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ENERGY-BASED MODELING OF DOWEL-TYPE CONNECTIONS

IN WOOD-PLASTIC COMPOSITE HOLLOW SECTIONS

Abstract

by William Rosse Parsons, M.S.
Washington State University
August 2001

Chair: Donald A. Bender

The goal of this research was to develop a rational method of designing dowel-type
connections for hollow wood-plastic composite sections. Additionally, a method of predicting
the load-displacement behavior of a connection with hollow members was developed for use in
energy-based design and deformation calculations.

A yield model consisting of six controlling yield modes was found to govern the hollow
section connection behavior. A model for predicting load-displacement behavior of connections
with hollow members was derived for the six controlling modes of the hollow section yield
model. The models were validated with double-shear unconstrained bolted connection tests
using two wood-plastic composite formulations, three wall thicknesses, and three dowel
diameters. Input parameters were also quantified through dowel bearing tests and bending yield
strength tests. Dowel bearing tests were completed for each combination of WPC formulation,
wall thickness, and dowel diameter. Significant variation in dowel bearing strength with dowel

diameter and wall thickness was observed.
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The hollow section yield model performed well when using a maximum load basis; the
average percent difference between the theoretical maximum load and tested maximum load was
5.7%. The maximum connection loads were compared to the theoretical load calculated by
entering the dowel bearing strength based on maximum load and a bending yield strength based
on the stress in the dowel at the displacement of maximum connection load. Design for WPC
hollow section connection maximum loads was based on maximum dowel bearing strength and
the 5% diameter offset bending yield strength.

The load-displacement behavior model was validated by comparing the predicted and
actual work done by the connections to a displacement of 0.11 inches. The Mode I, work
prediction was 4.7% less than the actual value. The Mode IV and Mode III; equations under-
predicted the actual work by an average of 7.6% and 13.2 %, respectively. All Mode III; and
Mode IV predicted curves were sensitive to the location parameters of the dowel rotation and

dowel yielding.



TABLE OF CONTENTS

ACKNOWLEDGMENTS ..ottt ettt eeeeeeeeeeeeeennen iii
ABSTRACT .. nenn v
TABLE OF CON T EN T S oo vi
LIST OF TABLES ...ttt ettt et et et e eeteeee e e ee et et e e erereeeeererererererereeeeereeeeaeaees X
LIST OF FIGURES ..ot e, Xi
CHAPTER 1 : INTRODUCGTION ...t 1
ODJECLIVES ...veeeitieeeieee ettt ette e et e et e e s teeetteeeteeeeteeesssaeeasseeesssaeassaeanssaeassseessssaeassseensseeesnseeennseens 2
CHAPTER 2 : LITERATURE REVIEW ..., 3
Connection Desi@n MOAEIS ........oociiiiiiiiiiiieeeeee et et e et ear e e ebeeeennee s 3
Load-Displacement Behavior MOAEIINgG .........c.coovieiiiiiiiiiieiieeiieieee et 5
Dowel BEaring TEStINE .......uviiiuiieiiieeeiie et eseeestee et e e stteeetveeeaaeesaeeesreeessseeessseeessseeensseesnseens 5
Defining YICIA ...ccuviiiiieiieie et ettt ettt et e et e b saeeabe e enee 6
CHAPTER 3 : MODEL DEVELOPMENT ..o 7
Equivalent SPecific GraVvity.......c.ccieiiieiienieeiiesiie ettt ettt e eaeesieeebeessaesabeesseesnseenseas 7
EYM-Based Yield Model for Allowable Stress Desi@n.........cccceevveeeiieeeiieeniieeniee e 8
Load-Displacement Curve Model for Energy-Based Design...........cccocvevieriieciienieeiieenieene 16
CHAPTER 4 : EXPERIMENTAL METHODS ... 21
Wood-Plastic Composite Material...........c.eevieriieiiieiieeiieeie ettt ens 21
STEEL DIOWELS ..ot e e e e e e e e e e e e e e e e e e e e aeeeeeeeeeenannaan 23
Dowel Bearing Strength, Fe.....ooouiiiiiiiiiiiee ettt 23
Bending Yield Strength, Fyp ....ocoooiiiiiiiii e 25
CONNECLION TESINE....ecutieiieiiieiieetieeie et ete et e et e et e stte et eeesaeebeesaaeenseassseeseesaseenseessseeseennseans 27
CHAPTER 5 : RESULTS AND DISCUSSION . ... oo 31
Dowel Bearing Strength TeStS......cccuiiiiiiiiiiieeiieie ettt ettt e esereeeeens 31
Bending Yield Strength TeStS......couiiiiiiieiiieciee ettt e eve e et e e serae e s 37
CONNECTION TESES .eeeiiieeieiieieeeeeeeeeeeeee et e e e et et e e et e e e e e e et e e e e e e e e e e e e e e et e e e e e e e eeeaeaaaaaaes 41
IMOAE]L VaAlIAATION et e e e e e e et e e e e e e e e e e e e aeeeeeeereaenaaaaeeas 48
HOUOW SeCtion Yield MOEL....................eeeeeeeeeeeeeeeeeeeeeeeee e 48
Load-Displacement Yield Model.................c...cccooovieiiiiiiiiiiiieecee e 50
Load-Displacement Model SenSitiVity.............cccoovvuieiiiiiiiiiiiiiieeie e 57
Design Procedures for Connections with Hollow Members ...........coccveevivienciieeiiieeciee e 60
CHAPTER 6 : SUMMARY AND CONCLUSIONS ...ttt 61
SUIMIMATY ...ttt e e ettt e e e ettt e e e easbeeeeesasteeesansaeeeeannsaaeeesnssnaesesnsseeeenn 61
CONCIUSIONS ..ot 64
Suggestions for Further ReSearch............cccoeoiiieiiiciiiccicece e 66

vi



REFERENCES ...t s e s 67

APPENDIX A : DERIVATION OF EYM EQUATIONS — STATIC EQUILIBRIUM BASED 70

OVEIVICW ...ntreeeeeeteee e et e et e et e e e et e e e eeaa e e e eeareeeeeeataeeeeeeaaeeeeeeaseeeeeessseeseensseeeeenasseeeeenrees 71
DeSCTiption OF MOAES .....ccccuiiiiiiiiciie ettt e e e et eeeaeeesaeeesraeesnsaeennnes 71
ASSUIMIPLIONS ....veevtieeiiieiie et ette ettt eteesteeteeette e seessteesseessseenseensseenseensseanseenssesnseensseanseenssesnseennseans 71
INPUL PATAMETETS ....eeeieeiiiiee et ettt e et e e e et e e e e ratae e e e et e e e e s nsaaeeeeennnees 72
General Dowel Loading Conditions ...........cceeriieiienieeiiienie ettt esee et eieesiteeseeseneeeeens 73
Additional Expressions — Dowel Bearing with Rotation Only..........ccccceevviiiiiiiiiiniiieiiieeciee 74
Single Shear Connection MOEIS .........c.oooieiiiiiiiiiiieiee et 75
Double Shear Connection MOAEIS ..........uvviiiiiiiiiiiiiiiiiic e eeanes 76
Derivation of Mode I;;, and Mode [ — Single Shear ............ccocieiiiiiiiiieiiiiieeeeeeeeeee 77
Derivation OF IMOAE TL......couviieiiiiiieieeeeee et e e e e e e e e et ereeeeesseanes 79
TECHNICAL NOTE #1..eveiiiiiieieeeeeeeee ettt e et e e e e e et e e e e eeaaaeeeeeaaeeeeeanees 81
Derivation Of MO T c.eevveeeiiiiiiiiiiiiiiieec e e e e e eeaaaa e e e e e e e s eennes 83
Derivation of Mode Il — Single Shear ..........oociveiiiiiiiiiieieiiee e 86
Derivation of Mode IV — Single Shear..........cccvveiiiiiiiiceeceeee e e 89
Double Shear CONNECHIONS ...........cccevuvieeeiiieeeeeeitieeeeeiteeeeeeeaeeeeeeiteeeeeeereeeeeeeaaeeeeeereeeeeensreeeeennes 90
Derivation of Double Shear EQUAtiONS..........cccvieciiiiiiiecieeciie e 91
Summary of Derived EYM EqQUAations.........cccuiiiiiiiiiiiiieiieeiieee ettt 92
APPENDIX B : DERIVATION OF EYM EQUATIONS — ENERGY BASED........ccveeeuneeen. 93
OVEIVICW ...netreieeeeteee e eeete e e et e et e e e et e e e eeeaaeeeeeaaeeeeeeataeeeeeeaaeeeeeesasseeeeeaseeeeennaseeeeenasseeeeesrees 94
DeSCTIPtion OF MOAES .....occuiiieiiieciie ettt e e e e et eeaaeeessaeeessaeeenseeennnes 94
ASSUIMIPTIONS ...veevieeiiieiie et eite ettt eteesteeteessteesseessteesseessseenseensseenseessseanseensseenseensseanseenseesnseesnseans 94
INPUL PATQAMETETS ....eeeeiiiiiee et et e et e e e st e e e et e e e e enteeeeennsaaeeeeennsees 95
Single Shear Connection MOEIS ........cc.ooouieiiiiiiiiiiieiee e 96
Y] (06 13 RSP RRRRR 97
IMOAE L1 ..ot e e e et e e e e e e e e aae e e e eetaeeeeeeaaeeeeearaeeeeeeareeeeennns 98
A (6T (T § RO SRRRRROPRRR 103
IMLOAE T et e e e eeeneeesenneenmemnnne 108
|\ (6 Te [ /TR RRRROPRRR 113
Summary of Single Shear EQUAtiONS ............cciiiiiiiiiiiiieiiece et 117
Summary of Double Shear EQUAtIONS ........ccccuiieiiiiiiiiiieciiieeiie et 118
Summary of Equations for Use with Quadratic EQUation ..........cc.ccecevirvienienennieneenienienne 119
APPENDIX C : DERIVATION OF HOLLOW SECTION YIELD MODEL..........cc............ 120
OVEIVICW ...eteeiee ettt e ettt e e e e e e e e e et e e e e etaeeeeeeateeeeeeeaaeeeeeasseeeeeeasseeeeensseeeeensseeeeenareseeeanes 121
INPUL PATQAMELETS .....eeeeiiiiiie et et e e e et e e et e e s eateeeeesnnaaeeesnnaeeeeennns 122
Finding Area of Crushed Material............c.ooouieriiiiiiieiieeiiee e 123
MOAE Ly ANA MOAE Ly e et e e e e e e e e et e e e e e e e e e eeeeaaaeens 125
IMLOAE L1 ..o et e e e et e e et e e e e etae e e e eeaaeeeeeeaseeeeeeaareeeeenraeeeeanes 126
|\ (6T (T 8 PSR RRRRRPRRR 133
IO T ettt e e e e ennnnnnnnnnnn 139
|\ (6 Te [ /TR RRRROPRRR 141
Double Shear in HOILOW S@CHIONS.........cooiviiieieirieeeeeieie et eeetee e e et e e e e e eeaeeeeeenes 145

vii



Summary of Derived Equations for the Hollow Section Yield Model..........ccccoceveriiniennene. 147

APPENDIX D : COMPUTER PROGRAM TO SIMPLIFY HSYM ....ccooiiiiiiiieiieeeee 148
OVETVIEW ..etieiieeiiieeite ettt et e sttt e tt e et e s tae et e e ttesabeenseesaseenseessbeenseesabeenseesnseenseessseenseesssesnseas 149
Range of Strength and Section PrOperties ..........cocvieeiiieeiiiecieecie et 149
Program Variables .........c.oeuiiriiiiiiiie ittt st et et eee 150
Pro@ram COAE .........ueiiiiiieiie ettt ettt e st e e st e e e s aeeessaeeessseeesaseeennseeenseeeseeenns 151

APPENDIX E : DERIVATION OF THE LOAD-DISPLACEMENT BEHAVIOR MODEL.. 157
OVEIVIEW .netieiiiieeiiee ettt e ettt e e teeesateeesabee e saeeassaeassaeassseeassaeeasseeenssaeansseeanssaeassseesnsseessseeensseeenns 158
GENETAL PrOCEAUIE .....ooveiiiiieiieeieeee ettt ettt ettt e e ab et e eabeenbeeenseenseas 158
Derivation 0f Mode T ......oiiiiiiiie et et e e ae e e e e eaee e ennee e e 162
EqQUation SUMIMATY .......cooouiiiiiiiieiieeitese ettt st ebeesate e bt e seaesabeessaeenseessnesnseas 168
Mode IV Closed-FOrm Derivation ...........cccueeriieeiiieeiieeciieeciieeseeeereeeereeesveeeeveeeeaeeeaneeens 169

APPENDIX F : TEST DATA ...ttt ettt sttt ettt et e saaessbeessaesnseenaaaens 170
Dowel Bearing Strength Data............cocviiiiiiiiiieee et 171
Bending Yield Strength Data..........c.ooiiiiiiiiiiiiiieeieeee ettt 184
ConNEction TSt DAta ......cccuiieiiiiieiieeciie ettt e e st e e et e e eree e s aeeessseeesnseeenreenns 189

viii



LIST OF TABLES

Table 3-1: Controlling Hollow Section Yield Mode EqQUations ...........cccceeeeieeecieeeiieescieeeiieene 15
Table 3-2: Energy Terms DY MOE.......cc.coiiiiiiiiiiieiiecieeiteee ettt ens 18
Table 3-3: Coefficients for EQUAtiON 3-6.........c.coooiiiiiiiiiiieciieee et 19
Table 3-4: Load-Displacement Equations for Single Shear Connections ...........cccceveevveriennenne. 20
Table 4-1: Number of Dowel Bearing Tests Conducted ...........occvveviieiiiieiiiiieieecee e 25
Table 4-2: Connection CONfIGUIATION .......ccuiiiiieriieiiiiiie ettt ettt see e e b e seneeseens 29
Table 5-1: Dowel Bearing Strength Data (yield based on 5% offset) .......ccoceevieniiiiiiniiniinneen, 31
Table 5-2: Dowel Bearing Strength Data (based on maximum load).........c.ccoceveriiniininenennee. 33
Table 5-3: Bending Yield Strength Based on 5% Offset.........cccoiiiiiiiiiiiiie 37
Table 5-4: Bending Yield Strength of Individual Rod Groups..........ccccevevienieniniieninnienieeenee, 37
Table 5-5 : Bending Yield Strength Based on Maximum Load ...........ccccoeeeviiiieiieiniieicieeeiee 38
Table 5-6: Bending Yield Strength Based on Displacement of the Max Load of Connection Test
................................................................................................................................... 40
Table 5-7: Connection Test Data Based on 5% Offset Method..........ccccoceeviiiiniininininiinne. 41
Table 5-8: Connection Test Data Based on Maximum Load ...........cccceviiiiiiiiiiiiniiiieiceee 42
Table 5-9: Connection Test Results and Predicted Yield (5% offset based)..........ccccveeeveeennnns 48

Table 5-10: Connection Test Results and Predicted Yield (maximum load based dowel bearing
strength and bending yield strength based on displacement at maximum connection

| Fa: T | ISR 49
Table 5-11: Difference between Connection Tests and Load-Displacement Model.................... 51
Table 5-12: Coefficients of Fitted CUIVES ......c.coiiiiiiiiiiiiiiiee e 53
Table 5-13: Locations used to validate load-displacement model..............cccoevvieriiiiiiiinienineinnn. 53
Table 5-14: Results of Model Sensitivity STUAY ......cccuvieiiiieriiieiie e 58
Table 5-15: Sensitivity of Mode Il to the location of dowel rotation (Xg) ......cceeeveervverveenieennnenns 59
Table 5-16: Sensitivity of Mode Il to the location of dowel yielding (Xm) .veeeeveereveeriieeenineenne 59

X



Table 5-17: Sensitivity of Mode IV to the location of dowel yielding (X) .......ccceevveviieiieniennnnns 59

Table 5-18: Connection Test Results and Predicted Yield (maximum load based dowel bearing

strength and bending yield strength based on 5% diameter offset method).............. 60
Table A-1: YIEld MOAES .....ccuiiiiiiiiieiie et sttt en 71
Table A-2: INPUL PATAMETETS .......eeiuiiiiieiieeii ettt ettt et e et eeteesaaeesseessaeensaensseens 72
Table A-3: Derivation Parameters ............cocuiirieiiiiiiiiieciie ettt 72
Table A-4: European Yield Model €quations .............cocueerieeiienieniieiieeie et 92
Table A-5: Factors for European Yield Model equations............ccceeeeveeeiieeeiiieeeciieeciee e 92
Table B-1: YIld MOAES........coiiiiiiiiiiieiieeeeee ettt sttt s 94
Table B-2: Input Parameters ...........cceoviieiiiieiiee ettt e e veeetae e e e e s aee e ssseeesnnee e e 95
Table B-3: Derivation Parameters ..........cocovieriirieniiiiinieieeesieeieetesie ettt 95
Table B-4: European Yield Model equations ...........ccceeeeiieeiiieeiiieeiieeciee e 119
Table B-5: Factors for European Yield Model equations............cccceevuienieeiienienieeieeieeeeee. 119
Table C-1: INput Parameters .........c.eeeiiiieiiieeiiieeieeee ettt eere e e e et e e s aae e sreeessreeesaseees 122
Table C-2: Derivation Parameters ..........ccoeeueriererienieieiiesieeieeitesie ettt s 122
Table C-3: Double Shear EQUAtIONS ........ccceeiiieeiiieeiieceiiee et eareeeraeeevee s 145
Table C-4: Double Shear Equations For Symmetric Yield Modes.........cccccocevieniiiiniincniienens 146
Table C-5: Hollow Section Yield Model EQUations............ccccveeeiieeiieieiiieeiee e 147
Table C-6: Factors for Hollow Section Yield Model...........ccccoooiiriiiiiiiniiniiiincciccceeee 147
Table D-1: Range of Strength and Section Properties Used...........ccccveeviieeniiieenieeeieeeie e 149
Table D-2: Program Variables ...........coeiiiiiiiiiieiiieiieieeie ettt et 150
Table E-1: Energy Terms by MOE ........cccuiieiiieeiiieeiiccte ettt eee st 161
Table E-2: Coefficients for EQUation E-2 .........ccccooiiiiiiiiiiiiiciieeeeeeee e 167
Table E-3: Load-Displacement Equations for Single Shear Connections...........ccccceeveeeeuveennenn. 168



Figure 3-1:

Figure 3-2:

Figure 3-3:

Figure 3-4:
Figure 3-5:

Figure 4-1:

Figure 4-2:
Figure 4-3:
Figure 4-4:
Figure 4-5:

Figure 4-6:

Figure 4-7:
Figure 5-1:
Figure 5-2:
Figure 5-3:
Figure 5-4:
Figure 5-5:
Figure 5-6:
Figure 5-7:

Figure 5-8:

LIST OF FIGURES

Double shear connection. Side member and main member have different wall
thicknesses. However, the walls are uniform within the individual members. .......... 9

Diagram used to develop Mode II - Case 3-3 equation by the virtual displacement
METROM. ..o 11

Assumed yield modes for hollow section yield model. The left member is the side
member and the right member is the main member. The shaded region indicates a

location of material CruUShING. ........cccueeeiiiieiiiece e 12
Controlling yield modes for hollow section yield model...........c..ccccevieniniiniinennen. 14
General internal energy CONAItIONS ......ccveeeriiieeiiieeriieeriee ettt eeee e e e 18

Triple-box section. Outside dimensions remain constant. However, wall thickness

varies between 0.2 inches, 0.3 inches, and 0.4 inches. ........ccccvvvviiviiiiiiieeieeieein, 22
Connection member With diMENSIONS. ............coovviiiiiiiiieeeeiiieeeeceeee e 22
DOWEl DEATING tEST ....vvieeiiieeiiieeiie ettt et tae e et e e e e e e e e e ssbeeeenseeenns 24

The dowel bearing samples were cut from the members after connection testing. ... 25

Bending y1eld teSt.......uiiiieiiiiiiiecie e e 27
Connection test prior to loading. The two LVDTs measure only the displacement of

the connection being StUAIed. ........cccviiiiiiieiiiiceeeceee e 28
LVDTs measured the displacement of the connection only. .........ccccccerieniriinennen. 29
Typical PVC dowel bearing failures: a) 0.2" wall b) 0.3" wall ¢) 0.4" wall.............. 34
Typical HDPE dowel bearing failures: a) 0.2" wall b) 0.3" wall ¢) 0.4" wall........... 35
Load-displacement curve of PVC 0.4" sample with 3/8" diameter dowel ................ 36
Load-displacement curve of HDPE 0.4" sample with 3/8" diameter dowel.............. 36
Typical bending yield strength test (3/8" diameter).......c.eeevveeeeieeeciiieeiieeeiee e 38
Bending yield test diagram ............ccceeeoiieiiiiiienieeieeeeee e 39
Typical load-displacement curve of Mode I, connection test - PVC........................ 43
Typical load-displacement curve of Mode I, connection test - HDPE ..................... 43

X1



Figure 5-9: Typical load-displacement curve of Mode IIl; connection test - PVC ...................... 44

Figure 5-10: Typical load-displacement curve of Mode IlI; connection test - HDPE.................. 44
Figure 5-11: Typical load-displacement curve of Mode IV connection test — PVC .................... 45
Figure 5-12: Typical load-displacement curve of Mode IV connection test — HDPE.................. 45
Figure 5-13: Confinement in Mode I;;, connection tests a) HPDE b) PVC..........cccccoooviiieienen. 46
Figure 5-14: HDPE Mode III; connections a) Entire cCONNECtion ..........ccceeeeeveeerieeenveesceeesneeens 46
Figure 5-15: PVC Mode III; connections a) Entire connection............cccevveereereenieenienieneeniennenn 46

Figure 5-16: HDPE Mode IV connections a) Entire connection b) Location of dowel yielding in
side member c¢) Approximate location of dowel and walls during testing................ 47

Figure 5-17: PVC Mode IV connections a) Entire connection b) Dowel yielding in side member

¢) Approximate location of dowel and walls during testing.............cccceceeeeveerrennnnnne. 47
Figure 5-18: PVC Mode I, Connection Tests with Predicted Curve ..........cccceeeeevveevciieenieeenene 54
Figure 5-19: HDPE Mode I, Connection Tests with Predicted Curve..........ccoceevevienienieniennnne 54
Figure 5-20: PVC Mode III; Connection Tests with Predicted Curve...........cccoeeevveevvienciiennnens 55
Figure 5-21: HDPE Mode III; Connection Tests with Predicted Curve.........c.ccocceevvevieneeniennnene. 55
Figure 5-22: PVC Mode IV Connection Tests with Predicted Curves..........cccevevveevcviennieeeennene 56
Figure 5-23: HDPE Mode IV Connection Tests with Predicted Curves ........c..ccocevevveneenennnene. 56
Figure A-1: General dowel loading cONdItioNS...........ccueeeviiieiiiiieiiieeeeeeeeeee e e 73
Figure A-2: Single shear connection MoOdelS...........cccueeuiiriiiiiiniiieiiee e 75
Figure A-3: Double shear connection MOdels ...........cccueieiiiiiiiiiieriieeieecee e 76
Figure A-4: Mode I, and Mode I connection models ...........cccoeeeeiieiiiiiiienieniieieeeeeeeeeen 77
Figure A-5: Mode I connection Mmodel ...........cooeviiiiiiiiiiiiicieceeeee e 78
Figure A-6: Detailed Mode II shear and bending moment diagram..............ccoeeveerveeciieneenneenen. 81
Figure A-7: Mode Il connection MOdEl..........ooevuiiiiiiiiiiiieciie et 82
Figure A-8: Mode I1Is connection MOdel ...........cccceeeiiiniiieiiieniieiiieie e 85
Figure A-9: Mode IV connection MOdEl..........c.oeeviiiiiiiieiiiecie et 88

Xii



Figure A-10: Double shear connection free-body diagrams...........ccceeeeveerieriieniiencieeniienieeieenee. 90

Figure B-1

Figure B-3:
Figure B-4:
Figure B-5:
Figure B-6:
Figure C-1:
Figure C-2:
Figure C-3:
Figure C-4:
Figure C-5:
Figure C-6:
Figure C-7:
Figure C-8:
Figure E-1:
Figure E-2:

Figure E-3:

: Single shear connection MOEIS ........c.eeeeeiiieiiiiiiiiece e 96
Mode II connection MOAEl .........cocueiieriiiiiiiiiieieeeeeeee s 98
Mode 11, CONNECHION MOAEL . ..o e e e 103
Mode I, coONNECTION MOAEL .. ..o eeeeeeeeeeeeeeeeeeeeaeaeas 108
Mode IV connection model...........coiiiiiiiiiiiiiiiieieee e 113
Wrapping EXQAMPIES .....ccveevieriiiiiieiieciieie ettt 121
Single shear connection models. Boxes highlight controlling yield modes........... 124
Mode I and Mode I, connection MOAEL .......coeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 125
Mode II: Case 3-3 connection Mmodel ..........coceeiiiiiiiiiiiiiiiiiiieeeeeee e, 126
Mode II1;: Case 3-1 connection MOAEl......ccoeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeenn, 133
Mode III,,: Case 1-3 connection MOAEL.......ooouuumneeeeeieeeeeeeeee e 139
Mode IV: Case 1-1 connection model...........ccceviiviiriiiniininiinieieeeneeeeseee 141
Double shear yield modes due to SyMmetry..........ccecveeeeieeerieeerieeeiieeceeeevee e 146
General internal energy CONAItIONS. .......ccueerieriieniieiieeiieeie e 161
Mode III; cONNECtION MOAEL ..c.evnneeeeeeeeeeeeee e ee e 162
Relationship of integration variables. ...........ccecierieriierieniieiieeie e 163

xiii



CHAPTER 1: INTRODUCTION

In 1949, Johansen published the basis for the European Yield Model (EYM), which is the
current yield model used for dowel-type connection design in wood structures in the U.S.,
Canada, and Europe. Since the development of the EYM, other methods of modeling bolted
connections have been researched ranging from a beam on an elastic foundation model (Kuenzi,
1955) to three-dimensional finite element models (Patton-Mallory et al., 1998). These models
either provide crude approximations of connection behavior (beam on elastic foundation models)
or more accurate connection behavior but a process that may not be practical for design
engineers (finite element models). The EYM represents a reasonable compromise between
complexity and accuracy for use by design professionals.

Over the years, the EYM has gone through several revisions and interpretations;
however, the basic concepts remain the same. Connection yield strength is based on the
geometry of its components (dowel and members), the dowel bearing strength of the member
material, and the bending yield strength of the dowel. Experimental research has shown the
EYM to be sufficient for the design of timber connections (e.g. Wilkinson, 1978; Soltis and
Wilkinson, 1987; McLain and Thangjitham, 1983; Aune and Patton-Mallory, 1986b). Balma
(1999) validated the EYM for the design of wood-plastic composite (WPC) members with solid
cross-sections.

In timber engineering, the majority of structural components have solid cross-sections.
However, many WPC members are extruded in hollow cross-sections, and dowel-type
connections may be used to fasten these members. While a majority of WPC products are used
as decking, structural framing members will be used in the future and are currently being

developed. Another example of hollow sections are structural insulated panels (SIPs) that



consist of a foam core sandwiched between two oriented strand board sheets. SIPs may be
considered a hollow cross-section for lateral connection design if the bearing strength of the
foam is ignored. The current dowel-type connection yield model (EYM) was developed for
members with solid cross-sections. The EYM needs to be modified to accommodate hollow
sections.
Objectives
The overall goal of this research was to develop rational design procedures for dowel
connections using members consisting of wood-plastic composite hollow sections. This goal
was achieved by meeting the following objectives:
= Develop a method to predict connection capacity for hollow sections using similar
assumptions and derivation procedures as the existing EYM.
= Develop a method to predict the entire load-displacement curve for dowel-type connections
in hollow WPC sections
= Validate the yield model and load-displacement model through laboratory testing of bolted

connections over a range of WPC formulations, bolt diameters, and wall thicknesses.



