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Abstract

Nested tapered box (NTB) portal frames made entirely of cold-formed steel (CFS) are

widely used in New Zealand. Shahmohammadi (2019) recently described a full-scale test

of such a system. The tested frame had a span of 18.16 meters and a height to the eaves

of 4.27 meters. The joints of this NTB portal frame were rigid, constructed with bolted

end plates. However, bolted end plate joints can be expensive due to the full penetration

butt weld. This thesis proposes an alternative jointing system that uses bolted-side plates.

The numerical work conducted in this study yields the following findings:

A shell finite element (FE) model was developed and validated using previously
conducted full-scale portal frame tests. This validated model was then employed to
compare the performance of bolted-side plate joints with bolted end-plate joints. The
analysis revealed that a portal frame with 10 mm thick bolted side plates could sustain
the same load as an NTB portal frame with bolted end-plate joints. Increasing the
thickness of the bolted-side plates from 10 mm to 16 mm resulted in a 20% increase
in load-carrying capacity. This improvement was due to the confinement effect
provided by the side plates, which reduced the slenderness ratio near the eaves joint.
However, the NTB portal frame with bolted-side plates exhibited greater apex

displacement compared to the frame with bolted end-plate joints.

FE models were developed for both the eaves and apex joints of the NTB portal frame.
A parametric study was then carried out involving 1,000 FE models. Using FE
models, design equations are proposed for the moment capacities of the eaves and
apex bolted side plates, accounting for both opening and closing moments under

partial restraint.

A parametric study was conducted using the developed design method on eight
models, considering a range of spans from 25m to 40m and eaves heights from 5.5m
to 6.25m, with a consistent frame spacing of 7.5m. The results showed that portal
frames with bolted-side plates can carry on average 7% more load compared to those

with bolted end plate joints.

A methodology was presented to predict the load-carrying capacity of portal frames
with back-to-back channel sections. It was shown that the predicted vertical loads
from the proposed approach were, on average, within 1% (on an average) of the FEA
results for portal frames. The same approach was applied to NTB portal frames

through worked examples in Appendix B and C, demonstrating good accuracy.

1



Preface
This thesis is submitted to the University of Waikato, New Zealand in fulfilment of the

requirement for the degree of Doctor of Philosophy. The work contained in this thesis
has not been previously submitted for a degree or diploma in any other higher educational
institution. To the best of my knowledge and belief, the thesis contains no material

previously published or written by another person except where due reference is made.

i1



Publications

Journals

1.

Paul, B., Roy, K., Lim, J. B., Fang, Z., McCollum, K., & Bell, D. (2023). Moment-
capacity of bolted side-plates for apex joint of nested tapered box beam portal
frames. Journal of Building Engineering, 76, 107011. (Published)

Paul, B., Roy, K., Shahmohammadi., A., Lim, J. B. Cold-formed steel portal frames
with back-to-back section: Behaviour, capacity, design, Journal of Constructional
Steel Research. (Submitted)

. Paul, B., Roy, K., Fang, Z., Shahmohammadi., A., Lim, J. B. Moment-capacity of

bolted side-plates for eaves joint of cold-formed nested tapered box beam portal
frames. International Journal of steel structure. (Published)

Paul, B., Roy, K., Tiwari. S; Lim, J. B. A review on light-weight portal framing
system: Tests, numerical modelling, and design, Journal of Constructional Steel
Research (Ready for submission)

v



Acknowledgements

I am deeply grateful to my chief supervisor, Dr. Krishanu Roy, and my co-supervisor,
Professor James Lim, for their unwavering support and invaluable guidance throughout
my Ph.D. journey. Their expertise and encouragement have been instrumental in shaping

this thesis.

I would also like to extend my heartfelt appreciation to Mr. Kerry McCollum and Mr.
Jeffre Botanes, head engineers at Donovan Group Ltd., New Zealand. Their generous
insights and suggestions significantly enhanced the quality of my research, for which I

am truly thankful.

A special acknowledgment goes to Dr Amir Shahmohammadi for his substantial
contributions to this endeavour. His expertise played a pivotal role in broadening the

scope and depth of this study.

I am sincerely grateful to Dr Arthur Fang, and Dr Leandro Bolzoni for their support and
guidance. I would also like to thank my lab mates for their constant encouragement and
support throughout my Ph.D. journey. A special thanks to Harsh Birwadkar for his

invaluable assistance in proofreading my thesis.

Finally, I wish to express my deepest gratitude to my parents, Mr. Biraj Krishna Paul and
Mrs. Rita Paul, as well as my beloved wife, Mrs. Sumana Paul. Their boundless love and
encouragement sustained me through the challenges and triumphs of this journey. This

thesis stands as a testament to their unwavering support and belief in my abilities.



Table of contents

AADSITACE ...ttt h et b ettt e h et bt e a e e bt bt et e bt et et eht et e bt et e bt eae et e ii
PIETACE. ..ottt sttt h et b et be ettt iii
PUDLICATIONS ...ttt ettt st et s b et e e bt et e bt et e besbe et e sbeeatens iv
ACKNOWICAGEIMENLS ......eeeiiiiiieiieeiteste et ete ettt set e et eteesteesteessaessbesnseenseenseesssesssesnseensesnsenns v
INOTATIOT ¢+ ettt ettt ettt b e e bt et b e e bt et e eb et e st e s bt e e e ebeea b et e sheene e bt esteneeebeeneenees XV
Chapter 1 INtrOAUCHION ....cc.vieiieiieiieiesie ettt et e s te st e et e et e sseesaeessseenseenseeseesseesnsesnseanns 1
1.1. Background and problem Statement.............cceeveerieririiiiesieeieeniesee e eee e seeesee e sne e 1
1.2, ObjectiVe OF the STUAY: ...ccveecvieiieieiieeie ettt ettt sttt eteesteestaessnesaneenns 4
1.3, TRESIS OULIIIE ...ttt sttt sttt et sbe e e 4
Chapter 2 LIteTatlI® TEVIEW .......c.eecuieruierierieeieeteeieesieesseesssessseeseesseesseesseesssessesnsessseesseesssessennns 6
2.1. Research on eXperimental tESIS .......cviiviiviieriieriiesie e ere e ere et e steeseeeser e e b e ereesreesraesereesneenns 6
2.1.1. Experimental tests on portal frames...........ccocevvevvieiieiienienie e 7
2.1.2. Experimental test 0N apeX JOINES ...cveevvievreeriieriieireireereereesteesteeseressseesseesseesseessnesens 16
2.1.3. Experimental testS 0N €aVes JOINLS ......c.cccveerveerieerierieeieeieerieesieeseesreeseesseesseessnennnes 19
2.2. Research on FE MOGEIS......ccuiiiiiiiiiiiiiiieiceeeet ettt s 24
2.2.1. FEA OnN POTtal framMES ......eeovieiiiiiieiieeie ettt ettt et st sseesneesnnas 24
2.2.2. FEA ON QPEX JOINES ..c.vviivrieiieiiieitieeieeteereesteesieestresereesseesseessessssesssesssesssesssessssssssessnes 28
2.2.3. FEA ON €aVES JOINES.....ecviiiiieiiieiiieeiieeie et esteesieestresereesveeseesseesssesssesssesssessseesssesssensns 33
2.3. Research on the design of CFS portal frames ............ccoceeveverciieiiiinieriecieceee e 34
2.3.1. Moment capacity 0f @QPEX JOINE.......c.eecuverierierierieeteeieeieerieeseeesresteeseesseesseesneesnnes 34
2.3.2. Moment capacity 0f €aVES JOINT .....c.evvviervierierieriesieeieeieerieeseeseesteeseeseesseesneesnnes 36
2.3.3. Rotational stiffness of the Joint ..........c.ccocvevieiiiiiiiciceee e 37
2.3.4. Prediction of capacity for portal frame ...........ccoecvveciieiiienienienie e 41
2.4, RESCATCH ZAPS .. eevieiiieeiieiiieieeitettestteste st e et ebeesteesteesteesaaessseasseenseessaesseesssesnseenseenseensaenseens 42
Chapter 3 Shell FE model of portal frame .............ccceevierieniiiiieiieeiecceeeeece e 43
3.1 INEEOAUCTION ..ttt ettt et et st ettt e bt e bt e s bt e st e eateebeebeenbeens 43
3.2. Details of previously reported portal frame teStS ........ccvvervveeiiieriieiierieciecre et 44
3.2.1. Test conducted by Shahmohammadi (2019) ........ccceeveiiiiiieiiiieeiecieeeeeeeeee e 44
3.2.2. Test conducted by Lim and Nethercot (2004) ........ccoovveviievienienieniecreereereerieesiens 46
3.3. Validated shell FE model of NTB portal frames..........ccccccvevieriiriiieenienieniesie e 49
3.3.1. Geometric MOAEIING........c.eevvierieeieeiieieeie ettt ettt ee s e s e eseeseeseenseens 49
3.3.2. Contact and connection MOAeIliNg..........ccccverierieriiiriiieiiieeerieee e 49
3.3.3. Element type and material Properti€s........cccueervieecieeriieeeieeerreeeieeesineesveeevneesveeens 50
3.3.4. Boundary conditions, lateral restraint, and loading.............ccocceeveeniiniiniiineineenenne 51
TR TN 1 -1 5 U RUPTUURRTSRTS 51

vi



3.3.6. Comparison of the experimental test results with FE results..........cccccceeevviviieniienncnn. 52

3.4. Validated shell FE model of portal frames with back-to-back channels..............c.ccocoueenen. 53
3.4.1. Validation of the shell FE model.........c.ccoocoiiiiiiiniinieeeceeeee e 55
3.5. Shell FE model of the NTB portal frame with bolted-side plates...........ccccerevvrerrecreereennnnns 56
3.5.1. FE MOGEIING c..veeiiieiiieiieie ettt ettt ettt sttt ssaessaesnseenseensaensaens 56
3.5.2. Effect of the bolted-side plate on the ultimate capacity .........cccoevvevveeveecreevreerreennens 58
3.6. Parametric STUAY ....cccueiiiiiicii ettt ettt ettt s tbe et e eab e e be e e e tbesabeetbeeabeebeereens 60
3.7 SUIMIMATY ...veeiiieciieeeiee ettt ettt e et e e sb e e e tee e tbeeesteeessseesssaeassseessseessseeassseessseeassseensseeessssensses 61
Chapter 4 Moment capacity of bolted-side plate for apex Joint..........ccoeevveeierieiiiecieerieenieeniens 62
4.1 INETOAUCTION ...ttt sttt et b ettt eb et sbe et e bt est e e e ebeeneenees 62
4.2. Summary of experimental tests conducted by Lim (2001) ......cccceevvevieniieeiieniieieeeeeee, 65
4.3. FE modelling techniques for apeX JOINTS.......c..ccveriierieiiiiiieieenrieneesieeeneereesveeveesseesenesenas 66
T2 T DR € 157011 U3 oy USRS 66
4.3.2. Contact and CONMECTION .......co.eeruiruieiiniieiieie sttt ettt ettt sbe et e b st eee e 66
4.3.3. Element and material...........ccccooiiieiiiieieieee e 67
4.3.4. Boundary conditions and 10ading..............cccuerveriiirieiienieeniienee e e e 67
4.3.5. Validation of the FE model.........ccccoooiiiiiiiniiiiiiiceceeeeeeee e 68
4.4, SENSILVILY ANALYSIS....eiiiierieiieriierieiteste et et esteesttessaesereeseeseessaessaessaesssessseesseesseesseesssennses 69
4.4.1. Yield stress Of NTB SECHOMS ......coueeuiriirieriinierierieeieste ettt st 69
4.4.2. Bolted side-plates with different stiffener arrangements..............cccoeevveenienrennnenne. 70
4.4.3. Thickness Of SIAE PlAteS........cccvieiiiiiiiieeiie ettt e et e sve e e beeesevee s 71
4.4.4, GEOMEIIIC PATAIMNCLET ......veeevieereereeeeerererreeseeseesseesseesseesssesssesseesseesseesseesseesssesssenssens 71
4.5. Moment capacity PrediCtioN.........ccverieereereeriierieereeieeieeseeeseesseeseeseesseesseesssesssessseesseeses 73
4.5.1. OPENING MOMENL .....ccvieriereereerieerererreereesseesseesseesseesssesssesssessseesseesseessassssesssesssesssens 74
4.5.2. ClOSING MOMECNL ....cuvieeuriieieieeeiieeitieesieeeteeesteeeteeessseessseeassssesssesassssessseesssesssssesssseens 75
4.6. Design reCOMMENAAtION. ........ccveeiierieiietieseertesteeteeteesseestaesseesssessseesseesseesseesssesssesssessens 76
4.7, SUINIMATY ...vveeviieeiieeeieeeeteeeiteesteeeetteesebeesseaassaessseesssseessasassseessseesssesassseessseesnsseessseessesensses 77
Chapter 5 Moment capacity of bolted-side plate for eaves joint...........ccceevveeeevienienvecveeieennen, 79
5L INETOAUCHION ...ttt et b ettt et e e e bt et b e e bt et e sbe et e nbeeaeens 79
5.2. Summary of experimental tests by Lim and Nethercot (2002b) ........cccceoeririenenensieneneen. 82
5.3. FE modelling techniques fOr €aves JOINTS ........cccvvercierciieiiieiieiereesee e see e esreesieesnesene e 83
T B0 R € 170301157 1 SO UUSRPUSRPR 83
5.3.2. Contact and CONMECLION ......ce.eeruiruierierieeierte ettt ettt sttt et e e ebe e sees 84
5.3.3. Element and material...........cccooiiiiiiiiiiiiiieeeee e 84
5.3.4. Boundary conditions and 10ading...........ccecceereerieniiiiiiiieeeeeee e 85
5.3.5. Validation of FE mMOdel ........c.cocoiiiiiiiiiiiiiieeeee e 85

vil



5.4, SeNSIIVILY ANALYSIS...c.uiiiiiiiiieirieiieeie et et estee st e steeveeveesteesteestbeesbeesbeesreeseesssessseessessessseens 86

5.4.1. Yield stress Of NTB SECLIONS .....ccueerueriieieiieieieeeeie ettt 86
5.4.2. Thickness of bolted-Side Plates .........c.eecvieriieriierieeiieeie ettt 87
5.4.3. Effects Of DOItS-ZIOUP ... .cccieriieiieiiecieeieeit ettt te e e e ese e e esseensae s 88
5.4.4. GEOMELIIC PATAMELETS ...eecvveeereeereeerreeeireeesreesreeessreessseessseeessseesssesessseesssesessseessseeans 89
5.5. Moment capacity PrediCtION. .......cccveierireeiieeeieeeteeeteeerreeeteeeseteesreeesereessbeeessaeessseeesseenssens 92
5.5.1. ClOSING MOMECNL .....ccvvierierieitieitreeiteereereesteesteesteeeteeesseesseesseesseesssesssasssessseesesssessseens 92
5.5.2. OPENING MOIMENL .......eeertierierrierrerreereeseesseesseesseessesseesseesseesseesseesssesssessseesseessesssaens 93
5.6. Design recommendation for the bolted-side plate...........cccoveeveiiiiiiieniieccieeeeeeee e 95
5.7, SUIMIMATY ..eeeitiieiiie ettt ettt e ettt e et e et e e sateesbeeeenteessbeeesteesnseeanseesaseesnsaeesnsaesnseennsens 96
Chapter 6 Method of predicting vertical load for portal frames with back-to-back channel
SECLIONS-2 CASE STUAY ..vievvierrieiieiiieitieette et et esteesttesereeebeeseeseesseessseesseesseesseesssesssesssessseessessseesseens 98
6.1, INEFOAUCTION ...ttt ettt sttt e bt e bt e s bt e st e emteenbeenbeenaeans 98
6.2. Bolt-hole elongation stiffness in double Shear............cccoeevieviiiiieiieiii e, 105
6.3. Rotational stiffness of Semi-rigid JOINES ........cceeeviviircriiiiiie ettt 106
6.4. Moment capacity of the apex DIraCKets........ccvevverieriiiiiiieeiieceesee e et 107
6.5. Moment capacity of the €aves Brackets .........cccevveriiiiiiiieicecce e 109
6.6. Effects of reduced moment capacity of the channel-sections ...........c.cccceevveevienienvennnenne. 110
6.7. Beam 1d@aliZation.........c.couerieriiiiiiieriieiee ettt 114
6.8. ParametriC STUAY .......cccvieiiieiieiierie ettt et ettt e s sttt e et sneesneeennes 116
6.9. SUMMAry and CONCIUSIONS.......ccceerierireiieetierttesieeiesreeeeeteebeesteeseaesaesnseeseeseesseesnsesnnes 119
Chapter 7 Conclusion and future StUAIES ..........coceeveereriereniiienienteeetereee e 122
7 R 0} 1 o2 L3 1o s SRS 122
7.1.1. Numerical iINVESIZAtION .....cccviervieriieriiesreereereereesteesteeseesresreesseesseesseesssesssessnensns 122
7.1.2. Prediction of the moment capacity of bolted-side plates ..........cceevvevverienrenenennnn. 123
7.1.3. Design recommendations for bolted-side plates .........cccceeerveerinienenensieneneeniennens 123
7.1.4. Design methodology for portal frames............cccceeveiriiriieerienierieee e 123
7.2. Recommendations for future Work............cccerioieiinieiiee e 124
APPENAIX A oottt ettt ettt et e et e et e e be e s tbestbeetbeeebe e b e e bt etaeerbearbeerbeerbeeteesteesrrens 126
APPENAIX-B..ciiiiiiiiiiciece et b e bt ta e st e s tbeerbeerbeeteestaesraees 139
APPENAIX-C..ooriiiieiieciecte ettt ettt et e e b e e b e esbe e taestbessbeesbeesbeesseesssesaasssesssearbeesseetaesteesraaes 151
RETETEIICES ...ttt ettt s b ettt sb et e b it e 167

viil



List of Figures

Figure 1-1 Photograph of cold -formed steel NTB portal framing system and its joints (Donovan

L0101 o 30 57 B RSP T 1
Figure 1-2 Application of NTB portal frames (Www. coresteel.CO.NZ) ........cceeevveerrrrenreeecreeennnen. 2
Figure 1-3 Alternative connection system for NTB portal frame with bolted-side plate.............. 3
Figure 2-1 Experimental tests on portal frames with tapered I-section and its failure modes...... 8

Figure 2-2 Full scale CFS portal frame test with back-to-back channels after Lim and Nethercot

(20022) ..ottt e a e 9
Figure 2-3 Details of experimental test setup for CFS portal frame after Dubina (2008)........... 10
Figure 2-4 Experimental test setup CFS portal frame with back-to-back channels after Wrzesien
CL AL (2015) ciiiieiieiieeeee ettt ettt e e e st e et e et e et e et e e st e esaeenseanseenreeraesaens 10
Figure 2-5 Double channels portal frame test after Zhang et al. (2016a) ..........ccceceeiieriennnee. 11
Figure 2-6 CFS portal frame test with back-to-back channel section after Blum and Rasmussen
(2019Q) ettt h bttt h e bbbt 12
Figure 2-7 Experimental test on single channel cold-formed steel portal frame after Rinchen
and RasmUSSEN (2020) .....ccviiiieiieiieieeriesteere et ereesteesseesteesssessseesseesseessaesseesssesssessseessesssaesseens 13
Figure 2-8 Experimental test on back-to-back cold-formed aluminium portal frame conducted
DY NGUYEN €1 @l. 2024 ......oiiiieiiieiieiie sttt ettt ettt st e s b e e s e eba e saessaessaessbeesseessaenseesseenssennns 13
Figure 2-9 Experimental test on RHS portal frame and failure modes after Wilkinson and
HaNCOCK (1998) ...ttt ettt et e et e e s b e e eba e e abeessbeeesbeessbaeensaeessseesnseeenens 14
Figure 2-10 Details of the experimental tests conducted by Arrayago et al. (2020a).................. 15
Figure 2-11 Details of experimental test conducted by Shahmohammadi et al. (2022) ............. 16
Figure 2-12 Photograph of test setup for apex joint after Lim (2001) .......ccoeeviieiieiieieeniaenns 16
Figure 2-13 Failure of apex joint due to web buckling of channels after Lim and Nethercot
(2003) ettt ettt a e ettt b e et a e b 17
Figure 2-14 Without stiffener (a) and with stiffener(b) apex plates in the apex joint test after
OZtUrK and PUL (2015)e.vvieeeeeeeeeeeeeee ettt s s eses s saesesans 17
Figure 2-15 Buckling failure of apex brackets after Oztiirk and Pul (2015)..........cceveveevevrnnne. 17
Figure 2-16 Details of test setup after Zhang (2014) .....ccceeviiriiiiiieiiieieceeeee e 18
Figure 2-17 Details of the experimental test after Peng et al. (2018) ......cceevevviieiieiieiiinieeens 18
Figure 2-18 Photograph of the laboratory test set-up of apex joints Rinchen and Rasmussen
(20T9D) ..ttt et a e 19
Figure 2-19 Local buckling of flange-web junction in the apex joint test after Rinchen and
RASMUSSEN (2019D) ...uviiiiiiiiiiiieieeteet ettt ettt et te e s estbessveesbeeste e saesssesssessseasseessaessaesseens 19
Figure 2-20 Details of the experimental test for eaves joints after Lim and Nethercot (2002b).20
Figure 2-21 Details of test setup for eaves joint after Zhang et al. (2016a)..........cccecveveeeneennne 20
Figure 2-22 Details of the test and failure mode at eaves joints after Pouladi et al. (2019) ....... 21

X



Figure 2-23 Photograph of the laboratory test set-up of eaves joint after Rinchen and Rasmussen
(2079 ettt ettt ettt et et e n e et e st en e e been e e teane et e teeneeseeseenteteas 22

Figure 2-24 Failure modes of eaves joint tests after Rinchen and Rasmussen (2019b) (a) Out-of-
plane bending of bracket; (b) Screw fracture in the specimen; (c) Lip tearing in the specimen. 22

Figure 2-25 Details experimental test for knee joints for portal frame and its cross-section after

Wilkinson and Hancock (2000)..........cocierieriiiciieiiieiiereeseeseesreereeseeseeseesseesssessseessesssaessaens 23
Figure 2-26 Details of the welded joints considered for the test after Wilkinson and Hancock
(2000) ..ttt ettt ettt et et e e teea e et et e n e e te st enteteentente st et e seenteseeseentanteas 23
Figure 2-27 Details of the bolted end plate and sleeve joint considered for the test after
Wilkinson and Hancock (2000)..........cocuiiiiiiiiiieeiieeieeeieeeetee et sveeeeeeesveesreeeeveeesneeenens 24
Figure 2-28 FE model developed for portal frame with back-to-back section by Lim and
INEhEICOt (2004) ...einiiiiieeiie ettt ettt ettt e et e e s e e st e seteesbe e seessaesseessseasseanseensaesaessnesssennsennns 25
Figure 2-29 FE model for portal frame described by Dubina et al. (2010).......cccccccevceerrrennnne. 25
Figure 2-30 FE modelling technique use for portal frame at eaves and apex joints after Zhang et
Y I 00/ ) RSOSSN 26
Figure 2-31 FE model developed by Blum and Rasmussen (2019b)..........ccoceeiieiiiiiincennnnnee. 26
Figure 2-32 FE model developed by Rinchen and Rasmussen (2019a)..........cccccceveeiiiniennnnnee. 27
Figure 2-33 FE model described by Chen et al. (2021) ......ccceoeiiiiiiiiiiiinieeeeeeeeeeee e, 28

Figure 2-34 FE model of a single channel under pure bending after Lim and Nethercot (2003)29
Figure 2-35 FE model of a single channel under pure bending after Blum and Li (2019).......... 29

Figure 2-36 FE model of an apex joint after Rinchen and Rasmussen (2019a)..........c.ccccc....... 30
Figure 2-37 FE model of an apex joint after Phan et al. (2020).......cccccvvvevieecieeciieieeeeeerveene. 30
Figure 2-38 FE model of an apex joint after Mojtabaei et al. (2020).........cccocvvieeiieiiinieneenee. 31
Figure 2-39 FE model developed for apex joint by Chen et al. (2021).......ccceviieiiiiienienienee. 32
Figure 2-40 FE model of a simplified apex bracket after Chen et al. (2021).......ccceecveviennnee. 32
Figure 2-41 FE model described by (Chen et al. 2023a) for partially restrained apex bracket... 32
Figure 2-42 FE model of the eave joints after Pouladi et al. (2019).......ccccceevvvevveviieriiieneen. 33
Figure 2-43 FE model of the eave joints after Rinchen and Rasmussen (2019a) ..........cccc........ 34

Figure 2-44 Diagram showing the parameter of an apex bracket (the dotted line represents the
OULlINE O CRANNEIS) ....viiiiiciiicii et s re et e re e e e taesabessseesseessaesseens 35

Figure 2-45 Diagram showing the parameter of an eaves bracket (the dotted line represents the

OULHNE OF CRANNEIS) .....eiieiiiiiiice e et e tr e e et e e te e e eveeeaaeesaneas 36
Figure 2-46 Diagram showing the 3X3 bolt Zroup .......cccecvvvriiriiieiieieeeee e 39
Figure 2-47 Typical joints in portal frame..........cocoeeevireriiininiinineiee et 39

Figure 2-48 A flowchart for calculation process to estimate the bolt-hole elongation stiffness of
JOINts N CFS POrtal frames .......ccviiviiiiiieiieciecie ettt et staesebeesbeesbeesbaesesesenas 40

Figure 3-1 Photograph of the NTB portal frame testing under gravity load (Shahmohammadi,



Figure 3-2 Details of dimensions and loadings applied for the test by Shahmohammadi, (2019)
(All dimensions are in MIIMELEIS)......cveiicrireiieeriie et e e e beeebeeeaaeesbeeeseaeenaseas 45

Figure 3-3 Details of cross section after Shahmohammadi, 2019...........cccceveiiriievienienienneen. 45

Figure 3-4 Connection details at eaves, mid rafter, and apex joint after Shahmohammadi (2019)
(All dimensions are in MAMETETS)........eevuiririeriiieieeet ettt 46

Figure 3-5 Detail of the general arrangement of the test frame after Lim and Nethercot (2004)

(All dimensions are in MIIMELEIS)......c.veiierieiriieeiiie e erree et e st e ebeesbeeesaeessaeesaaeenaneas 48
Figure 3-6 FE model of NTB portal frame ...........cccceeviiiiiiiiniie e e 49
Figure 3-7 Boundary conditions and lateral restraint on the NTB portal frame ......................... 51
Figure 3-8 Water weight vs. apex deflection curve comparison of experimental and FEA results

..................................................................................................................................................... 53
Figure 3-9 In plane failure at eaves joints of NTB portal frame from tests and FEA ................. 53
Figure 3-10 Shell FE model frame [ayout...........cccvevievieriiiiieiieieiecee e 54
Figure 3-11 FE idealisation Of peX JOINLS .......c.eevveerierieriiirieriesieesieesseesenesneesseesseesseesseesssennnas 54
Figure 3-12 Boundary conditions and lateral restraint on the portal frame FE model................ 55

Figure 3-13 Load displacement behaviour of the portal frame from the test (Lim and Nethercot,

2004a) and the shell FE model from this StUdY.........cccceerieriiiiiiiiieie e 56
Figure 3-14 Boundary conditions of the NTB portal frame with bolted-side plate..................... 56
Figure 3-15 FE idealization of eaves joints for the NTB portal frame..........c...ccccvrervereereennnnns 57
Figure 3-16 Geometric details for the bolted-side plates for the NTB portal frame (all
dimensions are in MILlIMELETS ) ......ccvieriierieriierieieeeeree e steeteereebeesteeseesseessseessessseessaesseesseens 57
Figure 3-17 Stress contours of the NTB portal frame with bolted-side plate ............cccccverevennnen. 59
Figure 3-18 Effects of thickness on the ultimate capacity of NTB portal frame ........................ 59
Figure 3-19 Parameters for the NTB portal frames with bolted-side plate and details of the
DOILEA-SIAE PIALE ...ttt st st ettt be e et eanes 60
Figure 4-1 Photograph of NTB portal frame with bolted end plate system (Shahmohammadi

B () TSRS 62
Figure 4-2 Schematic diagram of the bolted side-plates bolted to the webs of the NTB section
(Note that no stiffener is used for plate thicknesses less than 8 mm) ..........c.cccceevvvevienieniennens 63

Figure 4-3 Diagram showing the parameter of bolted-side plate for apex joints (dotted lines
represent the outling of N'TB SECHIONS).......eviuiiiiiiiiiiieiieeie ettt 63

Figure 4-4 Details of apex joint test conducted by Lim (2001) (dimensions in millimeters)..... 65
Figure 4-5 Finite element model for bolted side-plate connection ............cceceeveeeeviveciiereencennenns 68
Figure 4-6 Buckling failure of the apex bracket of the fully restrained apex joints.................... 68
Figure 4-7 Effect of yield stress of NTB (a; = 600 mm, bs = 300 mm and t; =6 mm; 6=5°)......70

Figure 4-8 Effects of stiffeners arrangements (as = 600 mm, bs = 300 mm and t, =6 mm; and

Figure 4-9 Effect bolted-side plates thickness (as = 600 mm, bs = 300 mm; 0=5°).................... 71

x1



Figure 4-10 Effect of gEOmMEtric PArameters .........ccveerveeeiieeriieeiieesieesreeeireesreeereeeseveeseneeenens 73
Figure 5-1 A photograph of NTB portal frame and its eaves joints (Donovan Group Ltd.) ....... 79

Figure 5-2 Eaves joint with bolted-side plates for NTB portal frame (Note: Plates thickness is
greater than 8mm used and M20 bolts are considered).........cocueveveeriierieereenienienieeie e 80

Figure 5-3 Diagram showing the parameter of a bolted-side plates for eaves joints (red dotted

line Shows the NTB MEMDET) ......cccviiiiiiiieiiicieeie ettt st seneseneenseensaensaens 81
Figure 5-4 Details of eaves joint test by Lim and Nethercot (2002b).........cccceriieiiiiiiniannnen. 82
Figure 5-5 Details of FE model for eaves joint of NTB portal frame...........ccoeceeieeiiincennnnnee. 84
Figure 5-6 Buckling failure of fully restrained eaves bracket............ccooceeniiniiiiiniiiiiineee. 85

Figure 5-7 Effect of the yield stress (fy) of the NTB member on the moment capacity (bx = 750
mm, ax = 375 mm, and £5 =6 MM 0=00) .......c.cooeriiieeeeeeeeeeeeeee e 87

Figure 5-8 The effect of thickness (t;) on the moment capacity of bolted-side plates (bx = 750

mm, ax = 375 M 0700) c..oviiieieieeeeeeeeeee ettt 88
Figure 5-9 Effect of the bolts group size on the moment capacity (bx = 750 mm, ax = 375 mm,
ANd £5 =6 MM 0700) ...ttt ettt ettt n e teneas 88
Figure 5-10 Effects of different geometric parameters on the moment capacity (bx = 750 mm, ax
=375 mm and ts =6 MM 0=07)..........ccocoeiiriiiieeeeeceeee e 91
Figure 5-11 Comparison of predicted moment capacity from the proposed equations with the
FEA TESUILS ...ttt ettt ettt et et e et et e e et et et e eneenseeseenseseentenseeneensennes 94
Figure 6-1 Photograph of a CFS portal frame building with back-to-back channel section and its
JOITIES 1. teuteette sttt et et et et et e st e eeteesseesseessaessaessseaaseasseesseesseessseesseanseensaessaenaeeeseensseanseenseenseenneennns 98
Figure 6-2 Failure of Swagebeam portal frame joint due to joint arrangement after Kirk (1986)
................................................................................................................................................... 100
Figure 6-3 Full-scale portal frame test (Frame B) after Lim and Nethercot (2004) ................. 100
Figure 6-4 Geometric parameters of portal frame with lateral restraints...........c.ccccceeeeveernennns 103
Figure 6-5 Description of the reference frame and validated shell FE model .......................... 104
Figure 6-6 Diagram showing bolt-hole elongation stiffness as the force required to cause a unit
displacement for a SyStem Of PIAtes ......cccueiiiiiiiiiiiiie e 106
Figure 6-7 Details of component tests model of brackets..........ccccoecueeiiiiiiiiiniiniiiicee 109

Figure 6-8 Buckling failure of column near eaves joint of Frame B (both eaves and apex

brackets idealiSed as €laStIC) ......ccvireiieriieriieiie ettt st seae e enreenns 111
Figure 6-9 Details of the finite element idealization for bolted joints ...........cccecvevevercirereennnne. 112
Figure 6-10 Beam idealization portal frame with semi-rigid joint..........cccceevveriercrencienrieeneenn, 114

Figure A- 1 Details of general arrangements for the test frame after Lim and Nethercot (2004)

................................................................................................................................................... 128
Figure A- 2 Joints of portal frame..........ccoceeviiiiieiiiieeceee e 128
Figure A- 3 Load-displacement curves for test frame...........ccccoceeverinieienineneeeeeeee 129

