first identify the fundamental parameters that characterize the
behavior and strength of the stiffened plate panels. The dimensionless parameters that
govern the behavior and strength of stiffened plate panels were then identified in order to

conduct a parametric study with a manageable number of models.

The parametric study was conducted using typical geometric and material parameters of
general rolled stiffener sections used in an industrial duct. The numerical study indicated
that the behavior and strength of the stiffened panels could be a function of web
slenderness and overall slenderness of the stiffener. Also the lateral distortional buckling
was identified as a dominant instability in laterally loaded stiffened plate panels. The
study also identified the stiffener web slenderness limit for which the stiffener reaches the
yield moment capacity. This parametric study demonstrated the conservatism of current
methods used to proportion the stiffeners. Finally a method was established to calculate
the moment capacity for wide flange beam stiffened plate panels subjected to lateral

pressure.

Keywords: Stiffener, Plate, Finite Element, Distorsional Buckling, Dimensional Analysis
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4.1. Introduction

The steel plates used in large rectangular industrial ducts are reinforced by stiffeners in
one direction in the plane of the plate. The simplicity of their fabrication and their high
strength-to-weight ratio make the stiffener attractive construction system in industrial
ducts. The stiffened plate panels of industrial ducts are mainly loaded under internal
lateral pressure. The lateral pressure might be positive or negative. This study is focused

on the behavior and strength of stiffened plate panels under negative pressure.

The stiffeners of large industrial ducts are, in general, W-shaped steel sections, which
have high flexural rigidity and low torsional rigidity due to their thin webs. The lateral
distortional buckling of stiffeners will cause a drop in the loading capacity of stiffened
panels due to loss of stiffener rigidity. However, the current method of proportioning the
stiffeners is based on the use of standard steel code (AISC 2005, CSA 2001) lateral
torsional buckling formula. A stiffened panel subjected to a negative (suction) pressure
load experiences compressive stress on the flange that is not connected to plate. In current
design practices, the unsupported length of the compression flange is assumed to be the
span the stiffened panels. Due to this loading condition and the large unsupported length
of the compression flange, lateral distortional instability usually governs the design of

stiffened plate panels subjected to negative pressure loads.

The lateral distortional buckling of a stiffener consists of the twisting of the web and

compression flange about the bottom portion of the web connected to the plate. The

lateral distortional buckling is defined as the state of instability of the stiffener for which
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the wavelength of the web buckling and the wavelength of flange buckling are the same,
as illustrated in Figure 4.1. This occurs when the tension flange is restrained laterally and

the compression flange is free.

Although the design of stiffened plate panels of large rectangular industrial ducts has
been done for many years, their instability aspects and load carrying capacity are still not
well understood. In a recent limited experimental study, Udall (2007) observed the
instability of stiffened plate panels subjected negative pressure load. However, there are
many aspects of the behavior and capacity of stiffened plate panels to be studied. Also,
the range of parameters that might define the practical stiffened plate panel is too large to
do experimental investigations. Thus, there is a need to conduct a large scale computer
analysis parametric study in to order to discover the behavior and strength of stiffened

plate panels subjected to negative pressure loads.
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4.2 Objectives

In this part of the study, an extensive finite element method based parametric study will
be conducted for the analysis of stiffened plate panels. The nonlinear finite element
modeling techniques developed in Chapter 3 will be used in order to accurately simulate
the behavior of the stiffened plate panels. The first objective of the work reported in this
chapter is to identify the possible geometric and material parameters that govern the
behavior and strength of stiffened plate panels and a method of determining capacity of a
stiffened plate panel subjected to lateral a negative pressure load. The objectives are

categorized as follows:

To identify the fundamental parameters governing the bahaviour and capacity of

stiffened plate panels

e To identify dimensionless parameters that dictate the behavior and strength of
stiffened plate panels

e To understand the behavior of stiffened plate panels subjected to negative
pressure loads

e To conduct a parametric non-linear finite element study to derive a method to

calculate the capacity of stiffened plate panels

The stiffened plate panels subjected to static pressure loading and under ambient

temperature were only considered in this study.
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Section 4.3 identifies the dimensionless parameters affecting the behavior and strength of
the stiffened plate panels. Section 4.4 describes the finite element model and also
explains the method used to obtain the buckling moment in this parametric study. Section
4.5 proves the completeness of the dimensionless parameters identified in Section 4.3.
Sections 4.6 and 4.7 analyze the effect of plate slenderness and stiffener flange
slenderness. In section 4.8, the influence of the dimensionless parameters on the behavior
and strength of a stiffened plate panel and its capacity are investigated through a
parametric study. Conclusions and recommendations for future research are presented in

Section 4.9.
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4.3 Dimensionless Parameters Characterizing Stiffener Behaviour and Strength

Before a parametric study can be carried out on the laterally-loaded stiffened plate panels
in rectangular industrial ducts, it is imperative to determine the dimensionless parameters
that characterize the behavior and instability of the stiffeners. Theoretically these
parameters should be independent of any effects of scale or material characteristics. As
these parameters are a function of the governing instability and the corresponding loading
condition, it is necessary to first identify the parameters for the instability. The first goal
of this chapter is to identify the various dimensionless parameters that are influencing the
behavior and instability of laterally loaded stiffened plate panels. These parameters will
then be used to conduct a parametric study for the behavior and strength of the stiffened

plate panels under negative pressure.

The instability of a stiffener with a restrained tension flange, and under lateral pressure,
was identified as the lateral distortional buckling (Bradford 1998, Udall 2007). The
distortional buckling is characterized by the simultaneous buckling of the stiffener
compression flange and web while the tension flange remains straight. The instabilities of
the flange and web of the stiffened plate panel depend on the geometric and material
characteristics. The geometric parameters affecting the behavior and strength of a
stiffener in a rectangular industrial duct consist of cross sectional dimensions and the
length of the stiffener. These parameters namely by, t,, hy,, ty, by, tr, L are illustrated in
Figure 4.2. The material parameters of the plate and stiffener are the elastic modulus,

Poisson’s ratio and the corresponding yield stresses. In addition to these geometric and
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material parameters, the applied bending moment is also a parameter which measures the

distortional buckling.

The fundamental parameters that are considered in the behavior and strength of laterally
loaded stiffened plate panels are b, = width of the plate (stiffener spacing), t,, = plate
thickness, h,, = stiffener web height, t,, = stiffener web thickness, by = stiffener flange
width, t, = stiffener flange thickness, L = stiffener length, F,; = yield stress of the
stiffener material, F,,,, = yield stress of the plate material, E = Young’s modulus of steel
and M, = applied bending moment. The Poisson’s ratio was taken as constant 0.3. The
full factorial parametric study of the above fundamental parameters would results in
several hundreds of runs even when only three or four values are used for each of the

fundamental parameters.

It is apparent from the list of fundamental parameters above that the number of
parameters is too large to run a combination of reasonable number of analysis. Therefore,
it is important for the number of parameters to be reduced to do a manageable parametric
study. A method of deriving dimensionless parameters from the list of governing
fundamental parameters is called dimensional analysis (Harris 1999). This method can be
used to reduce the number of parameters. The dimensional analysis can vyield

dimensionless parameters which are combination of fundamental parameters listed above.

The purpose of using a dimensional analysis is to reduce the number of parameters and to

choose parameters that are scale independent and dimensionless for a manageable
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parametric study. The next step is to identify the dimensionless groups of variables, i.e.
the combinations of fundamental parameters. In order to identify a proper set of
dimensionless parameters that characterize the behavior of laterally loaded stiffened plate
panels, the Buckingham Pi-theorem can be used (Lanhaar 1951). The Pi-theorem is stated

that:

“Any physical meaningful relation @ (R1, ..R; ...R, ) = 0, with R; # 0 expressed
in terms of r independent dimensions, is equivalent to a relation of the form
Y (B1, - Bj - Bn—r ) =0 involving maximum set of independent dimensionless

combinations g;.”

The important fact to notice is that the new relation involves r fewer variables than the
original relations; therefore this simplifies the theoretical and experimental analysis to
save significant effort and computational cost. Also, this transformation of the
fundamental parameters into a set of meaningful dimensionless parameters helps not only
control the scale effects in numerical analysis but also to simplify the parametric study

into a manageable number of analyses.

Even though the Pi-theorem identifies the number of dimensionless parameters needed,
the number of independent dimensionless combinations might be an infinite number of
possibilities. The dimensionless parameters chosen should be useful in the experiment or
the numerical response analysis. However, it is in fact easier to find meaningful

dimensionless combinations by considering the instabilities that may arise in laterally
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loaded stiffened plate panels. When the stability of a structural shape subjected to
compressive stress is considered, the instability of its plate element components under
compression must be first considered. Because this plate instability is limited to localized
regions and does not affect the entire length of the member, this type of instability
referred to as the local buckling and must be distinguished from an overall type of global
buckling, such as slender column Euler buckling. The length of plate component of
structural shapes can be viewed as infinite with respect to its width; therefore it is
unlikely that boundary conditions of the loaded edge will affect the compressive load the
plate may sustain. Consider a flat plate element of length a, width b and thickness t
simply supported along the unloaded edges. During the instability of the plate element,

the critical stress due to the applied load can be written as follows:

_k m2E
F, = (2)2 [12(1 — VZ)Z]
t

The term k is identified as a function of the aspect ratio % and the number of sine waves

m that occur between loaded edges. Since the concern is the instability of long plates, the
number of sine waves has no significance. The term k can be replaced for each boundary
by lower bound value of k. Therefore, the slenderness of plate can be measured by a

dimensionless parameter obtained by rearranging the above equation as shown below.
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The square root of I;—y makes this dimensionless parameter material independent. The

plate slenderness is well known to be one of the important factors affecting stability of
plate components that are in compression. The strength of a section generally increases as
the plate slenderness decreases. Therefore, the following plate slenderness can be defined

for the plate components of a stiffened plate panel as listed below.

Stiffener flange flexural slenderness:

l[;:b_fﬁ
1 tf E

Stiffener web flexural slenderness:

ﬁ __ hw=2ty |Fys
27 ¢, E

Plate slenderness:

ﬁ3=b_v /@
tp\ E

Generally the unbraced length of a stiffener in a large rectangular duct under negative
transient pressure is assumed to be the span of the stiffened plate panel. The stability of
the compression flange and the portion of web under compression can be assumed to be
an elastically supported column with a varying axial force. The shape of the varying axial
force is similar to shape of the moment diagram of the stiffened plate panel. The web of
the stiffener and the duct casing may also provide some rotational restraint to the
compression portion of the stiffener. However, the axial load carrying capacity will be a

function of the flexural rigidity of the compression portion of the stiffener, length of the
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compression flange L and the rotational stiffness provided by web of the stiffener.
Therefore, the load carrying capacity of the stiffener can be shown as a function of the

dimensionless overall slenderness of the compressive portion of the stiffener as given

below
L |F
N )

In which r is the radius of gyration of the compressive portion of the stiffener about a
vertical axis parallel to the stiffener’s web. The derivation of the radius of gyration is

explained in Figure 4.2.

The response of a physical system through dimensional analysis should be measured by a
dimensionless output parameter. Therefore for this study, the applied moment M, is

normalized relative to yield moment capacity M, of the stiffened plate panel. The

. M . . . . .
normalized moment M—“ will be the output dimensionless parameter for this parametric
y

study and will be the control parameter used to monitor the response of laterally loaded
stiffened plate panels. It is quite clear that the dimensionless parameters found are
independent, since each of them contains at least one fundamental parameter which is not

present in other dimensionless parameters.

As the Buckingham Pi-theorem requires, the behavior of the physical system is defined

by a complete set of dimensionless parameters formed by relevant fundamental
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parameters. This fact suggests that if two systems have same numerical values for all
dimensionless parameters and have different scales for all fundamental parameters, then
the two systems respond the same way. In order to test the suitability of the suggested
dimensionless parameters, scales of the fundamental parameters can be varied while
keeping the dimensionless parameters constant and checking whether the capacity and
response remain the same. If the behavior and capacity are unchanged, it can be
concluded that these dimensionless parameters truly characterize the laterally loaded

stiffened plate panels.
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4.4 Finite Element Model

As described in Chapter 3, the modeling techniques used to develop the finite element
model were able to predict the behavior and strength of laterally loaded stiffened steel
panels with reasonable accuracy. The same modeling techniques were applied to build the
finite element models and to conduct an extensive parametric study in order to identify

the behavior and capacity of stiffeners in large rectangular industrial ducts.

A large rectangular industrial duct consists of flat plates with equally spaced parallel
stiffeners. Because of the symmetry in stiffener arrangement and loading condition, a
portion of the plate of width b,, and one stiffener centered on that portion of plate can be
modeled to represent a stiffened plate of a large rectangular duct. Figure 4.3 illustrates
the extent of the typical stiffened plate panel modeled for this numerical study. In this
case, it should be noted that an artificial boundary is formed along the symmetric edges
(longitudinal edge of the plate). Therefore, the solution will be satisfactory if appropriate
boundary conditions are used along these symmetric edges. In order to idealize the
symmetry, rotation about the longitudinal direction and translation along the transverse
direction were restrained for the symmetric edges to simulate the continuity of the plate.

(In Figure 4.4, 6,,=0 and U,,=0 along the longitudinal edges).

The boundary conditions were introduced for the plate’s other edges as the stiffener
would be welded to the plate and the plates are welded to corner angles along the duct
longitudinal axes. This plate —corner angle weld prevents the rotations and translation

along the weld. Therefore, the translation U, and rotations 6,0, and 8, of the plate

167



Ph.D Thesis- Tharani Thanga McMaster University-Civil Engineering

edges about the transverse direction were suppressed. In order to study the bending
behaviour of stiffened plate panels subjected to lateral pressure load, the vertical supports
were provided along the transverse directions by restraining vertical translation U, and by
fixing the longitudinal translation U, along one transverse direction and by freeing along
other transverse direction. All the stiffener edges that are not connected to plate were set
free to simulate the one flange of the stiffener welded to the plate. The boundary

conditions are illustrated in Figure 4.4.

Idealized elastic-plastic-strain hardening tri-linear material models were used to represent
mild carbon steel to model the material constitutive behavior of the stiffener and the
plate. The typical yield strengths of F,; =350 MPa and F,, = 250 MPa were used to
define the stiffener and the plate material respectively. The actual stress-strain values and
the description of the stress versus strain curve adopted for this parametric study are

shown Figure 4.5.

The magnitude and pattern of initial geometric imperfection as described in Chapter 3

were used during modeling. The residual stress pattern as described in Chapter 3 was also

incorporated into the model as initial longitudinal strains.
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4.4.1 Estimation of Distortional Buckling Moment

This section provides the method of obtaining the distortional buckling moment from the
finite element analysis results. The buckling loads of axially loaded plates and columns
are often obtained by examining the lateral deflection versus axial loading plots. The load
versus lateral deflection plots of a perfectly straight column subjected to axial load has a
well defined bifurcation point. This bifurcation point has a unique value. However, for a
column with imperfection, the load versus lateral deflection plot does not have a well
defined bifurcation point. Therefore, it is difficult to distinguish between the pre-buckling
and post-buckling paths of an axially loaded imperfect column. However, various
techniques have been developed in order to experimentally determine the buckling loads
of columns. These techniques approximately establish the buckling load from
experimental data. Since both the experimental techniques and the current finite element
study are response type problems, the techniques derived for experimental tests should be

applicable here for the numerical study.

In one of those experimental techniques, the inflection point on the load-lateral deflection
curve has been used to define the buckling load of an imperfect column. The important
physical significance of this method is that the inflection point is a point of maximum rate
of increase of lateral deflection with respect to load. However, this inflection point is very
difficult to obtain from the experimental and numerical results. Thus, it becomes

necessary to make use of methods such as the Southwell plot, which modifies the axial
load P versus lateral deflection A into a linear relationship between % and A. The

reciprocal of the slope of the Southwell plot represents the critical buckling load and the
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A-intercept represents the apparent imperfection. Southwell’s method can be extended to
the distortional buckling of beams. As well, there are other extrapolation techniques
which may be used to obtain a beam’s elastic critical load from its load-lateral deflection
curve. Among these techniques are the Massey method and the Modified Plots, in
addition to Southwell Plots (Trahair 1969). Although these methods were developed for
the elastic buckling load, these methods can be used to extrapolate the inelastic buckling

load which represents the strength of beams (Bradford and Wee 1994).

Zirakian (2007) tested the applicability of the aforementioned extrapolation techniques on
lateral distortional buckling of W-shape beams undergoing web distortion. The prediction
provided by Sothwell, Modified and Massey Plots were compared with maximum test
loads. It was found that the agreement between maximum test loads and the extrapolated
loads using Southwell and Massay Plots was very good. Therefore, it was decided to use

Southwell Plots for this study to obtain distortional buckling moments M.

In order to obtain the buckling moments for the parametric study, it is necessary to check
Southwell Plots used to obtain the distortional buckling moments. Two models named
Model-1 and Model-2, each having the same dimensionless parameters from two
different combinations of geometric and material parameters, were analyzed. Figure 4.6
shows properties of the two models and the results of applied moment M, versus mid span
vertical deflection A, of bottom plate. The result of Model-1 indicates the linear slope up
to around 100kN.m and reaches the ultimate moment at around 113 kN.m. Therefore, the

distortional buckling moment of Model-1 is expected in between 100 kN.m and 113
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kKN.m. Similarly, the distortional buckling moment of Model-2 is expected in between

160 kN.m and 172 kN.m.

Figure 4.7 illustrates the Southwell plots of Model-1 and Model-2 for the lateral
deflection Ay at mid top flange of the stiffeners. The distortional buckling moment can be
obtained from relevant straight lines of best fits from the plots (Zirakian 2007). The

A
reciprocal of the slope of linear relationship between M—y and A, is the distortional
a

buckling moment M..,.. The buckling moments obtained using the Southwell Plots were
also included in Figure 4.7. The predicted distortional buckling moments 110.2 kN.m and
167.0kN.m were found to be within the expected ranges for Model-1 and Model-2,
respectively. Therefore, the Southwell Plot can be used to predict the distortional
buckling moments M_, of stiffened plate panels subjected to lateral pressure load and has

been used in the current study as well.