CHAPTER 2: LITERATURE REVIEW

Connection Design Models
In 1949, Johansen published the basis for the yield model that is used today to design

laterally loaded timber connections in North America and Europe. Over the years, this model
has gone through several revisions and interpretations; however, the basic concepts remain the
same. Connection yield strength is based on the geometry of its components (dowel and
members), the dowel bearing strength of the member material, and the bending yield strength of
the dowel. This model is commonly referred to as the European Yield Model (EYM).
Experimental research has shown the EYM to be sufficient for the design of timber connections
(e.g. Wilkinson, 1978; Soltis and Wilkinson, 1987; McLain and Thangjitham, 1983; Aune and
Patton-Mallory, 1986b). Balma (1999) validated the EYM for the design of WPC members with
solid cross-sections.

The 1991 National Design Specification for Wood Construction (NDS) was the first NDS
edition to include the EYM. Prior to 1991, connection design methods were empirically based.
The EYM equation solutions are now arranged in design tables that allow engineers to quickly
design common connection configurations. ASTM D5456-98a Annex A2 discusses
determination of the design strength of a structural composite lumber connection using the NDS
tables. The method described is commonly referred to as the equivalent specific gravity (ESG)
method. The equivalent specific gravity method uses the original EYM equations to compute
connection strength. Dowel bearing tests are used to compute an equivalent specific gravity.
The equivalent specific gravity is then used to design the connection as if it were made of the
common material that it most closely resembles. The ESG method is a simplified procedure that

enables designers to easily design structural composites using the NDS tables. Johnson and



Woeste (1999) demonstrated several examples that apply this concept to design problems.
Bilunas (2000) used a similar procedure to design screw connections in structural insulated
panels. The ESG method still relies on a yield model based on solid cross-sections, and does not
apply to connecting members with hollow cross-sections.

Several papers have outlined the derivation procedures for the development of the EYM.
The American Forest and Paper Association (1999) published Technical Report 12 (TR12)
which discusses the static equilibrium-based derivation of the EYM equations. An energy-based
derivation of the EYM was developed by Aune and Patton-Mallory (1986a) using the method of
virtual displacement to develop connection yield equations. Peyer (1995) expanded the model to
include a gap between members at the shear plane. The equations derived produce the same
yield load as the equations derived by the static equilibrium-based approach in TR12.

Other methods have also been used to model connection behavior. In an early model, a
dowel was modeled as a beam on a finite elastic foundation (Kuenzi, 1955). Wilkinson (1971
and 1972) further refined the modeling equations found by Kuenzi. Wilkinson’s simplifications
enabled the beam on elastic foundation concepts to be used by design engineers. However, the
connection yield point was still defined empirically. The proportional limit slip of a connection
was determined through testing to occur at approximately 0.011 inches (Wilkinson, 1971).
However, the load-displacement behavior for most timber connections is nonlinear. Therefore,
the beam on elastic foundation equations are only useful for predicting the initial stiffness of a
connection (Foschi, 1974).

Three-dimensional finite element models have also been used to model connection
behavior (Patton-Mallory et al., 1998). After the finite element model was verified, a maximum

stress failure criterion was used to investigate the distribution of critical stress along the dowel in



a connection (Patton-Mallory et al., 1998). However, this type of analysis has not been applied
to connection design.
Load-Displacement Behavior Modeling

The load-displacement behavior of a connection is important because connection rigidity
may contribute significantly to the overall deformation of the structure (Foschi and Bonac,
1977). Researchers have used an empirical model to describe load-displacement behavior in
nailed connections (Pellicane et al., 1991; Sa Ribeiro and Pellicane, 1992). Foschi and Bonac
(1977) used a finite element approximation of the load displacement behavior of nailed
connections with limited success. Aune and Patton-Mallory (1986a) and Peyer (1995)used the
general form of the virtual displacement method equation and a fourth-root curve to predict the
load displacement behavior of nailed connections.
Dowel Bearing Testing

Dowel bearing strengths of most timber species used in construction have been
established (Wilkinson, 1991; AF&PA, 1997). Dowel bearing test procedures are outlined in
ASTM D5764-97. Balma (1999) found a significant rate of load effect when conducting dowel
bearing tests on two formulations of WPCs made from low- and high-density polyethylenes.
Presently, no modifications to ASTM D5764-97 have been made for wood-plastic composites.
Therefore, it was important to take special care to ensure that the testing procedures used in this
research recognize the load rate effect found in WPC.

Several studies have shown that dowel bearing strength is dependent on dowel diameter.
Research by Wilkinson (1991) has shown for bolts that in solid cross-sections of timber members

the dowel diameter affects the dowel bearing strength in perpendicular to the grain loading.



Balma (1999) found that in two WPC formulations orientation with respect to the extruded
direction did not significantly affect dowel bearing strength using 0.5-inch diameter bolts.
Defining Yield

In North America, the standard technique for defining the yield point of connection tests,
dowel bearing tests, and bending yield strength is the 5% diameter offset method (ASTM D1575,
ASTM D5764, and ASTM D5652). A line is fit to the initial linear region of the load-
displacement curve of a test. The line is then offset by 5% of the dowel diameter in the positive
displacement direction. The yield point is defined as the intersection of the offset line and the
load-displacement curve. In some WPC formulations and nailed timber connections, the 5%
offset method become cumbersome because there is no definite initial linear region (Balma,
1999; Theilen et al., 1998). When common methods of defining yield prove ineffective, Balma
(1999) worked from a basis of maximum load when comparing WPC connection tests with EYM

predicted loads.



CHAPTER 3: MODEL DEVELOPMENT

Several design methodologies were investigated. Two models were derived for members
with hollow sections. One model predicts the yield point, and is formulated for the allowable
stress design of laterally loaded connections with hollow members. The other model predicts the
entire load-displacement behavior of laterally loaded connections with hollow members, and will
be useful for energy-based design approaches and structural deformation calculations.
Equivalent Specific Gravity

The equivalent specific gravity (ESG) method is a simplified procedure that enables
designers to easily design connections in structural composites using the NDS tables. The first
step of the ESG method is to conduct several dowel bearing tests on a structural composite.
Next, the average dowel bearing strength is computed. Then, the equivalent specific gravity is
found using the appropriate formula. For bolts, the following equations are used for parallel-to-

grain loading and perpendicular-to-grain loading respectively:

6100 Equation 3-2

7 P \/B 0.6897 B on 31
ESG” = —1 1210 ESG, :[ el ) quation 3-

Next, the NDS dowel bearing strength tables are consulted (e.g. NDS Table 8A for bolted
connections). A timber species grouping is found that has a specific gravity less than or equal to
the equivalent specific gravity of the structural composite. Connections are then designed
assuming that the structural composite has the same dowel bearing strength as the assumed
timber species grouping. Because of the hollow geometries of the cross-sections used in this
research, the NDS tables were not directly applicable. Therefore, an equivalent specific gravity

was not found. Instead, the EYM equations were evaluated using the average dowel bearing



strength. By evaluating the equations instead of using the NDS tables, the yield mode was also
identified.
EYM-Based Yield Model for Allowable Stress Design

In connections with members with a solid cross-section, the dowel is supported
continuously throughout the connection. In a connection with hollow members, the dowel is
supported only at the walls which limits the potential locations of dowel rotation and dowel
yielding; thus, the number of possible yield modes is increased. In this research, only hollow
sections with two walls will be investigated.

Prior to deriving a yield model for hollow sections, the current design model for timber
connections, the European Yield Model (EYM), derivation was examined. Two previous
modeling approaches were investigated: a static equilibrium-based approach in AF&PA (1999)
and an energy-based approach in Aune and Patton-Mallory (1986a). Both papers only included
partial derivations. Therefore, the EYM was rederived using the guidelines set forth by the
previous work. The complete derivation of the EYM using the static equilibrium-based approach
is given in APPENDIX A. The energy-based derivation of the EYM is given in APPENDIX B.
Although the two derivations are similar, the energy-based approach is more straightforward and
enables the derivation of entire load-displacement curves. Therefore, an energy-based derivation
method was chosen to derive the hollow section yield model.

Several simplifying assumptions were deemed necessary for hollow sections. First,
members are assumed to have two walls with equal wall thickness and dowel bearing strength
(Figure 3-1). The side member and main member can have different wall thicknesses and dowel
bearing strengths, but the wall properties are constant within members. Also, identically to the

EYM, double shear connections must be symmetric (identical side members).



End fixity of the dowel, tension forces in the dowel, and friction between members are
conservatively ignored. Dowel loading is assumed to be uniformly distributed and perpendicular

to the axis of the dowel. All materials are assumed to exhibit perfect elastic/plastic behavior.

Figure 3-1: Double shear connection. Side member and main member have different wall
thicknesses. However, the walls are uniform within the individual members.

Like the EYM, the input parameters into the hollow section yield model are size of the
connection components, dowel bearing strength of the members, and the bending yield strength
of the dowel. For the derivation of equations, the dowel bearing strength is converted to dowel
bearing resistance (a line load) by multiplying by the dowel diameter and the bending yield
strength is converted to the moment resistance of the dowel (a moment) by multiplying by the
plastic section modulus.

The energy-based derivation procedures use the virtual displacement method. External
work and internal work are set equal to each other as a connection undergoes a unit deformation.

The general equation for this energy balance is Equation 3-3.

W=F1=[f n-dé+Y (M,0) Equation 3-3



where :

F = yield load, b

F, = dowel bearing strength, psi

F,, = bending yield strength of dowel, psi
D = dowel diameter, in

f. =F,D = dowel bearing resistance, [b/in

3

M, =F, (D_): moment resistance of the dowel,lb —in
6

0 = angle of rotation of the dowel

n,& = integration variables for the area crushed by the dowel

The general equation can be simplified to Equation 3-4.

a

F= Z(fe A)+ Z[My ] Equation 3-4

where :
A = area of material crushed, in’
a =distance from the point of dowel rotation or dowel yielding in the side member (x_ )
to the point of dowel rotation or dowel yielding in the main member (x,, )
1

1
=x,+tx, = =— (small rotation assumed)
tan@ 0

The simplified equation is now evaluated in the following manner to determine the yield

equations for the hollow section model:

1. The dowel and member in a single-shear connection after undergoing the unit displacement
are drawn (Figure 3-2). Note: the dimensions defined in Figure 3-2 apply to every yield
mode. Wall thickness is defined as ¢ and the void width is defined as v. The subscript

identifies if the variable corresponds to a dimension in the main or side member.
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Figure 3-2: Diagram used to develop Mode II - Case 3-3 equation
by the virtual displacement method.

The EYM assumes six yield modes in this step. For the hollow section model, the same six
yield modes were assumed. Two of the yield modes involve crushing of the entire main or
side member so the equations are the same as the EYM equations. However, due to the void
space in a hollow section, in Modes I, III;, III,,, and IV there are several locations where
dowel rotation or dowel yielding can occur in each member. Each scenario is given a
different case name. Case 1 is when the dowel rotation or yielding occurs in the wall
adjacent to the shear plane. Case 2 is when the dowel rotation or yielding occurs in the void
space. Note, Case 2 cannot occur unless the void has negligible dowel bearing strength.
Case 3 is when the dowel rotation or yielding occurs in the wall farthest from the shear plane.
The combinations result in eighteen possible yield modes (Figure 3-3). The subscript on the

yield mode number describes which member is being crushed — s for side member and m for

11



main member. For example, the yield mode where the dowel rotation occurs in the wall
farthest from the shear plane in the side member and dowel yields in the wall closest to the

shear plane in the main member is termed Mode Ill;: Case 3-1.

Mode I; Mode In
Case 3-3 Case 1-1 Case 1-3 Case 3-1
./ ,‘4-
Mode II /J/ | D — A
Mode III, /l£ | —
| B . —
Mode I1I. /J/ —
|
Mode IV /J/ —d

Figure 3-3: Assumed yield modes for hollow section yield model. The left member is the side
member and the right member is the main member. The shaded region indicates a location of
material crushing.
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2. Expressions for A and a are written in terms of the connection dimensions. In all cases,

3.

a=x,+x,. The terms X and X, define the location of dowel rotation or bending, and they

are the only unknown distances in the problem. An expression for the area crushed by the
dowel must be found in terms of the horizontal distances only. The crushed area of material
is either triangular or trapezoidal in shape.

Next, an expression for the embedment stress distribution is written and used to relate the
dimensions of the side and main members. It should now be possible to write a function for
the yield load, F, that is only a function of one unknown variable (xs). This unknown is the
location of dowel rotation in Mode II and Mode III connections or the location of the hinge
in Mode III and Mode IV connections.

The derivative of F with respect to the unknown variable x is now computed and set to zero.
The variable x; is solved for and thus the location where the energy is minimized is located.
Finally, the expression for x; is now substituted back into the function for F. The resulting
equation is the yield equation in terms of the connection dimensions and dowel bearing

strengths only. The equation is then reduced to a design format.

This procedure was completed for all eighteen yield modes. The equations were further

simplified for use with the quadratic formula. Additionally, four double shear yield modes due

to symmetry were included. However, these yield modes could not control connection design

because the imposed boundary conditions only increased the energy from the assumed yield

modes. The complete derivation of the hollow section yield model can be found in

APPENDIX C.

A computer program was written to evaluate the yield equations over the complete range

of reasonable property values and connection geometries. The program involves a series of

13



nested loops that evaluated all eighteen equations for the connection properties of that iteration
and records the governing yield mode and case. APPENDIX D lists the ranges of properties
included and other details of the computer program used.

The program verified that only six equations controlled connection behavior; therefore,
the other twelve equations could be eliminated from the model. The resulting yield modes are
Mode I, Mode I,,,, Mode 11 : Case 3-3, Mode IlI: Case 3-1, Mode I11,,: Case 1-3, and Mode IV:
Case 1-1 (Figure 3-4). The controlling yield equations are shown in Table 3-1. A pattern in the
controlling cases was observed as all rotation of the dowel occurs about a point in the wall(s)

farthest from the shear plane and all dowel yielding occurs in the wall(s) next to the shear plane.

Mode s m m Mode I " =

Mode 1II: Mode IV:
Case 3-3 * Case 1-1

Mode II1:: Mode lx: B
Case3-1 . M Case 1-3

Figure 3-4: Controlling yield modes for hollow section yield model.
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Table 3-1: Controlling Hollow Section Yield Mode Equations

Yield Mode Single Shear Double Shear
Ly F=2tmnfem F=2tmfem
I, F=21tf F= 4t ,f
-1V F -B+AB’ - 4A-C o -B+4/BZ_4.A.C
2:A A
Coefficients for Mode II-IV Equations
Mode | Case A B C
Mode |5 5 L f f
1 ) 4.f 4.f tstVstimtVm '[ es'ts'<ts"‘Vs>+ em'tm'<tm+vm>]
em es
Mode 1-3 ! + ! t % fo -t -t v M
1, 4f 2 m*Vm '[ em’m < mt m> + y]
em es
Mode 3-1 ! + ! t.+V [f t <t +V >-|—M ]
. . . S s “[tesTs s s
1, 2fem Afes Y
Mode 1 1
1-1 + 0 -M
v 4fon 4feg y

See Table C-1 and Table C-2 for the definitions of the individual terms. Recall that f, =F D .

The Mode I equations are evaluated directly. The Mode II, Mode III, and Mode IV equations

utilize the quadratic formula where each mode has different coefficients.

One check of the hollow section yield model is that when the void width equals zero, the

equations produce identical results to the EYM. The model was further verified by testing

double shear connections and comparing the results.
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Load-Displacement Curve Model for Energy-Based Design

The load-displacement curve of a connection provides information useful to energy-based
design and can be incorporated into predictions of the overall deformation of a structure. The
derivation techniques of the load-displacement method are identical to the methods used to
develop the design model. The modeling relies on the virtual displacement method (Equation
3-3). The difference between the two derivations is that instead of displacing a connection yield
mode one unit, a yield mode is displaced by the displacement, 6. The term ¢ is no longer
mathematically removed from the equations. Rather, the final expression for the yield load, F), is
a function of the connection displacement, 6. The load-displacement model only includes the six
controlling modes and cases found during the development of the design yield model. Complete
details of the load-displacement model derivation can be found in APPENDIX E.

One advantage of a model that predicts the entire load-displacement behavior of a
connection is that the model output no longer relies on ambiguous yield points from the dowel
bearing strength and bending yield strength curves. Instead, the strength of the connection
materials are entered as curves fit to the dowel bearing or bending yield test data. For this
research, sixth-order polynomials (restricted to pass through the origin) were fit to all the dowel
bearing tests and bending yield tests conducted. The general form of the fitted curves is shown
in Equation 3-5.

F=C6+C5°+C6°+C6*+C,6° +C,6° Equation 3-5

Similarly to the hollow section yield model, the load-displacement model uses the
strength properties converted to line loads and moments. The load from the dowel bearing tests
was divided by the sum of the wall thicknesses to produce dowel bearing resistance. Curves fit

to the dowel bearing resistance versus displacement curves for the side members are given the
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coefficients of A through F. Curves fit to the dowel bearing resistance versus displacement
curves for the main members are given the coefficients of L through Q. For the bending yield
strength tests, the load versus displacement curve must be changed to a bending moment versus
displacement curve by multiplying the load by one-fourth the span. The displacement of the
bending yield test must be converted to the connection test displacement using the angle of
rotation of the dowel at midspan prior to entering the bending moment curve into the load-
displacement model. Curves fit to the bending moment versus displacement at midspan are
given the coefficients of A,, through Fy,.

The Mode I and I, load-displacement model equations are simply the curves fit to the
dowel resistance data multiplied by the sum of the wall thicknesses. Modes I, III, and IV utilize
the method of virtual displacement. The external energy consists of the yield load, F, times the
displacement, 6. The internal energy depends on the yield mode and is a combination of dowel
rotation and dowel yielding. Five contributions of internal energy have been defined (Figure
3-5). El, E2, E3, and E4 relate to energy of material crushing. E1, E2, and E3 relate to energy
of material crushing when the dowel rotates about a point in the wall farthest from the shear
plane. E4 relates to energy of material crushing when a hinge forms within the wall closest to
the shear plane. ES5 corresponds to the energy of forming a hinge in the dowel. Table 3-2
defines the types of internal energy present in each yield mode. The total internal energy is the
sum of all the applicable E-terms to the side and main members. For example, for Mode I1l;:

Case 3-1, the internal energy equals E s+EystE3+EamtEsp.
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Figure 3-5: General internal energy conditions

Table 3-2: Energy Terms by Mode

. Applicable Internal Energy Terms
Yield Mode Side Member Main Member
Mode II: Case 3-3 E], Ez, E3 El, Ez, E3
Mode IlI,,: Case 1-3 E4, Es Ei, E», Es
Mode HISI Case 3-1 E], Ez, E3 E4, E5
Mode IV: Case 1-1 E4, Es E4, Es

Predicting an entire load-displacement curve is mathematically intensive and hence a
spreadsheet was used. Derived equations are evaluated at specific displacements to produce
ordered pairs of displacement and load. In order to utilize a spreadsheet more effectively,
separate equations were developed for each component of the internal energy. A general
equation has been identified for the internal energy due to material crushing (E;, E,, E3, and E4)
(Equation 3-6).

280C,a* (i — j° )6 +210C,a* (i* - j*)5° +
168C,a* (i° - j° )5 +140C,a (l _j6)54+ Equation 3-6
120C,ai” = j7)5° +105C, (i* - j*)5°

E1,2,3,0r4 = 840a

where :

a=x,+x,

C,C,,C,,C,,C,,and C, arethe coefficients fromthe fit dowel resistance curves
i and j depend on the type of energy (Table 3 - 3)
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Table 3-3: Coefficients for Equation 3-6

Internal Energy Type i J
E, 2t+v—x 0
E, xX—t—v 0
E; X x—t
E4 X 0
Note: x will either be x; or x,, depending on the mode and member being considered

Equation 3-7 gives the expression for energy associated with dowel yielding (Es).
M, ()

X, +x,

E, Equation 3-7

As stated earlier, a sixth-order polynomial curve was fit to the bending yield strength
load-displacement data (Equation 3-8). This fitted curve cannot be used directly in the Es
equation because the displacement in the bending yield test is different than the displacement in

a connection test. The angle of rotation of the dowel was used to relate the two tests and produce

Equation 3-9.

M,(A)=A4,A+B,A +C A +D,A +E N +F N Equation 3-8

sl o ol e ol | P
0 ) 5 ° s 6
+D, |:2 ‘[ar{—2 e )II +E, [2 tan(—2 ey )J:| +F, [2 tan(m J:|

where :

A = displacement in bending yield strength test

0 =displacement in connection test

Table 3-4 summarizes the load-displacement predicting equations for single shear

connections. The double shear equations are produced by multiplying the single shear equations
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by two; except in Mode I, where the single shear and double shear equations are identical. Only

the Mode I;,,, Mode I1I;, and Mode IV equations were compared to test data.

Table 3-4: Load-Displacement Equations for Single Shear Connections

Mode Load-Displacement Equation
I, FG)=2t,(46+B5>+C8°+ DS +ES° +F5°)
n F@G)=2t,(L6+M8>+NS* +08*+P5°+06°)

II: Case33 | F(6)=(E,,+E, +E, +E, +E, +E, )&
Il Case3-1 | F(6)=(E,,+E, +E, +E, +E,)/§

Ml Case1-3 | F(6)=(E,, +E,+E, +E, +E, )&
IV:Casel-l | F6)=(E,,+E. +E, +E,) &

The equations for Mode II, III, and IV shown in Table 3-4 assume that the locations of
dowel yielding and/or dowel rotation are known (i.e. X and X;,). In the hollow section yield
model these terms were solved for directly by taking the derivative of the yield load expression,
setting it to zero, and solving for x. In the derivation of the load-displacement equations, this
approach is not practical due to the increased number of terms. Therefore, X and x,,, must either
be assumed or found by other means in order to evaluate the load-displacement equations.
Assuming the values of x and x,, remain constant during connection deformation, approximate
values may be obtained using the expressions for x5 and x;,, found during the development of the
yield model (APPENDIX C).

In the Mode IV connections used in this research, the side member and the main member
are made of the same material. Therefore, only one set of coefficients are needed and the Mode

IV equation may be simplified to Equation 3-10.

F(5)= [M‘,(B)][3A6+1B62+LC63+LD54+LE65+LF56] Equation 3-10
s ERa 10 24 56 128
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CHAPTER 4: EXPERIMENTAL METHODS

The predicted connection capacities were validated with the laboratory tests. The tests
consisted of double shear bolted connection tests. The testing was limited to connections where
the main and side members were loaded parallel to their extruded directions. The model was
validated through testing Mode I,,, Mode Ill;, and Mode IV connections. Prior to connection
testing, dowel bearing tests and bolt yielding tests were conducted. The testing utilized three
wall thicknesses and three dowel sizes.

The experimental data were collected and analyzed as outlined in the appropriate ASTM
standard (discussed individually below). All tests used the 5% diameter offset method to
determine yield points. In cases where the 5% diameter offset intersected the load-displacement
curve after the maximum load is reached, the maximum load was used as the yield load.
Wood-Plastic Composite Material

The wood-plastic composite materials used in this research were produced with a parallel
counter-rotating, twin-screw extruder (Cincinnati Milacron Atlas 93) with a stranding die at the
Wood Materials and Engineering Laboratory. In order to bracket the current range of WPC
stiffness, two WPC formulations were used. One formulation consists of 50% Ponderosa Pine
flour (AWF #4020) and 50% polyvinyl chloride compound (Georgia Gulf: 3014 nat 00) (PVC
formulation). The other formulation consists of 66% Maple flour (AWF #4010), 31% high
density polyethylene (Equistar: LB 0100 00), 2% zinc stearate (Ferro Chemicals Synpro DLG-
20B) and 1% EBS wax (GE Specialty) (HDPE formulation). Three different cross-sections were
used to achieve the necessary yield modes to validate the models. The test specimens consisted
of triple-box sections shown in Figure 4-1. The outside dimensions of the triple box section

remained constant; however, the average wall thickness varied from 0.2 inches, 0.3 inches, and
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0.4 inches, which in turn changes the void distance. The connection members were formed by
cutting the WPC material into pieces twenty-inches in length. There were two holes of three-
quarter-inch diameter to attach the test members to the testing machine and one hole with a
diameter equal to the dowel diameter at the location of the connection being studied. The

locations of the holes are shown in Figure 4-2.

1.75"

- 6.375" -~

Figure 4-1: Triple-box section. Outside dimensions remain constant. However, wall thickness
varies between 0.2 inches, 0.3 inches, and 0.4 inches.

— 20" —

—¢075"  —¢0.75" — variable ¢

é é é 6.375"

«—5"——1«3" —— 8.5" —— 35"

Figure 4-2: Connection member with dimensions.

ASTM 5652-95 Section 8.1 discusses sample conditioning and states that wood and

wood based products for bolted connection tests should be conditioned to meet the objectives of
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the testing. ASTM 1761-88 Section 27.1 suggests that wood should be conditioned at a
temperature of 68 + 6°F and a relative humidity of 65 £ 3%. ASTM D618-96 deals with
conditioning plastics for testing and suggests that the material should be stored at a temperature
of 73.4 = 3.6°F and a relative humidity of 50 £ 5%. For this research, the WPC samples were
conditioned in the lab environment where testing occurred. That was at approximately 73°F and
30% relative humidity.

Steel Dowels

Three dowel sizes were used in this research with nominal diameters of 3/8”, 1/4”, and
3/16”. The 3/8” and 1/4” diameter samples consisted of zinc-plated A307 bolts obtained from
local hardware vendors. To reduce variability, the bolts of each diameter were selected from the
same manufacturing lot. The 3/16” dowels consisted of mild steel welding rod that was cut into
six-inch pieces from an original length of three-feet. Ten three-foot rods were purchased at the
same time and location.

Dowel Bearing Strength, F,

The test methods outlined in ASTM D5764-97 were used for the dowel bearing tests. A
dowel bearing test involves compressing a dowel into a specimen (Figure 4-3). The dowel is
placed in a semicircular hole created by first drilling a hole and then cutting the member in half
at the location of the hole. The dowel bearing strength is found by using Equation 4-1. The yield
load is commonly found using the 5% diameter offset method.

_ Yield Load
lz (Wall Thicknesses )J [Dowel Diameter| Equation 4-1

F,

There is no dowel bearing test standard that specifically addresses hollow sections.
ASTM D5764-97 calls for minimum specimen dimensions based on the diameter of the fastener

being embedded. Since WPC are extruded from a die with fixed cross-sectional dimensions,
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only the specimen length is variable. However, the outside dimensions of the cross-sections used
in this research are large enough to meet the dimension requirements of ASTM D5764-97. The
length of the dowel bearing samples was 3.5 inches. This same block size was used for all the
cross-sections being studied. The dowel bearing samples were removed from the end of the

connection test samples (Figure 4-4).

Figure 4-3: Dowel bearing test

ASTM D5764-97 suggests a displacement rate that results in maximum load in one to ten
minutes. Balma (1999) showed that dowel bearing strengths of two WPC formulations vary
while testing in this large displacement rate range. For this research, all dowel bearing tests were
conducted at a constant crosshead displacement of 0.04 inches per minute which resulted in

reaching maximum load in about three minutes for most test groups.
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Table 4-1 lists the number of dowel bearing tests conducted for this research. The test

matrix is larger than necessary to validate the connection model. Several additional groups were

added to determine if the dowel bearing strength varied with bolt diameter. The only deviation

from ASTM D5764-97 procedures was that the hole drilled in the member was not oversized to

be consistent with the connection tests.

16.5"

6.375"

3.5"

1.5

I

3"

B
i

8.5"

B
i

3.5"

Figure 4-4: The dowel bearing samples were cut from the members after connection testing.

Table 4-1: Number of Dowel Bearing Tests Conducted

Dowel HDPE PVC
Diameter 0.2” wall 0.3” wall 0.4” wall 0.2” wall 0.3”wall | 0.4” wall
3/8” 6 9 10 14 10 10
1/4” 13 10 12 5 8 16
3/16” 0* 0* 16 0* 0* 0*

* Dowel bearing tests only required on HDPE 0.4 wall thickness with 3/16” dowel to enable
validation of HDPE Mode IV connection tests.