Xii



Figure A- 4 Dimensions of back-to-back channel section and brackets used for column and

rafter members (Lim and Nethercot 2004).........ccceeiieviieiiienieiieciecre ettt eere e 130
Figure A- 5 Signature curve for the test channel under pure bending...........ccccooeveevinineenene. 131
Figure A- 6 Signature curve for the test channel under axial compression.............cccceeeeeenene. 132
Figure A- 7 Details of the FE idealization for bolted jOInts .........coccovevieieninienenieeeeceee 133
Figure A- 8 Diagram showing bolt-hole elongation stiffness as the force required to cause a unit
displacement for a SYStem Of PIAtES ......c.eeevviiiiiiiiiieciie e e 134
Figure A- 9 Dimensions of shank and threaded M 16 boOIts.........cccoociiiiiiiiiiiinieniciceee 134
Figure A- 10 Beam model for the portal frame..........ccccooooieiiiniiiiiiee e 136
Figure A- 11 Bending moment diagram from beam model (Unit load and k1B1C =

7AZ RN /ININ).ccooiiiiiiii ettt 136
Figure B-1 Details of the general arrangement of the test frame after Shahmohammadi (2019)
................................................................................................................................................... 141
Figure B-2 Load-displacement curve for test frame ............cccoooeriiiiiiiiniiineeeec e 142

Figure B- 3 Dimensions of NTB section and bolted end plate joint used for column and rafter

members (Shahmohammadi, 2019) .......ccooviiiiiiiiii e ree e 142
Figure B-4 Beam model for the NTB portal frame............cccceriiniiiiniiniiieeneee e 146
Figure B-5 Bending moment diagram from beam model (unit load)...........ccocevenienininnnnene. 146

JOIMES ettt ettt et ee ettt ettt e et e ettt e e st e e ettt e eabeeeneeeeseeeenbee e steeanteeen st e eeabeeenteeeanteeenbeeenteeansaeenaeeenseenns 154
Figure C- 2 Joints of NTB portal frame..........cccoeeveeeiieciieniierieieriesieee et 155
Figure C- 3 Load-displacement curve for the NTB portal frame from FEA ........................... 155
Figure C- 4 Dimensions of NTB section used for column and rafter members and details of

bolted-side plate used at eaves and aPeX JOINL........cecueeiiieiieiierieniee et 156
Figure C- 5 Diagram showing bolt-hole elongation stiffness as the force required to cause a unit
displacement for a SYStem Of PIAteS ......ccuiviiiiiiiiiiiee e 159
Figure C- 6 Fully threaded M16 DOt ........cooiiiiiiiiiieiee e 160
Figure C- 7 Beam model for the NTB portal frame with bolted-side plate joints .................... 161

Figure C- 8 Bending moment diagram from beam model NTB portal frame bolted-side plate
JOINES (UNIE LOA) ..ttt ettt sttt ettt e s bt e st e eateeee e 161

xiil



List of Tables

Table 2-1 Summary of the previous experimental teStS ..........cccververeerieriierieerieereeree e eee e 6

Table 3-1 Material Properties from the tensile coupon tests conducted by Shahmohammadi

(2079 ettt ettt ettt a et e b e n e et e st ente bt eatenteeneenteseeneeseeseentateas 45
Table 3-2 Material properties of channel sections and brackets used for frame tests after Lim
ANA NEtherCot (2004) ...iiuiiiiiiieiee ettt ettt e et e et e e e tb e e s beesteeeebeeesbeeessaeesssaeessaeenssens 47
Table 3-3 Comparison of experimental test by Shahmohammadi (2019) and FEA results of NTB
Joe) s 1 1 T P 52
Table 3-4 Comparison of experimental (Lim and Nethercot, 2004a) and FEA results form this

] 10T | 2SR PRTSRS 55
Table 3-5 Comparison of the ultimate load for NTB portal frame with bolted end plate and
DOIEA-SIAE PLALE .....vvieeiie ettt ettt e et e e b e e e bt e e eab e e enbaeenreeenbeeenees 61
Table 4-1 Comparison of experimental and FEA results of apex joint tests by Lim (2001)....... 69
Table 4-2 Selected variable for parametric StUAIES .........cceeveviiiriiiiiiieeie e 74

Table 4-3 Reliability analysis of proposed equations for moment capacity of bolted-side plate 76

Table 4-4 Minimum thickness of bolted side plate (in millimetres) predicted from equations

[ R Y 7 USSR 77
Table 5-1 Comparison of experimental and FEA results of eaves joint tests after Lim and

NELhErCOt (2002D) ...uviiiiiieeiie ettt ettt et e et e e e bee e tbeesabeesbaeessseeessseessseasnsesesseessseeans 86
Table 5-2 Selected variable for the parametric StudY ........ccoccevviiriiiiiinieree e 92
Table 5-3 Results of the reliability analysis of the proposed design equations...........ccccccceeunee. 95
Table 5-4 Minimum length of bolted side-plates (in millimeters) from Eq-5.1to 5.3................ 97

Table 6-1 Moment capacity of back-to-back apex bracket used in the portal frame test after Lim
and NEthercot (2004) ......vieiiiiieieeieeie ettt ettt e re et e ete e te et e sssessbeasseesseessaessaesssessseassennns 108

Table 6-2 Moment capacity of back-to-back eaves bracket used in the portal frame test after
Lim and Nethercot (2004)........cooiiiiieciieiieieeieesieesee et ete et teestessaesbeasseesseessaessaesssessseassesnns 110

Table 6-3 Reduced moment capacity of channel sections used in the portal frame test after Lim
aANd NEthercot (2004) ....ooviiieiiieiieeee ettt et e et e e etbe e s teeestbeeesbeeesaeesnseeesseesareaans 112

Table 6-4 Comparison of reduced moment capacity of channel sections from the equations
PropoSed in the TIEEIATUIE. .......c.ieiieiieiietie ettt ettt ettt eateese e 113

Table 6-5 Strength of channel section and brackets used for practical frames from component
LSt ANA EUALIONS .. .vieuvieiiesiiicie ettt et et e st e steebeebeebeeteesteesssessseasseesseessaesssesssenssesssesssessseenes 118

Table 6-6 Predicted gravity loads for apex and eaves bracket failure using the beam model,
component tests, and equations from HEErature............ccvevveerieriieriiencieere et 121

Table 6-7 Predicted gravity loads for member failure using the beam model, component tests,
and equations frOM TIEEIATUIE ........ccueriiriieiieiieieeeee ettt ettt et sateeee e 121

X1v



Notation

aa
ap
ae

ak

CFS
Cov
D
d

dminOFM16
dminOFMzo
d;
DDM

Width of the triangular area of an apex bracket

Length of bolt-group

Width of the triangular area of an eaves bracket

Extended length of bolted-side plate for eaves joint

Width of the triangular area of bolted side-plate

The distance from the outline of the bolt group to the edge of bolted side-
plate/bracket

Horizontal side distance of bolted-side plate for eaves joint

Edge distance of bolted-side plate at eaves joints of NTB portal frame

Load incremental factor

Bending moment at the center of rotation of apex joint from beam idealization
for 1kN load applied in total on the frame

Breadth of NTB section

Edge width of apex bracket

Bolt distance in top end row

Bolt distance in bottom end row

Breadth of bolt-group for brackets /Horizontal bolt distance between two end
rows for bolted-side plates

Edge width of an eaves bracket

The distance from the outline of the bolt group to the edge of an eaves bracket
Edge width of bolted-side plate for eaves joint

Edge width of bolted side-plate for apex joint

Reliability index

Bending moment at the center of rotation of the eaves joint of either the
column or the rafter (whichever is greater) from beam idealization for a total
load of 1 kN applied

Cold formed steel

Co-efficient of variation

Depth of NTB section

Diameter of bolts

Minor diameter of M 16 bolt

Minor diameter of M20 bolt

Distance from the bolt hole to the rotational center of the bolt group

Direct design method

XV



DSM

Direct strength method

Depth of stiffener of bolted-side plate / bracket

Modulus of elasticity

Flexural rigidity of column and rafter members

Axial rigidity of column and rafter members

Finite element

Predicted gravity load from beam idealization

Predicted gravity load from beam idealization for NTB portal frame with
bolted end plate system

Predicted gravity load from beam idealization for NTB portal frame with
bolted-side plate system

Finite element analysis

Ultimate load capacity of portal frame from FEA

Bolt forces

Ultimate load capacity of portal frame from experimental test

Ultimate load capacity of NTB portal frame with bolted-side plate joint from
FEA

Predicted gravity load from FEA

Yield stress

Ultimate strength

Shear modulus

Load factors

Heat affected zone

Eaves height of portal frame

Wrapping constant

Torsional constant

Rotational of stiffness of the joint

Bolt-hole elongation stiffness

Bolt-hole elongation stiffness of a plate under double shear using thread bolts
from Ahmed and Teh

Bolt-hole elongation stiffness of one bracket

Bolt-hole elongation stiffness of one channel

Bolt-hole stiffness of the interconnected plates system for joints comprised one

bracket with one channel

xvi



Bolt-hole stiffness of the interconnected plates system for joints comprised two
brackets with two channels

Rotational stiffness of a typical bolt group

Span of the portal frame

Lateral-torsional buckling

Length of Part 1 rafter member for NTB portal frame

Length of Part 2 rafter member for NTB portal frame

Length of Part 3 rafter member for NTB portal frame

Length of the bolted-side plate

Moment capacity of the member

Bending moment in the member

Moment capacity of NTB section

Moment capacity of bolted-side plate at eaves under closing moment
Moment capacity of bolted-side plate at eaves under opening moment
Moment capacity of apex or eaves bracket from FEA

Moment capacity of apex or eaves bracket from EXP

Moment capacity of bolted-side plate with top-bottom stiffener for apex joint
under opening moment

Moment capacity of bolted-side plate without stiffener for apex joint under
opening moment

Moment capacity of bolted-side plate with top-bottom stiffener for apex joint
under closing moment

Moment capacity of bolted-side plate without stiffener for apex joint under
closing moment

Moment capacity of partially restrained single eaves bracket with top-bottom
stiffener under closing moment

Moment capacity of partially restrained single eaves bracket with top-bottom
stiffener under opening moment

Moment capacity of partially restrained single eaves bracket with bottom
stiffener under opening moment

Moment capacity of partially restrained double eaves bracket with top-bottom
stiffener under closing moment

Moment capacity of partially restrained double eaves bracket with top-bottom

stiffener under opening moment

Xvil



o-b
2eb

c
Mlab

o
Mlab

c
2ab

o
MZab

c
Mlab

Moment capacity of partially restrained double eaves bracket with bottom
stiffener under opening moment

Moment capacity of partially restrained single apex bracket under closing
moment

Moment capacity of partially restrained single apex bracket under opening
moment

Moment capacity of partially restrained double apex bracket under closing
moment

Moment capacity of partially restrained double apex bracket under opening
moment

Moment capacity of full restrained single apex bracket under closing moment
Moment capacity of full restrained single eaves bracket under closing moment
Moment capacity of back-to-back channel section

Reduced moment capacity of channel sections

Moment capacity of single apex bracket

Moment capacity of back-to-back apex bracket

Moment capacity of back-to-back apex bracket for Frame A

Moment capacity of back-to-back apex bracket for Frame B

Multi point constraints

Poisson's ratio

Nested tapered box section

Nominal loads

Axial force in the member

Axial capacity of the member

Mean

Axial capacity of back-to-back channel section

System resistance factor

Nominal strength of the system

Rectangular hollow section

Standard 4-noded doubly curved thin shell elements

Thickness of NTB section

Thickness of bracket

Thickness of bolted-side plate

Thickness of channel section

Pitch of the portal frame

Xviii



Vo Ultimate shear capacity of back-to-back channel section
X Centroidal distance from the web for single channel section

X, Shear centre distance for single channel section

X1X



Chapter 1 Introduction

1.1. Background and problem statement

Cold-formed steel (CFS) sections are increasingly popular in the construction industry
due to their numerous advantages, including a high strength-to-weight ratio, durability,
and ease of handling, transportation, and fabrication (Jackson et al., 2012). A novel form
of construction in New Zealand involves the use of CFS nested tapered box (NTB) portal
frames, as depicted in Figure 1-1. These frames are commonly used in structures such as
warehouses, sports complexes, and farm sheds (see Figure 1-2). Their popularity stems
not only from their structural benefits but also from their aesthetic appeal, bird-proofing
system, and vermin resistance (Donovan Group Ltd.; Shahmohammadi, 2019). For these
portal frames, the eaves and apex joints (see Figure 1-1) are typically formed using a
bolted end plate system. Although this system offers several advantages, it also involves
the use of costly full penetration butt welds, as shown in Figure 1-1, which increases
construction time and labour costs (Shahmohammadi et al., 2022). Moreover, this system
is prone to cracking in the heat-affected zone (HAZ) of the weld under opening moments
(Wilkinson and Hancock, 2000).

Bolted end
plate system

Apex joint

Bolted end
plate system

Eaves joint

Figure 1-1 Photograph of cold -formed steel NTB portal framing system and its joints
(Donovan Group Ltd.)



(e) Sport complex

Figure 1-2 Application of NTB portal frames (www. coresteel.co.nz)



Bolted-side plate

NTB section

Apex joint Eaves joint

Figure 1-3 Alternative connection system for NTB portal frame with bolted-side plate

As an alternative to the bolted end plate system, a bolted-side plate system (see Figure 1-
3) can be used for both the apex and eaves joints in NTB portal framing systems. The
strength and stiffness of these portal frames are significantly influenced by the
performance of their joints, which mainly depends on the geometric detailing of the joint

(Hancock et al., 2001; Rinchen and Rasmussen, 2019a).

Design guidance for CFS members can be found in codes of practice such as AS/NZ 4600
(2018), AISI S-16 (2016), and EN 1993-1-1 (2005). According to AS/NZ 4600 (2018),
joints should be strong enough to ensure that failure occurs within the frame members,
and the design moment capacity of a joint should meet or exceed the moment it is
subjected to. However, no recommended equations exist in the literature or design
standards for predicting the strength of bolted-side plates used in eaves and apex joints,

although research on brackets can be found.

AS/NZ 4600 (2018) also allows for the use of advanced analysis in the design of steel
structures with compact cross-sections, considering geometric and material nonlinear
analysis with imperfections. Advanced analysis captures global frame and member
instabilities, eliminating the need for separate member checks, unlike the traditional

structural design approach, which involves structural analysis followed by individual

3



member and cross-section examinations (Gardner et al., 2019). Despite extensive
research over the past two decades, the application of advanced analysis in the design of
CFS structures remains uncommon. Further research is needed on the performance of

portal frames before advanced analysis can be widely adopted by engineers.

1.2. Objective of the study:
The objective of this research is to investigate the behaviour of NTB portal frames with
a bolted-side plate system under gravity and wind uplift loads using finite element
analysis (FEA). The specific objectives of this research project are as follows:
1. To validate the shell finite element (FE) models of NTB portal frames, including
apex and eaves joints, against previously reported experimental tests.
2. To develop the shell FE model for the NTB portal frame with bolted-side plates
and conduct a feasibility study using this model.
3. To investigate the behaviour of NTB portal frames using FEA and perform
parametric studies on apex and eaves joints with the validated shell FE models.
4. To propose unified equations for predicting the moment capacity of bolted-side
plates used in practice.
5. To propose simplified design method for predicting the load-carrying capacity of
portal frames used in practice.
1.3. Thesis outline

This thesis comprises six chapters, as outlined below:

Chapter 1: Provides an introduction to the research topic, including the problem

statement, objectives, and the method of investigation used in the study.

Chapter 2: Presents a literature review of related research. This chapter explores

previous studies on portal frames, including apex and eaves joints, primarily under static
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loading. It discusses both experimental and numerical investigations conducted by other

researchers and describes current design guidelines.

Chapter 3: Investigates the performance of full-scale NTB portal frames using non-
linear finite element (FE) models. The chapter begins by validating the non-linear FE
model against previously reported full-scale NTB portal frame tests. It then conducts a

feasibility study for NTB portal frames with bolted-side plates.

Chapter 4: Focuses on the moment capacity of apex joints in NTB portal frames with
bolted-side plates. The chapter validates the FE model for the apex joint using previously
reported experimental tests. It concludes by proposing a set of unified design equations
for bolted-side plates, considering various geometric parameters consistent with New

Zealand practice for both opening and closing moments.

Chapter 5: Examines the moment capacity of eaves joints in NTB portal frames with
bolted-side plates. Similar to Chapter 4, this chapter validates the FE model for the eaves
joint using previously reported experimental tests. It also proposes a set of unified design
equations for bolted-side plates, taking into account different geometric parameters

consistent with New Zealand practice for both opening and closing moments.

Chapter 6: This chapter presents the methodology for predicting the load-carrying
capacity of portal frames with back-to-back channel sections under gravity loads. The
proposed approach is also applied to the frames used in New Zealand and compared with

existing equations from the literature.

Chapter 7: Summarizes the research outcomes, provides conclusions, and offers

recommendations for further research.



Chapter 2 Literature review

In this chapter, a literature review on various portal framing systems, including their

joints (apex, eaves, and knee) and their design, is presented.

2.1. Research on experimental tests

A summary of experimental tests on various portal framing systems, including apex and

eaves joints, from the literature is presented in Table 2-1.

Table 2-1 Summary of the previous experimental tests

Fez?s crimental Researchers Load Cross-Section  Figures
Dowling et al. (1982) Seismic Figure 2-1(a)
Hwang et al. (1991) Seismic . Figure 2-1(b)
Junid (1992) Static I-section Figure 2-1(c)
Li and Li (2002) Static Figure 2-1(d)
Lim and Nethercot (2002a) Static Figure 2-2
Dubina (2008) Seismic Doubl Figure 2-3
Wrzesien et al. (2015) Static choal:m; Figure 2-4
Portal frame Zhang et al. (2016a) Static Figure 2-5
Blum and Rasmussen (2019a) Static Figure 2-6
Rinchen and Rasmussen (2020) Static Single channel  Figure 2-7
. Double .
Nguyen et al. (2024) Static channel Figure 2-8
Wilkinson and Hancock (1998) Static Figure 2-9
Arrayago et al. (2020a) Sta?c - Closed Box Figure 2-10
Shahmohammadi et al. (2022) ol an Figure 2-11
cyclic
Lim (2001) Static Figure 2-12
Lim and Nethercot (2003) Static Figure 2-13
Oztiirk and Pul (2015) Static Double Figure 2-14 and
Apex Joint channel Figure 2-15
pexJomts = 7 hang 2014 Static Figure 2-16
Peng et al. (2018) Static Figure 2-17
Rinchen and Rasmussen (2019b) Static Single channel F}gure 2-18 and
Figure 2-19
Lim and Nethercot (2002b) Static Double Figure 2-20
Zhang et al. (2016a) Static channel Figure 2-21
Eaves Joints ~ poyladi et al. (2019) Static . Figure 2-22
; ; Single channel —;
Rinchen and Rasmussen (2019b) Static Figure 2-23
Knee Joints Wilkinson and Hancock (2000) Static Closed Box Figure 2-25




2.1.1. Experimental tests on portal frames

In the past, many experimental tests have been conducted on hot-rolled steel portal frames
with tapered I-sections under various load cases (see Figure 2-1). Notably, Dowling et al.
(1982) and Hwang et al. (1991) carried out experimental tests on portal frames with
tapered members under gravity load and horizontal load (shake table test), respectively.
The primary cause of failure in these experiments was lateral-torsional buckling (LTB)
in the rafter member. Additionally, these studies revealed that fabrication costs could be
reduced by up to 30% using tapered sections.

Junid (1992) also conducted experimental tests on tapered I-section portal frames and
proposed modified guidelines for BS 5950 regarding the stability of portal frames based
on his findings. Similar to the experiments by Dowling et al. (1982). LTB in the rafter

member was observed during Junid's tests, as shown in Figure 2-1(c).

Li and Li (2002) tested two portal frames with a span of 9 meters under both vertical and
horizontal loads. They found that significant compression combined with insufficient

lateral restraints could lead to out-of-plane failure.

ROOF SLOPE = 1IN 10

restraint

m
150x10

[50»«8

13767 | 13767
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i 30000 %/a
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(a) Dowling et al. (1982)



dg=13/4"
be=1 1/2"

b 16'-0" i
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31 1/4" § sag rod 6 : LlxIx1/8 strut

(b) Hwang et al. (1991)

| SN, e

(d) Li and Li (2002)

Figure 2-1 Experimental tests on portal frames with tapered I-section and its failure
modes

Lim and Nethercot (2002a) conducted tests on two portal frames (see Figure 2-2): one
with smaller brackets and another with comparatively larger brackets. As shown in Figure
2-2(a), columns and rafters were restrained against lateral-torsional buckling at regular

intervals. The frames failed due to buckling of the apex brackets. The tests revealed that



failure in the apex brackets was caused by the semi-rigidity of the joints, which led to
higher bending moments at the apex joint than those calculated for a rigid joint. This
underscores the need for practicing engineers to account for joint flexibility.

In a subsequent study, Lim and Nethercot (2004) demonstrated that the semi-rigidity of
bolted moment connections primarily influences the serviceability deflection of the portal
frame. Apex deflection can lead to problems such as water leakage, water ponding, and

increased construction costs.

] |
i Note: dotted line
represents brackets
I
I |
(a) Photograph of test set-up (b) Double shear bolted joint

Figure 2-2 Full scale CFS portal frame test with back-to-back channels after Lim and
Nethercot (2002a)

Dubina (2008) investigated the behaviour of CFS pitched-roof back-to-back channel
portal frames with bolted joints under horizontal loading (see Figure 2-3). The study
involved two experimental tests aimed at evaluating the performance of these pitched-

roof CFS portal frames under earthquake loading.



&&.

Figure 2-3 Details of experimental test setup for CFS portal frame after Dubina (2008)

Wrzesien et al. (2015) examined the behaviour of CFS portal frames with back-to-back
channels, focusing on the effects of stressed-skin diaphragm action and joint flexibility.
The test setup, as shown in Figure 2-4, included two gable frames and two integral frames.
A total of six tests were conducted: two with gravity loading and four with horizontal
loading. The main objective of the study was to achieve an economical design for the
portal frame by considering shear forces from the roof sheeting and preventing damage

to the fixings.

Figure 2-4 Experimental test setup CFS portal frame with back-to-back channels after
Wrzesien et al. (2015)
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Zhang et al. (2016a) conducted a full-scale test on a portal frame with back-to-back
channels (see Figure 2-5). The aim was to assess the behaviour of the portal frame,
particularly when intentionally designed with slender columns to induce failure due to
the interaction of local and distortional buckling in the column members (Zhang et al.,
2016b). In this study, the joints were designed to ensure that the columns would fail

before the joints, using configurations that are not typical in practice.

(a) Test setup

Interaction of local and

distortional buckling
-

(b) Deformed shape of the column at failure

Figure 2-5 Double channels portal frame test after Zhang et al. (2016a)

11



Blum and Rasmussen (2019a) focused on portal frames with back-to-back lipped channel
sections, including columns, rafters, and knee braces. The joints of these portal frames
(eaves and knee joints) were formed by connecting all members (rafters and columns)
with back-to-back lipped brackets using bolts. Most tests were conducted on portal
frames with unbraced columns (see Figure 2-6a). Failure in these frames was attributed
to lateral-torsional buckling of the column member, which was initiated by out-of-plane

movement of the knee brace-to-column joint bracket.

In contrast, for portal frames with braced columns (which included girts on the columns),
failure occurred due to buckling of the apex bracket (see Figure 2-6b). This buckling
caused significant vertical displacements at the apex, leading to frame failure at both the

apex joint and the rafter at the knee-brace joint locations.

(a) Test setup (b) Buckling failure of apex bracket

Figure 2-6 CFS portal frame test with back-to-back channel section after Blum and
Rasmussen (2019a)

Rinchen and Rasmussen (2020) conducted a series of experimental tests on CFS single-
channel portal frames (see Figure 2-7a). As shown in Figure 2-7c, the primary mode of
failure was local buckling in the channel section. A notable feature of single-channel
section portal frames with sufficient lateral restraints is their ability to withstand

significant flexural-torsional deformations from the onset of loading (see Figure 2-7b).

12



This behaviour is attributed to the non-coincident location of the shear center and centroid

of the cross-sections, as well as the non-symmetric arrangement of bolts at the joints.

(a) Experimental test setup (b) Large displacements (c) Local buckling in
due to torsion the column

Figure 2-7 Experimental test on single channel cold-formed steel portal frame after
Rinchen and Rasmussen (2020)

Recently, Nguyen et al. (2024) conducted three tests on unbraced cold-formed aluminium
portal frames with back-to-back channel sections, subjected to both gravity and
horizontal loads. As shown in Figure 2-8, the main cause of failure was lateral-torsional
buckling. Notably, all joints, which were formed using bolted back-to-back aluminium
brackets, did not fail during the tests. The critical buckling load was evaluated and
compared to the classical buckling theory proposed by Southwell (1932) and Meck

(1977).

Lateral torsional
buckling

(a) Photographs of experimental test setup (b) Failure mode

Figure 2-8 Experimental test on back-to-back cold-formed aluminium portal frame
conducted by Nguyen et al. 2024
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Wilkinson and Hancock (1998) investigated the behaviour of portal frames with
rectangular hollow sections (RHS). They conducted three experimental tests on portal
frames with a 7-meter span. The primary objectives of these tests were to determine the
ultimate load-carrying capacity of RHS portal frames and to assess their failure
mechanisms. As shown in Figure 2-9, the main failure mode observed was in-plane

buckling.

Position 4

Position 9 Local buckle 1 (Frames 1 & 2)
Local buckle 2 (Frame 2) \l/
Local buckle 1 (Frame 3)

N T~

/A %j\ i

Figure 2-9 Experimental test on RHS portal frame and failure modes after Wilkinson
and Hancock (1998)

RHS SECTION

Arrayago et al. (2020a) conducted experimental tests on cold-formed stainless-steel
frames with rectangular hollow sections (RHS) under both horizontal and gravity loads.
As shown in Figure 2-10a, lateral restraints were provided at the loading points. Figure
2-100b illustrates that rigid joint, directly welded to the RHS sections, were used in the
portal frame. The failure of the frame, also depicted in Figure 2-10b, occurred due to in-
plane buckling, which was influenced by the closed-box action of the RHS section. The
aim of the research was to investigate the impact of material non-linearity on second-

order effects by evaluating compliance with Eurocodes (EN 1993-1-4 and EN 1993-1-1).



(a) Photograph of the experimental test set-up (b) Rigid joint

Figure 2-10 Details of the experimental tests conducted by Arrayago et al. (2020a)

Recently, Shahmohammadi et al. (2022) conducted full-scale experimental tests on two
NTB portal frames under gravity and horizontal loading, respectively. As shown in
Figure 2-11, minimal lateral restraints were provided through lateral braces at the column
bases and near the apex joint. The tests revealed that the main failure mode for both
specimens was in-plane buckling, attributed to the high torsional resistance of the NTB
sections. This provides a significant structural advantage over tapered I-section portal
frames, which require additional fly bracing to resist flexural-torsional buckling. In
addition to the structural benefits, NTB portal frames help maintain health and hygiene
by preventing birds from perching, which is advantageous for industries such as
agriculture and pharmaceuticals. However, the joints, which use full penetration butt
welds, are costly and require more manpower for construction. This suggests the need for
further investigation into alternative jointing methods, particularly for eaves and apex

joints. More details on this can be found in Chapter 3.
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D=varying

/

(a) Photograph of experimental test setup (b) NTB section

| 4

Figure 2-11 Details of experimental test conducted by Shahmohammadi et al. (2022)

2.1.2. Experimental test on apex joints

As shown in Figure 2-12, Lim (2001) described a test on apex joints where a single
bracket was used to connect back-to-back channels. The main objective of the test was to
evaluate the moment capacity of the apex bracket. The apex joint was fully restrained on
the webs of the channels. However, the apex bracket buckled prematurely, leading to the

failure of the joints.

Figure 2-12 Photograph of test setup for apex joint after Lim (2001)

Building on the previous study, Lim and Nethercot (2003) conducted four tests on apex
joints using a similar setup. In this study, double brackets were used to form the joint at
the apex. As shown in Figure 2-13, the failure of the apex joint was attributed to web
buckling of the channels. This failure occurred because the back-to-back brackets

provided greater strength compared to the single bracket used in earlier tests.
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Figure 2-13 Failure of apex joint due to web buckling of channels after Lim and
Nethercot (2003)

Oztiirk and Pul (2015) conducted experiments on the apex joint of CFS portal frames
with back-to-back sigma profile rafters, focusing on practical joint details for the portal
frame. As shown in Figure 2-14, two types of apex plates were tested: one with a stiffener
and one without. Figure 2-15 confirms that the apex bracket failed due to buckling.
Although the stiffener in the apex plate did not significantly affect the overall failure

mode, it was effective in restraining local buckling of the apex plate.

Figure 2-14 Without stiffener (a) and with stiffener(b) apex plates in the apex joint test
after Oztiirk and Pul (2015)

Figure 2-15 Buckling failure of apex brackets after Oztiirk and Pul (2015)
17



As shown in Figure 2-16, apex joint tests using double channel sections were conducted
by Zhang (2014) and Zhang et al. (2016a). The focus of these tests was to study the
rotational stiffness behaviour of the joints used in portal frames. The results indicated that
the bending moment has a more significant impact on the rotational behaviour of the joint
compared to axial or shear forces. Additionally, a simplified tri-linear moment-rotation
curve was derived from the test results and used to simulate the behaviour of the apex

joint in the FE model of the portal frame, as depicted in Figure 2-26b.

Figure 2-16 Details of test setup after Zhang (2014)

Peng et al. (2018) conducted twelve component tests on apex joints with double channels,
as shown in Figure 2-17a. The primary objective was to investigate the moment-rotation
behaviour of the joints and to quantify their strength and initial stiffness. The tests
revealed that the main cause of joint failure was buckling of the apex bracket web (see

Figure 2-17b), which occurred irrespective of the channel depth or thickness.

(a) Photograph of test setup (b) Buckling of apex bracket

Figure 2-17 Details of the experimental test after Peng et al. (2018)
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Rinchen and Rasmussen (2019b) conducted a series of tests to study the flexural
behaviour of apex joints in single-channel CFS portal frames. Figure 2-18 shows the test
setup used for the apex joint tests. As depicted in Figure 2-19, local buckling near the
junction of the web and flange led to the failure of the apex joint at its maximum capacity.
The failure mode indicates that the strength of the brackets was sufficient to transfer the

moment at the apex joint effectively.

Figure 2-18 Photograph of the laboratory test set-up of apex joints Rinchen and
Rasmussen (2019b)

Figure 2-19 Local buckling of flange-web junction in the apex joint test after Rinchen
and Rasmussen (2019b)

2.1.3. Experimental tests on eaves joints
Figure 2-20 shows the test setup for eaves joints conducted by Lim and Nethercot

(2002b). The tests, which focused on studying the moment capacity of an eaves bracket,
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involved a setup where a single eaves bracket was sandwiched between two channel
sections. Full lateral restraints were applied to the webs of the channels. The eaves bracket

prematurely buckled, leading to the failure of the joints.

i <
g —— —
- |
| =
1 ia_cklng force i
g (=
— |
T . :
= Y E b
4 Jacking force 1 La I
(a) Test setup (b) Singe bracket with double channels

Figure 2-20 Details of the experimental test for eaves joints after Lim and Nethercot
(2002b)

Zhang (2014) and Zhang et al. (2016a) conducted experimental tests on eaves joints with
back-to-back channels, as shown in Figure 2-23. The main objective of the study was to
investigate the behaviour and rotational stiffness of these joints, which was subsequently

used to inform the FE model of the portal frame.

Lateral restraint

|— Strong column

Strong floor

Dimensions in mm
Figure 2-21 Details of test setup for eaves joint after Zhang et al. (2016a)
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Pouladi et al. (2019) conducted a test on eaves joints formed with one channel and one
bracket, as shown in Figure 2-22a. The experiment revealed shear failure of the screws,
followed by twisting of the joint (see Figure 2-22b). After failure, it was observed that

the screws were no longer intact with the bracket.