The other useful information that are extracted from this analysis are the normalized

: , . M . . M .
distortional buckling moments M—" and normalized ultimate moments M—” The applied
y y

moment M, versus mid span vertical deformation A, histories of both analysis results
(Model-1 and Model-2 have same dimensionless parameters) are presented in Figure 4.8

in dimensionless form such as applied moment divided by yielding moment M,, versus

. . . _ M
mid span vertical deflection A,. It can see from Figure 4.8 that the M—” for both Model-1
y

. M,
and Model-2 are to be same 1.14. In addition, the M—” were also to be same 1.11.
y
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M M .
Therefore, the M—" and —= can be used to measure the performance of stiffened plate
y y

panels under lateral pressure.

4.5 Complete Set of Independent Dimensionless Parameters

The Buckingham Pi-theorem requires that all fundamental parameters that describe the
mechanics of the problem are included in the set of dimensionless parameters. In this
study, the dimensionless parameters were defined as S, B, B3 and B,. To assess whether
all of the essential variable that play a role in the behavior of laterally loaded stiffened
plate panel are represented in these dimensionless parameters, a preliminary investigation
Is carried out. For this preliminary investigation, the dimensionless parameters 1, 2, B3

and S, were kept identical while choosing different scales for the fundamental

parameters. If the output dimensionless parameter % results are found to be the same,
y

then it can be concluded that the entire set of variables that are required to define the
mechanics of laterally loaded stiffened plate panels have been included. Therefore, this
analysis needs to be repeated for all fundamental parameters used to define the

dimensionless parameters S, f,, B5 and f,.

Eight models of stiffened plate panels each having identical dimensionless parameters g, ,
B2, Bs and B, with different scales of b,, t,, hy, ty, by, tf, L, F,s and F,,, were analyzed.

The similar initial geometric imperfections and residual stresses as described in Chapter 3

were incorporated in all models. The results of each model are presented in Table 4.1. It
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should be noted that one fundamental parameter can not be changed at a time because all

fundamental parameters are inter-related through the dimensionless parameters.

The Southwell Method explained in Section 4.4.1 was used to obtain the distortional
buckling moment M,, for the rest of the study. The input dimensionless parameters
selected to verify the parameters’ completeness were B, = 0.654, B, = 1.749, B; =
7.701 and B, = 7.889. The first model was used as a reference for the seven other
models. The seven other models were obtained by changing each of the fundamental
parameters and adjusting the rest of the parameters to obtain the same dimensionless
parameters mentioned above. The results of this study on scale effect are presented in
Table 4.1. Table 4.1 presents the value of each of the fundamental parameters that were

changed for this study. The last two columns of Table 4.1 presents the normalized output

M . : : : M
moments M—" obtained using Southwell Plots and the normalized ultimate moments M—” .
y y

- . M .
The mean and standard deviation of normalized moments M—Cr for all analysis models

y

were found to be 1.138 and 0.002, respectively. Similarly, the mean and Standard

. M )
deviation for M—” of all models were found to be 1.159 and 0.002. The normalized
y

M, M . . . .
moments — and M—” for all models, which have different scales while keeping constant
y y

dimensionless parameters, are within an average range and the responses also remain the
same. Therefore, it can be concluded that the dimensionless parameters identified

completely represent the behaviour of stiffened plate panels.
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The applied bending moment M, versus mid span vertical deflection A, responses for all
models were plotted in Figure 4.9. The responses M,, of the models are different since
different scales have been used. These applied moments M, were normalized by diving

the corresponding yield moments M,, and presented in dimensionless form in Figure 4.10.

The comparison normalized ultimate moments M—“ in Figure 4.10 indicates to be nearly
y

same and reveals that the change of scale did not have effect on the dimensionless

M
response M—” of the models as well.
y

In this portion of the study, the four dimensionless parameters ;, f,, 3 and S, that
characterize the behavior and strength of the stiffened plate panels were identified. The
validity of these dimensionless parameters was established from the results of the
analysis where the dimensions of the stiffened panel were changed by keeping the

dimensionless parameters identical.
The selected dimensionless parameters f3;, S5, f5 and B, were found to be able to predict

the behavior and capacity of laterally loaded stiffened plate panels. These parameters

were also found to be independent of geometric and material effects.
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4.6 Effect of Plate Slenderness: 55 = lz—p /%
p

The stiffeners are usually oriented transverse to flow direction, spanning from one edge
of panel to other and effectively wrapping around the duct. The typical stiffener spacing
of a large rectangular duct varies from 0.75m to 1.5m. The design of the stiffener section
is generally governed by the negative pressure load. Under the negative pressure load, the
flange not connected to plate is in compression and the plate is in tension. The depth of
neutral axis y, from tension side becomes small compared to depth of stiffener for this
range of stiffener spacing as wider plate is welded to the stiffener. Thus, the section
modulus of the stiffened plate panel relative to its compression flange becomes nearly the
same for this range of stiffener spacings. Therefore, the elastic section modulus for the
range of stiffener spacing was compared in Table 4.2. The plate and tension portion of the
stiffener provide enough tension before and after the instability of the compression
portion of stiffener as the smaller depth of neutral axis y, from the tension side keeps the
tension very much below the yield strength. For these reasons, the effect of plate
slenderness S5 on the instability of stiffened plate panels under negative pressure was

investigated.

In order to determine effect of plate slenderness S, five analyses of stiffened plate panels
each having identical values for B;, f, and S, but with different values for g; were
tested. The five model cases were obtained by changing the stiffener length L and plate

width b, for each model systematically and by keeping other fundamental parameters the

same in order to keep f;, 5, and g, identical and to change S5 only.
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The test model input parameters and the results for the effect plate slenderness 5 are

presented in Table 4.3. The last columns of the table presents the normalized distortional

buckling moment % and the normalized ultimate moments % The normalized applied
y y

moment versus mid span vertical deflection history for all models are presented in Figure

4.11. The variation of the normalized moments % and % for all analyses is less than
y y

2%. This indicates that the effect of plate slenderness 5 on the capacity of stiffened plate

panels subjected to negative pressure is very much minimal.
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4.7 Effect of Stiffener Flange Flexural Slenderness: [; = IZ—f ’%
f

Generally the plate components of a structural section should be capable of sustaining the
stresses required to develop the capacity of the section. Plate slenderness plays a
significant role in sustaining the required stress levels. The adopted method of
establishing the slenderness parameter is expressed in the form of the width-to-thickness
ratio of the section’s plate components. Maximum width-to-thickness ratios are
prescribed for plate components that make up a section. These ratios are functions of the
presumed boundary conditions of the plate and the design stress to develop the required

capacity of the section.

The general rolled W structural shapes are typically proportioned so as to prevent the
elastic buckling of the plate components of a structural section (Class 3 or better). Thus,
only plate component stresses are expected to be in plastic and inelastic states at the
capacity of those sections. If a flange plate component is capable of attaining the strain
associated with strain hardening without buckling prior to the plastic capacity of the
section, the section can be considered as Class 1 section. Although the limiting width-to-
thickness ratio for Class 2 section is less restrictive, the moment resistance developed by

Class 2 section (Compact section) is equal to that of Class 1 section. The ratio of width-

to-thickness ratio associated with flange of a Class 2 section is szf < % (CSA 2010).
f y

Similarly the ratio of width-to-thickness for Compact section limit for the flange of a

0.5
beam is limited as i—; < 0.76 (f) (AISC 2005). The limiting width-to-thickness ratios

y

T
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are 21.6 and 18.3 for A36 and Gr50 steel respectively. When the flange width-to-

0.5
thickness ratio exceeds 0.76<E) , It is presumed that the section is non-compact.

Fy
However, it is yet capable of attaining strain in excess of yield strain i.e., the capacity of a
rolled section is not limited by elastic instability of the plate components. Also, inelastic

behavior is understood to exist as a result of the existence of residual stresses. Most

. . . b .
rolled sections qualify to be compact as the quantities of t—f are provided for each
f

structural shape in Table B4.1 of AISC (2005) and section properties table of CSA

(2010).

Therefore, it can be questioned from the facts above whether the stiffener flange

br |Fys . . . .
slenderness 5, = t—f % dictates the capacity of stiffened plate panels of practical rolled
f

. . . . b F. . .
sections or not. To find the effect of dimensionless parameter g, = t—f f five analysis
f

of stiffened plate panels each having identical dimensionless parameter f,, 5 and S,
with different scales of fundamental parameters were tested, while changing the
dimensionless parameter ; for all five analyses. The parameter 5; for Compact section

of Gr50 steel is 0.76, the highest S; for available rolled section is around 0.9. Therefore,

the parameter §; = ? f% was changed from 0.6 to 1.4 in increments of 0.2. The results
f

for each of test analyses are presented in Table 4.4. As shown in Table 4.4, the

MCT

normalized moment and % for the first three cases of ,=0.6, 0.8 and 1.00 were

y y

nearly same. Also, the same distortional buckling mode was observed for these three
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values of ;. The normalized moments for the cases of §;=1.2 and 1.4 were found to be
different from that above and the buckling modes were flange local buckling. The applied
moments versus mid span vertical deformations history were presented in normalized
form for the test cases in Figure 4.12. The differences in ultimate normalized moments
and the pattern of the responses clearly show that the cases of $,=1.2 and 1.4 were
different from other three cases. Therefore, this indicates that the dimensionless
parameter does not affect the capacity of stiffened plate panels with compact sections and
where §; < 1.00. All rolled W shapes sections have compact flanges for F,; = 350MPa
with exception of W530X72 (W21X48), W360X147 (W14X99), W360X134 (W14X90),
W310X97 (W12X65), W200X46 (W8X31) and W200X25 (W8X10). However, the

flexural flange slenderness ratios 3; for these sections are very well below 1.00.
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4.8 Parametric Study

The dimensionless parameters that characterize the strength and behavior of stiffened
plate panels subjected to lateral pressure loads were established in Section 4.5. The main
objective of this chapter is to carry out a detailed parametric study of the primary
dimensionless parameters to find the relation among them in determining the behavior
and capacity of the stiffened plate panels subjected lateral pressure load. As the number
of analyses needed for the four dimensionless parameters S, f,, B3 and B, would result
in 5% (625) analysis when only five values are used for each of the parameter, it became
necessary to restrict the scope of the dimensionless parameters S, S,, B3 and pB,.
Therefore, the dimensionless parameters §; and B;were identified in the finite element
analyses in Sections 4.6 and 4.7 to have a very minimal effect on the behavior and
capacity of stiffened plate panels subjected to lateral pressure loads. The magnitude and
initial distribution of geometric imperfections and the distribution of residual stress in the
stiffened plate panels were applied as described in Chapter 3. The negative pressure load
was applied incrementally so as to increase the applied bending moment M, in the
stiffened plate panel. The results of this parametric study will be used in this chapter to
study the behaviour plate panels and derive a method to evaluate the capacity of stiffened

plate panels subjected to lateral negative pressure.

A further study was conducted to identify the reasonable ranges for dimensionless

parameters 3, = w /% and g, = % /% It should be noted that it was not possible

to change the fundamental parameters h,,, t,, and L alone to achieve the matrix for the
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parametric study as the fundamental parameters are interrelated through the parameter

L

ﬁ4=r

/% The radius of gyration r depends on all other cross sectional geometric

properties of the stiffened plate panel. A review of the geometric dimensions of rolled
sections from design manuals (AISC 2005 and CSA 2010) was conducted to determine
reasonable ranges for the dimensionless parameters 5, and §,. A parametric study was
then conducted using values of B, and B, within that range. The matrix for this
parametric study was obtained by examining the range of available rolled section in steel

design handbooks (AISC 2005 and CSA 2010).

An examination of the slenderness of standard rolled sections indicated the possible range
of web slenderness f,. The upper limit of web slenderness §, was set to 2.719 which
corresponds to the highest web slenderness found in the available rolled sections having a
yield strength of 350MPa. The minimum value of 8, considered was based on the lowest
value found in the available standard rolled sections. The lowest value of 8, was 0.834.

Ten web slenderness S, values were considered ranging from 0.834 to 2.719 in

increments of 0.109, i.e. the ratio ti of the stiffener made of steel with yield strength of

w

F,; = 350MPa is changed systematically from 20 to 65 in increments of 5. The other

. . f - L |F L .
dimensionless parameter under consideration was g, = - /f The selected ~ ranging

from 120 to 300 in increments of 20 for the stiffeners which result in ten 3, values ranged

from 5.020 to 12.550. The other two dimensionless parameters 8, = lt’—f % and B; =
f
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lz—” /% were kept constant as they have minimal impact on the strength of laterally
14

loaded stiffened plate panels. The selected constant dimensionless parameter £; and [
were 0.654 and 7.071 respectively. The matrix of selected dimensionless parameters for

this parametric study is shown in Table 4.5.

The finite element modeling techniques developed for the stiffened plate panels in
Chapter 3 can be used to develop a finite element model that correctly traces the
equilibrium path of a laterally loaded stiffened plate panels until it collapses. Thus, this
model can be used to obtain the applied bending moment versus deformation
relationships even in unloading region of the response of laterally loaded stiffened plate
panels. This normalized moment versus the lateral deformation of the unsupported flange
of the stiffener can be used to determine the distortional buckling moment M., of
stiffened plate panel as explained in Section 4.4.1. In this section, the results obtained
from the parametric study for the range of dimensionless parameters g, and f, have
been extensively analyzed in order to study how the strength and behavior of laterally
loaded stiffened plate panels depend on the dimensionless parameters S, and fS,. The
applied moments M, versus mid span vertical deflections, normalized with stiffener
lengths, history for one set (# 5) of the analysis results (Cases with B, = 1.673 and
all g,) are presented in Figure 4.13. Figure 4.14 shows the corresponding buckling modes

for above cases.
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The failure modes observed were lateral distortional bucking with a few exceptions in
which the local instability occurred in the web at the support locations. This local
instability was observed for the cases of stiffeners which have higher web slenderness
and smaller spans of stiffened plate panels. As observed in Chapter 3, both ends of the
top flanges move slightly in opposite direction with respect to the original location of the
centerline of the top middle flange when the stiffened plate panel has a higher web
slenderness S, and smaller span L. Movement of the top flange triggers local web
instability at the support locations as shown in Figure 4.14. Also, close observation of the
buckling modes indicates that both ends of the stiffener act like a support against the
lateral deformation of middle the flange and web due to the lateral distortional buckling
occurring at the middle of the stiffener. The web and flange that are not connected to the
plate for the cases of stiffeners with higher web slenderness S, and smaller spans L do
not provide enough support against this distorsional deformation of the web and flange.
This can be observed from the change in buckling modes occurring from smaller span to
higher span of stiffeners. The ends of the unsupported flange and web get twisted
laterally in the opposite direction of flange distortion at the middle of the stiffener. This
twisting of the ends of the unsupported flange and the web disappears as the length of the
stiffener increases. This is due to the fact that the ends of the stiffener act as a support for
the distortional buckling at the middle of the stiffener. This local instability results in a
sharp decrease in the load carrying capacity as shown in Figure 4.13. However, this type
of stiffener with higher web slenderness S, and smaller span L is not practical.

Therefore, the results due to this local instability are omitted from the rest of the analysis.
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Table 4.6 summarizes the distortional buckling moments M, obtained from the

parametric study. The distortional buckling moments are non-dimensionalized relative to

the corresponding yield moments. The normalized distortional buckling moments % are
y

tabulated in Table 4.7. For a particular web slenderness S,, despite the drops in strength
prediction at beginning, the predicted distortional buckling moment remained the same
with the increase in overall slenderness 5,. The strength drops at beginning was due to
the twist of end top flanges for stiffened plate panel with small overall slenderness f,.

However, the normalized distortional buckling moments drop progressively as the web

. . . M .
slenderness B, increases. The normalized ultimate moments M—“ are also reported in Table
y

4.8. As there was no significant post buckling strength, the predicted normalized ultimate

My

. . . . . M
moments — were closer to respective normalized distortional buckling moments f

y y

The current design methods used to proportion the stiffener in industry are adapted from
structural steel codes such as CSA (2010). In order to evaluate the current method using
the results obtained from the parametric study, the capacities of the matrix of stiffeners
considered in this study were estimated based on the beam design method in CSA (2010).
The current design practice assumes the unbraced length of the outer compression flange
to be the full span of stiffener. In order to calculate the section properties, a portion of the
plate welded to the stiffeners is considered to contribute for a composite action. The
widths of the plate involved in this composite action are between 12 to 42 times of plate
thickness (ASCE 1995). In this evaluation, 16 times of plate thickness (32t ) on either

side of flange legs, as in general practice, is considered to be effective. The bending
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capacity of the composite section, assuming full span of the stiffener as the unsupported
length of the compression flange, are estimated based on code formulae (CSA 2010). The
code evaluation results are presented in Table 4.9 in order to compare with the results of
parametric study. The comparison suggests that the code results do not predict the finite
element analysis results. The code predictions are conservative as the overall slenderness

increases.