Bending Yield Strength, Fy,
The average bending yield strength of the three diameters of bolts used in the connection

testing were measured and used as a model inputs. ASTM F1575-95 outlines the determination

of the bending yield strength of nails. There is no ASTM standard specifying procedures for
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determining the bending yield strength of bolts. Therefore, ASTM F1575 was utilized as a
guideline for determining the bending yield strength of the bolts in this research. A displacement
rate of 0.25 inches per minute was used.

Figure 4-5 shows a typical bending yield strength test. The test apparatus consists of
two-3/4”diameter high-strength steel dowels spaced at a span of four inches on center that
support the test specimen. Another 3/4” diameter high-strength steel dowel is used to load the
test specimen at midspan. The beam formula for a simply-supported beam with a point load at
midspan is used to calculate the moment in the dowel. The bending yield stress is then found by
dividing the moment in the dowel at yield by the plastic section modulus of the dowel (Equation
4-2). The yield load is commonly found using the 5% diameter offset method.

3 (Yield Load X Span)

2 (DowelDiameter)3 Equation 4-2

vb

Fifteen bending yield tests were conducted for the 1/4” diameter bolts. For the 3/8” bolts,
24 bending yield tests were conducted. The increased sample size was required to study the
variability of the bending yield strengths between several boxes of bolts. This extra check was to
insure that indeed all the bolts had the same bending yield strength. A different procedure had to
be performed on the 3/16” dowels since they were purchased in three-foot lengths. The rods
were cut into six-inch pieces. The original rod number was carefully marked on each piece.
Bending yield strength tests were then conducted on four of the six-inch pieces. The five
weakest rods were used in the connection tests because they would be most likely to form plastic

hinges.
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Figure 4-5: Bending yield test

Connection Testing
Double shear connections were tested in tension to validate the theoretical models. The

typical connection configuration is shown in Figure 4-6. During all the connection tests, load and
displacements measurements were recorded. The load was read using a 5-kip load cell with a
resolution of £ 1%. Displacement was measured using two LVDTs with a resolution of + 0.001
inches mounted on either side of the connection being studied (Figure 4-7). Readings from the
two LVDTs were averaged for use in the subsequent data analysis.

ASTM D1761-88 and ASTM D5652-95 specify bolted connection testing for solid
timber members. Both standards suggest similar testing procedures and sample sizes of five to
ten specimens. For this research, a sample size of five was used for the Mode I, connections. A

sample size of ten was used for Mode IIl; and Mode IV connections. The small sample size is
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justified because preliminary testing has indicated a coefficient of variation (COV) lower than
the assumed COV for timber connections (ASTM D1761-Note 6). Using Equation 1 in ASTM
D2915, a sample size of ten pertains to a 95% confidence interval and a COV of less than or

equal to 7%. For a sample size of five, the COV must be less than or equal to 3%. Table 4-2

contains the test matrix for the connection tests.

Figure 4-6: Connection test prior to loading. The two LVDTs measure only the displacement of
the connection being studied.
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Figure 4-7: LVDTs measured the displacement of the connection only.

Table 4-2: Connection Configuration

WPC Mode Sample Dowel Main Member Side Member
Formulation Size Diameter | Wall Thickness | Wall Thickness
Im 5 3/8” 0.2” 0.3”
HDPE 111 10 1/4” 0.4 0.2”
v 10 3/16” 0.4” 0.4
I 5 3/8” 0.2” 0.3”
PVC 111 10 3/8” 0.4” 0.2”
v 10 1/4” 0.4 0.4

The displacement rate for the connection tests was 0.04 inches per minute. This
displacement rate was consistent with displacement rates specified in timber connection test
standards (ASTM D1761-88; ASTM D5652-95) and previous WPC connection testing (Balma,
1999). The HDPE formulation used in this research was comprised of a majority of wood flour.
However, there was still a large percentage of plastic in the HPDE formulation and the PVC
formulation was comprised of half plastic. Plastic standards have been consulted to verify that
displacement rates specified do not affect test results because of the high plastic content. ASTM
D6117-97 deals with mechanical fastener testing in plastic lumber, but bolted connections are

not covered. ASTM D953-95 discusses determination of bearing strength in plastics and
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suggests a displacement rate of 0.05 £+ 0.01 inches per minute. Therefore, a displacement rate of
0.04 inches per minute was acceptable for the dowel bearing tests and the connection tests.
ASTM D5652-95 Section 9.5 states that maximum load should be reached in not less than five
minutes and not more than twenty minutes. This criterion was satisfied using the 0.04 inches per
minute displacement rate.

The connection models being validated only take into account bolt embedment, bolt
rotation, and bolt yielding. Other factors like friction between the members and tensile forces
developed in the bolt are not modeled. Therefore, nuts and washers were not used to constrain
the bolt at the location of the hole being studied (Figure 4-6).

ASTM D1761 Note 7 states that all holes in a connection member should be oversized.
The 3/4” diameter apparatus holes were oversized as specified by 1/16 of an inch to allow
members to fit the test apparatus correctly. However, oversizing the test hole did not meet the
parameters of this research. The yield models do not account for hole oversizing. When a hole
is oversized in thin-walled member, dowel rotation may occur in the wall farthest from the shear
plane without any material crushing. When the hole is drilled the same size as the dowel, any

rotation or yielding of the dowel must involve yielding of the member material under the dowel.
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CHAPTER 5: RESULTS AND DISCUSSION

Dowel Bearing Strength Tests
A total of thirteen test groups were included in the dowel bearing testing. Seven test

groups for the HDPE formulation and six groups for the PVC formulation. A majority of the test
configurations were needed as input for validating the yield models. Additional test groups were
added to facilitate the investigation of the dependence of dowel bearing strength on dowel
diameter and wall thickness.

ANOVA analysis was conducted using SAS and verified that significant differences in
mean dowel bearing strengths existed between test groups at a significance level of 5%. Dowel
bearing strengths increased as the dowel diameters decreased. The dowel bearing strength also
increased within a WPC formulation as the dowel diameter was held constant and the wall
thickness increased. The dowel bearing test results found using the 5% offset method to define
the yield point are in Table 5-1. The COV of each test group was between 1.1% and 4.1%. The
low COVs justifies the small samples sizes as predicted prior to testing and meets the sample

size requirements of ASTM D2915.

Table 5-1: Dowel Bearing Strength Data (yield based on 5% offset)

Formulation Wall Powel Sa@p le Average COV | Minimum | Maximum

Thickness | Diameter Size

(inches) (inches) - (psi) (%) (psi) (psi)

02 1/4 13 4680 2.7 4430 4830

3/8 8 4250 3.1 4020 4420

03 1/4 10 5090 2.1 4940 5280

HDPE 3/8 9 4690 1.1 4590 4740

3/16 16 6310 2.5 6060 6660

0.4 1/4 12 5310 2.6 5060 5510

3/8 10 4960 1.8 4810 5140

0.2 1/4 5 16800 34 16100 17400

3/8 14 13800 4.1 13000 14900

PVC 03 1/4 8 18800 1.0 18500 19100

3/8 10 17000 1.5 16600 17300

04 1/4 16 20100 2.6 19100 21000

3/8 10 18600 1.4 18300 18900
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The dowel bearing strength of the PVC formulation was an average of 3.6 times higher
than the dowel bearing strength of the HDPE formulation. The failure modes of the two
materials was different. The PVC formulation failed brittlely and crumbled as failure progressed
(Figure 5-1). The HDPE formation deformed ductilely out of plane (Figure 5-2). These
phenomena can also be seen in the load-displacement curves. The PVC formulation takes load
rapidly, but as failure occurs, the load drops off quickly as the material crumbles (Figure 5-3). In
the HDPE formulation, behavior is more ductile; load is gained and lost at a slower rate. After
the sample reaches failure at the maximum load, the load decreases gradually until the test is
concluded (Figure 5-4).

Careful sample preparation was critical to producing satisfactory dowel bearing results.
Any skew between the hole being loaded and the load head would cause one wall to be loaded
before the other wall. When one wall yielded prematurely, the load-displacement curve became
non-linear when the wall yielded, and the maximum load was much lower than the samples
loaded ideally. Tests that had a wall fail prematurely were not included in the final results
because those samples did not truly measure the dowel bearing strength. For members with a
solid cross-section, the reducing the amount of skew is important, but the dowel is supported
continually so the effect is less dramatic.

As seen in Figure 5-3 and Figure 5-4 when using the 5% offset method to predict yield,
the intersection load was either near the maximum load or after the maximum load had already
occurred. Common practice is that if the maximum load occurs before the intersection load, the
maximum load is used as the yield load. When this dowel bearing strength is then used to
predict connection capacity, the model input is really based on maximum load rather than yield

load. In order to validate the yield models on a maximum load basis, the dowel bearing strengths
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using maximum load instead of the 5% offset load were computed (Table 5-2). The HDPE
dowel bearing strengths increase slightly from the 5% offset based strengths. The PVC dowel
bearing strengths remain the same as the 5% offset based strengths because the intersection load

always occurred after the maximum load had been reached.

Table 5-2: Dowel Bearing Strength Data (based on maximum load)

Formulation Wall ]?owel SarFlple Average COV | Minimum [ Maximum
Thickness | Diameter Size
- (inches) (inches) - (psi) (%) (psi) (psi)
02 1/4 13 4680 2.7 4450 4830
3/8 8 4250 3.1 4020 4420
03 1/4 10 5170 1.9 5010 5340
HDPE 3/8 9 4700 1.1 4590 4760
3/16 16 6800 2.2 6620 7230
0.4 1/4 12 5620 2.7 5290 5860
3/8 10 5050 1.7 4940 5230
02 1/4 5 16800 3.4 16100 17400
3/8 14 13800 4.1 13000 14900
PVC 03 1/4 8 18800 1.0 18500 19100
3/8 10 17000 1.5 16600 17300
04 1/4 16 20100 2.6 19100 21000
3/8 10 18600 1.4 18300 18900

Dowel bearing strength increased as wall thickness increased within a given WPC
formulation which was likely due to production parameters and the change in boundary
conditions between wall thicknesses. The increase of dowel bearing strength by decreasing the
dowel diameter was expected. This type of behavior is common in timber design in the dowel
bearing strengths for bolt perpendicular to the grain (AF&PA, 1997). Although insignificant in
timber design for small diameters (Wilkinson, 1991), there does appear to be a diameter effect in
the WPC hollow sections and dowel sizes studied. The average increase in dowel bearing
strength by decreasing the bolt diameter from 3/8” to 1/4” was 11%. A designer cannot assume
that the dowel bearing strength will be constant for a formulation. The dowel bearing strength
will clearly vary for different cross-sections of the same formulation and when using different

dowel diameters within a single cross-section.
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c)
Figure 5-1: Typical PVC dowel bearing failures: a) 0.2" wall b) 0.3" wall ¢) 0.4" wall
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©)
Figure 5-2: Typical HDPE dowel bearing failures: a) 0.2" wall b) 0.3" wall c¢) 0.4" wall
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Bending Yield Strength Tests

The bending yield strength of three dowel diameters (3/8”, 1/4”, and 3/16”) was
determined. The 3/8” and 1/4” diameter dowels were commercially available bolts and the 3/16”
diameter dowels were cut from mild steel welding rods. The bending yield strength was found
using the 5% diameter offset method (Table 5-3). Low COVs were obtained for the 3/8” and
1/4” diameter bolts because the bolts were purchased from the same manufacturing lot. The
relatively high COV of the rod group is because five different rods were used. The COV was
lower for each individual rod (Table 5-4). Rod type 5 had a significantly lower yield strength

that resulted in the higher than expected group COV. A typical load-displacement curve is

shown if Figure 5-5.

Table 5-3: Bending Yield Strength Based on 5% Offset

Dowel Sar.nple Ayerage Average cov Minimum | Maximum
Type Size Diameter Fy,

- - (inches) (psi) (%) (psi) (psi)
A307 3/8 23 0.371 87400 1.1 85100 90000
A307 1/4 15 0.247 86800 2.1 83700 89700
rod 3/16 20 0.186 55800 6.4 48300 60200

Table 5-4: Bending Yield Strength of Individual Rod Groups
Dowel Rod Sar.nple Average Fy,| COV | Minimum | Maximum
Type Type Size
- - - (psi) (%) (psi) (psi)
2 4 57400 29 55500 58900
4 4 57300 1.7 57100 58300
rod 3/16 5 4 49800 32 48700 51700
6 4 59400 1.7 58000 60200
9 4 55400 2.5 54200 57300
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Figure 5-5: Typical bending yield strength test (3/8" diameter)
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Due to the problems defining a yield point in the dowel bearing tests noted above,

maximum connection loads were be compared predicted maximum loads. Bending yield

strength was recalculated on a maximum load basis (Table 5-5). The COV of the 3/16” rods

improved dramatically since nearly all the rods approached the same load at a large

displacement. However, Table 5-5 is misleading because the maximum loads are extremely

arbitrary. The maximum load was always the last point recorded from testing and solely

depended on when data collection was terminated.

Table 5-5 : Bending Yield Strength Based on Maximum Load

Dowel Sample Ayerage Average cov | Minimum | Maximum
Type Size Diameter Fy,

- - (inches) (psi) (%) (psi) (psi)
A307 3/8 23 0.371 100800 3.0 97800 107300
A307 1/4 15 0.247 105200 1.2 103900 107500
rod 3/16 20 0.186 77100 1.8 74400 79900
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To determine the bending yield strength that relates to the maximum load in the
connection tests, the stress in the dowel must be computed when the connection is at maximum
load. The two tests can be related by matching the angle of rotation of the dowel in the
connection test with the corresponding displacement in the bending yield test. This is done in
the following manner:

1) The displacement, 0, at the location of maximum load was found for each connection test.
The average was computed for each of the connection tests groups.

2) An expression that related the angle for rotation to the displacement of the connection was
used during the theoretical development of the hollow section yield theory (Equation 5-1).
Equation 5-1 is used here to calculate the angle of rotation of the dowel, 0, at maximum load.

The theoretical expressions for x5 and x;, from APPENDIX C were used in the calculation.

tan(@) =0 = 0 (small displacement assumed) Equation 5-1
X, +Xx

m

3) Now knowing the angle of rotation of the dowel in the connection test, the displacement of
the dowel, A, required to produce this rotation in the bending yield strength test is back
calculated. Equation 5-2 was developed based on the geometry of the bending yield test

setup (Figure 5-6).

Figure 5-6: Bending yield test diagram
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A=2 tan(g)
2

4) The sixth-root polynomial fit to each group of bending yield strength tests was used to

determine the load at the computed displacement, A.

Equation 5-2

5) Equation 4-2 was used to calculate the bending yield strength from the load found in Step 4.

The results of each step are given in Table 5-6.

Table 5-6: Bending Yield Strength Based on Displacement of the Max Load of Connection Test

Dowel C(l))n'neftion - Angle of Dowel | C FZib' - Toadon| e

. isplacement at ngle of Dowe orrespondin oad on *

type Connection Type maf(imum load gRotaion Dist)laiementg Curve Fyo

- - (inches) (radians) (inches) (Ibs) (psi)
A3073/8 ] PVC - Mode I 0.065 0.034 0.034 534 62800
A307 1/4 HDPE - Mode 11 0.157 0.079 0.079 230 91800
PVC - Mode IV 0.092 0.155 0.156 252 100600
rod 3/16 | HDPE - Mode IV 0.244 0.381 0.386 14266 77100

* For HDPE - Mode 1V, the Fy; displacement was larger than fit data. Therefore, the maximum load

was used to calculate Fyp.

This analysis procedure worked for three of the four connection test groups. In the
HDPE - Mode IV connections, the maximum load occurred when data collection was terminated.
The large angle of rotation of the dowel at maximum connection load corresponded with a
displacement in the bending yield test that was out of the range of the bending yield test and the
line fit to those tests. The maximum load based bending yield strength (Table 5-5) was used to
predict maximum connection capacity for the 3/16” diameter rods only. For connections with
3/8” and 1/4” diameter dowels the Table 5-6 bending yield strength was used to predict

maximum connection capacity.
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Connection Tests
Six connection configurations were tested — three yield modes in two wood-plastic

composite formulations (Table 4-2). The results are tabulated in Table 5-7. The expected yield
mode was observed in all the test groups. COVs ranged from 2.3% to 4.5% and are much lower
than other WPC connection research (Balma, 1999). Typical curves load-displacement curves
are shown in Figure 5-7 through Figure 5-12. All the load-displacement curves can be found

later in “Model Validation” section of this chapter.

Table 5-7: Connection Test Data Based on 5% Offset Method

Formulation Connection Sar'nple Average COV | Minimum | Maximum
Type Size

- - - (Ibs.) (%) (Ibs.) (Ibs.)
Mode I, 4 656 2.7 635 674

HDPE Mode Il 9 504 2.3 481 521
Mode IV 10 617 2.9 594 640

Mode I, 4 1992 3.9 1882 2055

PVC Mode Il 10 2330 4.5 2170 2485
Mode IV 10 2570 2.5 2503 2674

A connection that yields in Mode I, is similar to a dowel bearing test in that the yielding
occurs in only one member. No deformation was observed in the side members in either the
PVC or the HDPE Mode [, tests. Therefore, the load-displacement curve of the connection tests
should be similar to the load-displacement curve of the dowel bearing test. In the HDPE Mode
In connections, the initial slope was higher than the slope in the dowel bearing tests. In the PVC
Mode I, connections, initial slope was lower than the dowel bearing tests and the load did not
drop off rapidly after the maximum load is reached as it did in the dowel bearing tests. A more
ductile behavior was observed. Also, the load was not maintained smoothly due to brittleness of
the PVC. It is speculated that additional load was sustained due to the confinement of the

material caused by the side members. Even though no nuts were included on the end of the
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bolts, the side members remained in contact with the main member throughout the tests. As the
main member yielded, the out of plane deformation was restricted by the side members and thus
the yield behavior of the member was altered. In Figure 5-13, confinement in both HDPE and
PVC is clearly visible.

The Mode III; and Mode IV tests produced expected results. The observed yield modes
were Mode IllIs: Case 3-1 and Mode IV: Case 1-1. For Mode IlIs: Case 3-1, dowel rotation
occurred in the side members in the walls farthest from the shear plane and dowel yielding
occurred in the main member in the walls closest to the shear plane (Figure 5-15). For Mode IV:
Case 1-1, dowel yielding occurred in the main and side members in the walls closest to the shear
plane (Figure 5-16 and Figure 5-17 ). Determinations of the exact locations of dowel rotation
and dowel yield were impossible due to the small displacement of the connection when yield
occurred. All connection test pictures presented were taken at large displacements (> 0.4”) and
do not reflect connection behavior at yield. Additional dowel deformation within the void space
and separation of the members occurred after maximum load was reached.

Maximum connection load data has been tabulated to enable the comparison of predicted

maximum loads (Table 5-8).

Table 5-8: Connection Test Data Based on Maximum Load

Formulation Connection Saglple Average COV | Minimum | Maximum
Type Size

- - - (Ibs.) (%) (Ibs.) (Ibs.)
Mode I,,, 4 669 1.9 652 679
HDPE Mode Il 9 635 1.9 618 653
Mode IV 10 864 1.6 833 880
Mode I,,, 4 1997 4.0 1884 2055
PVC Mode Il 10 2394 1.9 2334 2485
Mode IV 10 2858 24 2764 2960
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Figure 5-14: HDPE Mode IlI connections a) Entire connection
b) Approximate location of dowel and walls during testing

Figure 5-15: PVC Mode 111 connections a) Entire connection
b) Approximate location of dowel and walls during testing
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Figure 5-16: HDPE Mode IV connections a) Entire connection b) Location of dowel yielding in
side member c¢) Approximate location of dowel and walls during testing

c)
Figure 5-17: PVC Mode IV connections a) Entire connection b) Dowel yielding in side member
c¢) Approximate location of dowel and walls during testing
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Model Validation
Several approaches were used to validate the connection models developed in CHAPTER

3. First, the hollow section yield model was evaluated using the 5% diameter offset method to
predict the yield point of the input parameters and the connection tests. Then, the maximum load
of the input curves was used to predict maximum connection load. Finally, the load-
displacement predicting equations were evaluated for Mode I,, Mode IIl;, and Mode IV.

Hollow Section Yield Model
When the hollow section yield model was evaluated on a 5% offset basis, the model

prediction differed from the tested connection 5% offset value by an average of 14.7% (Table
5-9). The dowel bearing values from Table 5-1 and the bending yield strength values from Table
5-3 were used as model inputs. The HDPE Mode I, 5% offset connection load was under-
predicted. Whereas, the remainder of the 5% offset connection loads were over-predicted. The
increase in the HDPE Mode I, connection load has been attributed to confinement from the side
members. The PVC Mode I, connection results were not increased, but the shape of the load-
displacement curve was modified. As noted earlier, the 5% offset method did not truly identify
the yield point of the dowel bearing tests. Therefore, using the 5% offset method to define the

yield point is not a correct assessment of validity of the hollow section yield model.

Table 5-9: Connection Test Results and Predicted Yield (5% offset based)

Yield HDPE PVC
Mode Predicted Tested Difference* | Predicted Tested | Difference*
- (Ibs) (Ibs) (%) (Ibs) (Ibs) (%)
Im 630 656 -3.9 2046 1992 2.7
111 654 504 29.7 2699 2330 15.8
A 752 617 21.9 2936 2570 14.2
HDPE average = 18.5 PVC average = 10.9

* Difference calculated by subtracting the predicted value from the test value and
then dividing by the test value.
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A maximum load basis is more appropriate as an unbiased method of validating the yield
model for the WPC material used in this research. As noted earlier, the maximum load of the
bending yield strength was defined as the stress in the dowel at maximum connection load.
When the bending yield strength based on deflection at maximum connection load (Table 5-6)
and maximum dowel bearing strength (Table 5-2) are used as input into the hollow section yield
model, the predicted values differ from the maximum connection load values by an average of

only 5.7% (Table 5-10).

Table 5-10: Connection Test Results and Predicted Yield (maximum load based dowel bearing

strength and bending yield strength based on displacement at maximum connection load)

Yield HDPE PVC
Mode Predicted Tested Difference* | Predicted Tested | Difference*
- (Ibs) (Ibs) (%) (Ibs) (Ibs) (%)
Im 630 669 -5.9 2046 1997 2.4
111 669 635 5.3 2480 2394 3.6
IV 917 864 6.2 3161 2858 10.6
HDPE average = 5.8 PVC average = 5.5

* Difference calculated by subtracting the predicted value from the test value and
then dividing by the test value.

The difference between the predicted values and the tested values can be mainly
attributed to variation of input parameters and testing anomalies. One model assumption that has
not been accounted for is that the dowel loading is uniform along the length of the dowel. It is
probable that this assumption is violated in actual connections and that the force on the dowel in
the wall closest to the shear plane is higher than the force in the outside wall. This would explain
why the yield model over-predicted the actual connection capacity in nearly every case. If the
interior wall was carrying more load, then the yield load would be lower. However, the
assumption that the dowel loading is uniform simplifies the model and allows for a close

approximation of connection behavior.
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Another model assumption violation that contributed to the difference between the
predicted and actual connection loads was the assumption of perfect elastic/plastic materials.
The load-displacement curves clearly show that neither the dowel bearing tests nor the bending
yield tests behave as assumed. A derivative of the elastic/plastic material behavior assumption is
that both the dowel and the members yield at the same time. This assumption was violated in the
PVC connections. The brittle PVC formulation yielded much sooner than the dowels. A load-
displacement model is one way of overcoming the elastic/plastic material behavior assumption.

The amount of error between the predicted and tested values of the hollow section yield
is well within the range reported by Aune and Patton-Mallory (1986b) in their study of nailed
connections. In that work, predicted loads and the Mode III connection loads varied by 6.5%
and the Mode IV connection loads varied by 13%. McLain and Thangjitham (1984) evaluated
several large data sets of bolted connection tests to validate their modification of the EYM.
However, the performance of the unmodified EYM was also evaluated; the ratio of actual load to
predicted load ranged from 0.90 to 1.32. When Balma (1999) validated the EYM for use in solid
cross-sections of WPC, the EYM over-predicted connection capacity by an average of 14% using
the 5% diameter offset to predict load. Using a maximum load basis, the EYM under-predicted
connection capacity by an average of 5%.

Load-Displacement Yield Model
The load-displacement model inputs are curves fit to the dowel bearing resistance tests

and the dowel bending yield tests. The dowel bearing resistance curves were fit over a
displacement range of zero to 0.11 inches. The bending yield strength tests were fit over a
displacement range of zero to 0.2 inches. Plots of all the dowel bearing resistance curves and the
bending yield strength tests are located in APPENDIX F. The coefficients of the fit curves used

in this research are given in Table 5-12.
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A summary of the difference between the predicted load-displacement curve and the
average of the connection tests was found using two methods (Table 5-11). An analysis was
completed based on the absolute value of the percent error between the curves and another was
based on the work done to a displacement of 0.11 inches. The percent error was calculated by
computing the absolute value of the difference between the average connection load and the
predicted load at each displacement (every 0.0005 inches) and then dividing by the average
connection load at that displacement; the overall average for the entire curve was then calculated.
The percent error method is a measure of how well the shape of the curves matched. The work
done by the actual connection curves and predicted connection curves was calculated by finding
the areas under the curves using the trapezoidal method at a width of 0.0005 inches. The
connection work is relevant since the load-displacement behavior predicting equations could be
used in energy-based design. Mode I, equations under-predicted the work by an average of
4.7%, and the Mode IV and Mode 115 equations under-predicted the work by 7.6% and 13.2%,

respectively.

Table 5-11: Difference between Connection Tests and Load-Displacement Model

Formulation | Connection Type Absolute Work to a displacement of 0.11 inches
Percent Error Actual Predicted Difference

- - (%) (in-1bs) (in-1bs) (%)
Mode I, 18.8 537 532 -1.0
HDPE Mode 11 14.1 546 477 -12.6
Mode IV 5.7 662 634 -4.1

Mode I, 13.7 1724 1580 -8.4

PVC Mode 11 16.3 2153 1857 -13.7
Mode IV 13.0 2459 2189 -11.0

Average = 13.6 -8.5

The PVC Mode I, prediction agreed well with the connection test curves (Figure 5-18).
After the maximum load, the connection tests sustained higher loads than predicted. As stated

earlier, this increase was probably due to the confinement effect of the side members. The
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HDPE Mode I,,, prediction varied significantly from the connection tests (Figure 5-19). The
main difference was that the predicted curve had a higher slope than the connection tests.
Another difference between the test data and predicted curve was the aforementioned behavior
after maximum load was reached; the HDPE samples also demonstrated an increased ability to
sustain load.

In the Mode IIIs connections, the predicted load-displacement curves under-predicted the
tests curves, but captured the shape of the curves well (Figure 5-20 and Figure 5-21). The same
is true of the Mode IV results in the HDPE material only (Figure 5-23). The Mode IV PVC
curve was incorrectly predicted (Figure 5-22). The initial slope is correctly predicted, but the
predicted curve did not yield the same as the tested connections. In the predicted PVC Mode IV
curve, the internal energy was heavily weighted toward the behavior of the dowel and only a
small contribution was from the brittle PVC behavior causing the difference in yield prediction.

The predicted curves were sensitive to the locations of dowel yielding and dowel rotation
(xs and x,,). The equations for x and x,,, from the yield model were used to produce the
predicted curves found in Figure 5-20, Figure 5-21, Figure 5-22, and Figure 5-23 (Table 5-13).
Excluding the PVC Mode IV tests, nearly exact predictions of the test data can be produced by
varying the values of x, and x,, from the theoretical values by a few hundredths of an inch. The
model predictions, even with the simplifying assumptions, must have been close to the locations
of dowel yielding and dowel rotation that occurred during connection testing.

The Mode IV connections were the only test groups that possessed a theoretical closed-
form solution for the load-displacement relationship. However, due to the method used to enter
the entire load-displacement behavior of the bending yield tests (Equation 3-9), no closed-form

solution was found. The location of dowel yielding is needed to calculate the bending yield

52



moment at each point. Perhaps, if an alternative function was fit to the test data, a closed-form

solution may be determined.