Screws failure

. (b) Failure mode in the eaves joint

Figure 2-22 Details of the test and failure mode at eaves joints after Pouladi et al.
(2019)

Rinchen and Rasmussen (2019b) conducted a series of tests on eaves joints of single-
channel portal frames using the setup shown in Figure 2-23. In these tests, bolts and
screws were used to fabricate the eaves joint, connecting the web and lip of the channel
to the bracket plate. As depicted in Figure 2-24, the failure of the eaves joint was

attributed to the bending of the eaves brackets, followed by the fracture of the screws.
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Figure 2-23 Photograph of the laboratory test set-up of eaves joint after Rinchen and
Rasmussen (2019b)

(a) (b) (c)

Figure 2-24 Failure modes of eaves joint tests after Rinchen and Rasmussen (2019b) (a)
Out-of-plane bending of bracket; (b) Screw fracture in the specimen; (c) Lip tearing in
the specimen

Wilkinson and Hancock (2000) investigated the behaviour of five different types of knee
joints for CFS portal frames with RHS, using the test setup shown in Figure 2-25. Figures
2-26 and 2-27 show the joint details for the CFS portal frames with RHS sections. The
primary objective was to obtain moment-rotation curves for the joints under both closing
and opening moments. It was observed that all the joints exceeded the plastic moment

capacity of the RHS sections.
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Friction grips

Loading ram

(a) Test setup

822 mm
600 mm
— RHS
‘Web stiffening
I- Plate
[ — Pin
1
900mm © !
<+ Grip
Section A-A
|_> A «—}— Fixed DARTEC base

Weld

(b) RHS cross section

Figure 2-25 Details experimental test for knee joints for portal frame and its cross-
section after Wilkinson and Hancock (2000)

For welded stiffened and unstiffened joints under closing moments, failure was attributed

to local buckling in the RHS sections. In contrast, joints subjected to opening moments

failed due to cracks formed in the HAZ of the weld. The welded sleeve joint demonstrated

higher stiffness compared to bolted end plate or bolted sleeve joints. Additionally, it

facilitated plastic hinge formation in the RHS sections, thereby reducing the likelihood

of weld cracks.

Full penetration
butt weld

Detail B

(a) Unstiffened welded joint

Plate

Section C-C
; 3

4%

Detail B

(b) Stiffened welded joint

Figure 2-26 Details of the welded joints considered for the test after Wilkinson and
Hancock (2000)
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(a) Bolted end plate joint
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(b) Bolted sleeve joint (c) Welded sleeve joint

Figure 2-27 Details of the bolted end plate and sleeve joint considered for the test after
Wilkinson and Hancock (2000)

2.2. Research on FE models
Given that experimental tests on full-scale portal frames, apex joints, and eaves joints are
both time-consuming and expensive, it is essential to employ numerical methods to

investigate their behaviour.

2.2.1. FEA on portal frames

Lim and Nethercot (2004) investigated a full 3-D linear shell FE model of portal frames
to determine the deflection at the apex. To leverage symmetry, only half of the portal
frame was modelled, as shown in Figure 2-28. It is important to note that geometric

imperfections were not considered in this model.
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Figure 2-28 FE model developed for portal frame with back-to-back section by Lim and
Nethercot (2004)

Dubina et al. (2010) described a FE modelling technique for portal frames, illustrated in
Figure 2-29. This model incorporated all types of non-linearity and geometric
imperfections and was validated against experimental tests. The aim of the study was to
evaluate the effects of imperfections on the ultimate capacity of the portal frame. The
results indicated that geometric imperfections did not significantly affect the ultimate

capacity of the portal frame.

Figure 2-29 FE model for portal frame described by Ijgbina et al. (2010)

In the shell FE models of pitched roof portal frames with back-to-back channel sections,
Zhang et al. (2015) incorporated the semi-rigid behaviour of joints by using spring-like
elements at the intersections of the column and rafter centrelines. The bracket was divided
into two parts, each connected to a reference node using multi-point restraints (MPC), as
shown in Figure 2-30. The bolted joints were not explicitly modelled, and no member

imperfections were simulated in the portal frame model.
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Two reference nodes
with same coordinates
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(a) Eaves joints (b) Apex joint

Figure 2-30 FE modelling technique use for portal frame at eaves and apex joints after
Zhang et al. (2015)

Blum and Rasmussen (2019b) investigated a shell FE model of long-span cold-formed
steel (CFS) single-channel portal frames, as shown in Figure 2-31. The model
incorporated the semi-rigidity of bolted joints by using point-based fasteners to represent
bolts. FEA results indicated that torsional buckling deformation of the columns is a
primary behaviour in single-channel portal frames. To minimize these torsional
deformations, bracing the columns with girts was recommended. However, the model did

not account for member imperfections.

Figure 2-31 FE model developed by Blum and Rasmussen (2019b)

Rinchen and Rasmussen (2019a) investigated a shell FE model of long-span cold-formed
steel (CFS) single-channel portal frames, as shown in Figure 2-32. The model

incorporated the semi-rigidity of bolted joints by using point-based fasteners to represent
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bolts. The FEA results indicated that torsional buckling deformation of the columns is a
primary behaviour in single-channel portal frames. To minimize these torsional
deformations, bracing the columns with girts was recommended. However, the model did

not consider member imperfections.

Figure 2-32 FE model developed by Rinchen and Rasmussen (2019a)

Recently, Chen et al., (2021) developed a FE model for portal frames with back-to-back
channel sections, as illustrated in Figure 2-33a. This model was validated against the
experimental tests described by Lim and Nethercot (2004). In the FE model, bolts
connecting the rafters and columns to the brackets were represented using the ‘SPRING-
2’ element, as shown in Figure 2-33b. The main goal of this investigation was to
emphasize the importance of precise detailing and design of the brackets to ensure that
failure occurs through the members rather than the joints. Notably, the model employed
advanced analysis techniques, incorporating all relevant non-linearities, member

imperfections, bracket imperfections, and frame imperfections.
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v Eave connection .
Base connection

(a) FE model of portal frame

Rafter Apex bracket Bolt (SPRING2 element)
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(b) Bolted connection at the joints

Figure 2-33 FE model described by Chen et al. (2021)

2.2.2. FEA on apex joints

Lim and Nethercot (2003) conducted a study using a FE model validated against
experimental tests (see Figure 2-13), as illustrated in Figure 2-34, to investigate the
ultimate moment capacity of apex joints with back-to-back brackets. The model, depicted
in Figure 2-34, included only a single channel and applied pure bending at the end. Since
the failure occurred in the channel rather than the brackets, this arrangement effectively
and accurately predicts the ultimate moment capacity of the brackets. A parametric study
using the validated FE model revealed that the strength of a typical-sized joint could be
up to 20% less than that of the CFS sections. Therefore, web buckling, as caused by this

discrepancy, must be considered in the design of such connections.
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Figure 2-34 FE model of a single channel under pure bending after Lim and Nethercot
(2003)

Blum and Li (2019) developed advanced shell FE models using ABAQUS to simulate apex
joint tests. In their model, bolts in the connections were represented using “MPC beam”
element. The bending moment versus apex rotation behaviour from the FE models (see
Figure 2-35) was compared to experimental tests of the apex joints. The comparison revealed
that the ultimate bending moment obtained from the FE models varied between 3% and 13%

from the experimental results.

Figure 2-35 FE model of a single channel under pure bending after Blum and Li (2019)

Rinchen and Rasmussen (2019a) investigated the flexural behaviour of apex joints in CFS
single-channel portal frames using the FE model depicted in Figure 2-36. This FE model
was validated against corresponding experimental tests. The model simulated the
behaviour of bolts and screws using fasteners, with reference nodes at the center of the
MPC constraints subjected to gravity loads. They derived simplified multi-linear in-plane
bending moment-rotation relationships and corresponding flexural stiffness values for the

apex joints. These relationships effectively represent the semi-rigidity of the joints.
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Figure 2-36 FE model of an apex joint after Rinchen and Rasmussen (2019a)

Phan et al. (2020) developed an FE model of the apex joint, as shown in Figure 2-37,
which was validated against the experimental tests conducted by Lim and Nethercot
(2003). This FE model incorporated material nonlinearity, geometric imperfections, and
accurate bolt-bearing behaviour. The validated model was then used to evaluate the
accuracy of the analytical approach for predicting the ultimate bending capacity of CFS

bolted moment connections, taking into account bimoment effects across a range of cross-

sectional dimensions.

Lateral restraint (applied
on the web of section)

Lateral restraint (applied
on the web of section

Bolts (fastener elements)

‘_I Applied load Applied load (nodes of
the section were coupled /
Simply support (nodes of to reference point (RP))  simply support

end section were coupled to
the reference point (RP))

Figure 2-37 FE model of an apex joint after Phan et al. (2020)

Mojtabaei et al. (2020) validated an FE model of apex joints, shown in Figure 2-38, against
the experimental tests by Lim and Nethercot (2003). Their study focused on local buckling
failure adjacent to moment-resisting bolted joints in CFS back-to-back channels connected

to apex brackets through their webs. The sensitivity study revealed that increasing the length

of the bolt group and the thickness of the channels reduces the detrimental effects of local
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buckling. Conversely, eccentric loading increases the likelihood of local buckling. Based on
their findings, a practical design equation was developed for predicting the moment capacity

of CFS channels, demonstrating a wide range of applicability.

z Vi
Y«% Lateral restraint Lateral restraint é“"ﬂ
X' Support

Lateral restraint at the
location of the bolts

Support

Nodes in the end sections
Lateral restraints were
applied to the web:
Ux=0

were coupled to the
reference node. Boundary
conditions were applied to
the reference node:
Uz'=URy'=0

Nodes in the cross-sections were
coupled to the reference node at
the load application point

Imposed
displacement

Figure 2-38 FE model of an apex joint after Mojtabaei et al. (2020)

Chen et al. (2021) conducted a numerical study to investigate the importance of bracket
details for the apex joint of a portal frame using FE models (see Figure 2-39 and Figure
2-40). Their study, validated against experimental tests by Lim (2001) used a fully
restrained FE model that considered only closing moments. The research aimed to
highlight the impact of detailed bracket designs on the apex joint’s performance.

Chen et al. (2023a) extended their previous work, addressing additional research gaps by
considering both closing and opening moments for the partially restrained apex bracket
(see Fig. 2-41). This extension aimed to provide a more comprehensive understanding of

the joint’s behaviour under varied loading conditions.
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Load was applied to the
reference node: Fy

Figure 2-39 FE model developed for apex joint by Chen et al. (2021)
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Figure 2-40 FE model of a simplified apex bracket after Chen et al. (2021)

Partially restrained
flanges: Uz=0

One node in the centre of an
apex bracket: Uy=0

Nodes on the middle line of an
z apex bracket: Uy =0

Figure 2-41 FE model described by (Chen et al. 2023a) for partially restrained apex
bracket

Paul et al. (2023) developed a FE modelling technique to investigate the behaviour of
apex joints formed through bolted-side plates for NTB portal frames. Their study

included a sensitivity analysis to identify key parameters affecting the joint's
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performance, which was utilized for a comprehensive parametric study. Further details
of this investigation can be found in Chapter 4.

2.2.3. FEA on eaves joints

Pouladi et al. (2019) developed a FE modelling technique for eaves joints in single-
channel portal frames. The model is capable of estimating both lower and upper bound
strengths of the eaves joints, depending on whether screw failure is considered. The FE
model uses point-based fasteners to represent bolts and screws, with the stiffness of these
fasteners calculated using the equations proposed by Zaharia and Dubina (2006). Details

of the loading and boundary conditions for the FE model are provided in Figure 2-42.

Connector element

4
X

Uy=Uy=U, =0
UR, =UR, =0

Figure 2-42 FE model of the eave joints after Pouladi et al. (2019)
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To study the flexural behaviour of eaves joints, Rinchen and Rasmussen (2019a)
developed a FE model validated against experimental tests (see Figure 2-43). The
modelling approach was similar to that used by Pouladi et al. (2019), employing point-
based fasteners to represent bolts and screws. In this model, horizontal loads were applied

to the reference nodes located at the centre of the MPC.

Fastener

Eaves bracket

Figure 2-43 FE model of the eave joints after Rinchen and Rasmussen (2019a)

2.3. Research on the design of CFS portal frames

2.3.1. Moment capacity of apex joint

Based on the design of the full-scale frame tests, Lim (2001) conducted component tests
on apex joints, each consisting of a single bracket (see Figure 2-12). The results of these
tests were utilized to validate a non-linear elasto-plastic FE model. From this model, Lim
(2001) proposed an equation to predict the strength of fully restrained apex bracket,

denoted as (M{g,):

2 2
Cp =L [2.88 —2.88(22) + 1.26 (%) ] Closing moment 2.1

da

Where aaand ba are defined in Figure 2-44. However, this equation is limited, only valid
for 0.4 < ba/aa < 1.0, an apex bracket thickness of 3 mm, an apex bracket yield stress of

280 N/mm?, and a frame pitch of 10°.
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Figure 2-44 Diagram showing the parameter of an apex bracket (the dotted line
represents the outline of channels)

Due to the back-to-back arrangement and the observed failure of the apex bracket in the
tests conducted by Lim (2001), only the brackets need to be modelled (i.e., no channels
were included). The FE idealization shown in Figure 2-44 was validated by Chen et al.
(2021) against experimental tests. The validated FE model was then used in a parametric
study to develop a design equation for the moment capacity of the apex bracket. However,
this design guidance was limited to apex brackets with only a top stiffener and was
restricted to cases considering only opening moments and fully restrained brackets.
Chen et al. (2023a) extended this work by considering both single and double apex
brackets with partial restrained, consistent with New Zealand practices. They also
addressed both opening and closing moments (or gravity and wind uplift loads) on apex
joints. This study proposed unified design equations based on a parametric study that
included 5,040 finite element models. The unified equations developed from the study
cover different types of brackets and load cases.

The proposed equations are as follows:

For partially restrained single bracket

iab = 2.1323 ag.4162bé.1194f}(r).6439t2tlj.466910—5 Closing moment )

MZ(L)ab — 5-164‘5ag's380bé'0979f}9'89tg'512410_5 Opening moment 23

For partially restrained double brackets
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;ab = 1.7463 33'43Sobé'0979f39'7678t%)'613410_5 Closing moment 2.4

Mgab — 5_341532.4652bg.9519f}9.6412t%).74-4710—5 Opening moment 2.5

2.3.2. Moment capacity of eaves joint

Lim and Nethercot (2002b) used the FE model shown in Figure 2-45 to determine the moment
capacity of the eaves bracket, which is form the eaves joint with one bracket bolted to the
back-to-back channels (see Figure 2-17). The design equation for the moment capacity of

fully restrained eaves brackets (M;.},) was proposed by the parametric studies.

b be)? .
M., = fyaZty [0.0675 + 0.4886 (=) — 0.1466 (=) ] Closing moment 2.6

e e

Where a, and b,, are defined in Figure 2-45. However, this equation is limited, only valid for
0.05 <b./ae <0.90, an eaves bracket thickness of 3 mm, an eaves bracket yield stress of 280

N/mm?, and a frame pitch of 0e.

—by—
F—Dbe

Figure 2-45 Diagram showing the parameter of an eaves bracket (the dotted line
represents the outline of channels)

However, Eq-2.6 is limited to eaves joints fully restrained against lateral torsional buckling,
for use under a closing moment and an eaves bracket details having a stiffener along its
hypotenuses. Chen et al. (2023b) described a finite element study comprising 7,560 models,

that addressed all these limitations. Unified equations were proposed that can be used for the
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design of eaves brackets in practical partially restrained eaves joints, as found in New Zealand

practice, both closing and opening moments, and different arrangements of stiffeners in the

detail of the eaves bracket, including both single and back-to-back eaves brackets. The

equations are presented as follows:

For partially restrained single bracket

With top-bottom stiffener

Mf;ﬁ_b — 10117 32.9364bg.3450f}9.4134t%).976610—4
MOt = 4.1544 ag.8741b2.5352f3(1).5929t11).6176 10-5

With bottom stiffener

-b _ 0.86921,0.3078£0.402141.7695 -4
M:P = 2.2186a28692p03078£0.4021¢176951

For partially restrained double bracket

With top-bottom stiffener

MSSEb = 2.4022 aé‘z674be‘°'°5°f39'4401t12)'127010‘4
M;’;ﬁ‘b _ 4_08473(13.1053bg.3166f}9.7t%).6985 10-5
With partially restrained bottom stiffener

o-b _ 1.1039},0.1470£0.433241.8391 -4
SoP = 2.3248 a1039p01470£04332¢183911 g

2.3.3. Rotational stiffness of the joint

Closing moment

Opening moment

Opening moment

Closing moment

Opening moment

Opening moment

2.7

2.8

2.9

2.10

2.11

2.12

In practical applications, the analysis and design of steel framing systems rely on

simplified assumptions concerning the behaviour of connections. These connections are

typically assumed to be either perfectly pinned or fully rigid (Hayalioglu and Degertekin,

2005). In general, it is more appropriate to classify a joint as semi-rigid, as this

designation accounts for behaviour where relative rotations take place while transmitting

bending moments between neighbouring members.
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CFS portal frames are well-known to have semi-rigid joints. The assumption of pinned
or rigid joints may result in an unconservative design; the apex joints may be designed
and detailed to carry a smaller bending moment than there would be in practice (due to
the re-distribution of the bending moment from the eaves to the apex in portal frames

having flexible joints).

Furthermore, the mechanical behaviour of joints plays a crucial role that should not be
overlooked during both the analysis and design stage, as well as the safety assessment
phase. Unfortunately, in many cases, designers tend to underestimate the actual behaviour
of joints within steel buildings. Neglecting the true behaviour of joints can have
significant implications for the overall structural integrity and safety of the building.
Therefore, it is essential to consider the behaviour of joints to ensure the reliability and

safety of steel structures Msabawy and Mohammad (2019).

As described by Lim and Nethercot (2004), Rinchen et al. (2019) deflection and capacity
of the portal frame could be obtained by incorporating the rotational stiffness of the semi-
rigid joint in the beam model. The rotational stiffness (K) of the typical bolt group (see

Figure 2-46) can be predicted by the following equation:
K= ky Y, d? 2.13

Where, ky, is the bolt-hole elongation stiffness of the interconnected plates system for
joints comprised of two brackets with two channels; d; is the distance from the bolt hole
to the center of rotation of the bolt group. Detailed calculation for bolt-hole elongation

stiffness (k) can be found Appendix A.
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(a) Dimension of the bolt group (b) d; in the bolt group
Figure 2-46 Diagram showing the 3x3 bolt group

In a CFS portal frame, two types of joints are considered: single-shear and double-shear
(see Figure 2-47). In a single-shear joint, the load is transferred through a single-shear
plane. The connection typically involves fastening one member to another through
fasteners like screws or bolts. In a double-shear joint, the load is distributed and
transferred through two shear planes. It is commonly used in the back-to-back channel

section bolted with the brackets.

It is very important to estimate the bolt-hole elongation stiffness (k;), to predict the
rotational stiffness of joints in a CFS portal frame. The bolt-hole elongation stiffness for
single shear joints can be determined from the study conducted by Zaharia and Dubina
(2006). However, detailed calculations for bolt-hole elongation stiffness in double shear
joints have been provided by Lim and Nethercot (2004). A comprehensive explanation

of the detailed calculation can be found in Figure 2-48.

|

|2 A Z

N ‘—%
[ R
\ sy
Bracket Bolt

% I‘% Channel Bracket Channel
NANNEANNN \ % N

(a) Bolts in single shear (b) Bolts in double shear

Figure 2-47 Typical joints in portal frame
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Check if bolted
joint under single
or double shear ?

A 4

Single shear joint

A 4

Bolt-hole elongationstiffness (kj)
=682

5 5
(H*Fl)

(Zaharia and Dubina, 2006)
1

Double shear joint

5n<}—0+2—2)10’3
1 t2

v (Zadanfarrokh and Bryan 1992)
Bolt-hole elongation stiffness of plate &;)

dmin 0.3
15 xtX (—dmin 'MZO) X f,

(Ahmed and Teh, 2019)

Equivalent bolthole elongation stiffness ¢) for

one bracket and one channel system:

1
k=——7
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For double shear: 2k

\ 4

End

Figure 2-48 A flowchart for calculation process to estimate the bolt-hole elongation
stiffness of joints in CFS portal frames
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2.3.4. Prediction of capacity for portal frame
In literature, two methods could be found which could be used to predict the capacity of
portal frame. Rinchen et al. (2019) described the method in detail. These methods are

direct strength method (DSM) and direct design method (DDM)), respectively.

DSM based method:

Members in the portal frame must satisfy the following equation:

M <1.0 2.14
M

24
P
Where P* and M* represent the axial compression and bending moment, respectively,
which need to be calculated through the analysis of the portal frame. P and M denote the

design capacities of the member, which can be calculated using the DSM method
specified in AS/NZ 4600 (2018) or AISI S-16 (2016).

DDM based method:

For the system-based design, the limit state criteria requires that the applied factored
loads do not exceed the factored nominal resistance of the structure (see Eq-2.15).

DR, = X Viwn; 2.15
Where R,,, wy;, y;and @ are the nominal system strength, nominal loads, load factors and
system resistance factor respectively.

The design process involves the application of a load increment factor (@) to the factored
nominal loads (i.e. a ), y;w,;) and running an advanced analysis by gradually increasing
from 0 to 1, its ultimate value («), at which the structure reaches its limit state by yielding
and/or buckling. In the ultimate limit state, a ), y;w,; = R,, and realizing that @R,, =
Y. Viwy; in this state, the limit state criterion in terms of the load factor and system

resistance factor is obtained as a' > 1/0.
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2.4. Research gaps
From the comprehensive literature review presented in this chapter, several critical

research gaps have been identified.

e While portal frames with tapered I-sections, back-to-back channel section, single
channel section, closed box section with end plate connection system have been
extensively investigated, research on frames using tapered box sections remains

scarce.

e No existing work has explored the structural behaviour of portal frames with tapered

box sections where the connections are formed using bolted side-plate joints

e There is currently no robust validated FE modelling approach available to capture the

behaviour of NTB portal frames with bolted side-plate connections.

e A simplified method for predicting the load-carrying capacity of portal frames is not

available in the existing body of knowledge.
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Chapter 3 Shell FE model of portal frame

3.1. Introduction

According to AS/NZ 4600 (2018), advanced analysis for steel structures with compact
cross-sections involves geometric and material nonlinear analysis, including
imperfections. This approach differs from traditional design methods, which typically
involve separate structural analysis and individual member checks. Advanced analysis,
on the other hand, captures global frame and member instabilities, reducing the need for
additional member checks (Gardner et al., 2019).

Recent research has extensively explored advanced design methods, primarily for
structural systems with hot-rolled sections. In conventional FEA for portal frames, beam
elements are often used to represent structural members. However, these elements may
not accurately capture the semi-rigid behaviour of joints, which can significantly impact
the response of CFS portal frames (Gardner et al., 2019). Therefore, it is crucial to use
shell FE models that accurately simulate the geometry of joints, members, and the
behaviour of fasteners in portal frames.

Chen et al. (2021) investigated the behaviour of CFS portal frames by incorporating
geometric imperfections into their FE models. However, their study focused on back-to-
back channel sections with bracket connections, rather than box or NTB portal frames.
While there is considerable literature on numerical studies of CFS portal frames (Blum
and Rasmussen, 2019a; Lim, 2001; Lim and Nethercot, 2004; Lim and Nethercot, 2002a;
Rinchen and Rasmussen, 2019a; Zhang et al., 2016a) research on NTB portal frames with
bolted-side plate connections is lacking. Existing studies on portal frames with box or

NTB sections (Arrayago et al., 2020a, 2020b; Shahmohammadi et al., 2022) have focused
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on rigid bolted connections or welded end plate connections rather than bolted-side plate
systems.

This chapter presents a FE modelling technique for NTB portal frames with bolted-side
plates, validated against experimental tests reported by Shahmohammadi (2019). Details
of the experimental tests and the FE modelling approach are discussed in the following
sections.

3.2. Details of previously reported portal frame tests

3.2.1. Test conducted by Shahmohammadi (2019)

Shahmohammadi (2019) conducted full-scale test on the NTB portal frame under gravity
load, representing the closest test for the NTB portal frame. Figure 3-1 shows photograph
for the frame test and minimum no of lateral restraints were employed to take the
advantage of the tapered box member. As can be seen, the frame was loaded using the
four set water tanks and the pinned supports were at the column bases (See Figure 3-2).
The average dimensions of the NTB section used in the tests are shown in Figure 3-3.
The average measured material properties of the NTB section are summarised in Table
3-1. This frame had a span of 18.1m, column height of 4.27 m, and pitch of 5°, and joints
of this frame is formed through the bolted end plates. Details of the joints is shown in

Figure 3-3.

pel  Tanksel3 B

Figure 3-1 Photograph of the NTB portal frame testing under gravity load
(Shahmohammadi, 2019)
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Figure 3-2 Details of dimensions and loadings applied for the test by Shahmohammadi,
(2019) (All dimensions are in millimeters)

Table 3-1 Material Properties from the tensile coupon tests conducted by

Shahmohammadi (2019)
Test specimen Thickness (t) Yield stress (fy) Ultimate strength (f.)
No. (mm) (N/mm?) (N/mm?)
1 4.17 256 389
2 421 263 388
3 4.29 246 375
4 4.17 266 393
Mean 4.20 258 386
_ B=136 _

e

t= 42—»«—
D=Varying

ool B |

All dimensions are in millimeters
Figure 3-3 Details of cross section after Shahmohammadi, 2019
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Figure 3-4 Connection details at eaves, mid rafter, and apex joint after Shahmohammadi
(2019) (All dimensions are in millimeters)

3.2.2. Test conducted by Lim and Nethercot (2004)

Lim and Nethercot (2004) tested two portal frames, designated as Frame A and Frame B,
using the setup illustrated in Figure 3-5a. In this setup, the frames were loaded using a
rig equipped with eight jacks, and pinned supports were placed at the column bases. To
prevent premature lateral buckling of the back-to-back channel sections, lateral restraints
were provided at both the loading position (on the rafter) and at the joints (Lim and
Nethercot, 2004). The details of the point loads applied to the portal frames are shown in
Figure 3-5b.

The channel sections used in the tests are detailed in Figure 3-5c¢. The average measured
material properties for the channel sections and brackets are summarized in Table 3-1.
Both frames had a span of 12 meters, a column height of 3 meters, and a pitch of 10°.
The primary difference between the two frames was the size of the joints, which were
based on two different bolt-group sizes: 315 mm X 230 mm for Frame A and 615 mm x

230 mm for Frame B (see Figures 3-5d and 3-5e).
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Table 3-2 Material properties of channel sections and brackets used for frame tests
after Lim and Nethercot (2004)

Components t fy fy

P (mm)  (Nmm?) __ (N/mm?)
Channel section 2.95 358 425
Brackets 2.98 200 305

(Double apex brackets
J— e

Ef;:iaa l
i
i

d i
30| k | Reaction beam Back-to-back Bolts H Back-to-back channel

o i I

channel-sections | b, ‘/l
1]

Reaction column

Section A-A

- (schematic representation only) % Location of lateral restraint

12000

(a) Details of the general arrangement for the frame test

1523 .. .98, 98, .98, , 1022 ., 1522 _ 985, 985, 985, ., 1523
/ \
10kN 10kN 10kN 10kN
20kN 20kN
2000 20kN 20kN h
12000

(b) Detail of point loads applied to the test frame (dimensions in millimeters)
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(e) Joints details of Frame B

Figure 3-5 Detail of the general arrangement of the test frame after Lim and Nethercot
(2004) (All dimensions are in millimeters)
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3.3. Validated shell FE model of NTB portal frames

3.3.1. Geometric modelling

A FE model was developed using ABAQUS (2021) to simulate the behaviour of NTB
portal frames. The frame was modelled to match the experimental details outlined in
Section 3.2.1, including the overall frame dimensions and the average cross-sectional
dimensions. The members (columns and rafters) in the model consist of two tapered G-
channels joined along the weld line. The entire frame is divided into six segments, each
connected by a plate. The tapering of the members was achieved using the shell lofting
option in ABAQUS (2021). The complete FE model of the portal frame is shown in

Figure 3-6.

Apex joint

Mid rafter joint

Eaves joint

One segment of NTB portal frame

Figure 3-6 FE model of NTB portal frame

3.3.2. Contact and connection modelling
Surface-to-surface contact was used to define the interaction between the webs of the

NTB member and the bolted-side plate. Two types of contact behaviour were specified:
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normal and tangential. For the normal behaviour, a "Hard" contact approach was
employed to manage pressure-overclosure interactions, with non-linear contact stiffness
applied. No failure was observed in the seam welds and bolted end plates during the
experimental tests. Consequently, the bolted end plates were modelled as elastic, with
only one plate represented instead of two, simplifying the model by omitting the bolts.
To simulate the interaction between the plate and the NTB member, 'Tie constraints' were
used (Paul et al., 2023).

3.3.3. Element type and material properties

All frame members were modelled using standard 4-node doubly curved thin shell
elements with linear interpolation, reduced integration, hourglass control, and finite
membrane strains (S4R elements) (ABAQUS, 2021). This element type has been
effectively used in previous studies of CFS portal frames (Blum and Rasmussen, 2019a;
Chen et al., 2021). For the columns and rafters, a fine mesh size of 12 mm X 12 mm (see
Figure 3-6) was used near the connections, where higher strain levels are anticipated. The
mesh size was coarser in the central portions of the members to reduce analysis time. The
same 12 mm % 12 mm mesh size was applied to the plates. Based on the mesh sensitivity
analysis, this mesh size was found to provide a good balance between computational

efficiency and accuracy of the results.

Material behaviour was modelled using a bilinear stress-strain curve with an elastic
modulus (E) of 200 GPa and a Poisson's ratio (¢) of 0.3, followed by piecewise linear
segments to represent true plastic stress-strain behaviour. The yield stress and ultimate
stress values for the FE model were obtained from coupon tests reported by

Shahmohammadi (2019) and are summarized in Table 3-1.

50



3.3.4. Boundary conditions, lateral restraint, and loading
As described in Section 3.2.1, the pinned column base boundary condition was applied
at the bottom of the base plate. This condition constrained all in-plane translations and

rotations except for rotation in the x-direction (see Figure 3-7).

Bolted end Plate

Boundary conditions: Uy=Uy=U;=Uxy=0

Figure 3-7 Boundary conditions and lateral restraint on the NTB portal frame

In the experiment, eight concentrated loads were applied to the rafter of the NTB portal
frame, as shown in Figure 3-1. Accordingly, in the FE model, these loads were directly
applied to the nodes on the rafters. All nodes at the column bases were coupled to a
reference point. Instead of modelling the base plate, MPC beam-type constraints
(Shahmohammadi, 2019) were used at the reference points to simulate the interaction
between the base plate and the column base. As illustrated in Figure 3-7, both
translational and rotational degrees of freedom at the column bases were fully restrained.
However, a spring with a stiffness of 2370 kNm/rad was assigned at the column bases to
allow for in-plane rotation, as suggested by Shahmohammadi (2019).

3.3.5. Analysis

A static geometric and material nonlinear analysis was conducted for the test frame

model. A single load step was defined, as the frames were subjected only to vertical loads.
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The analysis employed the "static general" option with a full Newton-Raphson solution

technique to handle the nonlinearities.

3.3.6. Comparison of the experimental test results with FE results

The FEA results were compared with experimental data to validate the accuracy of the
modelling approach. Table 3-3 presents the ultimate strengths predicted by the FEA
alongside the test results for the NTB portal frame. The ultimate load predicted by the
FEA (FiE%) closely matches the test result (FEXP) with a difference of less than 2%.
Several factors contribute to the observed differences, including potential imperfections
introduced during frame installation, variations in bolt pretension, and the eccentricity of
loading points—factors that are challenging to accurately model numerically.

Figure 3-8 illustrates the comparison of water load (excluding self-weight and other
loads, which is 24.4 kN) versus apex deflection curves from both experimental and FEA

results. Overall, the FE model demonstrates good agreement with the experimental data.

Table 3-3 Comparison of experimental test by Shahmohammadi (2019) and FEA results
of NTB portal frame

FEXP FEEA

NTBB Portal frame FEXP /FFEA
(kN)

End plate (EP) 143.9 140.9 1.02

Bolted-side plate

(BS-8mm thick) i 107.2 )

Bolted-side plate i 140.8 )

(BS-10mm thick)
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Figure 3-8 Water weight vs. apex deflection curve comparison of experimental and
FEA results
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(a)Experimental test after Shahmohammadi (2019) (b) FEA from this study

Figure 3-9 In plane failure at eaves joints of NTB portal frame from tests and FEA

3.4. Validated shell FE model of portal frames with back-to-back channels

Figure 3-10 illustrates the application of a similar modelling technique for a portal frame
with back-to-back channels, as detailed in Section 3.3 for the NTB portal frame. In this
model, the connections (bolts) between the channels and brackets were simulated using
“SPRING 2” elements (ABAQUS, 2021) (see Figure 3-11) to account for joint flexibility.
The in-plane stiffness of the springs, connecting a node on the channel with a node on a
bracket, was set to 6.21 kIN/mm, while the stiffness in normal direction was assumed to

be 1000 times greater than the in-plane stiffness.
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The S4R element was used to model the rafter, column, and brackets (eaves and apex) of
the portal frame. The mesh size was 15 mm x 15 mm for the column and rafter members,
and 10 mm x 10 mm for the brackets. A finer mesh of 5 mm x 5 mm was applied to the
middle of the apex brackets to more accurately capture the failure observed in the
experimental tests described in Section 3.2.2. A pinned boundary condition was used to

replicate the test conditions (see Figure 3-12).