Figure 4.15 graphically summarizes the normalized buckling moments obtained from the
parametric study of laterally loaded stiffened plate panels. The graph shown in Figure
4.15 is three-dimensional in nature and is intended to indicate how normalized buckling
moments depend on both dimensionless parameters 8, and S,. The two horizontal axes

are associated with the web slenderness S, and overall slenderness ,. The vertical axis

represents the output dimensionless parameter % that corresponds to any given
y

combination of dimensionless parameters S, and S,. The coordinates points of % and
y

the associated slenderness S, and [, were then connected in a linear fashion to provide

the continuous surface as shown in Figure 4.15. The three-dimensional graphs are useful

in illustrating, in a general way, how the output dimensionless parameter M—” is influenced
y

by variations in the dimensionless parameters 8, and S,. It can be observed from Figure

4.15 that the normalized moment % does not change significantly as the overall
y

slenderness [, increases for a particular web slenderness 5,. However, the normalized

M . .
moment M—" decreases as the web slenderness f, increases. Also it should be noted that
y
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the applied moment M, reaches the yield moment M,, of the cross section indicated by

% = 1 for the web slenderness of practical wide flange stiffeners used in industry. This

y

can be explained by the fact that symmetrical loading, loading height and the smaller
height of the tension side of the web (height of neutral axis from tension side) provide
enough rotational resistance to the compression portion of laterally loaded stiffened plate
panels to reach the yield stress before experiencing elastic buckling. The symmetrical
negative pressure loading with respect to an axis parallel to the web create a fixed support
condition of the web connected to the plate as shown in Figure 4.16. Also, the height of
the applied load with respect to a beam centroid is known to affect the buckling capacity
of the beam in flexure. The general lateral torsional buckling formula was developed
without considering any external torsional forces on the beam. Such forces can be
presented by a load applied away from the centroid of the beam section. When the
unsupported flange remains vertical, the load applied away from centroid does not
provide any torsional forces. As the unsupported flange begins to distort, the load no
longer acts through the centroid and the load height up or down with respect to centroid
of the section increases or decreases the torsional forces leading to buckling. The SSRC
guide (Galambus 1998) addresses the load height by incorporating it within the moment
gradient factor in calculating the lateral torsional buckling moment of a section. In the
case of laterally loaded stiffened plate panels, the load is applied below the centroid,
therefore the negative pressure load also provides restorative forces against distortional

buckling.
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In an industrial duct stiffener, the tension flange is held rotationally fixed about its
longitudinal axis, and the compression portion of the stiffener is also held rotationally
fixed through the tension portion of the web. Thus the torsional restraint for the
compression portion of stiffener is provided by the tension portion of the web. If the
rotational restraint provided by the tension portion of the web is effective enough, this
can restraint the unsupported compression portion of the stiffener until yielding. To act
effectively as a rotational bracing, the tension portion of the web must have enough
strength and stiffness. The rotational stiffness of web is inversely proportional to the
height of the tension portion of the web. This can be derived assuming that the height of
tension portion of web acts like a cantilever beam supported at the plate. The height of
tension portion of stiffened plate panels is very small compared with depth of stiffeners.
This small height of the tension portion of the web may provide high torsional restraint
for the compression portion of the stiffener. Therefore, the fixed support condition of the
web due to symmetrical loading, smaller height of the tension portion of web that
provides higher rotational stiffness and the load height that provides a restorative force
against twisting of the unsupported compression flange provide substantial resistance for
the distortional buckling. Therefore, these factors lead the laterally loaded plate, stiffened
with general rolled wide flange shape structural steel sections, to reach the yielding

moment before buckling.

The three-dimensional graphs provide a general summary of the available normalized
moment —= for laterally loaded stiffened plate panels. However, in order to obtain a

M
My,

method to evaluate the strength of laterally loaded stiffened plate panels, the results must
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be presented in a different way. It is generally desired to obtain the available normalized

M, - - . . ..
moment f for various values of the dimensionless parameters 3, and B,. With this in
y

mind, Figure 4.17, which illustrates the normalized distortional buckling moment, was
presented in two dimensional contour plots. The contours of normalized distortional
buckling moments and ultimate moments are plotted as shown in Figure 4.17 and Figure
4.18, respectively. These contours were taken from the three dimensional surface plot. An
inspection of the contour plots also reveals that the normalized moment for a particular
dimensionless parameters S, does not change significantly when g, changes. This may
be explained by the shape of the buckling mode. The wave length of the distortional
buckling of the flange seems to be nearly the same as the overall slenderness
parameter 3, increases for particular web slenderness 5,. The same wavelength indicates
that the compression portion of the stiffener undergoes the same mode of buckling and
requires the same amount of energy. Therefore, it is reasonable to conclude that the
buckling moment capacity of an industrial duct stiffener was not significantly affected by
the overall slenderness parameter 3,, except the cases with higher web slenderness and

smaller spans.

Even though the above conclusions can be reached, it is anticipated to propose a useful
and practical design method of quantifying the available capacity of the stiffened plate
panel subjected to negative pressure loading. An inspection of the contour of the
available capacity of a stiffened plate panel as depicted in Figure 4.17 shows clearly that
the normalized moment capacities depend mainly on the dimensionless web slenderness

parameter 3,. Also It can be concluded from the results that the general rolled stiffeners
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used in rectangular large industrial duct can reach their top flange fibre yielding moment

M, if their dimensionless slenderness f, is less than or equal to 2.0. However, this
should satisfy one condition to avoid local web instability at the support for stiffeners
with high depth to span ratio. A boundary between lateral distortional buckling and local
web instability was established. The proposed boundary for the lateral distortional
buckling can be described as:

B, > 3.33 B, + 0.145 (3.1)

This proposed boundary can also be written as

/Fys > 33302 Dy 0145 (3.2)
r tw E

The applied bending moment M, can reach the cross sectional yield moment M,, for the
stiffener section of which the dimensionless parameter f, is less than or equal to 2.0.
Mc = M, for B, <2.0 and B, = 3.33 B, + 0.145 (3.3)

This rule can also be written as

hy—2tf |Fys L s hyw—2tf |Fys
Mg, = M, for Tf /%s 2.0 and - / ¥ > 3332 "1 = ! /%+ 0.145 (3.4)

A close inspection of these results and contours reveals that the trend of normalized

distortional buckling moment capacny * can be a function of B, = w2ty f% .
3’

tw

hw—2tf

Therefore, approximate values of f, = nyS for each contour line of the

tw

normalized moment M" were established in order to drive a relation between the
y

hy, —2t F,
normalized moment capacity —<* and dimensionless web slenderness g, = —~—L /f
y

tw
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In order to propose this relation, the data points corresponding to each contour line were
derived from the contour plots and plotted in scattered form as shown in Figure 4.19.

Then, a linear line was established so that the line included all data points in order to

derive a best approximate relation in between the normalized moment capacity % and
y

. . hy—2t F, . . . .
dimensionless web slenderness 3, = Wt—f /f . In this derivation, the points due to

w

local instabilities were exempted. Therefore, this relation can be applicable if it satisfies

the condition that excludes the local instability. The summary of proposed relation is:

To - 151-02758,  for é\/j > 3.33 ("Wt 2 F) +0.145 (3.5)
y w

This rule also can also be written as:

hy—2tr |F. L |FE, h, — 2ts |E
Mer _ 1510275 (22 |2 i Dw A | Dys
", < o /E> for - > 3.33 - - +0.145

It should be noted here that these results are valid only for the stiffened plate panels

subjected to static pressure loading and ambient temperature.
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4.9 Conclusions and Further Recommendations

This study has shown that the standard beam method used to estimate the capacity of
stiffened plate panel was inappropriate for this type failure mode of the stiffeners. The
standard beam method leads to excessive conservatism in designing stiffener sections.
The failure mode observed for the stiffened plate panels subjected to bending was the
lateral distortional buckling of the stiffener. The lateral distortional buckling is
characterized as simultaneous buckling of the web and flange with same wavelength.

This type of failure mode does not result in progressive loss in buckling strength of the
. Fys .
stiffened plate panels as overall slenderness B, = é [% increases.
__ hy -2ty

The stiffener web slenderness f, = /% was found to be the most influential

tw

dimensionless parameter affecting the strength and behavior of stiffened plate panels

. . . . L |F .
under bending. The stiffener overall dimensionless slenderness g, = - % did not show

a significant effect on the capacity of stiffened plate panels due to distortional buckling.
However, stiffeners with higher web depth slenderness 8, and smaller span L lead to
local web failure at support locations. A local failure of the web is triggered when the
web slenderness is higher and the span of stiffener is small. The boundary between the
local web crippling was defined in order to provide a design guideline that can predict the
lateral distortional buckling capacity of stiffened plate panels. Based on the parametric

study, the design equation was provided in terms of stiffener web slenderness B, =
hw=2tf [Fys
tw E '
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The flange slenderness f; = lz—f /% of a rolled section stiffener has no effect on the
f

behavior and strength the stiffened plate panel. The practical range of the plate
slenderness affected neither the behavior nor the strength of the stiffened plate panel

subjected to lateral pressure loading.

The practical range of plate slenderness f; = IZ—” /2—’” also does not affect the behavior
14

and strength of the stiffener.

4.9.1 Further Recommendations

Through this numerical parametric study, a significant progress in understanding the
behavior of stiffened plates has been achieved. However, there are several items that need
further investigation:

1. This parametric study concentrates only on the negative pressure loading that
causes bending on the stiffened panel. Although, the lateral pressure load is the
significant loading, the stiffened panel can be subjected to compression arising
from negative pressure on top and bottom panels, self weight, dust weight,
refractory weight etc. Therefore, the effect of additional compression should be
investigated.

2. Although wide flange beam stiffeners are widely used in large rectangular
industrial ducts, there are rectangular duct for which the plates are stiffened with

other shapes such as channels and angles. The shear centers of these shapes are
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offset from their centeroid. The effect of this offset shear center for these shapes
stiffeners should be investigated.

3. This study assumed the temperature of the stiffened plate panel to be ambient.
However, generally, industrial ducts transport flue gases at elevated temperatures.
These elevated temperatures may introduce a temperature gradient across the
depth of the stiffened plate panel. The centre of temperature gradient and the
location of the neutral axis are offset. This offset will introduce additional
stresses. Therefore, the combining effect of the temperature gradient and the
lateral load need to be investigated.

4. The dimensionless parameters proposed should be tested experimentally for the
scale effects.

5. The dimensionless parameters with material independent were established for the
idealized elastic-plastic-strain hardening tri-linear material model representing
mild carbon steel. The material independency of the dimensionless parameters for

the material models representing high strength steel should be established.
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Table 4.1 Completeness of Dimensional Parameters

(B, = 0.654, B, = 1.749, B, = 7.889, B, = 7.071)

M M
Model M cr Pu
bf tf hw tw L bP tp E FJ/S pr (kN Jr/n) M M
# ‘ y y
n 125.00 | 8.00 225.00 | 5.00 | 5000.00 | 1000 | 5 200000 | 350 250 99.7 1.138 | 1.160
2 150.00 | 9.60 210.00 | 4.56 | 6710.47 | 1000 | 5 200000 | 350 250 118.5 1.134 1.158
3 160.00 | 10.23 | 250.00 | 5.49 | 6905.36 | 1000 | 5 200000 | 350 250 166.5 1.136 1.158
4 109.44 | 7.00 230.00 | 5.17 | 4010.44 | 1000 | 5 200000 | 350 250 86.3 1.137 | 1.158
5 187.60 | 12.00 | 224.94 | 4.81 | 8818.00 | 1200 | 6 200000 | 350 250 188.3 | 1.135 | 1.158
6 168.86 | 10.00 | 242.97 | 4.94 | 8101.89 | 1000 | 5 200000 | 300 250 139.2 1.141 1.157
7 166.48 | 9.00 319.39 | 6.09 | 7728.30 | 1000 | 5 200000 | 250 250 155.6 1.139 1.164
3 132.89 | 8.50 202.45 | 4.44 | 5727.34 | 1000 | 5 200000 | 350 250 93.4 1.140 | 1.159
Mean 1.138 1.159
Std. Dev 0.002 0.002
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Table 4.2 Section Modulus for Various Plate Widths

b, (mm) I.(inh) v, (mm) S.(in®) % Change
500 103.54 62.65 17.26
1.37%
750 112.44 51.80 17.50
0.85%
1000 118.62 44.26 17.65
0.57%
1250 123.17 38.72 17.75
0.41%
1500 126.64 34.48 17.82
0.31%
1750 129.40 31.13 17.87
0.24%
2000 131.62 28.41 17.92
0.20%
2250 133.46 26.17 17.95
0.16%
2500 135.01 24.48 17.98
7 & ]
R g7 =
4
210
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, (U . . S
. e e WY -
/N
: }
p
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b, |F
Table 4.3 Effect of Plate Slenderness f; = t—” f%
14
(L =0.784, B, = 2.029, B, = 7.880, F,s = 350MPa, F,, = 250MPa, E = 200000MPa)
o M., M,
Model be tr hy | tw L 5 o B (kN.Jr/n) M, M_y
1 150 8 210 | 4 | 6512 | 1750 | 5 | 12.374| 1026 1.117 1.132
2 150 8 210 | 4 | 6535 | 1500 | 5 | 10.607 | 102.2 1.108 1.118
3 150 8 210 | 4 | 6565 | 1250 | 5 8.839 101.8 1.103 1.112
4 150 8 210 | 4 | 6605 | 1000 | 5 7.071 101.2 1.096 1.109
5 150 8 210 | 4 | 6660 | 750 5 5.303 100.4 1.098 1.108
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Table 4.4 Effect of Stiffener Flange Flexural Slenderness g, = ? /%
f

(B, = 1.527, B3 = 7.071, B, = 7.524,F,s = 350MPa, F,,, = 250MPa, E = 200000MPa)

M, | M | My
Model | by | t; hy |ty | L by t | B | GNm) | M, | M,
1 125 8.72 200 5.00 5000 1000 5 0.600 91.2 1.163 1.189
2 150 7.84 215 5.46 5904 1000 5 0.800 108.5 1.167 1.187
3 160 6.69 225 5.80 6002 1000 5 1.000 109.6 1.168 | 1.187
4 175 6.10 230 5.97 6477 1000 5 1.200 113.9 1.081 1.160
5 200 5.98 240 6.25 7472 1000 5 1.400 131.9 1.085 1.097

Flange Slenderness of Compact Section as per AISC LRFD 2005
_br |Fys _ _
By = P 0.76 for F,s = 350MPa

Flange Slenderness of Class 2 Section as per CSA 2010

by 170

<
2tf \/m

For F,s = 350MPa:

bs |F,
f |'ys
=— |—=0.76
By tr E

197



Ph.D Thesis- Tharani Thanga

McMaster University-Civil Engineering

Table 4.5 Matrix of Dimensionless Parameters

F,s = 350MPa, F,, = 250MPa, E = 200000MPa, L
Set | # B, = 0.654, Bs = 7.071 L(mm) | — A
by = 125, t; = 8, b, = 1000, t, = 5, h,, = 250 '

1 2491 120 5.020

2 » = 0.837 2906 140 5.857

3 3322 160 6.693

1| 4 - 3737 180 7.530
5 P 20, t, =11.70mm 4152 200 | 8367

6 4567 220 9.203

7 4982 240 | 10.040

8 M, = 149.5kN.m , M, = 210.6kN.m* 5397 260 10.877

9 5813 280 | 11.713

10 6228 300 | 12.550

1 2649 120 5.020

2 B, = 1.046 3090 140 5.857

3 3532 160 6.693

5| 4 - 3973 180 7.530
5 Pt 25, t, =9.36mm 4415 200 8.367

6 4856 220 9.203

7 5298 240 | 10.040

8 M, = 137.5kN.m, M,, = 187.0kN.m* 5739 260 | 10877

9 6181 280 11.713

10 6622 300 | 12.550

1 2782 120 5.020

2 B, =1.255 3245 140 | 5.857

3 3709 160 6.693

3| 4 h 4172 180 7.530
5 ﬁ =30, &, =7.50mm 4636 200 8.367

6 5099 220 9.203

7 5563 240 | 10.040

. M, = 129.3kN.m, M, = 171.3kN.m* 6027 -

9 6490 280 | 11.713

10 6954 300 | 12.550
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Table 4.5 Matrix of Dimensionless Parameters continues..

1 2894 120 | 5.020
. B, = 1.464 3377 140 5.857
3 3859 160 | 6.693
| a Me s b 6 6omm 4341 180 | 7.530
5 tw v tw T D 4824 200 | 8367
6 5306 220 | 9.203
7 5788 240 | 10.040
. M, = 123.3kN.m, M, = 160.0kN.m* 6271 260 | 10.877
9 6753 280 | 11.713
10 7235 300 | 12.550
1 2991 120 | 5.020
P ﬁz =1.673 3490 140 5.857
3 3988 160 | 6.693
|4 4487 180 | 7.530
5 ’tl—v“: =40, t, = 5.85mm 4985 200 8.367
6 5484 220 | 9.203
; 5982 240 | 10.040
8 M, = 118.8kN.m, M,, = 151.5kN.m* 6481 | 260 | 10877
9 6979 280 | 11.713
10 7478 300 | 12.550
1 3075 120 | 5.020
5 B, = 1.882 3588 140 5.857
3 4101 160 | 6.693
o4 Mo ae  — s o0 4613 180 | 7.530
5 tw »otw T O 5126 200 | 8367
- 5638 220 | 9.203
7 6151 240 | 10.040
3 M, = 115.2kN.m, M,, = 144.9kN.m* 6663 260 | 10.877
9 7176 280 | 11.713
10 7688 300 | 12.550
1 3149 120 | 5.020
3 | = 2.092 3674 140 | 5.857
3 4199 160 | 6.693
| a 4724 180 | 7.530
5 hw _ 5q t, = 4.68mm 5249 200 | 8367
6 tw 5774 220 | 9.203
7 6299 240 | 10.040
8 M, = 112.3kN.m, M, = 139.6kN.m* S ISR e
9 7349 280 | 11.713
10 7874 300 | 12.550
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Table 4.5 Matrix of Dimensionless Parameters continues..

