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Abstract

During the lifespan of timber buildings, structural members may exhibit different defects and/or
failures. This may include splits that develop due to shrinkage because of changes in the moisture
content of wood and/or due to excessive flexure bending, tensile, or shear stresses. To rehabilitate
timber structures, there are various retrofitting techniques used to strengthen damaged wood
members. Some of the available methods include the utilization of fiber-reinforced polymer
wrapping sheets, mechanical fasteners such as self-tapping screws (STS), and glued-in rods. The
utilization of STS was proven to be the most economical and easiest retrofitting technique. In
ambient conditions, this technique has been shown to greatly increase the strength of wood-steel-
wood (WSW) connections when subjected to flexure bending. STS have also been shown to
significantly increase the ductility of timber beams utilizing such reinforced connections. Although
STS have proved to be very effective in enhancing the strength of glued-laminated timber (glulam)
beams with WSW connections in ambient conditions, there has been very minimal research on the

effect of STS on retrofitting glulam beams with such connections in fire conditions.

The main objective of this research is to investigate the effects of using STS to retrofit damaged
glulam beams in fire conditions. In this study, eight different full-size WSW bolted connection
configurations have been retrofitted using STS after being deliberately damaged through physical
testing until failure. In a subsequent stage, the retrofitted glulam beam end connections were
experimentally tested at elevated temperatures that followed the CAN/ULC-S101 standard fire
time-temperature curve while being loaded to 100% of the ultimate design moment capacity of the
weakest unreinforced connection configuration. Study parameters included bolt pattern, number
of bolts, and the usage of wood insulation to fully conceal the steel connecting components (i.e.,

bolt heads and nuts, and steel plate edges). The STS effects in terms of confining the glulam beam

il



sections that exhibited splitting failures, enhancing fire resistance, and ductility of the retrofitted
beam end connections were experimentally investigated. The experimental results of the behaviour
of the retrofitted glulam beam end connections were compared to those of identical but
undamaged, unreinforced connections experimentally tested in a related prior study to better

understand the strengthening effects of STS in fire conditions.

Experimental results show that usage of STS prevented failure due to delamination at the glue lines
of the glulam beam sections, which commonly develops in unreinforced, undamaged (original)
connections. This in turn resulted in greater fire resistance times. Obtained results also show that
STS resulted in a significant increase in the strength of the damaged connections; however, the
fire resistance times of the unreinforced, undamaged connections were not completely recovered.
On average, 85% of the original strength was restored. This is consistent with the results of other
published studies that utilized STS in WSW glulam connections but in ambient conditions. It was
also observed that the splits of the damaged beams played a significant role in the reduction of
their fire resistance times. For STS-reinforced connections with larger initial split widths, the fire
resistance time was considerably less mainly due to more penetration of the heat through the wide
splits. Finally, when analyzing the time-rotation curves, it was noticed that the failure of the STS-
retrofitted connections was more gradual, and the connections experienced a more ductile

behaviour compared to that of the unreinforced (original) connections.

il



Acknowledgements

I would like to extend my sincere gratitude to my supervisor, Dr. Sam Salem, for his exceptional
mentorship, support, and guidance throughout my study. [ am very grateful for all the time he spent
assisting me on this unique research project and for all the knowledge he shared with me since the

beginning of my research. I would not have completed this project without his great support.

I would also like to thank Morgan Ellis and Cory Hubbard from the Civil Engineering’s Structures
Laboratory at Lakehead University for all their assistance during the experimental program of my

research project.

Lastly, I would like to thank my family for being by my side throughout my studies. Their wise
words, encouragement, and guidance gave me the strength to complete my Masters. This would

not have been possible without their great support.

v



Table of Contents

ADSIFACE.c.cuueiiiiiiintrininteinsnteissntiessstnessstecssssesssssessssnesssssesssssesssssessssassssssssssssssssssssssssssssssssssssssssssssss ii
ACKNOWICUAZEIMENLS ...ouuuerririsrnriecssssnricssssssresssssassasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssess iv
Table of Contents........ccccceeeevueecsueecnns A
List of Tables .......cccceveeeuenuecnee ix
List of Figures.........ccceeerercurccsnncene X
List of Equations ..........ccceeuerercueccsnnnes xvii
Nomenclature .........ccceeeeeesunecsnneene xviii
Chapter 1: INTrodUCTiON .....ueeiiieeiiisiiiniseninsnicssnncssnicssssecssssesssssesssssesssssessssssssssesssssessssssssssssssssss 1
1.1 BacK@roUnd ........ccoooiiiiiieiieei et srb e e b e e aaeenaen 1
1.2 Problem StatemMENT .........coveiiiiiiitieieeiereeee ettt 2
1.3 O ECEIVES ..t eitie ettt et ee et e ettt e et e et e e et e e et e e e atee e st eeesseeensseeensaeeansaeeanseeesnseeennseeeanseeans 3
1.4 TRESIS STIUCIUIC ......viieiiieeciiee et ettt eee et e et e e et eestbeeesabeeetaeeesaeeessaeesaseeessseeesnseeennseeans 3
Chapter 2: Literature ReVIEW.....ciiieiiieeninenniinnsiniecnsnecssnnnsnniseessessssssssssssssssesssssssssssssssssssssss 4
2.1 SrUCTUIE OF WOOM ...ttt e e e b e e eab e e e aseeeaseeenens 4
2.2 Wood Use as a Building Material ............cccveeiiiiiiiiieiiecieeeeeee e 7
2.3 Connections Utilized in W0o0d StruCtures..........cocueevuieiiiiiiiniiiiniciieeieeieeee e 8
2.4 Hybrid Wood Connection Failure Modes ...........cccceevviieiiiiiiiieeieeeeeeeee e 13
2.4.1  ROW Shear-out TESISLANCE ......ccueruieruiiiiiriieniieie ettt sttt s 15
2,42 SPILHNG TESISTANCE ..eeuvvieueieiieeiieeiieetee et eit et e e ete e teesebeeseesabeesatesnbeenseesnseenseeenseensnas 16



243 YI1elding reSIStANCE .....eecviieeiieeeiieeeieeesieeesiteeesteeeeaeesteeesbeeessaeessseeessseeessseessseessseenns 16

2.5 Performance of Bolted Wood-Steel-Wood (WSW) Connections with No Reinforcement

...................................................................................................... 20

2.6 Reinforcement and Retrofitting Techniques of Wood Connections...........cccccecveennennne. 23
2.6.1  FRP 1eINfOTCEMENT .....eoutiriiiiiiiiiiieitieieei ettt sttt s sbe e e 24
2.6.2  GIUEA-IN TOAS . e eueiriieiieieeiertte ettt ettt sttt et sbe et e 28
2.6.3  Self-taPPING SCIEWS ..eeuuiiiuiieiieiiieeie et te ettt e tee st e et ee st eebeesabeesaeesabeesseesnbeesneeenseenseas 33
2.7 Wood Properties at Elevated TEMPEratures ...........eecueeruieeiienieeiiieniieeieesee e 48
2.7.1  Wood design for fire Safety........cccoiiviriiniiiiiiic e 48
2.7.2  Behaviour of timber at elevated teMPEratures ...........cccveeeveerieerieenieeieeneeereeseeeveenenes 50
2.7.3  Effects of fire on the mechanical properties of Wood .........ccceeeuveriieiiieniiiiiienieeieeee. 56
2.8 Behavior of Wood-Steel-Wood-Connections in Fire..........cocceeveeniiiiinnieniienieeeeee, 58
2.8.1 Heat transfer in hybrid wood-steel-wood connections in fire ..........cccceceeveeveriencnnens 58
2.8.2 Fire resistance of hybrid wood-steel-wood connections at elevated temperatures ........ 63
2.9 Wood Reinforcement Behaviour When Exposed to Fire..........ccoccovvvviiiiiiiiiniieiie 65
Chapter 3: Methodology and Test Assemblies Details 67
3.1 INEEOAUCTION ...ttt ettt e s e e 67
3.2 Ambient Temperature TESTING .......cccecuieriieriiieiieeieeie ettt e e 67
33 Fire ResiStance TESINE .......cccuieiiiiiiieiieeiieeie ettt ettt ettt e b e nee e e saee e 73
3.4 IMEALETIALS ...ttt ettt et b et sttt b et s 76

vi



3.4.1 GlUlam DEAIM SECTIONS ..u.eeeeieeiee e e e e e e e e e e e e e e e e e e e aaeeeeeeeeaennans 76

3.4.2  T-Stub StEEl CONMMECLOTS. ...ccuuiiiuiieiiiiiieiie ettt ettt ettt ettt et e et eeseeeeaeeens 76
3.4.3  Self-tapPINg SCTEWS ...veeevieiiieiiieiieeiieette et estteeteestteeseesseeeseesseeesseesseesseessseasseesssesnseens 82
3.5 STS and Bolts SPaCIng.........coecuieiiiiiiieiieeiterie ettt ettt e et seaeebe et eesbeessneeseeas 83
3.6 LOAAINE. ...eitteiieeie ettt ettt et ettt et e et e et e e b e e st e eateesaeeenbe e taeenbeensaeenbeeneas 84
3.7 THETMOCOUPIES ...ttt et e et e et e et e e s e e e s saaeessseeesssee e sseeennseas 85
3.8 TESE IMIALIIX ..ttt ettt ettt et et st e bt e et e esteesat e e bt e enbeesseeenbeesaneenbeenneas 88
Chapter 4: Experimental Tests Results and Discussion 89
4.1 INEEOAUCTION 1.ttt sttt ettt et e bt et e eaeeees 89
4.2 Ambient Temperature Tests ReSUItS ..........coceeiiiiiiiiiieeiieieceee e 89
43 Fire Resistance Test ReSULLS........cocuiiiiiiiiiiiiie s 90
4.3.1 Effects of using self-tapping screws in the unprotected connections .............ccccceueeueee 93
4.3.2  Effects of using self-tapping screws in the protected connections ..........c..ccccceveevueenene 99

