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ABSTRACT

The performance of precast concrete load bearing shear wall panel structures subjected
to earthquakes relies on the behaviour and integrity of the connections between the panels.
Design of these structures requires the ability to predict the behaviour of the connections. This
thesis presents the results of an experimental program conducted to study the behaviour of
horizontal connections for precast wall panels subjected to large reversed cyclic shear loading.
The study considered some of the typical connection configurations currently used in practice.
These included connections with mild steel continuity bars, multiple shear keys and post-
tensioning using strands or bars. Prototype specimens were tested under reversed cyclic shear
loading with constant load normal to the connection to simulate gravity loads. The results were
compared with the behaviour of identical connection configurations tested under monotonic
loading conditions in a previous research program (10,11,17,18,29,30). The test results were
used to evaluate the effects of cyclic loading, to identify the contribution of each component of
the connection and to determine the various limit states cyclic behaviour of the connection

configurations.

All of the connection configurations tested in this program under reversed cyclic
loading exhibited stable hysteretic behaviour following the initiation of slip at the connection.
The mode of failure under cyclic loading was due to extensive crushing and spalling of the dry
pack. The deterioration of the dry pack altered the shear resistance mechanisms and
significantly reduced the shear resistance of the connection. This behaviour was not observed

for the specimens tested under monotonic loading conditions.

The test results indicated that the behaviour of the connections with dry pack only, dry

pack with post-tensioned strands and connections with multiple shear keys was not



i

significantly affected by the cyclic loading conditions. The strength of the connection with mild
steel continuity bars was significantly reduced by the cyclic loading. The connection with post-
tensioned bars experienced a gradual reduction of shear resistance over the duration of the

cyclic loading due to a progressive loss of prestressing.

The applicability of the previously proposed shear resistance models for monotonic
loading conditions was determined. Where required, modifications were proposed for the
previous models to allow application to cyclic loading conditions. The use of the proposed
models for cyclic shear behaviour was illustrated in detail and the predicted values were
compared with the measured results. Lastly, design recommendations were made for
horizontal connections for precast concrete load-bearing shear wall panels subjected to

reversed cyclic shear loading.



111

ACKNOWLEDGMENTS

This research program was carried out under the direct supervision of
Dr. S.H. Rizkalla, Department of Civil Engineering, University of Manitoba. The author
would like to express his sincere gratitude to Dr. Rizkalla for his guidance, encouragement and

advice throughout the investigation.

The author also wishes to express his gratefulness to Mr. Khaled Soudki for his
assistance in the development stages of the program and throughout the experimental work

performed in the Structures Laboratory.

The author also wishes to thank Mr. B. LeBlanc, P.Eng., Manager of Engineering at
Con-Force Structures Ltd. and Dr. M. Lau, P.Eng., formerly of Con-Force Structures Ltd. for
their helpful advice at the initiation of the project. Financial support provided by Con-Force
Structures Ltd. and the Natural Science and Engineering Research Council of Canada is also

greatly appreciated.

Special thanks are due to Mr. Ed Lemke, Mr. Rob Graham, P.Eng, Mr. Scott
Sparrow, Mr. Kim Majury, Mr. Moray McVey, Mr. Marty Green and Mr. Steve Meyerhoff of
the Department of Civil Engineering for their assistance in the laboratory portion of the work.
Thanks are also extended to graduate students Mr. Nolan Domenico for his assistance during
testing of the specimens and Mr. Shachau Qie for his assistance making the post-tensioning

load cells.

Finally, the author wishes to express his heartfelt thanks to his wife Pam, who endured
the many late nights and working weekends, and whose encouragement and support made

completion of this thesis possible.



Abstract
Acknowledgments
Table of Contents
List of Tables

List of Figures
List of Symbols

Chapter

1.0 Introduction

1.1 General

v

TABLE OF CONTENTS

12 Objective

1.3 Scope

2.0 Literature Review
2.1 Seismic Behaviour of Precast Concrete Structures

2.1.1
212

Response of Precast Concrete Shear Wall Panel Structures
Capacity of Precast Concrete Shear Wall Panel Structures

2.2 Evaluating Structural Behaviour (Experimental Testing Methods)

221
222
223
224
225

Static (Monotonic) Tests

Quasi-static (Reversed Cyclic) Tests
Pseudodynamic Tests

Shaking Table Tests (Earthquake Simulator)

Comparison of Quasi-static and Shaking Table Testing
Methods

2.3 Investigation of Connection Behaviour Using Component Tests

2.3.1

232

Monotonic Shear Behaviour - Previous Research at The
University of Manitoba

Cyclic Shear Behaviour

3.0 Experimental Program

3.1 Experimental Parameters

3.11
3.1.2

Connection Configurations
Gravity Loads (Vertical Preload)

ill

Y

xil

o I o I

OO 00 N A

10
10
11
12

14
14

23

32
32
33
33



4.0

3.2

33

34

35

3.6
3.7

3.1.3 Loading History
Description of Test Specimens
3.2.1 Connection Details

3.2.2 Precast Concrete Wall Panels
Material Specifications

3.3.1 Panel Concrete

3.3.2 DryPack

3.3.3 Post-tensioning Grout

3.3.4 Mild Steel Reinforcing Bars
3.3.5 Post-tensioning Strands
3.3.6 Post-tensioning Bars
Specimen Assembly

3.4.1 General Assembly

3.42 Dry Packing

3.43 Post-tensioning
Instrumentation

3.5.1 Displacements

3.5.2 Continuity and Post-tensioning Bar Strains
3.5.3 Data Acquisition System
Loading Frame

Testing Procedure

3.7.1 Preparation Sequence

3.7.2 Testing Sequence

Experimental Results

4.1

4.2

Matenial Properties

4.1.1 Panel Concrete

4.1.2 DryPack

4.1.3 Post-tensioning Duct Grout

Overall Test Results

4.2.1 Shear Resistance - Slip Behaviour

422 Applied Slip Magnitude - Variation of Dry Pack Thickness
4.2.3 Applied Shear Load - Reduction of Dry Pack Thickness
4.2.4 Envelope of Cyclic Shear Behaviour

34
35
35
37
39
39
39
40
41
41
42
42
42
43
43
44
44
45
45
46
47
47
48

50
50
50
50
51
51
51
51
52
52



5.0 Discussion of Experimental Results

5.1

52
53
54
5.5
5.6
5.7
5.8

Specimen Behaviour

5.1.1 Specimen DP

5.1.2 Specimen RW

5.1.3 Specimen PTS

5.1.4 Specimen PTB

5.1.5 Specimen SK

5.1.6 Specimen PTB - Static Loading
Stages of Cyclic Behaviour

Initiation of Slip

Failure Mechanism Under Cyclic Loading Conditions
Effect of Mild Stee! Continuity Bars
Effect of Post-tensioning

Effect of Shear Keys

Effects of Cyclic Loading

5.8.1 Deterioration of Dry Pack

5.8.2 Comparison With Previously Proposed Models for
Monotonic Loading '

5.8.2.1 Connections With Dry Pack Only

5.8.2.2 Connections With Mild Steel Continuity Bars
5.8.2.3 Connections With Post-tensioned Strands
5.8.2.4 Connections With Multiple Shear Keys

6.0 Mechanisms of Shear Transfer

6.1

6.2

Specimen DP

6.1.1 Stage I - Initiation of Slip

6.1.2 Stage II - After the Initiation of Slip

6.1.3 Stage I - After Crushing of the Dry Pack
Specimen RW

6.2.1 Stage I - Initiation of Slip

6.2.2 Stage II - After the Initiation of Slip

6.2.3 Stage I - After Crushing of the Dry Pack

6.2.4 Evaluation of the Proposed Mechanisms Using
Experimental Results

6.2.4.1 Evaluation of Component V,
6.2.4.2 Evaluation of Components V,,, V, and V,

53
53
54
56
61
64
69
73
76
77
78
79
80
81
82
82
83

84
85
87
88

92
92
93
95
95
96
96
98
103
104

105
106



6.3

6.4

6.5

6.6

il

6.2.5 Vanation of the Components of Shear Resistance
Specimen PTS

6.3.1 Stage I - Initiation of Shp

6.3.2 Stage II - After the Initiation of Slip

6.3.3 Stage III - After Crushing of the Dry Pack

6.3.4 Variation of the Components of Shear Resistance
Specimen PTB-S

6.4.1 Stage I - Initiation of Slip

6.42 Stage II - After the Initiation of Slip

6.4.3 Evaluation of the Proposed Mechanisms Using
Experimental Results

6.4.4 Variation of the Components of Shear Resistance
Specimen PTB

6.5.1 StageI - Imtiation of Slip

6.5.2 Stage II - After the Initiation of Slip

6.5.3 Stage Il - After Crushing of the Dry Pack

6.5.4 Evaluation of the Proposed Mechanisms Using
Experimental Results

6.5.4.1 Evaluation of Component V,

6.5.4.2 Evaluation of Component V,

6.5.4.3 Evaluation of Components V, and V,,
6.5.5 Variation of the Components of Shear Resistance
Specimen SK
6.6.1 Stage I - Initiation of Slip
6.6.2 Stage II - After the Initiation of Slip

6.6.3 Stage III - After Cracking of the Dry Pack Within the
Shear Keys

7.0 Proposed Models (Prediction of Behaviour)

7.1

Specimen DP
7.1.1 Stagel
7.1.2 Stagell
7.1.3 Stage I

7.1.4 Summary of Predicted Shear Resistance for Design
Purposes

108
108
109
109
111
112
112
113
113
118

119
120
120
121
124
125

126
127
128
128
128
129
129
130

132
132
132
133
134
134



72

73

7.4

7.5

7.6

viil

Specimen RW

7.2.1
722
7.2.3
72.4

Stage I

Stage II

Stage III

Summary of Predicted Shear Resistance for Design
Purposes

Specimen PTS

7.3.1
73.2
733
13.4

Stage 1
Stage IT
Stage HI

Summary of Predicted Shear Resistance for Design
Purposes

Specimen PTB-S (Monotonic Loading)

7.4.1
7.4.2
743

Stage I
Stage I

Summary of Predicted Shear Resistance for Design
Purposes

Specimen PTB (Cyclic Loading)

7.5.1
75.2
7.5.3
754

Stage |

Stage I

Stage I

Summary of Predicted Shear Resistance for Design

Purposes

Specimen SK

7.6.1
7.6.2

Stage I
Stage I

8.0 Summary and Design Recommendations

8.1
8.2
83

References

Tables

Summary

Design Recommendations

Suggestions for Future Research

135
135
136
136
137

137
137
138
139
139

139
140
141
142

142
142
143
144
145

146
146
147

148

148

145

153

154

157



1X

Figures 179

Appendix 317



31

32

4.1

42

4.3

4.4

4.5

4.6

4.7

4.8

5.1

5.2

6.1

6.2

6.3

6.4

7.1

7.2

LIST OF TABLES

Experimental Program and Parameters

Material Properties for Continuity Bars - 25M, Grade 400W
Panel Concrete Compressive Strength

Dry Pack Compressive Strength

Summary of Measured Shear Resistance During Loading
Specimen DP - Cyclic Shear Envelope Values

Specimen RW - Cyclic Shear Envelope Values

Specimen PTS - Cyclic Shear Envelope Values

Specimen PTB - Cyclic Shear Envelope Values

Specimen SK - Cyclic Shear Envelope Values

Specimen PTB - Post-tensioning Bar Strains Prior to the Application of
Shear Loading

Specimen PTB-S - Post-tensioning Bar Strains Prior to the Application of
Shear Loading

Specimen RW - Average Measured Axial Bar Strams

Specimen RW - Calculation of Shear Resistance Components Using
Measured Data

Specimen PTB - Computed Vertical Force Distribution at the Connection
Level During Stage III of Behaviour

Specimen PTB - Computed Effective Prestressing Strains During Stage II of
Behaviour

Specimen DP - Summary of Predicted Shear Resistance Using Proposed

Mechanisms and Design Recommendations

Specimen RW - Summary of Predicted Shear Resistance Using Proposed
Mechanisms and Design Recommendations

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174



7.3

7.4

7.5

7.6

Specimen PTS - Summary of Predicted Shear Resistance Using Proposed
Mechanisms and Design Recommendations

Specimen PTB-S - Summary of Predicted Shear Resistance Using Proposed
Mechanisms and Design Recommendations

Specimen PTB - Summary of Predicted Shear Resistance Using Proposed
Mechanisms and Design Recommendations

Specimen SK - Summary of Predicted Shear Resistance Using Proposed
Mechanisms and Design Recommendations

175

176

177

178



2.1
2.2

23

24

2.5

2.6

2.7
2.8
2.9
2.10
211

2.12

2.13

2.14(a)

2.14(b)

2.15(a)
2.15(b)

2.15(c)

xil

LIST OF FIGURES

Load-bearing Shear Wall Panel System (Hanson (13))
Equal Energy Response for Elastic and Elastoplastic Structures

Connection Cross-section for the European Form of Construction (Oliva et al

(25))