1 3215 120 | 5.020
2 B, = 2.031 3751 140 | 5.857
3 4287 160 | 6.693
g | 4 4822 180 | 7.530
5 Bw 55, t, =4.25mm 5358 200 | 8.367
6 " 5804 | 220 | 9.203
7 6430 240 | 10.040
8 M, = 109.9kN.m, M, = 135.2kN.m* 6966 260 | 10.877
9 7502 280 | 11.713
10 8037 300 | 12.550
1 3274 120 | 5.020
2 B, = 2.510 3819 140 | 5.857
3 4365 160 | 6.693
9| 4 4910 180 | 7.530
5 bw 60, t, =3.90mm 5456 200 | 8.367
6 fw 6001 | 220 | 9.203
7 6547 240 | 10.040
8 M, = 107.9kN.m, M, = 131.6kN.m* 7093 | 260 | 10877
9 7638 280 | 11.713
10 8184 300 | 12.550
1 3326 120 | 5.020
2 B, = 2.719 3880 140 | 5.857
ol 3 4435 160 | 6.693
4 4989 180 | 7.530
5 hw _ g5, t, = 3.60mm 5543 | 200 | 8.367
6 i 6098 220 | 9.203
7 6652 240 | 10.040
. M, = 106.2kN.m, M,, = 128.6kN.m* 7207 | 260 | 10877
9 7761 280 | 11.713
10 8315 300 | 12.550
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Table 4.6 Distortional Buckling Moments of Parametric Study

(F,s = 350MPa, F,,, = 250MPa, E = 200GPa )

L
Mcr i
120 140 160 180 200 220 240 260 280 300
20 190.1 203.0 204.9 203.2 188.5 197.5 191.2 197.2 196.0 187.8
25 171.6 175.3 173.9 169.0 172.1 171.0 170.6 167.8 167.1 165.9
30 149.3 153.8 153.8 154.2 151.9 152.5 151.1 150.7 148.3 147.5
35 166.7 177.7 182.0 183.6 183.5 183.4 178.9 177.7 179.6 174.9
40 XXX 123.1 125.8 128.5 127.8 127.9 127.7 125.6 125.7 125.1
,:—: 45 XXX 104.0 114.4 118.0 120.0 118.2 118.5 118.8 117.2 117.4
50 R e 99.2 | 108.2 | 112.1 | 113.7 111.9 1125 | 111.3 | 1116
55 XXX XXX XXX 93.8 | 103.2 | 105.7 105.5 106.4 | 1053 | 105.2
60 ST TS STE T 88.7 98.9 101.9 101.9 | 102.0 | 101.3
65 XXX XXX XXX XXX 81.8 92.2 94.0 96.3 97.8 97.7
Table 4.7 Normalized Distortional Buckling Moments of Parametric Study
(F,s = 350MPa, F,,, = 250MPa,E = 200GPa )
i Ba
M,y 5.020 5.860 6.690 | 7.530 | 8.370 | 9.200 10.040 10.880 | 11.710 | 12.550
0.837 || 1.201 1.358 1.371 1.359 1.261 1.321 1.279 1.320 1.311 1.256
1.046 || 1.248 1.275 1.264 1.229 1.252 1.243 1.240 1.220 1.215 1.207
1.255 || 1.155 1.190 1.190 1.193 1.175 1.179 1.169 1.165 1.147 1.141
1.464 || 1.042 1.111 1.137 1.147 1.147 1.146 1.118 1.111 1.122 1.093
1.673 XXX 1.037 1.059 1.082 1.076 1.077 1.075 1.058 1.058 1.053
,82 1.882 XXX 0.902 0.993 1.025 1.042 1.026 1.029 1.031 1.017 1.019
2.092 XXX XXX 0.883 0.964 0.998 1.012 0.996 1.001 0.991 0.994
2.301 XXX XXX XXX 0.854 0.939 0.962 0.960 0.968 0.958 0.957
2.510 XXX XXX XXX XXX 0.822 0.917 0.944 0.945 0.945 0.938
2.719 XXX XXX XXX XXX 0.770 0.868 0.885 0.907 0.921 0.919

201



Ph.D Thesis- Tharani Thanga

McMaster University-Civil Engineering

Table 4.8 Normalized Ultimate Moment of Parametric Study

(F,s = 350MPa, F,,, = 250MPa, E = 200GPa)

" B
M, 5020 | 5.860 | 6.690 | 7.530 | 8370 | 9.200 | 10.040 | 10.880 | 11.710 | 12.550
0837 | 1218 | 1382 | 1.383 | 1.380 | 1.366 | 1.354 1.340 1332 | 1.322 | 1316
1046 | 1268 | 1286 | 1.290 | 1.271 | 1.271 | 1.261 1.252 1.241 | 1.236 | 1.230
1255 | 1.183 | 1.196 | 1.209 | 1.204 | 1.195 | 1.186 1.180 1.172 | 1.160 | 1.158
1464 | 1.063 | 1121 | 1152 | 1.163 | 1.159 | 1.154 1.146 1138 | 1.131 | 1.121
1673 | xxx 1.048 | 1.071 | 1.093 | 1.093 | 1.096 1.087 1.086 | 1.083 | 1.078
B | 1832 | xxx 0.912 | 1.011 | 1.038 | 1.053 | 1.056 1.051 1.044 | 1.036 | 1.039
2092 | o 0 0.899 | 0.976 | 1.006 | 1.020 1.018 1.015 | 1.004 | 1.004
2301 | o X x| 0.863 | 0950 | 0.975 0.987 0.987 | 0.982 | 0.980
2510 | o - - wo | 0.834 | 0925 0.951 0.956 | 0.957 | 0.954
2719 | o X X wx | 0781 | 0.874 0.903 0.923 | 0928 | 0.928
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Table 4.9 Normalized Stiffener Capacity Based on CSA 2010

E,; = 350MPa, E,, = 250MPa,E = 200GPa)
Y yp

Mcr ﬂ4

<My >Sl6 5.020 5.860 6.690 7.530 | 8.370 | 9.200 10.040 10.880 | 11.710 | 12.550
0.837 1.41 1.34 1.28 1.21 1.14 1.07 1.01 0.93 0.85 0.79
1.046 1.33 1.26 1.18 1.11 1.04 0.96 0.88 0.80 0.73 0.68
1.255 1.27 1.20 1.12 1.05 0.97 0.89 0.80 0.73 0.66 0.61
1.464 1.23 1.16 1.08 1.00 0.93 0.84 0.75 0.68 0.63 0.58
1.673 1.20 1.13 1.05 0.97 0.90 0.81 0.72 0.66 0.60 0.55

BZ 1.882 1.18 1.10 1.03 0.95 0.87 0.78 0.70 0.64 0.58 0.54
2.092 1.16 1.08 1.01 0.93 0.86 0.77 0.69 0.62 0.57 0.53
2.301 1.14 1.07 0.99 0.92 0.84 0.75 0.68 0.61 0.56 0.52
2.510 1.13 1.05 0.98 0.91 0.83 0.74 0.67 0.61 0.56 0.51
2.719 1.11 1.04 0.97 0.90 0.82 0.73 0.66 0.60 0.55 0.51
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A—A

Figure 4.1 Distortional Buckling of Stiffened Plate Panel

204



Ph.D Thesis- Tharani Thanga McMaster University-Civil Engineering

Fioure 4.2 Fundamental Parameters
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Avrea of stiffener:
Ag = 2bsty + (hy, — 265t
Depth of neutral axis from the bottom plate:

2 P2
Ag + byt

A (Bt e) +byt, 2

Yo =

Second moment of area of compression portion with respect to vertical axis:
— 1,3 1 3

Iop = bty + o (R + 6, — tr — ¥o)tw

Area of compression portion:

Ar = bty + (hy + b, — tr — Yo )ty

Radius of gyration of compression portion with respect to vertical axis:
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Figure 4.2 Fundamental Parameters Continues

r = /’—f
Ay

Second moment of area of stiffener with respect to major axis:

2
I, = %tﬁbf + 2bst; (hTW —~ %f) + = (b — 2t,) ¢,

Second moment of area of stiffened plate panel with respect to neutral axis:

_ hw 213 tp) 2
Isp —IS+AS (7+tp—y0) +Etp bp+bptp (yo_?)
Section modulus with respect to top compression flange:

(hy + 5 — Vo)

St

Moment at which top flange begins to yield:

My S StFys
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Stiffener Spacing b, tiffener
I R

i —
4

Stiffened Plate Panel\,i_______________________I
I be I

~

Figure 4.3 Typical Stiffened Plate Panel
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Stiffener

Transverse Edge
Uz=1,U=0 U,=0
2,-02-0 20

0- Fixed
1 - Free

Transverse Edge

U,=0 U,=0 U,=0

20 =0 @,=0
Longitudinal Edges
Ue=1 U,=0 U,=1
8-0 @~10,=0

Figure 4.4 Boundary Conditions
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Figure 4.5 Idealized Material Models
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Figure 4.6 Applied Moment versus Mid Span Vertical Deflection
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=—¢— Model-1 —— Model-2  ----- Slope-1 Slope-2
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Reciprocal of slopes Ay/Ma =9.074A,
250 | 1/9.074 x 103=110.2kN.m / 7
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Figure 4.7 Lateral Deflection over Applied Moment (Ay/M,) versus Lateral Deflection

(Ay)
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Figure 4.8 Normalized Applied Moment versus Mid Span Vertical Deflection (A;)
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Figure 4.9 Applied Moment versus Mid Span Vertical Deflection (A,) Histories of
Models
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Figure 4.18 Contours of Normalized Ultimate Moments versus Slenderness
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Appendix 4.1 Notations

The following symbols are used in this chapter.
A = Cross sectional area of stiffener

Ay = Area of compression portion of stiffener
b = Width of Plate under compression

by = Stiffener flange width

b, = Width of the plate (stiffener spacing)

E = Young’s modulus of steel

F., = Plate buckling stress

F,,, = Yield stress of plate material

F,s = Yield stress of stiffener material

h,, = Stiffener web height

I, = Second moment of area of stiffener with respect to major axis

I;¢ = Second moment of area of compression portion with respect to vertical axis

I, = Second moment of area of stiffened plate panel with respect to neutral axis

L = Stiffener length

M, = Applied bending moment

M., = Distortional buckling moment
M,, = Yield moment

M,, = Plastic moment

M,, = Ultimate moment

r = Radius of gyration of compressive portion of stiffener
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S, = Section modulus with respect to top compression flange
t = Thickness of Plate under compression

t; = Stiffener flange thickness

t, = Plate thickness

t,, = Stiffener web thickness

y, = Depth of neutral axis from bottom plate

b

B = ?\/g = Slenderness of a plate

By = br |Bvs — stiffener flange flexural slenderness
E

ty
hy,—2t F, .
B, = Wt—f /f = Stiffener web flexural slenderness
w
b F,
B3 =+ |22 = Plate slenderness
37T o\ E

L |F . . .
Ba = - /% = Slenderness of compressive portion of stiffener

A,= Mid span vertical deflection
A, = Lateral deflection at mid top flange

v = Poisson’s ratio
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Chapter 5: Shear Capacity of Side Panel of Large Rectangular
Industrial Ducts

Abstract

Side panels of a large rectangular industrial duct transfer the gravity loads to the supports
by transverse shear and, in addition, carry internal pressure. Currently the design practice
of plate panels for shear load is based on the methods used for the web of the plate
girders. The behaviour and the characteristics between the web of plate girder and the
thin side panels are significantly different. The large aspect ratio of the side panels
develops multiple bands of tension fields, whereas the methods for plate girders are based
on one tension field. In addition to shear, the side panels are subjected to internal pressure
which in turn produces membrane action. Minimal research has been done dealing with
industrial duct plate panel subjected to shear load. Therefore, a study was undertaken to
review current methods of analysis and design and to propose a comprehensive method of
designing industrial duct side panel for shear resistance.

A nonlinear finite element model was developed to simulate the behavior of industrial
duct side panel subjected to transverse shear. In order to carry out a parametric study, Six
scale independent dimensionless parameters that govern the behavior of plate panel were
identified. An extensive parametric study was then done. It was concluded that the plate
slenderness dominates the normalized shear strength of stockier side panels. The aspect
ratio and plate slenderness influence the normalized shear strength of slender side panels.
Design equation and aids for estimating the shear strength of industrial duct side panels
subjected to shear were proposed.

Keywords: Plate, Shear, Diagonal Tension Field, Finite Element, Dimensional Analysis
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51 Introduction

Large rectangular industrial duct and its supports are unique structures which require
local and global analysis to predict their performance and to verify the safety in
preventing catastrophic failure. The paramount importance of the analysis and the design
of this unique rectangular duct system for an engineer is to apply available analytical and
design tools. The fundamental in this analytical process is the need to verify the strength
of every element in the path of transferring all loadings down to supports. The vertical
loads such as dead load, weight of insulation, dust load, etc., must be transferred to the
side walls (which act as web) and then to the supports. These side walls consist of thin
plate panels between parallel stiffeners. The plate panels transfer the loads to the supports
by shear. The plate panels of the side walls adjacent to the support legs are subjected to

large shear loads. In addition these panels are under internal pressure.

Currently, the plate panels of rectangular ducts for carrying shear loads are designed
based on methods used in plate girder web design. The side walls of the large industrial
rectangular duct can be considered to be similar to the web of a large fabricated plate
girder with transverse stiffeners. The plate girder web design is often based on a
combination of both web shear buckling and tension field action between stiffeners (post
buckling strength). The web of the plate girders, however, may have relatively thicker
plate compared to the side panel of the large rectangular duct. The large aspect ratio of
the side panels develops multiple bands of tension fields, whereas the methods for plate
girders are based on one tension field. Furthermore, plate girders are not subjected

concurrent pressure load. For a thin plate panel, the web shear buckling capacity will be
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lower; as a result, the proportion of tension field action will be higher in carrying the
shear. There are several theories available to estimate the shear capacity of the girder
web. However, it is necessary to examine the applicability of these theories for the side
walls of the large rectangular duct and to provide analysis and design guides for such
panels. Note that the design of the large industrial duct is not covered by any design
standards. Therefore, it is necessary to conduct a detailed study of the behavior and to
quantify the capacity of the industrial plate panels subjected to shear load so that relevant
design standards may be established. In order to include all the parameters that affect the
behavior of the plate panels and to avoid the expenses involved with the experiments, a

numerical parametric study based on the finite element model may be done.

In the study described herein, firstly, a nonlinear finite element model for the industrial
duct plate panel subjected to uniform shear was developed and validated. Secondly,
dimensionless parameters that affect the behavior of the plate panel were identified.
Thirdly, an extensive parametric study was done to establish the impact of above

parameters on the shear resistance of such plate panels.
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5.2  Objectives

The objectives of this part of the study presented in this chapter are to study the
behaviour of the industrial duct plate panels subjected to uniform transverse shear and to
propose a comprehensive method of estimating their shear capacity. In order to achieve
these objectives, a suitable finite element model that includes material and geometric
nonlinearities was developed in order to capture the shear buckling and the diagonal
tension field action of plate panel when the panels are under uniform pressure load. It is
also necessary to do a detailed parametric study. This phase would identify the
dimensionless parameters those dominate the behavior of the plate panel subjected to
transverse uniform shear. The side plate panels subjected to static loading and under

ambient temperature were only considered in this study.

Section 5.3 reviews the available literature on the plates subjected to uniform shear. This
review examines the available theories and their applicability for the industrial duct side
plate panels. Section 5.4 describes the nonlinear finite element analysis model developed
and validated to study the behaviour of the thin plate panels. The current method in
design practice is evaluated in Section 5.5. In Section 5.6, the dimensionless parameters
are identified in order to conduct the parametric study. The influence of the identified
dimensionless parameters on the behavior and strength of the plate panels are
investigated in Section 5.7. The conclusions and further recommendations are presented

in Section 5.8.
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5.3  Literature Review

Analytical and experimental researches on this topic have been conducted for more than
last fifty years in order to improve the understandings of the behavior of the plate
subjected to shear load. Consider a thin plate panel with width b , height h and thickness
t. Such a plate panel when subjected to shear stress T as shown in Fig 5.1 experiences in-
plane tensile and compressive stresses a. This compressive stress ¢ is equal to the
applied shear stress T and acts at 45° to the shear axis. This compressive stress o can
causes buckling of the plate when the applied shear stress T reaches the shear buckling
load 7. Therefore, it could be expected that the resulting formulae for critical shear
stress 7., would closely resemble the critical load for the in-plane compression. The
critical shear buckling stress 7., for a long rectangular plate with height h, width b and
thickness t, when subjected to uniform shearing stress was provided by Timoshenko and

Gere (1961) as follows

kn*E

b)z (5.1)

12(1-v?) (3

Where E = elastic modulus, v = Poisson’s ratio and k = shear buckling coefficient. In
this derivation, b is the width of short dimension of the long plate. The following

formulas can be used to establish approximate values of the k in Equation 5.1 when

= > 1 (Timoshenko and Gere (1961)).
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2
k=535+4 (%) for the simply supported plates (5.2)

2
k =898+ 5.6 (%) for the clamped plates (5.3)

. : : . b
It can be seen that the critical buckling stress T, is a function of the plate slenderness "

and the aspect ratio % for a plate with given material properties and boundary conditions.
Theoretically, the critical buckling stress 7, can be as high as the shear yield stress T,

for a perfectly elastic-plastic material. The buckling stress T, increases as the plate

b : - . . e
slenderness 7 decreases. When the plate is stocky, it is considered to fail by yielding in

: . F N
shear equal to the theoretical shear yield stress t, = 7% The limiting plate slenderness

b - . o . .
7 for the shear yielding can be obtained by substituting 7,, into Equation 5.1 for the ;..

~ |12 —vP), 9

b k?E
t

I . . : b .
Therefore, the plates will yield first before it buckles if the plate slenderness 7S less than

the limiting plate slenderness given in Equation 5.4. Substituting Poisson’s ratio v = 0.3

5
H

NG the Equation 5.4 becomes:

and Ty =
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b kn?E L [k
- = ~125 |5 (5.5)

12(1 — 0.32)\/—y§

The limiting % for a simply supported plate with material properties of elastic modulus

E = 200,000 MPa and yield strength of F, = 350 MPa and with the aspect ratio f =1

will be 90. However, for the plate of a side wall of large industrial duct, the ratio of the

. : . b . . :
stiffener spacing to the plate thickness " will be much higher than this value. In actual

large rectangular duct, the plate slenderness % may be in the range of 125 to 350. The

applied shear stress will cause elastic buckling for these slender plates. However, beyond
buckling, the plate has the capacity to carry additional shear load because stable tensile
stresses may be generated in diagonal direction. Therefore, the plate can carry additional
shear load until yielding occurs in the plate. This is referred to as tension-field action.
Even though, the tension field action in a web carrying shear was identified by Wagnar
(1939), Basler (1961) first introduced this tension field theory for civil engineering

applications.