4.3.3  Effects of the number of bolts on the fire resistance of the unprotected connections 108

4.3.4  Effects of the number of bolts on the fire resistance of the protected connections .... 108

4.3.5 Effects of the bolt pattern on the fire resistance of the unprotected connections ....... 109
4.3.6  Effects of the bolt pattern on the fire resistance of the protected connections ........... 113
4.4 TIME-TeMPETAtUIE CUIVES .....eevieeiiieiieeieeiie ettt eiee et et e teeteesiaeeteesaeeenbeessaeenseesseeenne 117
4.4.1 Time-temperature curves of the unprotected CONNECtiONS .........cceeveervieruiierieeneeeninans 117
4.4.2  Time-temperature curves of the protected CONNECtIONS .......c.eeevvveervieeriieenieeeiieenne, 122

vii



4,43 CRAITING TALES ..eeevtieeiiieeiieeeeteeerteeesteeestteeetaeeeteeessseeessseeeasseeeasseeeasseesnsseeensseesnsseesnnes 125
Chapter 5: Conclusions and Recommendations . 129
5.1 CONCIUSIONS ...ttt ettt et ettt sat e bt et e e bt e beebesseenbeenneas 129
52 Recommendations for Future Work...........cccoceeviiiiniiiinienieccceccesceceee e 130
References........coeevuerceenuennnee .132

viii



List of Tables

Table 2.1 Strength properties of glulam beams .............ccceeeiieriiiiiiiniieieeceee e 6
Table 2.2 - Shear testing reSultsS SUMMATY . ......ccveeiviiiieiiiieriie et eieenee et sre e e saeeeseeseneesaens 12
Table 2.3 WSW connections resultS SUMMATY ..........ccceeeuierieeiiienieeiiienieeieeneeeieesieeeveeseneeseens 22
Table 2.4 Strength properties of various fibres and polymers .........ccccoeceeveerieniiienieneenieneenne. 25
Table 2.5 Effective number of bolts for reinforced vs unreinforced connections ...................... 34
Table 2.6 Results summary for reinforced vs. unreinforced connections ..........c.ccceceeveeeeenneenee. 43
Table 2.7 Charring rates of different wood SPECIES . ......ccveviieiiiiiiiiiieieeeeee e 51
Table 2.8 Eurocode model on the effect of density on the charring rate of wood ..................... .52
Table 2.9 Temperature vs. thermal conductivity of Wood . ........cccceeiiieniiiiiiniiiiecceeee e 54
Table 2.10 Fire teSting TESULLS . ...c.eoiiiiiiiiiiieiieieeitecee ettt ettt et e b e eseaesbeesaeeesseessnesnsaens 65
Table 3.1 24f-EX glulam beam mechanical properties ...........ccevvveeriierieerrierieeieenieereesreeveens 76
Table 3.2 TESt MALIIX ...oetiiiiiiiiieiieee ettt sttt e bt st e bt e e bt e sbaeebeens 88
Table 4.1 Ambient temperature TeSULLS. ........c.eeeiiiiieiiiieieeeeeee e e 90
Table 4.2 Summary of all fire resiStanCe tEStS. ....uviiriiiriieeeiieeriie et 91
Table 4.3 Calculated charring rates. .........ccceeciieeiiieeiiieeieeee e e e 127

X



List of Figures

Figure 2.1 Inner structure of @ tree trunk ...........cccvieiiiiiiiii e 5
Figure 2.2 Wood orthogonal axes based on grain dir€Ction. ...........ccceeevveeecieeecieeeniieeeiee e 6
Figure 2.3 Double shear hybrid connection in timber StrucCtures. ..........ccceeeevveeecveeercreeesireeeeveeene 9
Figure 2.4 Shear teStING SEE-UP ...c.eeeiiieiiiieiiiiieeiieeeieeestee et e esreestaeestaeesseeesseeessseeessseeensseeans 10
Figure 2.5 Shear testing nail arrangements . ..........cccccveeeiiieeeriieeiiieerie e e eeeesreeesreeesaeeesereeens 10
Figure 2.6 Failure modes for bolted wood CONNECHIONS ........c.eevuiiriieiieiiiieieeieeie e 14
Figure 2.7 Ductile failure modes for wood connections .............coeceeveeriiienieeiienieniiesie e, 18
Figure 2.8 Ambient temperature teSt SELUP .......eevvieriieriieiieeieeriie ettt et 20

Figure 2.9 Details of bolts arrangement: (a) bolts arrangements in Pattern 1; (b) bolt
arrangements 1N PAttern 2 .........coiiiiiiiiie e et e 21
Figure 2.10 FRP-reinforced specimens’ detail: (a) FRP placed perpendicular to grain; (b) FRP
placed at 45° aNgle t0 AN .......oiuiiiiiiiiiieieee et 27
Figure 2.11 FRP-reinforced specimens detail: (a) FRP placed at angle 45° to grain; (b) FRP
placed at angle 90° t0 AN ...t 28
Figure 2.12 Variation of placing GiR into wood: (a) a hole is drilled vertically and glue is
injected; (b) Glue is injected into a hole perpendicular to where the rod is to be placed . ........... 29

Figure 2.13 Anchorage length vs Pull-out strength for GiR connection from different studies 30

Figure 2.14 Rod diameter vs Pull-out strength for GiR connection for different studies .......... 31
Figure 2.15 Density vs Pull-out strength for GiR connection for different studies................ 31
Figure 2.16 Fully threaded ASSY® VG STS . ..o 33

Figure 2.17 Geometry of specimens tested (M1 to M10), including the number of reinforcing



Figure 2.18

Load-displacement curve for a beam subjected to parallel to grain tensile load (M1-

M4) non-reinforced beam; (M5 to M6) reinforced beam with no contact between dowels and

STS; (M6 to M7) reinforced beam with contact between dowels and STS ...........ccceevvieeniennne. 36
Figure 2.19 Bolted connection teSt SEt UP . ...c.eeeecveieeiieeiiieeriee et e e e e e s e e s e eseneeeeseeens 37
Figure 2.20 Test configurations: (a) Unreinforced beam; (b) Reinforced beam; (C) Retrofitted

DIBAIML .ottt ettt ettt sb ettt b et et 38
FIGUIE 2.21 TESE SELUD . .eeeeiiiiiieeeeiiiieeeeetee ettt e ettt e e ettt e e e et e e e s et eeeesnsaaeeeensaeeesensneeeeannseeens 39
Figure 2.22 The different STS-bolt arrangements studied: (a) A-CR; (b) B-CR; (c) C-CR ...... 40
Figure 2.23 Resulted moment-rotation CUTVES . ........ccecuieriieriieniieniieniieeieesieeeieesieeeeeesieeesee e 41
Figure 2.24 Utilized connection CONfIGUIAtION . ......eecueruieriirieniinieiieeienieeieneeenieeee e 42
Figure 2.25 Resulted load-displacement CUIVE . ........ccceevuieiiiiiiiiiieieeeeee e 44
Figure 2.26 General teSt SETUD ....coveririirieieiiereeie ettt s 45
Figure 2.27 Dimensions and placement of the STS ........cccoiiiiiniiiiieeee 46
Figure 2.28 Moment-deformation graph for unreinforced connection ........c...cccceecevveneenennnene 46
Figure 2.29 Moment-deformation graph for reinforced connection ............ccccceceeveriencenennene. 47
Figure 2.30 Failure modes of STS-reinforced connection: (a) 4d; (b) 5d ......cceveveiiieviieieenen. 48
Figure 2.31 Wo00d SEction Charring . .........ccoeioieriiriiiiiiiienceient et 51
Figure 2.32 Temperature vs. thermal conductivity of Wood .........ccccceceeriiiiniiniininiinicene 54
Figure 2.33 Temperature vs. specific heat of Wood . .......c..ccceviiiiiiiniiiiice 55
Figure 2.34 Temperature vs. density 0f WoOd .........cccccoeiiiiiiiiniiiniieecee e 56
Figure 2.35 Effect of temperature on the strength of softwood ........ccccoceeiiriiniiiiniiiiie 57
Figure 2.36 Effect of temperature on the modulus of elasticity of softwood .........c.ccceceeenee. 58
Figure 2.37 Thermal analysis finite element model ...........ccccoooieviiiiniiniiiincee 59

X1



Figure 2.38 Schematic fOr test SPECIMENS ........cccviiiiiiiiiiieeiiie et e e e e e sreeesaeeeseaeeeeereeens 60

Figure 2.39 Temperature vs. time for FE model and experiments .............ccccceeeeveevciieencieecenene 61
Figure 2.40 Bolt Cross-section teMPETAtUIES..........eeevieeriureeriieeireeerireeeireesateesseeesseeessseeessseeens 62
Figure 2.41 Dowel cross-section teMPETatUIESs .........c.ccecveeerieeerreeerireeeieeesreeesreeesseeessseesssseeens 62
Figure 2.42 CAN/ULC-S101 and ISO 834 standard fire curves . ........cccceeevveercrveercieeeciee e 63

Figure 3.1 Ambient temperature test setup for the connection configuration with four bolts in
Pattern 2 without fire protection (4BP2NP)........coouiiiiiiiiiii e 69
Figure 3.2 Details of the connection configuration with four bolts in Pattern 1 without fire
ProteCtion (ABPIINP)...c..eiiiieee et e e e s e e e e e sab e e e naeeenaeas 69
Figure 3.3 Details of the connection configuration with four bolts in Pattern 2 without fire
ProteCtion (ABP2INP)......eeiieiieee ettt e e e e e a e e e e enreas 70
Figure 3.4 Details of the connection configuration with six bolts in Pattern 1 without fire
Protection (OBPIINP).......oiiiiiiece ettt e e e e e e e e nraeeaaeas 70
Figure 3.5 Details of the connection configuration with six bolts in Pattern 2 without fire
Protection (OBP2NP).......ooiiiiiiie et et ettt ettt et bee e 71
Figure 3.6 Depiction of the damage to the 4-bolt protected connections utilizing the second bolt
pattern (P2) when the ambient test was terminated. .............coceeriieniiriieeiieeeee e, 72

Figure 3.7 Failure modes exhibited by the 4-bolt unprotected connections utilizing the first and

second bolt patterns (P1 and P2) when the tests were terminated ...........cccceeveeriieiieniieniennee 72
Figure 3.8 Lakehead University Fire Testing and Research Laboratory (LUFTRL) ................. 74
Figure 3.9 Fire testing fUrNace ........ccccocuiiiiiiiiiiiieieciee e 74
Figure 3.10 Typical fire teSt SETUP. ..ecveevirieriirieriieieete ettt 75

X11



Figure 3.11 Steel T-stub connector details for the 4-bolt connection configuration with bolt
pattern one (P1): (a) isometric view; (b) front view; (c) back view; (d) top view...........cccveennee.n. 78
Figure 3.12 Steel T-stub connector details for the 4-bolt connection configuration with bolt
pattern two (P2): (a) isometric view; (b) front view; (c) back view; (d) top view. .........ccueennee.e. 79
Figure 3.13 Steel T-stub connector details for the 6-bolt connection configuration with bolt
pattern one (P1): (a) isometric view; (b) front view; (c) back view; (d) top view.......c...cccveennee.n. 80

Figure 3.14 Steel T-stub connector details for the 6-bolt connection configuration with bolt

pattern two (P2): (a) isometric view; (b) front view; (c) back view; (d) top view. .........ccueeun..... 81
Figure 3.15 SWG ASSY VG plus CSK self-tapping screw (STS) ..cccevevievieiiieiiiiierieeieeee, 82
Figure 3.16 Top view of the glulam beam showing six STS installed. ........c...cccceoeriininnennenn. 83
Figure 3.17 Spacing of installed STS.......c.cooiiiiiiie e 84

Figure 3.18 Thermocouples arrangement in the connection configurations with bolt pattern (P1)

Figure 4.1 Initial state of the STS-retrofitted, unprotected connection configuration that utilized
four bolts in the first bolt pattern (4BPINP)......ccooiiiiiiiiie e 94
Figure 4.2 Fire testing timeline for the STS-retrofitted, unprotected connection configuration
that utilized four bolts in the first bolt pattern (4BPINP).......ccoooviiiiiiiiiiee e, 94
Figure 4.3 Initial state of the STS-retrofitted, unprotected connection configuration that utilized
six bolts in the first bolt pattern (6BPTNP)........cccooiiiiiiiiiiiiiee e 95
Figure 4.4 Fire testing timeline for the STS-retrofitted, unprotected connection configuration

that utilized six bolts in the first bolt pattern (6BPINP).........ccooviiiiiiiiiiiiieeeeee e, 96