Comparison of Behaviour Between Shaking Table Tests and Pseudostatic
Tests (Oliva et al (25))

Connection Configurations - Previous Research at the University of Manitoba

Test Specimen Configuration - Previous Research at the Unuversity of
Manitoba

Typical Monotonic Shear Behaviour - Phase I of Previous Research
Typical Monotonic Shear Behaviour - Phase II of Previous Research
Typical Monotonic Shear Behaviour - Phase IIT of Previous Research
Strut Mechanism for Multiple Shear Key Connections (Serrette (30))
Mechanisms of Dowel Action (Paulay et al (26))

Typical Shear - Displacement Cycles - Connections With (R2) and Without
(R3) Vertical Ties (Continuity Bars) (Hanson (13))

Typical Shear - Slip Cycles: a) prior to failure, and b) after failure (Harris
and Abboud (14))

Typical Shear - Slip Behaviour Under Monotonic and Reversed Cyclic Shear
Loading (Fukuda and Kubota (12))

Shear Resistance Mechanism Provided by Continuity Reinforcement (Fukuda
and Kubota (12))

Composite Construction System for Large Panel Structures (Iso et al (20))
Specimen Configuration with Cotters (Shear Keys) (Iso et al (20))

Typical Shear - Slip Behaviour Under Monotonic and Reversed Cyclic Shear
Loading (Iso et al (20))

179
180

181

181

182

185

186
187
188
189
189

190

181

192

192

193
194

194



xiii

3.1 Test Specimen Configuration 195
32 Connection Configurations 196
3.3(a) Reversed Cyclic Loading History - Load Control Cycles 197
3.3(b) Reversed Cyclic Loading History - Displacement Control Cycles 198
34 Continuity Bar Welding Details 199
35 Specimen RW Configuration and Connection Assembly Details 200
3.6 Continuity Bar Connection By Welding 201
3.7 Post-tensioned Specimen Configuration and Connection Assembly Details 202
3.8 Specimen SK Configuration and Shear Key Dimensions 203
3.9 Specimen DP Reinforcement Details 204
3.10 Specimen RW Reinforcement Details 205
3.11 Specimen PTS, PTB and PTB-S Reinforcement Details 206
3.12 Post-tensioning Anchorage Detail 207
3.13 Specimen SK Reinforcement Details 208
3.14  Reinforcing Bar Details 209
| 3.15  Stress - Strain Characteristics of Mild Steel Reinforcement 211
3.16  Stress - Strain Characteristics of Post-tensioning Strand 212
3.17  Stress - Strain Characteristics of Post-tensioning Bars 213
3.18  Dry Packing Process 214
3.19(a) Jacking of Post-tensioning Strands 215
3.19(b) Jacking of Post-tensioning Bars 216
3.20  Post-tensioning Load Cell 217
3.21 Post-tensioning Load Cell Details 218

322 Grouting Procedure for Post-tensioning Ducts 219



3.23

3.24
3.25
3.26
3.27(2)
3.27(b)
3.28
3.29
3.30
3.31

4.1

4.2

43

4.4

4.5

4.6

4.7

48

4.9

Xiv
Specimen Instrumentation for Horizontal and Vertical Connection
Displacements
Specimen Instrumentation
Strain Gauge Locations for Specimen RW
Strain Gauge Locations for Specimens PTB and PTB-S
Loading Frame - Elevation
Loading Frame - End View
Experimental Setup
Reaction Abutments
Reaction Cross Beams
Gravity Load Simulator (Vertical Preload System)

Specimen DP - Shear Resistance - Slip Behaviour Over the Duration of the
Experiment

Specimen RW - Shear Resistance - Slip Behaviour Over the Duration of the
Experiment

Specimen PTS - Shear Resistance - Slip Behaviour Over the Duration of the
Experiment

Specimen PTB - Shear Resistance - Slip Behaviour Over the Duration of the
Experiment

Specimen SK - Shear Resistance - Slip Behaviour Over the Duration of the
Experiment

Specimen PTB-S - Shear Resistance - Slip Behaviour Over the Duration of
the Experiment

Specimen DP - Variation of the Dry Pack Thickness After the Initiation of
Slip

Specimen RW - Variation of the Dry Pack Thickness After the Initiation of
Slip

Specimen PTS - Variation of the Dry Pack Thickness After the Initiation of
Slip

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238



4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4,18

4.19

420

421

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

Specimen PTB - Variation of the Dry Pack Thickness After the Initiation of
Slip

Specimen SK - Variation of the Dry Pack Thickness After the Initiation of
Slip

Specimen PTB-S - Varation of the Dry Pack Thickness After the Initiation of
Slip

Specimen RW - Shear Resistance - Reduction of Dry Pack Thickness
Relationship

Specimen PTS - Shear Resistance - Reduction of Dry Pack Thickness
Relationship

Specimen PTB - Shear Resistance - Reduction of Dry Pack Thickness
Relationship

Specimen SK - Shear Resistance - Reduction of Dry Pack Thickness
Relationship

Specimen DP - Cyclic Shear Behaviour Envelope

Specimen RW - Cyclic Shear Behaviour Envelope

Specimen PTS - Cyclic Shear Behaviour Envelope

Specimen PTB - Cyclic Shear Behaviour Envelope

Specimen SK - Cyclic Shear Behaviour Envelope

Specimen DP - Elastic Connection Behaviour Prior to the Initiation of Slip
Specimen DP - Inelastic Connection Behaviour After the Initiation of Slip
Specimen DP - Condition of the Dry Pack at the Start of Testing
Specimen DP - Connection Behaviour After Crushing of the Dry Pack
Specimen DP - Condition of the Dry Pack After Crushing

Specimen RW - Elastic Connection Behaviour Prior to the Initiation of Slip
Specimen RW - Inelastic Connection Behaviour After the Initiation of Slip
Specimen RW - Typical Hysteretic Behaviour After the Initiation of Slip

Specimen RW - Connection Behaviour at Failure (Slip Magnitude = 9 mm)

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259



5.10
5.11
5.12
5.13
5.14
5.15(a)
5.15(b)
5.16
5.17
5.18
5.19
5.20
5.21
5.22
5.23
5.24
5.25
5.26
5.27
5.28
5.29
530

5.31(a)

5.31(b)

Specimen RW - Condition of the Dry Pack at the Start of Testing
Specimen RW - Condition of the Dry Pack After Crushing

Specimen RW - Buckled Continuity Bar After Failure of the Connection
Specimen RW - Connection Behaviour After Crushing of the Dry Pack
Specimen RW - Overall Reinforcement Strain Behaviour

Specimen RW - Average Maximum Strain Behaviour: West Bar

Specimen RW - Average Maximum Strain Behaviour: East Bar

Specimen RW - Reinforcing Bar Strains at the Zero Slip Position
Specimen RW - Change of Bar Strains for a Given Shp Magnitude
Specimen RW - Average Envelope of Reinforcing Bar Strains

Specimen PTS - Elastic Connection Behaviour Prior to the Initiation of Ship
Specimen PTS - Inelastic Connection Behaviour After the Initiation of Slip
Specimen PTS - Connection Behaviour at Failure (Slip Magnitude = 6 mm)
Specimen PTS - Connection Behaviour After Crushing of the Dry Pack
Specimen PTS - Condition of the Dry Pack at the Start of Testing
Specimen PTS - Condition of the Dry Pack After Crushing

Specimen PTB - Elastic Connection Behaviour Prior to the Initiation of Slip
Specimen PTB - Inelastic Connection Behaviour After the Initiation of Slip
Specimen PTB - Connection Behaviour at Failure (Slip Magnitude = 10mm)
Specimen PTB - Connection Behaviour After Crushing of the Dry Pack
Specimen PTB - Condition of the Dry Pack at the Start of Testing
Specimen PTB - Condition of the Dry Pack After Crushing

Specimen PTB - Variation of Bar Strain Prior to the Initiation of Slip: West
Bar

Specimen PTB - Varation of Bar Strain Prior to the Initiation of Slip: East
Bar

260

260

261

262

263

264

265

266

267

268

269

270

271

272

273

273

274

275

276

277

278

278

279

280



5.32(a)
5.32(b)
5.33
5.34

5.35(a)

5.35(b)

5.36
5.37

5.38

5.39

5.40

541

5.42
543
5.44
5.45
5.46
5.47
5.48
5.49
5.50

6.1(a)

xvil

Specimen PTB - Variation of Bar Strain After the Initiation of Slip: West Bar
Specimen PTB - Variation of Bar Strain After the Initiation of Slip: East Bar
Specimen PTB - Prestressing Bar Strains at the Zero Slip Position

Specimen SK - Elastic Connection Behaviour Prior to the Initiation of Slip

Specimen SK - Inelastic Connection Behaviour After the Initiation of Slip But
Prior to Cracking of the Dry Pack Within the Shear Keys

Specimen SK - Inelastic Connection Behaviour After the Initiation of Slip But
Prior to Cracking of the Dry Pack Within the Shear Keys (Enlarged Scale)

Specimen SK - Condition of the Dry Pack Immediately After Cracking
Specimen SK - Sudden Slip Due to Instantaneous Cracking of Shear Keys

Specimen SK - Inelastic Behaviour After Cracking and Gradual Deterioration
of the Dry Pack

Specimen SK - Slip Interface After Cracking of the Shear Keys and
Deterioration of the Dry Pack

Specimen SK - Slip Interface at the End of Testing

Specimen SK - Vanation of Dry Pack Thickness Prior to Cracking of the
Shear Keys (Enlarged Scale)

Specimen PTB-S - Condition of the Dry Pack After Significant Slip
Specimen PTB-S - East Bar at the End of Testing

Specimen PTB-S - Deformed Shape of the East Bar at Rupture

Specimen PTB-S - Vaniation of Bar Strains

Specimen PTB-S - Variation of Bar Strains After the Initiation of Slip
Stages of Cyclic Shear Connection Behaviour

Effect of Mild Steel Continuity Bars on Connection Cyclic Shear Behaviour
Effect of Post-tensioning on Connection Cyclic Shear Behaviour

Effect of Multiple Shear Keys on Connection Cyclic Shear Behaviour

Flexural Mechanism Developed In Continuity Reinforcement Due To
Applied Slip Displacement Between Precast Concrete Panels

281
282
283
284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

269

300

301

302



6.1(b)

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11
6.12
7.1

7.2

73

Xviil
Kinking Mechanism Developed In Continuity Reinforcement Due To Applied
Slip Displacement Between Precast Concrete Panels

V,: Frictional Resistance Provided By Net Gravity Load Acting On Dry
Pack

V,,: Direct Shear Resistance Provided By End Shear Forces Resulting From
Flexural Deformation of the Continuity Bars

V,: Frictional Resistance Provided By Clamping Action
V,,. Direct Shear Resistance Provided By Kinking Mechanism
Specimen RW - Variation of Axial Bar Force

Specimen RW - Variation of the Deformed Length, L, and the Kink Length,
LZ
Specimen RW - Variation of the Components of Shear Resistance

Vg Frictional Resistance Provided By Post-Tensioning of the Connection
Using Strands

Specimen PTS - Variation of the Components of Shear Resistance

V. Frictional Resistance Provided by the Tensile Force in the Post-
tensioning Bars

V,,: Direct Shear Resistance Provided by the Kinking Mechanism
Specimen PTB-S - Variation of the Components of Shear Resistance
Specimen PTB - Vanation of the Components of Shear Resistance
Specimen RW - Predicted Cyclic Shear Behaviour For Design Purposes

Specimen PTB-S - Predicted Shear Resistance - Slip Behaviour (monotonic
loading)

Specimen PTB - Predicted Cyclic Shear Behaviour For Design Purposes

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316



ﬂ> D>

-

4

s

8

o

o
=

>

©
—

>

g
[

o

“

o

LIST OF SYMBOLS

total cross-sectional area of the connection

cross-sectional area of the portion of the connection covered by shear keys
total cross-sectional area of the diagonal cracks through the shear keys
average area of the diagonal portion of the compressive strut

shear area of the hollow-core slab at ultimate

area of the hollow-core slab in contact with the dry pack

area of the concrete fill in contact with the dry pack

cross-sectional area of the continuity bars crossing the connection

initial thickness of the connection (gap between the precast panels)

depth of shear key

compressive strength of the cracked dry pack

cylinder compressive strength of the panel concrete

equivalent standard cylinder compressive strength of the dry pack

tensile strength of the dry pack

tensile strength of the hollow-core slab

tensile strength of the concrete fill

nominal yield strength of the mild steel continuity bars

tensile force per post-tensioned bar at applied slip magnitude i

portion of the gravity load resisted by one continuity bar at the start of testing

portion of the gravity load resisted by one continuity bar or post-tensioned bar
during cycle at slip magnitude # (measured at zero slip position)

horizontal component of tensile force per post-tensioned bar at applied slip
magnitude 7



~ =

Ry

v 2 g

Ll

vertical component of tensile force per post-tensioned bar at applied slip
magnitude 7

effective post-tensioning force per bar

effective post-tensioning force per bar at applied slip magnitude i
magnified tensile capacity of the hollow-core slab at ultimate
magnified tensile capacity of the hollow-core slab

magnified tensile capacity of the concrete fill

increase of axial bar force due to the kinking mechanism at applied slip
magnitude i

horizontal component of the increase of axial bar force due to the kinking
mechanism at applied slip magnitude i

vertical component of the increase of axial bar force due to the kinking
mechanism at applied slip magnitude i

maximum length of shear key

deformed length of the continuity bar (flexural mechanism)
kink length of the continuity bar (kinking mechanism)
fixed end moment in the continuity bar

plastic moment capacity of the continuity bar

gravity load

thickness of precast concrete panel

shear resistance of the connection with shear keys immediately after cracking
under monotonic loading conditions

cracking shear resistance of the connection
frictional resistance of the connection

shear resistance component provided by friction due to the net gravity load
acting on the dry pack

shear resistance component provided by friction due to clamping action (kinking
mechanism)



a<!