Based on the extensive studies on the post buckling behavior of the web panels by Basler
(1961), AISC (1963) first included the post buckling strength in addition to elastic
buckling shear capacity in its specification. In Basler (1961) tension field idealization of

the post buckling contribution to the strength, the flanges were assumed to provide no
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anchorage to the tension field. In later stages of Basler’s derivation (1963), the web of
the plate girders bounded by flanges and by the transverse stiffeners on each side was
assumed to be capable of carrying load in excess of buckling load. In the latest approach
used by Basler (1963), equilibrium of section taken vertically midway between two
adjacent stiffeners and horizontally at mid-depth was considered (See Figure 5.2). The

additional post buckling strength V,» was given as follows:

E,ht(1—C,)

i ()

Where C, = FT/‘:/B_, = web shear coefficient. The angle of the tension field providing
y

maximum vertical shear component from the tension field was given by:

(5.7)

tan(20) = b

Therefore, the tension field contribution to the shear strength is based on uniform
yielding throughout the web panel. The shear strength of web panel in the current AISC
(2005) is based on this Basler’s model. The ultimate shear strength for the slender web

panel in the current AISC (2005) is given by:
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V, = 0.6F,ht {Cv + (1-6) 2} (5.8)

1151 + (%)

The first term in the bracket represents the relative contribution of the buckling strength
... The second term in the bracket represents the increase of the plate shear strength due
to the diagonal tension field action. Equation 5.8 is the same fundamental form for the

ultimate shear strength of the slender web panel in the current CSA (2010).

Numerous models for the diagonal tension contribution have been developed. Another
model developed by Porter et al. (1975) was adopted in the British standards. In this
model, a similar tension field was assumed for only limited portion of the web. However,
the flanges were assumed to contribute to the post buckling strength by absorbing normal
stresses from tension field. As a result, girder collapses when plastic hinge is formed in
the flanges. However, both models assume that the compressive stresses that developed

perpendicular to the diagonal tension field do not increase after the elastic buckling.

In current design practice in heavy industries, the side wall of the duct is assumed to be
the web of the large fabricated girder. The panel stiffeners are serving as the girder web
stiffeners. The current methods in AISC (2005) and CSA (2010), which are based on

Basler’s model (1963), is then used to design the plate panels of the side wall for shear
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resistance. In this model, the tension field contribution to the shear strength as per

Equation 5.8 is based on uniform yielding throughout the web panel.

In large industrial rectangular ducts, the width of the plate b between the stiffeners is

smaller compared with the length of the plate h. The plate panel under consideration is a
long rectangular plate with the aspect ratio % higher than 2. The diagonal tension field

depends on the wave length and other details of buckled shape. The wave length and the

buckled shape will depend on the aspect ratio and the boundary conditions. In the case of
plate with higher aspect ratio % and simply supported boundary condition, the buckled

shape is illustrated in Figure 5.3 (Bruhn 1973). This buckled shape consists of a half
wave in the transverse direction (b) and a series of half waves in the longitudinal
direction (h). The long plate subjected to uniform shear will develop internal
compressive stresses on the plane 45° with the edge and thus these compressive stresses
cause buckling pattern at an angle to the plate edges as shown in Figure 5.3(a). The
buckled pattern has a half wave length of 1.25b (Bruhn 1965). As the shear load
increases, the long plate buckles between the stiffeners in above manner with the
remaining load being resisted by the tension field action. For this buckled shape, the long
plate subjected to uniform shear develops several bands of tension fields across the length
of the plate as illustrated in Figure 5.3(b). In contrast, the current AISC (2005) method
based on Basler (1963) model represents only one band of uniform tension field across

the web between stiffeners. This raises the concern of the applicability of the current
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AISC (2005) or CSA (2010) methods to the plate panel of side wall of the duct when

designing for shear load.

In the derivation of the second term of Equation 5.8 by Basler (1963), the contribution of
tension field action was limited by the failure state of the plate element subjected to shear
T in combination with the inclined tension o, . The actual state of stresses considered in
this derivation was only the shear ., and the inclined tension o, as shown in Figure 5.4.
There are two assumptions involved in determining this inclined tension a;. The 7., was
assumed to be constant from buckling load to post buckling strength and therefore the
inclined tension o, acts in addition to the principal stresses ... Also, the angle 6 , the
inclination of the tension o, , was conservatively taken as 45°. At this state of stress, the
principal stresses are (t.. + o;) and (—t.-). Then, the von-Mises yield criterion was
used to determine the inclined tension o, when a yield zone develops. The vertical

component of this inclined tension o, contributed to the post buckling strength V.

The contribution of buckling shear depends mainly on the plate slenderness % The plate

slenderness % of side panels of large industrial ducts are very high (in the range of 125 to

350). Therefore, the relative contribution of buckling shear will be minimal.
In large industrial duct, the plate panel between stiffeners is subjected to lateral pressure

load in addition to the shear loads. The current industrial practice of designing the plate,

thus the spacing the stiffeners, is based on large deflection plate theory. The plate
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between stiffeners can be assumed as one way bending of a long plate subjected to lateral
pressure load because the typical aspect ratio % for a plate panel of industrial duct is more

than 2. As explained in Chapter 2, a strip of the long plate that is perpendicular to the
stiffeners and restrained by the stiffeners, when analyzed with large deflection plate
bending theory, produces the bending stresses o, and the diaphragm stresses
o, perpendicular to the stiffener direction. The second term in the brackets of Equation
of 5.8, the contribution of the tension field action, does not account for these bending
stresses a;, and diaphragm stresses a,,, in its derivation. Lee and Yoo (1998) suggested
that the Basler’s model does not consider bending stresses of the web developed
perpendicular to the tension line of web due to out of plane deflections of web panels.
However, the bending stresses vary across thickness of the plate. i.e, while one side is
tension, the other side is in compression. Therefore, the effect on the effective tension
field due to bending stresses will be minimal. White et al. (2008) noted the flaws in the

Lee and Yo00’s suggestion.

However, the uniform diaphragm stress o, which is perpendicular to the stiffener
direction and in the plane of the plate will affect the diagonal tension field. Basler’s
model can be extended to include the effect of diaphragm o,,,. The state of the stresses at
shear buckling is shown in Figure 5.5. Before the shear buckling occurs, the state of the
stresses contains the applied shear 7, horizontal diaphragm stress o,,, and the transverse
stress va,,. The application of Mohr’s circle for this state of the stresses is shown in
Figure 5.5(b). It can be noted that the horizontal diaphragm stress o, and the transverse

stress va,, change the principal stresses and the principal plane. a; and o, represent the
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tensile and the compressive principal stresses. Compared to the Mohr’s circle of pure
shear (Figure 5.5(a)), the introduction of diaphragm a,, stress lowers the compressive
principal stress o, and the inclination of the principal plane associated with the principal
stress o, becomes less than 45°. Therefore, the applied shear 7 should be increased to 7.,
in order raise the o, to the buckling shear stress t.,.. From the above facts, it is obvious
that the diaphragm stress a,, increases the contribution of buckling shear V. to the
ultimate shear strength 17,. After the web has buckled, the bands of inclined tensile forces
from the tension field action develop. The equilibrium is maintained between these
applied shear force, the bands of tensile forces and the compressive forces (o,) at
buckling. As the load increases, the angle of the bands of tension forces changes to
accommodate the greatest carrying capacity. At the ultimate state, the angle of the bands
of the tension forces 6 for a long plate is unknown. The current method for shear capacity
of web girder (Basler’s method) does not include the effects of the diaphragm stress a,,

and is based on one complete tensile band between the stiffeners.

The Basler’s work (1963) and Porter’s work (1975) have been widely accepted and have
formed the basis for estimating the shear capacity of the web of the plate girder in North
American and European standards, respectively. Both models assumed that the web panel
was simply supported at the edges. The actual boundary condition in the web of plate
girder will most likely be intermediate between simply supported and clamped condition.
Kuhn et al. (1952) proposed a correction factor based on their test data of thin web with
different vertical structural angle stiffeners. This correction factor was applied to the

buckling coefficient k of the simply supported boundary condition. The correction factor
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was function of the aspect ratio of the plate and the relative thickness of the plate and the
leg of the angle stiffeners. Lee et al. (1996) studied the influence of the end restraint of
the web plate between the stiffeners using finite element models. Two equations were
proposed by them to be used to determine the shear buckling coefficient for plate girder
web. These equations addressed the fixity of boundary between the flange and the web,

based on the relative thickness of the web and the flange.

It is recognized that the frame action of flanges also contributes to the shear resistance of
transversely stiffened large plate girders (White et al. 2008). The model from Porter’s
work (1975) highlights the contribution of the frame action of flanges. Large plate girders
with heavy flanges develop larger shear strengths as the girder flanges, in addition to
transverse stiffeners, also provides substantial anchorage to the tension field developed
(White et al. 2008). The anchorage provided by heavy flanges for one tension field
developed in large plate girders will be significant. The multiple tension fields developed
along the duct side plate panel will be mostly anchored by the stiffeners. The vertical
components of the tension fields in industrial ducts are transferred at the stiffeners. The
wide flange stiffeners have enough capacity to carry the necessary compressive forces.
Therefore, there will be minimal effect by the stiffeners on the shear capacity of side

plate panel.

To date, the shear capacity of the plate panel of large rectangular industrial duct is based

on the numerous researches on the behavior of the web panel of the large plate girder.

Also there are no codified design guidelines for the design of elements of the large
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industrial rectangular duct. Considering the cost associated with large scale experiments,

a parametric study became necessary.

5.4 Finite Element Model

Most of the researchers, Lee et al. (1995, 1998, 2002, 2003, 2008, 2009), Yoo et al.
(2006), White et al.(2008), Marsh et al. (1998), Shanmugam et al.(2003) and Alinia et
al.(2009, 2011), successfully carried out finite element analysis on the buckling behavior
of the plate girder web panel with the transverse stiffeners. The review of these research
studies indicated that the finite element method is able to accurately predict the behavior
and the ultimate strength of the plate panel. To the author’s knowledge, no finite element
study has been attempted for shear resistance of a plate panel of the large rectangular
duct. Furthermore, the limited number of experiments does not cover all the practical
cases. Therefore, a finite element based parametric study is necessary to study the
behavior of the industrial duct plate panel with all possible parameters. In this section, a
nonlinear finite element model to capture the shear buckling and the diagonal tension
field action of a long rectangular plate subjected uniform shear was developed. The finite

element model will be validated with available theoretical results.

A schematic of duct side panel selected for the parametric study presented in Section 5.7
is shown Figure 5.6. The duct side panel consists of a plate panel bounded by two
adjacent stiffeners and the corner angles at its top and bottom. Typical angle

L76X76X7.9 (3X3X5/16) and stiffener W200x27 (W8X18) were selected for this study.
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To simulate the behaviour of the plate panel with shear, the finite element model was
developed using a commercial general purpose nonlinear finite element program
ADINA(2009). It has an extensive element library, material models and modeling
capabilities of any nonlinear problem. As the shear load increases on the plate panel,
initially the shear buckling creates local instability, then the diagonal tension field
develops at an angle, which is considered to be optimum, and the equilibrium path goes
beyond the ultimate capacity. These nonlinear changes require the finite element model to
be able to trace the equilibrium path beyond the shear buckling state up to and beyond the
ultimate state. Therefore, the solution should be obtained incrementally. To reach the
convergence of the equilibrium of the nonlinear load-displacement path, a displacement
control analysis method was used. For each increment of displacement, the solution
process needs an iterative process to obtain the equilibrium load vector. The arc length
iterative method used for these analyses was able to reach the convergence throughout the

nonlinear equilibrium path.

In order to capture the out-of-plane movement due to instabilities and the nonlinear
equilibrium path, a 4-node shall element from ADINA element library was used to model
the entire plate panel. The 4-node shell element is based on updated Lagrangian
formulation (Bathe 1996). The nodal coordinates are updated to reflect the current
position in space and all the shape functions and derivatives are updated based on current
updated coordinates. Also, this element can be used for large displacement and small
strain problems. Each node has six degrees of freedom: three translations and three

rotations. The 4-node shell element can be used to model for both thick and thin shell
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problems that require the Mindlin plate theory to describe their behaviour. The available
maximum of seven integration points through thickness were used for this analysis in
order to capture the stress variation across the thickness, and thus to ensure accurate

initiation and development of tension field across the plate.

5.4.1 Initial Geometric Imperfection

Geometric imperfections such as out-of-flatness of the plate and camber or sweep of
structural members exist in their unloaded condition. The behavior of plate panel
subjected to in plane forces is affected by initial out-of-flatness. In finite element
analysis, the perfectly flat plate will not make buckling response as its in-plane stiffness
is high. Therefore, some form of disturbance should be introduced on a perfectly flat
plate in order to evoke the buckling response. In this finite element analysis, the initial
geometric imperfection was introduced to the plate panel. The magnitude and shape of
initial geometric imperfection play a significant role in response behavior. Generally the
initial geometric imperfection is either similar to that of buckling mode shape or shape of
existing out of flatness measured on the plate panel. The shape of the buckling mode is

generally assumed because it gives lower bound even after collapse.

A long rectangular plate subjected to pure shear buckled in a pattern as illustrated in
Figure 5.3(a). Incorporating this buckling pattern into the finite element models was not
practical. A pattern consisting of a half sine wave in transverse direction and a series of

half waves in the longitudinal direction was introduced in order to initiate the buckling.
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Therefore, a double sine function is used to represent the out of flatness of the plate

panel. The double sine function is as follows:

Aimp= A,sin (7T %) (n E) (5.9)

Where A;p,= initial geometric imperfection distribution, A,= maximum amplitude of
the initial geometric imperfection, b = width of the plate panel, h = height of the plate
panel, x = coordinate in the transverse direction of the plate panel and y = coordinate in
the longitudinal direction of the plate panel. The maximum permissible variation of out
of flatness of a steel plate for fabrication related initial imperfections was given in Paik et

al. (2003) as follows:

A b\ |F
—°% —-0.025 (_) 2 (5.10)
t t E

B _ 0.005 (g) G40

t
Equation 5.10 gives better representation of the plate characteristics. Equation 5.11 is a
function of plate width b only. The use of latter does not represent the slenderness of the

plate. Therefore, the present study used the maximum values of imperfection given by

Equation 5.10.
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In a large industrial duct, the deflected shape of the plate panel subjected to transverse
pressure load should be incorporated as the plate panel considered is subjected to in plane
shear and transverse pressure load as well at the ultimate states. The deflected shape of

the long plate panel due to transverse pressure can be assumed to be cylindrical. The

relation between the plate slenderness %\/% and the normalized deflection % ,when the

top fibre yields due to lateral pressure, was established in Chapter 2. Therefore, the
pattern of initial geometric imperfection assumed for this study was the summation of the
cylindrical deformation due to lateral pressure and the double sine function of out of
flatness. This pattern was then mapped onto the finite element mesh in order to model
accurately the plate panel. The initial geometric imperfection pattern used for this study is

depicted in Figure 5.7.

5.4.2 Material Model

The coupon test gives the relationship between stress and strain, covering elastic,
yielding, ultimate and necking states. However, often the current industrial practice for
the ultimate limit state of the structural members uses idealized material model. The
Idealized elastic-plastic-strain hardening tri-linear material model representing mild
carbon steel was used to model the material constitutive behavior of the plate panel. The
yield strength of 250MPa (F;,) and modulus of elasticity of 200000MPa (E) were used to
define the material of the plate panel. This represents the most common structural steel
for plates, ASTM A36. The strain and the stress values are listed in Figure 5.8. In order

to describe the various features of steel, the strain values are presented in terms of
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characteristic stresses in Figure 5.8. The nominal strain at yield, &, is I;—y or 0.00125 for

A36 steel. The strain hardening can be anticipated at a strain of around 10 times the ¢,. A

constant proportionality is also presumed in the strain hardening range. The accepted
strain hardening modulus Ej, for mild carbon steels is % The minimum tensile strength,

E,, for A36 steel is 400MPa. The plate, stiffener sections and corner angles are assumed

to be made by A36 steel for this study.

The material models in ADINA (2009) are based on incremental theories in which the
total strain increment is decomposed into an elastic strain increment and a plastic strain
increment. An incremental plasticity model is formulated in terms of yield surface, flow
rule and a hardening rule. The von Mises yield surface is used to specify the state of
stresses corresponding to start of plastic flow. The von Mises yield surface assumes that
yielding metal has the form of a cylinder in three dimensional principal stress space. The
von Mises criterion uses the associated flow rule for the development of plastics stress-
strain relations of metals. The associated flow is the plastic flow developed along the
direction normal to yield surfaces. A hardening rule specifies the yield surface during
plastic flow. In this study, the isotropic hardening rule was selected. In the isotropic
hardening rule, the size of the yield surface changes uniformly in all directions as plastic
straining occurs. The isotropic hardening rule is more suitable for a static nonlinear

analysis of this plate panel subjected to shear.
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5.4.3 Loading and Boundary Conditions

It is very important that the boundaries must be incorporated realistically in numerical
simulation. The boundary conditions of a plate in large rectangular duct may be taken as
restrained against rotation and restrained against pulling in along longitudinal direction
(edges with stiffeners). As discussed in Chapter 2, the plate between stiffeners is designed
based on bending of large deflection plate theory. Such a plate design is governed by
transient pressure. These boundary conditions are reasonable as the plate is welded to
thick flange of stiffener and symmetrical uniform transient pressure load prevents any

relative rotation of plate panel with respect the flange edge.