Xiii



Figure 4.5 Initial state of the STS-retrofitted, unprotected connection configuration that utilized
four bolts in the second bolt pattern (4BP2NP) .......cccviioiiiiiieeee e 97
Figure 4.6 Fire testing timeline for the STS-retrofitted, unprotected connection configuration
that utilized four bolts in the second bolt pattern (4BP2NP). .....ccceeeeriieiiiieiieeeecee e 97
Figure 4.7 Initial state of the STS-retrofitted, unprotected connection configuration that utilized
six bolts in the second bolt pattern (6BP2NP). .......cccoiiiiiiiiiieeeeeeeee e 98
Figure 4.8 Fire testing timeline for the STS-retrofitted, unprotected connection configuration
that utilized six bolts in the second bolt pattern (6BP2NP). .......ccccoeeviiieiiiieiieeeeecee e, 99
Figure 4.9 Initial state of the STS-retrofitted, protected connection configuration that utilized
four bolts in the first bolt pattern (4BP1P).........ccovviioiiieeeeee e e 100
Figure 4.10 Fire testing timeline for the STS-retrofitted, protected connection configuration that
utilized four bolts in the first bolt pattern (4BP1P).......c.coovviieiiiieiieeeeee e 101
Figure 4.11 Initial state of the STS-retrofitted, protected connection configuration that utilized
six bolts in the first bolt pattern (6BP1P).........cooouiiiiiiiiiie e 102
Figure 4.12. Fire testing timeline for the STS-retrofitted, protected connection configuration that
utilized six bolts in the first bolt pattern (6BP1P).........cccoviiiiiiiiiiieee e 103
Figure 4.13 Initial state of the STS-retrofitted, protected connection configuration that utilized
four bolts in the second bolt pattern (4BP2P). ......coouiiiiiiiiiieeee e 104
Figure 4.14 Fire testing timeline for the STS-retrofitted, protected connection configuration that
utilized four bolts in the second bolt pattern (4BP2P).........coocviiiiiiiiiiiiieeee e, 105
Figure 4.15 Initial state of the STS-retrofitted, protected connection configuration that utilized

six bolts in the second bolt pattern (6BP2P). .........cccoeviiiiiiiiiiiie e 106

X1V



Figure 4.16 Fire testing timeline for the STS-retrofitted, protected connection configuration that
utilized six bolts in the second bolt pattern (6BP2P). .......cccoeeviiieiiiiiieeee e 107
Figure 4.17 Time-rotation relationships of the STS-retrofitted, unprotected connection

configurations that utilized four bolts in the first (4BP1NP) and second bolt patterns (4BP2NP).

Figure 4.18. Time-rotation relationships of the undamaged, unreinforced and unprotected
connection configurations that utilized four bolts in the first (4BP1NF1) and second bolt patterns
(ABP2NFT) oottt sttt ettt e et e s st e be e st e ese et e enseeseenseenseesseseenseenaenseentens 110
Figure 4.19 Time-rotation relationships of the STS-retrofitted, unprotected connection

configurations that utilized six bolts in the first (6BP1NP) and second bolt patterns (6BP2NP).

Figure 4.20 Time-rotation relationships of the undamaged, unreinforced, and unprotected
connection configurations that utilized six bolts in the first (6(BP1NF1) and second bolt patterns
(OBP2INEFT) ettt ettt ettt b e bbbt h ettt ettt ne b 112
Figure 4.21 Time-rotation relationships of the STS-retrofitted, unprotected connection

configurations that utilized six bolts in the first (6BP1NP) and second bolt patterns (6BP2NP).

Figure 4.22 Time-rotation relationships of the undamaged, unreinforced, and protected
connection configurations that utilized four bolts in the first (4BP1PF1) and second bolt patterns
(ABP2PFT) .ttt st 114
Figure 4.23 Time-rotation relationships of the STS-retrofitted, protected connection

configurations that utilized six bolts in the first (6BP1P) and second bolt patterns (6BP2P). ... 116

XV



Figure 4.24 Time-rotation relationships of the undamaged, unreinforced, and protected
connection configurations that utilized six bolts in the first (6BP1PF1) and second bolt patterns
(00133 57 o 2 ) TSRS PRRSRSSRI 117
Figure 4.25. Time-temperature relationships of the STS-retrofitted, unprotected connection
configurations that utilized four bolts in the first bolt pattern (4BPINP)........ccccovvvvvvievcieennneen. 118
Figure 4.26 Time-temperatures relationships of the STS-retrofitted, unprotected connection
configurations that utilized four bolts in the second bolt pattern (4BP2NP).........ccccovvvevveenneen. 119
Figure 4.27 Time-temperatures relationships of the STS-retrofitted, unprotected connection
configurations that utilized six bolts in the first bolt pattern (6BPINP)............ccooeviiininnennnnn. 120
Figure 4.28 Time-temperatures relationships of the STS-retrofitted, unprotected connection
configurations that utilized six bolts in the second bolt pattern (6BP2NP). .........ccccceeeiienennn. 121
Figure 4.29 Time-temperatures relationships of the STS-retrofitted, protected connection
configurations that utilized four bolts in the first bolt pattern (4BP1P) .......cccceeviiiiiiniineennn. 122
Figure 4.30 Time-temperatures relationships of the STS-retrofitted, protected connection
configurations that utilized four bolts in the second bolt pattern (4BP2P)........ccccoevieriiecnnen. 123
Figure 4.31 Time-temperatures relationships of the STS-retrofitted, protected connection
configurations that utilized six bolts in the first bolt pattern (6BP1P) .......cccccceviiviiiinininnns 124
Figure 4.32 Time-temperatures relationships of the STS-retrofitted, protected connection
configurations that utilized six bolts in the second bolt pattern (6BP2P)..........cccccocevviriinnnnens 125
Figure 4.33 Relationship between the calculated charring rate and fire resistance time of the

eight STS-retrofitted connection configurations tested ...........eceviereriieniininnieniereeereeeene 128

XVi



List of Equations

Equation 2.1 Total factored row shear-out resiStance ............ccoceevuieriieeriienieeiieenieeieesee e 15
Equation 2.2 Factored resistance of perpendicular to grain of wood members ......................... 16
Equation 2.3 Yielding resistance of wood membErs ...........cccocveeiierieeniienieeiienie e 17
Equation 2.4 Embedment strength of fastener embedded parallel to wood grain...................... 19
Equation 2.5 Embedment strength of fastener embedded perpendicular to wood grain ........... 19
Equation 2.6 Bolts yield strength of bolts other than CSA or ASTM bolts ........cccceeverieniennnne. 19
Equation 2.7 Charring rate equation to account for wood density ...........ccccceevveereerriieneeenneennnn. 52
Equation 4.1 Charring rate...........ccoeovveeiiieiiieiiieiieeiteesiee et esieeeveesteeeseesseesseesseessseesssesseessseenns 126

Xvil



Nomenclature

WSW: Wood-Steel-Wood Connection

SWS: Steel-Wood-Steel Connection

WWW: Wood-Wood-Wood Connection

FRP: Fibre Reinforced Polymer

STS: Self-tapping Screws

FRR: Fire Resistance Rating

WDM: Wood Design Manual

NBCC: National Building Code of Canada

4BPINP: Four Bolts Arranged in Pattern 1 Without Fire Protection

4BP2NP: Four Bolts Arranged in Pattern 2 Without Fire Protection

6BP1NP: Six Bolts Arranged in Pattern 1 Without Fire Protection

6BP2NP: Six Bolts Arranged in Pattern 2 Without Fire Protection

4BP1P: Four Bolts Arranged in Pattern 1 With Fire Protection

4BP2P: Four Bolts Arranged in Pattern 2 With Fire Protection

6BP1P: Six Bolts Arranged in Pattern 1 With Fire Protection

6BP2P: Six Bolts Arranged in Pattern 2 With Fire Protection

TC: Thermocouple

XViil



Chapter 1: Introduction

1.1 Background

In timber design, hybrid connections such as wood-steel-wood (WSW) are commonly used to
connect wood members and transfer loads. A WSW connection consists of metal (steel) fasteners
which can be made up of bolts, screws, nails, or dowels. The overall strength and stiffness of the
connection depend on the fasteners (i.e., bolts/dowels arrangements and numbers of bolts/dowels)
and the properties of the wood section. In fire conditions, since metal is much more conductive
than wood, the heat conducted from the metal fasteners into the wood members results in a higher
charring rate at the connection, which rapidly affects the strength of the residual section. This
makes the connections the weakest components of wood structures in fire conditions. Considering
that the resistance of connection will most likely govern the fire resistance of wood assemblage
(Maraveas et al., 2015), studying the behaviour of hybrid connections such as WSW in fire
conditions is of critical importance to researchers. Experimental research conducted by Owusu
(2019) on glulam beam WSW connections exposed to fire has shown that concealing the steel
components (i.e., bolts and plates) using wood plugs and strips significantly increases the fire
resistance of the connection. However, it was also observed that other modes of failure can occur
in WSW connections whether the steel components are concealed or exposed. In the Owusu (2019)
study, wood splitting failure along the glue planes was unexpected and it resulted in immediate
failure of the connections. In another recent study conducted by Okunrounmu et al. (2020) the
effects of concealing and reinforcing WSW connections in fire were investigated. From the said
study, it was concluded that when the connection was reinforced with self-tapping screws and the

steel components were concealed, the beam-end connections achieved fire resistance times



surpassing 45 minutes which exceeded the fire resistance rating required by the National Building

Code of Canada (NBCC, 2020).

1.2  Problem Statement

During the lifespan of timber structures, structural members may exhibit a variety of failure modes.
This may include splits that develop due to shrinkage as a result of changes in the moisture content
of wood and/or due to excessive flexural bending, tensile, or shear stresses. To rehabilitate timber
structures, there are various retrofitting techniques to follow. Some of the available methods
include the utilization of fibre-reinforced polymer (FRP) wrapping sheets, self-tapping screws
(STS), and glued-in rods. STS have been proven to be the most economical and easiest retrofitting
technique. For flexural bending reinforcement, STS are inserted perpendicular to the wood grain
of the wood member to resist and transfer perpendicular-to-wood grain tensile and shear stresses
that can not be resisted in large concentrations by wood members. In ambient conditions, STS have
been shown to greatly increase the strength of concealed wood-steel-wood (WSW) connections
when subjected to flexural bending. They also have been shown to significantly increase the
ductility of timber beams with end connections reinforced with STS. Although STS have proved
to be very effective in enhancing the strength of glued-laminated timber (glulam) beams with
WSW connections in ambient conditions, there has been very minimal research on the effect of
STS on retrofitting glulam beams with such connections in fire conditions. Furthermore, it was
seen from past experimental research, that when unreinforced WSW glulam beam connections are
exposed to fire, they commonly experience splits at the glue planes. This leads to premature failure
of the connection. As such, it was proposed to utilize STS to address this shortcoming of glulam

beams with WSW connections in fire.