<

-

<

w

I

<

=
=

<

i

<

=

<

=

shear resistance component provided by friction due to post-tensioning of the
connection using strands

shear resistance component provided by friction due to the tensile force in the
post-tensioned bars

maximum shear resistance of the hollow-core slab
ultimate shear resistance of the hollow-core slab

shear resistance component provided by the flexural mechanism in the continuity
bars

direct shear resistance component provided by the kinking mechanism

direct shear resistance component provided by the kinking mechanism in the
post-tensioned bars

shear resistance of the connection

shear resistance of the connection during Stage I of cyclic shear behaviour
shear resistance of the connection during Stage II of cyclic shear behaviour
shear resistance of the connection during Stage III of cyclic shear behaviour
ultimate shear resistance of the connection

weld shear strength of the mechanical shear connector

inclination of the diagonal portion of the compressive strut to the horizontal
applied slip

effective prestressing strain

average maximum principal strain in the dry pack at cracking

coefficient of friction

compressive stress normal to the connection

compressive stress normal to the connection due to the gravity loads

compressive stress normal to the connection due to post-tensioning



nl

pedll
compressive stress acting on the dry pack due to the net gravity load

or

total compressive stress normal to the connection distributed to the hollow-core
slab

total compressive stress normal to the connection distributed to the hollow-core
slab at ultimate

compressive stress acting on the dry pack due to clamping action (kinking
mechanism)

or
total compressive stress normal to the connection distributed to the concrete fill
compressive stress acting on the dry pack due to post-tensioning using strands

compressive stress acting on the dry pack due to the tensile force in the post-
tensioned bars

inclination of the shear key to the vertical



INTRODUCTION

1.0 GENERAL

Precast shear walls are an economical construction system for low, medium and high
rise construction due to the ease and speed of assembly at the erection site and the high quality
of the precast elements. Typically, the precast concrete load bearing shear wall panel structural
system carries both the vertical loads and the lateral loads on the structure. The wall panels of
the structure are normally oriented longitudinally and transversely to resist the lateral loads in
these directions and may also support the floor system of the structure. This form of
construction is well suited to residential housing and hotels as the structural nature of the walls

provides excellent fire resistance and noise suppression between units.

At present, the use of precast concrete panel systems is very limited in areas of low to
moderate seismic risk and is virtually non-existent in active seismic zones. This exclusion from
use is because the seismic behaviour of this type of structural system is not well known. The
wall panels and floor panels of such systems are normally assumed to behave elastically under
seismic loading and consequently, the seismic behaviour of the structure is strongly dependent
on the horizontal and vertical connections for dissipation of energy. Since the horizontal
connections of the structure must carry both vertical and lateral loads, they play a more critical
role in sustaining the stability and integrity of the structure. Consequently, it is crucial to
understand the behaviour of the horizontal connections between the precast structural members

subjected to large reversed cyclic loading which could be induced during an earthquake. The



current design codes (1,4,19,28) provide very limited information about the design of

connections for precast concrete in seismic zones.

Acceptance and competitiveness of precast concrete load bearing shear wall panel
systems depends mainly on understanding the behaviour of the connections and development of
design guidelines and recommendations for these types of connections. Therefore, this
research program was undertaken to investigate the reversed cyclic shear behaviour of typical

horizontal connection configurations for precast concrete load-bearing shear wall panels.

1.2 OBJECTIVE

The objective of this research program was to determine the behaviour of precast
concrete load bearing shear wall panels under reversed cyclic loading equivalent to earthquake
loading conditions. The behaviour of the connections was examined using prototype connection
details typically used by the precast industry. In parallel, analytical models were developed to
describe the behaviour at various limit states. The analytical models and test results, including
the failure modes, were used to introduce design recommendations for the connections of

precast concrete load bearing shear wall panel systems in seismic zones.

1.3 SCOPE

The scope of the research program included typical horizontal connections used for
precast concrete load bearing shear wall buildings up to ten stories high (low to medium rise
structures). The experimental portion of the research program involved a total of six
specimens consisting of prototype shear wall panels and connection details. These specimens

included the following five different connection configurations:



DP:  Plain surface connection with dry pack only

RW: Plain surface connection with dry pack and mild steel continuity bars
PTS: Plain surface connection with dry pack and post-tensioned strands
SK:  Dry packed multiple shear keys

PTB: Plam surface connection with dry pack and post-tensioned bars

The first four connection configurations were tested under monotonic loading conditions in a
previous study at the University of Manitoba (10,11,17,18,29,30). The fifth cpnﬁguration was
tested under both monotonic and reversed cyclic loading conditions in this program. Therefore,
using a database of experimental results for a total of ten specimens (five pairs) tested under
both static and cyclic loading, the connection behaviour under earthquake loading conditions

was evaluated i terms of:

- behaviour at various limit states

- modes of failure

- contribution of each component of the connection

- coefficient of friction depending on the condition of the dry pack

The various limit states of the connections include the initiation of slip or cracking, the shear
resistance after the imitiation of slip and the ultimate or residual shear resistance of the

connection after failure.

The specimens tested under cyclic loading conditions were subjected to a loading
history of fully reversed cycles, applied under both load control and displacement control to
examine the behaviour of the connection in the elastic and inelastic ranges of behaviour
respectively. All of the specimens were subjected to a constant stress perpendicuiér to the

connection to simulate the effects of gravity loads on the connection.



LITERATURE REVIEW

2.0 INTRODUCTION

Over the last several decades the demand for economical housing has fueled the
development and use of precast concrete structural systems. The modular nature of apartment
type housing units is ideally suited to precast concrete structures because the repetition
between stories allows mass production of the precast units. The controlled environment of the
precast manufacturing plant allows for excellent quality control, tight tolerances and preapplied
architectural finishes. The repetitive nature of the system also atlows rapid erection, even under

severe weather conditions.

Precast shear wall panel systems are commonly used for residential housing and hotels.
This system uses standardized wall and floor panels assembled to form a box type bearing wall
structure, as shown in Figure 2.1. The walls of the structure carry both the gravity loads and
the lateral loads on the structure and an intermediate frame is not required. The wall panels of
the structure are oriented both longitudinally and transversely to resist the lateral loads in these
directions and may also support the hollow-core slabs that make up the floor system of the
structure. Typically, the competitive advantage of precast structural systems lies in the reduced
erection time and cost. For precast shear wall panel structures, this is achieved by using large
wall panels with minimal connections. Unfortunately, this approach exemplifies the inherent
weakness of precast concrete; the connection between the elements. In general, the
connections create a lack of continuity in the structure. Also, the connections have a lower

strength and stiffness than the wall panels and therefore form planes of weakness and stress



concentration in the structure. In non-seismic regions, where wind is normally the controlling
design criteria, large demands are not placed on the structure and only nominal reinforcement is
required at the connections. This allows for quickly assembled and economical connections.
For this reason, precast shear wall panel structures have flourished in the non-seismic areas of
the world. In seismically active regions, the use of precast concrete structural systems has
primarily been limited to low rise structures. The main reason for the exclusion from use in
medium and high-rise applications is the lack of knowledge of how this type of construction
will perform under seismic loading conditions. Coupled with this shortage of technical
mnformation, the current design codes of North America (1,4,19,28) do not specifically address
the use of precast concrete in seismic zones. Rather, precast concrete is required to comply
with code provisions developed for cast-in-place concrete that do not consider the unique
behaviour of precast concrete and in most cases eliminate the competitive advantages of its use.
Before precast concrete structures can be used with confidence in seismic regions and before
specific code provisions for its use will be developed, the behaviour of precast concrete

structures must be verified

The remainder of this chapter will discuss the seismic behaviour of precast concrete
structures and will review the previous research into the static and dynamic (cyclic) behaviour
of the connections for precast concrete shear walls. Also, experimental testing methods for
studying the dynamic behaviour of structural subassemblies will be reviewed. Lastly, a

summary of cyclic loading histories is made.

2.1 SEISMIC BEHAVIOUR OF PRECAST CONCRETE STRUCTURES

The behaviour of a structure subjected to an earthquake is defined by its response and
its capacity, or in general terms, by the demands placed on the structure and by the ability of

the structure to sustain those demands. For illustrative purposes, the seismic behaviour of the



structure can be described simply in terms of energy. An earthquake is a source of tremendous
energy. Earthquakes are caused by differential movement in the Earth's crust, called plate
tectonics. This movement produces a build up of strain energy in the Earth's crust until a fault
ruptures or slips and the energy is suddenly released. The strain energy released during an
earthquake propagates away from the rupture or slip location in waves, producing ground
motions. When the ground motions encounter a structure, some of the energy is transferred to
the structure. The response of the structure determines how much of the earthquake's energy is
absorbed by the structure. The capacity of the structure is the amount of seismic energy that

can be absorbed by the structure without collapse.

2.1.1 Response of Precast Concrete Shear Wall Panel Structures

The response of a structure, or the amount of energy absorbed by a structure,
determines the magnitude and distribution of forces induced in a structure during an
earthquake. The amount of absorbed energy can be considered as the net work done on a
structure by the ground motions of an earthquake. By definition, work is the product of force
and displacement. Therefore, the interaction of the base shear force induced in the structure
with the ground motions at the base of the structure produces work and thus imparts energy to

the structure. This concept is illustrated by the following equation.
1
E oy = Pt) = of Vi x'(y) dt
where,

E

oy = SEISINIC energy absorbed by structure

V(t)  =base shear force (sum of lateral shear forces induced in the structure

at each storey)



x'(t) = ground velocity

x'(t)dt = displacement

The base shear depends on the dynamic nature of the structure, specifically, the maximum
displaced shape induced in the structure during a given earthquake. The displaced shape of a
structure subjected to base vibration (i.e. an earthquake) is primarily a function of the
structure's natural period of vibration and damping characteristics. The natural vibration period
is dependent on the structural stiffness and mass. For monolithic structures with regular
structural form, such as cast-in-place concrete, these parameters can be estimated with
reasonable accuracy and therefore the response can be determined with confidence. Because
of the jointed nature of precast concrete structures, estimation of the stiffness characteristics of
the structure can be very difficult. As mentioned previously, the connections of a precast
concrete structure constitute regions of low strength and stiffness and therefore become
locations of concentrated stress and deformation. During an earthquake, the demands placed
on the connection may exceed the elastic limit of the connection and dead load compressive
stresses may be overcome by flexural tensile stresses at the connection. As a result, horizontal
slip may occur along the connection and/or the connection may begin to open and close,
referred to as rocking. These mechanisms result in softening of the lateral force-displacement
relationship or stiffness of the structure and the response of the structure becomes non-linear.
Structures with non-linear force-displacement characteristics typically do not have a unique
natural vibration period since the stiffness of the structure is continuously varying. These
factors make response prediction for precast concrete shear wall panel structures uncertain at
best. The non-linear force-displacement characteristics of the structure must be well defined
before the response of the structure can be estimated. This requires a thorough understanding
of the behaviour of the connections, both in shear and flexure, since the connections are the

controlling mechanism in the structural system.



2,1.2  Capacity of Precast Concrete Shear Wall Panel Structures

The capacity of a structure is the maximum amount of energy that can be absorbed
during an earthquake without failure. To avoid collapse, the capacity of the structure must be
greater than or equal to the amount of seismic energy absorbed by the structure, determined
from the response of the structure. The capacity of the structure consists of two components,
elastic strain energy and dissipated energy. Elastic strain energy represents energy that is
temporarily stored by the structure through elastic deformation of the structural members. For
a hypothetical structure with infinite strength, all of the seismic energy will be absorbed by
internal strain energy. The force level associated with this behaviour could be quite
considerable to sustamn the input energy from a large earthquake and in most design
applications this approach is not practical. To limit the design forces in the members, some of
the absorbed energy must therefore be dissipated. The most common structural mechanism for
energy dissipation is inelastic deformation or hysteresis. To utilize this mechanism safely and
effectively, the behaviour of a structure is elastic at service load levels and becomes inelastic
only during a large earthquake to allow energy dissipation. This is referred to as an
elastoplastic response. This concept is illustrated in Figure 2.2, where the lateral force-
displacement relationship for an elastic structure (A) and an elastoplastic structure (B) is
shown. Both structures have equal capacity to sustain seismic energy represented by the area
under the curves, but, Structure A behaves elastically and must resist considerably higher force
than Structure B. The behaviour of Structure B is elastic until yielding (_y) and inelastic as the
remainder of the input energy is absorbed. The ability of a structure to deform inelastically can
be quantified as ductility, defined as the ratio of maximum deformation to the deformation at
yield. From Figure 2.2 it is obvious that Structure B can be designed for a lower force level if
adequate ductility is provided to sustain the inelastic behaviour and increased overall

deformation (3 ).