Apex joint

10 mm x 10mm

[ "\ Base connection Eaves joint

Figure 3-10 Shell FE model frame layout

(a) Apex Joint (b) SPRING 2 element
P

Figure 3-11 FE idealisation of apex joints
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Lateral restraint: Uz=0

ateral restraint: Uz=0

Boundary conditions: Ug=Uy=0

Figure 3-12 Boundary conditions and lateral restraint on the portal frame FE model

3.4.1. Validation of the shell FE model

FEA results were compared with the experimental results to validate the suitability of the
modelling method. The ultimate strengths of the experimental test frames (FEX) and the
FEA model (FEE4) are presented in Table 3-4. As observed, the values of FEEA are close
to those obtained from the experimental tests and the differences are within 5% for both
Frames A and B. Load-displacement curves from the test also closely matched with the
curves of shell FE model for both the frames (see Figure 3-13). There are several
contributing factors to the differences, including varying degrees of bolt pretension and
eccentric location of loading points. These factors are difficult to account for in the

numerical model.

Table 3-4 Comparison of experimental (Lim and Nethercot, 2004a) and FEA results
form this study

FEXP FFEA
Frame u u FEEA JREXP
(kN) (KN)
A 76.7 74.3 0.97
B 106.7 101.7 0.95
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Figure 3-13 Load displacement behaviour of the portal frame from the test (Lim and
Nethercot, 2004a) and the shell FE model from this study

3.5. Shell FE model of the NTB portal frame with bolted-side plates
3.5.1. FE Modelling

As can be seen from Figure 3-14, both apex and eaves joints were changed into bolted-
side plate connections. The same load and boundary conditions were assigned as
discussed in section 3.2.1, with lateral restraint applied consistent with New Zealand

practice.

NTB member

Bolted-side plate

Bolted-side plate

i Boundary conditions: Ux=Uy=Uz=Uy;=Uxy=0
Figure 3-14 Boundary conditions of the NTB portal frame with bolted-side plate

A typical shell element model of the joint used in the portal frame is shown in Figure 3-

15. As can be seen, ‘SPRING 2' element was used to simulate the behaviour bolts at eaves
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joints. In-plane stiffness of the springs connecting one node on the NTB section with one
node on a bolted-side plate was 15.5 kN/mm (Y and Z-direction) while in the X-direction,

stiffness was assumed to be 1000 times of the other directions.

(a) Eaves joints (b) Spring 2 element

Figure 3-15 FE idealization of eaves joints for the NTB portal frame

Figure 3-17 illustrates the stress distribution within the NTB portal frame and indicates
that the failure of the NTB portal frame is primarily attributed to the buckling of the
bolted-side plate. Geometric details for the bolted-side plates used for this study can be

found in Figure 3-16.

0
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500 © o o
0 38 o)
(a) Bolted-side plate for apex joint (b) Bolted-side plate for eaves joint

Figure 3-16 Geometric details for the bolted-side plates for the NTB portal frame (all
dimensions are in millimeters)
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3.5.2. Effect of the bolted-side plate on the ultimate capacity

To assess the effect of bolted-side plates on the ultimate capacity of NTB portal frames,
the thickness of bolted-side plates was varied for eaves joints, and the analysis was rerun.
Figure 3-17 shows the von Mises stress contours for the column and rafter for two
different failure mode of NTB portal frame; one in the bolted-side plate and other is in
rafter and column of NTB portal frame. The red areas indicate where yielding has
occurred, and the observed failure mode is the buckling of the column and rafter members
near the eaves joint.

The load versus apex deflection curve, indicating failure within the members, is
illustrated in Figure 3-18 with a red line and a blue line, while the indigo line represents
the failure of the bolted-side plate at the eave joints. As shown in Figure 3-18, increasing
the thickness of the bolted-side plate at the eaves joint from 8 mm to 10 mm results in an
18% increase in the ultimate capacity of the NTB portal frame. When the thickness of the
bolted-side plate is increased further from 10 mm to 16 mm, the ultimate capacity of the
NTB portal frame increases by an additional 20%. More importantly, ultimate capacity
of NTB portal frame with bolted-side plates closely aligns the ultimate load capacity of
the NTB portal frame with that of bolted end plate joints when the thickness bolted-side
plates at eaves was 10mm. This highlights the significant effect of bolted side plate
thickness on the frame’s ultimate capacity.

The failure mode shown in Figure 3-17 is reasonably accurate, as the bending moment is
maximum and the slenderness ratio of the NTB member is minimum at the eaves joint.
If the bolted side plates do not have sufficient stiffness (i.e., are too thin), the failure will
occur in the bolted-side plates. Conversely, if the bolted side plates are thick, the overall
stiffness near the eaves will increase, enhancing the ultimate load capacity of the portal

frame. In this case, failure will occur in the NTB members.
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Figure 3-17 Stress contours of the NTB portal frame with bolted-side plate
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Figure 3-18 Effects of thickness on the ultimate capacity of NTB portal frame
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3.6. Parametric study

A parametric study was conducted to compare the ultimate load capacities of NTB portal
frames with rigid bolted end plate and bolted-side plate joints. Figures 3-19a and 3-19b
illustrate the parameters considered for the NTB portal frame and provide details of the
bolted-side plate joints used in this study. The results are summarized in Table 3-5.

As can be seen from Table 3-5, the NTB portal frame with the bolted-side plate system
can support 7% more load compared to the rigid bolted end plate system. It is important
to note that this parametric study utilized a simplified beam model of the portal frame.

Further details on the modelling approach can be found in Appendix B and C.

NTB450-450% 150X 5
NTB700-450x 150 8

L
(a) Parameters adopted for the NTB portal frame with bolted-side plate joints

Rotational stiffhess of

bolt group (K)=

10.78 x 10* kNm/rad t=8 mm

fy, =350 N/mm?
f,= 386 N/mm?

700

1050

Rotational stiffness

t=16 mm A o1
0 o il pex joints ofbolt K
_ 2 group (K)
i . L ?’ ggg E;mmz 38.5% 10° kNm/rad
= mm
L T u
100 500 100

Eaves joints

(b) Details of the bolted-side plate joints

Figure 3-19 Parameters for the NTB portal frames with bolted-side plate and details of
the bolted-side plate
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Table 3-5 Comparison of the ultimate load for NTB portal frame with bolted end plate
and bolted-side plate

Sl L ll lZ l3 h 9 Flizizlm Fl?e%m BS Ep .
No Fooam/ Fooam Failure
m kN/m
1 40 80 80 406 625 50 7.6 8.13 1.07 Near eaves
2 30 8.0 7.06 - 6.25 50 13.0 14.08 1.08 Near apex
3 25 8.0 455 - 625 50 18.46 19.8 1.07 Near apex
4 40 80 80 406 55 50 7.69 8.16 1.06 Near eaves
Mean 1.07
Co-efficient of variation 0.007

3.7. Summary

In this chapter, a non-linear FE model for NTB portal frames was developed and validated
against experimental tests by Shahmohammadi (2019) and (Lim and Nethercot, 2004a).
The study also explored the feasibility of using bolted-side plates in NTB portal frames.
The FE analysis revealed that bolted-side plates could increase the ultimate load capacity
by 17.5% compared to ultimate capacity of NTB portal frame rigid bolted end plate joint,
provided that the thickness of the bolted-side plates is 16mm. This would be due to the
confinement of the NTB member at eaves joint with the bolted-side plates which
increases the load carrying capacity of the NTB portal frame. It can be concluded that
bolted-side plate joint not only increased the load carrying capacity but also improving
the ductile behaviour of the NTB portal frame.

Additionally, a parametric study was performed to examine the effects of various
geometric parameters, such as the span and height of the NTB portal frame. In this study,
a simplified beam model was used for the analysis. The results demonstrated that a portal
frame with bolted-side plate joints can carry 7% more load than a frame with bolted end

plate joints.
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Chapter 4 Moment capacity of bolted-side plate for apex joint

4.1. Introduction

In portal frames, around 30-40% of the cost lie in the fabrication of the joints (SCI_P358,
2014;Toma’ et al., 1993). Additionally, the strength and stiffness of the CFS frame is
heavily influenced by the detailing of the joints. Following AS/NZ4600 (2018), joints
should have adequate strength to ensure the frame fails within the members, and the
design moment capacity of a joint should be equal to or exceed the moment to which the
joint is subjected, as predicted by the advanced analysis. This chapter considers the

strength of the bolted-side plate of the apex joint.

A photograph of NTB portal frame is shown in Figure 4-1 and its joints are formed
through the bolted end plate connections, as commonly found in the apex joints of
conventional hot-rolled steel portal frames. Such a joint detail, however, may be
considered as over-designed for cold-formed steel portal frames, where the clear span is

less than that of hot-rolled steel portal frames.

Apex joint with bolted end plate

Figure 4-1 Photograph of NTB portal frame with bolted end plate system
(Shahmohammadi 2019)
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Bolted-side plate

Note: no stiffener is used for plate thicknesses less than 8 mm

Figure 4-2 Schematic diagram of the bolted side-plates bolted to the webs of the NTB
section (Note that no stiffener is used for plate thicknesses less than 8 mm)

A simpler apex joint detail comprising bolted-side plates is proposed here, as shown in
Figure 4-2. As can be seen, the bolted-side plates are in pairs i.e., one on each side of the
NTB section. The bolt size is M16. Thicknesses of plates commonly available in New
Zealand are 3 mm, 5 mm, 6 mm, 8§ mm, 9 mm, 10 mm, and 12 mm (New Zealand steel
Ltd.). From discussions with practitioners, it is well-known that plates with a thickness
greater than 8 mm are difficult to fold. Therefore, only plates with a thickness of less
than 8 mm can be folded. It is assumed that the yield stress of the steel plate is 350 N/mm?

(New Zealand steel Ltd.). Figure 4-3 shows the parameters of the bolted-side plate

adopted in this paper.
A
A "’ Aa
ds o
- Ak l ) . - dab
i ¢a°"°n° qa"'vuu' %
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-] L]
blbd s o9 -
1 o @ a ©° L1 & o
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2] L a,
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Section A-A

Figure 4-3 Diagram showing the parameter of bolted-side plate for apex joints (dotted
lines represent the outline of NTB sections)
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As mentioned previously, only plates of thicknesses less than 8 mm can be folded. For
such plates a top-bottom stiffener arrangement is adopted i.e. a stiffener is folded at both
the top and bottom of the bracket. For plate thicknesses greater than 8 mm, no stiffeners

are used i.e. the plate is flat.

In this chapter, both opening moments (due to wind uplift) and closing moments (gravity
loading) were considered, as previous studies on portal frame connections were limited

to considering only gravity loading, which is equivalent to the closing moments.

In the literature, it was found that most portal framing systems used conventional end
plate connections. The use of a bolted side plate connection is an alternative to
conventional end-plate connections. As a result, there is no guidance found in the
literature on such bolted-side plate connections. Other portal framing systems with
hollow rectangular or built-up box sections described in the literature used an end-plate
connection system (Shahmohammadi et al. 2022;Wilkinson and Hancock, 1998; Jiza and
Jandera, 2022). While innovative beam-column connections have recently been
described using box system by other researchers, these were for modular construction
and were not related to bolted-side plates (Tekieh et al. 2022; Qin et al. 2022; Lacey et

al. 2019).

More general CFS portal framing systems described in the literature tend to use channel-
sections (either single or back-to-back) for the column and rafter members (Lim 2001,
Blum and Li 2021; Rinchen and Rasmussen 2019a; Oztiirk and Pul 2015). From the
literature, it is evident that bolted side-plate is used for both single and back-to-back
channel sections for apex joints (Blum and Li 2019; Oztiirk and Pul 2015; Lim and
Nethercot 2003). However, there is limited information available on the use of bolted-

side plates for apex joint in box sections. Although design guidance on the strength of
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apex brackets has been reported by Chen et al. (2021 and 2023a), it should be noted that
these guidelines are applicable only for brackets with thicknesses less than 4 mm and

connections formed through channel sections.

This chapter focuses on the moment capacity of bolted-side plate for apex joint when
NTB portal frames are under bearing gravity load or wind uplift load. Unified design
equations are provided to aid in the design of bolted-side plate with top-bottom stiffeners,

and with characteristics depicted in Figure 4-3.

4.2. Summary of experimental tests conducted by Lim (2001)

As stated in Section 1, no experimental tests using bolted side-plates for the apex joint
have been reported in the literature. Lim (2001) described apex joint tests using the
arrangement depicted in Figure 4-4. This section briefly describes the closest

experimental tests to bolted side-plates in the literature, and it will be used to validate the

FE modelling.
M
o }‘_-‘-"-‘_J;J{;E{ B ..
I e \, B gy e iy 15
11._75'. s ’é'.lf-‘:-r*f . ;!'"'_!,-‘ — —
— - = La ;-"l B ] .-’--:.7--
o o Full lateral restraint ) —— |
) Applied load Applied load A
Pin support Single apex bracket Pin support
| [ I
Gk
. Back-to-back channels
| |
Section A-A

Figure 4-4 Details of apex joint test conducted by Lim (2001) (dimensions in
millimeters)

The measured dimension of the channels tested is shown in Figure 4-5, and the details of
the apex brackets tested are tabulated in Table 4-1. The average yield stress of the channel,

measured from three tensile coupons, was 300 N/mm?. The yield stress of the apex bracket
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was summarized in Table 4-1. The pitch angle 8 shown in Figure 4-3 is 10° in the apex
joint.

4.3. FE modelling techniques for apex joints

This chapter uses the FE program ABAQUS (2021) to model the apex joint for portal
frames using the NTB section. The modelling techniques used in this paper are described
in this section.

4.3.1. Geometry

Details of the FE model for apex joint shown in Figure 4-5. As only pure moment load is
considered, the full model is not created. Instead, the bolted-side plates and the NTB
section with a cantilever length 3xb, are modelled. A representative of the pure moment
is applied at the end of the NTB section.

4.3.2. Contact and connection

To account for the contact between the NTB and the bolted side-plate, surface-to-surface
contact is simulated with “hard” normal behaviour and with the allowance for separation
after the contact. The “Penalty” friction formulation is considered, and the coefficient of
friction is assumed to be 0.2 (Chen et al. 2021). As seen in Figure 4-5a, the linear
translational “SPRING2” element (ABAQUS 2021), is used to idealise the behaviour of

bolted connections.

The weld between the edges of the G-section was modelled using a “tie constraint.” This
approach aligns with the method used by Lukacevi¢ et al. (2021) in their study, where

they employed a “tie constraint” to model welded back-to-back channel sections.
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4.3.3. Element and material

The bolted side-plate connection is modelled using the standard 4-noded doubly curved
thin shell elements (S4R) (ABAQUS, 2021). The NTB section and the bolted side-plates
are modelled with a mesh size of 15 X15 mm and 10 x10 mm, respectively (Paul et al.
2023). The simulated material behaviour follows an elastic-perfectly plastic force-
displacement relationship. Material property of the NTB section is modelled as a linear

elastic material. The initial modulus of elasticity (E) is 200 GPA.

4.3.4. Boundary conditions and loading

Nodes at the end of the NTB are coupled to reference points at the centre of the sections
in the simplified FE model. The reference points are subjected to the opening moment.
Nodes on the box's middle line are restrained in the X-direction, and one node in the
bolted side-plate's center is restrained in the Y-direction. As described in the reported test
setup, full lateral restraints are used on the webs of NTB section. Figure 4-5b shows the

boundary conditions and loading, which have assigned to the FE model.

The nodes of the end of
the channel are coupled
Tie constraints to the reference point.

t; > Bolt (SPRING2 element)

The nodes of the end of the
channel are coupled to the
reference point.

(a) Springs and coupling
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One node in the centre
of side plate: Uy=0

Load is applied to the
reference node: My

I"\l Nodes on the middle line of a
l];=0 side plate: Ux =0

Load is applied to the
reference node: —My, (b) Boundary condition and loading

Figure 4-5 Finite element model for bolted side-plate connection

4.3.5. Validation of the FE model

A static geometric and material nonlinear analysis was performed for the apex joint

model. A single load step was defined for the joint subjected to the moment. Table 4-1

summarises the results of nonlinear analysis on the apex joint. The failure load (ME4)

agrees well with the experimental results (MEXP), with a standard deviation of 0.04 and
an average difference of 7%. The buckling failure of the apex bracket in Figure 4-8,
matches the experimental results from Lim (2001) suggesting the modelling techniques
adopted here can be used for further study. It should be emphasised here again that in the
experimental tests described by Lim (2001), the apex was tested under four-point

bending, and so here only failure loads are reported.

von Mises (MPa)

373
342 =
311
280
249
218
187
155
124

Buckling of bracket
Figure 4-6 Buckling failure of the apex bracket of the fully restrained apex joints
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Table 4-1 Comparison of experimental and FEA results of apex joint tests by Lim

(2001)
MFEA
EXP FEA u
Test dg ba ds tb fy Mu Mu MEXP
(mm) (N/mm?) (kN. m)
1 406 340 80 2.99 272 32.5 31.7 0.98
2 700 340 80 2.95 262 35.0 323 0.92
3 475 340 65 4.06 305 55.0 51.6 0.94
4 550 340 80 4.09 311 57.5 53.7 0.88
5 700 340 80 3.94 373 75.0 64.7 0.93
Average 0.93
Standard deviation 0.04

4.4. Sensitivity analysis

A sensitivity analysis is used to narrow down the variables for the parametric study. The
variability to moment capacity is assessed using the FE model shown in Figure 4-5 by
taking into account the changes to the strength of the NTB member, stiffener
arrangement, thickness of the bolted-side plates and geometric parameters. The bolted-
side plates thickness is assumed to be 6 mm for this analysis, and the yield stress is 350
N/mm?. The values of as and bs for the bolted-side plates used in this section are 600 mm

and 300 mm, respectively.

4.4.1. Yield stress of NTB sections

In practice, NTB behaves like an elasto-plastic material. As shown in Figure 4-9, a
sensitivity analysis was performed to investigate the changes in joint capacity for NTB
sections with varying yield stresses. Varying the yield stress of the NTB sections from
200 N/mm? to 650 N/mm? demonstrates that when the yield stress of the NTB section is
low, failure may occur as a result of premature web buckling (Lim and Nethercot 2003).
As can be seen in Figure 4-7, when the strength of NTB section is sufficient then failure

is no longer sensitive to the yield stress of the NTB section and failure occurs in the
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bolted-side plate. Figure 4-7 indicates that considering the NTB section as elastic does

not affect the moment capacity.

150

—=o— Closing moment
125 ---8--- Opening moment

—_
o
S

Moment capacity of bolted-side
plate (kN.m)
a3
S o

0 100 200 300 400 500 600 700 elastic
f, (N/mm?)

Figure 4-7 Effect of yield stress of NTB (as = 600 mm, bs = 300 mm and t; =6 mm;
0=59%)

4.4.2. Bolted side-plates with different stiffener arrangements

Sensitivity analysis is useful for determining the best stiffener configuration to achieve
maximum moment capacity. Figure 4-8 illustrates the evaluation of both opening and
closing moment capacities for the two previously discussed stiffener arrangements. As
expected, the bolted side-plates exhibited the highest moment capacity when stiffeners
were applied to the top and bottom of bolted-side plates. Interestingly, there was minimal
difference in moment capacity between the scenarios for opening and closing moments,

indicating consistent performance of the bolted side-plates.

200
180 m Closing moment 12 mm

O Opening moment

12 mm 9 mm

Momment capacity of bolted-side plate

No stiffener Top-bottom stiffener

Figure 4-8 Effects of stiffeners arrangements (as = 600 mm, bs = 300 mm and t; =6 mm,;
and 0=5°)
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4.4.3. Thickness of side plates

A sensitivity analysis was performed by varying the thickness of the bolted side-plates
from 6 mm to 12 mm. For this analysis, the thickness of the NTB section was assumed
to be 6 mm, as changes in the NTB section thickness do not influence the moment
capacity of the bolted side-plates. As shown in Figure 4-9, the moment capacity of the
bolted side-plates increases with greater thickness. Based on these findings, it is

recommended to use a thickness range of 6 mm to 12 mm for the parametric study.

—e— Clsosing moment

200 ---#--- Oepning moment

Moment capacity of bolted-side plate

6 7 8 9 10 11 12
Thickness ( t, mm)

Figure 4-9 Effect bolted-side plates thickness (as = 600 mm, bs = 300 mm; 0=5°)

4.4.4. Geometric parameter

A sensitivity analysis was conducted on the geometric parameters of bolted-side plate,
considering, edge distance (aab), width of the triangular area to edge width of bolted side-
plate (as/bs), bolt distance (bg), and pitch (0). As shown in Figure 4-10a, the highest
moment capacity for bolted side-plate was observed when the edge distance (aa») was 30
mm. Therefore, an edge distance of 30 mm is recommended for the parametric study.
Figure 4-10b shows that the moment capacity of bolted-side plates increased with an

increase in the ay/bs ratio, and a ratio between 2.0 to 3.0 is recommended to save material.
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Since the moment capacity did not change significantly with bolt distance (bq), a bolt

distance of 120 mm is recommended (see Figure 4-10c).

For both the opening and closing moments, the moment capacity of bolted side-plates
increased with an increase in the degree of pitch of the frame (see Figure 4-10d). Since
pitches of 5° and 10° are commonly used for portal frames in practice, these values are

recommended for parametric study.
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a) Effect of edge distance (aap) (as = 600 mm, bs = 300 mm and t; =6 mm; and 0=5°)

150
—o— Clsosing moment

—_
N
w

---0--- Oepning moment

—_
o
(e}

w
[an}

Moment capacity of bolted-side
plate (kN.m)
Y =
(O] (O]

0

2.0 2.5 3.5 4.0

3.0
(as/bs)

b) Effect of the ay/bs ratio (bs = 300 mm and t; =6 mm; and 0=5°)
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Figure 4-10 Effect of geometric parameters

4.5. Moment capacity prediction

To investigate the minimum thickness of bolted side-plate, a parametric study is
conducted using the FE model shown in Figure 4-5. The first column of Table 4-2
summarises three different NTB cross-sectional geometries, consisting of two G-sections

and designated by web size, flange width, and thickness.
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Table 4-2 Selected variable for parametric studies

Moment
. . . capacity of
NTB section bs as/bg ts 0 Maten:al Unified BEOMEMMC TR section
properties parametric (My)
(mm) (mm) (kN.m)
- 3
300x 150x 6 300 E N%rg?;;lo agp=30 mm 82.0
50 . ds= 60 mm,
[2and3] [6~12] and y =350 With top-bottom
Without stiffener
1300 x 220 x 12 1300 u=0.3 753.1

4.5.1. Opening moment

The parametric study first examines the opening moment for the bolted-side plate of NTB
section using 170 finite element models, from varying four of the design parameters of a
bolted-side plate: bg, ag/bg, ts, 0. The remaining design parameters outlined in Table 4-
2 are held constant during the analysis to match the values normally seen in practice.
Each of the varied design parameters covers values typically used in design following
AS/NZ 4600 (2018). The edge width (bs) is increased from 200 mm to 1300 mm, and the
ratio ag/bg is varied between 2 and 3. Thickness varied from 6 mm to 12 mm in 1 mm

increments. 0 is 5° or 10°.

Linear regression analysis was used to fit a model with coefficients by minimising the
residual sum of squares between observed and predicted data. A linear regression
algorithm is used in this study to develop a design equation for the moment capacity. The
opening moment of the bolted-side plate with top-bottom stiffener (M$) and without

stiffener (M2) of the can be calculated by the following equations:

0 =0.003 x ag%3% x b"*** x f, x (sin )°478 x t1?7 4.1

9 =0.003 xa,%®3 x b"7™* x f, x (sin )*684 x £1367 4.2
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Where, units of ag, bg and tg are in mm, the unit of f;, is kN /mm?, and the unit of M2 is

kNm.

4.5.2. Closing moment

Next, the moment capacity of the closing moment is analysed using the same parametric
values as the previously discussed opening moment. These results in 170 FE models
subjected to pure moment are evaluated with variations in by, ag/bg, tg, 6, corresponding
to the range of values shown in Table 4-2. The closing moment capacity follows similar

trends to the opening moment capacity.

For closing moment, the minimum thickness of bolted side-plate with top-bottom

stiffener (MS) and without stiffener (My5;) of the can be calculated by the following

equations:
MS = 0.002 X ag~%%%5 x b*'%7 x £, x (sin ) 70* x 53692 4.3
Mg = 0.001 x a;%%% x b '”®® x f, x (sin §)°0% x t1201 4.4

Where, units of ag, bs and tg are in mm, the unit of f; is KN /mm?, and the unit of M is

kNm.

A reliability study was carried out to evaluate the performance of the proposed design
equations. In North American Specification, a target reliability index of 2.5 is
recommended as a lower limit for cold-formed steel structural members AISI S-16
(2016). If the reliability index is greater than or equal to 2.5, the design rules are reliable.
The reliability indices determined for the proposed equations are shown in Table 4-3 and
all are greater than the target reliability index of 2.5 AISI S-16 (2016), both with and

without stiffener, indicating that the proposed equations are reliable when predicting the
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minimum thickness for bolted-side plates. It should be noted that equations are not

applicable for 8 is equal to 0°.

Table 4-3 Reliability analysis of proposed equations for moment capacity of bolted-side

plate
FEA FEA FEA FEA
Ratio of equations /Proposed /Proposed /Proposed /Proposed
Eq(4.1) Eq(4.2) Eq(4.3) Eq(4.4)

Data number 45 45 45 30
Mean, Py, 1.04 1.05 1.04 1.03
Coefficient of variation, COV 0.08 0.07 0.08 0.08
Reliability index, B’ 2.55 2.57 2.55 2.52
Resistance Factor, ¢ 0.95 0.95 0.95 0.95

4.6. Design recommendation

Table 4-4 shows the design recommendations for the minimum thickness of the bolted-
side plates for the case where there is no top-bottom stiffener. (The thickness shown in
brackets is for the case where stiffeners are included. As mentioned previously only plates
with a thickness of 8 mm or less can be stiffened) The design recommendations cover a
frame pitch of 5% and 10°.

As can be seen from Table 5, for NTB 200 x 125 x 5 section, ag/bs = 2.0 and 6= 5°
minimum thickness required for bolted side-plate is 9.0 mm for closing moment, whereas
for as/bs = 3.0, thickness required is 7.1 mm. Therefore, minimum thickness for the bolted
side-plates requirement is decreased for a particular NTB section with increase in ay/bs

ratio.
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Table 4-4 Minimum thickness of bolted side plate (in millimetres) predicted from
equations (Eq-4.1 to 4.4)

a) Frame pitch of 5°
ag/bg
NTB Section Opening moment Closing moment
2 3 2 3
200x 125x 5 72(62) 7.1 (N/A) 9.0 (6.2)' 7.1 QNAY
400x 150x 8 9.5 (8.5)! 9.0 (7.6)! N/A3 (8.6)! 10.0 (7.6)!
1300 x 220 x 12 11.3 (N/A)! 11.2 (N/A)! N/A3 (10.6)! N/A (9.4)!
b) Frame pitch of 10°
ag/bg
NTB Section Opening moment Closing moment
2 3 2 3
200x 125 x 5 6.8 (6.4)! 6.7 (N/A)'3 6.8 (N/A)!3 6.7 (N/A)'3
400x 150 x 8 9.2 (9.0)' 9.1 (7.1)! 9.2 (6.6)" 9.0 (N/A)!3
1300 x 220 x 12 10.6 (N/A)! 10.6 (9.3)! 12.0 (8.2)! 9.3(7.3)!

Note:
1. Thickness shown in parentheses indicates the reduced minimum thickness for the case when a top-

bottom stiffener is folded (only applicable only for thicknesses of plate less than 8 mm).
2. Not applicable in this case as the thickness of plate would be greater than 8 mm.

3. Not applicable in this case as the equation is beyond the range.

4.7. Summary

In this chapter, apex joint with bolted-side plates for NTB portal frame have been studied
using the FEA. A FE model is developed for bolted-side plate connection for NTB section
and validated against the experimental test on apex joint with back-to-back channel
section after Lim (2001). Using the validated model, a sensitivity analysis is performed
by varying the parameters such as yield stress of NTB sections, thickness of bolted-side
plates, edge distance of bolts and length to depth ratio of the bolted-side plate. Based on
the sensitivity analysis, parameters for the analysis are chosen and analysis results are
used to propose the design recommendation, i.e., equations for the minimum thickness of
the bolted side-plates for different NTB sections under opening as well as closing

moment. A reliability analysis has been conducted to confirm the reliability of the
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proposed equations. Reliability index (B") of the proposed equations is greater than 2.5,

and hence equations are reliable and can be used for the practical design.
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Chapter 5 Moment capacity of bolted-side plate for eaves joint

5.1. Introduction
As stated in AS/NZ4600 (2018), the joints must be strong enough to prevent the frame
from collapsing, and the design moment capacity of the joint must match or surpass the

joint’s moment capacity as calculated using advanced analysis methods.

In NTB portal frames, the eaves joints are commonly formed through bolted end plate
systems (See Figure 5-1). As can be seen, the NTB members are welded by full
penetration butt weld to the plates and then bolted together to form the joints. However,
these joints are prone to cracking in the HAZ of the weld under bearing opening moment
(Wilkinson and Hancock, 2000) and are costly in terms of fabrication (Shahmohammadi

et al., 2022).

To address the above issue, bolted-side plates can be used in the eaves joints for the NTB
portal frame as an alternative (see Figure 5-2). As can be seen, bolted-side plates have no

stiffeners, as thicknesses greater than 8mm are difficult to fold in practice.

Eaves joints

Figure 5-1 A photograph of NTB portal frame and its eaves joints (Donovan Group
Ltd.)
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Bolted-side plate

NTB

Figure 5-2 Eaves joint with bolted-side plates for NTB portal frame (Note: Plates
thickness is greater than 8mm used and M20 bolts are considered)

The overall strength and stiffness of NTB portal frames with bolted-side plates joints are
affected by the detailing of the bolted-side plate (i.e. overall dimensions and thickness of
the bolted-side plates, number of fasteners, etc.). Guidance in AS/NZ 4600 (2018) is
limited to stating that joints should be designed to have adequate strength and ductility to
ensure the structure fails within the members, and no guidance is provided on the

detailing of the joints.

Bolted-side plates for eaves joints should thus be sized to ideally have sufficient strength
such that failure occurs in the NTB members of the portal frame. Proper sizing of the
bolted-side plate transfers the load to the member (Lim and Nethercot, 2003; Lim and

Young, 2007; Mojtabaei et al., 2020).

In the literature, Dubina et al. (2006); Kwon et al. (2006); Zhang et al. (2016a) described
experimental tests on eaves joints. These studies comprise eaves brackets sandwiched
between back-to-back channels and consider the rigidity and stiffness of the joint. None
of these studies, however, focuses on the prediction of the moment capacity of eaves
brackets. Experimental tests by Rinchen and Rasmussen (2019b) and Pouladi et al. (2019)

focused on the flexural behaviour and stiffness of eaves joints, without considering the
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strength of eaves brackets. Additionally, all the previously described experimental tests
limit their considerations to eaves joints under closing moments. Lim and Nethercot
(2002b) provided guidance for sizing fully restrained eaves brackets used in CFS portal
frames by considering the strength of joints for closing moments. Recently, Chen et al.
(2023b) extended the study conducted by Lim and Nethercot (2002b) on eaves brackets
by considering eaves joints as partially restrained under both bearing opening and closing
moments and proposed a unified equation for predicting the moment capacity for the
eaves brackets. However, no information was found related to the design of bolted-side

plates for the eaves joint of NTB portal frame.

This chapter thus fills an existing research gap by investigating the closing and opening
moment capacities of bolted-side plates of eaves joints for NTB portal frame. Unified
design equations are proposed for designing bolted-side plates for eaves joint with

parameters illustrated in Figure 5-3, considering both closing and opening moments.

=
® @ 0 @ ° °© 0 O
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. o

ba -
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Figure 5-3 Diagram showing the parameter of a bolted-side plates for eaves joints (red
dotted line shows the NTB member)
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5.2. Summary of experimental tests by Lim and Nethercot (2002b)

The eaves joint tests conducted by Lim and Nethercot (2002b) are the only experimental
tests described in the literature specifically designed to assess bracket strength and are
the closest tests to bolted-side plate joints. The test set-up details are shown in Figure 5-
4a, with idealized pure bending on the eaves bracket. As illustrated, only one eaves
bracket was bolted to the back-to-back channels and full lateral restraints were applied to
the eaves bracket. The channel dimensions used in the tests are shown in Figure 5-4b. In
the tested eaves bracket with only bottom stiffeners, the pitch angle 8 is 0°. All joint tests
failed due to premature buckling of the eaves bracket. The moment capacity (MEXF) was

calculated from the failure load and is tabulated in Table 5-1.

d i <
S Pin support
i
=3
1 |
L Applied load.
S 3
Section A-A (1B2C) —
r ’Lﬂ
‘ ﬁ § l: N :‘ F]:H lateral restraint
- »
Pin support Applied load.
(a) Test set up
- |
| | |
2.95
e
© |
% 1
|
|
a1l | Js
88 |l o o
All dimensions are in millimeters

(b) Dimensions of back-to-back channels

Figure 5-4 Details of eaves joint test by Lim and Nethercot (2002b)
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5.3. FE modelling techniques for eaves joints
The modelling techniques used in this chapter are validated against the results of the
experimental tests described in Section 5.2. The CFS eaves joints are modelled using the

FE program ABAQUS (2021).