1.3

Objectives

The following are the main objectives of this research:

1.4

To experimentally investigate the effects of using STS reinforcement on the fire resistance
of damaged glulam beam WSW connections. The beams tested were subjected to flexural
loading and shear force until splits were present along the top and bottom rows of bolts.
To determine how much of the original strength and fire resistance of the beams is restored
when the damaged beams are reinforced with STS and re-tested in fire.

To investigate whether the usage of STS can prevent glue line failure, which was very
common in the unreinforced WSW connections and often led to premature failure in fire
conditions.

To investigate the effect of the damage within the glulam beam connections (i.e., the width

of the splits) on the fire resistance of the beam connections when STS are used.

Thesis Structure

This thesis is divided into five chapters. Chapter one provides a brief introduction to the research

work, including background information, problem statement, and main objectives of this research.

Chapter two presents a summary and review of the most relevant research studies in the available

literature. Chapter three outlines and describes the methodology, test setup, and procedure

followed in the experimental program of this research. Chapter four represents in detail the results

of the experimental research program as well as provides a comprehensive discussion on the

influence of utilizing STS to reinforce damaged glulam beam-end WSW connections and how it

restores considerable amounts of the strength and fire resistance of such connections. Finally,

Chapter five provides a list of the conclusions that have been drawn from this new experimental

study and highlights the most important recommendations for future work.



Chapter 2: Literature Review

2.1 Structure of Wood

Wood is one of the oldest and most used construction material worldwide. It is a natural fibre-
composite material, made up of cellulose fibres arranged in a lignin matrix. Further, wood is an
anisotropic material, and hence, its strength properties such as tensile strength, bending strength,
and compressive strength, vary based on the type of wood, loading orientation, and moisture
content. This anisotropy can be observed in the arrangement of cells in a tree where 90-95% of
cells are aligned parallel to the tree trunk, 5-10% of cells are located in the radial direction, and no
cells are present in the tangent direction. A cross-section of a tree trunk is shown in Figure 2.1
which illustrates the inner structure of the tree. The three main sections in the trunk are the
heartwood, the sapwood, and the bark. The heartwood has no role and hence is physiologically
inactive, the sapwood is where all storage occurs, and the bark protects the interior of the tree trunk.
Trees can be categorized into two categories: softwoods, such as Douglas Fir, Hem-Fir, SPF, and
hardwoods, like hickory, and Maple (Department of Materials Science and Metallurgy, University

of Cambridge, 2014).
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Figure 2.1 Inner structure of a tree trunk (Adapted from the Department of Materials Science

and Metallurgy, University of Cambridge, 2014).

Wood is an anisotropic material, and hence its strength properties vary with respect to three
orthogonal directions, Figure 2.2. The three orthogonal directions are Longitudinal (L), Radial (R),
and Tangential (T). The longitudinal direction lies parallel to the fiber direction, whereas the radial
and tangential directions are located perpendicular to the fiber direction, with the radial direction
perpendicular to the growth rings, and the tangential direction parallel to the growth rings
(Winandy, 1996). The strength of wood is greatest when loaded parallel to the grain. When loaded
perpendicularly, wood products have very low strength and tend to split easily. Table 2.1 illustrates
the strength properties of glulam wood obtained from Nordic Structures (2015) and evaluated by

the Canadian Construction Materials Centre (CCMC).
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Figure 2.2 Wood orthogonal axes based on grain direction (Adapted from Fragkia and Foged,

2020).

Table 2.1 Strength properties of glulam beams (Adapted from Nordic Structures, 2015).

Property Units (MPa)
Compression parallel to the grain 33.0
Compression perpendicular to the grain 7.5
Tension parallel to the grain 20.4
Modulus of elasticity 13,100
Flexural bending 30.7
Longitudinal shear 2.2




2.2  Wood Use as a Building Material

As building codes in North America and around the world are acting to combat climate change,
many are starting to consider the impact of construction on the environment. As such, many are
encouraging the use of sustainable building materials, such as wood. The use of wood as a building
material offers an environmental advantage other materials lack. One of the greatest advantages of
using wood is its sustainability. Wood is the only major renewable construction material (Wood
Design Manual, 2020), and that can be recycled and reused at the end of its life span. Further, wood
products require the least amount of energy to manufacture, transport, and use as compared to steel,
concrete, and aluminum (Falk, 2009). Other environmental advantages of wood include reduced
greenhouse gas emissions, which mitigate climate change by absorbing carbon dioxide instead of
releasing it. Roughly 10 billion tonnes of wood are used globally each year. The popular use of
wood is also attributed to its low cost, which is 60 times lower compared to steel/ton, as well as
high specific strength. In terms of strength, many wood products especially engineered wood
products such as glulam, and CLT offer strength properties that are comparable to materials such

as concrete and steel.

While wood products offer a sustainable, energy-efficient, and low-cost choice as a building
material, one of the main shortcomings of wood products is their combustible behaviour. Although
wood products have adequate strength properties, fire resistance is usually the limiting design
parameter. Many codes around the world, including the National Building Code of Canada (NBCC,
2020) restrict the use of wood products in high-occupancy, high-rise structures. As such,
subsection 3.2.2 of division B of the previous version of the National Building Code of Canada
(NBCC 2015) specifies the maximum number of stories for wood construction as six (6), with a

maximum floor area of 1500 m?. This limited number of storeys can be partially attributed to the



relatively limited research on the behaviour of wood design when exposed to fire. NBCC requires
all wood structures to have a fire-resistance rating (FRR), which is defined as the time a component
can resist fire before failure. FRR varies depending on the occupancy, the size of the structure, and
accessibility to firefighters. FRR ranges from 0 to 120 minutes, with most buildings commonly

having an FRR between 45-60 minutes (NBCC, 2015).

In the current version of the National Building Code of Canada (NBCC, 2020), the maximum
number of stories for buildings primarily made of wood is 12 storeys. This increase in the number
of storeys is attributed to the introduction of the encapsulated mass timber construction (EMTC)
method. The EMTC is a construction method that consists of engineered wood materials such as
glulam, cross-laminated timber (CLT), and nail-laminated timber (NLT) that is encapsulated by
other materials, such as concrete. This encapsulation enhances the fire resistance times of timber
members by resisting the spread of the fire which in turn increases the fire resistance times of
timber structures. The minimum FRR for encapsulated mass timber is 50 minutes (NBCC, 2020).

However, for floors, the minimum FRR for EMTC buildings is two hours (NBCC, 2020).

2.3  Connections Utilized in Wood Structures

Wood structures may be divided into two types: Heavy timber structures and light framing
structures. Heavy timber structures consist of larger section sizes of sawn or glue-laminated timber.
In light framing structures, simple connectors such as nails and screws are typically utilized. On
the other hand, in heavy timber structures, connections such as bolts, dowels, and steel plates are
used as these structures generally carry higher loading (Peng et al., 2011). The connectors in heavy
timber structures can be divided into three cartridges: wood-wood-wood (WWW), wood-steel-
wood (WSW), and steel-wood-steel (SWS) connections. For a WWW connection, the central

member is a wood member, whereas, in a hybrid WSW connection, the central member is a steel



plate. Hybrid SWS members have steel plates on each side of the middle wood member. Figure
2.3 illustrates a schematic of the three different connection types. Bolts or dowels are utilized as
connectors. WSW connections will be utilized in this research and hence the performance of these
connections will be discussed throughout this chapter. Additionally, the failure modes of these

connections will be provided in the sections below.

Figure 2.3 Double shear hybrid connection in timber structures, (a) WWW, (b) WSW, (¢) SWS

(Adapted from Peng et al., 2011).

For light frame structures, nails are the most commonly used fasteners. Nails are available in many
lengths and cross-sectional areas. Nails may be installed in timber members by hand or by
machines. If nails are to be driven into dense timber, there is a risk of excessive splitting of the
timber occurring. In order to avoid splitting, a predrilled hole which is typically 80% less in
diameter than the nail diameter is drilled into the wood (Livingstone, 2015). Ruan et al. (2021)
investigated the effect of the arrangement of wooden nails on the shear strength of timber-to-timber
connection. In this study, a total of 90 shear tests were conducted using different types and
arrangements of nails. The nails were used to connect three timber boards. The load was applied
perpendicular to the boards and the specimens were loaded until failure. Figure 2.4 illustrates a

schematic of the testing set up.
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Figure 2.4 Shear testing set-up (Adapted from Ruan et al., 2021).

As part of the experimental study, four nail arrangements were studied. The arrangement of the
nails is shown in Figure 2.5. In the first arrangement (S), one nail per shear plane was inserted at
angle o = 0°. In the second arrangement (C), the nails were instead in a shear-compression
arrangement at angles o = 15° and 30°. In the third arrangement (T), the nails were instead in a
shear-tension arrangement at angles a = 15° and 30°. In the last arrangement (X), two nails per

shear plane were inserted using a cross-arrangement.

Shear arrangement - S Shear-compression Shear-tension Cross arrangement - X
arrangement - C arrangement - T

Figure 2.5 Shear testing nail arrangements (Adapted from Ruan et al., 2021).

When considering the single shear plane arraignments (S-T), results have shown that bolts loaded

in the shear-tension arrangement achieved 43% higher strength compared to the S arrangement and
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82% higher strength compared to the C arrangement. This could be attributed to the fact that in the
T arrangement, the stresses were mainly tensile, with no compressive stresses that result in
embedment failure. Conversely, in the Shear-Compression (C) arrangement, it was observed that
embedment failures between the nails and the boards had taken place due to the compression
stresses. This in turn resulted in lower shear strength for the S and C arrangements. Unsurprisingly,
the shear strength for X arrangement nails was higher as compared to the first three single-plane

arrangements.

When considering the angle of inclination of the nails for the single shear planes (Arrangements
S-T), placing the nails at 30° resulted in higher shear resistance for all connections as compared to
15° arrangements. However, the difference was very small (10% or less); therefore, the author
could not conclude for certainty that placing the nails at higher inclinations provides more
efficiency as compared to lower inclinations without conducting more testing at a variety of
inclinations angles. Conversely, for the double plane X arrangement, placing the nails at 15°
resulted in higher shear resistance for all connections as compared to 30°. This was due to the
significantly higher slip modules (deformation of nails with respect to loading) of the Compression
nails as compared to the tension nails at higher angles, which in turn did not result in the full
utilization of the compression nails. The results of the testing experiment are summarized in Table

2.2.
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Table 2.2 - Shear testing results summary (Adapted from Ruan et al., 2021).