Table 5-12: Coefficients of Fitted Curves

Material Property a(x) b (x) ¢ (x) d ) e (x) £ (x°)
Bending | 3/16" diameter 1213 14441 -535880 5301137 -22553205 35638685
Yield 1/4" diameter 3328 70355 -1958282 17575455 -70005907 105108240
Strength | 3/8" diameter 16474 131273 -6447049 67910008 -299526836 485602196
HDPE 0.2"wall - 3/8" 68459 920060 -90879442 | 1730243488 | -13616864344 | 39302347608
Dowel 0.2" wall - 1/4" 56619 384634 -64068237 | 1313230298 | -10797582528 | 32209094319
Bearing 0.4" wall - 1/4" 42510 799332 -52486029 892993302 -6613914480 18389401291
0.4" wall - 3/16" | 37523 878236 -53685873 918546956 -6910183992 19608872585
PVC 0.2"wall - 3/8" 126180 | 5056329 | -209742898 | 2442816519 | -10460103167 | 10233129694
Dowel | 0.4" wall - 3/8" | 144381 | 5049568 | -144743672 | 591130636 6739670299 -43400820401
Bearing | 0.4" wall - 1/4" | 105162 644097 38579662 | -2098284246 | 24679590411 | -89389626203

Table 5-13: Locations used to validate load-displacement model

Connection Type Xm
- (inches) (inches)
Mode IIIs (HDPE) 1.74 0.25
Mode IIIs (PVC) 1.73 0.2
Mode IV (HDPE) 0.32 0.32
Mode IV (PVC) 0.296 0.296
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Load-Displacement Model Sensitivity
The sensitivities of the Mode IIl; and Mode IV load-displacement equations were studied

by varying the input parameters. The three input parameters are the bearing resistance of the
main and side members and the bending yield strength for the dowel. Each parameter was
systematically varied to determine their effect on the load-displacement predictions while the
remaining input parameters were held constant. The results of model sensitivity study are given
in Table 5-14; the tabulated percent difference values is the percent difference between the
original predicted curves and the curve predicted with the increased parameter. Any
manipulation of the coefficients of the fit curves results in a linear change in the error. The
results of increasing the coefficients by 10% are shown.

The Mode III; results were as expected — i.e., changing the dowel bearing strength of the
side member had the most effect on the load-displacement behavior, followed by the bending
strength of the dowel, and the strength of the main member. Changing the main member dowel
bearing strength had little effect on the load-displacement behavior. Also, the dowel bearing
strengths of the members had less effect in the stronger, stiffer PVC formulation than it did in the
more ductile HDPE formulation.

For the Mode IV sensitivity study, the connections with the same side member and main
member were used. Therefore, only one set of dowel resistance coefficients was used and the
location of dowel rotation (x) is the same in both members. As expected, the load-displacement
model is more sensitive to strength of the bending yield strength than the bearing resistance of
the members. Also, similar to the Mode IIl;, the bending yield strength had more of effect in the

stiffer PVC formulation than the ductile HDPE formulation.
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Table 5-14: Results of Model Sensitivity Study

Yield . Material | Increase in Difference from Unmodified Predicted Curve
Formulation
Mode Property Property Absolute Error Based Work Based
- - - (%) (%) (%)
fes 10 7.6 7.4
HDPE fom 10 0.14 0.15
Mode 11, M, 10 2.3 2.5
fes 10 7.4 7.3
PVC fem 10 0.08 0.08
My 10 2.5 2.6
fe

HDPE v 10 34 3.6
Mode IV fy 10 6.6 6.4
PVC e 10 2.9 3.2
M, 10 7.1 6.8

The sensitivity of the load-displacement equations to the locations of dowel yielding and
dowel rotation (x5 and X;,) was also investigated using the formulations and cross-sections of this
research (Table 5-15, Table 5-16, and Table 5-17). The entire range of valid values for x; and x,
in each yield mode were investigated. For Mode Ill;: Case 3-1, decreasing X5 and Xy, from the
theoretical value resulted in increasing the connection work. Increasing x, and Xy, from the
theoretical value resulted in a decrease in connection work. Additionally, the movement of x,
had a larger effect than the movement of x;. The same results were observed in both the HDPE
and the PVC formulation. For Mode IV: Case 1-1, decreasing the location of yielding, x,
resulted in an increase in the work. Decreasing x by 30% results in a increase in work of nearly
100% in HDPE and nearly 75% in PVC. Predicting the location of dowel yield and dowel

rotation is critical to predicting the correct load-displacement behavior.
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Table 5-15: Sensitivity of Mode I to the location of dowel rotation (x;)

Difference from Unmodified Predicted Curve
Formulation Xs Change
n Xs Absolute Error Based Work Based
- (inches) (%) (%) (%)
1.60 -8.0 2.7 3.3
HDPE: 1.65 -5.2 1.3 1.7
theoretical 1.70 -2.3 0.4 0.6
Xs = 1.74" 1.75 0.6 -0.1 -0.1
1.80 34 -0.2 -0.4
1.60 -7.5 2.7 3.1
PVC: 1.65 -4.6 1.4 1.6
theoretical 1.70 -1.7 0.4 0.5
Xs = 1.73" 1.75 1.2 -0.2 -0.3
1.80 4.0 -0.6 -0.7

Table 5-16: Sensitivity of Mode Il to the location of dowel yielding (x;,)

Difference from Unmodified Predicted Curve
Formulation Xm C.hange
n X, | Absolute Error Based Work Based
- (inches) (%) (%) (%)
0.00 -100.0 18.2 16.5
HDPE: 0.10 -60.0 9.7 8.8
theoretical 0.20 -20.0 2.8 2.5
Xm = 0.25 0.30 20.0 2.4 -2.1
0.40 60.0 -5.8 -4.8
0.00 -100.0 14.2 12.2
PVC: 0.10 -50.0 6.4 5.4
theoretical 0.20 0.0 0.0 0.0
Xm = 0.20" 0.30 50.0 -4.6 -3.8
0.40 100.0 -7.3 -5.7

Table 5-17: Sensitivity of Mode IV to the location of dowel yielding (x)

Difference from Unmodified Predicted Curve
Formulation X Change
in x Absolute Error Based Work Based
- (inches) (%) (%) (%)
HDPE: 0.10 -68.8 86784.9 117838.6
. 0.20 -37.5 93.4 98.6
theoretical
. " 0.30 -6.3 4.2 3.2
x=0.32
0.40 25.0 -9.8 -7.3
0.10 -66.2 66224.8 91352.9
PVC: theoretical 0.20 -32.4 72.6 74.0
x=0.296" 0.30 1.4 -0.9 -0.7
0.40 35.1 6.0 9.5
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Design Procedures for Connections with Hollow Members
The hollow section yield model was validated using a maximum load basis that included

the theoretical stress in the dowel at maximum connection load. This procedure was necessary to
demonstrate the validity of the yield model, however it is impractical for design use. Design
engineers will not know the displacement at maximum connection load. Therefore, for use in
design, the 5% diameter offset method was used to define yield in the bending yield strength
tests. The bending yield strengths codified for use in timber design could be utilized in the
design of hollow sections. WPC hollow section design would differ from timber design in that
the design basis would be maximum connection load rather than 5% offset yield load. This basis
was necessary because of the difficulty defining yield in WPC dowel bearing tests. Any
additional offset method used to determine yield was arbitrary and specific to a WPC
formulation. Working on a maximum load basis was an unbiased method of quantifying dowel
bearing strength. For the connections in this research, the predicted maximum load calculated
using the 5% diameter offset method to calculate the bending yield strength and the maximum

dowel bearing strength differed from the actual maximum connection capacity by an average of

6.1% (Table 5-18).

Table 5-18: Connection Test Results and Predicted Yield (maximum load based dowel
bearing strength and bending yield strength based on 5% diameter offset method)

Yield HDPE PVC
Mode Predicted Tested Difference* | Predicted Tested | Difference*
- (Ibs) (Ibs) (%) (Ibs) (Ibs) (%)
I 630 669 -5.9 2046 1997 2.4
111 657 635 33 2699 2394 12.7
JAY 781 864 -9.6 2936 2858 2.7
HDPE average = 6.3 PVC average = 6.0

* Difference calculated by subtracting the predicted value from the test value and
then dividing by the test value.
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CHAPTER 6: SUMMARY AND CONCLUSIONS

Summary
Current timber connection design in the U.S. is based on the European Yield Model

(EYM). The basis of the EYM was published by Johansen in 1949 and has been codified in the
U.S. since 1991 for timber connections with members of solid cross-section. Many wood-plastic
composite members are extruded in hollow cross-sections. No design methodology exists for
connections with hollow members. The goal of this research was to develop an EYM-based
method of predicting connection capacity in hollow sections and validate with experimental
testing. Additionally, a method of predicting the entire load-displacement behavior of a
connection with hollow members was desired for use in energy-based design and deformation
calculations.

Expressions for the yield load of lateral connections in single and double shear were
derived using the virtual work concept. Each member was assumed to have two walls of equal
thickness and dowel bearing strength, separated by voids. A hollow section yield model,
consisting of 18 single-shear equations, was derived by considering all the possible locations of
dowel hinge formation and dowel rotation. A computer program was used to evaluate the
equations over a reasonable range of input parameters and cross-section geometries. Only six
single-shear equations were found to govern the connection behavior, and they reduced into a
practical design format.

The model for predicting load-displacement behavior of connections with hollow
members was derived for the six controlling modes and cases of the hollow section yield model.
The Mode I and I, load-displacement model equations are simply the curves fit to the dowel

resistance data multiplied by the sum of the wall thicknesses. Modes II, III, and IV utilize the
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method of virtual displacements. A closed-form of the solution was impractical due to the
number of terms introduced by the hollow members. Therefore, the load-displacement equations
require the calculation of the locations of dowel yielding and dowel rotation based on
expressions from the hollow section yield model. Five general contributions to internal energy
were defined and equations were derived for each energy component. A general expression was
developed for the energy associated with the four types of material crushing. The load-
displacement behavior of the predicted yield mode of a connection was found by adding the
relevant internal energy terms and dividing by the connection displacement.

The models were validated by conducting double-shear unconstrained bolted connection
tests using two wood-plastic composite formulations, three wall thicknesses, and three dowel
diameters. Input parameters were quantified through dowel bearing tests and bending yield
strength tests for each combination of WPC formulation, wall thickness, and dowel diameter.
The dowel bearing strength of the members, bending yield strength of the dowel, and the
connection dimensions were need as input for the hollow section yield model. Sixth-order
polynomial functions (restricted to pass through the origin) were fit to the dowel resistance
curves and bending yield strength data as input for the load-displacement behavior model.

The COVs of all the test groups were low due to the uniformity of the WPC material and
all the dowels originated from the same manufacturing lot. The COV of the connection tests
ranged from 1.6% to 4.5%. The COV of the dowel bearing tests ranged from 1.0% to 4.1%. The
COV of the bending yield strength tests ranged from 1.1% to 6.4%. The relatively higher COV
of the bending yield strength data was due to the 3/16” diameter dowels being cut from more

than one steel rod.
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The hollow section yield model was evaluated using several methods of interpreting the
test data. The standard timber method of defining yield using the 5% offset produced an average
percent difference between the yield point of the connection test and the predicted yield load of
14.7%. However, the dowel bearing deformation behavior of the WPC material was such that
yield point from the 5% offset method did not coincide with the sample yielding. The hollow
section yield model was then evaluated on a maximum load basis. The maximum connection
loads were compared to the theoretical load calculated by entering the dowel bearing strength
based on maximum load and a bending yield strength based on the stress in the dowel at the
displacement of maximum connection load. Using this maximum load basis, the average percent
difference between the theoretical maximum load and tested maximum load was 5.7%.

The load-displacement behavior model was validated by comparing the percent
difference between the predicted curve and the average of the connection tests and by comparing
the work of the connections to a displacement of 0.11 inches. A work analysis was deemed more
useful since a primary use of the load-displacement model would be energy design. The Mode
In prediction performed best by under-predicting the work by an average of 4.7%. The Mode IV
and Mode IlI equations under-predicted the work by an average of 7.6% and 13.2 %,
respectively.

The Mode I, load-displacement curve predictions should have been nearly identical to
the average of the dowel bearing tests. The major difference in the HDPE Mode I, was the poor
prediction of the initial slope. Both the HDPE and PVC connection showed an improved ability
to sustain load after reaching maximum; this is likely due to the material confinement caused by

the side members.
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Both the HDPE and PVC Mode Il predicted load-displacement curves under-predicted
the tests curves, but captured the shape of the curves well. The HDPE Mode IV predicted the
test curves well by both capturing the initial slope and general curve shape. The PVC Mode IV
test curves were predicted poorly. All Mode IIl; and Mode IV predicted curves were sensitive to
the location of the dowel rotation and dowel yielding that was input. Every Mode III; and Mode
IV predicted curve could be fit to the test curves by slightly modifying the location of dowel
rotation and dowel yielding. The theoretical location of the dowel rotation and dowel yielding
may not have occurred during the connection testing due to the violation of the model
assumptions or experimental error.

For design purposes, using the maximum dowel bearing strength and 5% offset bending
yield strength to predict maximum connection capacity achieved satisfactory results by
predicting the maximum load within an average of 6%.

Conclusions
1. A hollow section yield model was derived, reduced to a usable allowable stress design
format, and validated through the laboratory testing of Mode I,,, Mode Ill;, and Mode IV
connections in two wood-plastic composite formulations.
= The predictions of the hollow section yield model differed from the connection test data
by an average of 5.7% (maximum load basis).
= The 5% offset method was an inappropriate method of defining yield in the two WPC
formulation studied. Therefore, maximum dowel bearing strength should be used in
design for maximum connection capacity.
* The 5% diameter offset method should be used to design for maximum connection

capacity instead of the maximum bending yield strength.
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= Confinement of the member material resulted the Mode I, connections performing more
ductilely than the dowel bearing tests.

. A method of predicting the load-displacement behavior of dowel-type connections using

hollow sections was developed, reduced to a usable format, and validated through the

laboratory testing of Mode I,, Mode I1I;, and Mode IV connections in two wood-plastic

composite formulations.

The work done by the connection tests was under-predicted by an average of 8.5%.

= The shapes of the predicted curves were similar to the connection tests curves. The
average percent difference between the curves was 13.6%.

» The load-displacement model is sensitive to the locations of dowel rotation and dowel
yielding.

= The virtual displacement model provides a straightforward derivation method for the
load-displacement behavior of connections that could be used in energy-based design
methods.

Dowel bearing strength tests should be conducted on each WPC formulation and cross-

section geometry before evaluating connection performance.

= Dowel bearing strength varied significantly within a wood-plastic composite formulation
as the wall thickness changed.

= Dowel bearing strength varied significantly within each wall thickness as the dowel

diameter changed.
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Suggestions for Further Research

1. Validate the hollow section yield model with additional materials and cross-sections. Include
connections where the main and side member have substantially different dowel bearing
behaviors and additional types of structural composites (more formulations and traditional
timber composites like oriented strand board). Conduct connection tests of connections
between hollow members and solid members (i.e. structural insulated panels). Conduct tests
and evaluate the models with other types of fasteners such as screws and nails.

2. Rederive hollow section yield model and load-displacement model using alternative function
types fit to dowel bearing tests and bending yield tests. Other types of functions may enable
prediction of the load-displacement curve to a larger displacement or produce a closed-form
solution.

3. Predict the load-displacement behavior of timber connections (solid cross-section) using the
concepts utilized in this research.

4. Change the initial assumptions of the hollow section problem and derive an expanded hollow
section yield model. Incorporate more than two walls and vary the dowel bearing strength of
the walls.

5. Investigate the variability in dowel bearing strength over a large range of dowel diameters.

6. Evaluate hollow sections for such parameters as end spacing, edge spacing, and multiple

fasteners.
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APPENDIX A: DERIVATION OF EYM
EQUATIONS - STATIC EQUILIBRIUM BASED



Overview
This appendix outlines the static equilibrium-based derivation of the European Yield

Model (EYM). A partial derivation using these same procedures is outlined in American Forest
& Paper Association’s Technical Report 12 (1999). The EYM equations predict connection
yield load based on its geometry, dowel bearing strength, and bending yield strength. The EYM
uses six possible yield modes for single shear connections and four yield modes for double shear
connections. The connection yield load is reached when either the compressive yield load of the
member under the dowel is reached or when one or more plastic hinges forms in the dowel.
Using simplifying assumptions and static equilibrium of the dowel, a general expression of the
lateral yield load of each mode was derived. For a specific connection, the general equation with

the lowest value controls the design.

Description of Modes

Table A-1: Yield modes

Yield Mode Description of Failure Applicable Connection Type
I Main member bearing Both single and double shear
I Side member bearing Both single and double shear
II Main and side member bearing Only single shear
Main member bearing, .
1l Dowel yielding in side member Only single shear
11 Side mer‘nbe.r be.arlng,‘ Both single and double shear
Dowel yielding in main member
v Dowel yielding in main and side member | Both single and double shear
Assumptions

« End fixity of the dowel is ignored.
« Tension forces in the dowel are ignored.

« Friction between the members is ignored
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« Dowel loading is assumed to be uniformly distributed and perpendicular to the axis of the

dowel.

« Perfect elastic/plastic behavior of all materials is assumed.

Input Parameters

The only necessary input parameters deal with connection geometry and material

strengths as follows:

Table A-2: Input Parameters

Parameter | Description

ls Side member dowel bearing length, in

I Main member dowel bearing length, in

g Gap between members, in

D Dowel diameter, in

Fes Side member dowel-bearing strength, psi
Fem Main member dowel-bearing strength, psi
Fy Dowel bending strength, psi

The input parameters are used to calculate distributed loads and moments on the dowel:

Table A-3: Derivation Parameters

Parameter | Description
s Side member dowel-bearing resistance, Ibs/in
Jm Main member dowel-bearing resistance, Ibs/in
M, Side member dowel moment resistance, in-1bs
Mp Main member dowel moment resistance, in-1bs
D, Dowel diameter at max. stress in side member, in
D Dowel diameter at max. stress in main member, in

The above parameters can be calculated in the following manner:

QS = F;_SD qm = F;WID

D’ D’
M, =F|— M, =F,|—"
6 6
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General Dowel Loading Conditions

. Dowel Bearing .
Dowel bearing : : Dowel bending
Dowel Bearin with Rotation Dowel Bendin
q
M m M M
S rmmEIl S iacommally e gy
| | N
Vv Vv M Vv
q q
a b
1 1
X X
P P P ‘
Shear—— .| Shearfh ffffffffffffffff Shear. -
P P P
Mmax. -, Mmax. Mmax. -
Momentt - Moment:—-------------- Moment:——-1----
Mmaxi---ooo Mmaxi-- oo Mmaxi- -

Figure A-1: General dowel loading conditions

The following expressions are found from the shear and bending moment diagrams:

Dowel Bearing:

P=V=ql
Mpax = ql2/2
Dowel Bearing with Rotation:
P=V=qgx
Minax = qa2
Dowel Bending:
P=V=gx

Mmax = Mdowel

Next, using the three general dowel loading conditions, connection models are developed.
Note:

The “m” subscript indicates main member bearing.
The “s” subscript indicates side member bearing.
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Additional Expressions — Dowel Bearing with Rotation Only

In the following brief derivation, a useful expression for the location “a” is developed for the case of dowel
bearing with rotation.

From the shear and bending moment diagram:

— 2
Mmax = qa

Location of zero shear is defined as x:

X=1-2a Note: x=a and 1= 3a
Solve for a:
a = - x
2

Substitute into moment expression:

1- x|?
M max = q'< > )

Also, P=gx or P=qga:

- P _ P
X - — a —
q q
Substituting:
2
= lq-P
M mx q.< 2q )

Now express moment in terms of "a" and solve:
2
2_ llq—P
q.a ) q'( q )
2.q

a = lq—-P
2.q

In terms of the side and main member, this expression is:
_ lgqq—P _ lmdm—P

2qg 2q
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Single Shear Connection Models

[ [ [

| |
! ] !
Mode Im Mode Is Mode II
TP TP TP
pinng | | i
i M|

! ] :

Mode IIn Mode 1115 Mode IV
TP TP TP
qm gs qm qm
T \ \ il WWM"’ \ I W‘»M"’
| M
as qm s s

: } :

Figure A-2: Single shear connection models
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TP/Z

Double Shear Connection Models

TP/Z

TP/z

TP/2

:

Mode I1Is
TP/Z TPQ
s qm qm gs
B By

:

TP/Z TP/Z

:

Mode Is

:

Mode IV

TP/Z TP/Z

A

qs Qs

Figure A-3: Double shear connection models
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(m

gs
]s g lm 1> g ]m
P P
Sheari--- b Shear
P P
Mmax, - Mma)g gy
Moment ——————————————————————— Momenti

Mmax

Figure A-4: Mode I, and Mode Is connection models

Derivation of Mode I, and Mode Is — Single Shear

Note: The Mode I, failure is produced by the main member crushing under the dowel.
The Mode I failure is produced by the side member crushing under the dowel. In both
cases, the load causing this failure is P. Therefore, the equation governing this type of
failure is the dowel bearing resistance multiplied by the member bearing length.

Mode I ;:

Mode I:
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Derivation of Mode II

Equilibrium equation found by summing moments at point C and setting equal to zero:

a

a
Erp+—
2 2

g m
S4b +—
2 M

b b
g s g m —
=+ S+— qQpam =0

.qS.aS+ .qS.bS+ qmbm_

First, the equilibrium equation is simplified using expressions relating model variables.
Substituting b = <2.a S> and b = <2.a m> . Then, simplifying:

l.q a .g_l.q 2 2+1~q a .g_l.q a . 2=0
5 s s 5 s s T M mET S m % m

Substituting p = <qs.as> and p = <qm.am> into the "g" terms:

I.P.g_l.q a 2+1~P~g—1'q a 2
2 2 S S 2 2 m m = ()

Combining the "g" terms:

S s Ss T Amm =9

Next, using the previously derived expression for "a," the above equation is expressed as a
quadratic in P.

l..q.—P 1. .- -P
Substituting a = 9T and ag, = “mm” "~ . Then, simplifying:
2954 29y
Po-tgqaleliopo L oprolg g 2l po 12 o
8 4 (8a5) 8 4 (84 )

Grouping the "P" terms:

-1 1 2 |1 1 1 2 1 2 _
[<8-qs>‘<s~qm>]“le*g*?m)*"g m gt 7O

Multiplying both sides by 2:

(CAmC

Pt

2

1 1 1 2 1 2
-1 _+2g+—1.|P=—q 1 ~——q.l =0
m 2 S) 4 4 'S S
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Now, the expression is in the correct general form. However, the coefficients of the P2 and P terms
differ from the TR12 equation. The equation is now manipulated to produce the correct coefficients.

Separating a "Pg" term:

-1 1 1 1 1 1
— P2+ _1m+g+_ls>P__qmlmz__qslsz_'_Pg =0
<4~qs> <4-qm> 2 2 4 4
Substituting g = las+l ag - (See Technical Note #1)
2 2
-1 1 1 1 1 1
- Py _'1m+g"'_'lS).P__’qm’lmz__'qs'lsz"'P —as+_am> -0
<4~qs> <4-qm> 2 2 4 4
Substituting a, = P and ag = P
qs Am
-1 1 1 1 1 P 1 P
- Py —1m+g+—ls>P — - =gl P — 4= — | =0
<4~qs> <4-q m> 4 4 2q5 24qy
Regrouping "P" terms:
1 1 > 1 1 2 1 2 _
+ P+ _1m+g+_~ls>~P mlm—_~qslS =0
<4~qs> <4-qm> 2 4
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Technical Note #1

Wheredid g = : ayg .|.i a ,, come from?
2 2

An expression for “g” is developed using the Mode II shear and bending moment
diagram. The moment at a point on the moment diagram is equal to the area under the shear
diagram up to that point.

0.5Pas 0.25Pbs = 0.5 Pas 0.25Pbm = 0.5Pam 0.5Pam

0.5Pas

Pas 0.5Pas

0.5P Mmax ”””””””” / ”””””””” }
O -
Moment —————————————————
: // 0.5P
Mmax ... ... WARE S - J oram
/ N\
0.5Pam Pam

Figure A-6: Detailed Mode II shear and bending moment diagram

From the gap region:

l.P.aS—P.g = —.Pa
2 2

m
1 1
—.P.a +_Pa = Pg
2 S oM
g = 1a +—a

2 S o M
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Derivation of Mode I,

Equilibrium equation found by summing moments at point B and setting equal to zero:

am by

-+ —
2 2

a b
S m —
-Mg- Amamt > +g+_2 'qs'as_o

First, the equilibrium equation is simplified using expressions relating model variables.
Substituting b = <2~a m> ;

! =0
E‘as+g+am qgdg~

3 2
_MS_E.am qm+

Substituting P = <qs'as> and P = <q ma m):

3 1 _
—MS—?am'Pﬁ— E~as+g+am P=0

Substituting ag = i:
qs

3 1 P -
M= SamPr S —tetay PO

ds

Next, using the previously derived expression for "a," the above equation is expressed
as a quadratic in P.

l1.q,—P
Substituting a, = [ T |:
2'qm
l1.q,—P 1..-q.—P
a2t Pl e e P
4 dm 2qS 2 qm
Collecting "P" terms:
! + ! -P2+ i-1m+g P—M =0
) (29 4
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Now, the expression is in the correct general form. However, the constant term and the coefficient
of the P term differ from the TR12 equation.

Using a simple mathematical approach, the correct coefficient of the P term is produced.

I, P
Adding and Subtracting — :
2
l.-P 1_-P
1 + 1 P2-|— _'1m+g>'P_Ms+ m- o mt
4 2. 2 2
Fam) (245)
Combining "l ,P" terms:
31,..-P
! + ! 'P2-|— l~1 +g|P-M_-— M =9
4 2 2 M s 4
) (245)

The constant term for each equation involving dowel bearing with rotation should be a
function of the member length squared. This is done by relating the load, the member
bearing resistance, and the member length.

P = qdmam

lm = 3'am

p = Imdm
3

This expression can now be used to produce the TR12 equation.

1..-q
Substituting P = (m m):
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Figure A-8: Mode IlIs connection model
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Derivation of Mode Ills — Single Shear

Equilibrium equation found by summing moments at point B and setting equal to zero:

4 @ m =0

First, the equilibrium equation is simplified using expressions relating model variables.

Substituting b ¢ = <2.a S> :

ag by
4+
2 2

4m by
2 2

M- dgagt Ay =0

Substituting p = <qs-as> and p = <qm-am>:

3 1 =
-M——agP+i—atgt+ag P=0
2 2
I _ [P
Substituting ag,= |[—| "
9m
3 1 P =
-M -=a P+ |——+g+ag|P=0
2 249y

Next, using the previously derived expression for "a," the above equation is expressed
as a quadraticin P.

Collecting "P" terms:

e

-1
—ls+g

7 P-M =0
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Now, the expression is in the correct general form. However, the constant term and the coefficient
of the P term differ from the TR12 equation.

Using a simple mathematical approach, the correct coefficient of the P term is produced.

Ig-P
Adding and Subtracting :

2

1 1 2 (-1 s s _
hm“>+@qmﬂP*«st+4P‘Mm+ T

Combining "l P" terms:
31.-P

I N st
hmg+@%ﬂP+E*+ﬁ“Mm‘4 ’

The constant term for each equation involving dowel bearing with rotation should be a
function of the member length squared. This is done by relating the load, the member
bearing resistance, and the member length.

P = qQgag

1S = 3-aS

p = 1s'qs
3

This expression can now be used to produce the TR12 equation.

l.q
Substituting p=_"°%:
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Figure A-9: Mode IV connection model
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Derivation of Mode IV — Single Shear

Equilibrium Equation found by summing moments at point C and setting equal to zero:
a
m
e
2 2

a
s g _
-(Mg+Mp) + Am@mt | =7 4s8s =0

The derivation of the Mode IV equation only involves one substitution to produce the
required quadatic form.