However, the rotational stiffness of the longer edges of the plate panel depends on the
rotational stiffness of the flange of the stiffener connected to the plate. Therefore, the
edge boundary condition of plate panel at its ultimate shear capacity can be expected to
be between fixed and simple. In order to represent the rotation stiffeners of the flange of
practical stiffeners, typical stiffener W200X27 (W8X18) was modeled on along the both
longer edges of the plate panel for this study. The opposite transverse edges were not

restrained against the rotation along the transverse direction.

In large industrial duct, side plate panels, adjacent to the support stiffener ring transfer
large amount of shear. During the ultimate state, the horizontal components of tension
fields could not be anchored by the adjacent side panel that is outside of support rings as
one support ring in industrial duct is allowed to slide toward the duct longitudinal axis.

Also the panel on outside of the support has lesser shear load, thus no tension field to
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anchor the horizontal components. Therefore, the translations of longer edges along the
transverse direction are not restrained. In addition, this translation of longer edges will be

uniform as the plate is continuous on either side of the side panel considered.

In order to simulate plate panel between the stiffeners, the following boundary conditions
were incorporated into the model. Figure 5.9 shows the geometry of the plate panel, the
loadings applied and the boundary conditions considered. The x — y plane coincides
with the middle plane of the plate panel. The z-axis is perpendicular to the plate and
originating from the centre of the plate panel. In this figure, u,, u,, and u; are the
translations along the x, y, and z directions, respectively and 6,, 6,, and 65 are the
rotations about the x, y, and z directions, respectively. The edges of the plate panel are
labeled L, L,, L5 and L, the four corners of the plate panel are marked as P,, P,, P; and
P, as shown in Figure 5.9. In order to provide the rotational stiffness along the plate and
flange juncture, the rotation about the y direction and the translation along the z direction
were restrained along the edges L; and L. In order to simulate the uniform translation of
longer edges due to continuous plate, the translation along the x direction were
constrained to be the same along the edges L, and L. The translation in z direction was
restrained along the all edges. The translation along x direction was restrained at the point
P; while the translation along x and y directions were restrained at the point P, to avoid
any rigid body rotation. The boundary conditions are indicated in Figure 5.9. To simulate
shear loading, uniformly distributed line loads are applied along plate edges as shown in

Figure 5.9.
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5.4.4 Validation of Modeling Techniques

To determine how accurately the proposed modeling techniques applied to a nonlinear
finite element model are able predict the behavior of plate panel subjected to shear, the
modeling techniques will be applied to a square plate in this portion of the study. Then,
the results of the analysis are compared to theoretical results of the square plate subjected

to uniform shear.

Before the validation study is done, a convergence study is usually carried out to
determine the best size of finite element mesh. Therefore, a convergence study was
performed. In this convergence study, one meter length of square plate with different

mesh density was subjected to a uniform shear load.

The geometry, the loadings and the boundary conditions for the model are as shown in
Figure 5.11. The dimension of the plate are: b = 1000mm, h = 1000mm and t = 5mm.
The plate is subjected to uniform shear load. The plate material is assumed to be the
material model descried in Section 5.4.2. The initial geometric imperfection imposed to
the model was only the shape of the buckling mode as described in Section 5.4.1, with the
amplitude of initial imperfection calculated as per Equation 5.10. The amplitude of

double sine function of out of flatness of the plate is 6.25mm.

The analysis includes 5 identical plate models with different mesh densities. The density

of the coarse mesh is 5x5, while the density of the finer mesh is 26x26. The ultimate

strength for corresponding mesh densities are tabulated in Table 5.1. The percentage
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changes in ultimate strength of each model were compared and included in the Table 5.1
as the mesh was being refined. The percentage change in ultimate strength between mesh
density of 1 to 2, 2to 3, 3to 4 and 4 to 5 were 7.4%, 3.0%, 2.2% and 1.1%, respectively.
It can be noted here that a reasonable degree of accuracy can be attained with coarser
mesh density. In general, the percentage change less than 5 % may be considered
acceptable. Therefore, mesh density 2, 3, 4 and 5 may be acceptable. However, due to the
severe nature of the material and geometric nonlinearities involved the plate panel
subjected to shear, a very dense mesh of shell elements was desirable in order to trace the
nonlinear equilibrium path into the unloading regime. Thus, mesh density 3 was selected
as the most suitable mesh and this mesh density was used for rest of the studies presented
in this chapter. In Physical dimensions, each element size is approximately 62.5 mm x

62.5 mm.

The finite element model developed for the convergence study was used for the
comparison of theoretical buckling strength with results of analysis. The square plate with
b = 1000mm, h = 1000mm and t = 5mm was subjected to uniform shear load. The
mesh density was 16x16. The material model and the boundary conditions were same as
in the convergence study. The theoretical buckling load calculated for the plate from

Equation 5.1 and 5.2 was 211kN.

The applied shear and the out of plane deflection at the middle of the plate were obtained

from the results of the analysis for each time step. The graph of the applied shear versus

the out of plane deflection was plotted as shown in Figure 5.11. It is difficult to
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distinguish between the pre buckling and post-buckling response paths of an imperfect
plate subjected to uniform shear. However various techniques have been developed in
order to obtain buckling load from experimental and numerical results. In one of those
techniques, two tangent lines are drawn from two points where the slope changes with
maximum rate and the intersection of the two tangents gives the buckling load. The
buckling load obtained from Figure 5.11 was around 210kN which was in very close
agreement to the theoretical results. From the above comparison, it can be concluded the
finite element modeling techniques applied to simulate the plate panel subjected to shear

load will predict an accurate buckling behavior.
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5.5 An Evaluation of Current Method

Before a parametric study on side plate panel subjected shear was carried out, an example
calculation was done to compare the results from the method in current design practice
and the nonlinear finite element model. The intent of this comparison was to evaluate the
method in current design practice and demonstrate the inconsistency of the current design
method for the side panel of large ducts. The current design practice in heavy industries
uses the method based on plate girder web design. This calculation uses the provisions in
AISC (2005) for the design of web of large plate girders. This method accounts the

enhanced strength of webs of built-up plate girders due to tension field action.

The following design parameters were used for this comparison:

Width of plate panel b = 1000 mm
Height of plate panel h = 4000 mm
Thickness of plate t=5mm
Modulus of elasticity E = 200 GPa
Yield stress of plate material F, = 250 MPa

The actual panel aspect ratio:

b—025
h_ .

Hence, the panel plate buckling coefficient given by AISC-05 Section G2.1(b) (ii):

k, =5+ = 85

()
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When the panel depth to thickness ratio is greater than the limiting ratio;
h—800 > 1.10( k £ 0.5—696
t - . UFy - .

The nominal shear capacity is then given by Equation ASIC-05 G3.2.

Therefore, the shear coefficient C,, is:

E
kvr

C, =151— =0.16
?)

The normalized nominal ultimate shear capacity as given by Equation AISC-05 G3.2 is:

As noted earlier in Section 5.3, the slender plate panels have less contribution from shear

buckling (C,) compared with the contribution of tension field action.

In order to compare this current design practice with the nonlinear finite element model
developed in Section 5.4, a test run was done for the design parameters mentioned above.
The result of normalized ultimate shear capacity obtained from the test run was 0.63.
The current method estimates around 42% greater than the strength predicted by the finite

element model.
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A close observation of this Equation 5.8 raises the concern on the applicability of this for
large rectangular industrial duct. Equation 5.8 is a more fundamental form of design

guide line in AISC (2005) and CSA (2010) to establish the shear strength of web or plate
(between stiffeners) with large depth to thickness ratio % The total ultimate shear

capacity ¥, will be additive of the web shear buckling V,, and tension field action V.
represented by the first and second term of Equation 5.8, respectively. The contribution
of the web shear buckling V.. (C,)is minimal for a plate with large slenderness.
Therefore, the larger contribution to the estimated shear capacity of the side panel of
large rectangular ducts comes from the second term referred to the tension field action
Vis. The second term in the bracket of Equation 5.8 is

Ve  (1-0G)

DR s s + (%)2

The aspect ratio % of the side panels of large rectangular ducts are generally in the range
of 21010 (3 «).

For the smaller % ratio of the side panels,
b 2
1+<—> =~ 1
h
Therefore, the second term referred to the tension field action V., becomes

approximately:

th - (1 - Cv)
0.6F,ht 115
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Taking the minimal contribution of C,, of the side panels of large industrial duct, the total

normalized ultimate shear 1}, approximately becomes:

V;,L (1 - Cv) 1
=~ C = =~ 0.9
0.6Fyht vt 1.15 1.15

This indicates that the current method based on the design of large plate girder web
always predicts nearly the same normalized shear capacity for the side plate panels with
all practical range of plate slenderness and aspect ratios. Therefore, it is imperative to
study all the parameters that uniquely characterize the behaviour and strength of plate

panel subjected to shear load.

As described in Section 5.4, a precise modeling of side plate panels can be achieved.
Factors such as pattern of geometric imperfections and initial stresses can be incorporated
into finite element model in order to accurately simulate the side panels subjected to
shear. The finite element models can be used to perform an extensive parametric study of

the behavior of side panels.
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5.6 Dimensionless Parameters

The finite element model was developed in Section 5.4 for the analysis of the plate panel
subjected to uniform shear load. The main objective of this section is to identify the
fundamental parameters that affect the behavior and the ultimate strength of the plate
panel. To do a parametric study, dimensionless parameters that define the behavior and

ultimate strength will be identified and then be used to conduct a parametric study.

Before a parametric study of plate panel subjected to uniform shear is done, it is
important to determine the parameters that characterize the behavior and the shearing
capacity of the plate panel. These parameters should be independent of any scale and

material characteristic.

The fundamental parameters that affect the behavior and ultimate shear capacity of the
side plate panel can be geometric parameters, loading parameters, output parameters and
material characteristics. The fundamental geometric parameters of plate panel are
illustrated in Figure 5.12. The geometric parameters are: b = width of the side plate
panel, h = height of the side plate panel , t = thickness of the plate , A= deflection and
o, = diaphragm stress. The loading parameter is the applied shear V. The output
variable is selected as the in-plane drift §. The material parameters are: E = modulus of
elasticity, G = elastic shear modulus , v = Poisson ratio and F, = yield strength of the
plate material. It should be noted here the A is the algebraic sum of magnitude of initial

geometric imperfection A, and the deflection A due to pressure.
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It can be seen from the above list of 11 fundamental parameters that the numbers of
combinations of analysis models for practical range of each parameter would be very
large. It is therefore necessary to reduce the number of parameters for a manageable
parametric study, in the same time to cover all the practical range of each parameter. The
suitable tool to reduce the number of the parameters into manageable number of
dimensionless parameter is dimensional analysis which would yield number of
dimensionless parameters (Harris 1999). The independent scale effect should be checked

later.

This can be done by using the Buckingham Pi-theorem (Lanhaar 1951). The Pi-theorem

is stated as:

“The number of independent dimensionless parameters arising from n fundamental
independent parameters in m dimensions is n-r, where r is the order of largest non-zero
determinant of a matrix which is formed from the fundamental parameters and their

dimensions.”

The independent dimensionless parameters are defined as those which can be formed by
combinations of any number of fundamental parameters, but none of them can be formed
by any combination of others. Rank of a matrix is order of the largest non-zero

determinant.
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The behavior of the plate panel subjected to uniform shear is a function of 11

fundamental parameters: b, h,t,V, 6,4, F,, E, G, v and g,,. The E, G and v are dependent
on each other and v is dimensionless. Therefore, only one of these three parameters
should be independent. The modulus of elasticity E is generally considered as an
independent fundamental parameter. Therefore the behavior of the side plate panel is a
function of 9 independent fundamental parameters: b, h,t,V,6,A, F, E and a,,. These
parameters have the dimensions: M = mass, L = length and T = time. To apply the
Buckingham Pi theorem, the matrix by the fundamental parameters and their dimensions

is formed as shown below.

Fundamental b h t 14 ) A E, E Om
Parameters
M 0 0 0 1 0 0 1 1 1
L 1 1 1 1 1 1 -1 -1 -1
T 0 0 0 -2 0 0 -2 -2 -2

The rank of above matrix is 2 i.e., the highest order of determinant would be second
order. Therefore, the number of dimensionless parameters expected in this case would be

7.

Having determined the number of dimensionless parameters as described above, the next
step is to combine the fundamental parameters to form the desired dimensionless

parameters. Even though the Pi-theorem identifies the number of dimensionless
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parameters, the independent dimensionless parameters might be an infinite number of
possibilities. However, the dimensionless parameters should be useful choice for an

experiment or for a parametric study or for design perspective.

As described in Section 5.3, the slender plate panels subjected to a uniform shear, as per

Equation 5.8, have the contribution for the shear capacity from the pre buckling strength
. _— : : b
of plate and from the diagonal tension field. Therefore, the dimensionless parameter 7

can be a variable to measure the contribution of pre buckling strength. This

dimensionless parameter is termed as plate slenderness:

b
T = Plate Slenderness (5.12)

By inspection of Equation 5.2, 5.3 and 5.1, the aspect ratio % can also be a variable to

measure the contribution of the pre buckling strength. The aspect ratio % influence not
only the inclination of the diagonal tension field as per Equation 5.7. but also the number
of bands of tension fields. Therefore, the aspect ratio % Is an important dimensionless
parameter to measure the both pre buckling and diagonal tension field contribution.

h
5= Aspect ratio of side plate panel (5.13)
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The shear loading parameter IV can be normalized by the yielding capacity of whole cross
section of the plate panel. By applying the von Mises yield criteria for uni-axial and pure

shear yielding, the yielding shear capacity of the cross section can be obtained as

%ht ~ 0.577htF,. Therefore, the normalized shear loading parameter is defined as:

|4

m = Normalized shear (5.14)

The response of the side plate panel subjected to uniform shear can be measured by the
normalized drift obtained by dividing the in plane drift § by the width b of the plate

panel. Therefore, the output parameter is defined as

)
7= Normalized drift (5.15)

The plate panel subjected to shear loading is also resisting the lateral pressure load which
causes the plate to undergo large deflection. The maximum deflection A of this long plate

panel subjected to lateral pressure is measured at the middle of the cylindrical deflected
shape. The relations between the plate slenderness ? \/% and the normalized deflection

% , When the plate edges begin to yield, have been derived in Chapter 2. Therefore, the

dimensionless parameter A normalized with the plate thickness t can be another

dimensionless parameter.
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A
7= Normalized deflection (5.16)

The yield strain of the plate is important because they affect the capacity of the plate
panel under shear. Therefore normalized yield stress % will be another dimensionless

parameter. Equation 5.4 for the contribution of the pre buckling strength can be re-

arranged as:

2
bl | _km® (5.17)
tNE 12(1 — v?)
Also, by substituting the 7,, = % into Equation 5.17:
2
bk _ | 3km® (5.18)
E 12(1 — v?)

Therefore, the geometric plate slenderness % and the normalized yield stress % were

combined into % \/i—y to make it material strength independent.
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b |F,
?\/; = Plate slenderness (5.19)

The diaphragm stress o, can also be normalized by yield stress F, of the plate material.

o
?m = Normalized diaphragm stress (5.20)
y

The application of the dimensional analysis to an experiment or to a parametric study
requires an understanding of significance of the dimensionless parameters identified. In

this case, the dimensionless parameters that affect the behavior of the plate panel

H b |F h 174 Py
subjected to shear were - L (S =

A
E’ b’ 0577htF,’ t

and ‘;—m In Chapter 2, the relation
y

between %\@ and the dimensionless load parameter I’:—i were developed for the strip of
y

plate subjected lateral pressure load when the top fibre of plate at support begins to yield.

Similarly, the relation between % and %\/% was established in Chapter 2. In the
meantime, the diaphragm stress ¢, was also known for a particular % \/% when the top

fibre begins to yield. Therefore, for a particular plate slenderness %\/% the % and c;—’" are
y

known quantities from the studies in Chapter 2. Therefore, the dimensionless parameters

é and ‘I’:—’” are constant for a plate panel with particular % \/i—y when it is subjected uniform
y
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shear, the parameters % E and ;h are the input parameters, % is the output parameter and

14

ST will be the loading parameter applied to measure the response of the plate panel
' y

subjected to the shear load.

5.6.1 Completeness of Dimensionless Parameters

To verify the completeness and the scale independent of the dimensionless parameters
identified, the Buckingham Pi-theorem requires all the fundamental parameters should be
included into the dimensionless parameters. Therefore, a preliminary study was
conducted to determine that all the fundamental parameters that govern the behavior of
the plate panel subjected shear are included in the dimensionless parameters. This will

confirm scale independency of the dimensionless parameters chosen. The preliminary
. . . . F,
study contains three plate panels having same dimensionless parameters % \/% and ;h but

with different scale. The corresponding dimensionless parameters % and ‘;—m were applied
y

for this analysis even though these would be constant for the plate panels with the same

b

- \@ If the plots of the dimensionless parameters 05;

5 . .
versus — are identical for the
77htF, b

three plate panels chosen, then it can be concluded that the dimensionless parameters are

complete and scale independent.

Table 5.2 presents the three plate panels considered for this analysis. All three cases
contains different scales, however the dimensionless plate slenderness and aspect ratio

are same for three cases. The applied shear versus the vertical drift was plotted in Figure
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5.13 for the three cases. These plots are different as the scale of fundamental parameters
the shear and the vertical drift are not dimensionless. However, the plots of normalized
applied shear versus normalized drift became identical as shown in Figure 5.14.
Therefore, it can be concluded that the change of scale fundamental parameters does not

affect the response if the models have same dimensionless parameters.

It can be concluded from the above study that the dimensionless parameter chosen fully

govern the behavior of plate panel subjected shear and have no scale effect. Therefore,

these parameters can be used for this parametric study.
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5.7 Parametric Study

The dimensionless parameters identified in Section 5.6 can be used to simulate the
behavior of the side plate panel subjected to shear. The primary objective of this study
was to carry out a detailed parametric study to establish a comprehensive method for

estimating ultimate shear capacity of the side plate panels.