Nail Arrangement and Shear Resistance (kN)
Inclination

Arrangement S (a = 0%) 2.12
Arrangement C (a = 15°) 1.67
Arrangement T (o = 15°) 3.04
Arrangement X (a = 15°) 5.11
Arrangement C (a = 30%) 1.71
Arrangement T (o= 30°) 3.34
Arrangement X (a = 30°) 4.55

Another type of connection used in timber structures is the dowel-type fasteners. Dowels are
circular rods made of timber or metal that are driven into wood members to connect them.
According to Eurocode 5, the dowels must have a minimum diameter of 6 mm (Eurocode 5, 2004).
The load-carrying capacity of dowel-type fasteners is calculated using Johansen’s (1949) Yield
Theory. Three parameters that affect the load carrying of dowel-type fasteners include the yield
strength of the dowels, embedment strength of the timber, and the withdrawal strength of the dowel
(Eurocode 5, 2004). The embedment strength of wood is dependent on the wood density, fastener
diameter, angle between the load and grain direction of the wood, moisture content, and friction
between the wood and the connection (Livingstone, 2015). Eurocode 5 (2004) outlines a variety
of failure modes and associated equations for calculating the embedment strength and withdrawal
strength of timber-to-timber and timber-to-steel connections. Section 2.4 of this chapter outlines

the variety of failure modes and equations of wood connections.
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Screws are another type of fastener used in timber structures. Screws can be driven into the wood
members manually or using power equipment such as drilling. The main distinction between
screws and nails is that screws have higher withdrawal strength as compared to nails (Livingstone,
2015). Glued joints are another type of connection used to connect timber structures. Advantages
of glued joints over fasteners include stiffer connection and better appearance. Glued-in joints also
offer more resistance to corrosive atmospheres as compared to metal fasteners. During fire, glued
joints made of thermosetting resins are safer than metal fasteners due to their lower heat

conductivity which in turn leads to lower charring (Livingstone, 2015).

2.4  Hybrid Wood Connection Failure Modes

Wood connection should be designed so that the factored resistance of the connection is greater
than the applied load. A wood connection may fail by yielding, row shear out, group shear out, net
tension, or splitting (Wood Design Manual, 2020). Yielding can occur either as a brittle or ductile
failure, whereas splitting, row and group shear out, and net tension are brittle failures (Wood
Design Manual, 2020). Yielding of the bolts can take place when the force is applied in any
direction with respect to the grain (Wood Design Manual, 2020). Row shear-out failure occurs
when a specimen is loaded parallel to the grain and along each fastener row, whereas group shear-
out failure occurs when a connection is loaded parallel to the grain along multiple rows (Wood
Design Manual, 2020). Splitting failure occurs when members are loaded perpendicular to the
grain. The different failure modes of wood connection are illustrated in Figure 2.6. For an
unreinforced bolted connection, it was observed in experiments, including by Owusu (2019), and
Petrycki and Salem (2019), that the most common failure is row shear out, splitting, and yielding
(crushing). Hence, the design requirements for these failure modes will be discussed in accordance

with CSA-086-19.
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Figure 2.6 Failure modes for bolted wood connections (Adapted from the Canadian Wood

Council, Wood Design Manual, 2020)
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2.4.1 Row shear-out resistance
According to CSA 086-19, the total factored row shear resistance of a connection in a wood

member is calculated using the following equation:

Equation 2.1 Total factored row shear-out resistance (Adapted from Wood Design Manual, 2020)

SPRy i = ¢wPRyjminNg Eqn. (2.1)
Where:
¢, = Brittle failure resistance factor = 0.7

PRy jmin = The lowest row shear resistance in any row in the connection

= 1.2 f,(KpKswKr) Kist ne acr
fo = Specified longitudinal shear values
K;s = 0.65 for side members; 1 for internal members
t = Member thickness
n. = number of fastener/row
aqr; = minimum of spacing of fastener inarow (S,),or loaded edge distance (a;)

Kp = load duration factor, Ky = treatment factor, K¢

= service condition factor for longitudinal shear (i.e wet or dry)
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2.4.2 Splitting resistance
Splitting failure in wood connection occurs when the wood is loaded perpendicular to the grain.

The factored resistance of perpendicular to the grain of wood members is:

Equation 2.2 Factored resistance of perpendicular to grain for wood members (Adapted from

Wood Design Manual, 2020)

QSri = $w0S; (KpKspKr) Eqn. (2.2)

Where,

¢ = Brittle failure resistance factor = 0.7

Where,

t = Member thickness, mm

d, = Effective depth of member,mm = d — e,
e, = unloaded edge distance, mm

If more than one member is present, the splitting resistance of the connection is calculated by

summing the resistance of each member (i.e. @S, = Y. QS,;)

2.4.3 Yielding resistance
The yielding failure in wood members is dependent on the number of shear planes in a connection.

To prevent yielding, the yielding resistance Nr should be greater than the factored yield force N
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Equation 2.3 Yielding resistance for wood members (Adapted from Wood Design Manual, 2020)

N, = ¢yn,nsns Eqn. (2.3)
Where,
¢, = yielding failure resistance factor = 0.8
n, = unit lateral yielding resistance
ng = number of shear planes
ng = number of fastener in connection

The unit lateral yielding resistance is dependent on the number of members in the connections, and
the different modes a connection can fail in yielding. Figure 2.7 shows the variety of ways yielding
can occur in timbers connections and the governing unit yielding resistance. The unit lateral

yielding resistance, n,, , is taken as the least value from (a) to (g)
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Figure 2.7 Ductile failure modes for wood connections (Adapted from the Canadian Wood

Where:

Council, Wood Design Manual, 2020)

f1, f> are the embedment strengths for the side member and main member respectively, MPa

dr = diameter of the fastener, mm

t1, t2 = thickness of the member or the bearing length of the dowel, whichever is lower

fy = Bending yield strength for the bolt:
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For a fastener embedded parallel to the grain, the embedment strength is given by the following

equation:

Equation 2.4 Embedment strength for fastener embedded parallel to wood grain (Adapted from

Wood Design Manual, 2020)
50G (1—0.01dy) J, Eqn. (2.4)
Where, G is the mean relative density as given is table A.12.1 in WDM, and J, = 1.0

For a fastener embedded perpendicular to the grain, the embedment strength is given by the

following equation:

Equation 2.5 Embedment strength for fastener embedded perpendicular to wood grain (Adapted

from Wood Design Manual, 2020)
226G (1—0.01dy) Jx Eqn. (2.5)
The yield strength for bending of the fastener for ASTM A307 bolts is 310 MPa

For other CSA or ASTM bolts the yield strength is:

Equation 2.6 Bolts yield strength for bolts other than CSA or ASTM bolts (Adapted from Wood

Design Manual, 2020)

fym"‘fum

> , Eqn. (2.6)

Where, fym and fum are the yield and ultimate bolts strengths, respectively
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2.5 Performance of Bolted Wood-Steel-Wood (WSW) Connections with No
Reinforcement

Connections are used to transfer load between members. They are also the weakest link in any
wood assembly, and therefore it is critical to understand the behaviour of those connections when
loaded. In a bolted connection subjected to a load perpendicular to the grain, the strength of the
connection is governed by the type of wood. member thickness, number of bolts, and bolts
arrangement (WDM, 2020). To study the performance of a bolted WSW connection under bending,
Owusu (2019) investigated the effect of bolts arrangement and the number of bolts on the carrying
capacity of a connection on a 184 x 362 x 1600 mm black spruce—pine, grade 24f-EX glulam beam.
The beam was free on one end and fixed to a column on the other end. The load was applied at the
free end until failure of the connection at a rate of 2.0 kN/minute. The beam was connected to the
column using a concealed T-stub with a thickness of 12.7 mm and A325M, high strength bolts

were used. The test set up is shown in Figure 2.8.

Figure 2.8 Ambient temperature test setup (Adapted from Owusu, 2019)

The study was conducted on two different bolt patterns. In the first pattern, bolt rows were placed

symmetrically close to the top and bottom of the beam. In the second pattern, the bottom row bolts
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were raised to mid-height to better resist the tensile stresses developed at the top of the beam. Both
patterns are depicted in Figure 2.9. In addition, the effect of increasing the number of bolts from 4

to 6 on moment capacity was also investigated.

Upon test completion, it was observed that the 4-bolt connections failed by splitting along the top
row of the connection; however, bolts arranged in the second pattern experienced some row shear-
out failure. The row-shear out failure of pattern two was due to the yielding of the bottom bolts,
which also resulted in the considerable increase in the moment resistance in pattern two, as the
connection experienced more ductility. In terms of moment capacity, the placement of the bolts in
the tensile zone (pattern two) resulted in a 92% increase in the moment resistance as compared to

pattern one.

When 6 bolts were used in the first pattern, the moment capacity was 44 kN.m. Therefore, this is
a 66% increase compared to the 4 bolts configuration. It is worth noting that for the 6 bolts
arrangement in position 2, the test was not completed due to the failure of the supporting column.

The results of this test are summarized in Table 2.3.

S 1040 965 100

180 N
.,
a0, 91

9

b) Bolt Pattern 1 a) Bolt Pattern 2

Figure 2.9 Details of bolts arrangement: (a) Bolts arrangements in Pattern 1; (b) Bolt

arrangements in Pattern 2 (Adapted from Owusu, 2019)
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Table 2.3 WSW connections results summary (Adapted from Owusu, 2019).

Connection Bolt Failure Maximum Maximum
Failure Mode
Pattern Load (kN) | Moment (kN.m) | Rotation (kN.m)
4BPINA 18.9 26.5 0.012 Splitting
4BP2NA 36.3 50.9 0.042 Splitting/Eventual
row shear out
6BP1INA 314 44 0.015 Splitting
6BP2NA (test was 38.2 53.5 0.023 -

not completed due
to failure of steel

column)

In another study conducted by Petrycki and Salem (2019), a semi-rigid WSW connection subjected
to monotonic load was tested. The study was conducted to determine the strength of the wood
connection in the case of a column removal scenario. The test consisted of two symmetrical beams
attached to a column placed in between them. The beam-to-column connection was assumed to be
perfectly rigid, and each beam was pinned on the other end. The loading was applied monotonically
on the column at a displacement rate of 2 mm/min. This rate was to account for the load carried by
the lower floor column that is presumed to have been removed. The connection of this test
consisted of concealed T-stub connecter plate, identical to the one used in the Owusu (2019), and
either four or six (2 bolts/row) A325M high-strength structural steel bolts. The parameters studied
in this test included the effect of end distance, number of bolts, and use of reinforcing of STS on
the moment capacity, and failure mode of the connection. The effect of STS will be discussed in

the next section. The end distance of one configuration was four times the diameter of the bolt
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(4d), and in the other configuration was five times the diameter of the bolt (5d). The results showed
that increasing the end distance from 4d to 5d, while keeping the number of bolts at four increased
moment resistance by a factor of 1.9, whereas increasing the end distance to 5d and using six bolts
increased the moment resistance by a factor of 1.3. The increase in end distance resulted in higher
rotation for both 4 and 6 bolts and hence more ductile behaviour. Moreover, increasing the number
of bolts from 4 to 6, while keeping the end distance at 4d increased the moment resistance by a
factor of 2.22, whereas increasing the bolts from 4 to 6 while keeping the end distance at 5d
increased the moment by a factor of 1.53. Therefore, for this type of bolted connection, the effect
of increasing the number of bolts had a greater effect in increasing the moment capacity than
increasing the end distance. Further, in all scenarios, the beam failed by splitting. The splitting
occurred either between the end of the beam and the first bolts or between the bolts in a row. As
will be explained in the next section, the use of STS in bolted connections prevents early splitting
failure and considerably increases the moment resistance and the ductility of this type of

connection.