The amount of elastic and inelastic behaviour required to sustain a given earthquake is
not unique. The choice of each is left to the designer and is highly dependent on the strength
and ductility characteristics of the structural system selected. Due to the jointed nature of
precast concrete, large demands are usually placed on the connections of the structure during
an earthquake. As a result, the capacity of a precast concrete structure is generally defined by
the connections. Therefore, the seismic design process, specifically the estimation of the
capacity of a precast concrete structure, requires a detailed knowledge of the strength,

deformation and ductility characteristics of the connections.

2.2 EVALUATING STRUCTURAL BEHAVIOUR (EXPERIMENTAL TESTING
METHODS)

A common method for determining the behaviour of structures or structural
components is through experimental testing methods. Full size or scale model tests have
shown to be very effective in determining both the response and capacity characteristics of a
structural system. In general, there are four main forms of experimental methods that can be

used to investigate different aspects of structural behaviour. Each is described below.

2.2.1 Static Tests

Static or monotonic loading tests are commonly used to determine the capacity of
members subjected to monotonic loading only, such as gravity and wind loads. In a static test,
the load is applied slowly in unidirectional increments until failure. The strength, stiffness,
failure modes and contributions of various structural components can be determined in this
type of test. The results from static tests are often used as a basis for other forms of more

advanced dynamic testing.
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2.2.2  Quasistatic (Reversed Cyclic) Tests

This type of test 1s pnimarily used to determine the capacity of structures subjected to
earthquakes because of the reversing nature of seismic loading. The strength, stiffness
variation, ductility, energy dissipation, modes of failure, contnbution of structural components
and the ability to sustain repeated cycles of loading can be determined with the quasistatic
testing method. The loading in quasistatic tests is applied in fully reversed cycles of force or
displacement. The pattern of loading can be modeled after an assumed dynamic response, but
most often a simple history of loading beginning with cycles in the elastic range and
progressively increases the load or displacement level until failure occurs. Each load or
displacement level is maintained for a certain number of cycles before proceeding to the next
level. Many different loading histories have been proposed and used by different researchers to
achieve different results. The evaluation of various loading histories is discussed in references
7, 16 and 23. The slow nature of the loading in a quasistatic test allows examination of the
specimen behaviour and damage propagation under the effects of repeated loading. Although
this form of testing is not truly representative of the actual conditions during an earthquake, an
estimation of the capacity of the structure can be obtained. By comparing the characteristics of
different design approaches tested in the same manner, the relative ments of each design can
evaluated and possible design alternatives or improvements can be identified before proceeding

to more complex and expensive dynamic testing methods.

2.2.3 Pseudodynamic Tests

Pseudodynamic tests are used to determine the ability of a structure to withstand a
given earthquake motion. In this form of test, the structure or structural subassembly is fixed
to a structural floor and time-varying loads are applied on the structure at selected locations.

The Ioad characteristics are predetermined using a computer analysis of the structure subjected
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to the given earthquake. Because the loading is time-dependent and based on actual analysis
results, the seismic behaviour of the structure can be determined more realistically than with
quasistatic tests. In general, this method of testing is more expensive than quasistatic testing

and may require larger laboratory facilities.

2.2.4 Shaking Table Tests {Earthquake Simulator)

Shaking table tests provide the most realistic method for determining the seismic
behaviour of a structure. In this form of dynamic test, a structure or structural subassembly is
fastened to a testing bed or table, and loading is induced in the specimen by rapidly moving the
table with computer controlled actuators. The pattern of shaking is modeled after actual
historical measured earthquake ground motions. Because the shaking induces an inertial
response in the specimen, as in an actual earthquake, the strength and deformation demands
placed on the structure can be realistically determined. Also, since a given earthquake does not
have a particular strength, deformation or energy dissipation demand, the shaking table test is

suitable for determining whether a specific design can withstand the given earthquake.

Although shaking table tests provide the best method for determining the seismic
behaviour of a structure, it is not without limitations. For example, due to the rapid rate of
loading, it is difficult to obtain a close observation of the progression of damage and behaviour
during the test. Also, most shaking tables are not large enough to handle full size structures
and therefore scale models or structural subassemblies must be tested. Lastly, compared to

other forms of testing, shaking table tests can be very expensive.
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2.2.5 Comparison of Quasistatic and Shaking Table Testing Methods

Each of the testing methods described above have relative merits and limitations for
evaluating the seismic behaviour of structures. Oliva, Gavrilovic and Clough (25) performed
an experimental testing program to compare and evaluate the usefulness of the quasistatic
(pseudostatic) and shaking table testing methods for determining the behaviour of precast shear
wall panel structures. The tests were performed on one-third (1/3) scale, 3 storey
subassemblies of a precast concrete large panel shear wall system. The walls were precast
reinforced concrete and supported precast floor panels at each storey. The horizontal
connections were cast-in-place and used the "European" form of construction as shown in
Figure 2.3. Vertical continuity between the panels was provided by mild steel reinforcement,
connected at each horizontal joint with a coupler. The two testing methods were compared on
the basis of visible damage, predominant damage mechanisms, strength and stiffness variation,

deformability and energy dissipation.

The loading in the quasistatic tests was applied in displacement increments, each
maintained for three fully reversed cycles, and progressively increased until failure. For the
shaking table tests, additional weight was added to the specimen to simulate the gravity loads
and to induce inertial behaviour in the model. The ground motion pattern used in the shaking
table test was taken from the El Centro earthquake records (May, 1940). The comparison of

the test results is briefly summarized below.

Damage to the subassemblies was very similar in both testing procedures: cracking
occurred at the lowest horizontal joint and was followed by yielding, buckling and rupturing of
the vertical continuity reinforcement. In the quasistatic test, the damage was symmetric due to

the fully reversed loading pattern. The damage in the shaking table tests was generally non-
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symmetric because once damage was initiated at a particular location, the localized loss of

strength and stiffness tended to concentrate damage in that area.

Overall strength, stiffness variation and strength degradation were in good agreement
between the two testing methods. This is illustrated by the comparison of the base moment
versus top displacement relationship for specimens from the two different tests. This is shown
in Figure 2.4, where the strength envelope from the quasistatic test is superimposed on the
moment-displacement history from the shaking table test. The behaviour of the specimen from
the shaking table test is not symmetric for reasons discussed previously, but the overall

behaviour compares well between the two tests.

The most significant difference between the two testing methods was observed in the
capacity for energy dissipation, indicated by the area under a full base moment-top
displacement hysteresis loop. The quasistatic test results consistently indicated a higher
capacity for energy dissipation than the shaking table tests. Oliva et al suggested that this was
due to the slow rate of loading in the quasistatic test that would allow forces to redistribute and
damage propagation to occur while loading. In the shaking table tests the damage was more
concentrated which limited the volume of material able to deform inelastically, thus limiting the
capacity for energy dissipation. Because the shaking table testing method is generally felt to
more realistically represent actual seismic loading conditions in a structure, Oliva et al
concluded that the capacity for energy dissipation determined from the shaking table tests

would be closer to the actual capacity of the structure than the results from the quasistatic tests.

From the observed test results, Oliva et al concluded that the quasistatic testing method
was ideal for determining the damage mechanisms and strength and deformation characteristics
of wall panel systems. On the other hand, they suggested that quasistatic tests alone were not

sufficient to define the actual demand or response developed in a structure during an
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earthquake because the capacity for energy dissipation could be over-predicted. For this
purpose, a shaking table test should ideally be used.

2.3 INVESTIGATION OF CONNECTION BEHAVIOUR USING COMPONENT
TESTS

A considerable amount of research has been performed using component tests to
evaluate the behaviour of connections for precast concrete shear wall panels. In the past, a
large portion of this work has focused on the shear transfer at construction joints and at precast
concrete connections under monotonic loading conditions. In recent years, this research has
expanded to consider different connection configurations and the effects of cyclic loading. In
the following sections, a brief summary of some of the more current research in these areas is
provided. In addition, a detailled summary of the previous research at the University of
Manitoba into the monotonic shear behaviour of the connections is provided. The applicability
of the models proposed in the previous research for cyclic loading conditions will be evaluated

in Chapter 5 of this thesis.

2.3.1 Monotonic Shear Behaviour - Previous Research at The University of Manitoba

An extensive four year research program was performed at the University of Manitoba
to investigate the behaviour of horizontal connections for precast concrete load-bearing shear
wall panels subjected to monotonic shear loading (10,11,17,18,29,30). The behaviour of nine
connection configurations typically used in current practice was investigated. A total of
twenty-two prototype precast concrete shear wall panel specimens were tested in three phases
of research. The first phase (Foerster (10,11)) included four types of connections: a dry packed
plain surface connection, a dry packed connection with continuity reinforcement and dry
packed connections with two types of mechanical shear connectors, in addition to continuity

. bars. The second phase (Serrette (29,30)) included two different types of dry packed multiple
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shear key configurations. The third phase (Hutchinson (17,18)) investigated the use of vertical

post-tensioning tendons. The third phase also included connections which support hollow-core

slabs with and without post-tensioning. All of the connections were subjected to a constant

load perpendicular to the connection to simulate the effects of gravity loads on the connection.

During the three phases of research, the effects of different load levels normal to the connection

were investigated. The details of the different connection configurations examined in these

three phases are shown in Figure 2.5. The configuration of the test specimens, shown in Figure

2.6, was selected to allow the application of direct shear loading on the connection.

Based on the results of the three phases of research, it was concluded that:

1.

An increase in the level of load perpendicular to the connection increases the shear
capactty of the connection.

If bond is present between the dry pack and the precast concrete panels, the mnitiation of
slip at the connection will occur suddenly due to breaking of the bond. The shear
resistance of the connection at cracking is independent of the type of shear
reinforcement used in the connection.

The ultimate capacity of the connection is significantly increased by the presence of
continuity bars and/or mechanical shear connectors, as shown in Figure 2.7

The presence of shear keys may increase the maximum shear resistance of the
connection up to 60% greater than to the plain surface connection tested under the
same level of load perpendicular to the connection, as shown in Figure 2.8.

The two different shear key configurations considered in Phase IT did not affect the
behaviour or capacity of the connection.

The shear resistance of connections with shear keys is primarily dependent on the
strength of the weaker connection material and the level of load perpendicular to the

connection. In this research, the dry pack was the controlling material.
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7. Post-tensioning of the connection may be considered by including the effective post-
tensioning stresses on the connection with the gravity loads normal to the connection.

8. The maximum shear capacity of the connections supporting hollow-core slabs is
governed by the lower magnitude of the frictional resistance of the connection and the
shear resistance of the hollow-core slab. At higher levels of load perpendicular to the
connection, the frictional resistance of the connection may exceed the shear capacity of
the hollow-core slab and therefore the strength and stiffness of the connection with
hollow-core slab will be reduced, as shown in Figure 2.9.

9. At ultimate, it is assumed that a complete loss of bond occurs between the hollow-core
slab and the concrete fill within the cores, reducing the shear resistance of the

connection.

The test results from each phase were used to isolate the contribution of each
connection component and to propose mathematical models to predict the shear resistance of
the different connection configurations under monotonic loading conditions at various limit

states. The proposed models are described by phase in the following sections.

Phase I: Connections with Continuity Bars and Mechanical Shear Connectors

The behaviour of the connections tested in the first phase of the previous research could
be described by two limit states; the shear resistance prior to the initiation of slip (at cracking),

and the ultimate shear resistance after the initiation of slip.

All of the connection configurations tested in this phase experienced a sudden initiation
of slip due to breaking of the bond between the dry pack and the precast concrete panels. This
was defined as cracking of the connection. The cracking shear resistance of the connection,

V_, is predicted as:
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V,=Jfi (fi+0,) 4 (2.1)

where

f = tensile strength of the dry pack
=057,

f' = compressive strength of the dry pack

g

o = compressive stress normal to the connection

¢]

A, = connection area
After the initiation of slip, the ultimate shear resistance, V, of the dry packed

connection with continuity bars and welded shear connectors is predicted as:

Af,
V3

V,=uc, A, +

+V, (2.2)

where
u = coefficient of friction, 0.7 +/- 0.1 is proposed

o, = compressive stress perpendicular to the connection

n

A_ = connection area

c

A, =total cross-sectional area of continuity bars

f,  =nominal yield strength of continuity bars

V. = weld shear strength of the mechanical shear connector

w

The ultimate strength of the connection was considered to occur at a slip magnitude of 5 mm.
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The experimental results indicated that the contribution of the various shear resistance
components were independent, and therefore could be added or removed according to the

particular connection configuration under consideration.