5.3.1. Geometry

Details of the FE model geometry is shown in Figure 5-5. The bolted-side plates and the NTB
member with a cantilever length 3 X b, are modelled, and as only pure moment load is

considered, it is not necessary to model the whole experimental test setup (Paul et al., 2023).

ie constraints to

§ simulate weld
Bolt (SPRING?2 element

The nodes of the end of the
sections are coupled to the
reference points.

The nodes of the end of the
sections are coupled to the
reference points.

(a) Springs and coupling
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Partial lateral restrained
1 bracket: Uz=0

i . Moment (Mz) is applied to the
reference point on the rafter

Partial lateral restrained
bracket: Uz=0

RP-

“Boundary condition applied to
reference point on the column:
UX = UY = URZ =0

(b) Boundary condition and loading

Figure 5-5 Details of FE model for eaves joint of NTB portal frame
5.3.2. Contact and connection

Surface-to-surface contact between NTB member and bolted-side plates is simulated and
the behaviour of bolted connections is modelled using the “SPRING2” element. The

details of the contact and connection are the same as in Section 4.3.1.2.

5.3.3. Element and material

Standard 4-noded doubly curved thin shell elements (S4R) in ABAQUS (2021) are used
to model the eaves joint. The mesh sizes used to model the NTB members (columns and
rafters) and the bolted-side plates are 15 mm X 15 mm and 10 mm % 10 mm, respectively.

The simulated material behaviour follows an elastic-perfectly plastic model. The initial

elastic modulus (E) used was 200 GPA.
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5.3.4. Boundary conditions and loading

In the FE model, reference points are created at the center of the end sections and coupled
to the end nodes. The reference point on the rafter bears the closing moment. As shown
in Figure 5-5b, the reference point on the column is limited to rotation along the axial Z

direction (URz=0) and displaces in-plane (Ux=Uy=0).

5.3.5. Validation of FE model

Table 5-1 summarizes the outcomes obtained from a static nonlinear analysis conducted
on the eaves joint. The calculated failure load (M{E#), aligns closely with the
experimental results (MEXF), exhibiting an average of difference 4.0 % and a small
standard deviation of 0.08. The observed buckling failure of the eaves bracket, as shown
in Figure 5-6, corresponds to the experimental findings reported by Lim and Nethercot
(2002b). Therefore, the aforementioned FE modelling technique can be used for the

further investigation in the current research.

von Mises (MPa)
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143
125
107
g9
72
54
36
I = J
o s

Buckling

Figure 5-6 Buckling failure of fully restrained eaves bracket
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Table 5-1 Comparison of experimental and FEA results of eaves joint tests after Lim

and Nethercot (2002b)

EXP FEA M=

Test de be ds tp fy lv[U lv[U MST
(mm) N/mm? (kN.m)

1 400 344 20.4 291 207 33.0 33.87 1.03
2 400 352 31.5 2.98 214 40 40.05 1.00
3 400 346 46.8 2.96 209 45 42.20 0.94
4 400 342 102.6 2.98 213 52 44.32 0.85
Average 0.96
Standard deviation 0.08

5.4. Sensitivity Analysis

The eaves joint FE model shown in Figure 5-5 is used to conduct a sensitivity analysis
on the yield stress of NTB member, the thickness, and other geometric parameters of the
bolted-side plates. In Section 5.5, the prediction equations consider the variability of the
thickness and other geometric properties. However, in this sensitivity study, thickness
and yield stress of NTB member are treated as constant and set to be 6 mm and 350
N/mm?, respectively. The geometric dimensions of the eaves bracket are ax=750mm,

bk=375 mm, and 6= 0° (see Figure 5-3).

5.4.1. Yield stress of NTB sections

The validated FE model assumes a linear elastic behaviour for the NTB member.
However, in real construction, the NTB member material behaves in an elasto-plastic
manner. Varying the NTB member yield stress provides further insight into how the
moment capacity changes with the strength of NTB member. The sensitivity analysis
varies the yield stress of NTB section from 100 N/mm? to 700 N/mm?. The ultimate
moment capacities of eaves joints are shown in Figure 5-7. As can be seen, for the given
eaves joints, members with inadequate yield strength, (less than 600 N/mm?), causing the

joints to fail in the NTB member. In the parametrical study of Chapter 5.5, to avoid the
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failure that occurs on the NTB member, the linear elastic property is assumed for the

NTB member.

1400 | —%— Closing moment of elastic NTB
—e— Opening moment of elastic NTB
1200 | - - Closing moment of elasto plastic NTB

--------- Opening moment of elasto plastic NTB

Momenet capacity of bolted-side plate

0 200 400 600 elastic
Yield stress (fy, N/mm?)

Figure 5-7 Effect of the yield stress (fy) of the NTB member on the moment capacity (bx
=750 mm, ax = 375 mm, and t, =6 mm; 0=0°)

5.4.2. Thickness of bolted-side plates

A sensitivity analysis was performed to evaluate the effects of varying thicknesses on the
moment capacity of bolted side plates. The thickness was varied from 8 to 16 mm. In
contrast, the thickness of the NTB section was held constant at 6 mm for this sensitivity
analysis. It was observed that altering the thickness of the NTB section had no significant
effect on the moment capacity of the bolted side plates. As can be seen from Figure 5-8,
the relationship between the thickness of the bolted side plates and the corresponding
increase in moment capacity is almost linear. Based on these findings, it is recommended
to consider varying the thickness of the bolted side plates within the range of 8§ mm to 16

mm for the parametric study.
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Figure 5-8 The effect of thickness (ts) on the moment capacity of bolted-side plates (bx
=750 mm, ax = 375 mm; 0=0°)

5.4.3. Effects of bolts-group

The influence of bolt group size on the moment capacity of side plates was also
investigated. As illustrated in Figure 5-9, a marginal 1% reduction in moment capacity is
observed when the bolt group size increases from 7 X5 to 9 X5 for both closing and
opening moment capacities. Beyond this point, the moment capacity remains relatively
constant. Given that the primary objective of this study is to obtain the moment capacity
and bolts group has limited influence on the moment capacity, it is advisable to use the

practical bolt group size of 9 X 5.

800
.}9) —8— Closing moment
¢ —aA— Opening moment
]
51 600
PN
% g A & A
bé/ 400
93
o
5E -
S 200 .- —e
0]
g
=

0
7X5 9 X5 11 X5
Bolts group

Figure 5-9 Effect of the bolts group size on the moment capacity (bx = 750 mm, ax =
375 mm, and t, =6 mm; 6=0°)
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5.4.4. Geometric parameters

The effects of different geometric parameters of bolted-side plate for eaves joints on the
moment capacity are investigated. The parameters investigated were edge distance (asq),
ratio of edge width of bolted-side plate to extended length of bolted-side plate (bi/ax),
bolt distances (by or b,) and pitch (0) of the portal frame. The ranges for these parameters

were 40 mm to 60 mm, 0.3 to 0.7, 85 mm to 100 mm, and 0° to 10°, respectively.

From Figure 5-10a, it is evident that the bolted-side plate achieved its highest moment
capacity with an edge distance (asq) of 50 mm. Therefore, it is recommended to maintain

an edge distance of 50 mm for the subsequent parametric study.

As can be seen from Figure 5-10b, the moment capacity of the side plates increases with

the aw/bk ratio. To optimize the material usage, ax/bx ratio is suggested to be in between

0.3 and 0.5.
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(a) Effects of asq on the moment capacity
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(e) Effects of bq on the moment capacity

Figure 5-10 Effects of different geometric parameters on the moment capacity (bx = 750
mm, ax = 375 mm and t; =6 mm; 6=0)

Figure 5-10c shows that the frame’s pitch (0) has a negligible effect on the moment
capacity of the bolted-side plate for both closing and opening moments. In New Zealand,

the recommended value for the frame’s pitch is 5° to 10°.

Figure 5-10d depicts the effects of horizontal bolt distance in bottom row of bolt group
on the moment capacity of the bolted-side plate. As can be seen from Figure 5-10d, the
moment capacity of the bolted-side plate in eaves joints is influenced by the horizontal
distance between the bolts for both closing and opening moment. In this study, the ratio
between the distances of the top and bottom row of bolt group (b,/by, ratio) was
considered, as these distances were not equal. When the b, /by, ratio is approximately

0.94, moment capacity of the bolted-side plate is maximum.

Figure 5-10e depicts the influence of the horizontal bolt-distance, b4, on the moment
capacity of the bolted-side plate. The moment capacity increases as the bq distance
increases and reaching its maximum at 650mm. For bg =650mm and bx = 750mm,

horizontal side distance (2*asp) should be 100mm. As the moment capacity is maximum
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when bq = 650mm, moment capacity for side plate is also maximum when as = 5S0mm.

Therefore, it is advisable to use horizontal side distance of 50mm.

5.5. Moment capacity prediction

The moment capacity of bolted-side plate for eaves joint is further investigated by
conducting a parametric study using the validated FE model shown in Figure 5-9, for the
partially restrained eaves joint. Three alternative cross-section geometries of the NTB
member, identified by web size, are considered as tabulated in Table 5-2. As described

in Section 5.4.1, the NTB in the eave’s joints are assumed to be linear elastic.

Table 5-2 Selected variable for the parametric study

Moment
. Unified capacity of
NTB section B ts ay /by lz/late:tlfll geometric ~ NTB section
properties parametric (Mp)
(mm) kNm
- 3 _
700 x 125 x 5 700 0 o FON0I0T 2 omm, 4000
. agp= 50 mm,
750 x 150 x 6 750 S0 and ke ’;f] /;1313 0 e 1105.6
800 x 150 x 8 800 u=0.3 <=100 mm 4109.0

5.5.1. Closing moment

A parametric study composing 301FE models is conducted to analyse the closing moment of
the bolted-side plate. The edge width, by, varies from 700 mm to 800 mm, and the ratio
ay/by is adjusted between 0.3 and 0.5. The thickness, t, varies from 8 mm to 16 mm in steps
of 0.5 mm. Frame pitch (6), was varied from 0° to 10°. The remaining design parameters are

listed in Table 5-2, following the AS/NZ4600 (2018) design standard.

The parametric study shows variations in the closing moment. The ratio ay /by is directly
correlated to the moment capacity, as presented in Figure 5-10b. In this study, unified

design equations for the moment capacity are created using a regression analysis. The
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closing moment capacity (Mgs) of the bolted-side plate can be predicted using the
following equation:

Mg = 2.77 x 2 %% x b *®% x £, x (cos8)170 x 2761 x 10713; tg < 12.0 5.1
Mg = 2.95 X a,%#15 x by > 7 x £, X (cos8) 709 x t3877 x 10714 t, > 12.0 5.2

Where, units of ay, by, and t, are in mm, the unit of f;, is kN/ mm?, and the unit of Mg

is kKNm.

5.5.2. Opening moment

To predict the opening moment capacity of bolted-side plate for eaves joint, the 301 FE
models described in Section 5.5.1.1 are employed. The parametric study shows the opening
moment capacity of the bolted-side plate follows similar trends to the closing moment
capacity of bolted-side plate. As illustrated in Figure 5-10b, with increasing the ratio of ak/bk

decreases its opening moment capacity.

The moment capacity for the closing moment was also investigated, employing the same
set of parametric values as those used for the previously discussed opening moment. In
this analysis, a total of 301 FE models were subjected to pure moment, while varying by,
b/ ax, ts, and 6 within the range of values presented in Table 5-2. The evaluation of the
closing moment capacity reveals trends similar to those observed for the opening moment

capacity.

To predict the opening moment capacity (Mg) of the bolted-side plate, the following

equations can be used for the calculation:

Mg = 6.15 x 2;.°3% x b >*17 x £, x (cos 0)% x t1235 x 107° 5.3

Where, units of a, by, and t, are mm, the unit of f,, is kN/ mm?, and the unit of My is

kNm.

93



1400 | —@— Closing moment from FEA
— &— Closing moment from Eq-5.1 &Eq-5.2

1200 —&— Opening moment from FEA

---&--- Opening moment from Eq-5.3

Momenet capacity of bolted-side plate
(kNm)

br = 700 mm; ax = 210 mm and 6=0°

8 10 12 14 16
Thickness (t, mm)

(a) Comparison of FEA data with the data from the equation proposed

2500 T T T T

® C(losing moment

) 2000 - ® Opening moment

(kN.m

—
8)]
=
o
1
1

1000 ~ .

500 -+ -

Predicted moment capacity

0 500 1000 1500 2000 2500
Moment capacity from FEA (kN.m)

(b) Predicted data points from the proposed equation with FEA data points

Figure 5-11 Comparison of predicted moment capacity from the proposed equations
with the FEA results

A reliability analysis was conducted to evaluate the accuracy of the proposed equations.
According to AISI S-16 (2016), a target reliability index of greater than 2.5 is
recommended for CFS structures. Since the reliability index for the proposed equations
exceeds this threshold (as shown in Table 5-3), the equations can be considered reliable.

Figure 5-11 illustrates the comparison between the FEA results and those obtained using
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the proposed equations, demonstrating a strong correlation. It is important to highlight
that these equations are valid within the specified thickness range of 8.0 mm to 16.0 mm.
Additionally, the equations can be used to predict the moment capacity of the bolted-side
plates within this range.

Table 5-3 Results of the reliability analysis of the proposed design equations

Ratio of equations FEA /Proposed  FEA /Proposed

Eqg-1 Eqg-2 and Eq-3
Data number 186 190
Mean, Py, 1.0 1.0
Coefficient of variation, COV 0.03 0.03
Reliability index, B’ 2.52 2.50
Resistance Factor, ¢ 0.95 0.95

5.6. Design recommendation for the bolted-side plate

As illustrated in Figure 5-3, the dimension of the bolted-side plate is dependent on the
total length of the edge width (bx) and the extended length (ax) of bolted-side plate,
respectively. For calculating the length of the bolted-side plate (lk), it was assumed that
the bolted-side plate should resist the moment capacity of NTB members (see Table 5-
2).

Table 5-4 shows the calculated minimum length of the bolted side plate (Ik) using
equations 5.1 to 5.3. For the NTB cross-section with dimensions 750 x 150 x 6, where by
is 750 mm, 0 is 0°, and t; is 8.0 mm, the extended length of eaves (ax) calculated using
Eqg-1 for closing moment, is 123.1 mm. Consequently, the total length of the eaves (lk)
will be 973.1 mm. In contrast, the minimum length stipulated for opening moments is

802.1 mm.
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5.7. Summary

This chapter employs validated modelling techniques, based on previously reported
experimental tests, to develop design equations for predicting the moment capacity of
bolted-side plates. The reliability of these proposed equations was assessed, yielding a
reliability index greater than 2.5, which confirms their robustness. A sensitivity analysis
was conducted on the eaves joints, considering factors such as the yield stress of the NTB
members, the thickness of the bolted-side plate, and the geometric parameters commonly
used in practice. The ultimate load capacity of the eaves joints is primarily influenced by
the strength of the bolted-side plates, provided the NTB members have sufficient capacity
to resist buckling. Finally, a design recommendation is presented for calculating the
optimal length of the bolted-side plate for eaves joints in NTB portal frames, based on

the outcomes of the parametric study.
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a) Pitch of frame, 8 = 0°

Table 5-4 Minimum length of bolted side-plates (in millimeters) from Eqg-5.1 to 5.3

Ix (mm)
NTB Section Closing moment Opening moment
ts =8.0 ts =100 t,=12.0 tg=14.0 ts=16.0 ts =8.0 ty =10.0 tg=12.0 tg=14.0 ty =16.0
(mm) (mm)
700 x 125x 5 880.1 825.5 793.4 766.2 749.9 727.8 712.7 706.7 703.8 702.5
750x 150 x 6 970.0 903.3 864.1 828.6 809.3 798.8 772.2 761.7 756.8 754.2
800 x 150 x 8 10574 979.3 933.5 889.1 867.2 879.2 836.1 819.0 811.0 806.9
b) Pitch of frame, 6 = 5°
lx (mm)
NTB Section Closing moment Opening moment
ts =8.0 t; =100 t;=12.0 ty = 14.0 ts =16.0 ts =8.0 tg =10.0 ty =12.0 ty =14.0 ty =16.0
(mm) (mm)
700x 1255 882.5 827.2 794.7 766.1 749.9 729.7 713.5 707.1 704.1 702.5
750x 150 x 6 973.1 905.4 865.7 828.5 809.2 802.1 773.7 762.5 757.2 754.5
800x 150 x 8 1061.0 981.8 9354 889.0 867.1 884.5 838.5 820.2 811.7 807.3
¢) Pitch of frame, 8 = 10°
Ix (mm)
NTB Section Closing moment Opening moment
ty =8.0 ts =100 t,=12.0 tg =14.0 ty =16.0 t; =8.0 tg =10.0 ty =12.0 tg =14.0 tg =16.0
(mm) (mm)
700x 125%x 5 890.3 832.6 798.7 766.0 749.8 736.0 716.4 708.6 705.0 703.1
750x 150 x 6 982.6 912.0 870.6 828.3 809.1 813.2 778.8 765.1 758.8 755.5
800x 150 x 8 1072.0 989.6 941.1 888.8 866.9 902.6 846.7 824.5 814.2 808.9
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Chapter 6 Method of predicting vertical load for portal frames with back-
to-back channel sections-a case study

6.1. Introduction

In New Zealand and Australasia, CFS portal frames with back-to-back channel sections are
widely used in warehouses, shelters, garages, and agricultural buildings (see Figure 6-1). The
eaves and apex joints of these portal frames are typically semi-rigid, formed using brackets
bolted to the channel webs. While an eaves brace (see Figure 2-6a) can enhance stability, it is
often avoided due to its impact on clear column height. In practice, designers often assume
these joints to be rigid without accounting for shear lag effects, which can lead to unsafe
designs due to sudden failures in the columns near the bolt-group. While the current design
guidelines (e.g. Australian and New Zealand design guidelines AS/NZ 4600, 2018) for portal
frames generally specify that joints must not fail before the members, they do not provide any

clear guidance for designers on predicting the load-carrying capacity of such systems.

Eaves joint )
.

I T H‘ l Note: ty is the thickness of bracket
t
c e Bolt group size:
o ° \ ay, X by-(m x n)
o o |
d |
o o
| Bolt group size:

. R ap X by-(m > ) Details of apex bracket

1 ] '—bv—J

L-.—b—— Details of eaves bracket

b) Back-to-back channel section ¢) Bracket details

Figure 6-1 Photograph of a CFS portal frame building with back-to-back channel section and
its joints
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In terms of full-scale tests, several studies in the literature have reported on CFS portal frames
with back-to-back channel sections for the columns and rafter members. These are described
here in chronological order. Kirk (1986) conducted full-scale tests on a back-to-back portal
framing system, known as the Swagebeam system. The novelty of the system was that rigid
joints could be formed as a result of interconnecting swages. It was found that the Swagebeam
channel-sections failed with a reduced moment capacity (see Figure 6-2), as a result of being
adjacent to moment-resisting bolted connections, combined with shear lag effects (Mojtabaei
et al. 2020, 2021; McCrum et al. 2019). Lim and Nethercot (2004) described full-scale tests on
a more general portal frame, with back-to-back channel sections that used back-to-back
brackets bolted to the web of channel-sections for the joints. Figure 6-3 shows an ‘‘aerial”’
view of the test. It was found that the joints were semi-rigid due to bolt-hole elongation.
Wrzesien et al. (2015) conducted experimental tests on full-scale portal frames, one having
roof sheeting and the other without roof sheeting. It was shown that while stressed-skin action
reduced frame deflections by 90% under horizontal load, there was almost no effect from
stressed-skin action under vertical load. Zhang et al. (2016) conducted full-scale portal frame
tests with eaves braces (see Figure 2-6a). In this case, the focus of the research was not the
joints but, on the lateral-torsional buckling of the columns. Blum and Rasmussen (2019a)
described similar tests to Zhang et al., again with the back-to-back channel sections failing
through lateral-torsional buckling of the column member. One of these tests was conducted
with braced columns, which comprised girts on the columns between the frames. Failure was
initiated by buckling of the apex bracket which caused large vertical displacements at the apex,
and subsequent frame failure occurred at both the apex joint and the rafter at the knee-brace
connection locations. Mojtabaei et al. (2018) investigated the seismic performance of an
innovative CFS moment-resisting frame through both experimental and analytical methods.

The study concluded that a 50% increase in the axial load ratio of the columns led to reductions
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of 26%, 62%, and 50% in the ultimate lateral load, energy dissipation capacity, and ductility
ratio of the studied CFS frame, respectively. McCrum et al. (2019, 2021) conducted portal
frame tests under both monotonic and cyclic loading. Their tests demonstrated that ignoring
the reduced moment capacity of the channel-sections, due to shear lag effects near the moment-
resisting bolted connections, could lead to overestimating the frame capacity by as much as

40%.

Buckling of
Swagebeam
section

Figure 6-2 Failure of Swagebeam portal frame joint due to joint arrangement after Kirk
(1986)

Figure 6-3 Full-scale portal frame test (Frame B) after Lim and Nethercot (2004)
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Experimental component tests on the moment-capacity of cold-formed steel apex brackets have
also been reported in the literature (Oztiirk and Pul, 2015; Peng et al., 2018; Blum and
Rasmussen, 2019b). It should be noted that all these experimental tests relate to the apex
bracket being tested under opening moment (see Figure 2-17a). Figure 4-6 shows the typical
buckling failure. None of these tests, however, proposed design recommendations for the
moment capacity of the apex brackets. Such design recommendations for opening moment,
were proposed by Chen et al. (2021), using the result of a validated nonlinear elasto-plastic FE
model; this model assumed full lateral restraint. More recently, Chen et al. (2023a) proposed a
revised set of equations for partially restrained brackets, this time under both opening and

closing moment, consistent with New Zealand practice in terms of bracket size and restraints.

In terms of the eaves joint, while experimental component tests have been described (Zhang et
al., 2016a; Dubina et al., 2006; Kwon et al., 2006; Chung and Lau, 1999; Lim and Nethercot;
2002b), only Lim and Nethercot (2002b) conducted tests to determine the strength of the eaves
brackets. More recently, Chen et al. (2023b), validated a nonlinear elasto-plastic FE model
against the test results of Lim and Nethercot (2002b), and proposed design equations under
both opening and closing moment, again consistent with New Zealand practice.

As can be seen from Figure 6-2, if the brackets are detailed and designed to have a higher
moment capacity than the sections then, as mentioned previously, there may be a reduced
moment capacity of the channel-sections due to their nearness to the moment-resisting bolted
connections , combined with important shear lag effects (Kirk, 1986; Mojtabaei et al., 2020;
McCrum et al., 2019, 2021; Lim and Nethercot, 2003; Lim et al., 2016; Phan et al., 2020).
These are described here in chronological order. Lim and Nethercot (2003) investigated the
effect of different length of bolt groups and proposed design equations. Later, Lim et al. (2016)

showed that the DSM can be applied to predict the reduced moment capacity for practical sizes

101



of bracket (and therefore joint) i.e. the equations did not include bolt-group length as a
parameter. Phan et al. (2020) developed an analytical method to determine the reduced moment
capacity of back-to-back channel sections due to joint effects; Phan et al. used the results to
optimize the geometry of the channel sections. Mojtabaei et al. (2020) proposed strength
reduction equations from the results of non-linear elasto plastic FE models concluding, as
mentioned before, that the reduction in strength is attributed to their close positioning near
moment-resisting bolted connections, combined with shear lag effects.

With respect to joint flexibility, early work by Zadanfarrokh and Bryan (1992) and Zaharia and
Dubina (2006) both proposed equations for determining the bolt-hole elongation stiffness; that
leads to the flexibility of the joints. However, these equations were for joints in single shear,
with a modification applied for double shear. More recently, in 2019 Ahmed and Teh (2019)
proposed an equation, based on FEA validated against the experimental test results, for
predicting the bolt-hole elongation stiffness of double shear connections.

Few studies have been carried out on CFS portal frames without knee braces and their
components through both experimental and numerical investigations. However, the previous
studies have primarily focused on isolated aspects, with limited consideration of joint flexibility
and combined actions including shear lag effects. Therefore, these effects are not generally
incorporated into design practices or used for predicting the load-carrying capacity of portal
frames. This paper aims to address this research gap by providing a better understanding of the
complex behaviour of these connections leading to more efficient assessment and, for the first
time, a simplified design method that can be used by practicing engineers. To this end, a non-
linear elasto-plastic FE model of a CFS portal frame is first presented. The results of this model
are validated against the experimental test results of Lim and Nethercot (2004) (see Figure 6-3
for an ‘‘aerial’’ view of the frame test setup). As mentioned previously, while other vertical

frame test setups have been reported in the literature (Kirk, 1986; McCrum et al., 2019, 2021;
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Wrzesien et al., 2015; Zhang et al., 2016a; Blum and Rasmussen, 2019b), this test setup
comprises a single frame tested horizontally on the laboratory floor, and so all the load applied
is all resisted by the test frame. It should be noted, however, that as full lateral restraint is
provided, this test setup is not representative of practical frames consistent with New Zealand
practice. Nevertheless, it is the only frame test result in the literature suitable for validating a
FE model where joint failure occurs.

The validated FE model is then used to investigate the influence of important factors discussed
above. A beam idealization of the portal frames was also presented, incorporating joint
flexibility along with component test results. It is also shown that the model can closely predict
the gravity load for all the above cases Using the validated FE model, a parametric study was
conducted for practical frames using the parameters shown in Figure 6-4, and the results were
then compared with different design equations from the literature. For apex and eaves bracket
failure, vertical loads were predicted using the equation from Chen et al. (2023a, 2023b),
respectively combined with beam idealization. For member failure near column joint, the
design equations from Lim and Nethercot (2003), Phan et al. (2020) and Mojtabaei et al. (2021)

were also used to predict the vertical loads.

h X
X x Lateral restraints
( Purlin and side rail position)
1 4

|
| L

Figure 6-4 Geometric parameters of portal frame with lateral restraints
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(a) Component test model (Kipqc is 6.21 kN/mm)
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(b) Design procedure (kqp1c is 7.42 kN/mm)

Figure 6-5 Description of the reference frame and validated shell FE model

104




In Section 3.3.2, the experimental test details have been thoroughly discussed, along with the
validated modelling technique in Section 3.4. However, for the reader's clarity, the load-
displacement relationship is reiterated and presented in Figure 6-5.

6.2. Bolt-hole elongation stiffness in double shear

In the FE results shown in Figure 6-5a, a value of k1. of 6.21 kN/mm was used for the bolt-
hole elongation stiffness for one bracket and one channel. In the absence of an experimental
test to determine the bolt-hole elongation stiffness for one bracket or channel (kjp a1 or
K¢ aT), its value can be predicted from an equation proposed by Ahmed and Teh (2019) (see
Eq 6.1). From Eq 6.2, bolt-hole elongation stiffness (Kjp1c a7 ) for a pair of one bracket and
one channel can be determined. This equation leads to a value of Kypic a7 of 7.42 kKN/mm.
Figure 6-5b shows the load-apex deflection curve for Frames A and B having a value of

Kip1c aT of 7.42 kKN/mm. For detailed calculation see Appendix A (see section A.4).

Ao 0.3
kar = 0.015t (m—M) f, 6.1

dminoero

where ‘t’ is the thickness of the bracket or channel, ‘dminory” @0d “dminory 4 are minor

diameter for M16 and M20 bolts, respectively and ‘f,,’ is the ultimate stress of the bracket or

channel, and k7 is the bolt-hole elongation stiffness of any plate from Eq 6.1.

1
k1b1c_AT =1 T 6.2

+_
Kip AT Kic AT

where Kip1¢ a7 15 the bolt-hole elongation stiffness presented as the force required to cause a
unit displacement for two plates, representing the channel section and the bracket, which are
arranged in series (see Figure 6-6). ki, oT and Kk st are the bolt-hole elongation stiffness for

bracket and channel from Eq 6.1, respectively.
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Figure 6-6 Diagram showing bolt-hole elongation stiffness as the force required to cause a
unit displacement for a system of plates

6.3. Rotational stiffness of semi-rigid joints

From Figure 3-5, it can be seen that the eaves and apex joints are formed through bolt-groups
comprising arrays of 3 x 3 bolts. The bolt group sizes for Frames A (315 mm x 230 mm) and
B (615 mm x 230 mm) are different. Figure 2-46 shows the rotational stiffness of such a bolt-
group and the position of its center of rotation. As can be seen, the force (F;) in each bolt hole
is proportional to its distance (d;) from the center of rotation, and from this the rotational

stiffness of the bolt group can be calculated. The equation is as follows:

Kobz2e = Kopae 2 df 6.3
Lim and Nethercot (2002b) showed that for a 3 X3 bolt group this is:

Kobze = 3/2 X (af + b3) X Kapac 6.4

where K,y,, 1s the rotational stiffness of joints, a; and b;, are the length and breadth of the bolt
group (see Figure 2-46), and K, =2 X Kqp1c - A more detailed calculation could be found in

Appendix A (see section A.5).
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6.4. Moment capacity of the apex brackets

As can be seen from Figure 3-5, in the frames tested by Lim and Nethercot (2004), the joints
were formed through back-to-back apex brackets having 3x3 bolt groups. In the absence of
experimental test results for the moment capacity of the apex brackets, the strength can be
predicted accurately using a component test or validated non-linear FE model as described by
Chen et al. (2021) and Blum and Li (2019).

In Chapter 3, the FE modelling techniques for modelling the whole portal frame were
described, which showed good agreement with the experimental test results and predicted
failure of the apex bracket at the same load. The same model can be used to predict the vertical
load to the apex bracket. Figure 6-7a shows the FE model for the component test for the apex
bracket; as can be seen, only the brackets and channel-sections are modelled, with pure bending

applied.

Table 6-1 shows the moment-capacity of the apex bracket determined from the FE model of
the component test of the apex bracket. The moment-capacity of the apex bracket for Frame A
and Frame B are 44.1 kNm and 50.2 kNm, respectively. From this, the failure load for Frame
A and Frame B can be predicted to be 80.2 kN and 109.1 kN, respectively. This is shown in
Figure 6-5a (blue dash on the y-axis) and corresponds to the moment capacity at which the
apex bracket fails. Detailed calculation could be found from section A.7.1.

In terms of design recommendations for the moment capacity of the apex bracket, Chen et al.
(2021) proposed an equation for determining the moment capacity for fully restrained apex
brackets. It should be noted that Chen et al. (2023a) proposed another set of equations for
partially restrained brackets consistent with New Zealand practice. However, in this case, in
the experimental test conducted by Lim and Nethercot (2004), the apex bracket can be

considered as being fully restrained. For detailed calculation see Appendix A (see section A.3).
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In accordance with Chen et al. (2021), for a single apex bracket

r(ba\® _ qr(ba) 4 o
Muap = fyb3to o’ (22) = B'(32) + v 6.5
Thus, for double brackets, the moment capacity would be

MZab =2 X Mlab 6.6

However, in accordance with Chen et al. (2023a) for partially restrained double brackets, the

moment capacity would be

MZab = 5.3415 ag.4652bg.9519f}9.6412t%).744—710—5 6.7

where a', B’ and y’ are constant coefficients that can be found in Chen et al. (2021). In the
above equation, a, is the width of the triangular area of an apex bracket, b, is the edge width
of the apex bracket, and ty, represents the thickness of the bracket (see Figure 6-1c). My, and
M,,p are the moment capacities of a single and double apex bracket, respectively, while f; is
the yield stress of bracket.

Table 6-1 Moment capacity of back-to-back apex bracket used in the portal frame test after
Lim and Nethercot (2004)

Component Eq 6.6
test model
Frame M.ap
kNm kNm
A 44.1 45.8
B 50.2 52.0

U,=0:in all spring

Uy=0: One node in
the middle of apex
brackets

U,=0 : through t|
middle line of apex
bracket

(a) Apex joint
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U,=0: in all spring

U,=U,=U,, =0

(b) Eaves joints
Figure 6-7 Details of component tests model of brackets

6.5. Moment capacity of the eaves brackets

Similarly, the moment capacity of the eaves brackets can also be determined using non-linear
elasto-plastic FEA, in absence from the component test results from the experiments. Figure 6-
7b shows the FE model for the component tests; as in the case of the apex brackets, only the
brackets and channel-sections are modelled, with pure bending applied. Consistent with the
frame tested by Lim and Nethercot (2002b), full lateral restraint is provided. Chen et al. (2023b)
also described a component test for the moment capacity of eaves brackets using non-linear
elasto-plastic FEA, albeit for partially restrained brackets consistent with New Zealand
practice.