2.6  Reinforcement and Retrofitting Techniques of Wood Connections

When timber members are loaded, they are susceptible to many modes of failure in different
directions. Although wood has high strength when loaded parallel to grain in both tension and
compression, it has very low shear, tensile, and compression resistance when loaded perpendicular
to the grain. Bending loading induces perpendicular-to-grain stresses in wood beams and is
considered critical and may result in a single failure or the complete failure of the structure. As
was shown in the previous section, for a bolted connection, early splitting failure occurred in beams
when subjected to bending loading because of low perpendicular-to-grain resistance (Petrycki and

Salem, 2019). To strengthen the beams against this failure, reinforcement of the beams may be
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necessary. Some of the available reinforcement methods include the use of fiber-reinforced
polymer (FRP), Glued-in rods, and self-tapping screws (STS). In this section, past studies on the
effect of these reinforcing techniques on increasing the strength of wood beams, particularly when

subjected to bending and shear stresses will be presented.

2.6.1 FRP reinforcement

Fiber-reinforced polymers (FRP) are composite materials consisting of fibers that are embedded
in a polymeric resin. The fiber provides load-carrying capacity and stiffness, while the polymeric
resin protects and transfers the load among the fibers (Hollaway and Teng, 2008). Compared to
other materials such as steel, FRP offers the advantage of a high strength-to-weight ratio and the
ease of handling (Harte and Dietsch, 2015). Table 2.4 illustrates the different types of fiber
materials and their mechanical properties (Hollaway and Teng, 2008). In the past, FRP were used
mainly to reinforce concrete structures, but recently have been used to reinforce timber structures.
FRP can be utilized as pultruded rods inserted at critical locations or as plates between damaged
wood members to increase the load capacity. For internal reinforcement, groves can be made
whereby rods and plates are inserted and bonded using adhesive to the wood members. When
pultruded plates and rods are used, adhesive bonding is used to embed the FRP with the wood. The
adhesive is first applied to the wood and then FRP is placed on the wood under pressure. It is worth
noting that the adhesive plays a critical role as it must bond with both the wood and the FRP. There
are four types of adhesives used. These include epoxies, polyurethanes, polyesters, phenolics, and
amino plastics (Broughton and Hutchinson, 2003). Due to their good gap-filling properties,
thixotropy, and minimal curing shrinkage, two-part cold-cure epoxy adhesives have typically been

found to be the most effective for on-site bonding (Pizzo and Smedley, 2015). If they are to be
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used as external reinforcement, FRP plates are bonded to the wood at critical locations (Harte and

Dietsch, 2015).

Table 2.4 Strength properties for various fibres and polymers (Adapted from Hollaway and

Teng, 2008).
. Modul.u.s of Tensile Fallu.re CTE Density
Material Elasticity Strength Strain (10 °C-1) (g/cm’)
(GPa) (MPa) (%) &
E-glass 70-80 2000-4800 3.4-4.5 5.0-54 2.5-2.6
Carbon (HM) 390-760 2400-3400 0.5-0.8 -1.45 1.85-1.9
Carbon (HS) 240-280 4100-5100 1.60-1.73 -0.6 --0.9 1.75

Aramid 62-180 3600-3800 1.9-5.5 -2.0 1.44-1.47
Basalt 82-110 860-3450 5.5 3.15 1.52-2.7
Polymer 2.7-3.6 40-82 1.4-5.2 30-54 1.10-1.25

Notes: CTE: Coefficient of thermal expansion; HM: High modulus; HS: High strength.

FRP reinforcement in bending

The use of FRP to reinforce beams under bending loads has been widely investigated (Harte and
Dietsch, 2015). The reinforcement can be in the form of pultruded rods, or plates. Rods are inserted
and bonded internally at locations with high tensile or compressive stresses, whereas plates can be
placed externally at the tension side of members (Harte and Dietsch, 2015). It is worth noting that
when FRP are used externally, they are only placed at the tension side of the member, and not on
the compression side to avoid buckling failure of the plates. Nowak et al. (2013) have conducted a
study to investigate the effect of Carbon Fiber Reinforced Polymer (CFRP) on the strengthening
of sawn timber and glulam beams. It was shown that the use of only 1.5%-2% of CFRP

reinforcement increased the bending strength by 90 and 100% respectively. Further, it was shown
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that the ductility of the beam increased as the load was increased, due to the yielding of the
reinforcement at high stresses. Also, the use of CFRP resulted in less variation of wood properties
during loading as compared to unreinforced beams. Similarly, Johns and Lacroix (2000) and Rafter
and Harte (2011) have studied the use of Glass Fiber Reinforced Polymer (GFRP) reinforcement
on the bending behaviour of beams. Like CFRP, a small percentage of reinforcing resulted in a
significant increase in bending strength, and less variation of properties. That being said, the
stiffness of the beam was less than that of CFRP reinforcement due to the lower stiffness of GFRP
compared to CFRP. With GFRP, the beams showed little ductility with respect to load; however,

ductility increased as more reinforcement was added (Rafter and Harte, 2011).

FRP reinforcement for perpendicular to grain tensile loading

In addition to bending, Coureau et al. (2001) investigated the effect of FRP reinforcement on the
perpendicular-to-grain tensile strength of wood beams. Beams experience high perpendicular-to-
grain tensile stress at notches, holes, and curve-shaped beams. GFRP plates were used to reinforce
notched glulam beams. Beams reinforced with a 43 mm GFRP plate achieved a 103% increase in
strength as compared to unreinforced beams. Increasing the width of the GFRP plate to 85 mm
resulted in a 187% increase in strength as compared to the unreinforced beams (Coureau et al.,
2001). Upon failure of the notches with increased loads, delamination failure mode was observed
at the FRP plates. Further, Jockwer (2015) investigated the debonding behaviour of GFRP rods
when placed in two configurations: In the first configuration, reinforcements were placed
perpendicular to the grain and in the second, reinforcements were placed at 45 ° to the grain. Figure
2.10 shows both configurations. In the first configuration, it was observed that the debonding took
place at the lower portion of the beam due to the lower laminate area as compared to the top of the

beam. When CFRP were placed at a 45° angle, debonding occurred at the top of the beam near the
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support, as a result of bearing stresses between the wood, which has a low perpendicular
compression resistance, and the CFRP reinforcement which has a high parallel to grain tensile
resistance. Although the load-carrying capacity of the beams was increased, both configurations

did not prevent cracking at the notched location.
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Figure 2.10 FRP-reinforced specimens’ detail: (a) FRP Placed Perpendicular to grain; (b) FRP

placed at 45° angle to grain (Adapted from Jockwer, 2015).

FRP use for shear reinforcement

Moreover, FRP reinforcement can be used as shear reinforcement at regions of high shear stress.
The reinforcement can be internal FRP rods or external plates. For internal FRP rods, the shear
reinforcement is placed at different angles, B, perpendicular to the grain as shown in Figure 2.11.
Studies have shown that for high shear stresses, placing the rods at 45° to the grain is more effective
than placing them perpendicular to the grain (Blass and Bejtka, 2014). Triantafillou (1997) studied
the reinforcement effect of GFRP on medium and small-scale glulam beams. In this study, the FRP
rods were placed internally at an angle, B = 90° to the grain. For this configuration, the load-
carrying capacity of the beams was increased by 50%. On the other hand, Widmann et al. (2012)
conducted a series of tests on full timber beams with existing cracks reinforced internally with

CFRP rods at an angle B = 45°. The results of the tests indicated that the reinforcement increased
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the shear strength and stiffness of the damaged beam significantly, however, the original strength

and stiffhess of the beam were not restored.
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Figure 2.11 FRP-reinforced specimens’ detail: (a) FRP placed at angle 45° to grain; (b) FRP

placed at angle 90° to grain (Adapted from Widmann et al., 2012).

2.6.2  Glued-in rods

Glued-in rods (GiR) are another effective way to reinforce or retrofit timber members. Like FRP,
GiR are used to reinforce timber members in weak zones, such as at locations of high tensile
stresses perpendicular to the grain, bending, and shear stresses. Although GiR have been used to
strengthen timber structures since the 1980s, there exist no design criteria or design approach in
many design codes (Steiger et al., 2004). GiR reinforcement is usually used with softwood glulam
with metric threaded rods. The most common way of gluing the rod into the wood is by drilling a
hole that is 1 to 4 mm larger than the rod into the wood. The adhesive is then injected into the hole
and the rods are then set into the holes (Harte and Dietsch, 2015). Another method is to drill another
hole perpendicular to the hole where the rod is to be placed and adhesive is injected until glue
pours out of the hole that contains the rod (Harte and Dietsch, 2015). Figure 2.12 shows the various
methods involved in placing GiR in wood members. The most used adhesive is Phenol-Resorcinol-

formaldehyde (PRF), epoxies, and polyurethanes (PUR). It's worth noting that epoxy bonds very
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well with steel and wood, thereby making wood the weakest link in the GiR connection (Harte and

Dietsch, 2015).

(2) )

Figure 2.12 Variation of Placing GiR into Wood: (a) a hole is drilled vertically and glue is
injected; (b) Glue is injected into a hole perpendicular to where the rod is to be placed (Adapted
from Steiger et al., 2015).

Failure in GiR connection can occur in different modes, including material failure of the rod,
buckling of the rod, splitting failure of the wood, and pull-out failure of the rods, as a result of a
failure of adhesive at either steel-adhesive interface, wood-adhesive interface or cohesive failure
of the adhesive (Harte and Dietsch, 2015). Most of the literature available focuses on the pull-out
resistance of rods when loaded axially parallel to the grain (Harte and Dietsch, 2015). The pull-
out strength in relation to the diameter of the rod and the anchorage length was studied
experimentally by Riberholt (1988), EN 1995-2 (2003), GIROD project (2002), DIN1052:2008-
12 (2008), Feligioni, et al., (2003), Steiger et al. (2007), and NZ Timber Design Guide (2007).
Figures 2.13 and 2.14 illustrate the pull-out strength of a single axially loaded GiR with varying

anchorage length and rod diameter, respectively. Epoxy adhesive was used in all the experiments
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shown in Figures 2.13 and 2.14. As evident from Figures 2.13 and 2.14, pull-out strength increases
linearly as the anchorage length, and the diameter of the rod is increased. Further, the effect of
wood density on pull strength was investigated in studies by Riberholt (1988), EN 1995-2 (2003),
GIROD project (2002), DIN1052:2008-12 (2008), and Feligioni et al., (2003). The conclusion of
whether the density had any effect on the pull-out strength varied between studies. For instance,
most studies including one by EN 1995-2 (2003) showed that density has no effect on the pull-out
strength. Other studies conducted by Riberholt (1988), and Feligioni et al., (2003) showed that the
pull-out strength increases linearly as density is increased. A summary of the findings of the

different studies is shown in Figure 2.15.
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Figure 2.13 Anchorage length vs Pull-out strength for GiR connection from different studies

(Adapted from Harte and Dietsch, 2015).
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Figure 2.14 Rod diameter vs Pull-out strength for GiR connection for different studies (Adapted
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from Harte and Dietsch, 2015).
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Figure 2.15 Density vs Pull-out strength for GiR connection for different studies (Adapted from

Harte and Dietsch, 2015).
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GiR use for tension perpendicular to grain reinforcement

As mentioned earlier, timber performs poorly when loaded in tension perpendicular to the grain.
This type of loading arises in beams that are notched, curved, or have holes. Similar to the use of
rebars in concrete, GiR may be utilized in those high-stressed regions to overcome this deficiency.
In a study conducted by Steiger et al. (2004), GiR was observed to limit initial cracking, or if the
members are already cracked it stops the crack propagation. It was also observed that GiR restored
the original load-bearing capacity in damaged beams due to cracks. Chapter 6.8 of EN 1995-1-1
outlines the design rules for GiR for perpendicular- to-grain tensile stresses. The code assumes that

wood has no tensile resistance perpendicular to the grain and cracking already occurred.