Phase II: Connections With Dry Packed Multiple Shear Keys

The behaviour of the connections tested in the second phase of the previous research
could be described using three limit states; cracking of the connection, shear resistance

immediately after cracking and the ultimate shear resistance.

Initially, the shear resistance of the connection with multiple shear keys is provided by
a combination of frictional resistance and direct bearing on the dry pack within the shear keys.
Cracking of the connection occurs suddenly when the bearing resistance of the dry pack within

the shear keys is exceeded. The cracking shear resistance of the connection is predicted as:

V. =po, (A -ndttan0) + J£(f,+0,) 4, (2.3)

where

p = coefficient of friction, 0.7 +/- 0.1 is proposed
o = compressive stress perpendicular to the connection

n

A, = connection area

n = number of shear keys

d = depth of shear key

t = precast concrete panel thickness

8 = inclination of shear key to the vertical

f = tensile strength of dry pack
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=067,

f' = compressive strength of dry pack

B

A_ = total cross-sectional area of diagonal cracks through shear keys
=ntvh +b°
h  =maximum length of the shear key

b =1nitial thickness of the connection (gap between the precast panels)

The first term of this expression represents the frictional resistance of the connection. The

second term of the expression is the bearing resistance of the dry pack.

Immediately after cracking, the shear resistance of the connection is provided by the
compressive strength of struts which form between the diagonal cracks in the shear keys and
by frictional resistance along the slip surface, as shown in Figure 2.10. The shear resistance of

the connection after cracking, V, is predicted as:
Va = (n - l)ﬂz Acssma+ﬂ[ Gn Ac —(?’! - 1)f;:2 Acscosa] (24)
where

f, = compressive strength of the cracked dry pack
= —f ‘g
0.8+170¢,
f = compressive strength of the dry pack
= average maximum principal strain in the dry pack at cracking, a value of

0.004 is proposed based on experimental results

A__ = average area of diagonal portion of the strut

cs
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_05(b+d)t
cos &

©® = inclination of the shear key to the vertical

o = inclination of diagonal portion of the strut to horizontal
—tan'(h/b)
After cracking of the connection, slip occurs and eventually the strut mechanism
deteriorates. At this point, the shear resistance of the connection is provided only by friction

along a newly formed sliding plane. This represents the ultimate strength of the connection,

V,, and may be predicted as:

V,=027'g A4, + 050, 4, (2.5)

where

A, = cross-sectional area of the portion of the connection covered by the

shear keys

The ultimate strength of the connection is considered to occur at a slip of S mm.

Phase III: Connections with Post-tensioning and Supporting Hollow-Core Slabs

Post-tensioning of the connection with strands was determined to increase the frictional
resistance of the connection. The amount of increase was directly proportional to the level of
stress perpendicular to the connection, produced by post-tensioning. The frictional resistance

V,, of connections with post-tensioned strands is predicted as:
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V{ :Ju(o-ng + G.np )Ac (26)

where

pu = coefficient of friction, a vatue of 0.7+/- 0.1 is proposed

o, = compressive stress normal to the connection due to gravity loads
©,, =compressive stress normal to the connection due to post-tensioning
A, = cross-sectional area of the connection

C

At low levels of stress perpendicular to the connection, the presence of hollow-core
slab did not affect the behaviour of the connection. At high stress levels, the presence of the
hollow-core slab significantly reduced the maximum and ultimate strength of the connection
compared to connections without hollow-core slabs. Therefore, the shear resistance of
connections supporting hollow-core slab can be predicted as the lesser value of the frictional
resistance of the connection, V; (Equation 2.6), and the shear resistance of the hollow core slab,

V,. The maximum shear resistance of the hollow-core slab, V,_, is predicted as:

Vim =24 (AuFy+ 4,F;) @7

where

A

¢l

= area of the hollow-core slab in contact with the dry pack
A_, = area of the concrete fill in contact with the dry pack

F, = magnified tensile capacity of the hollow-core (1) and concrete fill (2)

=3 Jfa (f +0,)

£, =tensile strength of the hollow-core (1) and concrete fill (2)

t
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o, = compressive normal stress including the effect of post-tensioning

distributed to the hollow-core (1) and concrete fill (2). o, is evaluated by

determining the distribution of vertical stresses at the connection.

At ultimate, it is assumed that a complete loss of bond occurs between the hollow-core
and the concrete fill within the cores. As a result, the applied shear load is transferred through
only the web area of the hollow-core slab and the shear resistance of the connection at ultimate
1s determined as the lesser of the frictional resistance, V,, (Equation 2.6) and the ultimate shear
resistance of the hollow-core slab, V, . The ultimate shear resistance of the hollow-core slab is

predicted as:
Vi =24 (A B+ AF,) (2.8)
where

A_, = summation of the area of the webs at mid-height of the hollow-core slab
beneath the contact area A
= A, /4 for the geometry of the hollow-core slabs used in this research

A_, = area of the concrete fill in contact with the dry pack

F,, = magnified tensile capacity of the hollow-core at ultimate
=yfalfat+)
o', = compressive normal stress including the effect of post-tensioning

distributed to the hollow-core at ultimate
=4 o, in this research due to the reduction of the contact area at ultimate

F, =magnified tensile capacity of the concrete fill at ultimate
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The ultimate shear resistance is assumed to occur at a slip of 5 mm.

2.3.2  Cyclic Shear Behaviour

In the current literature, the information on the cyclic shear behaviour of horizontal
connections for precast concrete shear wall panels is not abundant. To supplement this, similar
research on shear transfer across construction joints and cracks in cast-in-place concrete can be
considered. Although the shear interface is not identical to the connections between precast

panels, the concepts and mechanisms of shear transfer are similar.

Aoyama, Noguchi, Ochiai and Horikawa (2) studied the effects of shear transfer across
cracks in reinforced concrete shear walls. The shear failure plane was initiated by introducing
notches in the sides of the specimen. Mild steel reinforcement was placed across the failure
plane at a right angle. The reinforcement ratio across the shear plane was 1.0%. The
specimens were tested under constant uniform stress of 0.981 MPa normal to the connection
and were subjected to reversed cyclic shear loading. Some of the specimens were modified to
allow isolation of the interface friction and the dowel action of the reinforcement. In one
specimen, flexible vinyl sleeves were placed over the shear plane reinforcement to eliminate the
dowel action of the reinforcement and to isolate interface shear transfer. In another specimen, a
thin, greased copper plate was placed at the shear plane to eliminate interface shear transfer
and allow isolation of the dowel action of the reinforcement. The following observations were

made from the experimental results:

1. The stiffness of the unmodified specimens and the specimen where dowel action was
eliminated was significantly higher than the stiffness of the specimen with dowel action

only.
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2. On each cycle of loading, after the load was returned to zero, the specimen with dowel
action only had little or no residual slip at the connection, while the other specimens all
measured a residual slip after unloading.

3. The superimposed behaviour of the specimen with dowel action only and the specimen
with interface shear transfer only matched the behaviour of the unmodified specimens
very closely. This suggests that the shear resistance components may be isolated and
studied individually.

4. For the reinforcement ratio and level of stress normal to the failure plane considered in
the research, the contribution of the interface shear transfer (interface friction) ranged
from 75% to 83 % and the contribution from the dowel action ranged from 17% to

25%.

Paulay, Park and Phillips (26) studied the shear resistance of horizontal construction
joints in cast-in-place concrete shear walls. The construction joint occurs when fresh concrete
is placed against a hardened concrete surface. Thirty-six specimens were tested to study the
effects of surface preparation and reinforcing content on the behaviour of the joints under
monotonic and cyclic shear loading. Three different steel contents were considered; 0.31%,
0.69% and 1.23%. Six reinforcing bars were placed across the joint and the bar size was
changed to provide the desired steel content. The cyclic loading pattern consisted of 5 cycles at
an applied load of 75% of the maximum load measured from the monotonic tests, and 5 cycles
at an applied slip displacement in the order of 2.3 mm to 3.8 mm. The specimens were not
subjected to a compressive stress normal to the joint. The joint behaviour was defined i terms
of interface shear transfer and dowel action. The shear friction theory was assumed by Paulay
et al to provide the interface shear transfer. Dowel action was assumed to be provided by one
or a combination of three mechanisms; flexure, shear and kinking, as shown in Figure 2.11.

Based on the experimental results, the following observations were made:
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1. The shear resistance provided by dowel action appeared to be proportional to the steel
content. This suggests that the dowel action is likely due to the shear mechanism
and/or the kinking mechanism, rather than the flexural mechanism in which the shear
resistance is not proportional to the shear resistance.

2. A significant amount of slip may be required to initiate dowel action. Therefore, for
service load design purposes, the effect of dowel action should be ignored.

3. Under the effects of cyclic loading, the most heavily reinforced specimens experienced
a progressive loss of stiffhess \mth each cycle. The specimens with the smaller two
reinforcement ratios were able to sustain the design capacity predicted using the shear
friction concept under the cyclic loading.

4. The relative loss of stiffness and reduced strength for the most heavily reinforced
specimen compared to the other specimens could be attributed to the higher bearing
stresses around the larger bars which could cause premature detertoration of the

concrete around the bars.

Hanson (13) investigated the cyclic shear behaviour of horizontal connections for
interior precast concrete shear walls that supported floor slabs. Five full scale specimens were
tested under simulated seismic loading to determine the coefficient of friction for "extremely
smooth joint surfaces". The joint surfaces were intentionally made very smooth by casting the
joint surface of the panel against plastic coated plywood to test an extreme situation. The
loading perpendicular to the connection was maintained at a constant level of 4.83 MPa for all
of the specimens but one. In this specimen, the normal load on the connection was varied from
1.21 MPa to 7.24 MPa to determine the effects of different load levels on the coefficient of
friction. Some of the connections were provided with vertical ties (continuity reinforcement).
The loading history used to simulate seismic conditions was applied entirely in the inelastic
range of behaviour and consisted of three cycles at a slip of 2.54 mm, followed by nine cycles

to 5.1 mm and finally three or more cycles at a slip of at least 7.6 mm. For the specimen tested
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under varying normal load levels, additional cycles were added during the loading history at
each of the load levels. The typical behaviour of the connections consisted of an imtial peak
load at the initiation of slip, followed by stable hysteresis loops with no visible deterioration, as
shown in Figure 2.12. The initial peak load was extremely variable and was attributed to
breaking of bond between the connection and the panels. Because temperature affects and
construction movements may damage the bond in actual shear wall structures, Hanson
suggested that the initial peak load due to bond has no meaning in seismic applications and
should be ignored. The stable hysteretic behaviour after the imtiation of slip produced
consistent friction coefficients in the range of 0.2 to 0.4, These values are very low in
comparison with most other reported friction coefficients and Hanson attributed this to the
extreme condition of the joint surfaces. In Figure 2.12, typical hysteresis loops are shown for
connections with and without vertical ties. Specimen R3 did not have vertical ties and
exhibited almost perfectly rectangular shear - slip loops. The addition of vertical ties for
Specimen R2 produced skewed hysteresis loops with a parallelogram-like shape. The skewed
shape of the shear - slip behaviour was attributed to the additional resistance provided by

bending of the vertical ties (dowel action).

Harris and Abboud (14) studied the monotonic and cyclic behaviour of horizontal shear
wall connections. 3/32 scale models were used to evaluate the seismic performance of interior
horizontal connections supporting floor slabs. The main variables investigated in this research

WEIe!

1. Loading history: monotonic or reversed cyclic
2. The magnitude and distribution of the normal forces on the connection

3. The amount of connection reinforcement (vertical ties)
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A total of sixteen specimens were tested, eight under monotonic loading and eight under
reversed cyclic loading. Of the eight pairs of specimens, five pairs were tested under a
constant uniform stress perpendicular to the connection, ranging from zero to 2 MPa. The
remaining three pairs were subjected to a triangular stress distribution on the connection to
simulate the effects of bending moment on the connection. The moment due to the stress
gradient on the connection did not vary during the loading. The loading history for the
specimens tested under reversed cyclic loading consisted of three cycles at each load level.
The load levels were taken as a small percentage of the measured ultimate strength of the
companion specimen tested under monotonic loading. The load increments were increased

until failure of the connection.

For the specimens tested under monotonic loading, a sudden large slip occurred at
approximately 95% of the ultimate shear strength. Failure of the connections was due to
splitting and crushing of the floor slabs in the vicinity of the vertical ties. Under cyclic loading,
the behaviour of the connection prior to failure exhibited pinched shear -slip loops, as shown in
Figure 2.13(a). Note that the horizontal axis in this figure has a very small scale and the
maximum measured slip is less than 0.05 mm. After failure of the connection, defined as a
reduction of shear resistance, the behaviour of the connection became stable with almost
perfectly rectangular hysteresis loops, as shown in Figure 2.13(b). This indicated a substantial
increase of energy dissipation. Failure of the connection was characterized by splitting of the
floor slabs adjacent to the vertical ties. Although the failure modes were similar, the ultimate
strength of the connections tested under cyclic shear loading was approximately 5% to 33%
less than the ultimate strength of the identical specimen tested under monotonic loading. In
addition, the amount of slip at ultimate was larger for the cyclically loaded specimens. The
behaviour and failure modes of the specimens tested under shear loading with an overturning

moment were similar to the behaviour observed under pure shear loading. With an overturning



28

moment, the hysteresis loops became slightly less pinched prior to failure, but the ultimate

strength of the connection was reduced.