Expanding:
1 2 1 1 2 1 —
_MS_Mm+_.qm.am +_.qm.am.g+_.qs.as +_.qs.as.g =0
2 2 2 2
Substituting ag = i and a, = i :
ds 9m
1 2 1 2
-MS—Mm+—~P +gP+— P =0
2m,) 245)

Grouping P terms:

1 1 2 -
[<2qm>+<2qs>]P+gP_Ms_Mm °
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Double Shear Connections
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Figure A-10: Double shear connection free-body diagrams
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Derivation of Double Shear Equations

Note: Each double shear connection consists of two single shear connections. Each single shear
connection transfers a load of P/2. The double shear connection equations are derived by using the
single shear connection equations and replacing the load, P, with P/2.

Mode I

Note: Inthe case of main member crushing, the total load causing failure is still P. Halfthe load
(P/2) comes from each side member.

Single Shear Equation:

P =dmlnm
Double Shear Equation:

P=qly

Mode I:
Single Shear Equation:

P =qglg
Double Shear Equation:

P =2q4lg

Mode T114:

Single Shear Equation:

2
q
LN S S l-ls+g-P—Mm—S =0
4 2 2 4
4as) (2am)
Double Shear Equation:
2
2 1.2
S ~P—+lls+g E—Mm—s ® =0
(4ag) (2apy) |4 2 2 4

Mode IV:

Single Shear Equation:

o ey

Double Shear Equation:
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Summary of Derived EYM Equations

Table A-4: European Yield Model equations

Yield Mode Single Shear Double Shear
IS P = qSlS P = 2qSlS
LIV P_—B+x/Bz—4AC P_—B+\/Bz—4AC
24 A
Table A-5: Factors for European Yield Model equations
Yield Mode A B C
1 1 / ql’ ql’
I —t— St g4-m —dss _dm'm
4q,  4q, 28T 4 4
11 l g,
1L, —t— +2 M —Amm
2q.  4q. 75 Ty
11 l q,l’
I, —t— =+ M
49, 24, § 4 "
v L, g M -M
2q, 2q, o
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APPENDIX B: DERIVATION OF EYM
EQUATIONS - ENERGY BASED



Overview
This appendix outlines the energy-based derivation of the European Yield Model (EYM).

This method of deriving the EYM is described in Aune and Patton-Mallory (1986). In that
paper, the derivation was outlined briefly. Here, all the general dowel equations will be derived.
The virtual displacement method provides a more systematic approach to the derivation than the
static equilibrium-based approach (APPENDIX A). The method used in the derivation was the

method of virtual displacements and was outlined in CHAPTER 3.

Description of Modes

Table B-1: Yield Modes

Yield Mode Description of Failure Applicable Connection Type
I Main member bearing Both single and double shear
I Side member bearing Both single and double shear
I Main and side member bearing Only single shear

Main member bearing,

1l Dowel yielding in side member Only single shear
1IN Side mer'nbe.r be'armg,' Both single and double shear
Dowel yielding in main member
v Dowel yielding in main and side member Both single and double shear
Assumptions

« End fixity of the dowel is ignored.

« Tension forces in the dowel are ignored.

« Friction between the members is ignored

« Dowel loading is assumed to be uniformly distributed and perpendicular to the axis of the
dowel.

« Perfect elastic/plastic behavior of all materials is assumed.
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Input Parameters

The only necessary input parameters deal with connection geometry and strength

properties as follows:

Table B-2: Input Parameters

Parameter Description
A Side member dowel bearing length, in
U Main member dowel bearing length, in
D Dowel diameter, in
Fes Side member dowel bearing strength, psi
Fem Main member dowel bearing strength, psi
F, Dowel bending strength, psi

The derivation parameters are used in the yield model to incorporate the input parameters:

Table B-3: Derivation Parameters

Parameter Description
fos Side member dowel bearing resistance, lbs/in
form Main member dowel bearing resistance, lbs/in
M, Moment resistance, in-lbs

The above parameters can be calculated in the following manner:
»f;S = FESD f;zm = FemD

D3

6
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Single Shear Connection Models

96

Figure B-1 : Single shear connection models
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Figure B-2: Mode I, and I; connection models

The Mode I ,, failure is produced by the main member crushing under the dowel. The Mode I  failure is produced by the side member
crushing under the dowel. In both cases, the load causing this failure is F.  Therefore, the equation govering this type of failure is the
dowel bearing resistance multiplied by the member bearing length.

Mode I,: Mode Ig:

F=femlm F= foglg
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General Equation:
W =X (foA)+Z(My)
Small displacements assumed:

@n(0) = L= o
a

a= Xg+Xp
) <M y-6>term:

For Mode I1 there is no yielding in the bolt. Therefore, M y equals 0.

) <f€~A> term:
_ fes 2 2] fem 2 2
L e e (i
Substituting into the general equation:
W= I (feA)+ZI(My)
f f
W =F1l-= g.[<ls—xs>2+xsz]+%-[<lm— Xm>2+xm2]

Substituting for a:
f

prrasemt LA et (LR

At this point, the general equation is in terms of two unknown variables, x;andx,. An equation
relating x; and x,, is found using a diagram of the bearing stress.

By considering equilibrium in the vertical direction (ZFy =0), the following expression is obtained:

fes’<1s - Xs> tfemXm = fesXst fem'<1m_ Xm>



001

Solve for xy:
(feglgt2fegxg+

1
2 fom

X, = em’1m>

Substituting Xy, into the expression for F and simplifying:

2 2 2 2
<2'fem'fes’ls —Axgt o fegls T 4% ’femfes"_fem lm +1, ls — 4t Tlgxg At ~xs>

F =

1
2 <2-xs-fem— fes-ls+2-fes-xs+fem-1m>

This results in an equation with one unknown variable, x;. The expression is minimized by finding the derivative with respect
to X and setting it equal to zero. An expression for X in terms of the known variables can then be found.

Evaluating d—(F) =F'=0:
d

Xs
Al (fo+f -<—f P+ 4 Pl oxg = 4E P = 4 X ol = 4 es X Femt 2T es Temls + 2 Fes s Temlm™t fem | 2)
d—(F):0: <em+ es> es “+ Xs Xs es®sem'm es®s TemT “TesTem's t2Tes s Tem" mT Tem 'm
dx x - 1 .)\2
s (2%gFem= fesTs+ 2T s Xg + femlm)
Solving for xand simplifying:
Fos (Imfem= s Tes) +/FemT -<2f A2 g+ B o 2F o L gl o+ 26 g Fog 1 Fopy ] 2>
i. es m- em S €S em €S cem m es S "em m em €S 'S em m
xg = 2 [fes'<fem+fes>]
fos (Imfem= s Tes) = o/ FemT -<2f T Fogt fog ls +2F g s Fomlmt 2femTes s + fom | 2>
i. es m- em S €S em €S cem m es S "em m em €S 'S em m
E [fes'<fem+fes>] _

To pick which root to use, look at the second derivative. The second derivative must be greater than zero for a minimum.

Taking the second derivative of F and simplifying:

2 2

2,2 2
e (4f et 4Tes) Te <2 fomlm Test fos Tt 2Fes s Temlmt 2 emTes s + fom -1m>

dxg [(2Fem* 2T es) Xs = Fes s+ Fomlm]’
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X, must be greater than zero (i.e. use the x expression with the positive root.)

Take the positive xg:

2 2,2 2 2, 2
-1 .[fes'o mfem=1s 'fes> - erm'fes '<2'fem'lm Testfeg Is + 2 eg I femImt 2femTes 1™+ fem Im >]
2 [fes’<fem+ fes)]

X =

_ 2 2,2 2 2, 2
LetR= erm'fes'<2’fem'lm Testles Is +2feg g femImt 2femfes s + fem Im >
-1 .[fes'<lm'fem_ 1s’fes> - R]

2 [fes'<fem+ fes>]

Substituting xg into the expression for F and reducing:

XS=

2 2 2, 2 2, 2 2 2.2
P 1.<2’fem'fes T = axgfemfesTs + 4% TemTestfem Im +fes ™ 1s = 4fes TgXg+4f g™ X >
2 <2’Xs Tem= feslst 2fegXst fem’1m>
2 3 20, 2,2 2 2 2, 2 2 3,2 2
F = 1.<1m Tesfem +2fem fes 15"+ 2fem Tsfes Imt 2fes  Im fem +femfes 1s — 2fes ImTemR = 2femls fes 'R+R>
2 [ (Femt fes) R]
2 3 20, 2,2 2 2 2, 2 2 3,2
F = 1 Ry 1.<'2'fes Tmfem= 2'fem'ls'fes> + 1.<1m Tesfem t2fem fes 15+ 20 em Tgfes  Imt 2fes™ Im fem + femfes 1s >
[2'<fem+ fes)] 2 <fem+ fes> 2 [(fem"' fes)'R]
2, 2 2 2 242
F = 1 R+ 1.['2'fem'fes’<1m+ 1s>] 1.[fem'fes'<fem T+ 2femTesls™ + 2 g femls Imt 2feg femIm +Fes s >]
[2'<fem+ fes)] 2 <fem+ fes> 2 [(fem"' fes> ’R]
20 f e (Lt 1 2
F = 1 ~R+l[ em’ es < m s>] R

[2.<fem+ fes>] 2 <fem+ fes> +E'[<fem+ fes>.R]
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R fem'fes'<1m+ ls>

2 2

F =
fem™t fes Femt fes

P 1 ‘fem'fes'<1m+1s> LR
femtfes |  femtfes

F = L op £ (141 fof ~<2~f ST RN U D, 0 B I BRPR¥ J S e
W_emes(m"'s)"' em' es em'm TesTles 's T=leststem' mt“temtes's T1em
emT les

_ 1 2, 2 2,2 2 2

F= ﬁ'_'fem'fes(lm"'ls)+erm'fes'[fem T tfes 1+ <2'1m + 21Tt 21 >'fem’fes”

emT les

A simpler method to evaluate this formula would be to use the quadratic formula:

Terms A and B can be found by inspection:

f. +f
M B=fomfes (Imtls)

Using the previously defined R to represent the radical:

R= B~ 4.A.C

0= B —4A.C—R?

A=

2 2
c- 1B’
4 A
Substituting and simplifying produces:
_ -1 2 2
C= 7'<ls fTestfemTm > TemTes

The terms A, B, and C can now be reduced further. Since A-P? +BP+C =0

The results of this last simplification will be shown in the equation summary.

e _BH/BZ_ 4.A.C

2-A

1

2
m

I
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Mode I,

-

Lﬁ K‘bﬂi Xm4h—<—>‘> /gm 'Xm

me

IAAAAAAL
M "y

Al

fc * fe m

Figure B-4: Mode III;, connection model
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General Equation:
W= (foA)+X(M6)
Small displacements assumed:

@n(9) = L= o
a

a= Xg+ X

Z(My-())term:
- MY
(M8 = —
X <fe~A> term:
Hren) © 2 s el ]
e 2a m~ *m m 2a LS
Substituting into the general equation:
W= (feA)+X(M6)
f f M
W= F.1= %1~[<1m— xm>2+ xm2]+Te;-<xS2>+Ty
Substituting for a:
F = —fem [<1 - X >2-|—x 2]+—fes .<x 2>+—My
2-<xs+xm> m m m 2-<xs+xm> s Xg+ Xy

At this point, the general equation is in terms of two unknown variables, X, andxy. An equation
relating x; and x,,, is found using a diagram of the bearing stress.

By considering equilibrium in the vertical direction ZF, =0), the following expression is obtained:

fem’<1m_ Xm> +fesXs = fem™m



SOI

Solve for x;:

(I 2%

fes

Xg = fem

Substituting for x,,, into the expression for F and simplifying:

2 2 2 2 2 2 2
F - 1.<fem'fes T = 2femfes TmXmt 2femTes Xm + fem Tm — 4fem TmXm*t4fem Xm +2’My'fes>

<xm~fes ~ ol mt 2F

™o |

em™ m>

This results in an equation with one unknown variable, X ,,. The expression is minimized by finding the derivative with respect
to X, and setting it equal to zero. An expression for X, in terms of the known variables can then be found .

Evaluating 39— (F)=F'=0:

Xm

d 1| (fest2Tem) 2'fes'fem’xmz_ fes 'fem'lmz_ 2Myfeg+ 4'fem2’xm2+ femz’lmz_ 4'fem2'1m'xm
S—(F) =0= - Y
2 2

d
*m <Xm’fes ~femlmt 2'fem’xm>

Solving for x,and simplifying:

2 2, 2 2
2fem Tm= Jz'fes 'fem'<fem T +fesfemlm +2M y'fes +4M y'fem> ]

[fem’<fes + 2’f6m>]
Xm = - -

2 2 2 2
1 ._2'fem ’1m+J2’fes ’fem’<fem Ty +fesfemlm +2M y’fes +4M y'fem> |
2 [fem’<fes + 2’f6m>]

To pick which root to use, look at the second derivative. The second derivative mustbe greater than zero for a minimum.

| —

Taking the second derivative of F and simplifying:
2, 2 2
d_(py- <fes + 2'fem> 'fes'<fem T +fegfemlm +2Myfeg+4M y'fem>

*m [<fes+2'fem> Xm~ fem’lm]3
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X, must be greater than zero (i.e. use the x;, expression with the positive root.).

Take the positive X:

2 2, 2 2
1 [2’fem ’1m+J2’fes'fem'<fem T +fesTemlm +2Myfeg+4M y'fem>]

X = —_
S
2 [fem'<fes + 2'fem>]
LetR= [26 . [f. 201 24f F. 1 2+2M_ £ _+4M_f
€S “em cm m"' €S “em m+ y es+ y em
2
1 Pt

" 2 [fem' <fes + 2'fem>]

Substituting x , into the expression for F and reducing;

2 2 2, 2 2 2 2
- 1 <fem'fes'1m - 2femfes TmXmt 2femTes Xm + fem Tm — 4fem TmXm+4fem Xm + 2'My'fes>
2 <Xm'fes —femlm* 2'fem'xm>
20 2, 2 2 2 3,2, 52
F = 1.<2'fem Tes Im +4fes femM \a 2femfes TmR+8fey M y'fes +2fesfem Im +R >
2 [(Fes+2fem) R]
2, 2, 2 2 2 3.2
F = 1 R femTesIm 1.<2'fem Tes Im +4fes 'fem'My+ 8fem 'My'fes +2fes fem '1m>
[2~<fes+2~fem>] fogt2fem 2 [(fes+2.fem> -R]
2 2 2
F = 1 R femTesIm + 1 .[2'fem'fes '<fem Tm +femfestm +4femM yt 2M y'fes>]

[2 (st 2F em)] gt 2B 2 [(Fos+2Fem) ]



LOT

F= - _.
[2(fes+2fem)]  feg+2fem 2[(Teg+2Tem) R]
. femTes Imt R
<fes+2~fem>
F= G +12,f >'_‘fem'fes'1m+ Z'fem-fes-<fem2-lm2+fem-fes.1m2+4.fem.My+2.My.feS>]
€S cm
F = <f +12.f > FemTes lm+J2.fem.fes .:femZ Ly + Fom Tes Imn + <2,fes +4.fem> M y]
€s em
e ;._f ol +N/2'f d '-f 1 (ot fog )+ 2M - (Fo +2F ]]
<f -|—2~f >_ em € m em ¢S | " em m<em CS> y<es em>
€s em

A simpler method to evaluate this formula would be to use the quadratic formula:

- _B+4/Bz_ 4.A.C

2-A
Terms A and B can be found by inspection:
<f +2f )
-~ es em _
A= - 5 B=femfesIm

Using the procedure outlined in the Mode II derivation:

_ -1 2
C= 7.<fem.1m+4.M

The terms A, B, and C can now be reduced further. Since A -P? +BP+C =0

y> TemTes

The results of this last simplification will be shown in the equation summary.
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Mode Il
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— - Xs— =™ Xm ™

mn

fem
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fes

Figure B-5: Mode III; connection model
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General Equation:
W= (foA)+X(M6)
Small displacements assumed:

@n(9) = L= o
a

a= Xg+ X

Z(My-())term:
M) =
z< Y’e>  Ta
X <fe~A> term:
pre) « 20 n e e 2 ]
e 2a s” s s 2a Lm
Substituting into the general equation:
W= (feA)+X(M6)
f f M
W= F.1= Te:{(ls—xs>2+xsz]+%l~<xm2>+7y
Substituting for a:
F = —fes . <1 — X >2+x 2]+—fem .<x 2>+—My
2-<xs+xm> s S S 2-<xs+xm> m Xg+Xm

At this point, the general equation is in terms of two unknown variables, X, andxy. An equation
relating x; and x,,, is found using a diagram of the bearing stress.

By considering equilibrium in the vertical direction (£F, =0), the following expression is obtained:

fes'<ls - Xs> tfemXm = fesXs



(U8

Solve for x,:

Substituting for x,,, into the expression for F and simplifying:

2

2 24, 2 2 2 2
1 <fem'fes'ls —2femTesTgXgt 2femTes Xs +feg ™ Is = 4fes Iy + 4t eg™ Xg +2’My'fem>

F = . em’

<Xs Tem= fesls+2fes 'Xs>

em’

™o |

This results in an equation with one unknown variable, X . The expression is minimized by finding the derivative with respect
to X, and setting it equal to zero. An expression for x;interms of the known variables can then be found .

Evaluating 9—(F) =F'=0:
dxS

2 12 M 2

2
~femfesls — yTemt4fes X

d_(F) =0= ! .[<fem+ 2'feS> ’<2’fem'fes‘xs

d 2 2
*s <Xs'fem_ fes’ls'i'z'fes’xs>

Solving for xand simplifying:

2,2 2
em’ MR IR B 'ls'xs>]

2 242 2
2feg 'ls_Jz'fem'fes'<fes T+ femTes s +2'My'fem+ 4'My'fes>_

[fes ' <fem+ 2’fes>]
s -

2 2, 2 2
2f g .1S+J2.fem.fes.<fes 17+ FomTests + 2M yf gt 4M o f >

y“es
[fes ' <fem+ 2’fes>]

| —

| —

To pick which root to use, look at the second derivative. The second derivative mustbe greater than zero for a minimum.

Taking the second derivative of F and simplifying:

24 2 2
d_(F’): <fem+ 2'fes>'fem'<fes T+ femTesls +2'My'fem+4'My'fes>

axg [<fem+ 2’f6s>'xs_ fes'ls]3
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X, must be greater than zero (i.e. use the x expression with the positive root.).

Take the positive xg:

2 2,2 2
xg =1 .[z'fes Ty +J2'fem'fes'<fes Tg tfemfesly +22M y'fem"' 4+M y'fes>]
2 [fes'<fem+ 2'f6s>]
_ 2.2 2
LetR= Jz'fem'fes '<fes Tg tfemfesls +2M y'fem"' 4M y'fes>

Y <2~feS2~1S+R>
s 2 [fes~<fem+ 2~fes>]

Substituting X 5 into the expression for F and reducing:

2 2 2.2 2 22
E l.<fem’fes'ls ~ 2femteslsXgt 2T emTeg Xy THeg 1 = g Tgxgt 4t X +2'My'fem>
2 (X Tem= fesTs+ 2 esxs)
2. 2.2 2 2 3.2, .2
- l.<2~fem Tog 1g +4fe ’fes'My_z'fem'fes'ls'R"' 81 og 'My’fem"' 2femTes s +R>
2 [(fem* 2T ) R]
2. 2,2 2 2 3.2
F = 1 Re femTests _1.<2'fem Tes Ig T4 ey 'fes'My"'S'fes 'My'fem"' 2femTes s >
[2-<fem+ 2-fes>] ot 2fes 2 [(fem+ 2f g -R]
2.2 2
F = 1 Re femTests +_1_[2'fem'fes'<fes Ts t femTes s +4'fes'My+2'My'fem>]

[2-<fem+ 2-fes>] ot 2fes 2 [(fem+ 2-fes>-R]
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1 f o 2

F = R— es'ls +l. R
[2~<fem+2~fes>] fomt 2 eg 2[<fem+2~fes>~R]

em’

- fem’fes 1 st R

F= —— - ~
<fem+ 2'fes>
_ 1 2, 2 2
F= W'_'fem'fes'ls+J2'fem'fes'<fes Ts + femTesls +2'My'fem+ 4'My'fes>]
< emt < es>
_ 1 [~ 2,2 2 ]
F= W'_'fem'fes'ls+J2'fem'fes'_fes Ts + femTesls +2'My'<fem+ Z'fes>]_
< emt < es>
_ 1 [ 2
F= o |-femfes 'IS+J2'fem'fes' Fesls '<fes+fem> +2'My'<fem+ Z'fes>ﬂ
<fem+ 2'fes> - -

A simpler method to evaluate this formula would be to use the quadratic formula:
. -B+4/Bz— 4.A.C
2-A
Terms A and B can be found by inspection:
<fem+ 2'fes>
2
Using the procedure outlined in the Mode II derivation:

A= B= f_ f_ .1

em-es’ s

_ -1 2
C= 7'<fes’1s +4M y>’fem’fes
The terms A, B, and C can now be reduced further. Since A-P? +BP+C=0

The results of this last simplification will be shown in the equation summary.
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Figure B-6: Mode IV connection model
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General Equation:
W =X (foA)+Z(My)
Small displacements assumed:

@n(0) = L= o
a

a= Xg+Xp

Z<My-6>term:
Z<M ~e> _ My
y a
b <f€~A> term:
(reA) = s e

Substituting into the general equation:
W= I (feA)+ZI(My)

f f 2-M
W =F.1-= ﬁ-(xsz>+—em~<xm2>+ Y
2-a 2:a a

Substituting for a:

o fem 2M,

e
2-<xs+xm> s 2-<xs+xm> m Xg+ Xy

At this point, the general equation is in terms of two unknown variables, x;andx,. An equation
relating x; and x,, is found using a diagram of the bearing stress.

By considering equilibrium in the vertical direction (ZFy =0), the following expression is obtained:

fesXs = femXm



SII

Solve for x,:

Substituting for x,,, into the expression for F and simplifying:

1 <fes 'fem'Xs2+ fesz'xsz"' +M y'fem>
2 [Xs'<fern+ fes)]

This results in an equation with one unknown variable, X 5. The expression is minimized by finding the derivative with respect

F =

to X; and setting it equal to zero. An expression for x;interms of the known variables can then be found .

Evaluating 9—(F) =F'=0:
dxS

2 22
d _(Fy —o0- 1.<fes'fem'xs +Fes™Xg _4'My'fem>

axs 2 [Xs2'<fem+ fes)]

Solving for xand simplifying:

.ers '<fem+ fes> M y'fem
[fes'<fem+ fes)]
ers'<fem+ fes> Myfem
[fes'<fem+ fes)]

_2.

To pick which root to use, look at the second derivative. The second derivative must be greater than zero for a minimum.

Taking the second derivative of F and simplifying:
. 4.M y'fem
—(F) =

dxg Xs3'<fem+ fes>
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X, must be greater than zero (i.e. use the x expression with the positive root.)

Take the positive xg:

- 2.«/fes'<fern+ fes>'My'fem
) [fes'<fem+ fes)]

Subsituting x into the expression for F and reducing:

2 22
1 <fes'fem'xs +fes™ Xy +4'My'fem>

2 [Xs'<fem+fes>]
- 2'My'fem'fes
4/<fem+ fes> M y’fem’fes
F =

A simpler method to evaluate this formula would be to use the quadratic formula:

- _B+4/B2_ 4.A.C

2-A

The B term can be found by inspection:

B= 0
Leaving:

P -4AC _ \/E

2-A A

Therefore:

A= fop+Teg C= '4'My'fem'fes

The simplified form of the terms A, B, and C will be shown in the equation summary
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Summary of Single Shear Equations

Mode I,,:

F= fonlm

Mode I:

F= f.lg

Mode II:

_ 1 2, 2 2.2 2 2
k= ﬁ'{'fem'fes'@m"'ls) +erm'fes'[fem Ty +fes™ 157+ <2‘1m +21g 21 >'fem'fesH
emt Tes

Mode II1,,:

F = —<f .|_12.f > '['fem'fes'lm"' Jz'fem'fes'[fem'1m2'<fem+ fes> +2:M y'<fes + Z'fem>ﬂ
es em

Mode II1q:
= ! Forfos gt a2 amTes] Fosls (Tag+ Fom) +2M o (f o+ 2-F
k= Tt oop L emiesTsTy“TemTes | es s < est em>+ ‘My'< emt < es>
< emt < es>
Mode IV:
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Summary of Double Shear Equations

The double shear equations are obtained by using the single shear equations where half the load, F, is applied per shear plane.
The only exception is Mode I, where the load in the main member remains F.

Mode I,

F= fonlm
Mode Ig:

F= 2f1g
Mode II:

_ 2 2, 2 2,2 2 2
F= W'['fem'fes(lm"'ls) +erm'fes '[fem T +fes 17+ <2’1m + 21 It 21 >'fem'fes”
em™ "es

Mode II1,:

F = —<f .|_22.f > '[' fem’fes 1 mt Jz'fem'fes '[fem'1m2'<fem+ fes> +2:M y'<fes + 2'f6m>”
es em

Mode II1;:
_ 2 5
e W.[_ femTes s+ N/z’fem'fes '[fes 15 (et Tom) +2M - (fem+ z‘fes>]]
< emt < es>
Mode I'V:
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Summary of Equations for Use with Quadratic Equation

Table B-4: European Yield Model equations

Yield Mode Single Shear Double Shear
Ly F=femlm F=femlm
1, F= foq 1 F= 26,1
BB - 4AC “B+4B = 4A-C
II-1v F= F=
2:A A
Table B-5: Factors for European Yield Model equations
Yield Mode A B C
1 1 -1 2 2
II + mt s _-<f 1+, 1 >
2.fes 2.f€m y V€8S em m
L 1 e, 1 2raM
11, — m —-< T +4 >
2fem  fes 2 \emm y
L ! Lr 12 aM
111, S _.< ol 4 >
fem 2fes 2 Y
—1 ! 4-M
v - 0 _4.
fem fes Y




APPENDIX C: DERIVATION OF HOLLOW SECTION YIELD MODEL



Overview
This appendix outlines the energy-based derivation of the hollow section yield model

(HSYM). The method of virtual displacements was used to develop the equations and the
general procedures were outlined in CHAPTER 3. The entire HSYM includes 18 equations.
Only the derivation of the six controlling equations will be shown in this appendix. The
derivation of the other 12 equations used the identical procedures as those presented here.
Recall, that this yield model only applies to sections with two identical walls and a void in the
middle (Figure 3-1).

Due to the length of the equations of some intermediate steps of the derivation, the
equations were wrapped to fit on the page. The software used has several rules it uses when
wrapping equations. Figure C-1 shows several algebraic expressions and how they would be
wrapped. In general, the sign shown at the end of the first line only pertains to the first term of
the wrapped portion of the equation; the negative sign is not distributed to the entire wrapped

portion.

a+b+c a—b+c a—b-c
a+n . a—1u .. a—1n ..
+b+c +b+c +b-c

Figure C-1: Wrapping Examples
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Input Parameters

The only necessary input parameters deal with connection geometry and strength

properties as follows:

Table C-1: Input Parameters

Parameter Description

ts Average thickness of walls in side member, inches
tm Average thickness of walls in main member, inches
Vi Width of void in side member, inches

Vin Width of void in main member, inches

l Total width of side member (/, = 2t, + v,), inches
i Total width of main member (/,,= 2t,, + v,,,), inches
D Dowel diameter, inches

Fes Side member dowel bearing strength, psi

Fem Main member dowel bearing strength, psi

Fub Dowel bending strength, psi

The derivation parameters are used in the yield model to incorporate the input parameters:

Table C-2: Derivation Parameters

Parameter Description
fos Side member dowel bearing resistance, 1bs./in.
form Main member dowel bearing resistance, lbs./in.
M, Moment resistance, in-lbs.

The above parameters can be calculated in the following manner:

fes = FesD fem = FemD
D3

M, =F,| —
yyb6
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Finding Area of Crushed Material

For each derivation, the area crushed by the dowel must be found. This area is either triangular or
trapezoidal in shape. The general procedures to find the areas are summarized below. In all cases,
the area crushed will be similar to the a triangle of unit height and base "a".