GiR use for shear reinforcement

GiR reinforcement can also be used in regions with high shear stresses. Their use can prevent shear
cracks or strengthen already cracked beams by restoring some load-bearing capacity. Steiger et al.
(2015) investigated the use of STS and GiR to overcome shear deficiency in a series of numerical
and experimental trials. It was concluded that placing GiR at a 45 ° angle from the beam axis
resulted in the most efficient shear resistance. The use of GiR also provided the wood members
with higher stiffness. Although many studies have been conducted on the use of GiR for shear, no

design guidelines exist in any code.

GiR use for bending reinforcement
When it comes to bending, the available literature outlines the use of GiR in the form of FRP. The

use of FRP reinforcement in bending was discussed in the previous section.

32



2.6.3 Self-tapping Screws

In this section, the properties and types of fully threaded STS and the effect of using fully threaded
STS on the load carrying of the connection will be investigated and compared to connections
without reinforcement. Figure 2.16 illustrates a type of STS screw used for reinforcement. This
screw is a fully threaded ASSY® VG structural screw provided by MTC Solution and is approved

by building codes in Canada.
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Figure 2.16 Fully threaded ASSY® VG STS (Adapted from MTC Solutions).

As mentioned earlier, wood has a low perpendicular-to-grain tension and shear resistance, which
can lead to early brittle failure due to splitting in a bolted connection. The use of fully threaded
STS perpendicular to the grain will make up for this shortcoming as the shear and tensile forces
will be carried by the STS instead of the wood. Also, the use of fully threaded STS results in a
ductile failure, as the STS begins to yield under loading. As was shown in the experimental study
conducted by Owusu (2019), bolted connection specimens failed mostly by splitting, and some
experienced row-shear out failure. The use of reinforcing STS was recommended by Owusu (2019)

to reinforce the connection against these brittle failures.

Further, as a factor of safety to prevent brittle failures, the Eurocode reduces the effective number

of bolts present in a connection (Eurocode 5, 2004). For example, if 10 bolts were used in the
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connections, the effective number of bolts is reduced to 6.67 to account for the early splitting of
the bolted connection, Table 2.5. On the other hand, if reinforcing is provided, it is expected that
no early splitting failure will occur and hence all the bolts in the connection are effective, meaning

if 10 bolts were used with reinforcing bars, 10 bolts are effective as well.

Table 2.5 Effective number of bolts for reinforced vs. unreinforced connections (Adapted from

EN1995-1-1, 2004).

Number of

fasteners in 1 2 3 4 5 6 7 8 9 10

connection

Net
effective
. 1 1.56 2.26 2.92 3.57 4.21 4.84 5.46 6.07 6.67
fasteners in

connection

Effect of STS on load carrying capacity and ductility

To understand the effect of STS on load carrying and ductility on wood members, Bla3 and
Schédle, (2011) conducted an experiment on a glulam beam with dowel-type connections
reinforced with STS and subjected to tensile load applied parallel to the grain. Three different
geometries of beams, with different numbers of bolts, were tested. In the first geometry, no STS
reinforcement was used (M1 to M4); the second geometry (M5 to M6) consisted of ten STS, and
the third variation consisted of twenty STS (M7 to M10). Figure 2.17 illustrates the three different
variations. The results, including ductility and load-carrying capacity, were compared to that of an
unreinforced beam. Figure 2.18 shows the load-displacement curve for the three different
variations. From the graph, it is evident that the unreinforced beam (M1 to M4) experienced very

little ductility. When ten STS were used (M5 to M6), the ductility of the specimen increased, but
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when twenty STS were used (M7 to M10), the beam experienced a significant increase in ductility

as well as increased load-carrying capacity.

(M7 to M10)

(M5 to M6)

(M1 to M4)

Figure 2.17 Geometry of specimens tested (M1 to M10), including the number of reinforcing

STS (Adapted from Bla3 and Schéadle, 2011).

35



400

350 T —=

Z .
- =
= ~ & [0
- .
2 M7/ M8/ M9 M10 NN
i’ lElhliluIi"
I ‘ P P P | MS 10 M6
LA A e ‘
- —
J | LR
! !
t 1 T T T T T T T T T T T 1
7 8 9 10 11 12 13 14 15 16 17 18 19 20

Displacement in mm

Figure 2.18 Load-Displacement curve for a beam subjected to parallel to grain tensile load (M1-
M4) non-reinforced beam; (M5 to M6) reinforced beam with no contact between dowels and
STS; (M6 to M7) reinforced beam with contact between dowels and STS (Adapted from Blal3

and Schédle, 2011)

The effect of STS on ductility and strength for a bolted glulam connection subjected to bending
was also investigated by (Lam et al., 2008). In this study, three (3) beam configurations were tested:
unreinforced, reinforced, and retrofitted. The beam and column materials were 24f-E Douglas
fir/Larch Glulam with dimensions of 304 x 130 mm. The STS, 300 mm in length and 8 mm in
diameter, were placed perpendicular to the grain in the beam. A slotted-in plate was used to connect
the beam and column. The beam was subjected to monotonic loading. The test set up of the

experiment is shown in Figure 2.19.
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Figure 2.19 Bolted connection Test Set Up (Adapted from Lam et al., 2008).

The maximum moment resistance for the unreinforced connection was 31.49 kN.m with a
maximum rotation of 2.97 °. It was observed that the beam's moment capacity quickly decreased
with the formation of cracks. On the other hand, the reinforced beam had a moment capacity of
65.88 kN.m with 16.59 ° rotation, and the retrofitted beam had a moment capacity of 58.85 kN.m
with 13.29 ° rotation. Therefore, the use of STS in the reinforced beam resulted in a moment
capacity increase by a factor of 2.1, and the use of STS in the retrofitted beam increased the moment
resistance by a factor of 1.87. Also, as evident from the maximum rotation values, the ductility of
the beam was greatly improved with the use of STS. The failure mode of the unreinforced,

reinforced, and retrofitted beam is illustrated in Figure 2.20.
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(a) (b) (c)
Figure 2.20 Test configurations: (a) Unreinforced beam; (b) Reinforced beam; (C) Retrofitted

beam (Adapted from Lam et al., 2008).

Placement configuration of STS with respect to bolts

Many codes, including the Eurocode 5, and the NBCC (2020) specify the edge distance and end
distance for the bolts. However, there are no prescribed provisions for the placement of the
reinforcing STS. Lam et al. (2010) investigated the effect of bolt edge distance and the placement
configuration of STS on the moment carrying capacity of 24f-E Douglas Fir glulam beam to
column connection. A 9.5 mm steel plate was slotted into the beam and used to connect the beam
to the column. Both the beam and column had a dimension of 130 mm x 304 mm. A load was
applied at the free end of the beam. Figure 2.21 shows a general setup of the test. The test was

carried out with the column member placed on the ground and the load was applied horizontally.
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Figure 2.21 Test setup (Adapted from Lam et al., 2010).

Three different bolts-STS arrangements were studied. In the first arrangement, A-CR, the bolts had
an edge distance of 94.5 mm, and three STS were placed with equal spacing of 135 mm. For the
B-CR and C-CR configurations, the edge distance was reduced to 49.5 mm, and five STS were
placed. In the C-CR tests, the STS were bearing directly on the bolts. The arrangement of STS of

each configuration is shown in Figure 2.22.
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Figure 2.22 The different STS-bolt arrangements studied: (a) A-CR; (b) B-CR; (c) C-CR

(Adapted from Lam et al., 2010).

The results of this study indicated that the reduced edge distance and bearing of the STS on the
bolts resulted in an increase in the moment capacity of the connection. When the edge distance
was reduced by half, the moment resistance of the connection increased by a factor of 1.3. Also,
the placement of the STS screws directly on top of the bolts resulted in slightly higher moment
resistance. The max moment for A-CR was 76.64 kN.m, 103.83 kN.m for B-CR, and 105.90 kN.m
for C-CR. The slight increases in the moment strength when STS were placed directly on top of
the bolts can be attributed to the increases in the embedment strength. The moment-rotation graph
for each connection configuration is shown in Figure 2.23. The use of STS was also observed to

prevent early splitting.
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Figure 2.23 Resulted moment-rotation curves (Adapted from Lam et al., 2010).

Echavarria (2007) conducted an experimental investigation on a reinforced, and unreinforced

timber beam with a single bolt of 15.9 mm (5/8”") subjected to tensile load parallel using a universal

testing machine. The specimen had a moisture content of 12%. The reinforcement STS used was

a GRK fastener with a length of 90 mm, a diameter of 6 mm, and a threaded length of 70 mm. The
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reinforcement screw was placed at a distance equal to the diameter of the bolt. A sketch of the

connection configuration is shown in Figure 2.24.
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Figure 2.24 Utilized connection configuration (Adapted from Echavarria, 2007).

The effect of the loaded end distance of the bolts, when used with the reinforcement, was also
studied. The summary of the load-carrying capacity of the reinforced connection as compared to

the unreinforced connection and accounting for the end distance is summarized in Table 2.6.
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Table 2.6 Results summary for reinforced vs. unreinforced connections (Adapted from

Echavarria, 2007).

Bolt e/d Thickness Reinforced Non- Ratio of
diameter (mm) load- Reinforced Reinforced
(mm) carrying load- and Non-
capacity carrying Reinforced
(kN) capacity load-carrying
(kN) capacity (%)
15.9 2 38 9.8 4.4 120%
15.9 3 38 12.7 12.1 4.7%
15.9 4 38 17.4 17.3 0.8%
15.9 5 38 18.4 18.2 1.0%

As seen from the results, the STS were most effective when the end distance of the bolts is shortest

(e/d). This suggests that the use of STS may result in a more compact and efficient connection,

without the need to provide large end distances. The load-carrying capacity for the reinforced

connection increases by a factor of 2.2 as compared to the un-reinforced connection. Consistent

with other studies, the reinforced connection resulted in a more ductile behaviour as compared to

un-reinforced, as shown in the load-displacement curve in Figure 2.25. All in all, reinforcement

resulted in increased load-bearing capacity, smaller joint configuration, fewer cracks, and higher

ductility.
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Figure 2.25 Resulted load-displacement curve (Adapted from Echavarria, 2007).