No attempt was made by Harris and Abboud to identify the components of shear
resistance for the connections. Based on the experimental data, the following observations

were made:

1. The coefficients of friction were determined to range from 0.72 to 1.52 using the shear
friction concept.

2. The strength of the connection was only increased slightly by doubling the area of the
vertical ties across the connection.

3. The shear resistance of the connection was significantly increased by increasing the

normal load level on the connection.

Fukuda and Kubota (12) performed an experimental study on the monotonic and
reversed cyclic shear behaviour of horizontal connections in precast concrete panel structures.
The test specimens were assumed to represent the flexural compression zone of a shear wall
panel subjected to earthquake magnitude loading. The specimens consisted of two precast wall
panels connected horizontally with a mortared joint. Two continuity bars were provided across
the joint in all specimens. Two series of specimens were tested; the first with constant uniform
compressive stress of 1.96 MPa on the connection to simulate gravity loads and the second
series with a varying uniform stress on the connection to simulate the conditions of the zone at
one end of a shear wall panel during reversed cyclic flexural loading. During the shear loading
in the positive direction, a compressive stress of 7.85 MPa is applied on the specimen to
simulate the flexural compressive stresses, and in the negative direction of shear loading, the

continuity reinforcement was yielded in tension to simulate the flexural tensile forces on the
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connection, Only the results under constant normal stress will discussed in this section since

the second series of specimens are outside the scope of this thesis.

The typical experimental results of the specimens tested under monotonic and reversed
cyclic loading are shown in Figure 2.14(a). Under monotonic loading, the shear resistance of
the connection after the initiation of slip maintains constant until the slip reaches approximately
7 mm, at which point the resistance begins to increase linearly. The specimens tested under
reversed cyclic loading displayed stable hysteresis loops with a parallelogram shape. Fukuda
and Kubota proposed a model for predicting the shear resistance of the connection based on the
assumption of interface friction and dowel action of the continuity reinforcement. The dowel
action of the reinforcement is assumed to be dominated by the kinking mechanism. As the
connecfion is deformed in shear, a tensile force is induced in the continuity bars at the
connection level. The vertical component of the force i the bars will provide a clamping stress
on the connection, increasing the frictional resistance of the connection. The horizontal
component of the force will directly resist the applied shear loading. Once the reinforcement
yields in tension, Fukuda and Kubota proposed that the plastic moment capacity of the bars
should also be included in the shear resistance. The idealized form of this mechanism is shown
in Figure 2.14(b). The dowel length, L, was determined to be 40 to 50 mm, based on the
deformed shape of the continuity bars at the completion of the experiment. The coefficient of
friction in this research was determined to be 0.5. This friction coefficient, when used in
combination with the proposed mechanisms of the dowel action, provided very good results

when compared to the measured behaviour.

Iso, Higashi, Endo and Numoto (20) investigated the behaviour of horizontal and
vertical connections in a composite construction system of precast and cast-in-place concrete.
The system consists of precast concrete wall panels, joined by a cast-in-place joint at each

storey. The cast-in-place joint ties together the precast wall system and acts as a topping on the
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precast floor system, as shown in Figure 2.15(a). The edges of the panels have shear keys or
cotters to provide shear transfer between the precast panels and the cast-in-place joint. Curtain
vertical reinforcement in the precast panels extends into the cast-in-place concrete to provide
vertical continuity. The variables in this research program were the type of shear loading and
the level of load normal to the connection. Five horizontal connection specimens were tested in
this program, one under monotonic loading and the remainder under reversed cyclic loading.
The configuration of the specimen is shown in Figure 2.15(b). The monotonic specimen and
two of the cyclic shear specimens were tested with no load normal to the connection. The
remaining two cyclic specimens were tested under a uniform normal stress of 0.33 MPa. The
cyclic loading was applied using increments of slip, each maintained for three fully reversed

cycles.

Typical experimental results for the specimens tested under monotonic and cyclic
loading with no normal load are shown in Figure 2.15(c). The monotonic results are shown as
a dashed line in this figure. Based on these results there is little or no effect on the cracking
strength or the maximum strength of the connection due to cyclic loading. Initially, cracks
developed along the interface between the precast and cast-in-place concrete. After the
maximum shear strength was attained, significant cracks occurred at the base of the lugs of the
shear keys (cotters) in the precast panels and the load carrying capacity of the connection was
reduced suddenly. This failure mechanism was identical under both monotonic and cyclic
loading conditions and at both levels of normal load. Increasing the normal load increased the
cracking and maximum shear strengths but did not affect the failure mechanism. Iso et al
proposed a model for strength prediction based on the interface friction, strength of the shear
keys and dowel action of the reinforcement. A coefficient of friction of 0.7 was proposed for
the interface friction. The dowel action of the reinforcement was assumed to be provided by

the shear strength of the bars, given by A f / V3. Because failure occurred due to cracking

through the lugs of the shear keys, the contribution from the shear keys (cotters) was based on
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the cracking and ultimate shear strength of the precast panel concrete at the cotters, proposed

as 0.1f' and 0.15f', respectively. Thus, the contribution from the shear keys would be

calculated as the base area of the cotters multiplied by the cracking shear stress or ultimate
shear stress, as desired. The predicted shear strengths compared very well to the measured

values.
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CHAPTER 3

EXPERIMENTAL PROGRAM

3.0 INTRODUCTION

This experimental program was designed to evaluate the effects of large reversed
cyclic shear loading on the behaviour of typical horizontal connections for precast concrete
load-bearing shear wall panels. A database of 26 specimens, tested under monotonic shear
loading in three previous research programs at the University of Manitoba, was used as a basis
of comparison for the behaviour of five different connection configurations tested under

reversed cyclic loading,

This chapter describes the experimental parameters, test specimens, material
specifications, instrumentation, loading frame and testing procedure used in this research

program.

3.1 EXPERIMENTAL PARAMETERS

A total of six specimens were tested in this experimental program. Each specimen
consisted of two precast concrete wall panels, joined by a horizontal connection, as shown in
Figure 3.1. The principal experimental variable of this research was the configuration of the

horizontal connection between the panels.
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3.1.1 _Connection Configurations

In this program, the cyclic shear behaviour of five different connection configurations, currently
used in practice, was mnvestigated. The connection configurations considered in this program

WCIE!

Type DP: Plain surface connection with dry pack only

Type RW: Plain surface connection with dry pack and mild steel continuity bars

Type PTS: Plain surface connection with dry pack and post-tensioned strands

Type PTB: Plain surface connection with dry pack and post-tensioned high strength bars

Type SK: Dry packed multiple shear keys

The five connection configurations are shown in Figure 3.2. [Each of the connection
configurations was tested under fully reversed cyclic shear loading. In addition, connection
type PTB was also tested under monotonic shear loading because this configuration was not
considered in the previous research at the University of Manitoba. Each specimen was denoted
according the two or three letter specimen mark assigned above for the various connection
types. The specimen with connection type PTB tested under monotonic (static) loading was
denoted as Specimen PTB-S. The details of the experimental parameters are summarized in

Table 3.1.

3.1.2 Gravity Loads (Vertical Loads)

All of the specimens in this experimental program were subjected to a constant vertical
load to simulate the effects of gravity loads on the walls. The first specimen tested, Specimen
DP, was subjected to a uniform vertical stress of 4 MPa. The remaining specimens were

subjected to a simulated gravity load producing a uniform vertical stress of 2 MPa on the
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connection. The stress level of 2 MPa is representative of the gravity load stresses at the base
storey level of a typical ten storey precast concrete load-bearing shear wall structure. The

simulated gravity load was maintained constant over the duration of shear loading,

3.1.3 Loading History

A quasi-static, reversed cyclic loading history was used in this program to simulate the
effects of earthquake loading on the connection. The loading history utilized a combination of
load control cycles and displacement control cycles to fully examine the elastic and inelastic
ranges of connection behaviour. Initially, the loading history was applied using load control.
The loading increments were taken as approximately 20% of the predicted strength of the
connection at the initiation of slip or cracking under monotonic loading. Each load level was
maintained for three fully reversed cycles. Once the mitiation of slip, or cracking of the
connection, was observed, the behaviour of the connection became inelastic and the loading
history was applied using displacement control. The initiation of slip was defined as the point
at which 0.1 mm of relative horizontal slip was measured between the panels in each direction
of loading. The displacement increments were taken as 1.0 mm increments of relative
horizontal slip measured between the panels at the connection. Each applied slip magnitude
was maintained for three fully reversed cycles. The test was continued, under displacement
control, until failure of the connection occurred. Failure was defined as a 20% reduction of the
shear resistance of the connection due to an increase of applied slip. After failure of the
connection, the test was concluded by applying several single cycles at increasing appiied slip
magnitudes to determine the residual strength of the connection. The general form of the

loading history is shown in Figures 3.3(a) and 3.3(b).
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3.2 DESCRIPTION OF TEST SPECIMENS

The overall shape and dimensions of the specimens in this program was identical.
Some minor variations were required to make allowance for placement of the different
connection configuration details. The details of the precast wall panels and the connections are

discussed in the following sections.

3.2,1 Ceonnection Details

The horizontal connections consisted of a space or gap between the precast concrete
panels filled with dry pack, and where applicable, a form of continuity element. In actual
structures, the gap between the panels is used for alignment purposes and is filled with dry
pack, a zero slump mixture of sand, normal Portland Cement, and water. The dry consistency
allows compaction of the dry pack into the gap between the panels to form the connection.
The typical thickness of the gap is 20 mm. All specimens in this experimental program had a
connection gap of 20 mm. The first specimen tested, Specimen DP, had a connection region
1000 mm long and 150 mm wide, for a connection area of 150,000 mm?2 The remaining five
specimens had a connection region 1200 mm long and 150 mm wide, for a connection area of
180,000 mm?2. The details of the connection types are shown in Figure 3.2, and are described

below.

Specimen DP: Plain surface connection with dry pack only. The connection of Specimen DP

had a plain surface (no shear keys) and was filled with dry pack. No continuity
elements were used to allow isolation of the contribution of the dry pack to the
connection behaviour. Typically, some form of vertical continuity element is
required across the connection and therefore this connection configuration is

not used by itself in practice.
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Specimen RW: Plain surface connection with dry pack and mild steel continuity bars. The

connection of Specimen RW had a plain surface and was filled with dry pack.
Two 25M, Grade 400W continuity bars were provided across the connection at
900 mm on centre. The continuity bars were connected by welding to a
75x75x10 mm steel angle, as shown in Figure 3.4. The configuration of the
continuity bars and the location of the steel angles are shown in Figure 3.5. In
the upper concrete panel, the continuity bars were straight and protrude from
the panel. In the lower concrete panel, the angles were welded to the ends of a
single continuity bar, bent to form a "U" shape. The shape of the continuity bar
in the lower panel was required because sufficient development length could
not be provided for a straight bar. Pockets were provided around the angle in
the lower panel to facilitate welding of the bars from the upper panel during
specimen assembly. A close-up of the weld location in the pocket is shown in
Figure 3.6. After welding of the continuity bars, the connection was dry

packed.

Specimen PTS: Plain surface connection with dry pack and post-tensioned strands. The
| connection of Specimen PTS had a plain surface and was filled with dry pack.
The connection was post-tensioned using two 7-wire, 12.7 mm diameter

prestressing strands, located at 900 mm on centre. The dry pack was allowed

to cure for seven days prior to post-tensioning. The strands were tensioned to

produce an effective prestressing force of 108 kN per strand at the time of

testing. This produced an effective vertical stress of 1.2 MPa on the connection

area, The strands were placed in galvanized steel ducts, cast in the panels.

The ducts were coupled at the connection inside a small pocket cast into the top
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surface of the lower concrete panel, as shown in Figure 3.7. Afier post-

tensioning, the ducts were filled with an expansive grout.

Specimen PTB: Plain surface connection with dry pack and post-tensioned bars. The

connection of Specimen PTB had a plain surface and was filled with dry pack.
The connection was post-tensioned using two 5/8" diameter threaded
prestressing bars (Dywidag Bars), located at 900 mm on centre. Seven days
after dry packing, the bars were tensioned to the same level as the strands,
producing an effective vertical stress on the connection of 1.2 MPa. Using the
same procedure as the strands, the bars were placed inside galvanized steel

ducts and after post-tensioning, the ducts were filled with an expansive grout.

Specimen SK: Dry packed multiple shear keys. The connection of Specimen SK consisted of

five shear keys, as shown in Figure 3.8. The entire connection length including
the shear keys was dry packed. The length of the shear key is 100 mm, the
depth is 35 mm and the sides of the key are inclined at 23 degrees from the
vertical. The dimensions of the lugs between the shear keys are identical to the

dimensions of the shear keys, as shown in Figure 3.8.