. . . b |F h
The reasonable ranges of input dimensionless parameters " /Ey and > for large

rectangular industrial duct were established here to complete the matrix of analysis
models. As identified in Chapter 2, the range of the plate slenderness % for the side plate

panels considered were from 125 to 350 in steps of 25. As the yield strength F, =

250MPa and the modulus of elasticity E = 200000M Pa were chosen for the idealized

material model, the dimensionless parameters %\/% for this study were 4.419, 5.303,

6.187, 7.7071, 7.955, 8.839, 9.723, 10.607, 11.490 and 12.374 to complete the analysis

matrix. An examination of the aspect ratio Zh of the practical duct reveals that the range of
the aspect ratio zh is approximately from 3 to 10. However, a lower bound of the aspect

ratio of 2 was assumed in addition to 3 to 10. Therefore, the dimensionless parameters ;h

selected for this study were from 2 to 10 in step of 1.

. . . b |F h . .
The complete set of input dimensionless parameters " /Ey and — are summarized in

Table 5.3. In addition to %\/I;E and ;h, the corresponding dimensionless parameters % and
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‘;—m were also included in Table 5.3. Therefore, the total number of analysis models
y

needed for this parametric study will be 90.

The finite element models developed for the analysis of industrial duct side panels
subjected to shear was presented in Section 5.4. This model can be used to simulate the
behaviour of the side panel and to obtain the equilibrium path beyond its ultimate state.
The intention of this simulation was to obtain ultimate strength of the side panels
subjected to shear load. The shear load V versus in plane drift § history of each analysis

was obtained from the analysis results. For each analysis model, the load versus drift

history was converted into dimensionless form of normalized shear Versus

0.577htF,

normalized drift g history. The normalized ultimate shear capacity 5 57'?;1“? was taken as
' y

the peak load point from the normalized shear versus normalized drift history plot.

A typical representative finite element model of the side plate panel with %\/ZE =7.071

and %z 5is shown in Figure 5.15. Figure 5.16 represents the deformed shape of the

corresponding finite element model at the peak shear load.

Figure 5.17 shows the normalized shear versus normalized drift history plots of the side
Fy

plate panels with % - = 7.955 and aspect ratios % considered. For each panel aspect

ratio, the slope of the linear portion of the responses represents a non-dimensional
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stiffness. The initial non-dimensional stiffnesses were same. As the aspect ratio increases,

Vy
0.577htFy,

the predicted normalized ultimate shear strength slightly decreases.

In order to explain how the number of bands of tension fields on a side panel varies with

the increase in aspect ratios %, the stress vector plots of the side panels with

. . b |F .
dimensionless slenderness " /Ey = 7.071 were chosen. The representative stress vector

plots of the side panels chosen were illustrated in Figure 5.18. These vector plots show

how the number of bands of tension fields developed in resisting the shear applied as the
aspect ratio gh increases from 2 to 10. It can be observed that the angles of the tension

field within the stiffeners are same. However, the top and bottom tension fields incline
towards the intersection of the angle and stiffener. This is because the boundary members
should have enough flexural stiffness to anchor the tension fields. The low flexural
stiffness of the angles at top and bottom of side panel does not provide enough rigidity to

anchor the tension fields.

It should noted that the current methods in AISC 2005 and CSA 2010 are based on the
model representing one band of inclined uniform tension field (across the side panel)
extending from top to bottom of the web between stiffeners (one wide band of tension
field). The current methods in AISC (2005) and CSA (2010) use the vertical component
of the one wide band of inclined uniform tension field to make the additional contribution

to the ultimate shear resistance. The one wide band of tension field resulted high shear
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resistance. However, in a narrow and long side panel (with large aspect ratios gh ), the

tension field contribution comes from several bands of inclined tension fields as shown in
Figure 5.18. The vertical component of the several band of tension field reduced the
contribution to ultimate shear resistance significantly less than that of predicted by

Equation 5.8.

The results of the finite element analysis for the side plate panel subjected to shear were

tabulated in Table 5.4. The peak normalized ultimate shear strengths

057‘;1;1tF obtained from shear load V versus in plane drift § plots were tabulated with
' y

. . b |F h . .
respect to the dimensionless parameters - /Ey and - The normalized ultimate shear

“— were observed to decrease slightly with the increase in aspect ratio ;h

1%
strengths
0.577htFy,

for a particular plate slenderness of stockier side panels (g /I;—y < 6.187). However, the

. v . . . h .
decrease in 05771;” with the increase in — Was more gradual for slender side panels
' y

(%\/%7 > 6.187). The stockier side plate panels show gradual loss in normalized shear

. 7 . . . b |F .
capacity “— with the increase in the plate slenderness — /—y for a particular aspect
0.577htF, t\ E
. h 1% . .
ratio —. However, the 05771;ﬁ became approximately constant for slender side panels
' y

for a particular aspect ratio ;h. The mean and standard deviation of normalized shear

Vu
0.577htF),

capacities for each plate slenderness are presented in the last column. The
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Vu

values of standard deviation indicate that the mean normalized ultimate shear ————
0.577htF),

for the side panels with plate slenderness %\/% up to 6.187 are reasonable values to

predict the shear capacities of those side panels (%\/2—7 < 6.187).

The ultimate shear strength 1;, will be additive of the web shear buckling strength V., and
the contribution from the tension field action V... The former is simply the capacity
attained at the point of theoretical plate (web) buckling. This shear buckling strength for
slender plates was established well. Therefore, the contribution of the shear buckling
strength for the side panels considered in this study can be estimated using the first part

of the Equation 5.8.

Using the first part of Equation 5.8, the shear buckling strengths V.. are calculated and
tabulated in Table 5.5 with respect to the corresponding dimensionless parameters % \/%

and ;h. Therefore, the additional contribution provided by the tension field action can be

calculated for the each analysis model by subtracting the shear buckling strength V.. in
Table 5.5 from the corresponding ultimate shear strength V,, in Table 5.4. The additional
contributions from the tension field action V; are tabulated in Table 5.6.

th

A closed observation of the normalized contribution of the tension field action o in
: y

Table 5.6 indicates that are nearly constant with the increase in the aspect ratio;h

_ Ve
0.577htF,
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for each plate slenderness %\@ up to 6.187. However, the normalized contribution of

. . 14 . . . . b |[F
tension fields —.— gradually increases with the increase in plate slenderness - /—y.
0.577htFy t E

The aspect ratio has minimal effect on the normalized contribution of the tension fields

for plate slenderness up to 6.187.

The last columns of Table 5.6 indicate the average normalized contributions of the

th

tension field ————
0.577htFy

and corresponding standard deviations for the each plate

slenderness considered in this study. The standard deviations indicate that the normalized

. . . . 14 .
contributions of the tension field ﬁ can be considered as the average values for
’ y

each plate panel with plate slenderness up to 6.187. The normalized contributions of the

tension field 05:# for each plate panel with plate slenderness above 6.187 can be
' y

expressed function of aspect ratio and plate slenderness. Therefore, by modifying
Equation 5.8, a simple relation to estimate the ultimate shear capacity of the side plate
panels can obtained by adding the first term in Equation 5.8 for the contribution of the
shear buckling and the corresponding contribution of tension field action. Approximate
normalized ultimate shear for the side panels considered in this study can be obtained

from the modified Equation 5.8 as follows:

V,, = 0.577htF,(C, + Cyy) (5.21)
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Where Cy is:
(5.22)
Ce = 0.033%\@+0.236 if 22 <6187
_oo0132 [ _o0i(t=7) it [E 5.23
th_0.013t\/;+0.351 001(2=7) if t\/: > 6.187 (5.23)

The first term in Equation 5.8 is based on the simply supported boundary conditions for
all four edges. However, in this numerical analysis, the longitudinal edges are provided a
rotational stiffness by the flange of the stiffeners and the transverse edges are modeled to
be simply supported. This support conditions along the longitudinal edges of the side
panels will most likely be intermediate between the simply supported and clamped
condition. Kuhn(1952), based on experiments with angle stiffeners, showed that the
boundary conditions can be assumed to be simply supported for shear buckling when the
leg thickness of the angle stiffeners are at least the thickness of the side plate panels. In

addition, the shear buckling coefficients k (Equation 5.2 and 5.3 that account the
boundary conditions) are not influenced by the large aspect ratio ;h. These facts make it

difficult specify the exact boundary conditions of the industrial duct side panel under

shear. However, Equation 5.21 can be applicable to obtain the ultimate normalized shear

: v, . .
buckling strength ————— of the side plate panel with plate slenderness up to 6.187,
0.577htF,

even though the relation does not fully represents the rational behind the ultimate

strength. Therefore, in order to study the relation between the normalized ultimate shear
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Vu

—————, plate slenderness b ﬁ and aspect ratio ﬁ, the results of ultimate strengths
0.577htF, t\ E b

(Table 5.4) obtained directly from the numerical analysis models were considered.

The aim of the parametric study was to investigate the influence of dimensionless
parameters on ultimate shear strengths and to propose a method for estimating ultimate

shear strength of given duct side plate panel. It should be noted here that the plate

slenderness % \/% is the dominant dimensionless parameter that affects the normalized

: v, ) . . .
ultimate shear strength ———— of the industrial duct side panels with lower plate
0.577htFy

slenderness up to 6.187. However, the aspect ratios ;h have minimal effect on the

normalized ultimate shear strength of plate panels with plate slenderness up to 6.187. For

side plate panels with plate slenderness more than 6.187, the normalized ultimate shear

strength depends on both aspect ratios ;h and plate slenderness % \@ Therefore, it is

Vu
0.577htF),

intended to derive relation between the normalized shear strength , aspect ratiozh

and plate slenderness %\/% in order to propose a useful and practical design method.

It was obvious from above facts that the trend between Yy , b \/F:y and n can be
0.577htF),’ t\ E b

used to develop a set of graphs for different ultimate shear levels in order to aid the
design. A set of such design curves would enable the designer to calculate the ultimate

shear capacity of industrial duct side panels. In order to develop a complete set of design
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. . 1% . b |F h
curves, the ultimate normalized shear strengths L with respect to - [ and — were
0.577htF), t\ E b

plotted in a three-dimensional plot as shown in Figure 5.19. Figure 5.19 graphically

Vu

illustrates how the normalized shear capacity
0.577htFy,

varies with respect to the plate
slenderness % \/% and aspect ratio ;h. The horizontal axes are associated with the plate

b |[F . h . . .
slenderness " /Ey and aspect ratio > The vertical axis represents the normalized shear

strength 057‘;1;1tF . This three-dimensional graph illustrates how the dimensionless
' y
b |Fy h . . Vu . .
parameters — (= and — influence the normalized shear . It is obvious that the
t E b 0.577htFy

normalized shear strengths are influenced by both aspect ratio and plate slenderness for

slender side panels (with higher b F—y). The aspect ratio 2 has minimal effect on the
t\ E b

normalized shear strengths for stockier side plate panel (with lower % \/% ).

Although the three-dimensional graphs provide the general pattern how the normalized

.. . . F,
shear strength is influenced by dimensionless parameters % \/; and ;h, the contours of

057‘;1;ﬁ should be generated in order to obtain the different level of normalized shear
' y

strengths’ curves with respect to parameters %\/% and gh. With this in mind, Figure 5.20,

which provides the contours of normalized ultimate shear strengths, was generated from

the three-dimensional plot. The pattern of the contour indicates that the normalized
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Vy
0.577htFy

ultimate shear strength with values more than 0.65 is not influenced by the

aspect ratio and depends on plate slenderness % \/% For the normalized ultimate shear

Vu
0.577htF,

strength up to 0.65, it is influenced by both aspect ratio and plate slenderness.

In order to calculate the ultimate shear capacity 1}, of a side plate panel with given plate

slenderness % \/% and aspect ratio ;h, the set of design curves (contours) in Figure 5.20

can be used. Above set of design curves, in addition to Table 5.4, can be used to
calculate the ultimate shear strength 1;, of a large industrial duct side panel subjected
shear for the range of plate slenderness and aspect ratios considered in this study. It
should be noted here that these results are valid only for the side plate panels subjected to

static loading and ambient temperature.

5.8 Conclusions and Further Recommendations

The ultimate shear resistance V;, of the slender side plate panels of large rectangular
industrial ducts consists of plate shear buckling and contribution of the tension field
action. In order to estimate the ultimate shear resistance in the current industrial duct
design practice, the methods used to design the web of large plate girder from the design
standards such as AISC (2005) and CSA (2010) are used. These methods are based on
Basler’s theory (1963) in which the contribution of the tension field is assumed to form
one wide band of tension field. In contrast to this method, it has been demonstrated that

several bands of tension fields contribute to the ultimate shear strength of the side panel
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with large aspect ratio. In addition, it was observed that the methods based on the web of
large girder design predict higher and approximately same ultimate shear capacity for all
practical geometric dimensions of the side panels of large industrial ducts. However, it
has been shown that the side plate panel have less shear resistance compared to the results
of current design method. The dimensionless parameters affecting the behaviour of the

side panel subjected to shear were identified. A parametric study was conducted for all

the practical range of the dimensionless parameters. The plate slenderness % \/% was

found to be dominant dimensionless parameter dictating the normalized ultimate shear

capacity Y of the large industrial duct stockier side panels. The dimensionless
0.577htFy,

. h b |Fy . . .
aspect ratio — and plate slenderness - /?y influenced the normalized ultimate shear

capacity of slender side plate panels. Design aids for estimating the ultimate shear

capacity of the industrial duct side plate panel were proposed.

5.8.1 Further Recommendations
Considerable understanding of the behaviour of the side plate panel subjected to shear has
been made through this parametric study. The scope of the current study can be

broadened to include the following further investigations:

1. Although, in Chapter 2, the relations between %\/% and %and ?\/% and i—m
y

were derived when top fibre begins to yield and 16.5% and 33% of the thickness

of plate yield, only the values of % and ‘;—m for the case of top fibre beginning to
y

yield were considered in this study. This was because these relations were
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obtained to design the plate (thickness or spacing) for the excursion internal

pressure load and the operating pressure load are very low. Therefore, the effects

of % and ‘;—m ,when 16.5% and 33% of the thickness of plate yield, should be
y

investigated.
2. In the industrial duct slender side panel with large aspect ratio ;h, the majority of

the shear capacity comes from several band of tension fields. The vertical
component of tension fields is anchored by stiffener and effective corner
elements. Most of the tension fields will be anchored by stiffeners. In this study, a
practical corner angle L76XL76X7.9 (L3X3X5/16) was modeled. Therefore, the
effect of corner angle should be investigated.

3. In this parametric study, the completeness and scale effect of dimensionless
parameters were established by numerical analysis. The completeness and scale
effect should be investigated experimentally. In addition, the results obtained
from the numerical study should be compared with experimental results for one or
two random cases.

4. The bands of tension fields may cause additional forces and moments of
stiffeners. This effect should be investigated.

5. The dimensionless parameters with material independent were established for the
idealized elastic-plastic-strain hardening tri-linear material model representing
mild carbon steel. The material independency of the dimensionless parameters for

the material models representing high strength steel should be established.
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Table 5.1 Ultimate Strengths of Different Mesh Densities

Mesh Density

Total Elements

Ultimate Load (kN)

% Difference

6x6

10x10

16x16

20x20

26Xx26

36

100

256

400

676

490.5

456.7

434.04

424.69

420.12

Table 5.2 Plate Panels for Completeness and Scale effect

7.4

3.0

2.2

11

b (mm) t (mm) | h(mm) b4j;: h v,
- |2 b 0.577htF,
t\E
Case 1 1000 5 4000 7.071 4 0.64
Case 2 1250 6.25 5000 7.071 4 0.63
Case 3 1400 7 5600 7.071 4 0.63
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Table 5.3 Matrix of Parameters

# (b = 1000mm, E, = 250MPa, E = 200000MPa ) h %
1 2000 2
2 3000 3
3 2\/17_3, =4.419, t = 8mm 4000 4
4 t\NE 5000 5
5 6000 6
6 A 7000 7
7 —=086, A=391mm, o, =22.0MPa 8000 8
8 9000 9
9 10000 10
10 2000 2
11 3000 3
2 é i = 5.303,t = 6.667mm o ’
13 t | E 25U, - 5000 5
14 6000 6
15 7000 7
16 A 8000 8
17 7= 1.13, Ap= 4.69mm, o0, = 25.0MPa 9000 9
18 10000 10
19 2000 2
20 3000 3
2 b5 6187t = 5.714mm 4000 ‘
22 E 5000 5
23 6000 6
24 7000 7
25 A 8000 8
26 T = 1.38, Ay=547mm, o, = 29.3MPa 9000 5
27 10000 10
28 2000 2
29 3000 3
= 215 7071t = Smm — .
31 E 5000 5
32 6000 6
33 7000 7
= 2165 Ao= 6.25mm, a,, = 31.8MPa — .
35 t 9000 9
36 1000 10
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Table 5.3 Matrix of Parameters Continues....

27 2000 2
28 3000 3
] 9\/5 — 7.955,t = 4.444mm o :
o - |7 955, : 5000 5
a 6000 6
i 7000 7
23 A 8000 8
" — =191, Ay=7.03mm, o =33.9 MPa 9000 9
45 10000 10
26 2000 2
47 3000 3
- 2\/§=8839 t = 4.0mm o :
49 . | E . , . 5000 5
50 6000 6
51 7000 7
5 A 8000 8
o T =217, Ag=781lmm, o, = 352 MPa 9000 9
54 10000 10
o 2000 2
>6 515 _ 9703 ¢ = 3.636mm oo 3
57 t.E ' ' 1000 ‘
58 5000 5
5 6000 6
60 A 7000 7
o —= 242, A,= 8.60mm, o, = 36.6 MPa 8000 8
6 9000 9
63 10000 10
e 2000 2
- 3000 3
66 9\/5 = 10.607,t = 3.333mm . :
67 t.|E e °
68 6000 6
6 7000 7
20 A 8000 8
71 n = 2.67, Ay=9.38mm, og,, = 37.8MPa 9000 9
- 10000 10
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Table 5.3 Matrix of Parameters Continues....