From the figure on the right and connection yield modes:

1
tanf = —
a
A (for triangular areas):
From drawing on the right: & y
% A
L8 2 z
z K
tan® = = 2585
v ::: :zoo 3200
< 9090900000009 990,
e
An expression for z in terms of v is needed. A%l PaVatatatatetatetate
By similar triangles: ~  V=X-W— = W ™
1 z
—_ = = e Gl EE——
a v
\%
z = —
a

Find the area of the triangle:
2
Area = —l-V-z =Y
2 2a
In all the NSYM derivations, the triangular areas crushed are found in this manner. The triangular
area is always equal to the base of the triangle squared divided by the quantity 2 times a.

A (for trapezoidal areas):
From drawing above:

'[an6=Z = z

X X— W

An expression for y and z in terms of x and w is needed.
By similar triangles:

= ¥y _ Z

1
a

X
y = - z =

a
Find the area of the trapezoid:

Z+y . - (x—w)+x.W _ (2x-w)w
2-a 2-a

Area =

In all the NSYM derivations, the trapezoidal areas crushed are found in this manner.
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Single Shear Connection Models

Mode I, Mode I

Case 3-3 Case 1-1 Case 1-3 Case 3-1

Mode II /J/ | a — M ="
Mode 111, /i+j : | | — E |
Mode I1In /l%j : 7 E —H
Mode IV /J/ B _—

Figure C-2: Single shear connection models. Boxes highlight controlling yield modes.
Only the controlling yield modes will be derived in this appendix.
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Mode Is and Mode I,

Atf— |V AtAtf— vV —At S At |V A tAt SV —At S
S S S| m m m S s S| m m m
V4 14 / 4
S m S m
F F
mrfes mrmfes
—fem —fem

Figure C-3: Mode I and Mode I, connection model

The Mode I, failure is produced by the main member crushing under the
dowel. The Mode I failure is produced by the side member crushing under
the dowel. In both cases, the load causing this failure is F. Therefore, the
equation governing this type of failure is the dowel bearing resistance
multiplied by sum of wall thicknesses.

Mode I,;: Mode I:

F= 2t fg F= 2t f
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9¢l1

Mode Il

X X
s m
At/ |v. Attt A% t
S s m m m
/ l
S m
F

mfes fes mfem
mfes fem mfem

Figure C-4: Mode II: Case 3-3 connection model
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General Equation:
W=3 (feA)+3(My0)

Small displacements assumed:

tan(9) = l =0
a

a= Xg+ X,
z <M y-9> term:
For Mode II there is no yielding in the bolt. Therefore, M y equals 0.

z <fe~A> term:

o f
P eA) = S Tl x P (xgm v P (2= 1) 0o (2 ) it (R e ¥ (e )]
Bearing Stress:
fes’<l s~ Xs> +femtmt fem’<xm_ tm—V m> - fes'<xs —tg-v s> +lestst fem’<l m~ Xm>
Solve for x,:
o - -l <fes’ls —2fegXg—femVmtfesVs— fem’lm>
" 2 fem
Substituting into the general equation:
W =3 (feA)+3(My0)
f f
W=Fl= 2_.‘3:'[@5_ Xs>2+ <Xs_ tg—v s>2+ <2~xs— ts>~t s] +%1'[<2’Xm_ tm> tmt <xm— tm=V m>2+ < m



8¢C1

Substituting for a:

F = —fes 1 2 t 24 (2 to)t —fem 2 t o)t t i
2'(XS+Xm)'[< sTXs) T (XsTlsm V)T (2% 5~ bg): S]+2'(XS+Xm)'[< Xm~tm)tmt (Xm=tm=Vm)"+ (Im=*m
Substituting for x,,, and simplifying:
2 2 2 2
2 esfemls =4 fegfemlsX st 4 fegfemx s — 4 fegfem XVt dfogfomtsvst2fegfom Vs = 2fem ™V mlm=—1n .
F= 1 +4'fesz'x s"’s"‘z'fesz'ls"’s_4'fesz'15'xs"‘4'fem2'tm"’m"‘fesz'l sz+fem2'V mz"'fesz'V sz"‘femz'1 mz"‘4'fesz'X s2
2 (2'X stem—TesTst 2 esX gt TemVm—fesVstieml m)

Substituting 1y = 2tg+vg and 1 = 2-t+ V. Then, simplifying:

2 2 2 2

B fesfemtsVs—2fegfemX gVt fegfemXs = 2fesfemXgtg— 2Fes™ X gVt feom tmVm—2feg  Xgtgtn
2 2 2 2.2 2.2 2. 2 2.2

3 T 25" Vtst 2festemts +fesfem Vs +Tes Vs +fes X5 +fem tm +fes ts

F =

<‘X sTemtTeststlesVs— fesXs—TemVm—fem't m)

Evaluating gT(F) =0:
s

2 2. 2 2 2
- <fem+ fes> 1fem tmVmtfem tm +fesfemVs — fesfemXs +2femfestsVmt3fesfemtsvstn
+2femfesVetm—2femTesXsVvmt+2femfeststm—2femTesXstmt 2fegfemt sz"' LI

2, 2 2 2, 2 2 2 2., 2
d +2femTesVsVm—fes ts + 2™ XgVg—fog X g +2f o™ X gt g— 2-feg" Vgt g—feg™ Vg

2
(‘X sfemtfeststfesVs—fesXs—femVm—fem't m>
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Solving for xand simplifying:

'fes'[fem'<tm+vm>_fes'<vs+ts>]_ fesTem <tm Vmttm >f m2+'
-|—<tS ttgvyg 'fesz+'

2t v F 3tV 3ty (R 2t ot | F

| +2vS m+<vs+vm> +2: +2t
[Fes (Fem* Tes)]

(Fom
'fes'[fem'<tm+vm>_fes'<Vs+ts>]+ fes Tem’ <th t+t >fem2+"“

+

-I._

2
<t +ig fes +1 ..

2t v +3tm'Vm+3't v +2~t ~m+|... 'fem'fes

+<vs+vm> +2t +2t

To pick which root to use, look at the second derivative. The second derivative must be greater than zero for a minimum.

Taking the second derivative and simplifying:

2
—2-<fem+fes>f 2fem m f ot fog v S-tS+2~fem-fes-tS-tm-l—fes-fem-vS +2F o Tomts +fem mV mt !
2
gty +2-fem-fes- ot 3 s TemtsV s+ 2 es ts Tem™ mt 2FesV s FemV m* femTesVm + -
2
d—(F'): T3ty TemV mfes+fem m
dx 3
S [<'fes - fem> Xg~ femVmt feststfes Vg™ tm'fem]

X, must be greater than zero (i.e. use the x¢ expression with the positive root.)



0¢l

Take the positive xg:
'fes'[fem'<tm+vm> - fes-<vs+ts>]+l

2 2 2 2
+ |fesfTem: <tm'vm+tm>'fem +<ts -|—ts-vs>-fes +n ..

+ 2~ts~vm+3~tm~vm+3~ts~vs+2~ts~tm+2~vs~tm+<vs+vm> -|—2t -|—2t ]fem’fes

X =
) [fes'<fem+fes>]
LetR = fes’fem’ <tm~vm+tm2>~fem2+<t52+ts~vs>~fesz+|
+ 2~tS~Vm-|—3~tm~Vm-|—3~tS~VS+2~tS~tm+2~VS~tm+ <VS+Vm> +2t +2t ]fem'fes
o - ['fes'[fem'<tm+vm>_fes'<Vs+ts>]+R]
’ [fes '<fem+ fes>]

Substituting x into the expression for F and reducing:

2 2 2
- 3fes fem sV —2fes femeV +f fem'xs —2fes femxst 2-fes XgV "'fem mYm— 2-fes Kgtgt+n ..

2 2 2

. +2'fes 'Vs'ts"'z'fes'fem'ts +lesTemVs "'fes Vs "'fes Xs "'fem 'tm +fes Ty

<'Xs'fem+fes’ts+fes’vs_fes'xs_fem ~femt m>
| ['2'fes'fem'<v m+tm+vs+ts>]
F = R+ +n ..
<fern+ fes> <fem+ fes>

2 2 2 2
fes Tem' tm'Vm"'trn)'fem +<ts +ts'Vs>'fes T

+ 2~ts~vm+3~tm~vm+3~ts~vs+2~ts~tm+2~vs~tm+<Vs+vm> +2t +2t ]fem’fes

[Tent a1




Iel

1 R4 ['2'fes'fem'<v m"'tm"'Vs"'ts)] R’

F= <fem+ fes> <fem+ fes> [<fem+ fes> 'R]
2 <Vm+tm+vs+ts>
F = _“  R-2f _f _.
<fem+ fes> = <fern"' fes>
P 2

m'['fes 'fem'<v mttmtVvgtt s> + R]
emt les

Substituting for R produces the general equation:

2
F = —-—fes-fem-<vm-|—tm-|—vs+ts>+|...

<fem+ fes>

2 2 2 2
"'A/fes'fem'{(tm'vm"'tm>'fem -|-<tS "‘ts'Vs)'fes +1 .

2 2 2
H 2tV 3t V3t Vg2t gt + 2V ot + <VS-|—Vm> +2t T+ 2t ]

'fem'fes
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A simpler method to evaluate this equation would be to use the quadratic formula:

- —B-|—4/B2— 4-A-C
2:A

Terms A and B can be found by inspection:

f . +f
em™T "es
A= ——— BT [tpttetVet Vi) TemTes

Using the previously defined R to represent the radical:

/JBZ— 4-A-C

R:
0 = B—4AC-R
2 2
c. 1B-R
4 A

Substituting and simplifying produces:

C= '[fes 't s'<t stV s> +femt m'<t mtV m>] Tes Tem
The terms A, B, and C can now be reduced further. Since AP +BP+C=0

The results of this last simplification will be shown in the equation summary.

A femt fes 3 femt fes B 1 1
- = - = — = = +
4 4'<fem'fes> 4fo 4fem
B= <tm+ts+vs+vm>'fem'fes = <tm+ts+vs+vm>
C= '[fes'ts'<ts+vs>+fem'tm'<tm+vm>]'fes'fem = '[fes'ts'<ts+vs>"‘fem'tm'<tm+vm>]




eel

Mode Il

75]

L,
o
S S m m
¢ |

S ‘m

mfes fes
i i
fes f

cm

Figure C-5: Mode IlI;: Case 3-1 connection model
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General Equation:

W=3x <f€-A>+E<My-6>

Small displacements assumed:

tan(0) = 1. 0
a
a= XS+Xm
Z<My~6>term:
sMy0) - X
z <f€-A> term:
f f
P <f€-A> = Teas~[<ls—xs>2+<xs—ts—vs>2+<2-xs—ts>~ts]+%n-<xm2>
Bearing Stress:
fes'<ls_xs>"'fem'xm - fes'<xs_ts_Vs>"'fes'ts
Solve for xy:
_ T <fes°1s = 2fegxgtTegy s>
Xm
fem
Substituting into the general equation:
W =X (fgA)+Z(M 0]
f f M
W =F1= 2feas-[<ls—xs>2+ <xs—ts—vs>2+ <2-xs—ts>-ts]+%n-<xm2>+7y



Sel

Substituting for a:

e £ M

_ . _ 2 _ _ 2 . _ . cm . 2 y
F —<2'Xs+2'xm> [(15 xs> +<xS tg vs> -I-<2xs ts>t8]+—<2'xs+2'xm> Xy +—<Xs+xm>

Substituting for x ,, and simplifying:

FemTesls = 2TemTes TsXs T 2T emTes Xs = 2T emTes XsV s+ 2TemTes Ts Vs + FemTes Vs + e T = 4Feg 1gXg 1 o

em es’s em'es emes Xs em es em '’ es emles™Vs es s es
2 2 2 2 2
—_— + 20 TVt At XA XV g TV -I—2Myfem
2 <Xs'fem_ feg gt 2 g Xg— fegv s>
Substituting 1y = 2tg+vg and Iy = 2t + vy Then, simplifying:
2 2 2 2
s Tani 243, oty Vs~ MamTest +fem~fes- S e T VX e e T 20T
- taf Tt oxg— 4t Vs'xs+2~fes's+4f s Vgt 2ty VS+Myfem
<xs-fem— 2-fes tg - 2-fes Vgt 26 g5 X
. d _
Evaluating —(F) =0
dxg
af oA Ot Cmaf,] M f. C+4f, f af, f 2, f
e s ~4leg tg - esxs+ yem+ emesVX+ emTles TsXg™T emtsVs™!
2 2.2 2. 2
+4fem'fes X +2f fem'ts +8f s Xg +8f V X+ 2 f fem ty es Xs fem—l
2
d +8f Tty vt Ty fes'Vs +3f fem sV -|—2Myfemfes
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Solving for xsand simplifying:

[2'fesz'<v sttt s> - erm'fes [ <2't 52 t2tgv s> 'fesz+ <fem+ 2'fes> My + <t stV s> '<2't stV s> Tes 'fem]]
[fes'<fem+ 2'fes>]

[2-fesz-<v ) +erm-fes [ <2~t Sty s> Fos + (Fomt 26 eg) M gt (st vg) (2t g+ v ) fog ~femﬂ
[fes ’<fem+ 2°fes>]

To pick which root to use, look at the second derivative. The second derivative must be greater than zero for a minimum.

Taking the second derivative and simplifying:

2

2 2. 2 2
<My'fem+ 2eg tg Vgt 2oty + 2o Toty + e Teg v +3'fes'fem'ts'Vs+2'My'fes>

d_(F') - 2'<fem+ 2'fes> Tem’

d 3
Xs <xs~fem— 2f ogtg— 26 gV g+ 2F o ~xs>

Xs must be greater than zero (i.e. use the x  expression with the positive root.)

Take the positive xg:

X, = [z'fesz'<vs+ts>+erm'fes'[<2't sz'i'z'ts'V s>'fesz+<fem+2'fes>'My+<ts+Vs>'<2'ts+vs>'fes'femﬂ

s
[fes'<fem+ 2'fes>]

2

LetR = erm-fes-[<2-t S22ty S>-fes  (femt 2Feg) My + [t v ) (2t +v S>-fes-f:m]

B [z-fesz-<v s+ts> +R]

X =

’ [fes'<fem+ 2'fes>]




LEl

Substituting x into the expression for F and reducing:

2t femt sz"' 3MesfemtsVs— 2femTestsXst femfesV sz_ 2femTes VXt femTes 'st"' 2'fesz'xsz_ '
Lo Af it xg— f oV X 2o Tt A Tt v+ 26V M yfem
<Xs'fem_ 2fegtg=2feg vt 2feg 'Xs>
F - 1 R+ ['2'fem'fes'<ts+vs>] N [fem'fes'[<2't 52+2'ts'v s>'fesz+ <fem+ 2'fes>'My+ <ts+VS>'<2'ts+vs>'fes'fem]]
<fem+ 2'fes> <fem+2'fes> [<fem+2'fes>'R]
1 R+ ['2'fem'fes'<ts+vs>] N R
F= <fem+ 2'fes> <fem+ 2'fes> [<fem+ 2'fes>'R]
F - 2 R+ ['2'fem'fes'<ts+vs>]
<fem"' 2'fes> <fem+ 2'fes>
F= —<f .|_22.f > [ <' Momfests— IemTesv s> t R]
em es
2
o Lt e
Substituting for R produces the general equation:
F= ﬁ'{'fem'fes '<t stV s> + erm'fes [ <2't sz"' 2tgv s> 'fes2+ <fem+ 2'fes> My + <t stV s> '<2't stV s> Tes 'fem]]
em es
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A simpler method to evaluate this equation would be to use the quadratic formula:

2
- -BHIB —4AC

2:A

Terms A and B can be found by inspection:

f. . +2f
em es
A:T B= fem'fes'<ts+vs>

Using the previously defined R to represent the radical:

R = 4]132_ 4.AC

0 = BP—4AC-R?
2 2
C = l.B -R
4 A

Substituting and simplifying produces:

-1 2
C = 7'<fes'ls +4'My> TemTes

The terms A, B, and C can now be reduced further. Since A P? +BP+C=0

The results of this last simplification will be shown in the equation summary.

A= fem"’ 2'fes _ fem"‘ 2'fes
4 4'<fem'fes>
B= fem'fes'<ts"'vs> = <ts+vs>
C= '[My"'fes'ts'(ts"'vs>:|'fes'fem = '[fes'ts'<ts+vs>+My]

4fo 204y

(s vs)

[Festsltsrys)eMy]
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Mode I,

F
a
[\
) 1.0
| N
X X
S m
At A — |\v Attt \Y t
S S S| m m
V4 14
s m
F
- fes mfem
fem mfem

Figure C-6: Mode IIl,,: Case 1-3 connection model
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The derivation of the Mode III,, equations is identical to the derivation of the Mode III equations with the s and m subscripts

reversed. Therefore, only the results for Mode 111, will be given.

Location of dowel rotaion and dowel yielding:

_ - <fem’1 m~ 2 femXm+ femVv m>

s f

€s

X, = [2'fem2’<v mtt m> +ers ’fem'[ <2’t m2+ 2ty > 'fem2+ <fes + 2’fem> M yt <t mtV m> '<2’t mtV m> ’fem’fesﬂ
[fem’<fes +t 2’fem>]

General equation:

F= —<f +22.f > '[' fesTem <t mtV m> +ers 'fem'[ <2't m2 +2tyV m> 'fem2+ <fes + 2'fem> My + <t mtV m> '<2't mtV m> 'fem'fes]]
es em

Reduced quadratic formula terms:

A= 1 + 1
4-fem 2-feS
B= <t mt+V m>




Mode IV

F
Laj
0\
X X
S m
t /] v 1 t17t L \% Lt
S S S m m m
ES fm \
F
71 fes

fem

Figure C-7: Mode IV: Case 1-1 connection model
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General Equation:
W= I (fgA)+ (M0
Small displacements assumed:
1

tan(6) = — = 6
a
4= Xgt Xy
Z<My~6>term:
2M
. — y
IMy6) = —
hX <fe'A> term:
f f
es 2 em 2
:(ron) - o) fem o
<e > 2a '3 2-a m
Bearing Stress:
fesXs = femXm
Solve for x,:
X
_ s
Xm "~ fes'f
em

Substituting into the general equation:

W=z (fA) +Z<My-6>

f f 2-M
\W% F1 = ﬁ~<xsz> +ﬂl~<x 2> + Y
2-a 2-a a

Substituting for a:

f f M
F = es x 2 em x 2i0. y

Bxgrong) b 2xgrang) ™ xetxm

Substituting for x,, and simplifying:

2 2 2
<fes'fem’xs +fes Xg +4M_-f >

F = 1 y “em
2 [Xs'<fem+fes>]

Evaluating d—(F) =0:
dx

s
2 2 2
<fes'fem’xs tleg Xg —4My

[XS2~<fem+ fes>]

fom)

Il
(=]
Il

4
dxS

N | =
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Solving for xand simplifying:

2

2
<fes’fem+ fes >

-2
2 'A/fes'<fem+ fes> M y’fem
I <fes'fem+ fes > |

'«/fes'<fem+ fes> M y'fem

To pick which root to use, look at the second derivative.
The second derivative must be greater than zero for a minimum.

Taking the second derivative and simplifying:

f

€m

d = aM,
3
axs [Xs '<fem+ fes)]

%, must be greater than zero (i.e. use the x5 expression with the positive root.)

Take the positive xg:

2
Xs = > 'ers’<fem+ fes>'My’fem
<fes’fem+ fes >

Substituting x into the expression for F and reducing:

2 22
1 <fes'fem'xs + i Xg +4Mf m>

F= _. y ¢
2 [Xs'<fem+ fes)]
[ 2. 2 1 2
1 e fem '<fem+ fes>’My+l . <fes'fem+ fes >
F — Z R 2
<fes Temt Fes > ers'<fem+ fes> M y'fem'<fem+ fes>
4.f 3-<f +fog) My
es ("em™T “es yem
+ R -|—4~My~fem
L <fes Temt fes > |
M
y
F = 28 o f

es’
ers’<fem+ fes> M y'fem
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2. 2
J <4~fem £ M y>
F =
A/fes'<fem+ fes> M y'fem

Combining the radicals produces the general equation:

<4'fem'fes'M y>

<fem+ fes>

A simpler method to evaluate this equation would be to use the quadratic formula:

- -B-|—/\/Bz— 4.A-C
2.A

The term B can be found by inspection:

B=0

The quadratic formula can now be reduced in the following manner:

F=A/—4-A-C _ 4/-4AC J7
2.A

Therefore:
A= femtfes
Cc= - <4~fem-fes M y>

The terms A, B, and C can now be reduced further. Since A P’ +BP+C=0

The results of this last simplification will be shown in the equation summary.

f. +f
A= fem+ fes _ em™T “es _ 1 + 1
fem’fes 4’fes 4’fem
B= 0 = 0 = 0
C= _<4 fomTes™M y> = -M, = | -My

144



Double Shear in Hollow Sections
The hollow section yield equations have been derived in single shear. Table C-3 describes

the conversion of the single shear equations to double shear. Mode I; in double shear is two times
the single shear connection capacity. However, double shear Mode I, remains the same as the
single shear equation. The double shear yield mode cannot solely consist of dowel rotation in the
main member. Therefore, all cases of Mode II and Mode I11,,,;; Mode III: Case 1-3 and Case 3-3;
and Mode IV: Case 1-3 and Case 3-3 are not physically possible in double shear. The double shear

equations for Mode 111 and Mode IV for Cases 3-1 and 1-1 are twice the single shear equations.

Table C-3: Double Shear Equations

Mode Case | Double Shear Equation
Mode I, - Same as single shear
Mode I - Two times single shear

1-1
Mode Il [ N/A
3-1
1-3
3-3
3-1
Mode I11,,, - N/A
1-3
3-3 N/A
1-3 N/A
Mode I, 1-1 | Two times single shear
3-1 Two times single shear
1-1 Two times single shear
3-3 N/A
Mode IV 3-1 Two times single shear
1-3 N/A

In addition to the single shear yield modes considered, four yield modes specific to double
shear equations with hollow members must be considered (Figure C-8). These four yield modes
are a result of an additional location of dowel yielding due to the symmetry of the double shear
problem. Yield load equations were derived of each yield equation (Table C-4). The resulting

equations were in a different form from the rest of the equations. Because the equations are for
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strictly hollow sections, the EYM equations are not produced when the void spaces are set to zero.
Even though theoretically these cases may occur, the derivation of the equations limits there
governing. In order to satisfy equilibrium, both the points of dowel yielding and dowel rotation in
the side and main members (x; and x,,,) are restricted to specific locations. Since the locations of
dowel yielding and dowel rotation are already determined, energy is no longer minimized during

the derivation procedure. This results in the equations failing to ever control connection capacity.

Case 1-2 Case 3-2
-y

Mode III; p— —

Mode IV -

Figure C-8: Double shear yield modes due to symmetry

Table C-4: Double Shear Equations For Symmetric Yield Modes

Yield Mode Case Yield Equation
1-2 Fe <4'ts'ls_4'tsz>'fesz+ <2'tm"’m‘|'2't >fes fem"'fem m+4M feg
|:<2'ts"'2'tm"'V >f +fgmt m]
Mode il 32 Fe [("s_1s>2"'4'vs't ]fes +<2t + 24,V m> Teog fem"'fem' m +4M Fog
<ls+vs+2-tm+v >f +fomtm
19 . 2'[[<tm2+vm-tm>-fem+4-M ]f F gt mz]
Mode IV [ m ¥ ) es 2 e m)
3 b 2'[2'ts'vs'fesz+[fem< +V gt m>+4M ]f + gt mz]
[(2-vs+2-tm+v m) Tes + 2 em?t m]
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Summary of Derived Equations for the Hollow Section Yield Model

Table C-5: Hollow Section Yield Model Equations

Yield Mode Single Shear Double Shear
I, F= 2, o F= 2t fop
I, F= 21t f F=dtfo
f 2 , 2
2:A A
Table C-6: Factors for Hollow Section Yield Model
Mode Case A B C
1-1 tgt+ty
3-3 1 1 Lt Vettim+Vm
+
Mode II 4F 0 4f ‘[fes'ts'<ts+vs>+fem't m'<t m+vm>]
3-1 tgtvett,
1-3 te+t o +vg
3-3 t +v _+vV
m m 3 '[fem’tm'<tm+vm>"'fes'ts’Vs"'My]
- t
Mode 31 1 + 1 mt Vs
I, 1-1 Hfom 2T t'm
—[fem-t m~<t mtV m) +M y]
1-3 tmtVm
3-3 tgtvgtvy
'[fes t s'<t stV s> tfemtmVmtM y]
_ 1 1 t.+V
Mode 13 + s m
111, . 2fem  4fes t
° [fests(ts+vs)+My]
3-1 tst Vg
1 + 1 M
1-1 0 -
Aoy 4feg Y
Mode 3-3 VitV - <V m't m'fem"' vt s’fes +2-M y>
v 1 1
31 + v —<VS~tS-feS-|—2~M )
26y 24 s y
1-3 Vom } <V mtmfemt2M y>
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APPENDIX D: COMPUTER PROGRAM TO SIMPLIFY HSYM



Overview
This appendix provides information about the computer program utilized to simplify the

hollow section yield model. The Fortran program loops over a selected range of input parameters
and section geometries and evaluates the yield model. The program can output the results two
ways: 1) the values for the independent variables followed by the yield load, yield mode, and yield
case (results.txt) and/or 2) only names of the yield modes and cases followed by the number of
times that the mode and case controlled (count.txt). The most useful information is the output with
the number of times each mode and case controlled. The file of controlling yield loads for each
loop becomes unmanageably large with even a small range of input parameters and section
geometries. Therefore, the lines that output the entire results have been commented out in the
“Program Code” section below (i.e. lines 36, 40, 44, 48, 57, 61, 65, 69,189, 193, 197, 201, 205,

209, 213, 217, 221, 225, 229, 233, 237, 241, 245 ,249, 253, and 257).