3.2.2 Precast Concrete Wall Panels

All of the precast concrete panels used in this experimental program were fabricated by
Con-Force Structures Limited of Winnipeg, Manitoba. FEach specimen in this program
consisted of a upper panel and a lower panel. During testing, the lower panel was fixed and
the shear loading was applied on the upper panel. The "double corbel" configuration of the
upper panel allowed the application of pure shear on the connection in both directions of

loading. The connection area covered the length of the lower panel. The dimensions of the
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lower panel were 1200 mm long and 1100 mm high. The upper panel was 3800 mm long, and
the height of the panel was 1000 mm in the connection region and 1400 mm in the corbel
regions. The thickness of both panels was 150 mm. This thickness is typical of an interior wall

in a precast concrete load-bearing shear wall structure.

The overall configuration of the precast concrete wall panels, shown in Figure 3.1, was
identical for all of the specimens. Some minor differences in the configuration and the
reinforcement of the panels were required to accommodate the different connection types.
Four sets of panel designs were required to account for the connection types. Separate design
were used for Specimen DP, Specimen RW, the post-tensioned specimens (PTS, PTB and
PTB-S) and for Specimen SK. The panel configuration and reinforcement details for
Specimen DP are shown in Figure 3.9. The reinforcement for Specimen DP did not include
any continuity elements or connection detailing. The panel configuration and reinforcement
details for Specimen RW are shown in Figure 3.10. Pockets were left in the lower panel over
half of the steel angle to facilitate welding of the continuity bars from the upper panel during
assembly. The pocket detail is shown in Figure 3.5. The panel configuration and
reinforcement details for the post-tensioned specimens are shown in Figure 3.11. The bottom
corners of the lower panel were notched to accommodate the post-tensioning chuck or nut.
The post-tensioning anchorage detail s shown in Figure 3.12. The galvanized steel ducts were
elliptical in cross-section with radii of approximately 30 mm and 60 mm. The elliptical cross-
section was required to provide clearance between the main flexural reinforcement of the
panels. The panel configuration of Specimen SK is shown in Figure 3.13. The stirrup depth
was reduced for this specimen to accommodate the shear keys. The bar details for all of the

panels are shown in Figure 3.14. All reinforcement used in the panels was Grade 400W.
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3.3 MATERIAL SPECIFICATIONS

3.3.1 Panel Concrete

The concrete mix for the precast panels fabricated by Con-Force Structures Limited

had the following proportions:

Coarse Aggregate (3/4" stone) 1157 kg/m?
Sand 801 kg/m?
Type 30 Portland Cement (High Early) 332 kg/m?
Pozzolith 322N 0.75 Vm?
MB-AE 10 Air Entrainment Solution , 50 mi/m?
Water 119 Vm?

For each specimen, the strength of the concrete was monitored using five (5) standard
150 mm x 300 mm cylinders cast according to CSA specifications. Two of the cylinders were
tested after 28 days, and the remaining cylinders were tested at the time of testing of the

specimen.

3.3.2 DrvPack

The dry pack used in this expenment was prepared and placed by Con-Force
Structures Limited personnel, using the same procedures as in practice. The mix proportions

of the dry pack are as follows:
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by volume
Sand 2 parts
Normal Portland Cement (Type 10) 1 part
Water (approximate) 0.5 parts

The proportion of water added is approximate and can be best described as the amount
required to achieve the desired consistency. The dry pack has a zero slump and is readily

compactable.

The strength of the dry pack was monitored using 50 mm cubes, made using brass
molds, and 75 mm cubes, made using concrete molds. No difference was observed between
the strength results from the two types of molds. For the specimens with post-tensioning,
cubes were tested for 7 day strength {prior to post-tensioning), 28 day strength and strength at
the time of testing. For Specimens RW and SK, cubes were tested for 28 day strength and
strength at the time of testing. For Specimen DP, the dry pack strength was determined at the

time of testing only.

3.3.3 Post-tensioning Groui

The grout used for the post-tensioning ducts had a liquid consistency to allow pumping.
The grout was prepared and placed by personnel from Supercrete Inc. of Winnipeg, Manitoba,

using the same procedures as in practice. The mix proportions are as follows

per bag
cement by mass
Type 30 Portland Cement (High Early) 1 bag 1 part

Water 17 litres 0.424 parts
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Non-shnink Ad-mixture 340 ml 0.0086 parts
(CPD Part C Grout Ad-mixture)

The strength of the grout at the time of testing of the specimen was monitored using SOmm

cubes made using brass molds.

3.3.4 Mild Steel Reinforcing Bars

All of the reinforcing bars used in this program, including the continuity bars, were
Grade 400W. The nominal yield strength of the bars is 400 MPa. The measured properties of
the bars were tested using two samples of 25M size bars. A measured yield strength of
500 MPa, a measured maximum strength of 640 MPa and a measured elongation at failure of
10% were determined from testing of these bars. The average measured strain-strain
relationship for the bars is shown in Figure 3.15. The nominal and measured material

properties are compared in Table 3.2.

3.3.5 Post-tensioning Strands

Seven wire, 12.7 mm diameter post-tensioning strands were used in this experimental
program. The strands had a nominal ultimate strength of 1860 MPa. The measured properties
of the strands were determined by testing of two samples. The average ultimate strength of the
test samples was 1926 MPa, and the average yield strength, measured at a strain of 1%, was
1746 MPa or 91% of the ultimate strength. The average measured stress-strain relationship for

the strands is shown in Figure 3.16.
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3.3.6 Post-tensioning Bars

High strength Dywidag threaded bars with a diameter of 5/8" were used for post-
tensioning in this experimental program. The bars had a nominal ultimate strength of
1080 MPa. The measured material properties were determined by testing of three samples.
The average measured ultimate strength of the bars was 1137 MPa and the average yield
strength, measured at a 0.2% offset, was 897 MPa or 79% of the ultimate strength. The

average measured stress-strain relationship for the three bars is shown in Figure 3.17.

3.4 SPECIMEN ASSEMBLY

The precast concrete wall panels fabricated by Con-Force Structures Limited were
delivered to Structures Lab at the University of Manitoba. Assembly of the specimens,
including dry packing, and where applicable, welding and post-tensioning, was performed in

the Structures Lab.

3.4.1 General Assembly

The specimens were assembled in an upright position. Initially the lower panel was
placed vertically and the upper panel was lowered into position. For the specimens with post-
tensioning, the post-tensioning bars or strands were installed and the galvanized steel ducts
were coupled as the upper panel was lowered. The 20 mm gap between the two panels at the
connection was achieved using wooden shims. After ensuring that the alignment of the panels
and the 20 mm gap at the connection were uniform, the panels were connected together by
bolting steel angles across the connection at four locations. Bolting of the angles was
facilitated using threaded inserts in the panels. The angles were left on the specimens until

immediately prior to testing to ensure the integrity of the connection. After the connection was
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secured with the steel angles, the wooden shims were removed. In the case of Specimen RW,
the continuity bars from the upper panel were welded into the steel angle embedded in the

lower panel at this time.

3.4.2 Dry Packing

After erection of the panels, the gap between the panels was packed with dry pack by
Con-Force Structures Limited personnel, as shown in Figure 3.18. Initially, one side of the
connection was formed closed with boards and packing proceeded from the opposite side.
After completing dry packing from one side, the forming boards were removed and packing
was finished from the other side of the connection. The cube specimens for strength testing
were also made at this time. After dry packing, the dry pack was sprinkled with water
occastonally for a period of one hour, and then the connection and the cubes were wrapped in

wet burlap and polyethylene sheets for a period of 24 hours.

3.4.3 Posi-tensioning

Post-tensioning of Specimens PTS, PTB and PTB-S occurred seven (7) days after dry
packing. Prior to post-tensioning, the 7 day strength of the dry pack was determined by testing
three cubes. The acceptance criteria used for post-tensioning in practice (22) was a dry pack
equivalent cylinder strength of at least 30 MPa. The equivalent cylinder strength is taken as
0.85 times the cube strength of the dry pack (22).

The post-tensioning procedure was identical for the strands and the bars, with the
exception of the type of jack. Post-tensioning of the strands was performed using a hydraulic
jack for strands, as shown in Figure 3.19(a). Post-tensioning of the bars was performed using

a hydraulic hollow jack, as shown in Figure 3.19(b). The jacking force was monitored using a
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calibrated load cell, located between the anchorage chuck or nut and the panel, as shown in
Figure 3.20. The load cells were made and calibrated in the Structures Lab at the University of
Manitoba. The details of the load cell are shown in Figure 3.21. The post-tensioning force for
Specimens PTB and PTB-S was also monitored using electrical resistance strain gauges
located on the bars at the connection level. Each strand or bar was jacked separately. To avoid
tensile stresses at the connection due to the post-tensioning process, the strands or bars were
Jjacked in stages. The first strand (bar) was jacked to one third of the desired jacking force and
released. The second strand (bar) was then jacked to two thirds of the desired jacking force
and released. The post-tensioning process was completed by jacking the first strand (bar) to
the full post-tensioning force and finally by jacking the second strand (bar) to the full post-

tensioning force.

Immediately following post-tensioning, the ducts were grouted by Supercrete Inc.
personnel. The grout was pumped through tubes at the bottom of the ducts while air escaped
through tubes at the top of the ducts, as shown in Figure 3.22. Pumping was continued until

grout exited the tube at the top of the ducts, at which point the tubes were clamped closed.

3.5 INSTRUMENTATION

The connections were instrumented to measure the overall displacement and
deformation of the connection and the strains within the continuity reinforcement where

applicable.

3.5.1 Displacements

The horizontal and vertical displacements at the connection were measured using both

electrical linear variable differential transducers (LVDT's) and mechanical dial gauges. The
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relative horizontal slip between the panels was measured using two LVDT's located at opposite
ends and sides of the connection, and by one dial gauge located at the middle of the connection.
The variation of the thickness of the dry pack, or the thickness of the connection, was measured
using four LVDT's, one located at each comer of the connection, and by one dial gauge located
at the middle of the connection. The locations of the measurement stations are shown in
Figures 3.23 and 3.24. The instrument stations were mounted on the panels using screws and

insert plugs, fitted into 5 mm diameter holes drilled in the panels.

3.5.2 Continuity and Post-tensioning Bar Strains

The behaviour of the mild steel continuity bars and the post-tensioning bars was
monitored using electrical resistance strain gauges, located at the connection level. The strain
gauges had a 5 mm gauge length and a resistance of 120 ohms. Two gauges, one per bar,

- were used for Specimen RW. The location of the gauges is shown in Figure 3.25. The gauges
were oriented axially on the bar and were mounted following welding of the continuity bars.
Access to only one "side" of the bar limited the number of gauges to one per bar for Specimen
RW. Four gauges, two per bar, were used for Specimens PTB and PTB-S. The location of the
gauges is shown in Figure 3.26. The gauges were mounted on the post-tensioning bars prior to

assembly of the specimens. This allowed placement of two gauges per bar.

3.5.3 Data Acquisition System

All of the LVDT and strain gauge readings were monitored continuously by a
computer data acquisition system. In addition, the data acquisition system was used to monitor
the applied shear load from the actuator load cell and the actuator stroke. The system consisted
of a Hewlett Packard 80286 computer and a Datascan 40 channel data acquisition board. All

data was simultaneously recorded on file and displayed on screen in graphical form using the
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data acquisition software "LabTech Notebook". The graphical display of data allowed the
cyclic shear resistance - slip behaviour of the connection (hysteresis loops) to be observed
during the course of the experiment. All recorded data was transferred to floppy disks for later

analysis.

3.6 LOADING FRAME

The specimens were tested using a structural steel loading frame constructed for this
experiment in the Structures Lab at the University of Manitoba, as shown in Figures 3.27(a)
and (b) and Figure 3.28. The lower panel of the specimen was fixed rigidly to the structural
floor by post-tensioning to reaction abutments on the floor, as shown in Figure 3.27(a) and
Figure 3.29. At the connection level, the lower panel was also fixed with cross beams attached
to longitudinal beams cantilevered from the reaction wall. The cross beams, shown in Figures
3.27(a) and (b), and 3.30, resisted overturning of the lower panel. The longitudinal beams
cantilevered from the reaction wall have been omitted from Figure 3.27(a) for clarity. The
upper panel was braced against out-of-plane movements by four point lateral bracing on each
side. Contact between the lateral braces and the upper panel was through teflon sheets to allow
movement in the direction of the applied loading. The entire loading frame was braced laterally
by diagonal members, shown in Figures 3.27(b) and 3.28. The diagonal braces have been
omitted from Figure 3.27(a) for clarity. The simulated gravity load (vertical preload), normal
to the connection, was applied using an independent prestressing system designed to allow
displacements in the direction of the applied shear loading, as shown in Figures 3.27(a) and
3.28. The system utilized two hydraulic jacks and maintained a constant vertical load on the
specimen through use of a regulator valve on the hydraulic pump. A series of plates and rollers
were used to allow honizontal displacement of the panels while still maintaining the constant
vertical load. A close-up of the system is shown in Figure 3.31. The shear loading on the

specimen was provided by a 1000 kN MTS closed loop cyclic actuator. The actuator was
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fixed to the reaction wall and the shear loading was applied on the upper concrete panel by
means of a push-pull loading yoke. The loading yoke consisted of 4 Dywidag bars, two on
each side of the panel. The entire loading frame was bolted to the structural floor and/or the

reaction wall.