73 2000 2
24 3000 3
75 ﬁ\/i — 11.490, ¢ = 3.077mm o :
76 t.E 5000 5
77 6000 6
18 7000 7
79 A 8000 8
. —=291, Ao=1016mm, o, = 38.6MPa 9000 9
81 10000 10
2 2000 2
83 b Fy 3000 3
o < |7 =12374, t=2857mm 4000 4
g5 5000 5
g6 6000 6
g7 A 7000 7
88 7= 3.15, Ag=10.94mm, o,, = 39.4MPa 8000 8
g9 9000 9
9% 10000 10
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Table 5.4 Results of Parametric Study

(F, = 250MPa, E = 200GPa)

v h

0S77REE, b
’ 3 4 5 6 7 8 9 10 Average | Std Dev
4419 || 0.85 | 0.82 | 0.81 | 0.81 | 0.80 | 0.80 | 0.79 | 0.79 | 0.79 | 0.81 0.02
5.303 0.75 1073|073 | 0.72 | 0.71 | 0.71 | 0.71 | 0.70 | 0.70 0.72 0.02
6.187 0.71 | 0.68 | 0.67 | 0.66 | 0.65 | 0.64 | 0.63 | 0.63 | 0.64 0.66 0.03
7.071 | 0.67 | 0.66 | 0.63 | 0.62 | 0.61 | 0.60 | 0.60 | 0.57 | 0.56 0.62 0.04
b Fy 7.955 0.65 | 0.64 | 0.61 | 0.59 | 0.58 | 0.57 | 0.56 | 0.56 | 0.55 0.59 0.04
E | 8839 | 065 | 0.62 | 0.59 | 0.58 | 0.56 | 0.55 | 0.54 | 0.53 | 0.53 | 0.57 0.04
9.725 || 0.66 | 0.63 | 0.59 | 0.57 | 0.55 | 0.54 | 0.53 | 0.52 | 0.52 0.57 0.05
10.607 || 0.65 | 0.63 | 0.59 | 0.58 | 0.55 | 0.54 | 0.52 | 0.52 | 0.51 | 0.56 0.05
11.490 || 0.66 | 0.63 | 0.60 | 0.58 | 0.55 | 0.54 | 0.52 | 0.52 | 0.50 0.56 0.05
12.374 || 0.66 | 0.64 | 0.60 | 0.58 | 0.55 | 0.52 | 0.52 | 0.52 | 0.50 0.56 0.06
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Table 5.5 Shear Buckling Strengths

(F, = 250MPa, E = 200GPa)

h
Vcr E
0.577htF,
2 3 4 5 6 7 8 9 10
4.419 0.50 0.45 0.43 0.42 0.41 0.41 0.41 0.41 0.41
5.303 0.36 0.31 0.30 0.29 0.29 0.28 0.28 0.28 0.28
6.187 0.26 0.23 0.22 0.21 0.21 0.21 0.21 0.21 0.21
7.071 0.20 0.17 0.17 0.17 0.16 0.16 0.16 0.16 0.16
b Fy 7.955 0.16 0.14 0.13 0.13 0.13 0.13 0.13 0.13 0.13
? E 8.839 0.13 0.11 0.11 0.11 0.10 0.10 0.10 0.10 0.10
9.725 0.10 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09
10.607 0.09 0.08 0.08 0.07 0.07 0.07 0.07 0.07 0.07
11.490 0.07 0.07 0.06 0.06 0.06 0.06 0.06 0.06 0.06
12.374 0.06 0.06 0.06 0.05 0.05 0.05 0.05 0.05 0.05
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Table 5.6 Contributions from Tension Field Actions
(Fy = 250MPa, E = 200GPa)

h
_ Ny B
0.577htF, Average | Std Dev
2 3 4 5 6 7 8 9 10
4419 | 035 | 037|038 | 039 | 039 | 039 | 038 | 038 | 038 | 038 0.01
5.303 0.39 0.42 | 0.43 0.43 0.42 0.43 0.43 0.42 0.42 0.42 0.01
6.187 0.45 0.45 | 0.45 0.45 0.44 0.43 0.42 0.42 0.43 0.44 0.01
7.071 0.47 0.49 | 0.46 0.45 0.45 0.44 0.44 0.41 0.40 0.45 0.03
b Fy 7.955 0.49 0.50 | 0.48 0.46 0.45 0.44 0.43 0.43 0.42 0.46 0.03
E | 8839 | 052 | 051|048 | 047 | 046 | 045 | 044 | 043 | 043 | 047 0.03
9.725 0.56 0.54 | 0.50 0.48 0.46 0.45 0.44 0.43 0.43 0.48 0.05
10.607 | 056 | 055 | 051 | 0.51 | 0.48 | 0.47 | 0.45 | 045 | 0.44 | 049 0.04
11.490 0.59 0.56 | 0.54 0.52 0.49 0.48 0.46 0.46 0.44 0.50 0.05
12.374 0.60 0.58 | 0.54 0.53 0.50 0.47 0.47 0.47 0.45 0.51 0.05
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Figure 5.6 Schematic of Duct Side Panel
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Appendix 5.1 Notations

The following symbols are used in this chapter
b = Width of plate panel

C, = Shear coefficient

E = Young's modulus

Eg: = Modulus of strain hardening

F, = Yield stress

E, = Tensile stress

G = Modulus of shear

h = height of plate panel

k = Shear buckling coefficient

t = Thickness of plate

V' = Applied shear

V.- = Shear buckling strength

Vs = Tension field post buckling shear strength
17, = Ultimate shear strength

&, = Nominal strain at yield

6 = In-plane drift

o = Compressive stress

o; = Inclined tension

0,, = Diaphragm stress

o, = Major principal stress
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o, = Minor principal stress

6 = Inclination of tension field

Aimp= Initial geometric imperfection distribution

A,= Maximum amplitude of the initial geometric imperfection
A,= Out of plane deflection

T = Shear stress

7. = Buckling shear stress

7, = Yield shear stress

T, = Shear stress increased

v = Poisson’s ratio
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Chapter 6:  Summary and Conclusions

It should be noted that a considerable progress has been made towards understanding of
the behaviours of the components of large rectangular industrial ducts through these
studies. The components considered in these studies were stiffener spacing and strength
of plate, behaviour and strength of stiffened plate panels and shear capacity of industrial
duct side panels. The following sections provide the summary and conclusions drawn
from the studies for each component mentioned above. Further recommendations for
future studies for each component were provided at the end of each respective chapter.
Also, it should be noted here that these finding were valid for the components subjected

static loading conditions and at ambient temperature.

6.1  Stiffener Spacing and Strength of Plates

Large industrial duct system is often rectangular and consists of stiffened plates, where
the plates along with stiffeners act to resist the pressure loads. Since the parallel stiffeners
are often closely spaced, the plate element between the pair of parallel stiffeners is often
idealized as a long plate spanning between and fixed supported by those stiffeners. The
internal pressure and serviceability limit determine the plate thickness and the stiffener
spacing. Currently, the engineers determine the plate thickness and the stiffener spacing
based on elastic large deflection plate theory in which bending and membrane actions
both dictate the strength and deflection of the plate. This study postulates that the plate
design allowing for partial yielding may result in economical and efficient duct system.
The objective of this study is to establish relations between loads and stiffener spacing

recognizing the available ductility and the true capacity of steel plates associated with
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large industrial ducts. Since, large displacement analysis of plates beyond yielding is
quite complicated due to nonlinearities; this investigation is based on finite element
analysis of long plates made of elastic-plastic steel. A numerical parametric study was
conducted. The model uses a four-node nonlinear shell element based on
Mindlin/Reissner plate theory. Newton-Cotes integration scheme with seven integration
points through thickness was chosen in order to trace the yielding of plate through

thickness.

In order to do a manageable parametric study and to have parameters that are independent
of material characteristics, a dimensional analysis was performed. Through the
dimensional analysis identified the meaningful dimensionless parameters that

characterize the behaviour of plate laterally loaded even into the plastic range. The
. . F,
dimensionless parameters selected were plate slenderness =§ \/% load parameter

E . . A . . .
Q= %, normalized deflection o normalized total stress % and normalized diaphragm
y y

stress ';—m The independency of any scale and material characteristic of the dimensionless
y

parameters was established by conducting sample analysis.

The parametric study considered the plates having various slenderness values, and the

. E b |F .
results were established for pressure % versus slenderness " /Ey relations and out-of-
y

. A b |F .
plane deflection — versus slenderness " /Ey relations for three cases namely; 0%, 16.5%

and 33% of through thickness yielding of the plate. Design equations were established for
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the above three cases. Results show that approximately 55% and 110% increase in load

carrying capacities when 16.5% and 33% yielding is permitted. However, such yielding

results in 30% and 50% increase in deflections as well. Partially yielding plates can easily

satisfy the serviceability limit states and lead to economical stiffened plate system for

industrial duct. The study established the design equations for industrial plates for three

design scenarios namely; 0%, 16.5% and 33% of through thickness yielding of the plate

as indicated below.

Cases

Limiting Load Parameter

Normalized Deflection

_ PE A
- a
F, t
-1.10
Top fiber yields 0 = 0580 (_ & — —0.288 _\/; —0.399
E E
16.5% of s » [k
thickness yields = — |2 —=0.330(— |[Z|-0356
y Q=0864|— |2 v
33% of A\ i
thickness yields @ =1.112 | — fy —=0367|— fy —0.328

Chapter 2 addressed the additional in-plane forces developed due to the membrane

stress g,,. The in-plane forces at end panels will be transmitted by shear to the duct

effective corner elements. This shear causes additional compressive forces on the duct

effective corner elements. The effective corner elements should be designed to this

additional compression together with the forces due to the global bending.
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An example calculation was carried out to verify and compare the proposed design

method of spacing stiffeners.

6.2  Behaviour and Capacity of Stiffened Plate Panels

Large rectangular industrial duct wall panels often require regularly spaced parallel
stiffeners which strengthen the thin wall plates in one direction. In the design, an
appropriate stiffener member and its spacing are chosen to achieve adequate overall
capacity of stiffened plate panel. In view of enormous size and the loadings associated
with such duct work, generally wide flanged steel beam sections are used as stiffeners.
One flange is welded to the steel plate and other flange is unsupported and unbraced.
Under negative pressure loading, the unconnected flange is in compression and the other
flange and duct panel are in tension. In theory, the bending capacity of wide flanged
section depends on the unbraced length of compression flange. However, the web and
duct plate may provide a rotational stiffness to the compression flange. This may lead to a
web distorational buckling. Current design codes do not adequately address the capacity
of the distortional buckling of the stiffeners. The objective of this study concerns with the

behaviour, bending capacity and the design of such stiffened plate panels.

In the first step in achieving this objective, nonlinear finite element modeling techniques
for stiffened plate panel were developed using finite element software ADINA. The
material model selected was elastic-plastic-multilinear material model with von Mises

yield criterion, associated flow plasticity based on isotropic hardening rule. The model

322



Ph.D Thesis- Tharani Thanga McMaster University-Civil Engineering

included the pattern of geometric imperfections and residual stresses. The Load
Displacement Control incremental method was used to capture the pressure load versus
displacement history even into unloading regions. Based on the comparison of the
corresponding full scale test results, it was concluded that modeling techniques applied
can reliably establish the behaviour and response of the stiffened plate panel subjected

lateral pressure load.

In the next step in order to do a parametric study, a dimensional analysis was performed
to identify the meaningful dimensionless parameters that characterize the behaviour and
strength of the stiffened plate panel subjected to lateral pressure load. The dimensionless
parameters include all geometric details, material characteristics, applied loading and

deformation response. The dimensionless parameters were stiffener flange slenderness

b F. . hy, —2t F.
B, =~ f% stiffener web slenderness p, = %L /% plate slenderness f; =

tr tw

b F, . L |F . . M
t—p /% stiffener overall slenderness B, == /f and normalized moment capacity M—“

p r y
The completeness of the dimensionless parameters was established. Thus, the selected
dimensionless parameters were found to characterize the behaviour and strength of

stiffened plate panel without scale effect.
The practical range of the dimensional parameters resulted in one hundred finite element

analysis models for this parametric study. As each model took considerable amount of

labour to build and taking into account that manual modeling may lead accidental error
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during the modeling, an external computer program that creates finite element models
based on scales of fundamental parameters was developed.

Before the parametric study was done, the effect of selected dimensionless parameters

was analysed. It was found that the plate slenderness f; = IZ—” /2—’7 and stiffener flange
14

slenderness ; = ZZ—f /% has very minimal effect of on the strength of the stiffened plate
f

under bending. Then the matrix of the models was analyzed and the behaviour of the each
model was observed. The failure mode observed for the stiffened plate panels subjected
to bending was lateral distortional buckling of the stiffener. This type of failure mode did

not result in progressive loss in buckling strength of the stiffened plate panels as overall

L |Fys .
slenderness g, = - /f increases.

hw—2tf

The stiffener web slenderness S, = /% was found to be the most influential

tw

dimensionless parameter affecting the strength and behavior of stiffened plate panel

. . . . L |F ..
under bending. The stiffener overall dimensionless slenderness 5, = - ff has minimal

effect on the capacity of stiffened plate panel due to distortional buckling. However, the
higher ratio of web depth to stiffener span leads to some local web failure at support
locations. A local failure of web was triggered when the span of stiffened plate panel with
higher web slenderness becomes small. The boundary between the local web crippling
was defined in order to provide a design guideline that can predict the lateral distortional

buckling capacity of stiffened plate panel. Based on the parametric study, design
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equation was provided in terms of stiffener web slenderness B, = M2ty f% . This

tw
study has shown that the standard beam method used to estimate the capacity of stiffened
plate panel was inappropriate for this type failure mode of the stiffeners. The standard

beam method leads to excessive conservatism in designing stiffener sections.

It was found that the applied bending moment M, can reach the cross sectional yield

e . hy— S .
moment M,, if stiffener web slenderss # /% is less than or equal to 2.0.

w

This rule can be written as

Mg > M, for =2 |2 <20 qnd - /@z 33322 /%+o.145
tw E r\ E ty E

The proposed relation between applied bending moment and stiffener web slenderness is

as follows.

Mer _ B hyw—2ty ’@\
m, = 1.51 0.275 <—tw E ) for
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6.3  Shear Capacity of Side Panel of Large Industrial Ducts

In large rectangular ducts, the plate acts in conjunction with stiffeners to balance the
pressure loads and to carry the dead loads and external loads to the supports. The duct
side panels transmit the gravity loads to the supports by shear. Currently the plate panels
for shear load are designed based on the methods used for the web of the plate girders.
The behaviors and the characteristics between the web of plate girder and the plate panels
are significantly different. The large aspect ratio of the side panels develops multiple
bands of tension fields, whereas the methods for plate girders are based on one tension
field action. In addition to carrying shear, the slender side panels are subjected to
congruent pressure load. Very little research has been done dealing with industrial duct
plate panel subjected to shear load. A study therefore was undertaken to review current
methods of analysis and design and to propose a comprehensive method of designing

industrial duct side panel for shear resistance.

A nonlinear finite element model was developed to simulate the behavior of industrial
duct side panel subjected to transverse shear. Geometric and material nonlinearity, initial
imperfections and initial stresses were incorporated into the model. To reach the
convergence of the equilibrium of the nonlinear load-displacement path, a displacement
control analysis method was used. The idealized elastic-plastic-strain hardening tri-linear

material model representing mild carbon steel was used.

In order to carry out a manageable parametric study, a dimensional analysis was

performed to identify the dimensionless parameters describing the behaviour of the

326



Ph.D Thesis- Tharani Thanga McMaster University-Civil Engineering

industrial side panel subjected to uniform shear. The identified dimensionless parameters

b fF . h . : :
were plate slenderness - Ey aspect ratio —, normalized shear , hormalized drift

0.577htFy

m

%’ normalized out of plane deflection % and normalized diaphragm stress ‘;— The
y

completeness and scale independent of the parameters identified were established through

a preliminary finite element analysis. The reasonable ranges of input dimensionless
F, . . . .
parameters % \/% and ;h for practical large rectangular industrial duct were established to

. . . . A
complete the matrix of analysis models. The dimensionless parameters - and i—m
y

established in Chapter 2 with respect to plate slenderness %\/% ,when the top fibre begins

to yield, were used for the range of % \/i—y and ;h.

The analysis matrix considered for this study contained total of ninety analysis models.
Considering the amount of labour to build each model and the possibility of accidental
error during the modeling, an external computer program that create a finite element

model based on scales of fundamental parameters was developed.

From the vector plots of the results, the increase in the number of bands of tension fields
on the side panels were observed as the aspect ratio % increases. This observation proved

that the ultimate shear capacity of the side plate panel depends on the number of inclined
tension fields; however on the other hand, the current method for web of large plate

girder is based on one band of uniform inclined tension field. Therefore, the vertical
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component of the number of bands of tension field results in contribution to the ultimate
shear resistance significantly less compared to the contribution predicted by one band of

tension field.

The current method used to design the web of large plate girder was modified and a
method was proposed to calculate normalized ultimate shear for the side panels

considered in this study.

In order to obtain the ultimate shear strengths, the peak load points from the normalized

shear versus normalized drift history plots were obtained for each analysis model. The
F. . h . . ; .
plate slenderness % \/% and aspect ratios - were found to be the influential dimensionless

Vu

——— of slender side
0.577htFy

parameter dictating the normalized ultimate shear capacity

panels. The plate slenderness % \/% dominates the normalized shear strength of stockier

side panels.

In order to calculate the ultimate shear capacity 1}, of a side plate panel with given plate

b [F . h .
slenderness " Ey and aspect ratio "~ the set of design curves (contours) were proposed.

The set of design curves can be used to calculate the ultimate shear strength V,, of a large
industrial duct side panel subjected shear for the range of plate slenderness and aspect

ratios considered in this study.
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