Table 6-2 presents the moment-capacity of the eaves bracket determined from the FE model of
the component test of the eaves bracket. The moment capacities of the eaves bracket for Frame
A and Frame B are 59.4 kNm and 67.7 kNm, respectively. From this, the failure load for Frame
A and Frame B can be predicted to be 95.8 kN and 105.8 kN, respectively. This is shown in

Figure 6-4a (red dash on the y-axis) and corresponds to the moment capacity at which the eaves
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bracket fails. Again, this load is also predicted from the bending moment diagrams shown in
Figure A-11. For detailed calculation see Appendix A (see section A.3).
In accordance with Chen et al. (2023b), for a partially restrained eaves bracket

M, = 1.0177 ag.9ge4bg.3450f}9.4134t%).976610—4 6.8
Thus, for double brackets, the moment capacity would be

Mzeb = 2 X Myep 6.9
Another approach for calculating the moment capacity of partially restrained double brackets
would be (Chen et al. 2023b)

MZeb = 2.4022 aé'2674be‘°'0503f39'44°1t12)'127010‘4 6.10

where a, is the width of the triangular area of an eaves bracket, b, is the edge width of the
eaves bracket, and tyis the thickness of the bracket (see Figure 6-1¢). My and M, are the
moment capacities of a single and double eaves bracket, respectively.

Table 6-2 Moment capacity of back-to-back eaves bracket used in the portal frame test after
Lim and Nethercot (2004)

Component test

Frame model Eq6.9
MZeb
kNm kNm
A 59.4 57.7
B 67.7 78.9

6.6. Effects of reduced moment capacity of the channel-sections

As mentioned in Section 6.4 and Section 6.5, non-linear elasto-plastic FEA can also be used to
predict the failure load of Frames A and B. However, in this case, the failure loads were
predicted by assuming the back-to-back eaves and apex brackets do not fail. As shown in Figure
6-5a for both frames, failure occurs in the vicinity of the column joint, and the moment capacity
of the channel-section is reduced due to the shear lag effects, which is directly influenced by

the size of the bolt group (Lim and Nethercot 2003; Phan et al. 2020; Mojtabaei et al. 2021).
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Figure 6-8 shows the mode of failure. For more information, Table 3 compares the reduced
moment capacity of the channel section with those obtained from FEA and those calculated
using the design equations proposed by Lim and Nethercot (2003), Phan et al. (2020) and
Mojtabaei et al. (2021) for such systems.

From Figure 6-5a, Frames A and B fail at 112.2 kN and 131.6 kN, respectively, representing a
46% and 21% increase over the experimental failure loads. For Frame A, at the centre of
rotation, this corresponds to a rotational moment of 71.5 kNm, which is close to the bending
moment of 69.4 kNm at the failure location. This occurs in combination with a shear force of
125.1 kN and an axial force of 36.1 kN. Notably, the axial load is reduced from 56.1 kN at the
column base to 36.1 kN at the failure location, likely due to the joint effect influenced by shear
lag (Mojtabaei et al. 2021). However, the overall effect due to the reduction of axial force can
be neglected, as the primary interaction in this case is governed by bending and shear.
Similarly, for Frame B, this corresponds to a bending moment of 79.8 kNm in combination
with an axial force of 65.8 kN. It is worth mentioning that the above values are extracted from

the FEA of the full frame, referred to as Frame A and Frame B.

Figure 6-8 Buckling failure of column near eaves joint of Frame B (both eaves and apex

brackets idealised as elastic)
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Table 6-3 Reduced moment capacity of channel sections used in the portal frame test after
Lim and Nethercot (2004)

M.
Joint Comioorfe‘}t test  Lim ar(lgolgghe“"t Phan etal. (2020)  Mojtabaei et al. (2021)
kNm kNm kNm kNm
A 783 79.6 63.6 67.9
B 87.9 873 87.1 92.8

Details of the component test model (FE idealization) used to investigate the ultimate moment
capacity of the joints of the portal frame, are shown in Figure 6-9. From the component test
model, back-to-back channel sections fail at 78.3 kNm for Frame A and 87.9 kNm for Frame
B (see Table 6-3). To compare these with the bending moments of 69.4 kNm and 79.1 kNm
extracted from FEA for Frame A and Frame B, the values should be reduced to take into
account the shear force and axial force. The predicted bending moments at the failure point
(i.e. centre of rotation of bolt group) using beam idealisations are 70.3 kNm and 78.5 kNm,
respectively. These lead to the predicted failure load of Frames A and B equal to 115.3 kN and

124.5 kN, respectively (see Figure 6-5a).

Applied moment:
M,

"SPRING 1’ are used to
simulate the bolts
behaviour and these nodes
are laterally restrained

\End nodes are couple to
G Reference point: U, = U,, =0

Figure 6-9 Details of the finite element idealization for bolted joints
Figure 6-5b also shows the failure load predicted for failure at column joints due to premature
buckling. In this case, the moment capacity of the channel-section under the influence of the
bolt-group is predicted using the equations of Lim and Nethercot (2003) to be 79.6 kNm and
87.3 kNm for Frames A and B, respectively. This leads to a predicted frame load of 115.3 kN

and 122.0 kN.
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Table 6-3 also shows the values for reduced moment capacity of channel sections calculated
from Lim and Nethercot (2003), Phan et al. (2020) and Mojtabaei et al. (2021) (For more details
see Table 6-4). It is to be noted that the design equation proposed by Mojtabaei et al. (2021)
(Eq-6.11) is adjusted using the interaction Eq-6.12 to take into account the axial-bending-shear

interaction effects.

MR, = [1 — 0.42e_13'8(a7b)(>t<_cc)] M3 6.11)
(i—f*ﬁ)z * (ﬁ—i)z * (X—f*i)z =10 (6.12)

where MX. = Reduced moment capacity of channel section

a, and d are the length of the bolt group and the depth of the channel section, respectively.

t. and X, are the thickness of the channel section and the centroidal distance from the channel’s
web respectively. P,., M, and V,. are the pure axial capacity, pure moment capacity and pure
shear capacity of the back-to-back channel section, respectively. P, , M5.. and V, are the axial

force, bending moment and shear force in the bolted joint due to the interactions, respectively.

Table 6-4 Comparison of reduced moment capacity of channel sections from the equations
proposed in the literature

(a) Equations after Lim and Nethercot (2003)

MR, —Mg_;
Frame M;gcs 5950 (1998) kKNm
A 0.81 79.6
B 0.91 87.3

(b) Equations after Phan et al. (2020)

dp bb XS Mb Vv T w B Op Om Mgc

Frame
mm mm mm kN-m kN kN-m mm? kN-m2 MPa MPa kNm
A 315.0 230.0 18 75.0 78.7 2.58 4657.6 929.1 146.6 211.3 63.6
B 615.0 230.0 ’ 87.5 62.8 2.06 4657.6 4335 68.4 289.6 87.1

(¢) Equation after Mojtabaei et al. (2021)

Frame ap tc ab/d tc/Xc PZC VZC MZC M;t: M?c
mm mm mm mm kN kN kNm kNm kNm

A 315.0 2.95 0.94 0.16 665.2 165.8 118.2 71.1 67.9
B 615.0 2.95 1.83 0.16 665.2 165.8 118.2 933 92.8

MJ¢ is the moment capacity determined from Eq 6.12
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6.7. Beam idealization

The FEA method described in Chapter 3 is very complex and computationally expensive.
Herein, a design method is described to predict the load carrying capacity of portal frames
incorporating the joint flexibility. Figure 6-10 shows a beam idealization for Frames A and B.
As can be seen, rotational spring elements are modelled at the centre of rotation of each bolt-
group. The brackets can be assumed to function as rigid (Lim and Nethercot, 2002b). Figure

A-10 represents the details of the node and element connectivity.

0.167 kN 0.167 kN 0.083 KN <

0083 kKN 0,167 kN 0.167 kN

Ksp2e = 3380 kNm / rad

y

0.243 kN L 0.243kN
_q X >t
(0.282 kN) !

b (0.282 kN)
Back-to-back channel:
0.50 kN EI=10.054 x 10° kN.mm?, EA=0.653x106 kN 0.50 kN

(a) Frame A

0.167 kN

0.083 kN

0.167 kN 0.167IN 0.083 kN 4

Kopze =9390 kNm / rad

0.264 kKN 0.264 kKN
(0.282KkN) X T‘ (0.282 KN)

Back-to-back channel:

0.50 kN EI=10.054 x 10° kKN.mm?, EA=0.653x106 kN 50 KN

(b) Frame B

Figure 6-10 Beam idealization portal frame with semi-rigid joint

114



The load-carrying capacity of the portal frame can be predicted using the bending moment
determined from the beam idealization described above, provided the strength of the
components (apex bracket, eaves bracket, or channel section) is known. The following
equations can be used to predict the load carrying capacity for the different failure modes of
the portal frame.

Load carrying capacity for apex bracket failure,

Fpeam = Mj’;b 6.13

Load carrying capacity for eaves bracket failure,

Fpoay = —2eb 6.14

Fpeam = 6.15

where o is the bending moment at the center of rotation of the apex joint and 8 is the bending
moment at the center of rotation of the eaves joint of either the column or the rafter (whichever
is greater) from beam idealization for a total load of 1 kN applied to the portal frame; M,,;, and
M, are the moment capacities of back-to-back apex bracket and eaves bracket, respectively.
P, is the axial capacity of back-to-back channel section, and Fy,e,y, is the predicted failure load
from the beam idealization.

Using the above simplified approach, the capacity of the frames under gravity loads was
predicted and presented in Figure 6-4a and 6-4b. In general, the results show a good agreement
with both the experimental test and FEA. Therefore, this method can be used for predicting the

gravity load capacity of portal frames.
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6.8. Parametric study

A parametric study was conducted using the validated FE model, considering a range of frame
geometries, as shown in Figure 6-4. Specifically, three different frame geometries were
analysed, with eave heights (/) ranging from 3.0 to 6.0 m and span lengths (L") from 12.0 to
20.0 m. For both bracket and back-to-back channel sections (see Figure 1b and Ic), the same
G450 grade of CFS was used. Details of channel section and brackets are presented in Table
6-5a, b and c. Lateral restraints were applied at 950 mm intervals for all frames, which is
smaller than the typical spacing used in practice consistent with New Zealand.

All frames were designed to carry only vertical loads, consisting of a dead load of 0.25 kPa and
a live load of 0.25 kPa, in accordance with AS/NZ 1170: part 1(2002). The results of this
section were used to investigate the gravity load carrying capacity of the frames for three
different failure modes, i.e., apex bracket failure, eaves bracket failure, and member failure.
Subsequently, the outcomes were compared with those obtained from beam idealization. The
findings from the parametric study are presented in Table 6-5b.

Table 4a presents the component test results for apex brackets and compares them with the
strength predicted by Chen et al. (2023a). As shown in Table 6-5a, their equation is
conservative by around 5%. The corresponding gravity load predicted using the component test
results from beam idealization was 12% higher compared to the FEA results for all the selected
frames (see Table 6-6). A similar trend is observed in Table 6-6 when the equation from Chen

et al. (2023a) is used instead of the component test results for comparison with the FEA results.

For eaves brackets, the equation from Chen et al. (2023b) was found to overestimate the
strength by an average of 20% when compared to the results from the component test model,
as presented in Table 6-5b. As expected, the corresponding gravity load overestimates the

results by 17% in comparison to the FEA results when the equation from Chen et al. (2023b)
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is used. However, the gravity load predicted from the results of component test models for
eaves brackets was found to be conservative by only 3% for all frames, as shown in Table 6-6.
This discrepancy is likely due to the b, /a, ratio for the eaves bracket being close to the lower
limit of the equations proposed by Chen et al. (2023b).

The reduced moment capacity of the back-to-back channel section, considering the significant
shear lag effect near bolted joints for frames 1 to 4, is determined using the design equations
proposed by proposed by Lim and Nethercot (2003), Phan et al. (2020), and Mojtabaei et al.
(2021) along with FEA. As can be seen from Table 6-4c, the component test results from FEA,
the results from the equations proposed by Lim and Nethercot (2003), and those from
Mojtabaei et al. (2021) accurately predict the gravity load using the beam idealization at
member failure. The prediction from component test model is only 3% lower, while predictions
from the equation by Lim and Nethercot (2003) are accurate, and those by Mojtabaei et al.
(2021) differ by 3% (on average) compared to the full-scale FEA results for the practical frames
(see Table 6-7). Although the design approach commonly adopted by practicing engineers
assumes rigid joints, close agreement with the gravity load predicted from beam idealization
was observed in a few cases. However, the results remain inconsistent overall. It should be
noted that the equation from Lim and Nethercot (2003) cannot be applied to Frame 1 and Frame
3, as their d/t ratios are below 84.0 which is the lower limit of the equation. However, for

Frame 2 and Frame 4 the equation demonstrates good agreement with the FEA results.

In general, the results indicate that the equation from Phan et al. (2020) is conservative by 25%
compared to the FEA predictions for all the selected frames, as it is based on an analytical
solution and does not account for the shear lag effect when determining the reduced moment

capacity of the back-to-back channel section. On the other hand, the equation from Mojtabaei
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Table 6-5 Strength of channel section and brackets used for practical frames from component test and equations

a) Geometric details and strength of apex brackets

Eq6.7
Dimension Bracket details Component test model —2ab__
2ab
Frames No of M,
(hXL) da ba ty ap X by bolts
mxXm mm mmXmm m Xn kNm
Frame 1 3.0x12.0 200.0 150.0 3.0 12070 2x2 26.1 0.96
Frame 2 3.0x12.0 360.0 336.0 3.0 280x256 3x2 76.5 0.93
Frame 2 6.0 x 14.0 320.0 200.0 2.7 240120 3x2 37.7 0.92
Frame 4 6.0 x 20.0 360.0 300.0 2.7 280x220 3x2 533 1.00
Mean 0.95
CoVv 0.05
Geometric details and strength of eaves brackets
Dimension Bracket details Comﬁﬁ) n;;t test MEa69
2eb
Frames (hxL) ac be ty ab Xbp No of bolts M,ep Maep
mxm mm mmXmm m X n kNm
Frame 1 3.0x12.0 300.0 150.0 2.98 220x%70 3x2 299 1.29
Frame 2 3.0x12.0 630.0 336.0 2.98 550%256 4x2 83.3 1.14
Frame 3 6.0 x 14.0 390.0 200.0 2.70 310x120 4x2 37.7 1.14
Frame 4 6.0 x 20.0 660.0 300.0 2.70 580x220 4x2 67.4 1.23
Mean 1.20
COV 0.06
b) Geometric details and strength of back-to-back channels
. . . Lim and Phan et al. Mojtabaei et al.
. Dimension Channel section Component test model Nethercot (2003) (2020) (2021)
rames
(hXL) d b 1 te p2c VZC MZC M?c Mg\c
mxXm mm kN kN kNm kNm kNm
Frame 1 3.0x 12.0 150.0 65.0 15.0 3.0 581.8 122.9 43.7 325 - 23.1 31.0
Frame 2 3.0x12.0 336.0 88.0 20.0 3.0 715.0 198.2 139.8 110.3 106.2 90.1 127.6
Frame 3 6.0 x 14.0 200.0 75.0 15.0 2.7 573.7 130.0 59.2 42.6 - 30.3 47.0
Frame 4 6.0 X 20.0 300.0 100.0 20.0 2.7 726.7 166.7 107.0 86.6 92.6 67.4 97.0
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et al. (2021) is not applicable directly to the failure mode shown in Figure 6-8, as it was
developed for pure moment capacity and local buckling failure. However, when the ultimate
moment capacity of the back-to-back channel section was reduced to account for the interaction
of flexure, shear and axial load, the equation accurately predicted the gravity load using the
proposed approach. On the other hand, the equation from Mojtabaei et al. (2021) is not
applicable directly to the failure mode shown in Figure 6-8, as it was specifically developed
for pure moment capacity and local buckling failure. However, when the ultimate moment
capacity of the back-to-back channel section was reduced to account for the interaction of
flexure, shear and axial load, the equation accurately predicted the gravity load using the
proposed approach. This reduction is logical and justified, as this failure mode results from the
combined effects of axial, bending and shear force. It should also be noted that the reduced
moment capacity, determined from the equation by Lim and Nethercot (2003) and the
component FEA, accounts for these effects by assuming the semi-rigid behaviour of joints.
This reduced moment capacity is then combined with axial load to predict the gravity load for
member failure of the frames.

6.9. Summary and Conclusions

This study investigates the gravity load capacity of back-to-back channel section CFS portal
frames using a beam idealization model that accounts for semi-rigidity of joints and, for the
first time, the reduced strength of the channel sections due to shear-lag effects. Detailed non-
linear FE models validated against experimental test results were used to investigate the
influence of key design parameters on the structural performance and failure mode of CFS
portal frames. Using the beam idealization model, the proposed simplified design approach
could significantly reduce the computational costs of analyses, while the simulated responses
compared very well with those obtained from detailed validated FEA. The key conclusions

drawn from this study are as follows:
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It was shown that the beam idealization model provides a simplified yet effective method
for analysing portal frame behaviour, capturing joint flexibility and shear lag effects. It
predicts load capacity with an average accuracy of 1% compared to detailed FEA results.
Under the rigid-jointed assumption, the predicted loads exhibit inconsistency, and can lead
to inaccurate prediction by up to 19% error. It was shown that the semi-rigid joint flexibility
incorporated in the model, reflecting the realistic behaviour of the connections compared
to fully rigid assumptions, could significantly enhance the accuracy of the analysis leading
to always less than 5% error (on average 3% error).

The Mojtabaei et al. equations (2021) can be used to estimate the gravity load capacity,
incorporating shear and axial load effects. It provides accurate predictions, with results on
average within 3% of FEA outcomes for all frames, making it a reliable method for
assessing channel section strength.

The Lim and Nethercot equations (2003) can be used to predict the gravity load in CFS
portal frames. However, their validity is limited to sections d/t ratio in the range of 84.0
to 168.0.

The Phan et al. (2020) equation was also used to predict capacity for gravity load and found
to be on average 25% conservative compared to FEA results, highlighting the importance
of considering the reduced strength of channel sections due to shear-lag effects.

In terms of strength, the equation proposed by Chen et al. (2023a) on average is found to

be conservative by 5% compared to the component test results for the apex bracket.
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Table 6-6 Predicted gravity loads for apex and eaves bracket failure using the beam model, component tests, and equations from literature

DimenSion klbl A o B F (kN) Fl[;:ga?’lllls‘ Fl[;:gaf’llllll- Fggaillg FES&?]:[}
(hxL) C AT FEA F F F F
Frames FEA FEA FEA FEA
mXm kN/mm kN.m/kN Apex Eaves Component test model C?;&Z;ﬂ' Céeélzggl'
Frame 1 3.0x 12.0 11.01 0.491 0.809 47.7 37.6 1.11 0.98 1.07 1.27
Frame 2 3.0x 12.0 11.01 0.803 0.475 146.8 106.8 1.10 0.97 1.02 1.11
Frame 3 6.0 X 14.0 10.06 0.723 0.904 46.4 41.7 1.13 1.00 1.08 1.14
Frame 4 6.0 x 20.0 10.06 0.767 1.390 61.4 513 1.13 0.94 1.14 1.15
Mean 1.12 0.97 1.09 1.17
CoV 0.02 0.03 0.05 0.06

Table 6-7 Predicted gravity loads for member failure using the beam model, component tests, and equations from literature

Dimension K F KN Fggaﬁr;lls

(hxL) 1b1cAT B rea (KN) P,
Frames Component test Lim and IF’]flgn etal Mojtabaei et al Rigid

mxm KN/mm KN.m/kN Member model Nethercot (2003) (2020) (2021) joint [1]

Frame 1 3.0x 12.0 11.01 0.809 38.7 1.00 - 0.73 0.96 1.19
Frame 2 3.0 x 12.0 11.01 0.803 131.0 0.96 0.92 0.81 1.09 1.09
Frame 3 6.0 X 14.0 10.06 0.904 48.2 0.95 - 0.68 1.04 0.98
Frame 4 6.0 X 20.0 10.06 1.390 62.5 0.96 1.02 0.75 1.03 0.97
Mean 0.97 0.97 0.75 1.03 1.06
Cov 0.02 0.07 0.07 0.05 0.10
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Chapter 7 Conclusion and future studies

7.1. Conclusion

The primary focus of this study is to investigate the behaviour of NTB portal frames and to
develop a connection system utilizing bolted-side plates for these frames. Additionally, the
study aims to assess the moment capacity of bolted-side plates for both apex and eaves joints
through numerical analysis. Parametric studies were conducted to comprehensively examine
the strength characteristics of the apex and eaves joints under both opening and closing
moments. Based on these studies, unified design equations were formulated to accurately
predict the moment capacity of these joints.

7.1.1. Numerical investigation

The shell FE model of NTB portal frames was validated against previously reported full-scale
experimental tests. Following this validation, the study explored the feasibility of using a
bolted-side plate connection system for NTB portal frames. The findings indicated that the
ultimate capacity of NTB portal frames could be increased by up to 17.5% with the bolted-side
plate connection compared to a bolted-end plate system, if 16 mm thick bolted-side plates is
used to form the joints at eaves of NTB portal frame. The enhanced load-carrying capacity of
the NTB portal frame is due to the confinement provided by the bolted-side plates at the eaves
joint. As a result, the design of these bolted-side plates is crucial to the overall structural
performance and efficiency of the portal framing system.

Additionally, a FE model for the apex joint was developed and validated against experimental
tests from the literature. Sensitivity analysis revealed that the moment capacity of the apex joint
primarily depends on the strength of the bolted-side plate. Both types of bolted side plates, i.e.,
those without stiffeners and those with top and bottom stiffeners, were examined under both

opening and closing moments.
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A similar analysis was conducted for eave joints. The sensitivity study for eave joints took into
account parameters such as the yield stress of NTB members, the thickness of the bolted-side
plate, and various features of the bolted-side plates. It was observed that when the NTB has
adequate capacity to resist buckling, the strength of the bolted-side plate becomes critical in

determining the moment capacity of the joints.

7.1.2. Prediction of the moment capacity of bolted-side plates

The FE model of the apex joints was utilized for parametric studies to assess the moment
capacity of bolted-side plates in apex joints. This study considered two types of bolted-side
plates: those with no stiffeners and those with top and bottom stiffeners. Based on the analysis,
unified equations were developed to predict the moment capacities for both opening and
closing moments of bolted-side plates.

Similarly, unified equations were proposed for bolted-side plates in eave joints of NTB portal
frames, applicable for both opening and closing moments. It is important to note that these
equations are valid for plate thicknesses greater than 8 mm and do not account for the presence

of stiffeners.

7.1.3. Design recommendations for bolted-side plates

Design recommendations were also provided for the bolted-side plates at both the apex and
eaves joints, with a focus on the design thickness and length of the side plates, respectively.
These recommendations were based on the proposed equations and the moment capacity

of the NTB member.

7.1.4. Design methodology for portal frames
A comprehensive design methodology was developed for portal frames with back-to-back
channel section. It was observed that predicted vertical loads from proposed methodology are

within 1% (on average) of the FEA results. A worked example is also shown in Appendix A.
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The same methodology was applied to the NTB portal frames covering both bolted end plate

and bolted-side plate systems. This methodology is illustrated through detailed design

examples in Appendix B to Appendix C. A comparative analysis with FEA results validated

the accuracy of the proposed approach, confirming its reliability and practical applicability

for industrial use.

Key contribution of the research are as follows:

Develop a detailed FE model for the full-scale NTB portal frame

Develop a robust component test model (FE idealization) for both the apex and eaves
joints of NTB portal frames

Propose new design equation for predicting the moment capacity of apex and eaves
joints in NTB portal frames

Development of a simplified beam idealization for portal frames that can accurately
predict the vertical load capacity for any failure mode, provided the joint strength is

known either from component test model or the proposed design equation

7.2. Recommendations for future work

As an extension of this research, the following areas warrant further investigation:

1.

The current research focuses primarily on the development of the portal framing
system. However, for successful commercialization, additional research is required to
optimize the joints, improving strength while reducing costs.

The effects of residual stress in NTB sections on the ultimate capacity of full-scale NTB
portal frames could be investigated.

The equations proposed for determining the strength of bolted-side plates are valid
when the bolted-side plates are subjected to pure bending. However, the combined
effect of bending, axial, and shear forces may reduce the strength of the bolted-side

plates, which presents a research gap for future studies.
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4. Since the research is based entirely on numerical analysis, once the portal framing
system is fully optimized, physical tests could be conducted on both the entire system
and individual joints to verify its overall performance.

5. Existing equations from literature (Lim and Nethercot 2003; Phan et al. 2020;
Mojtabaei et al. 2021) for predicting the vertical load of portal frames when failure
occurs due to shear lag effects have also shown inconsistencies. A new equation should
be proposed to accurately predict the vertical load capacity of portal frames under such

failure conditions.
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Appendix A
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Example of a cold-formed steel portal frame back-to-back channel section portal frame after Lim and

Nethercot (2004)

Table of contents

A.1 Introduction

A.2 Section strength using AS/NZ 4600 (2018)
» A.2.1 Moment capacity of section

» A.2.2 Axial capacity of back-to-back section
» A.2.3 Ultimate capacity of joint using finite element analysis

A.3 Bracket strength

A.4 Bolt-hole elongation stiffness
A.5 Rotational stiffness of joints
A.6 Beam idealization

A.7 Prediction of the ultimate load capacity
» A.7.1 Bracket failure
» A.7.1 Premature buckling of channel section

Notation

a, Width of triangular area of an apex bracket

ay Length of bolt-group

Aap Distance from the outline of the bolt group to the edge of an apex bracket

ER Width of triangular area of an eaves bracket

Aep Distance from the outline of the bolt group to the edge of an eaves bracket

[od Bending moment at the center of bolt group at apex bracket for unit applied load on the frame

b, Edge width of the apex bracket

by Breadth of bolt-group

be Edge width of an eaves bracket

B Bending moment at the center of bolt group at apex bracket for unit applied load on the frame

d Nmoinal diameter of bolt (mm)

Aminormis Minor diameter of M16 bolt

Aminormzo Minor diameter of M20 bolt

EI Axial rigidity of column and rafter members

EA Flexural rigidity of column and rafter members

fy Yeild stress (N/mm?)

f, Ultimate strength (N/mm?)

M,. Moment capacity of back-to-back channel section

M5, Reduced moment capacity of back-to-back section due to the bolt group effect

Miap Strength of single apex bracket

M,ap Strength of back-to-back apex bracket

Mo, Strength of back-to-back apex bracket from Frame A

ME, Strength of back-to-back apex bracket from Frame B

Miep Strength of back-to-back eaves bracket

M,ep Strength of back-to-back eaves bracket from Frame A

Maep Strength of back-to-back apex bracket from Frame A

M3, Strength of back-to-back eaves bracket from Frame B

M,ep Strength of back-to-back eaves bracket from Frame A

kar Bolt-hole elongation stiffness of a plate under double shear using thread bolts from Ahmed and Teh
(2019)

Kip aT Bolt-hole elongation stiffness of one bracket

Kic ar Bolt-hole elongation stiffness of one channel
Bolt-hole stiffness of the interconnected plates system for joints comprised one bracket with one

Kibrcar channel

K Bolt-hole stiffness of the interconnected plates system for joints comprised two brackets with two

2b2c AT channels

Fyeam Predicted failure load from beam idealization

Py, Axial capacity of back-to-back channel sections

tp Thickness of bracket

te Thickness of channel section
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A.1 Introduction

Lim and Nethercot (2004) tested two portal frames (referred to as Frame A and Frame B) (see Figure A-1a).
Details of the eaves and apex joints are shown in Figure A-2. Both frames had a span of 12 m, column height
of 3 m, and pitch of 10°; the difference between the two frames was the size of the eaves and apex brackets. As
can be seen from Figure A-1b, the frame was loaded through a loading rig consisting of eight jacks and pinned
supports at the column bases. Lateral restraints were provided at the loading position (on the rafter) and at the
joints to prevent the premature failure of the back-to-back channel sections due to lateral buckling. Figure A-3
shows the load-displacement curves for the tested frames. Fully threaded M16 bolts are used to connect the
back-to-back channels to the back-to-back brackets. Geometric details of cross-section and brackets are shown
in Figure A-4.

1523 985 985 985 1523 |1523 .QBE- 985 | 985 | 1523

T

I

’_T__:cn_{m 10N Th

— a1
r r 10kN ppky 20N 20kN zgm 1[]I(N\

EI=10.054 X 10°kN.mm?
o 12000 EA=0.653x10° kN o

[ ! -

All dimensions are in millimeters
(a) Full-scale portal frame test (frame B) (b) Details of point loads applied to standard frame

Figure A- 1 Details of general arrangements for the test frame after Lim and Nethercot (2004)

(a) Eaves joint (b) Apex joint

Figure A- 2 Joints of portal frame
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180
140 Member failure
Member failure
120 /l x
—~ L Eaves bracket failure /_ Rigid joint assumption
Z 100 Apex bracket faiture 4 ¥ P
e / Eaves bracket failure
S 80+ -
——
60 Apex bracket failure
— & - EXP
40 =2 FEA
g
.}
0
0 50 100 150 200 250 300 350
Apex deflection (mm)
(a) Kipic 1s 6.21 kKN/mm
180
140 Member failure
120 L . % Member failure
. Eaves bracket failure Rigid joint assumption /.\
£ 100
el .
<4 r Eaves bracket failure
3 80 —_—— -
bl
Apex bracket failure
60
— & -EXP
FEA
40
20
0
0 50 100 150 200 250 300 350

Apex deflection (mm)

(b) kqpqc is 7.42 kN/mm
Figure A- 3 Load-displacement curves for test frame
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U* H_iZOmm

2.95 mm

f, =358 N/mm’

f, = 425 N/mm’

336 mm t.=2.95 mm

[ J
L_—‘4>
88 mm

(a) Cross section details of back-to-back channel

750mm

Bolt group size of
315 x 230

1050mm

Bolt group size  340mm
of 615 x 230

— —=/
L‘i 1507mm 4#

L340+ fy = 200 N/mm?; f, = 305 N/mm?%;, tp,= 2.98 mm
mm

(b2) Joints details of Frame B

Figure A- 4 Dimensions of back-to-back channel section and brackets used for column and rafter members
(Lim and Nethercot 2004)
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A.2 Section strength using AS/NZ 4600 (2018)

In this section, the section strength under bending and compression has been determined using the DSM in
accordance with AS/NZ 4600 (2018). Lim and Nethercot (2003) previously discussed the effect of semi-rigid
bolted joints, which primarily leads to the premature buckling of the channel section. The author believes that
the premature buckling of the channel section affects the ultimate load capacity of the portal frame, possibly
due to shear lag effects (Mojtabaei et al. 2021). Since AS/NZ 4600 (2018) does not provide specific guidelines
for calculating the bimoment strength of bolted joints, FEA was employed to evaluate its effect on the portal
frame joints.

A.2.1 Moment capacity of back-to-back channel section

As can be seen from Figure A-5, a signature curve for single channel section under bending was generated
from Thin-Walled 2 software. From Figure A-5, local buckling stress (f,;) and distortional buckling (f,4) for
the test channel are 450.1 MPa and 369.1 MPa, respectively.

2000 \
1600
\ ‘ —o—Pure Bending
1200 \
800 \ /f\
400 ,W
450.1

369.2

Maximum Stress in Section at Buckling (MPa)

0

1 10 100 1000 10000 100000
Buckle Half-Wavelength (mm)

Figure A- 5 Signature curve for the test channel under pure bending

Herein, as the frame was fully restrained against lateral-torsional buckling, therefore, only yield moment
capacity (My) of the section was considered for both local and distortional buckling strength calculation of the
channel subjected to pure bending.

Yield moment capacity for single channel

My=f,Z¢ = [358% (25703021/ 118)]/10° = 54.77 kNm [CL7.2.2.2]

Non-dimensional slenderness ratio for local buckling

A\ = \/?yl = |22 -0.896>0.776 [C1.7.2.2.3 (1) and C1.7.2.2.3 (3)]
0.4 0.4
M, = [1 ~ 0.15 (ff—yl) ](ff—yl) X M, [CL7.22.3 (2)]
450.1\94] /450.1\ 94
= 48.27 kNm
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Non-dimensional slenderness ratio for distortional buckling
Ag = /ffyd = /336—5982 =0.989 > 0.673 [CL7.2.2.4(1) and CL.7.2.2.4 (3)]
£ N\OST g \05
Mg =|1— 0.22 (“—d) (“—d) X M, [CL7.2.2.4 (2)]
fy fy
3692957 /369.20-%
= [1 - 022 (¥22) ] (322)7 x 5477
= 42.89 kNm

Nominal moment capacity for test channel = min (M;, My) =42.89 kNm

Nominal moment capacity for back-to-back channels = 2x42.89 = 85.78 kNm

A.2.2_Axial capacity of back-to-back section

Figure A-6 depicts the signature curve for the test channel generated using Thin-wall-2 software when subjected
to axial compression. As can be seen from the figure, local buckling (f,;) and distortional buckling (f,4) stresses
for the test channel are 83.9 MPa and 113.2 MPa, respectively.