Range of Strength and Section Properties

Table D-1: Range of Strength and Section Properties Used

Variable Initial Value Final Value Step

Fb 1,000 psi 200,000 psi 50,000 psi

Fesl 1,000 psi 50,000 psi 5,000 psi

Feml 1,000 psi 50,000 psi 5,000 psi
D 0.05 in 1.10 in 0.15 in
ts 0.05 in 1.551in 0.15in
tm 0.05 in 1.551in 0.15in
\& 0.05 in 12.55 in 0.5 1n
vm 0.05 in 12.55 in 0.5 1in

Several other intermediate ranges were also evaluated using smaller steps and produced the
same controlling yield modes. Table D-1 contains the broadest range of strength values and

geometries of the program variables evaluated.
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Program Variables

Table D-2: Program Variables

Variable

Description

nls, nIm

Counter for Mode I and Mode I,; respectively

nll11, nlI33,
nll13, nlI31

Counter for Mode II: Case 1-1, Case 3-3, Case 1-3, Case 3-1;
respectively

nllIm11, nlIIm33,
nllIm13, nllIm31

Counter for Mode III,,,: Case 1-1, Case 3-3, Case 1-3, Case 3-1;
respectively

nllls11, nllIs33,
nllls13, nllIs31

Counter for Mode III: Case 1-1, Case 3-3, Case 1-3, Case 3-1;
respectively

nlV11, nIV33,

Counter for Mode IV: Case 1-1, Case 3-3, Case 1-3, Case 3-1;

nlV13, nIV31 respectively
Fb Bending yield strength (user input)
Fesl Dowel bearing strength of the side member (user input)
Feml Dowel bearing strength of the main member (user input)
D Dowel diameter (user input)
fes Dowel bearing resistance of the side member
fem Dowel bearing resistance of the main member
My Moment resistance of the dowel
ts Thickness of the side member (user input)
tm Thickness of the main member (user input)
\& Void width in the side member (user input)
vm Void width in the main member (user input)
fls, fim Calculated yield strength for Mode Iy and Mode 1,,,; respectively
flI11, {1133, Calculated yield strength for Mode II: Case 1-1, Case 3-3, Case 1-3,
fII13, fII31 Case 3-1; respectively

fllIm11, fIllIm33,
fllIm13, fIllIm31

Calculated yield strength for Mode Ill,: Case 1-1, Case 3-3, Case 1-3,
Case 3-1; respectively

fllIs11, fIIIs33,
fllIs13, fIIIs31

Calculated yield strength for Mode Ill;: Case 1-1, Case 3-3, Case 1-3,
Case 3-1; respectively

fIV11, fIV33, Calculated yield strength for Mode IV: Case 1-1, Case 3-3, Case 1-3,
fIV13, fIV31 Case 3-1; respectively
A,B,C Terms for calculation of the yield strength using the quadratic formula
iresults Internal variable to write data to results.txt
icount Internal variable to write data to count.txt
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Program Code

O 001N Nk~ W~

Cc----

Q

Q

program hsym
implicit double precision (a-h,o-z), integer (i-n)
real My

This program evaluates the HSYM for single shear

icount=10

iresults=11

open (unit=10,status='new',file="'count.txt")
open (unit=11,status='new',file='results.txt')

initialize counters
nIs=0
nIm=0
nIIll=0
nII33=0
nII1l3=0
nII31=0
nIIImll=0
nIIIm33=0
nIIIml3=0
nIIIm31=0
nIIIsll=0
nIIIs33=0
nIIIsl3=0
nIIIs31=0
nIvlil=0
nIv3i3=0
nIvlis=0
nIv31l=0
ntotal=0

Given Loop

Do 10 1i=0,200000,50000

Fb=1

write (iresults,900)'Fb = ',Fb

Do 20 j=0, 50000, 5000
Fesl=j
write (iresults,900) 'Fes = ',Fesl

Do 30 k=0, 50000, 5000
Feml=k
write (iresults,900) 'Fem = ',Feml

Do 40 r=0.05, 1.051, 0.15
d=r
write (iresults,900) 'Dia = ',d

fes=Fesl*d

fem=Feml*d
My=Fb*(D**3)/6
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54 c

55 Do 50 s=0.05, 1.56, 0.15

56 ts=s

57 c write (iresults,900)'ts = ',ts

58 c

59 Do 60 t=0.05, 1.56, 0.15

60 tm=t

61 c write(iresults,900)'tm = ',tm

62 c

63 Do 70 u=0.05, 12.51, 0.5

64 vs=u

65 c write(iresults,900)'vs = ',vs

66 c

67 Do 80 v=0.05, 12.51, 0.5

68 vm=v

69 c write(iresults,900)'vm = ',vm

70 c

71 c

72 c---- This section is repeated inside the loop every
73 time~mrrrr s

74 c

75 C---- Mode Im ------——--- - oo
76 fIm=2*tm*fem

77 c

78 C---- Mode IS -——------ -
79 fIs=2*ts*fes

80 c

81 C---- Mode II ---------mmmmm o e oo
82 c

83 A=(1/(4*fem))+(1/ (4*fes))

84 C=-1* (fes*ts* (ts+vs) +fem*tm* (tm+vm) )

85 c

86 c---- Case 1-1

87 B=ts+tm

88 fIIll:(—1*B+Sqrt(B**2—4*A*C))/(2*A)

89 c

90 c---- Case 3-3

91 B=ts+vs+tm+vm

92 fII33:(—1*B+Sqrt(B**2—4*A*C))/(2*A)

93 c

94 c---- Case 3-1

95 B=ts+vs+tm

96 fII3l=(—l*B+Sqrt(B**2—4*A*C))/(Z*A)

97 c

98 c---- Case 1-3

99 B=ts+tm+vm

100 fIIl3=(—l*B+Sqrt(B**2—4*A*C))/(Z*A)

101 Cmmmm mm e e
102 c

103 c

104 C---- Mode IIIm ---—-—-—----——~—~““~ =~~~ —~ @~ =~~~
105 c

106 A=(1/(4*fem) )+ (1/ (2*fes))

107 C=-1* (fes*ts*vs+fem*tm* (tm+vm) +My)

108 c

109 c---- Case 3-3

110 B=vs+tm+vm
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111 fITIIm33=(-1*B+sqgrt (B**2-4*A*C) )/ (2*A)
112 c

113 c---- Case 3-1

114 B=vs+tm

115 fIIIm31=(—1*B+Sqrt(B**2—4*A*C))/(2*A)
116 c

117 C=-1* (fem*tm* (tm+vm) +My)

118 c

119 c---- Case 1-1

120 B=tm

121 fIIIm11=(—1*B+Sqrt(B**2—4*A*C))/(2*A)
122 c

123 c---- Case 1-3

124 B=tm+vm

125 fIIIm13:(—1*B+Sqrt(B**2—4*A*C))/(2*A)
126 Cmmmm m o e e -
127 c

128 c

129 C---- Mode IIIS -------------- oo oo~
130 c

131 A=(1/(2*fem) )+ (1/ (4*fes))

132 C=-1* (fes*ts* (ts+vs) +fem*tm*vm+My)
133 c

134 c---- Case 3-3

135 B=vs+ts+vm

136 fIIIS33:(—1*B+Sqrt(B**2—4*A*C))/(2*A)
137 c

138 c---- Case 1-3

139 B=ts+vm

140 fIIISl3:(—1*B+Sqrt(B**2—4*A*C))/(2*A)
141 c

142 C=-1* (fes*ts* (ts+vs) +My)

143 c

144 c---- Case 1-1

145 B=ts

146 fIIISll:(—1*B+Sqrt(B**2—4*A*C))/(2*A)
147 c

148 c---- Case 3-1

149 B=vs+ts

150 fIIIS31:(—1*B+Sqrt(B**2—4*A*C))/(2*A)
151 L e e
152 c

153 c

154 C---- Mode IV —--- - mmmm e e e
155 c

156 c

157 c---- Case 1-1

158 A=(1/(4*fem))+(1/ (4*fes))

159 B=0

160 C=-1*My

161 fIVll:(—l*B+sqrt(B**2—4*A*C))/(2*A)
162 c

163 A=(1/(2*fem) )+ (1/ (2*fes))

164 c

165 c---- Case 3-3

166 B=vs+vm

167 C=-1* (fes*ts*vs+fem*tm*vm+2*My)
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168 fIV33=(-1*B+sqgrt (B**2-4*A*C) )/ (2*A)

169 c

170 c---- Case 3-1

171 B=vs

172 C=-1* (fes*ts*vs+2*My)

173 fIV31l=(-1*B+sgrt (B**2-4*A%C)) / (2*A)
174 c

175 c---- Case 1-3

176 B=vm

177 C=-1* (fem*tm*vm+2*My)

178 fIV13=(-1*B+sgrt (B**2-4*A*C)) / (2*A)
179 o e e e T T
180 c

181 c---- Find yield load and yield mode

182

183 yload=min (£Im, £Is,£II111,£I113,£I133,£1131,£IVv11,£IVv13,£IVv33,£IV31l
184 .
185 ,EITIIs11,£fITTs13,£IT1Is33,£I1Is31,£IIImll,£fIIIml3,£fITIIm33

186 . ,EITIIm31)

187 c

188 if (fIm.eqg.yload) then

189 c write (iresults,1000) 'Mode Im ', yload
190 nIm=nIm+1

191 endif

192 if (fIs.eq.yload) then

193 c write (iresults,1000) 'Mode Is ', yload
194 nIs=nIs+1

195 endif

196 if (fIIll.eq.yload) then

197 c write (iresults,1000) 'Mode II - 1-1 ', yload
198 nIIll=nIIll+1

199 endif

200 if (fII33.eqg.yload) then

201 c write (iresults,1000) 'Mode II - 3-3 ', yload
202 nII33=nII33+1

203 endif

204 if (fII31l.eqg.yload) then

205 c write (iresults,1000) 'Mode II - 3-1 ', yload
206 nII31l=nII31+1

207 endif

208 if (fIIl13.eqg.yload) then

209 c write(iresults,1000) 'Mode II - 1-3 ', yload
210 nII13=nII13+1

211 endif

212 if (£fIIImll.eq.yload) then

213 c write(iresults,1000) 'Mode IIIm - 1-1 ',yload
214 nIIImll=nIIImll+1

215 endif

216 if (fIIIm33.eqg.yload) then

217 c write(iresults,1000) 'Mode IIIm - 3-3 ',yload
218 NnIIIm33=nIIIm33+1

219 endif

220 if (fIIIm31.eqg.yload) then

221 c write (iresults,1000) 'Mode IIIm - 3-1 ',yload
222 NnIIIm31=nIIIm31+1

223 endif

224 if (fIIIml3.eqg.yload) then
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225 c write (iresults,1000) 'Mode IIIm - 1-3 ',yload

226 NnIIIml3=nIIIml3+1

227 endif

228 if (fIIIsll.eqg.yload) then

229 c write (iresults,1000) 'Mode IIIs - 1-1 ',yload
230 nIIIsll=nIIIsll+1

231 endif

232 if (fIIIs33.eqg.yload) then

233 c write (iresults,1000) 'Mode IIIs - 3-3 ',yload
234 nIIIs33=nIIIs33+1

235 endif

236 if (fIITIs31l.eqg.yload) then

237 c write (iresults,1000) 'Mode IIIs - 3-1 ',yload
238 nIIIs31=nIIIs31+1

239 endif

240 if (fIIIsl3.eqg.yload) then

241 c write(iresults,1000) 'Mode IIIs - 1-3 ',yload
242 nIIIsl3=nIIIsl3+1

243 endif

244 if (fIVlil.eq.yload) then

245 c write (iresults,1000) 'Mode IV - 1-1 ', yload
246 nIvil=nIV11l+1

247 endif

248 if (£IV33.eq.yload) then

249 c write (iresults,1000) 'Mode IV - 3-3 ', yload
250 nIv33=nIV33+1

251 endif

252 if (fIV3l.eqg.yload) then

253 c write (iresults,1000) 'Mode IV - 3-1 ', yload
254 nIv3il=nIV31l+1

255 endif

256 if (fIV13.eqg.yload) then

257 c write(iresults,1000) 'Mode IV - 1-3 ', yload
258 nIvi3=nIV13+1

259 endif

260 c

261 ntotal=ntotal+1

262 c---- This ends the section of repeated egn evaluation~~~~~~~~~~~
263 80 continue

264 70 continue

265 60 continue

266 50 continue

267 40 continue

268 30 continue

269 20 continue

270 10 continue

271 c

272 c---- Report the number of each mode

273 write (icount,2000) 'Mode Im ',nIm

274 write (icount,2000) 'Mode Is ', nls

275 write (icount,2000) 'Mode II - 1-1 ',nIIll

276 write (icount,2000) 'Mode II - 3-3 ',nII33

277 write (icount,2000) 'Mode II - 3-1 ',nII31

278 write (icount,2000) 'Mode II - 1-3 ',nII13

279 write (icount,2000) 'Mode IIIm - 1-1 ',nIIImll

280 write (icount,2000) 'Mode IIIm - 3-3 ',nIIIm33

281 write (icount,2000) 'Mode IIIm - 3-1 ',nIIIm31
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282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300

900
1000
2000

Q

write (icount,
write (icount,
write (icount,
write (icount,
icount,
icount,
write (icount,
write (icount,
write (icount,
write (icount,

write
write

(
(
(
(
(
(
(
(
(
(

2000) 'Mode
2000) 'Mode
2000) 'Mode
2000) 'Mode
2000) 'Mode
2000) 'Mode
2000) 'Mode
2000) 'Mode
2000) 'Mode
2000) 'Total

format (a6,£12.3)
format (al7,£10.2)
format (al7,i15.1)

end
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APPENDIX E: DERIVATION OF THE LOAD-DISPLACEMENT
BEHAVIOR MODEL



Overview
This appendix provides the derivation of the equations that predict the load-displacement

curve of a laterally-loaded connection with hollow sections. The goal was to develop a set of
equations that would enable a designer to predict the load-displacement behavior of a connection
after only conducting dowel bearing tests and bending yield strength tests. The input to the
model will be the coefficients of the curves fit to the test data and the dimensions of the dowel
and members. Equations have been developed for only the controlling modes of the hollow
section yield model (Mode I;,, Mode I, Mode II: Case 3-3, Mode Ill;: Case 3-1, Mode IIl;: Case
1-3, and Mode IV: Case 1-1).
General Procedure

The Mode I and I,,, load-displacement model equations are simply the curves fit to the
dowel resistance data times the sum of the wall thicknesses. Modes 11, III, and IV utilize the
method of virtual displacements. In the hollow section yield model development the virtual
displacement method was used; external work and internal work are set equal to each other as a
connection undergoes a unit slip. To produce the load-displacement equations, energy is
conserved as the connection displaced a finite distance. The resulting equation for the yield load
is a function of the connection displacement, 8. The general equation becomes Equation E-1.
Derivation of load-displacement behavior expressions requires evaluating the integral and
simplifying. However, due to the number of terms introduced from the geometry of the hollow

section problem, a closed form solution to the problem is impractical.
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W=F-5=J.fe-n-d§+2(My0) Equation E-1

where:

F = yield load

D =dowel diameter

f. =dowel bearing resistance=C,6 + C,6” +C,6° +C,6* +C,6° +C,6°
M , = moment resistance of the dowel

0 = angle of rotation of the dowel

n,& = integration variables

The dowel bearing resistance is obtained in this research by fitting sixth-order
polynomials (restricted to pass through the origin) to the dowel bearing curves divided by the
wall thickness (dowel bearing resistance curves). For derivation purposes, the moment
resistance will be assumed to be constant. In the final step to of the derivation, a function for the
bending moment in terms of connection displacement may be substituted.

Derivation Steps:

1) Substitute known expressions into Equation E-1 (fe, fem, and 0)

2) Simplify with known relationships for n and evaluate integral.

3) Substitute for x,,. Leaving the function with only one unknown variable, x;.

4) Reduce equation to smallest possible form. Divide by 0 to leave F only on the left side of the
expression.

5) Take the derivative of F' with respect to xs and set to zero.

6) Solve for x to find the location where energy is minimized. Reduce x4 expression.

7) Substitute the reduced x, expression back into F. Reduce expression for F' to final usable
form.

The above procedure was attempted for each of the yield modes. Steps 1 through 5 were

completed successfully. However, once the derivative with respect to x; was computed and set
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to zero, it was unfeasible to solve for x;. Numerical methods of minimizing the functions were
attempted, but proved to be too computationally demanding. Therefore, the load-displacement
equations were developed as functions of X, Xy, and 8. An approximate values for xs and X,
were found using the expressions found during the derivation of the hollow section yield model.
Incorporated into the x5 and x,, expressions is the dowel bearing strength of the members and
bending yield strength of the dowel. Using these terms appears to be contradictory to the
objective of predicting the entire load-displacement curve (i.e. no longer relying on one arbitrary
point from the input curves), but only the ratios of the strength properties to each other is
important. For example, using a 5% offset basis to determine these properties would provide a
ratio of the strength properties at that location. The assumption is that the x; and x,,, remain
constant. Therefore, the values obtained from the yield model equations are sound enough to
produce approximate X and X, locations.

Equation E-1 will be evaluated as separate terms because a closed form solution was
impossible. The external energy consists of the yield load, F, times the displacement, 6. The
internal energy depends on the yield mode which is a combination of dowel rotation and dowel
yielding. Five general types of internal energy have been defined (Figure E-1). El, E2, E3, and
E4 relate to energy of material crushing. E1, E2, and E3 relate to energy of material crushing
when the dowel rotates about a point in the wall farthest from the shear plane. E4 relates to
energy of material crushing when a hinge forms within the wall closest to the shear plane. E5
corresponds the energy of forming a hinge in the dowel. Table E-2 defines the types of internal
energy present in each yield mode. The total internal energy is the sum of all the applicable E-
terms to the side and main members. For example, for Mode Ill;: Case 3-1, the internal energy

equals Es+EastE3stEamtEsp.
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E, 'O‘V\

3

E;

Figure E-1: General internal energy conditions.

Table E-1: Energy Terms by Mode

. Applicable Internal Energy Terms
Yield Mode Side Member Main Member
Mode II: Case 3-3 El, Ez, E3 E1, Ez, E3
Mode IHmZ Case 1-3 E4, E5 El, Ez, E3
Mode Ill;: Case 3-1 Ei, E», Es E4, Es
Mode IV: Case 1-1 E4, Es E4, Es

Predicting an entire load-displacement curve is mathematically intensive and hence a
spreadsheet was used. Derived equations are evaluated at specific displacements to produce
ordered pairs of displacement and load. Separate equations were developed for each component
of the internal energy in order to utilize a spreadsheet more effectively and account for the lack

of a closed form solution.
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Derivation of Mode Il
Mode III connections contain all five internal energy types. The derivation of Mode Il

will be shown in detail. The general equations for each energy type were developed from this

one derivation.

a
TSm
| N
0 ds O
N
X
S
Xy
St A |V ﬁttrﬁ \Y% ‘'t
S S S m m
/! /! |
S m

Figure E-2: Mode IIIs connection model.
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Useful relationships from the geometry of the problem:

I ) )
tan9=6=§=M tanez_rn
a xs-l-xm Xm
Therefore:
8m _ é‘)s 5 _ 55
— = = ) m - —Xm
Xm Xg Xs
Also,
X
_ _ m
& = 8m+55 ) 6 = 5s'<_+1
Xs

and

From Figure E-3, the following relationships can be developed:

For the side member:

S
tand = —

For the main member:

T]s _ &s T.ln’l ém

S Xs S m m
S &m

Ms :X_S'Ss MTm X_'S
s m

n
)

R :

Figure E-3: Relationship of integration variables.
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From the general equation:
F+x6=E1l+E2+E3+E4+EDS

Each energy term (E1 through ES5) is an intergral that uses the following inputs:
fes=ans+ b7782+ cns3 +dnstrens’s fns6
fem= 1 ym+ mpyn? + npme + o + p m + g nm®

The relationships from Figure E-3 can now be substitude:

S

T]S: i*és
XS
&m

nmm= — xém
xm

The general energy terms are now defined and evaluated.

2t+v-xs
El:f fes+nsdés
0

Substituting and reducing E1 produces:

1
xS
\(55 ‘(7a(2t+v—xs)3és b(2t+v-x9)%5s® c(2t+v-x5)°6s’ d(2t+v-xs)°ss’
(U 3xs 4 xs? 5xs3 6 xst
e(2t+v-xs) 768 f(2t+v—xs)8686\‘\‘
7 x5 8 xs6 ))

XS-t-v
E2—J fesxnsdés
0

Substituting and reducing E2 produces:

‘6S(a(—t—v+xs)3és b(-t-v+xs)468? c(-t-v+xs)°68® d(-t-v+xs) ot
+ + + +
(U 3xs 4 xs2 5 xs3 6 xst

e(-t-v+xs)’os f(—t—v+xs)8686\‘\‘
+
7 xs5 8 xsb ))
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XS
E3 = fesxnsdé&s
xs-t

Substituting and reducing E3 produces:

1
XS
[ /1 5s 1 b (-t +xs) % 552 C(-t+xs)°ss3
\68\—axs2és——+—bxs2ész— ( +X5) +—cxszés3— ( X5
13 3xs 4 4 xs2 5 5xs3
d(7t+}§s)6684 +£9X_S26557 +—f_'x'52c‘js67 f(7t+}§s)8686\‘\‘
6 xst 7 7 xs5 8 8 xsb ))

a(—t+xs)3

e (7t+xs)7655

1
= dxs?ss® -
6

xm
E4 - J femx nmd &Em
0

Substituting and reducing E4 produces:

1 1 1 1 1 1 1
— (6m (— 1x? sme — mxr’ S’ + — N’ S + — OXME S + — pxME SMC + — quzém6))
xm 3 4 5 6 7 8
o8
E5 = My
XS

The above expressions can now be written in terms of d only by substituting:

Xmos
om=

XS
and then substituting:

o)
oS =

The equations can be simplified further by dividing each term by 8. The summation of the

primed terms will now be equal to the load directly.

El+E2+E3+E4+ES , , , , ,
= 5 =FE1l +E2 + E3" + E4" + E5
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Simplified forms:

El =

a(2t+v-x9)°6 b((2t+v-x9)%6%2 c(2t+v-x9)°6°
+ +

3 (xm+ x8) 2 4 (xm+xs)3 5 (xm+ xs) 4
d2t+v-x8)%6* e@2t+v-xs)’6° f(2t+v-xs) 8s°
+ +
6 (xm+ xS) > 7 (xm+ xS) 6 8 (xm+ xs)”
E2 =
a(t+v-xs)36 b(t+v-x9)%6° c(t+v-x9)°6°
- + - +
3 (xm+ x8) 2 4 (xm+ xs) 3 5 (xm+ xs) 4
dt+v-xs)06* e(t+v-xg)78° f(t+v-xs) 8s°
- +
6 (xm+ xS) > 7 (xm+ xs) 6 8 (xm+ xs)”

E3 =

a((t-x9)°+x’) 6 b(-(t-xs)%+xsh 6% c((t-x9)+xs”) &
3 (xm+xs)2 4 (xm+ xs)3 5 (xm+ xs) 4
d (- (t-xs)%+xsb & X e ((t-xs)’+xs’) & R (- (t-xs)8+xs®) &°
6 (xm+ xs) > 7 (xm+xs) 6 8 (xm+ xs) 7

1xm® 6 mxm? 52 nxm 63 oxm 54 pxm7 5° qu8 5°
+ + + + +
3(xm+xs)?2 4 (xm+xs)3 5(xm+xs)t 6 (xm+xS)° 7 (xm+xs)® 8 (xm+xs)”

Xm+ XS
A general equation for E” can be found by inspection of the E1’, E2’, E3’, and E4’ equations:

cl (i3-9% s c2(if-g% 82 3 (i5- 55 &3

E - + + +
3a? 4a3 5a4 )
.6 .6 4 .7 .7 5 .8 .8 6 Equatlon E-2
cd (1°-77) 6 c5 (1 -30 6 C6 (1°-J) 6
+ +

6a> 7 ab 8a’
where :
a=x,+x,

C,.C,,C,,C,,Cs,and C, are the coefficients from the fit dowel resistance curves
iand jdepend on the type of energy (Table E - 2)
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Table E-2: Coefficients for Equation E-2

Internal Energy Type i J

E, 2t+v—x 0

E, xX—t—v 0

E; X x—t

E4 X 0
Note: x will either be x; or x,, depending on the mode and member being considered

Also note: the i and j terms are the integration limits used at the beginning of the derivation for
each energy type.

As stated earlier, during the derivation the dowel bending resistance, My, was assumed
constant. A function for the dowel bending resistance in terms of connection slip, My(d), may be
used when actually evaluating the Es equation. For this research, a sixth-order polynomial curve
was fit to the bending yield strength load-displacement data (Equation E-4). Due to the
configuration of the bending yield strength test apparatus, the load was equal to the dowel
bending resistance, My (see Equation E-3).

PL P4
M, = e = % =P Equation E-3

The curve fit to the load-displacement data cannot be used directly in the Es equation
because the displacement in the bending yield test is different than the displacement in a
connection test. The angle of rotation of the dowel was used to relate the two tests and produce

Equation E-5.
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M, (A)=4,A+B,A +C,A +D,A +E,A +F, A Equation E-4

M, (6)=4, [2 tan(ﬁw ]:I + B, |:2 tar{ﬁw ]:IZ +C, [2 tan( ﬁ ]]3
5 | |
+D, |:2 tar{m ]:l +E, [2 tan(m ]:| +F, [2 tan(m ]:|

where :

Equation E-5

A = displacement in bending yield strength test

0 =displacement in connection test

Equation Summary

Table 3-4 summarizes the load-displacement predicting equations for single shear
connections. The double shear equations are produced by multiplying the single shear equations

by two; except in Mode I, where the single shear and double shear equations are identical.

Table E-3: Load-Displacement Equations for Single Shear Connections

Mode Load-Displacement Equation
I, FG)=2t,(46+B5>+C8°+ DS +ES° +F5°)
In F@)=2t,(L6+M8>+NG>+06*+P8°+068°)

II: Case33 | F(6)=(E,,'+E,,'vE,'+E, '"+E, '+E, ")
Il Case3-1 | F(6)=(E,,'+E,/'"+E,/'+E, '+E.")

M, Case1-3 | F (6 )= (E,,'+E,'+E, '+E, '+E, ")
IV:Casel-1 | F(6)=(E,,'+E,'"*E, 'vE.')

In the Mode IV connections used in this research, the side member and the main member

are made of the same material. Therefore, only one set of coefficients are needed and the Mode

IV equation may be simplified to Equation E-6 (single shear).