STS effect on moment capacity, and failure behaviour in column removal scenario

In many design guidelines, beam-to-column connections are assumed to be pinned, and hence no
moment carrying is assumed. One disadvantage of this assumption is that in case a column is
damaged from a lower or above storey as a result of fire, or any other accidental event, the pinned
connection will not be able to resist the extra loading as a result of this failure (Petrycki and Salem
2019). One way to mitigate this risk is to use a rigid or semi-rigid beam-column connection. In a
study conducted by Petrycki and Salem (2019), the effect of STS on the moment carrying capacity,
and failure mode of a glulam beam in a column removal scenario was studied. The general set up
of the test consisted of two symmetrical glulam beams connected to a column placed between
them. The beam-to-column connection for both beams was assumed to be perfectly rigid, and the

ends of each beam were pin supported. A general setup of this experiment is shown in Figure 2.26,
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including the dimension of the specimens, and the location of LVDT (to measure rotations and

deflection).
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Figure 2.26 General test setup (Adapted from Petrycki and Salem, 2020)

The loading was applied monotonically on the column at a displacement rate of 2 mm/min. This
rate was to account for the load carried by the lower floor column that is presumed to have been
removed. The connection of this test consisted of a concealed T-stub connector plate identical to
the one used in Owusu (2019) research (explained above), and either four or six bolts. A325M
high-strength structural steel bolts reinforced with six (6) SWG ASSY VG Plus CSK STS of 300
mm in length and diameter of § mm were used. The dimension and placement of the STS with
respect to the bolts and the T-plate are shown in Figure 2.27. A similar test was conducted but
without the use of reinforcement. Upon the completion of the tests, it was observed that the STS
effectively increased the moment carrying capacity, improved ductility, and prevented early
cracking from occurring in the beam. The moment — deformation graph for the unreinforced and

reinforced beam with 4, and 5 bolts (4b4d, 4b5d), as well as the reinforced beam is shown in
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Figures 2.28 and 2.29, respectively. As evident from the graph, STS increased the moment capacity
by a factor of 2.4 for the connection configuration with 4 bolts with an end distance of 4d and 1.3
when 6 bolts were used with an end distance of 4d. Further, the moment capacity increased by a
factor of 2.0 for the connection configuration with 4 bolts with an end distance of 5d, and by a

factor of 1.5 when 6 bolts were used with an end distance of 5d.

260 mm /]/— STS Reinforcement
| T T T
| | I I 30‘%"'“
_— -’ H +——® — —+— 61 m
| | I I
| 1 1 1
I 137 mm
I T T T 15 mm—
| | I I
— & — @ — — 1
| | I I
| 1 1 1
400 mim S0 mm——! J 3 4d or 5d |—

Bolt Holes

Figure 2.27 Dimensions and placement of the STS (Adapted from Petrycki and Salem, 2020)
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Figure 2.28 Moment-deformation graphs for unreinforced connections (Adapted from Petrycki

and Salem, 2020)
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Figure 2.29 Moment-deformation graphs for reinforced connections (Adapted from Petrycki and

Salem, 2020)

Also, STS provided much higher ductility as compared to unreinforced beams. The unreinforced
beam exhibited cracking and brittle failure when the number of bolts was increased from 4 to 6.
On the other hand, when the number of bolts increased from 4 to 6 in the reinforced connection,
the beam exhibited more ductile behaviour, indicating that STS dissipated the energy of the
connection that caused the brittle failure in the unreinforced beam. The unreinforced beam failed
mainly by splitting along the bolt's rows, without any significant row-shear out. On the other hand,
the mode of failure of STS in this experiment was primarily row-shear out. When the section was
first loaded, STS prevented any premature splitting cracks from occurring. However, as the loading
increased, tensile stresses were transferred to the STS, resulting in yielding and ultimate failure of

the STS. The yielding of the STS imposed a high additional load on the specimen, which ultimately
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led to a brittle failure in a form of row-shear out. This indicates that the STS absorbed all the early
splitting stresses until ultimately yielding and resulting in the row-shear out failure. The failure
mode of the connection configuration with 4 bolts of 4d and 5d respectively is shown in Figure

2.30. The order of failure that took place is also numbered.

Figure 2.30 Failure modes of STS-reinforced connections: (a) 4d; (b) 5d (Adapted from

Petrycki and Salem, 2020).

2.7 Wood Properties at Elevated Temperatures
2.7.1 Wood design for fire safety

Wood products offer a sustainable and energy-efficient choice for building materials. However,
one of the main shortcomings of wood products is their combustible behaviour. Ensuring that
members can withstand applied loads in both ambient and fire conditions is part of an appropriate
design for wood structures. Although wood products have adequate strength properties, fire

resistance is usually the limiting design parameter. For example, many codes including the
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National Building Code of Canada (NBCC) restrict the use of wood products in high-rise
structures. Subsection 3.2.2 of division B of the NBCC (2020) specifies the maximum number of
stories for wood construction as 6 (six). This limited number of storeys can be partially attributed
to the relatively limited research on the behaviour of wood when exposed to fire. NBCC (2020)
requires all wood structures to have a fire-resistance rating (FRR), which is defined as the time a
component can resist fire before failure. FRR varies depending on the occupancy, the size of the
structure, and accessibility to firefighters. FRR ranges from 0 to 120 minutes, with most buildings

commonly having an FRR between 45-60 minutes (NBCC, 2020).

The fire-resistance of wood elements can be calculated in accordance with Annex B of CSA O86-
19. This method was published in 2014 and applies to sawn timber, glulam, CLT, and SCL (WDM,
2017). Known as the "reduced (or effective) cross-section”, this method calculates the fire
resistance by considering the strength of the residual cross-section after charring or burning of the
section. As will be discussed further in this literature, charring is the mass loss of wood cross
section due to fire. The strength of the residual is calculated in the same way as the ambient strength
is calculated. In addition to charring, a portion of the section beyond the char layer is subtracted,
which further reduces the size of the section. This portion is considered to have zero-strength and

typically has a depth of 7 mm (WDM, 2020).

In timber design, connections such as wood-steel-wood (WSW), are used to connect assemblage
and transfer loads. Under fire loading, the connection is the weakest zone of any wood structure,
and hence the resistance of the connection will most likely govern the fire resistance of wood
assemblage (Maraveas et al., 2015). WSW connections consist of metal (steel) fasteners which
can be made up of bolts, screws, nails, plates, and dowels. The strength of the section is dependent

on the wood section and the fastener. Since metal is much more conductive than wood, the heat
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conducted from the metal fastener into the wood members results in a higher charring rate at the
connection, which rapidly affects the strength of the residual section. It should be noted that the
charring rate varies depending on the type of fastener. The resistance of the assembly is also
affected by the strength loss in the fastener's mechanical properties due to fire. As such, it is
important to know the behaviour of both timber and steel under fire to determine their loading

capacity and fire resistance.

2.7.2  Behaviour of timber at elevated temperatures
The fire resistance of wood connections is related largely to their thermal properties (Maraveas et
al., 2015). As such, it is imperative to know properties such as char rate, conductivity, specific

heat, and density of wood products when exposed to elevated temperatures.

Charing rate

When timber is exposed to fire, it undergoes thermal degradation, known as pyrolysis or charring
which produces combustible gasses, and leads to reduced cross-section, Figure 2.31, (White and
Woeste, 2013). The reduction in cross-section areas leads to decreased load-carrying capacity
(Moment). It 1s worth noting that the char layer serves as insulation for the residual cross-section,
thus reducing the char rate further beyond the char layer (Frangi and Fontana, 2003). The charred
layer is assumed to have no strength capacity. According to studies by Truax (1959), Browne

(1958), and Reszka (2008), timber charring begins at around 280°-300°C.
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Figure 2.31 Wood Section Charring (Adapted from White and Woeste, 2013).

Charring rate, B, is defined as the ratio between the charring depth and duration of fire (mm/min).
The charring rate is dependent on the wood species, moisture content, wood density, and type of
fire. For ISO 834 fire, the charring rate is constant. Table 2.7 illustrates the charring rate for
different types of wood species as given is Eurocode 5 (2004), without considering the wood

density.

Table 2.7 Charring rates of different wood species (Adapted from Cachim and Franssen, 2009).

Wood type Po

Glued laminated timber with a 0.65
characteristic density of > 290 kg/m?

fi h
Softwood and beec Solid timber with a characteristic density 0.65
of > 290 kg/m>
Solid or glued laminated hardwood with 0.65
a characteristic density of 290 kg/m?
Hardwood

Solid or glued laminated hardwood with 0.5
a characteristic density of > 450 kg/m?
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To account for the density, the Australian code standard AS 1720.4 uses the following formula.

Equation 2.7 Charring rate equation to account for wood density (Adapted from the Australian

code standard AS 1720.4)

B =04+ (2%)2 Eqn. (2.7)
On the other hand, the Eurocode 5 (2004) developed a conduction model to investigate the charring
rate for densities of 200, 290, 450, 600, and 800 kg/m?>. It is worth noting that the model does not
distinguish between hardwood and softwood. For the model, the coefficient of heat transfer was
assumed 9 W/m?K for unexposed surfaces and 25 W/m?K for exposed surfaces. Moisture content
was assumed 12%, and surface emissivity was 0.8. The model was subjected to standard fire as

per Eurocode 5, part 1-2. The result of this model is shown in Table 2.8.

Table 2.8 Eurocode model on the effect of density on the charring rate of wood (Adapted from

Cachim and Franssen, 2009).

Density 200 290 450 600 800 1000
(kg/m?)
Charring 1.032 0.876 0.682 0.600 0.512 0.461
rates at 60
min

The results of this model were compared to the Australian code formula. For density greater than
700 kg/m?, the model and the Australian code formula yield similar results. However, for a density
lower than 600 kg/m>, the Australian code formula results in a much higher charring rate. This

discrepancy between the model and the Australian code formula may be attributed to the model
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not accurately predicting the moisture content at this density. For 450 kg/m® density, the model

and Australian code formula results are similar.

Thermal conductivity

Knudson (1975), Fredlund (1993), Mehaffey (1994), Janssens (1994), and Konig (2000) studied
the thermal conductivity of wood as temperature increases. Figure 2.32 shows the outcomes of
each of those studies. As evident from the graph, the thermal conductivity of wood is reduced at a
temperature of 300 °C which is when the char layer is formed. As noted, the charring layer acts as
an insulating layer for the residual section. Beyond 500 °C the thermal conductivity drastically
increases due to the presence of cracks in the wood as shrinkage occurs, and the char layer is
consumed. This in turn increases the radiation and convection heat transfer within the wood.
EN1995-1-2 provided tabulated values for the heat conductivity of wood as temperature increases.
Table 2.9 illustrates the thermal conductivity values with respect to the temperature of wood as per

the Eurocode 5 (2004).
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Figure 2.32 Temperature vs. thermal conductivity of wood (Adapted from Peng et al., 2011)

Table 2.9 Temperature vs. thermal conductivity of wood (Adapted from Eurocode 5, 2004).

Temperature Thermal Conductivity
(°C)
(Wm'K1)

20 0.12
200 0.15
350 0.07

500 0.09
800 0.35
1200 1.50
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Specific heat

The specific heat of wood products was studied by different researchers including Gammon (1987),
Mehaffey (1994), Janssens (1994), and Konig (2000). The specific heat of wood with respect to
temperature is depicted in Figure 2.33. As was shown in Mehaffey (1994) and Konig (2000)
findings, the specific heat is at its greatest at roughly 100 °C, which is the evaporation point of
moisture within the wood. This can be explained as a high amount of heat (thermal energy) is
required for the transition from the liquid to the vapor stage. The slight variation of specific heat
values of the different studies can be explained as the properties of wood varies depending on the

type of wood used, moisture content, density, etc.
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Figure 2.33 Temperature vs. specific heat of wood (Adapted from Peng et al., 2011).

Density

Figure 2.34 shows the relationship between the density ratio (density/dry density) of wood products

with respect to tempera