Nominal yield capacity of single channel section in compression
P=f A, = [358 x1593.59]/10° = 570.5 kN [CL. 7.2.1.2 (5)]

Non-dimensional slenderness ratio for local buckling

f 358
AI:\E: /@ =2.06>0.776 [CL. 7.2.1.3 (1)]

£ \04] /¢ 04
P=|1- 015 (f—l) (f—l) xP,= =3789kN [CL.7.2.1.3 (2)]
y y
Non-dimensional slenderness ratio for local buckling
Ag = /ff—yd = /131—5387 =1.77>0.561 [Cl.7.2.1.4 (1) and Cl. 7.2.1.4 (3)]]
£ N\O6] /)06
Py=|1 - 025 (—d) (—d) x P, [CL7.2.1.4 (2)]
fy fy
_ 113.7\%0] /113.7\0-6
= [1 - 025 () ](ﬁ) X 570.5
=332.7kN

Nominal axial capacity for test channel = min (P}, Py) =332.7 kN
Nominal axial capacity for back-to-back channels =2x332.7 = 665.5 kN

5000
=
g 4000
§ E Axial compression
£ 53000
2 22000
EZ
£
= 1000
=

0 SO COaEREN :;.L':lﬁi;::;_-_.
1 10 100 1000 10000

Buckle Half-Wave length (mm)
Figure A- 6 Signature curve for the test channel under axial compression
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A.2.3 Ultimate capacity of joint using FEA

As there is no guideline available in AS/NZ 4600 (2018) for the calculation of bimoment effect for the bolted
joints, a FE idealisation used to investigate the ultimate moment capacity of the joints A and B of the portal
frame (see Figure A-7). From the FE model the back-to-back channel-sections fail at 78.3 kNm and 87.9 kNm,
respectively.

Applied moment:
/MX
\End nodes are couple to
Reference point: Uy = U,, =0

"SPRING 1’ are used to
simulate the bolts
behaviour and these nodes
are laterally restrained

Figure A- 7 Details of the FE idealization for bolted joints

A.3 Brackets strength
The strength of the eaves and apex brackets can be as follows:
Single apex brackets (Chen et al. 2021)

ba
M,ap = fyb2t, [« (a—) -p(= ) +v] Eq.al
Where a, B and y are from Chen et al. [3]
Thus, for double brackets, the strength would be
MZab =2 X Mlab Eq a2

Joint A: MA, =2 x MA, —2><200><3402><298[0 13 ( 3‘“’6) 031(34°)+049] 1076

=45.82 kNm

Joint B: MB,, =2 x MB,, =2x200x3402x2. 98[0 13 ( 3‘“’6) -031(20-) + 049] 1076
=52.04 KNm

Single eaves brackets (Chen et al. 2023b)

Mleb =1.0177 a2.9364]:)2.3450I:}E)A1341:1213.976610—4- Eq a3

Thus, for double brackets, the strength would be

Mzeb =2 X Mleb Eq a4

Joint A: MA, =2 x M2, = 2 x 1.0177 x 75012674 x 34003450 x 20004134 x 29819766 x 10~
=57.57 kNm

Joint B: M3, =2 x MB,) =2 x1.0177 x 75012674 x 34003450 x 20004134 x 2,9819766 x 10~*

=78.90 kNm
It should be noted that the eaves bracket strength predicted by equation does not accurately predict the load
capacity for portal frames in the case of eaves bracket failure. Therefore, nodal forces from the nodes at the
spring locations were used to determine the moment capacity of the bolt group, which was found to be 59.04
kNm and 66.6 kNm for Frames A and B, respectively.
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A.4 Bolt-hole elongation stiffness
Figure A-8 defines the bolt-hole elongation stiffness for two plates representing the channel-section and

bracket. The bolt-hole elongation can be calculated from (in series):
1
Kiprear = —7——— Eq.a5

+
kip AT Kic AT

Channel
} >k
1c_AT
1
jracket
] >Kip ar
1
Channel
L7
7
/ : [ ) > Kibic ar
] ] =
i — |-
4 N 7 1

Bracket

Figure A- 8 Diagram showing bolt-hole elongation stiffness as the force required to cause a unit displacement
for a system of plates

From Ahmed and Teh (2019):
. 0.3 0.3
Kipar = 0.015t (M) fu =0.015 x2.98 X ( 13'4) x 305 =12.80 kN/mm [see Figure A-9]

minormMzo 16.54

dminor 03 13.4 0.3 .
Kic ar = 0.015t (A) fu =0.015 x2.95 x (—) X 425 =17.66 kN/mm [see Figure A-9]
- dminormzo 16.54
Thus,
Kipicar = % = 7.42 kKN/mm

12.80 17.66

—

3
'i
BRI
| 18
|/I| E
| |

1.13

13.4

v

Figure A- 9 Dimensions of shank and threaded M16 bolts
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A.5 Rotational stiffness of the joints

Rotational stiffness can be determined from Lim and Nethercot (2004) as follows:

For 3%3 bolts group

Kabze = 3/2 X (af + b3) X Kapzc ar Eq. a6

It should be noted that the rotational stiffness is propositional to the bolt-hole elongation stiffness. From Figure
A-2, it can be seen that the joint arrangement comprises back-to-back brackets sandwiched between back-to-
back channel-sections, as opposed to a single bracket bolted to a single channel-section. The value of the bolt-
hole elongation stiffness is thus twice that of kyp;car calculated in Section A 4.

KabzeaT =2X Kipicar

=14.84 kN/mm

For the bolt-group of Frame A, the value of K is:

K?bZC = 3/2 X (aIZJ + bzzi) X k2b2c,AT

= g x (3152 + 2302) x 14.84 x 10~% = 3380 kN.m/rad

For the bolt-group of Frame B, the value of K is:

KZBbZC = 3/2 X (aIZJ + bzzi) X k2b2c,AT

:gx (6152 + 230%) x 14.84 x 103 = 9590 kN.m/rad

A.6 Beam idealization

Figure A-10 shows beam idealisations for Frames A and B. As can be seen, rotational spring elements are
modelled at the centre of rotation of each bolt-group. The brackets can be assumed to function as rigid (Lim
and Nethercot (2002a). Bending moment diagrams for both the frames are shown in Figure A-11.

10

0.083 kN 0.083 kN

0.167 kN

283 0.083 kN (167 kN 0.167 kN 0.083 kN <

0.167 kN

y

(0.282 kN)
0.243 kN —9 X F—0.243 kN

(0.282 kN)

0.50 kN 0.50 kN
Nodes Coordinates (m) Element Node connectivity
X y z
1 -6.00 0.00  0.00 1 1-2!
3 600 260 000 2 23
-6. . . 3
4 -5.61 3.06 0.00 3 2 43
5 561 306 0.00 4 4-5
6 478 327 0.00 6 6-7'
7 -3.49 344  0.00 7 7-8!
8 -2.51 3.62  0.00 8 89!
9 -1.52 3.79  0.00
10 -039 399 0.00 9 9-10'
11 -0.39 3.99  0.00 10 10-11°
Note
1. Back-to-back channel, EI = 10.054 x 10° kN.mm?, EA= 0.653x10°kN
2. Bracket, EI =00 ; EA =00

3. Rotation spring stiffness, K,pc= 3380 kNm / rad

(a) Frame A
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10

0.083 kN 0.083 kN

0.167 kN 0.167 kN

s 0.083kN ¢ ¢es 1N 0.167kN 0.083 kN

I > p (0.282kN)
X f ¢

(0.282kN)
0.264 kN 0.264 kN
0.50 kN 0.50 kN
Nodes Coordinates (m) Element Node connectivity
X y z 1 1-2!
1 -6.00  0.00 0.00 2 2-33
2 -6.00 245 0.00 3 2-42
3 -6.00 245 0.00 4 4.5
4 -5.49  3.10 0.00 6 671
5 -5.61  3.06 0.00 5 78
6 -4.78  3.27 0.00
7 349 344 0,00 8 8-9!
8 -251  3.62 0.00 9 9-10!
9 -1.52  3.79 0.00 10 10-113
10 -0.54 396 0.00
11 -0.54 396 0.00
Note:
1. Back-to-back channel, EI = 10.054 x 10° kN.mm?, EA= 0.653x10°kN
2. Bracket, EI =0 ; EA =c0
3. Rotation spring stiffness, Kypc= 9590 kNm / rad

(b) Frame B
Figure A- 10 Beam model for the portal frame

(a) Frame A

(b) Frame B
Figure A- 11 Bending moment diagram from beam model (Unit load and k;5,¢c = 7.42 kN/mm)
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A.7 Prediction of the ultimate load capacity
In this section, the prediction of ultimate load failure for the eaves, apex, and member has been discussed. The
predicted ultimate loads are based on the section strength and the bracket strength, determined either from the
FE model or equations. The results for section strength and bracket strength are summarized in Table 1.

Table A- 1 Section capacity and bracket strength from FEA and equations

Section capacity Bracket strength
Full Reduced Axial Bolt-hole
Section moment . Apex Eaves .
. . capacity elongation
capacity capacity stiffness
MZC Mgc PZC MZab MZeb
A B A B A B
kNm kNm kNm kN kNm kNm kNm kNm kN/mm
Finite 96.8 783 879 665.6 441 50.2 59.4 67.8 621
element
Equation 85.7 79.6 87.3 665.6 45.2 52.4 57.7 78.8 7.42

A.7.1 Bracket failure

As discussed in Section A.1, both frames failed due to the buckling of the apex bracket in the experiment, at
76.7 kN and 106.6 kN for Frames A and B, respectively. As shown in Figure A-3a, these failure loads are also
captured by the FE model, which predicts them as 74.7 kN and 101.7 kN for Frames A and B, respectively.
Additionally, Figure A-3a shows that the FE model captures the failure load of the eaves bracket, which is 90.1
kN for Frame A and 102.3 kN for Frame B. A similar prediction of failure load can also be made using the
beam model if the strength of the brackets is known from the experiment/ FE model. From the FE models, the
strength of the apex brackets was determined to be 44.1 kNm and 50.2 kNm for Frame A and Frame B,
respectively, with corresponding failure loads of 80.2 kN and 109.1 kN, respectively. Similarly, for the eaves
brackets, the strength determined from FEA was 59.4 kNm for Frame A and 67.8 kNm for Frame B,
respectively, with corresponding failure loads of 95.8 kN for Frame A and 105.8 kN for Frame B. The following
are the detailed calculations:

For Frame A,

Predicted failure load due to failure of apex bracket
_ Maap _441_

Fpeam = T 80.2 kN

Predicted failure load due to failure of eaves bracket
Myep _ 59.4

Fbeam = —?3 b — m =95.8kN

Similarly, for Frame B
Predicted failure load due to failure of apex bracket

Foeam = 222 =22-109, 1kN

Predicted failure load due to failure of eaves bracket
Myep, 677

Foeam = = 2 == =1058 kN

Where Fyeam is the predicted load, M,,;, and M}, are the strength of the apex and eaves brackets, respectively.
o and P represent the bending moments at the center of the bolt group at the apex and eaves brackets,
respectively, for a unit load (kg1 = 6.21 kKN/mm).

A.7.2 Premature buckling of channel section

From Figure A-3a, Frames A and B fail at 112.2 kN and 131.6 kN, respectively, representing a 46% and 21%
increase over the experimental failure loads. For Frame A, at the center of rotation, this corresponds to a
bending moment of 71.5 kNm in combination with an axial force of 56.1 kN. Similarly, for Frame B, this
corresponds to a bending moment of 79.8 kNm in combination with an axial force of 65.8 kN.
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Figure A-3b also shows the failure load predicted for failure at column joints due to premature buckling. In
this case, the reduced moment capacity of the channel section under the influence of the bolt group can be
predicted either from FEA or using the equation by Lim and Nethercot (2003). From the FE model, the reduced
moment capacity of the channel section was determined to be 78.3 kNm for Frame A and 87.3 kNm for Frame
B, respectively. The corresponding failure loads for Frame A and Frame B are 115.3 kN and 124.5 kN,
respectively. The following are the detailed calculations:

For Frame A

Predicted load due to the failure of member
1 1

Fbeam = 8 os = 106z 0351 — 115.3 kN
B o] PR
Mlz‘e P2c

Similarly, for Frame B

Predicted load due to the failure of member
1

1
Fbeam = 8 os = [& 05 ] = 1245 kN
87.9 665.6

_B 05
Mlz‘e Pac
Where Fy.qn is the predicted load, ME, is the reduced moment capacity of back-to-back channel section,
respectively. B represents the bending moments at the center of the bolt group at the eaves brackets for a unit
load (ki1 = 6.21 kN/mm). P, is the axial capacity of back-to-back channel section.

As shown in Figure A-3, assuming the joints as rigid would predict a failure load of 107.3 kN, which would be
conservative for the design of a portal frame with semi-rigid joints.
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Example of a cold-formed steel Portal frame with nested tapered box (NTB) section having bolted end
plate joints after Shahmohammadi (2019)

Table of contents

B.1 Introduction

B.2 Section strength using AS/NZ 4600 (2018)
» B.2.1 Elastic buckling analysis

> B.2.2 Moment capacity

> B.2.3 Axial capacity

> B.2.4 Shear capacity

B.3 Beam Idealization

B.4 Prediction of the ultimate load capacity
B.5 Detailed calculation

Notation

Ag Gross cross sectional area of NTB section

A, Web area of NTB section

oy Slenderness for flange

a, Slenderness for web

D Depth of NTB section

Ds Shallower depth of NTB section

E Modulus of elasticity

EA Axial rigidity of column/ rafter members

EI Flexural rigidity of column/rafter members

f, Yeild stress

fia Average yeild stress in compression/ flexural

fu Ultimate strength

foc Critical buckling stress for global buckling for NTB section under compression
fo1 Critial elastic buckling stress for local buckling due to compression or bending
fod Critial elastic buckling stress for distorsional buckling due to compression or bending
G Modulus of rigidity

L1y Moment of inertia about major and minor axis, respectively

J Torsional constant

les Effective length of member

A Non-dimensional slenderness ratio for local buckling

A4 Non-dimensional slenderness ratio for distortional buckling

Ay Non-dimensional slenderness ratio for shear

Mype Nominal moment capacity of NTB section for lateral-torsional buckling
My Nominal moment capacity of NTB section for distortional buckling

M, Nominal moment capacity of NTB section for local buckling

Mg Nominal moment capacity of NTB section for distortional buckling

M, Nominal moment capacity of NTB section for overall buckling

M,a Reduced moment capacity of NTB section for overall buckling

Myq Critical elastic moment capacity of NTB section for distortional buckling
Mg, Critical elastic moment capacity of NTB section for local buckling

M, Nominal yield moment capacity

Pee Nominal axial capacity of NTB section for flexural, torsional, or lateral-torsional buckling
Py Nominal axial capacity of NTB section for distortional buckling

3] Nominal axial capacity of NTB section for local buckling

P Critical elastic moment capacity of NTB section for distortional buckling
Poa Critical elastic moment capacity of NTB section for local buckling

P, Nominal yield moment capacity

r Corner radius

Iy Ty Radius of gyration about major and minor axis, respectively

ky Shear buckling co-efficient

t Thickness of NTB section

Ver Critical buckling in shear

Vy Yeild capacity in shear

V, Nominal shear capacity

Z¢ Section modulus of NTB section
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B.1 Introduction

Shahmohammadi (2019) tested a full-scale test NTB portal frame under gravity load (See Figure B-1). Frame
had a span of 18.16 m, column height of 4.27 m, and pitch of 5°. As can be seen from Figure B-1a, the frame
was loaded through the four set water tanks and the pinned supports at the column bases. Minimum no of lateral
restraints was employed to take the advantage of the tapered box member. As can be seen, the frame was loaded
using the four set water tanks and the pinned supports were at the column bases. Figure B-2 shows the load
displacement curve. M16 bolts are used to connect the bolted end plates at each joint. Geometric details of
cross-section and brackets are shown in Figure B-3.

Tf'.'#.*'“

(a) Photograph of the portal frame test

4577 —
4571 — /Lateral restraints

e e

T =

2290 — 2270 - 2290 ‘
10.28kN

1028kN  10.28kN 10.28kN

10.28kN 10.28kN
10 28kN 10.28kN | 4270

<)
g@\am‘al restraints Lateral restraints —
18160

(b) Point loads applied to standard frame

Figure B-1 Details of the general arrangement of the test frame after Shahmohammadi (2019)
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Figure B-2 Load-displacement curve for test frame

_ B=136 _
' ZZZL Joints D (mm)
£,=258 N/mm2 t= 42%;% golumn base 282
) aves 513
f, =386 N/mm | D=Varying Mid rafter 282
t=4.2 mm 4 il Apex 369
=08 B |
(a) Cross section details of NTB section
330
330
0 0 48
f / 72
O/ y O 7 330 48
oy’ 4 0 / 72
;7
725 f /
O i é 0 —4 mm thick
/ /
04 201 300
O % 10
y .
0 CFEFFH O
ol
25 mm thic{ L'§14"§

plate

(b) Eaves joint (c) Mid rafter joint (d) Apex joint

All dimensions are in millimetres

Figure B- 3 Dimensions of NTB section and bolted end plate joint used for column and rafter members

(Shahmohammadi, 2019)

142




‘-74"}
* THE UNIVERSITY OF

WAIKATO

Te Whare Wananga o Waikato

Project no: 2/2022

Project Name: Design of nested tapered box section portal frame with bolted end plates joints
Date:21/6/24 Rev:
Designer: Bikram Paul Checked by: Prof. James Lim Date:

B.2 Section strength using AS/NZ 4600 (2018)

In this section, the section strength under bending and compression has been determined using the DSM in
accordance with AS/NZ 4600 (2018). Since the cross-section is tapered, calculation for the only eaves was
carried out to demonstrate the design procedure. It should be noted that the effect of bimoment was not
considered as the cross-section being a nested box section with rigid joints.

B.2.1 Elastic buckling analysis

The local and distortional buckling stress for, foa under bending and compression can be determined by
implementing elastic buckling analysis. The buckling stress can be obtained via equations proposed by
Shahmohammadi (2019). The equations are as follows:

a = (B-3t-2r) ’f_y _ (136-3x4.2-2x6) fﬁ — 26.94
t 250 4.2 250

ay = (D-3t-2r) ’f_y _ (513-3x4.2-2x6) ’2_58 — 11813
t 250 4.2 250

For bending,
fo =y + 5673175a,—a,1.33%1-6.06a,3 —26.94 + 5673175—3x118.13—-118.13x1.332694—-6.06x118.133
ol 17 29490+880a,+a,3+397a,2-5906a, ! 29490+880x118.13+118.133+397x118.132-5906X26.94
=372.23 N/mm?
31533 = 14896  20.3a@y>
foa = 3.54a, + + - 22 — 338 — 8.93a,2
ay az ay

31533 14896  20.3x118.13%
=3.54x%x118.13 + + - —— — 338 —8.93 X 26.94%2=769.96 N/mm>

2694  118.13 26.94
For compression,

1127777 1127777

= 68.74 N/mm?

for = (18.7a,+9.05a1+a2) ~ (18.7x118.13+9.05X26.94+118.132)

13196494
foa = 0.0441a,a, — 6.83; + !
(20424+a,3+621a,2-153a1a3)
13196494X26.94

= 0.0441 x 26.94 x 118.13 — 6.83 X 26.94 + 3 5 = 174 N/mm?
(20424+118.133+621x26.942—153%26.94X118.13)
B.2.2_ Moment capacity
Yield moment capacity (M,,) for NTB section,
M, =Zsfyq [CL7.2.2.2]
=992805x 277.28 = 2.75 x 108 Nmm

M, = "'3t"1‘“’“,/15G]1y 70'36:21;”“\/(2 X 105) x 80000 X (6.3 X 107) X 25436757  [CL. D.1]

=2.22 x 10° N.mm

282

M,, = [1 ~0.25 x (1 —%)] x Mo=[1 ~0.25x (1- m)] X 2.22 X 10° [NZS3404, C1.5.6.1.1.1]
= 1.97 x 10° N.omm >2.78M,,

The nominal moment capacity of the member (My,.) for lateral-torsional buckling is then determined via the
following equations:
M =M, = 2.75 X 10® N.mm [CL 7.2.2.2(3)]
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Non-dimensional slenderness ratio for local buckling

A= /ﬂ - /ﬂ =0.863 > 0.776 [CL.7.2.2.3 (1) and C1.7.2.2.3 (3)]
Mg 992805x%372.23

The nominal moment capacity of the member (M;) for local buckling,
0.4 0.4
M, = [1 ~ 015 (%) ](%) X My, [CL.7.2.2.3 (2)]
Y047,y \04
1 - 015 (55) | GGa) X275 x 10°-2.574 x 108 Nonm

0.863 0.863
Non-dimensional slenderness ratio for distortional buckling

Ay = /My _ /ﬂ =0.60 < 0.673 [CL7.2.2.4 (3)]
Mgyq 992805%769.69

The nominal moment capacity of the member (M) for distortional buckling,
My = Mp=2.75 X 108 N.mm [CL7.2.2.4(1)]
Nominal moment capacity for NTB section (M) = min (M;, Mg, M) =2.574 X 108 N.mm =257.4 kNm

B.2.3_Axial capacity
Nominal yield capacity (P,) for NTB section in compression,

P, = Agfyq = 6536.85 X 277.28 = 1.73 x 105 N [CL.7.2.1.2 (5)]
P. 1.73x106
A = /Py = [ = 0.799< 1.5 [CL.7.2.1.2 (3)]
Ppe=Agfyc = 6536.85 X 415.42 = 2.72 x 105N [CL7.2.1.2 (4)]
foc = min (for oy, foz) = 415.42 N/mm?
2 2 5
for = o =20 _ 4158 85 N/mm>

T (lex/T2) (4270/1972)
n2E _ m?x2x105 2
foy = (ey/r3)_@270/629) =415.42 N/mm
oy = GJ ( 71:2EIW> _80000%6.37x107 ( m2x2x105x1.52x10%*
0z 7 agrZ GJ12, )~ 6536.85x2072 80000X6.37X107x43002
To1 = /1 + 17 = V1972 4 622=207.0 mm
The nominal capacity of the member (Nce) in compression for flexural, torsional or flexural-torsional buckling
is determined by using equations:

P.. = (0.658*°)P, =(0.658°7%°") x 1.73 x 10°=1.32 x 10° N [CL 7.2.1.2 (1)]

):76271.88 N/mm?

Non-dimensional slenderness ratio for local buckling

_ [Py _ |L73x106 _
A= /Pol— /4.93“05 =1.718>0.776 [CL7.2.1.3 (1)]

Py=A,f, = 6536.85 x 68.74 =4.93 x 10° N [CL 7.2.1.3 (4)]
Local buckling capacity of NTB section

P = [1 - 0.15 (?)04] (?)“ x P,

4.93x105\**] [4.93x105\ %4 6
- [1 - 015 (1.32><106) ](1.32><106) x1.32x10

=7.764x 10° N [CL. 7.2.1.3 (2)]
Non-dimensional slenderness ratio for distortional buckling

_ [Py _ [173x105 _
A = /Pod /—1.136“06 1.235>0.776 [CL 7.2.1.4 (3)]

Poq=Agfoq = 6536.85 x 174 =1.136 X 10° N [CL. 7.2.1.4 (4)]
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Distortional buckling capacity of NTB section
0.6 0.6

=1 = Pod Pod

P,=|1 - 025 (Py) ](Py) X P, [CL7.2.1.4 (2)]
1.136x105\ %] r1.136x106\*®
- [1 — 0.25 (1.72><106) ](1.72x106) x 1.72 x 10°
=1.15x 10°N

Nominal axial capacity for NTB section (P,) = min (B, Py, P.e) =7.764x 10° N=776.4 kN

B.2.4 Shear capacity
Yield capacity in shear,

V, = 0.64,,f, =0.6X 2 X 513 X 4.2 X 258 = 6.67 X 105N [CL 7.2.3(5)]
Critical buckling capacity in shear

2 2 5
v, = n?EAwK, _ m?x2x10 ><2><513><4.2><5.3471.41>< 105 N [CL. D3(1)]

12(1-p2)(dq/tw)? 12(1-0.32)(513/4.2)2
Non-dimensional slenderness ratio for shear

A, = \/VVZ: /fjizigz =2.175>1.227 [CL 7.2.3(4)]

Nominal shear capacity of the section (V) is determined by the equations below:
V, =V, =141 x 10° N =141 kN [CL. 7.2.3(3)]

B.3 Beam Idealization

Figure B-4 shows a beam model for NTB portal frame where joints were considered as rigid. Herein, FE
software was used for the analysis. As NTB section is not present in the section templates of FE software,
design section option was used with the same width, depth and thickness; however, modification factors are
applied to the moment of inertia, cross-section area and section weight to reach to the same properties as the
equivalent NTB section. The factors modify the section bending stiffness, section axial stiffness and self-weight
of the frame. For tapering of NTB section, non-prismatic option was employed in FE software (see Figure B-
4). A rotational spring with the stiffness 2370 kNm/rad is assigned to the column bases as suggested by
Shahmohammadi et al. (2022) in his paper. Bending moment diagram has been shown in Figures B-5.

8
7
4 58
3
2 0.125 kN
0.125 kN .
0.125 kN 0.125 kN
0.125 KN 0.125 kN 0.125kN 0125 kKN
y
1
te—
0.348kN —> LX 0.348 kKN
0.50 kKN 0.50 kN
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Nodes

Coordinates (m) Element Node connectivity
X y z 1 1-212

! 9.08  0.00 0.00 2 2-3!
2

-9.08 4.27 0.00 3 3-4!
3
. -7.96 4.37 0.00 4 4.5

-5.67 4.57 0.00
5 5 5-6

-4.59 4.67 0.00
6 7l

-3.40 4.78 0.00 ! 67
7 _Ql

-1.11 4.95 0.00 8 8
8 0 5.06 0.00

Note:

1. NTB section, El and EA = varying

2. Rotational stiffness of 2370 kNm/rad

Figure B-4 Beam model for the NTB portal frame

0.09kNm

X0.0SkNm

0.09 kNm

0.08kNm Z

Figure B-5 Bending moment diagram from beam model (unit load)

B.4 Prediction of the ultimate load capacity

From Figure B-2, it can be seen that NTB portal frame with bolted end joint failed at 163.98 kN due to the
failure of NTB member near eaves, which is close to the experimental test. A similar prediction could also be
made from the beam model (see Figure B-4), which shows a failure load of 157.8 kN at eaves. This corresponds

to a bending moment of 217.9 kNm, combined with an axial force of 60.2 kN and a shear force of 69.7 kN.
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B.5 Detailed calculation
The followings steps are shown for the design of portal frame:

Calculate cross-sectional capacities and check for combined actions

Column Column Rafter Rafter Rafter
Description Parameter

base eaves eaves mid apex
Actual section thickness (mm) t 42 42 4.2 4.2 42
Section width (mm) B 136 136 136 136 136
Depth (mm) D 282 513 513 282 369
Member length about x axis in L major-M 4270 4270 9100 9100 9100
bending (mm)
Member length about y axis in L minor-M 4270 4270 9100 9100 9100
bending (mm)
Member length about x axis in L major-P 4270 4270 9100 9100 9100
compression (mm)
Member length about y axis in L minor-P 4270 4270 9100 9100 9100
compression (mm)
Yield stress (MPa) fy 258 258 258 258 258
Tensile stress (MPa) fu 386 386 386 386 386
Depth at the other end Dena 513 282 282 513 282
Design bending moment (kN.m) M* 12.1 217.9 217.9 14.2 82.3
Design axial force (kN) P* 78.5 78.5 60.2 56.9 56.9
Design shear force (kN) A% 53.9 53.9 69.7 32.3 4.7
Average yield stress (MPa) in fya-comp 268.1 265.1 265.1 268.1 266.7
compression
ﬁg;;i‘ff yield stress (MPa) in fya-flex 2773 2773 2773 2773 2773
Area of the bend to the area of the
full section Ceomp 0.1 0.0 0.0 0.1 0.0
Area of the bend to the area of the 01 01 0.1 0.1 01
flange Criex
Bent yield stress (MPa) fye 452.7 4527 4527 4527 452.7
constant B. 1.9 1.9 1.9 1.9 1.9
constant m 02 02 0.2 0.2 02
Shallower end to deeper end depth
ratio for tapered members Dy/Dj 0.55 0.55 0.550 0.55 0.76
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Column Column Rafter Rafter Rafter
Description Parameter
base eaves eaves mid apex
Radius r 6.0 6.0 6.0 6.0 6.0
Lip c 40.0 40.0 40.0 40.0 40.0
Moment of inertia about x (mm?) Ix 6.28E+07 2.55E+08 2.55E+08 6.28E+07 1.17E+08
Moment of inertia about y (mm?) Iy 1.58E+07  2.54E+07 2.54E+07 1.58E+07  1.95E+07
Elastic section modulus Z 4.45E+05 9.93E+05 9.93E+05 445E+05  6.32E+05
Section area (mm?) Ag 4.60E+03  6.54E+03 6.54E+03 4.60E+03  5.33E+03
Torsion constant (mm?) J 2.96E+07 6.30E+07 6.30E+07 2.96E+07  4.19E+07
Warping constant (mm®) Iw 1.53E+14 1.53E+14 1.53E+14 1.53E+14  1.53E+14
Eﬁ%‘s of gyration about the x axes I LI7E+02  197E+02  1.97E+02  LI7EH02  148E+02
Eﬁfg‘)‘s of gyration about the y axes ry SS8TEH01  624E+01  624E+01  SSTE+01  6.04E+01
21{\?1;21)(; s modulus of elasticity E 200E+05  2.00E+05  2.00E+05  2.00E+05  2.00E+05
Shear modulus of elasticity (MPa) G 8.27E+04  8.00E+04 8.00E+04 8.00E+04  8.00E+04
Cboef.ﬁm?nt depending on moment & 1.67 1.67 1.67 1.67 1.67
distribution
Polar radius of gyration (mm) Yol 130.8 207.0 207.0 130.8 159.8
Strength reduction factor for Bb, By 10 10 10 10 10
moment and shear
Strenth reduction factor for moment o 1.0 1.0 1.0 1.0 1.0
and axial
Elastic lateral-torsional - buckling M, 1.24E+09  2.22E+09  1.05E+09  5.68E+08  7.49E+08
moment (N.mm)
Reduction factor applied to Mo for
tapered members (NZS3404, cl- as 0.89 0.89 0.89 0.89 0.94
5.6.1.1.1)
Reduced elastic lateral-torsional
buckling moment because of being Moa 1.10E+09 1.97E+09 9.33E+08 5.04E+08  7.05E+08
tapered (N.mm)
Flange slenderness Det 26.9 26.9 26.9 26.9 26.9
Web slenderness Aew 62.3 118.1 118.1 62.3 83.3
Elastic local buckling stress under
bending moment (MPa) for 800.2 3722 3722 800.2 605.9
Elastic distortional buckling stress
under bending moment (MPa) fod 943.7 746.6 746.6 943.7 872.2
Elastic local buckling stress
including depth and moment
o for,mod 800.2 3722 3722 800.2 605.9
variation and contact between ’
flanges effects (MPa)
Elastic distortional buckling stress
including depth and moment
variation and contact between fod,mod 972.1 769.0 769.0 9721 898.3
flanges effects (MPa)
Elastic local buckling moment
(N.mm) Mo 3.56E+08  3.70E+08 3.70E+08 3.56E+08  3.83E+08
;El\lfifﬂdlsmmonal bucklingmoment —ny ' 433E108  7.63E+08  7.63E+08  433E+08  5.68E+08
Local buckling non-dimensional N 059 086 086 059 0.68
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Column Column Rafter Rafter
Description Parameter Rafter eaves
base eaves mid apex
Distortional buckling A 0.53 0.60 0.60 0.53 0.56
slenderness
Yield moment (N.mm) My 1.23E+08 2.75E+08 2.75E+08 1.23E+08 1.75E+08
Nominal member moment
capacity for lateral-torsional Mbpe 1.23E+08 2.75E+08 2.75E+08 1.23E+08 1.75E+08
buckling (N.mm)
Nominal member moment
capacity for local buckling M 1.23E+08 2.57E+08 2.57E+08 1.23E+08 1.75E+08
(N.mm)
Nominal member moment
capacity  for  distortional Mba 1.23E+08 2.75E+08 2.75E+08 1.23E+08 1.75E+08
buckling (N.mm)
Moment capacity (N.mm) M 1.23E+08 2.57E+08 2.57E+08 1.23E+08 1.75E+08
Section moment capacity equal M 123E408  2.57E+08 2.57E+08 123E408  1.75E+08
to My (N.mm)
Nominal capacity of the
member in compression for Pee 9.17E+05 1.33E+06 5.32E+05 3.31E+05 4.07E+05
flexural (N)
Euler axial force (N) Pex 6.92E+06 2.72E+07 6.07E+06 1.50E+06  2.78E+06

Section capacity of member in

. Ps 9.71E+05 9.22E+05 9.22E+05 1.23E+06 1.42E+06
compression equal to Py

Non-dimensional slenderness e

for N, 0.84 0.80 1.69 1.81 1.75

Nominal yield capacity of the

. ] Ny 1.23E+06 1.73E+06 1.73E+06 1.23E+06 1.42E+06
member in compression (N)