F(5)= \/[MV(5)]|:2A5 1t Les+ Lpst+ L Es? +LF56] Equation E-6
: 3 4 10 24 56 128
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Mode 1V Closed-Form Derivation

Equation E-6 was derived using the closed-form solution outlined above. The

noteworthy steps are summarized below.
Using the general equations for the internal energy for Mode I'V:

F=2+E4'+2+E5'

Substituting the terms:
F-=
2My
.
Xm+ XS
. ‘{ 1xm 5 mxmt* 52 nxm 53 oxm® 54 pxm’ 5° gxm® 5° \‘
+ + + +

|3 (xm+Xs)2 4 (Xm+XS)3 5 (Xm+XxS)4 6 (Xm+XxS)5 7<xm+xs)6Jr

Since the problem is symmetric, xm = xs. Substituting and simplifying:

g My 2xsé(89601+336Om6+1344n62+560063+240p64+105q65)
= = +

xS 107520

Taking the derivative with respect to xs:

My (16 mé&2 né&> os* ps> gs®)
+ 2 — + + + + + |

xs2 | 12 32 80 192 448 1024 )

F'=-

Setting F” equal to zero and solving for xs produces:

[ My )
\/E (ﬁ + mo2 + ns3 L o | D&° + g% )
12 32 80 192 448 1024

Substituting xs back into F and reducting:

My V6 (89601 +6 (3360m+6 (1344n+56 (1120+48po6+21qd?))))
8+/210

F

+ + + \

(216 m&2 nsd o6t psc  gsd)
F=_|/My| + +
\ 3 4 10 24 56 128 )
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APPENDIX F: TEST DATA



Dowel Bearing Strength Data

HDPE 0.2" wall thickness - 1/4" hole wall thicknesses 5% offset Max
Sample | Max Load Int Load Yield Load wall 1 wall 2 DBS DBS
151 480.8 480.8 480.8 0.192 0.212 4821.34 4821.34
17L 476.0 475.4 475.4 0.194 0.211 4755.42 4761.42
16L 473.3 470.9 470.9 0.193 0.210 4733.78 4757.91
10R 471.9 471.7 471.9 0.195 0.215 4662.84 4662.84
16R 469.5 469.3 469.3 0.193 0.211 4706.02 4708.02
12R 476.2 476.2 476.2 0.196 0.212 4728.39 4728.39
8R 452.1 450.7 450.7 0.198 0.214 4431.75 4445.51
9L 465.8 464.7 464.7 0.198 0.214 4569.41 4580.22
14R 471.4 471.1 471.1 0.194 0.214 4677.75 4680.73
11R 482.4 482.1 482.1 0.194 0.212 4810.56 4813.55
17R 463.6 463.1 463.1 0.194 0.214 4598.32 4603.28
15R 484.8 484.3 484.8 0.194 0.213 4825.61 4825.61
131 447.2 447.0 447.2 0.194 0.212 4462.31 4462.31
average = 469.9 0.195 0.213 4675.7 4680.9
standard devation = 11.27 0.2038 128.39 126.93
COV = 2.4% 2.7% 2.7%
min 447.20 min 4431.75 4445.51
max 484.80 max 4825.61 4825.61
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HDPE 0.2" wall thickness - 3/8" hole wall thicknesses 5% offset Max
Sample | Max [.oad Int Load Yield Load wall 1 wall 2 DBS DBS
7a 656.4 653.7 656.4 0.198 0.214 4296.20 | 4296.20
7c 643.8 639.7 643.8 0.196 0.215 4223.99 | 4223.99
5 665.0 663.4 665.0 0.195 0.211 4416.81 | 4416.81
646.4 641.9 646.4 0.199 0.214 4220.51 | 4220.51
5b 654.0 652.3 654.0 0.199 0.211 4301.38 | 4301.38
7 617.4 614.2 617.4 0.199 0.215 4021.42 | 4021.42
average = 647.2 0.198 0.213 4246.7 4246.7
standard devation = 16.42 0.2055 131.40 131.40
COV = 2.5% 3.1% 3.1%
min 617.40 min 4021.42  4021.42
max 665.00 max 4416.81 4416.81
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HDPE 0.3" wall thickness - 1/4" hole wall thicknesses 5% offset Max

Sample | Max Load Int Load Yield Load wall 1 wall 2 DBS DBS
9a 786.6 773.2 773.2 0.323 0.296 5060.41 5148.11
9a4 796.8 776.9 776.9 0.324 0.297 5068.25 5198.07
9b 786.0 771.8 771.8 0.325 0.296 5034.98 5127.61
9b2 767.5 762.4 762.4 0.324 0.297 4973.66 5006.93
9b3 797.0 776.4 776.4 0.322 0.298 5073.16 5207.76
9b4 793.0 788.5 788.5 0.322 0.296 5168.89 5198.39
8a 797.3 794.4 794.4 0.323 0.295 5207.57 5226.58
8a2 796.5 785.0 785.0 0.324 0.296 5129.35 5204.49
8a3 817.2 807.8 807.8 0.322 0.298 5278.33 5339.75
8b 766.2 753.3 753.3 0.322 0.296 4938.15 5022.71
average = 779.0 0.323 0.297 5093.3 5168.0

standard devation = 15.73 0.3098 104.46 98.18

CoV = 2.0% 2.1% 1.9%
min 753.30 min 4938.15 5006.93
max 807.80 max 5278.33 5339.75
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HDPE 0.3" wall thickness - 3/8" hole wall thicknesses 5% offset Max

Sample | Max Load Int Load | Yield Load wall 1 wall 2 DBS DBS
6L 1096.0 1090.0 1090.0 0.325 0.298 4717.93 | 4743.90
6R 1093.0 1089.0 1089.0 0.323 0.296 4744.07 | 4761.49
25L 1073.0 1071.0 1071.0 0.322 0.295 4680.77 | 4689.52
23R 1086.0 1084.0 1084.0 0.323 0.294 4737.59 | 4746.33
11R 1059.0 1058.0 1058.0 0.326 0.296 4586.79 | 4591.12
111 1078.0 1074.0 1074.0 0.321 0.298 4678.72 | 4696.15
17R 1077.0 1075.0 1075.0 0.325 0.297 4660.49 | 4669.16
17L 1074.0 1068.0 1068.0 0.323 0.296 4652.58 | 4678.72
25R 1077.0 1075.0 1075.0 0.322 0.292 4721.21 | 4730.00
average = 1076.0 0.323 0.296 4686.7 4700.7

standard devation = 10.30 0.3096 49.97 52.60

COov = 1.0% 1.1% 1.1%
min 1058.00 min 4586.79  4591.12
max 1090.00 max 4744.07  4761.49
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HDPE 0.4" wall thickness - 3/16" hole wall thicknesses 5% offset Max
Sample | Max Load Int Load Yield Load wall 1 wall 2 DBS DBS
19 1048.0 967.5 967.5 0.411 0.410 6326.52 | 6852.91
20 1065.0 1020.0 1020.0 0.409 0.413 6661.71 6955.60
15 1027.0 970.7 970.7 0.409 0.409 6370.72 | 6740.22
161 1057.0 962.7 962.7 0.409 0.410 6310.51 6928.64
8R 1104.0 990.1 990.1 0.409 0.411 6482.20 | 7227.90
25R 1042.0 983.6 983.6 0.410 0.410 6439.64 | 6821.99
10R 1026.0 956.2 956.2 0.412 0.413 6222.31 6676.53
27 1013.0 956.2 956.2 0.409 0.413 6245.02 | 6615.99
14R 1021.0 951.4 951.4 0.411 0.413 6198.59 | 6652.05
18R 1046.0 978.3 978.3 0.410 0.411 6397.14 | 6839.83
21R 1031.0 979.3 979.3 0.407 0.410 6435.03 | 6774.76
26L 1030.0 966.4 966.4 0.410 0.411 6319.33 | 6735.21
231 1033.0 966.4 966.4 0.409 0.409 6342.50 | 6779.60
11L 1026.0 929.7 929.7 0.411 0.410 6079.34 | 6709.05
131 1020.0 932.3 932.3 0.413 0.413 6059.44 | 6629.45
17 1047.0 930.2 930.2 0.408 0.410 6104.92 | 6871.48
average = 965.1 0.410 0.411 6312.2 6800.7
standard devation = 23.52 0.4104 159.33 152.97
Cov = 2.4% 2.5% 2.2%
min 929.70 min 6059.44  6615.99
max 1020.00 max 6661.71 7227.90
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HDPE 0.4" wall thickness - 1/4" hole wall thicknesses 5% offset Max
Sample | Max Load Int Load Yield Load wall 1 wall 2 DBS DBS
5 1155.0 1073.0 1073.0 0.412 0.415 5256.28 | 5657.97
7 1159.0 1111.0 1111.0 0.409 0.412 5482.21 5719.06
2 1098.0 1036.0 1036.0 0.414 0.409 5099.70 | 5404.89
4 1138.0 1076.0 1076.0 0.414 0.412 5277.36 | 5581.45
16R 1129.0 1071.0 1071.0 0.412 0.410 5278.40 | 5564.25
7b 1158.0 1080.0 1080.0 0.410 0.409 5342.25 | 5728.08
12 1083.0 1035.0 1035.0 0.415 0.414 5057.90 | 5292.47
5b 1127.0 1067.0 1067.0 0.410 0411 5265.09 | 5561.16
15 1140.0 1087.0 1087.0 0.409 0.410 5376.88 | 5639.04
6b 1149.0 1086.0 1086.0 0.410 0.412 5352.32 | 5662.82
21L 1178.0 1108.0 1108.0 0.407 0.408 5507.65 | 5855.61
4b 1153.0 1108.0 1108.0 0411 0.410 5467.40 | 5689.45
average = 1078.2 0411 0411 5313.6 5613.0
standard devation = 2495 0.4110 139.93 149.69
COoV = 2.3% 2.6% 2.7%
min 1035.00 min 505790  5292.47
max 1111.00 max 5507.65  5855.61
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HDPE 0.4" wall thickness - 3/8" hole wall thicknesses 5% offset Max
Sample | Max Load Int Load Yield Load wall 1 wall 2 DBS DBS
11R 1536.0 1520.0 1520.0 0.415 0.412 4954.09 | 5006.24
9 1545.0 1517.0 1517.0 0.412 0.413 4956.30 | 5047.78
24L 1569.0 1534.0 1534.0 0.409 0.410 5048.56 | 5163.75
13R 1529.0 1504.0 1504.0 0.412 0.412 4919.79 | 5001.57
12 1537.0 1518.0 1518.0 0.415 0.412 4947.57 | 5009.50
22 1516.0 1481.0 1481.0 0.406 0.410 4892.05 | 5007.66
8L 1511.0 1471.0 1471.0 0.413 0.412 4806.01 | 4936.70
22R 1590.0 1563.0 1563.0 0.409 0411 5137.73 | 5226.48
10L 1545.0 1519.0 1519.0 0.410 0.413 4974.90 | 5060.05
23 1529.0 1513.0 1513.0 0.410 0411 4967.32 | 5019.85
average = 1514.0 0.411 0.412 4960.4 5048.0
standard devation = 25.66 04114 88.10 85.37
COvV = 1.7% 1.8% 1.7%
min 1471.00 min 4806.01  4936.70
max 1563.00 max 5137.73  5226.48
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PVC 0.2" wall thickness - 1/4" hole wall thicknesses 5% offset Max
Sample | Max Load Int Load Yield Load wall 1 wall 2 DBS DBS
9a 1608.1 1556.7 1608.1 0.192 0.207 16327.20 | 16327.20
9a2 1713.1 1686.3 1713.1 0.195 0.208 17221.52 | 17221.52
9b 1605.6 1559.2 1605.6 0.195 0.209 16100.62 | 16100.62
9a3 1740.0 1674.0 1740.0 0.195 0.210 17405.38 | 17405.38
9b3 1698.5 1652.0 1698.5 0.195 0.210 16989.80 | 16989.80
average = 1673.1 0.194 0.209 16808.9 16808.9
standard devation = 62.27 0.2016 568.44 568.44
COV = 3.7% 3.4% 3.4%
min 1605.61 min 16100.62 16100.62
max 1740.02 max 17405.38 17405.38
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PVC 0.2" wall thickness - 3/8" hole wall thicknesses 5% offset Max

Sample | Max Load Int Load Yield Load wall 1 wall 2 DBS DBS
11L 1979.5 1935.5 1979.5 0.193 0.210 13245.47 | 13245.47
12R 2155.5 2089.5 2155.5 0.194 0.205 14567.44 | 14567.44
15R 2236.1 2157.9 2236.1 0.193 0.212 14888.59 | 14888.59
17L 2094.4 1986.8 2094.4 0.192 0.208 14119.14 | 14119.14
4 1940.4 1901.3 1940.4 0.195 0.208 12983.84 | 12983.84
16L 2106.6 2038.2 2106.6 0.193 0.203 14344.97 | 14344.97
7 1930.6 1884.2 1930.6 0.192 0.205 13113.67 | 13113.67
181 2028.4 1942.9 2028.4 0.193 0.210 13572.52 | 13572.52
14R 1957.5 1920.9 1957.5 0.192 0.207 13229.61 | 13229.61
19L 2040.6 2006.4 2040.6 0.191 0.206 13860.65 | 13860.65
5 2028.4 1938.0 2028.4 0.192 0.209 13640.22 | 13640.22
13L 2101.7 2067.5 2101.7 0.192 0.211 14063.10 | 14063.10
5b 1999.1 1913.5 1999.1 0.191 0.208 13510.39 | 13510.39
7b 2087.0 2047.9 2087.0 0.197 0.207 13930.42 | 13930.42
average = 2049.0 0.193 0.208 13790.7 13790.7

standard devation = 86.98 0.2003 567.90 567.90

COoV = 4.2% 4.1% 4.1%
min 1930.64 min 12983.84 12983.84
max 2236.12 max 14888.59 14888.59
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PVC 0.3" wall thickness - 1/4" hole wall thicknesses 5% offset Max
Sample | Max Load Int Load Yield Load wall 1 wall 2 DBS DBS
6a 2837.3 2798.2 2837.3 0.314 0.294 18905.46 | 18905.46
7a2 2854.4 2825.1 2854.4 0.316 0.295 18926.06 | 18926.06
6a3 2876.4 2861.7 2876.4 0.315 0.294 19134.53 | 19134.53
7a3 2781.1 2776.2 2776.2 0.314 0.295 18467.99 | 18500.50
7b3 2837.3 2773.8 2837.3 0.314 0.296 18843.47 | 18843.47
6b2 2812.9 2793.3 2812.9 0.314 0.292 18804.48 | 18804.48
6b4 2844.6 2815.3 2844.6 0.316 0.296 18830.43 | 18830.43
7b4 2810.4 2778.7 2810.4 0.313 0.295 18726.34 | 18726.34
average = 2831.2 0.315 0.295 18829.8 18833.9
standard devation = 30.77 0.3046 189.09 180.35
COV = 1.1% 1.0% 1.0%
min 2776.21 min 18467.99  18500.50
max 2876.41 max 19134.53 19134.53
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PVC 0.3" wall thickness - 3/8" hole wall thicknesses 5% offset Max
Sample | Max Load Int Load Yield Load wall 1 wall 2 DBS DBS
8R 3863.7 3729.3 3863.7 0.316 0.294 17080.07 | 17080.07
181 3797.7 3704.9 3797.7 0.314 0.296 16788.38 | 16788.38
8L 3836.8 3753.8 3836.8 0.311 0.292 17158.13 | 17158.13
1L 3788.0 3685.3 3788.0 0.313 0.293 16855.69 | 16855.69
9R 3902.8 3790.4 3902.8 0.314 0.294 17309.67 | 17309.67
1R 3827.1 3682.9 3827.1 0.315 0.294 16945.80 | 16945.80
9L 3878.4 3802.6 3878.4 0.312 0.294 17258.06 | 17258.06
2L 3731.8 3680.4 3731.8 0.315 0.291 16605.58 | 16605.58
2R 3748.9 3653.6 3748.9 0.314 0.293 16654.22 | 16654.22
18R 3863.7 3734.2 3863.7 0.314 0.290 17249.74 | 17249.74
average = 3823.9 0.314 0.293 16990.5 16990.5
standard devation = 56.42 0.3035 258.00 258.00
Cov = 1.5% 1.5% 1.5%
min 3731.76 min 16605.58 16605.58
max 3902.82 max 17309.67 17309.67
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PVC 0.4" wall thickness - 1/4" hole wall thicknesses 5% offset Max

Sample | Max Load Int Load Yield Load wall 1 wall 2 DBS DBS
6 3935.6 3906.2 3935.6 0.390 0.410 19929.89 | 19929.89
24L 4121.6 4053.1 4121.6 0.391 0.410 20845.79 | 20845.79
7L 4004.1 3945.4 4004.1 0.390 0.410 20276.93 | 20276.93
22 4141.2 4053.1 4141.2 0.390 0.409 20997.25 | 20997.25
23R 3769.2 3730.0 3769.2 0.389 0.411 19087.09 | 19087.09
25 3955.2 3925.8 3955.2 0.391 0.410 20004.04 | 20004.04
20R 4013.9 3974.8 4013.9 0.391 0.410 20301.13 | 20301.13
26L 3886.6 3867.1 3886.6 0.391 0.410 19657.44 | 19657.44
3 3945.4 3925.8 3945.4 0.391 0.413 19880.07 | 19880.07
19R 3935.6 3876.9 3935.6 0.391 0.411 19880.19 | 19880.19
4L 4004.1 3965.0 4004.1 0.393 0.412 20150.99 | 20150.99
18 4013.9 3965.0 4013.9 0.391 0.410 20301.13 | 20301.13
21R 4092.2 4033.5 4092.2 0.392 0.411 20645.70 | 20645.70
17 3925.8 3896.4 3925.8 0.392 0.410 19830.74 | 19830.74
5R 3965.0 3935.6 3965.0 0.390 0.410 20078.62 | 20078.62
2R 3788.7 3739.8 3788.7 0.390 0.411 19162.29 ] 19162.29
average = 3968.6 0.391 0.411 20064.3 20064.3

standard devation = 102.86 0.4007 520.41 520.41

CoVv = 2.6% 2.6% 2.6%
min 3769.17 min 19087.09  19087.09
max 4141.19 max 20997.25 20997.25

Dowel Bearing Resistance (Ib/in)

5500 T
4500 1

4000 T

3500 |

1500 1

500 7

5000 |

3000 1
2500 |

2000 1

1000 1

Dowel Bearing Resistance Curves

Average Curve

0.00 0.01

0.02 0.03

0.04 0.05

0.06

Displacement (inches)

182

0.07 0.08

0.09 0.10

0.11




PVC 0.4" wall thickness - 3/8" hole wall thicknesses 5% offset Max
Sample | Max Load Int Load Yield Load wall 1 wall 2 DBS DBS
11 5482.4 5247.5 5482.4 0.392 0.412 18387.80 18387.80
13 5453.1 5267.0 5453.1 0.393 0.410 18312.07 18312.07
11b 5472.6 5237.7 5472.6 0.391 0.411 18400.74 18400.74
14 5619.5 5433.5 5619.5 0.392 0.410 18894.50 18894.50
17 5639.1 5413.9 5639.1 0.392 0.413 18889.67 18889.67
15 5599.9 5472.6 5599.9 0.391 0.411 18828.66 18828.66
12 5619.5 5492.2 5619.5 0.392 0.411 18870.97 18870.97
14b 5462.8 5208.3 5462.8 0.393 0.410 18344.95 18344.95
12b 5599.9 5482.4 5599.9 0.391 0.411 18828.66 18828.66
13b 5551.0 5364.9 5551.0 0.390 0.410 18710.74 18710.74
average = 5550.0 0.392 0.411 18646.9 18646.9
standard devation = 74.62 0.4013 252.02 252.02
COV = 1.3% 1.4% 1.4%
min 5453.05 min 18312.07 18312.07
max 5639.06 max 18894.50 18894.50
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Bending Yield Strength Data

3/8" Diameter A307 Bolts 5% offset | Max Load
Sample dl d2 d3 ave dia_| Max Load | Yield Load Fyb Fyb
1-1 0.371 0.374 0.373 0.373 861.52 744.04 86255.7 99875.0
1-2 0.370 0.371 0.370 0.370 841.94 734.25 86739.8 99461.7
1-3 0.371 0.371 0.371 0.371 832.15 724.46 85122.8 97776.1
1-4 0.371 0.371 0.370 0.371 837.47 742.19 87440.8 98666.0
1-5 0.372 0.371 0.372 0.372 849.40 748.20 87439.6 99266.5
1-6 0.371 0.371 0.371 0.371 845.60 746.80 87747.3 99356.1
1-7 0.371 0.371 0.371 0.371 899.90 748.20 87911.8 105736.2
1-8 0.372 0.371 0.372 0.372 860.40 754.10 88129.1 100552.0
1-9 0.372 0.370 0.371 0.371 841.60 747.10 87782.6 98886.1
2-1 0.372 0.371 0.372 0.372 851.73 744.04 86953.8 99539.2
2-2 0.371 0.372 0.373 0.372 861.52 744.04 86720.2 100412.9
2-3 0.370 0.371 0.370 0.370 890.89 734.25 86739.8 105244.3
2-4 0.370 0.371 0.371 0.371 861.50 764.30 90046.0 101497.6
2-5 0.371 0.372 0.371 0.371 852.30 754.10 88366.6 99873.9
2-6 0.370 0.371 0.370 0.370 849.10 747.40 88292.9 100307.1
2-7 0.370 0.371 0.370 0.370 827.60 734.50 86769.0 97767.2
2-8 0.370 0.371 0.370 0.370 842.10 746.00 88127.5 99480.2
3-1 0.370 0.370 0.370 0.370 900.68 734.25 86974.5 106688.7
3-2 0.370 0.371 0.371 0.371 910.47 744.04 87659.4 107267.5
3-3 0.372 0.370 0.370 0.371 832.15 734.25 86506.0 98040.2
3-5 0.370 0.371 0.370 0.370 833.30 738.30 87217.9 98440.6
3-7 0.371 0.371 0.371 0.371 845.60 751.10 88252.6 99356.1
3-8 0.370 0.371 0.370 0.370 897.20 745.00 88009.4 105989.3
overall average = 0.37091 inches 743.69  87443.71 100846.98 psi
standard deviation = 0.000853 8.58 974.39 3026.71
COV= 0.23% 1.15% 1.11% 3.00%

Min=  85122.8 97767.2
Max = 90046.0 107267.5
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1/4" bolts - Blank - 8" long 5% offset | Max L.oad
Sample dl d2 d3 ave dia | Max L.oad | Yield Load Fyb Fyb
b8-1 0.247 0.248 0.248 0.248 271.27 224.83 88799.5 107138.5
b8-2 0.247 0.247 0.247 0.247 261.49 215.06 85628.3 104116.2
b8-3 0.247 0.247 0.247 0.247 261.49 210.17 83682.2 104116.2
b8-4 0.246 0.247 0.247 0.247 261.49 215.06 85975.9 104538.9
b8-5 0.247 0.247 0.246 0.247 261.49 217.50 86952.9 104538.9
b8-6 0.247 0.247 0.247 0.247 270.00 218.40 86958.7 107503.9
b8-7 0.247 0.247 0.247 0.247 269.00 225.40 89745.8 107105.7
b8-8 0.247 0.246 0.247 0.247 259.90 215.40 86112.4 103902.5
b8-9 0.247 0.247 0.246 0.247 261.50 218.00 87151.8 104542.2
b8-10 0.247 0.247 0.247 0.247 263.60 224.30 89307.9 104955.6
b8-11 0.247 0.246 0.247 0.247 265.80 219.30 87671.5 106261.2
b8-12 0.246 0.247 0.247 0.247 262.80 210.60 84193.4 105061.9
b8-13 0.247 0.246 0.247 0.247 261.20 215.00 85952.5 104422.2
b8-14 0.246 0.246 0.247 0.246 263.70 221.00 88710.3 105850.2
b8-15 0.247 0.247 0.247 0.247 261.00 214.20 85286.4 103920.4
overall average = 0.24684 inches 217.61 86808.63 105198.31 psi
standard deviation = 0.000475 4.73 1804.65 1250.92
CoOvV=0.19% 2.17% 2.08% 1.19%
Min=  83682.2 103902.5
Max = 89745.8 107503.9
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3/16" Diameter Rods 5% offset Max Load
Sample dl d2 d3 ave dia | Max Load | Yield Load Fyb Fyb
2-1 0.186 0.187 0.186 0.186 83.09 63.54 58928.7 77060.6
2-2 0.187 0.186 0.186 0.186 83.09 61.10 56662.2 77060.6
2-3 0.186 0.187 0.187 0.187 83.27 60.13 55468.0 76813.8
2-4 0.186 0.186 0.186 0.186 85.69 62.93 58677.3 79899.2
4-1 0.186 0.186 0.186 0.186 83.92 61.21 57073.5 78248.8
4-2 0.186 0.187 0.187 0.187 85.42 63.25 58346.1 78797.1
4-3 0.186 0.186 0.186 0.186 84.08 61.69 57521.1 78398.0
4-4 0.186 0.186 0.186 0.186 83.70 60.13 56066.5 78043.7
5-1 0.186 0.186 0.186 0.186 81.02 54.12 50462.7 75544.8
5-2 0.186 0.187 0.187 0.187 81.07 56.05 51704.3 74784 .4
5-3 0.186 0.186 0.186 0.186 80.91 52.24 48709.7 75442.2
5-4 0.186 0.186 0.186 0.186 79.84 51.76 48262.2 74444.6
6-1 0.186 0.186 0.186 0.186 81.77 62.23 58024.6 76244.1
6-2 0.186 0.187 0.187 0.187 83.60 64.05 59084.0 77118.3
6-3 0.186 0.186 0.186 0.186 84.03 64.59 60225.1 783514
6-4 0.186 0.186 0.186 0.186 84.08 64.43 60075.9 78398.0
9-1 0.186 0.186 0.186 0.186 81.50 58.63 54667.9 759924
9-2 0.186 0.187 0.187 0.187 83.81 62.17 57349.8 77312.0
9-3 0.186 0.186 0.186 0.186 82.74 59.44 554232 77148.6
9-4 0.186 0.186 0.186 0.186 82.58 58.15 54220.3 76999.4
overall average = 0.18620 inches 60.09 55847.65 77105.11 psi
standard deviation= 0.0004034 3.89 3570.98 1405.70
CoV = 0.22% 6.48% 6.39% 1.82%
Min = 48262.2 74444.6
Max = 60225.1 79899.2
5% Offset Max Load
Sample
Average Fyb | Std Dev | COV_ | Average Fyb | Std Dev | COV,
2-1
g_i 57361.9 1657.4 | 2.89% 77708.6 1465.1 |1.89%
2-4
4-1
4-2 o N
3 57251.8 949.8 | 1.66% 78371.9 318.5 0.41%
4-4
5-1
?i 49784.7 1593.5 | 3.20% 75054.0 527.8 0.70%
5-4
6-1
6-2 o N
6.3 59352.4 1019.8 | 1.72% 77528.0 1041.0 |1.34%
6-4
9-1
Z_g 55415.3 1381.9 | 2.49% 76863.1 594.3 0.77%
9-4
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Connection Test Data

HDPE - Mode Im

sample Intersection Load Yield Load Max Load
17-6-17 666.7 666.7 679.0
23-6-23 647.1 647.1 666.7
11-7-11 634.9 634.9 652.0
25-5-25 674.1 674.1 679.0
average = 655.7 669.2
standard deviation = 17.94584446 12.83442636
COV = 2.7% 1.9%
min 634.90 652.00
max 674.10 679.00
PVC - Mode Im
Sample Intersection Load Yield Load Max Load
1-7-1 1991.7 1991.7 1994.2
2-5-2 2030.8 2055.3 2055.3
9-7-9 2038.2 2038.2 2055.3
18-4-18 1881.8 1881.8 1884.2
average = 1991.8 1997.3
standard deviation = 78.07092929 80.7
COV = 3.9% 4.0%
min 1881.80 1884.20
max 2055.30 2055.30
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HDPE - Mode IlIs

sample Intersection Load Yield Load Max Load
9-2-9 520.5 520.5 640.3
12-5-12 508.3 508.3 652.5
14-6-14 493.7 493.7 628.1
10-4-10 501.0 501.0 652.5
8-3-8 505.9 505.9 633.0
11-4-11 515.7 515.7 637.8
16-7-16 503.4 503.4 618.3
17-7-17 505.9 505.9 635.4
15-6-15 481.4 481.4 620.7
average = 504.0 635.4
standard deviation = 11.52 12.16
COV = 2.3% 1.9%
min = 481.40 618.30
max = 520.50 652.50
PVC - Mode IlIs
sample Max Load Intersection Load Yield Load
18-17-18 2363.2 2292.3 2292.3
17-15-17 2412.1 2397.4 2412.1
15-11-15 2380.3 2338.8 2338.8
19-13-19 2404.7 2177.5 2177.5
16-11-16 2453.6 2448.7 2448.7
11-12-11 2333.9 2331.4 2333.9
14-13-14 2358.3 2351.0 2358.3
10-14-10 2485.4 2485.4 2485.4
12-14-12 2368.1 2282.6 2282.6
13-12-13 2385.2 2170.1 2170.1
average = 2394.5 2327.5 2330.0
standard deviation = 46.0880751 103.1357337 104.544037
COV = 1.9% 4.4% 4.5%
min = 2333.90 2170.10 2170.10
max = 2485.40 2485.40 2485.40
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HDPE - Mode IV

sample Intersection Load Yield Load Max Load
11-12-11 615.8 615.8 862.7
13-12-13 620.7 620.7 862.7
10-9-10 606.1 606.1 870.0
8-9-8 601.2 601.2 865.1
14-15-14 620.7 620.7 879.8
16-15-16 640.3 640.3 877.3
23-19-22 637.8 637.8 833.4
26-27-25 637.8 637.8 874.9
21-20-21 593.9 593.9 860.2
18-17-18 593.9 593.9 852.9
average = 616.8 863.9
standard deviation = 17.9 13.6
COV = 2.9% 1.6%
min = 593.90 833.40
max = 640.30 879.80
0, Q
sample | Rod Type 5% offset Max Load Based
ave stdev cov ave stdev cov
L1211 6 618.3 3.5 0.6% | 8627 0.0 0.0%
13-12-13
10-2-10 5 603.7 3.5 0.6% | 867.6 3.5 0.4%
8-9-8
4l>1d4] 630.5 139 | 22% | 8786 1.8 0.2%
16-15-16
23-19-22 9 637.8 0.0 0.0% 854.2 293 3.4%
26-27-25
21:20-21 4 593.9 0.0 0.0% | 856.6 52 0.6%
18-17-18
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PVC - Mode IV

sample Max Load Intersection Load Yield Load
24-25-24 2874.0 2610.0 2610.0
7-6-7 2764.0 2519.6 2519.6
26-25-26 2959.5 2614.9 2614.9
23-22-23 2930.2 2673.6 2673.6
21-22-21 2842.2 2548.9 2548.9
4-3-4 2952.2 2651.6 2651.6
2-3-2 2771.3 2502.5 2502.5
20-18-20 2837.3 2514.7 2514.7
19-17-19 2820.2 2561.2 2561.2
5-6-5 2832.4 2504.9 2504.9
average = 2858.3 2570.2 2570.2
standard deviation = 69.7 63.2 63.2
COV = 2.4% 2.5% 2.5%
min = 2764.00 2502.50 2502.50
max = 2959.50 2673.60 2673.60
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