Least of  the elastic
compression member buckling
load in flexural, torsional and
flexural-torsional buckling (N)

Poc 1.75E+06 2.72E+06 6.06E+05 3.78E+05 4.64E+05

Elastic buckling stress in an
axially loaded compression
member for flexural buckling
about the y-axis (MPa)

foy 380.2 415.4 92.8 82.1 87.0

Elastic buckling stress in an
axially loaded compression
member for flexural buckling
about the x-axis (MPa)

fox 1506.3 4158.9 928.6 3254 521.7

Elastic buckling stress in an
axially loaded compression
member for torsional buckling
(MPa)

foz 245743.8 76271.9 31006.7 76461.1 51419.1

Elastic flexural, torsional and
flexural-torsional buckling foc 380.2 415.4 92.8 82.1 87.0
stress (MPa)

Elastic local buckling stress

under compression (MPa) for 2135 68.7 68.7 213.5 129.0

Elastic distortional buckling

Joad under compression (MPa) foa 669.7 173.8 173.8 669.7 418.4

Elastic local buckling load

. Po 9.81E+05 4.49E+05 4.49E+05 9.81E+05 6.87E+05
under compression (N)

Elastic distortional buckling

X Poa 3.08E+06 1.14E+06 1.14E+06 3.08E+06 2.23E+06
compression load (N)
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Column Column Rafter Rafter Rafter
Description Parameter
base eaves eaves mid apex

Non-dimensional slenderness for local

buckling under compression M 0.97 1.72 1.09 0.58 0.7
Non-dimensional slenderness for
distortional buckling under compression ha 0.63 1.24 124 0.63 0.80
Nominal member capacity for elastic Pa 797E+05  7.77E+05 427E+05 331E+05  4.07E+05
buckling (N)
Nominal member capacity for distortional Pea 1.I4E+06  1.1SE+06  1.1SE+06 1.14E+06  1.19E+06
buckling (N)
Axial compression capacity (N) | 797E+05  7.77E+05 4.27E+05 3.31E+05  4.07E+05
Nominal shear capacity (N) Vv 2.54E+05 141E+05 1.41E+05 2.50E+05 1.96E+05
Non-dimensional slenderness under shear - 1.18 2.18 2.18 1.20 1.56
Elastic shear buckling force (N) Ver 2.65E+05 141E+05 1.41E+05 2.56E+05 1.96E+05
Yield shear force of the section (N) Vy 3.67E+05 6.67E+05 6.67E+05 3.67E+05  4.80E+05
Shear capacity (N) A\ 2.54E+05  1.41E+05 1.41E+05 2.50E+05  1.96E+05
l;;[(?;?fglzdampllﬁcatlon factors due to the o 0.99 1.00 0.99 095 0.98
Moment D/C ratio M check 0.10 0.85 0.85 0.11 0.47
Axial D/C ratio P check 0.10 0.10 0.14 0.17 0.14
Shear D/C ratio V check 0.21 0.38 0.49 0.13 0.02
PF* + %<1 M-pP 0.18 0.93 0.91 0.16 0.51
24 M-P 0.20 0.95 1.00 0.29 0.62
P anM

Mo\ 2 v 2
(_) + (7) <1 M-V 0.05 0.86 0.96 0.03 0.22

M
0462 + X < M-V 0.21 0.68 0.77 0.15 0.23

M 13V
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Example of a cold-formed steel Portal frame with nested tapered box (NTB) section having bolted-side
plate joints

Table of contents

C.1 Introduction

C.2 Section strength using AS/NZ 4600 (2018)
C.2.1 Elastic buckling analysis

C.2.2_ Moment capacity

C.2.3_Axial capacity

C.2.4 Shear capacity

C.3 Bolted-side plates strength

C.4 Rotational stiffness of the joints
C.5 Beam idealization

C.6 Prediction of the ultimate load capacity
C.7 Detailed calculation

Notation

Ay Gross cross sectional area of NTB section
A, Web area of NTB section

oy Slenderness for flange

a, Slenderness for web

D Depth of NTB section

Dy Shallower depth of NTB section

d Nominal diameter of bolt

Aminorpe  Minor diameter of M16 bolt

Aminoryze  Minor diameter of M20 bolt

E Modulus of elasticity

EA Axial rigidity of column/ rafter members

EI Flexural rigidity of column/rafter members

fy Yield stress

f, Ultimate strength

f,e Critical buckling stress for global buckling for NTB section under compression
for Critical elastic buckling stress for local buckling due to compression or bending
fod Critical elastic buckling stress for distortional buckling due to compression or bending
G Modulus of rigidity

L1y Moment of inertia about major and minor axis, respectively

J Torsional constant

lo, Effective length of member

A Non-dimensional slenderness ratio for local buckling

Aq Non-dimensional slenderness ratio for distortional buckling

Ay Non-dimensional slenderness ratio for shear

Mpe Nominal moment capacity of NTB section for lateral-torsional buckling

My Nominal moment capacity of NTB section for distortional buckling

M, Nominal moment capacity of NTB section for local buckling

My Nominal moment capacity of NTB section for distortional buckling

M, Nominal moment capacity of NTB section for overall buckling

Moa Reduced moment capacity of NTB section for overall buckling

Moyq Critical elastic moment capacity of NTB section for distortional buckling

My Critical elastic moment capacity of NTB section for local buckling

M, Nominal yield moment capacity

Pee Nominal axial capacity of NTB section for flexural, torsional, or lateral-torsional buckling
Py Nominal axial capacity of NTB section for distortional buckling

P, Nominal axial capacity of NTB section for local buckling

Py Critical elastic moment capacity of NTB section for distortional buckling

Pog Critical elastic moment capacity of NTB section for local buckling

P, Nominal yield moment capacity

r Corner radius

T Ty Radius of gyration about major and minor axis, respectively

k, Shear buckling co-efficient

Kipar Bolt-hole elongation stiffness of one NTB plate

Kip ar Bolt-hole elongation stiffness of one bolted-side plate
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KipipaT Bolt-hole stiffness of the interconnected plates system for joints comprised one bolted-side plate with one NTB

plate
Konzp Bolt-hole stiffness of the interconnected plates system for joints comprised two bolted-side plate with two NTB
plate
K Rotational stiffness of joints
Ka Rotational stiffness of apex joints
Ke Rotational stiffness of eaves joints
ts Thickness of bolted-side plate
t Thickness of NTB section
Ve Critical buckling in shear
v, Yield capacity in shear
v, Nominal shear capacity
Zg Section modulus of NTB section
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C.1 Introduction

The frame shown in Figure C-1a is a NTB portal frame with bolted-side plate joints. Details of the eaves and apex
joints are shown in Figure C-2. This frame also has a same span (18.16m), eaves heights (4.27m), pitch of 5°as
the test described in Appendix B. As can be seen from Figure C-1b, the point loads were applied to the frame and
pinned supports at the column bases, albeit partially restrained in lateral direction. Lateral restraints were provided
to the loading position and near the joints to prevent the possibility lateral buckling. Figure C-3 shows the load-
displacement curves for the tested frames. Fully threaded M16 bolts (See Figure C-1a) are used to connect the
NTB section with the bolted-side plates. Geometric details of NTB cross-section and bolted-side plates are shown

in Figure C-4.

A ;. ~ \

(a) A schematic diagram of NTB portal frame with bolted-side plate joints considered for this study

2290 == 2270 == 2290 - T \]i \T/
1028kN  10.28kN 10.28kN 10.28KkN

|= 10.28kN 10.28kN
10:28kN 10.28kN | 4270
|

| |

All dimensions are in millimeters Lg

18160
(b) Details of point loads applied to standard frame

Figure C- 1 Details of the general arrangement for the NTB portal frame with bolted-side plate joints
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(a) Eaves joint (b) Apex joint

Figure C- 2 Joints of NTB portal frame

250
200
Bolted end plate joint
Member failure
2‘ 150 (t=10mm)
= Eaves failure
g (t=8mm)
S 100 ——FEA
50
Bolted-side plate joint
0
0 50 200 250

100 150
Apex deflection (mm)
Figure C- 3 Load-displacement curve for the NTB portal frame from FEA

_ B=136 _

= Joints D (mm)
= 4'2""]"_ Column base 282

1 4 Eaves 513

| °  D=Varying  Mid rafter 282

1 ! Apex 369

= 40 /L/ .1/./ .(’II -,"; )

f, =258 N/mm’; f, = 386 N/mm; t= 4.2 mm
(a) Cross section details of back-to-back channel section
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930 — |
‘I‘SQ 70_77_ _77_7_77_7;70_4‘\:_“'
50$/\uoooooo R
. o 380
o o -
100 © ° 0000 °o
930 Et 3 =
(- &
° o, 105
9 ogb//
504 | ° (-] o

f =350 N/mm’; f, = 425 N/mm " ; t,= 8 mm R0 400 T

(c) Joints details
All dimensions are in millimeters
Figure C- 4 Dimensions of NTB section used for column and rafter members and details of bolted-side plate
used at eaves and apex joint

C.2 Section strength using AS/NZ 4600 (2018)

In this section, the section strength under bending and compression has been determined using the DSM in
accordance with AS/NZ 4600 (2018). Since the cross-section is tapered, calculation for the only eaves was carried
out to demonstrate the design procedure. It should be noted that the effect of bimoment was not considered as the
cross-section being a nested box section with rigid joints.

C.2.1 Elastic buckling analysis

The local and distortional buckling stress foi, fod under bending and compression can be determined by
implementing elastic buckling analysis. The buckling stress can be obtained via equations proposed by
Shahmohammadi (2019). The equations are as follows:

a, = (B—3t—2r) ,f_y _ (136-3x4.2-2x6) ’@ — 2694
t 250 4.2 250

ay = (D-3t-27) ,f_y _ (513-3x4.2-2x6) ,@ — 11813
t 250 4.2 250

For bending,
fo=ay+ 5673175a,—a51.33%1-6.06a,3 —26.94 + 5673175-3x118.13—118.13x1.332094-6,06x118.133
ol — ™1 29490+880a,+a3+397a,2-5906a1 ’ 29490+880%x118.13+118.133+397x118.132—-5906%26.94
=372.23 N/mm?
31533 14896  20.3a,>
foa = 3.54a, + + — 22 — 338 —8.93q,2
ay az ay

31533 14896  20.3x118.132
=3.54x118.13 + + - —— — 338 —8.93 X 26.94%2=769.96 N/mm?

2694  118.13 26.94
For compression,

1127777 1127777

for = = = 68.74 N/mm?

T (18.7a,+9.05a1+a2) ~ (18.7x118.13+9.05X26.94+118.132)

13196494
foa = 0.0441a;a, — 6.83a; + !
(20424+a,3+621a12-153a1ay)

= 0.0441 x 26.94 x 118.13 — 6.83 X 26.94 + 131964942694 = 174 N/mm?>

(20424+118.133+621%26.942-153X26.94%X118.13)
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C.2.2_ Moment capacity
Yield moment capacity (M,,) for NTB section,

M, = Zf, [C1.7.2.2.2]
= 992805 x 277.28 = 2.75 x 10 Nmm

M, = 22200 JEGIT, =227 /(2 x 105) x 80000 x (6.3 X 107) x 25436757  [CL D.1]

1 4270

= 2.22 x 10° N.mm

282

M,, = [1 ~0.25x (1- %)] x Mo=[1 —0.25x (1- m)] X 2.22 X 10° [ AS/NZ 3404, C1.5.6.1.1.1]
= 1.97 x 10° N.mm >2.78M,,

The nominal moment capacity of the member (Mse) for lateral-torsional buckling is then determined via the
following equations:
Mp, =M, = 2.75 X 10® N.mm [CL 7.2.2.2(3)]

Non-dimensional slenderness ratio for local buckling

A = [My _ /ﬂ ~0.863 > 0.776 [C1.7.2.2.3 (1) and C1.7.2.2.3 (3)]
Mo 992805x372.23

The nominal moment capacity of the member (M;) for local buckling,

M 0.4 M 0.4
M, = [1 015 (M—‘) ](M—l) X My, [C17.22.3 (2)]
y y
0.4 0.4
=[1 - 015 (1) ](@) x 2.75 X 10°=2.574 x 108 N.mm

Non-dimensional slenderness ratio for distortional buckling

Ay = ’ My _ fﬂ =0.60 < 0.673 [CL7.2.2.4 (3)]
Mog 992805%769.69

The nominal moment capacity of the member (M) for distortional buckling,
My = Mp=2.75 X 108 N.mm [CL.7.2.2.4(1)]
Nominal moment capacity for NTB section = min (M, Mg, Mp,.) =2.574 X 108 N.mm =257.4 kNm

C.2.3_Axial capacity
Nominal yield capacity (P,) for NTB section in compression,

P, = A,f, = 6536.85 x 277.28 = 1.73 X 106 N [CL 7.2.1.2 (5)]
_ [Py _ [173x10% _

A= /POC /2.72x106 =0.799<1.5 [CL.7.2.12 (3)]

Pyc=Agfoc = 6536.85 X 415.42 = 2.72 X 10N [CL 7.2.1.2 (4)]

foc = min (for foy foz) = 415.42 N/mm?

for = n?E _ m?x2x10°
0% " (lex/TE) (4270/1972)
2 2 5
n°E TeX2X10
foy = = >~ =415.42 N/mm?
(ley/T3) (4270/622)
for = GJ ( anIW) _ 80000><6.37><107( m2x2Xx10°x1.52x10%%
02 7 pgr2 GJi2, )~ 6536.85x2072 80000x6.37x107x43002

=4158.85 N/mm?

):76271.88 N/mm?
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To1 = /¢ + 17 = V1972 + 622=207.0 mm
The nominal capacity of the member (Pc) in compression for flexural, torsional or flexural-torsional buckling is
determined by using equations:

P., = (0.658"°)P, =(0.658°7%°") x 1.73 x 10°=1.32 x 10° N [CL 7.2.1.2 (1)]

Non-dimensional slenderness ratio for local buckling

_ [Py _ [1.73x10% _
A= /p_o]’ /m71.718>0.776 [CL.7.2.1.3 (1)]

Po1=Agf, = 6536.85 X 68.74 =4.93 x 10° N [CL. 7.2.1.3 (4)]
Axial Local buckling capacity of NTB section

P = [1 ~ 0.15 (?)“] (?)04 x P,

_ 4.93x105\ **] [4.93x105\** 6
- [1 — 0.15 (1.32><106) ](1.32x106> x1.32 %10

=7.764x 10° N [CL.7.2.1.3 (2)]
Non-dimensional slenderness ratio for distortional buckling

_ [Py _ |173x10% _
A = /Pod /—Llsmoé 1.235>0.776 [CL 7.2.1.4 (3)]

Poq=Agfoq = 6536.85 X 174 =1.136 X 10° N
The nominal axial capacity of the member (P;) for distortional buckling,

Pod 06 Pod 06
P,=|1 - 0.25 (F> <F> x P, [Cl.7.2.1.4 (2)]
_ 1.136x105\ %] 71.136x106) % 6
- [1 - 025 (1.72><106) ] (1.72><106) x 1.72 10

=1.15x 10°N
Nominal axial capacity for NTB section = min (B, Py, P.e) =7.764X 10° N=776.4 kN

C.2.4 Shear capacity

Yield capacity in shear,

V, = 0.6A,,f, =0.6X 2 X 513 X 4.2 X 258 = 6.67 X 10° N [Cl. 7.2.3(5)]

Critical buckling capacity in shear

V. = n?EAwK,  m?x2x105x2Xx513X4.2X5.34
T T 12(1-p2)(D/t)2 12(1-0.32)(513/4.2)2

Non-dimensional slenderness ratio for shear

Ay = [ /ijzzigz —2.175>1.227 [CL. 7.2.3(4)]

Nominal shear capacity of the section (I},) is determined by the equations below:
V, =V, =141 x 105 N=141kN [CL. 7.2.3(3)]

~1.41x 105 N [CL. D3(1)]
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C.3 Bolted-side plates strength
The strength of the eaves and apex brackets can be as follows:

Bolted-side plate at apex joint (Paul et al. 2023)
M, = 0.001 x a,%%% x b '"®* x £ x (sin )%0%% x 1201 Eq. cl
For one bolted-side plate
Mg, = 0.001 x 7809096 x 3501793 x 0.35 x (sin5°)%093 x 8201
=135.23 kNm
For two bolted-side plate
M3y, = 2 X 135.23=270.46 kNm
Bolted-side plate at eaves joint (Eq.5.2)
Mg, = 2.77 X @, %47 x b *®° x f, x (cos 0)17° x 3761 x 10713 Eq. c2
= 2.77 x 350%%7 x 580*%° x 0.35 X (cos5%°)170 x 80761 x 10713
=135.49 kNm
For two bolted-side plate
M3pe = 2 X 135.23=270.98 kNm
It is important to note that the above equations are valid when the bolted-side plates are subjected to pure bending.
However, in the NTB portal frames, the bolted-side plates experience a combination of bending, shear, and axial
forces. Consequently, the moment capacities of the bolt groups at both the eaves and apex joints (as shown in
Figure C-4b) are determined using the FE model of the NTB portal frame. The calculated moment capacities for
the eaves and apex joints are 160.2 kNm and 157.8 kNm, respectively.

/\!TB plate

} >k
1p_AT
1
jolted-side plate
} >k
1b_AT
1
NTB plate
7
’ . A } > Kip1p ar
7 o Ve ' ——f—— "
7 7 I

Bolted-side plate

Figure C- 5 Diagram showing bolt-hole elongation stiffness as the force required to cause a unit displacement
for a system of plates
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C.3 Bolt-hole elongation stiffness
Figure C-5 defines the bolt-hole elongation stiffness for two plates representing the channel-section and bracket.
The bolt-hole elongation can be calculated from (in series):
1

Kipip aT = T, i Eq.c3

kp "kic AT
From Ahmed and Teh (2019):
Bolt hole elongation stiffness for the NTB plate,

ds 0.3
ky = 0.015 t, (M) fu= 0.015 x 42 x (

minorMzo

13.4
16.54

) 03 x 425 = 22.83kN/mm [See Figure C-6]
Bolt hole elongation stiffness for the bolted-side plate,

ds 0.3
ko = 0.015t; (M) fu= 0015 x8x(

minorMzo

13.4

0.3 _ . )
16.54-) X 386 = 47.88kN/mm  [See Figure C-6]

13.4
16.54

Ao 0.3
k, = 0.015 t, ((j‘“—Miﬁ) f,

minormMzo

0.015 x 10 x ( ) 03 x 386 = 59.84kN/mm [See Figure C-6]

Thus,

Kipip at = T = T = 15.5kN/mm (16.53 kN/mm)
kip kip  22.83 47.88

Bolt-hole stiffness for each plate

Kopap = 2 X Kypip ar = 2 X 15.5 = 31.0 kN/mm (33.05 kN/mm)

C.4 Rotational stiffness of the joints
Rotational stiffness can be determined from Lim and Nethercot (2004) as follows:

K=Yr1{ X Kypip ar Eq. c4

Apex joint
K, = (0.3652 + 0.263% + 0.176% + 0.1352 + 0.176% + 0.263% + 0.3652 + 0.3392 + 0.3652 + 0.339% +
0.2632 + 0.1762 + 0.1352 + 0.176% + 0.263% + 0.3652 + 0.3392) x 31.0 X 1000=37201.74 kNm/rad

Eaves joint
K, = (0.5042 + 0.4112% + 0.323%2 + 0.2442 + 0.186% + 0.1732 + 0.2122 + 0.2832 + 0.3682 + 0.326% +
0.3262 + 0.290% + 0.2312 + 0.215% + 0.2532 + 0.295%) x 31 X 1000 = 45230.74 kNm/rad

(33.05 kN/m) (48223.94 KNm/rad )

Figure C- 6 Fully threaded M16 bolt
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C.5 Beam idealization

Figure C-7 shows beam idealisations for NTB portal frames with bolted-side plate joints. As can be seen,
rotational spring elements are modelled at the centre of rotation of each bolt-group. The bolted-side plates can be
assumed to function as rigid. Figure C-8 shows the bending moment for unit applied load.

0.125 kN 0.125 kKN

283 0.125 kN 0.125 kN 0.125 kN 0.125kN l

0.125 kN 0.125kN

1 L
0.336 kN
0.336 kN —-{ -F_

0.50 kN 0.50 kKN
Nodes Coordinates (m) Element Node connectivity
n X y z T
1 2008 0.00 0.00 1 12,
2 9.08 393 0.00 2 2-3
3 9.08 393 0.00 3 2-42
4 875 430 0.00 4 453
5 875 430 0.00 Z P
6 796 497 0.00 £ ExT
7 5.67 477 0.00
8 454 467 0.00 8 8-9!
9 340 457 0.00 5 501
10 11 437 0.00 m TNEE
11 039  5.03 0.00 v
12 039 503 0.00 1 11-12
Note:

1. NTB section, EI = varying, EA= Varying

Bolted-side plate, EI =co ; EA =00

Rotation spring stiffness, Ko = 45230.74/ 48223.94kNm / rad
Rotation spring stiffness, K, = 37201.74kNm / rad

Rl

Figure C- 7 Beam model for the NTB portal frame with bolted-side plate joints

1.19kNm f 1.19 kNm

0.60 kNm

Figure C- 8 Bending moment diagram from beam model NTB portal frame bolted-side plate joints (unit load)
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C.6 Prediction of the ultimate load capacity

In this section, the prediction of ultimate failure load for the eaves and NTB member has been discussed. The
predicted ultimate loads are based on the section strength and the strength of bolted-side plate, determined either
from the FE model or equations. As shown in Figure C-3, the load carrying capacity of NTB portal frame with
bolted end plate joints were compared with the bolted-side plates joints.

C.6.1 Bolted-side plate failure

When the thickness of the bolted-side plates at both eaves and apex joints is 8mm, failure of the NTB portal
frame was due to the failure of the bolted-side plate at eaves, at 133.5 kN, which is 17% less than the load carrying
capacity NTB portal frame with bolted end plate joints. Similarly, a prediction of the failure load can also be
made using the beam model (see Figure C-7) if the strength of the bolted-side plate is known from the FE model.
From the FE models, the strength of the bolted-side plate was determined to be 160.2 kNm for the eaves joint.
The corresponding failure loads for NTB portal frame with bolted-side plates were at 134.62 kN.

C.6.2 Member failure

From Figure C-3, it can be also seen that increasing the thickness of bolted-side plates from 8mm to 10mm at
eaves joints, NTB portal frame failed at 163.98 kN due to the failure of NTB member near eaves, which is close
to the NTB portal frame with bolted end plate. A similar prediction could also be made from the beam model,
which shows a failure load of 167.8 kN at the center of rotation. This corresponds to a bending moment of 200.0
kNm, combined with an axial force of 83.9 kN and a shear force of 56.4 kN.
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C.7 Detailed calculations:
Column Column Rafter Rafter Rafter
Description Parameter
base eaves eaves mid apex
Actual section thickness (mm) t 4.2 4.2 4.2 4.2 42
Section width (mm) B 136 136 136 136 136
Depth (mm) D 282 495 483 282 362
Member length about x axis in L major-M 4270 4270 9100 9100 9100
bending (mm)
Member length about y axis in Lminor-M 4270 4270 9100 9100 9100
bending (mm)
Member length about x axis in L major-P 4270 4270 9100 9100 9100
compression (mm)
Member length about y axis in L minor-P 4270 4270 9100 9100 9100
compression (mm)
Yield stress (MPa) fy 258.0 258 258 258 258
Tensile stress (MPa) f, 386.0 386 386 386 386
Depth at the other end Dena 513.0 282.0 282.0 513.0 282.0
Design bending moment (kN.m) M* 15.4 206.6 200.0 27.8 99.2
Design axial force (kN) p* 83.9 81.5 63.3 59.7 56.2
Design shear force (kN) \'% 56.4 56.4 75.8 35.4 4.7
Average yield siress (MPa) in fya-comp 268.1 265.1 265.1 268.1 2667
compression
Average yield stress (MPa) in fyalex 277.3 277.3 277.3 277.3 277.3
flexural
Area of the bend to the area of the
full section Ceomp 0.1 0.0 0.0 0.1 0.0
Area of the bend to the area of the 01 01 01 01 01
flange Crex
Bent yield stress (MPa) fye 452.7 452.7 452.7 452.7 452.7
constant B. 1.9 1.9 1.9 1.9 1.9
constant m 0.2 0.2 0.2 0.2 0.2
Shallower end to deeper end depth
ratio for tapered members Dy/D 0.5 0.57 0.58 0.55 0.77
Radius r 6.0 6.0 6.0 6.0 6.0
Lip c 40.0 40.0 40.0 40.0 40.0
Moment of inertia about x (mm?) Ix 6.28E+07 2.34E+08 2.20E+08 6.28E+07 1.12E+08
Moment of inertia about y (mm?) Iy 1.58E+07 2.47E+07 2.42E+07 1.58E+07 1.92E+07
Elastic section modulus Zs 4.45E+05 9.44E+05 9.12E+05 4.45E+05 6.16E+05
Section area (mm?) Ag 4.60E+03 6.39E+03 6.28E+03 4.60E+03 5.27E+03
Torsion constant (mm?) J 2.96E+07 6.03E+07 5.86E+07 2.96E+07 4.09E+07
Warping constant (mm®) Iw 1.53E+14 1.53E+14 1.53E+14 1.53E+14 1.53E+14
Radius of gyration about the x r LI7E+02  191E+02  187E+02  1I7EH02  1.45E+02
axes (mm)
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Column Column Rafter Rafter Rafter
Description Parameter

base eaves eaves mid apex
Eﬁ%‘s of gyration about the y axes Iy S9E+01  62E+01  62B+01  SSE+01  G6.OE+01
Young’s modulus of elasticity (MPa) E 2.07E+05 2.00E+05 2.00E+05 2.00E+05 2.00E+05
Shear modulus of elasticity (MPa) G 8.27E+04 8.00E+04 8.00E+04 8.00E+04 8.00E+04
i‘;terfngg; depending on moment e 1.67 1.67 1.67 1.67 1.67
Polar radius of gyration (mm) ol 130.8 207.0 207.0 130.8 159.8
itlr;rsl}%g; rreductlon factor for moment Bb, By 1.0 10 10 1.0 1.0
ZSﬂt;eI;ﬁEglreductlon factor for moment o 10 10 10 10 10
Ellgrsrtlfn . (;Iaﬁﬁl)'“’rs“’nal buckling Mo, 125E+09  2.16E+09  9.88E+08  S5.68E+08  7.35E+08
Reduction factor applied to Mo for
tapered members (NZS3404, cl- as 0.89 0.89 0.90 0.89 0.94
56.1.1.1)
Reduced elastic  lateral-torsional
buckling moment because of being Moa 1.1E+09 1.9E+09 8.8E+08 5.0E+08 6.9E+08
tapered (N.mm)
Flange slenderness et 26.9 26.9 26.9 26.9 26.9
Web slenderness Aew 62.3 113.8 110.9 62.3 81.6
Eéﬁi‘gg ﬁiﬁeﬁ?iﬁ% stress. under fol 800.2 394.4 410.1 800.2 620.7
Elastic distortional buckling stress
under bending moment (MPa) fod 943.7 764.2 775.6 943.7 877.7
Elastic local buckling stress including
depth and moment variation and fol,mod 800.2 394.4 410.1 800.2 620.7
contact between flanges effects (MPa)
Elastic distortional buckling stress
including depth and moment variation
and contact between flanges effects fod,moa 9721 787.1 798.9 9721 904.0
(MPa)
;E;Ia;tlﬁl)l“al buckling moment Mol 3.56E+08  3.72E+08  3.74E+08  3.56E+08  3.82E+08
;El\lfi‘;)d““’““’“al buckling moment  ny  433E108 74308 7.20E+08  4.33E+08  5.57E+08
SLl‘e’fli‘ilemez‘S‘Cklmg non-dimensional M 0.59 0.82 0.81 0.59 0.66
Distortional buckling slenderness M 0.53 0.58 0.58 0.53 0.54
Yield moment (N.mm) My 1.2E+08 2.5E+08 2.4E+08 1.2E+08 1.7E+08
Nominal member moment capacity
for lateral-torsional buckling (N.mm) Mbe 1.2E+08 2.5E+08 2.4E+08 1.2E+08 1.7E+08
If\i‘r’rlno‘:j bi?{rﬁgzr(ﬁ;‘fn;’“t capacity M 12E+08  2.4E+08 24E+08  12B+08  1.7E+08
Ifi‘r’rg;;‘ti;i‘:fﬁirckﬁ;n(eﬁtm%’ac‘ty My 12E+08  2.5E+08  24E+08  12E+08  1.7E+08
Moment capacity (N.mm) M 1.2E+08 2.4E+08 2.4E+08 1.2E+08 1.7E+08
(Sffrt:l‘r’:l‘) moment capacity equal to My M, 12E+08  24E+08  24E+08  12B+08  1.7E+08
Nominal capacity of the member in Pee 92E+05  129E+06  S5.1E+05  33E+05  4.01E+05

compression for flexural buckling (N)
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Column Column Rafter Rafter Rafter
Description Parameter

base eaves eaves mid apex
Euler axial force (N) Pex 7.0E+06 2.5E+07 5.3E+06 1.5E+06 2.7E+06
Section capacity ~ of  member in P, 9.7E+05  92E+05  9.1E+05  12E+06  1.4E+06
compression equal to N
Non-dimensional slenderness for Ne. e 0.83 0.79 1.68 1.81 1.74
Nominal yield capacity of the member in Py 12E+06  1.7E+06  1.6E+06  1.3E+06  1.4E+06
compression (N)
Least of the elastic compression member
buckling load in flexural, torsional and Poc 1.8E+06 2.7E+06 5.7E+05 3.8E+05 4.6E+05
flexural-torsional buckling (N)
Elastic buckling stress in an axially loaded
compression member for flexural buckling foy 385.5 418.6 91.7 82.1 86.7
about the y-axis (MPa)
Elastic buckling stress in an axially loaded
compression member for flexural buckling fox 1527.6 3961.9 835.7 3254 504.5
about the x-axis (MPa)
Elastic buckling stress in an axially loaded
compression member for torsional foz 248770.5 82745.6 34062.3 76461.1 52919.9
buckling (MPa)
Elastic flexural, torsional and flexural-
torsional buckling stress (MPa) foc 385.5 418.6 91.7 82.1 86.7
Elastic !ocal buckling stress under fu 2135 736 772 2135 1338
compression (MPa)
Elastic dl_stomonal buckling load under foa 669.7 191.9 2056 669.7 436.9
compression (MPa)
Elastic local buckling load  under Pol 98E+05  4.7E+05  4.8E+05  9.8E+05  7.1E+05
compression (N)
E:St&)d‘smmo“al buckling compression Poa 3.1E+06  12E+06  1.3E+06  3.1E+06  2.3E+06
Non-@lmensmnal slendgmess for local N 0.97 1.65 1.02 058 0.75
buckling under compression
Non-dimensional slenderness for
distortional buckling under compression ha 0.63 117 112 0.63 0.7
Nominal member capacity for elastic P 80E+05  7.JE+05  42E+05  33E+05  4.1E+05
buckling (N)
Nominal member capacity for distortional Pa 1.14E+06  1.15E+06  1.14E+06  1.14E+06  1.17E+06
buckling (N)
Axial compression capacity (N) P 7.99E+05  7.73E+05  4.24E+05  3.31E+05 4.01E+05
Nominal shear capacity (N) Vy 2.54E+05 1.46E+05  1.50E+05  2.50E+05 2.00E+05
Non-dimensional slendermess under shear Av 1.18E+00  2.10E+00  2.05E+00  1.20E+00 1.54E+00
Elastic shear buckling force (N) Ver 2.65E+05  1.46E+05  1.50E+05  2.56E+05  2.00E+05
Yield shear force of the section (N) Vy 3.67E+05 6.44E+05  6.28E+05  3.67E+05 4.71E+05
Shear capacity (N) \4 2.54E+05 1.46E+05  1.50E+05  2.50E+05 2.00E+05
Mgment amplification factors due to the On 0.99 1.00 0.99 096 0.98
axial load
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Column Column Rafter Rafter Rafter
Description Parameter
base eaves eaves mid apex
Moment D/C ratio M check 0.12 0.85 0.84 0.23 0.60
Axial D/C ratio P check 0.07 0.11 0.15 0.18 0.14
Shear D/C ratio V check 0.22 0.39 0.51 0.14 0.02
P?* + % <1 M-pP 0.18 0.94 0.91 0.27 0.64
2y My M-P 0.20 0.96 1.00 0.42 0.76
P anM
Mo\ 2 VN2
(_) + (7) <1 M-V 0.06 0.87 0.96 0.07 0.36
_AM
0462 + X < M-V 0.23 0.69 0.78 021 0.30
M " 13V

Above design calculation is for the applied load of 167.8 kN on the NTB Portal frame. Bending moment, shear
force and axial force used in this calculation can be used found from the Figure C-6 and C-7, respectively. As
can be seen form Figure C-3, failure load is close to the FEA which is occuurred at rafter near the eaves joints.
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