3.7 TESTING PROCEDURE

The entire testing procedure, including installation of the specimen in the loading
frame, testing of the specimen and finally removal of the specimen from the loading frame,
took a minimum of three days for two people to complete. The preparation sequence and

testing sequence are summarized below.

3.7.1 _Preparation Sequence

Preparation for testing began with mounting of the instrument stations. Holes were
drilled into the panels and fitted with msert plugs at the desired instrument locations. The
instrument stations were mounted on the panels using wood screws into the inserts. The
instruments themselves were not installed until immediately prior to testing to prevent damage.
The overhead crane was used to move the specimen into position in the loading frame. A
portion of the loading frame, including half of the top beam, the end column and the diagonat
braces, had to be disassembled and removed to allow placement of the specimen. Once the
specimen was inside the loading frame, the frame was reassembled. Next, the specimen was
aligned to be perpendicular to the reaction wall and on centre with the actuator. The specimen
was then set on a layer of plaster of paﬁs to provide uniform contact with the floor of the
structures lab and to allow leveling, both in-plane and out-of-plane. Once the specimen was
aligned and leveled satisfactorily, the lateral braces were put in place against the upper panel.

Next, the vertical preload system (gravity load simulator) was positioned on top of the
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specimen. A layer of plaster of paris was used between the preload system and the specimen
to provide uniform contact. After the preload system was in place, the loading yoke was
attached to the specimen and the actuator. At this point, a small vertical load (approximately
30 to 50 kN) was applied on the connection and the steel angles used to brace the connection
were removed. The last stage of preparation was the final mounting and calibration of the
instrumentation (LVDT's). Once the instrumentation was connected to the data acquisition

system and tested, the preparation sequence was complete.

3.7.2 Testing Sequence

Immediately prior to testing, all of the instrumentation readings were zeroed and the
initial mechanical dial gauge readings were taken. The vertical preload was then applied up to
its full level and mechanical readings were taken again. During the test, all of the
instrumentation was monitored continually and recorded at approximately 1 to 2 second
intervals by the data acquisition system. Mechanical dial gauge readings were recorded at each

load level and during one cycle at each applied slip magnitude.

For the experiments performed under fully reversed cyclic loading, the test began
under load control. Each load increment was maintained for three complete cycles. The load
level was incremented until the initiation of slip was observed at the connection. The initiation
of slip was defined as the point at which 0.1 mm of slip was measured in both directions of
loading. After the initiation of slip, loading was switched to displacement control with
increments of relative horizontal slip between the panels. Each applied slip magnitude was
maintained for three complete cycles. Failure of the connection was declared when a 20%
reduction of the maximum measured shear resistance was observed. Following failure of the
connection, the test was continued by applying single cycles at increasing slip magnitudes to

determine the residual strength of the connection.
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The experiment performed under monotonic loading followed a similar procedure. The
test began under load control. The load was increased in increments of 100 kN until the
initiation of slip. At each load level, mechanical readings were taken. After the imtiation of
ship, loading was switched to displacement control. Relative slip increments of 1.0 mm were

applied on the connection until failure was observed.

Over the duration of both the cyclic and the monotonic loading tests, the presence and
propagation of cracks and spalling was recorded and sketched on data sheets. Sigmficant
cracking and/or spalling was also photographed during the experiment. The entire testing

sequence for a cyclic loading experiment took approximately 10 to 12 hours.
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CHAPTER 4

EXPERIMENTAL RESULTS

4.0 INTRODUCTION

This chapter presents the experimental results for the six specimens tested in this
program. The measured material properties are presented in this chapter in addition to the
measured experimental results. The experimental results inciude the overall shear resistance -
slip behaviour, the relationship between the variation of the dry pack thickness and the applied
ship magnitude, the relationship between the applied shear load and the reduction of the dry

pack thickness and the envelope of cyclic shear behaviour.

4.1 MATERIAL PROPERTIES

4.1.1 Panel Concrete

The compressive strength of the panel concrete for each specimen is presented in Table

4.1. Values are reported for the strength at 28 days and the strength at the time of testing.

4.1.2 Dry Pack

The compressive strength of the dry pack is reported in Table 4.2. The specimens
were dry packed on three separate occasions, and therefore the specimens are grouped
according to dry pack date in Table 4.2. The equivalent cylinder strength is taken as 0.85 times
the cube strength of the dry pack (22). Dry pack strengths are reported at the time of testing



51
for all specimens. In addition, the 28 day strength s reported for all specimens with the
exception of Specimen DP. In the case of the specimens with post-tensioning, the 7 day

strength of the dry pack was also determined prior to post-tensioning of the specimens.

4,1.3 Post-tensioning Duct Groui

The compressive strength of the post-tensioning duct grout was determined using
50 mm cubes. The average cube strength for the three post-tensioned specimens was

51.0 MPa.

4.2 OVERALL TEST RESULTS

4.2.1 Shear Resistance - Slip Behaviour

The shear resistance - slip behaviour over the duration of the experiment is shown in
Figures 4.1 to 4.6 for each of the specimens. The data shown in these figures is the
relationship between the applied slip magnitude, measured by two "slip” LVDT's, and the
measured shear resistance. A summary of the measured shear resistance at different points

during the experiment is presented in Table 4.3.

4.2.2  Applied Slip Magnitude - Variation of Dry Pack Thickness

The variation of the dry pack thickness was measured by four "gap” LVDT’s mounted
vertically across the connection, as shown previously in Figure 3.23. The variation of the dry
pack thickness after the initiation of slip is shown in Figures 4.7 to 4.12 for each of the
specimens. Due to an error in the data acquisition software, data was not recorded for

Specimen SK during the last two cycles at 2 mm and during the cycles at 3 mm and 4 mm
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applied slip. Therefore, manually recorded dial gauge readings have been included in Figure

4.11 for these cycles.

4.2.3 _Applied Shear Load - Reduction of Dry Pack Thickness

The relationship between the applied shear load and the reduction of dry pack thickness
is shown in Figures 4.13 to 4.16 for Specimens RW, PTS, PTB and SK. These figures
illustrate the reduction of the dry pack thickness over the duration of the entire experiment.
The reduction of the dry pack thickness is measured by the four "gap" LVDT's. The apparent
correlation between crushing of the dry pack and failure of the connection is evident in these
figures. In the case of Specimen SK, as described in Section 4.2.2, manual dial gauge readings
have been substituted for the missing data for the cycles at 2 mm, 3 mm and 4 mm applied slip

in Figure 4.16.

4.24 Envelope of Cyclic Shear Behaviour

The overall cyclic shear behaviour of the connection can be defined by considering the
envelope of the measured shear resistance - slip behaviour. The cyclic shear envelopes for
each of the specimens tested under cyclic loading are shown in Figures 4.17 to 4.21. The

numerical values for the cyclic shear envelopes are presented in Tables 4.4 to 4.8.
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CHAPTER S

DISCUSSION OF EXPERIMENTAL RESULTS

s.0 INTRODUCTION

In this chapter, the behaviour of the connections used for each of the six specimens
tested in this program is discussed. The observed experimental results, presented previously in
Chapter 4, are described in detail for each specimen and are used to define various limit states
including the failure modes of the connections subjected to cyclic shear loads. In addition, the
experimental results are used to identify the effect of cyclic loading and the contribution of the

continuity elements such as the mild steel reinforcement, post-tensioning and shear keys.

s.1 SPECIMEN BEHAVIOUR

In general, the overall behaviour of the different connection configurations used in this
experiment was simitar. Initially, the connection was elastic and very stiff. Upon initiation of
relative slip between the panels at the connection, the behaviour of the connection became
inelastic with stable hysteresis loops. This behaviour continued until sudden crushing of the
dry pack occurred, producing a substantial reduction of the shear resistance and failure of the
connection. A detailed description of the behaviour of each connection configuration is given

in the following sections.
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5.1.1 Specimen DP

Specimen DP consisted of two panels, connected horizontally with a plain surface dry
packed connection. The cross-sectional area of the connection was 150,000 mm?.  All of the
remaining connection configurations had a connection area of 180,000 mm?2 Specimen DP
was subjected to a load normal to the connection of 600 kN, producing an average vertical
stress of 4 MPa on the connection. Specimen DP was the only specimen tested under a vertical
preload of 4 MPa. All of the other specimens were tested at a preload of 2 MPa. The shear
resistance - slip behaviour of Specimen DP over the duration of the experiment is shown in

Figure 4.1.

Prior to the inifiation of slip, the behaviour of the connection was very stiff and
perfectly elastic as shown in Figure 5.1. This behaviour was maintained for 30 cycles and a
maximum applied shear load level of 500 kN. During the 31st cycle, while attempting to reach
an applhed load level of 550 kN, the imitiation of slip occurred suddenly due to breaking of the
bond between the dry pack and the upper concrete panel at a load of +533 kN. The breaking of

the bond was followed by a instantaneous slip of approximately 1.5 mm.

After the initiation of slip, the behaviour of the connection was inelastic, as shown in
Figure 5.2, and loading was switched to reversed cyclic displacement control conditions.
Horizontal sliding occurred along the interface between the top surface of the dry pack and the
upper concrete panel. The behaviour of the connection remained fairly consistent for the first
24 cycles (cycles 32 to 55) under slip control conditions and maximum applied slip magnitude
of 5.0 mm. In general, increase of the applied displacement up to S mm was accompanied by a
slight increase of the shear resistance from 450 kN to 480 kN. This behaviour resulted in an

almost perfect rectangular shape for the shear resistance - slip hysteresis loops, as shown n
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Figure 5.2. Durng this portion of the test, the dry pack remained intact with only minor

vertical cracks occurring at the ends of the connection as shown in Figure 5.3

As the applied slip magnitude was increased to 6.0 mm, extensive crushing of the dry
pack occurred, accompanied by significant reduction of the connection resistance as shown in
Figure 5.4. The maximum shear resistance during these cycles was approximately 420 kN, or
80% of the maximum shear resistance measured during the test. Failure of the connection,
defined as a 20% reduction of the shear resistance of the connection, was declared at this point
of the expeniment. Crushing of the dry pack was monitored by measuring the thickness of the
dry pack. Prior to the reduction of the shear resistance during the cycles at 6 mm, little or no
crushing of the had occurred and the measured dry pack thickness was 19.2 mm (initial
thickness = 20.0 mm). At the completion of the cycles at 6 mm, the measured dry pack
thickness was 13.4 mm, a reduction of 33%. The variation of the dry pack thickness over the

duration of the experiment is shown in Figure 4.7.

To collect complete information after failure, the test was continued by applying one
cycle each at applied slip magnitudes of 7 mm, 8 mm and 9 mm. During the cycle at 7 mm,
the shear resistance of the connection was maintained at the level measured during the last
cycle at 6 mm, as shown in Figure 5.4. Extensive spalling of the dry pack continued and a
reduction of 9 mm of the initial dry pack thickness was measured, as shown in Figure 4.7. At
an applied slip magnitude of 8 mm, the dry pack continued to crush and spall away, and the
shear resistance - slip behaviour remained consistent. During the cycle at an applied slip
magnitude of 9 mm, the dry pack was literally ground into powder. The measured shear
resistance was an average value of approximately 420 kN, as shown in Figure 5.4. The test
was terminated after the completion of this cycle. The measured thickness of the dry pack at
the end of the test was approximately 5 mm, only 25% of the initial thickness. The condition of

the dry pack is shown in Figure 5.5.
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5.1.2  Specimen RW

Specimen RW consists of two precast concrete wall panels, connected horizontally by a
plain surface, dry packed connection. The connection was also reinforced with two 25M,
400W mild steel continuity bars, spaced at 900 mm on centre. The specimen was subjected to
a simulated gravity load, normal to the connection, of 360 kN, producing an equivalent vertical
stress of 2 MPa on the connection. The shear resistance - slip behaviour of Specimen RW over

the duration of the experiment is shown in Figure 4.2.

The behaviour of the connection prior to the initiation of slip was very stiff and
perfectly elastic. This behaviour was maintained for 6 complete cycles and a maximum load
level of 200 kN. During these cycles, no measurable slip was observed, as shown in Figure

5.6.

On the 7th cycle of loading, while attempting to reach a load level of 300 kN, the onset
of non-linear behaviour was observed at approximately +270 kN. The initiation of slip, defined
as a measured slip of 0.1 mm, occurred gradually as the applied shear load was increased to
approximately 290 kN. Unlike the behaviour of Specimen DP, a sudden initiation of shp due
to breaking of the bond between the concrete and the dry pack was not cbserved for this
specimen. The sliding plane was observed at the interface between the dry pack and the upper
concrete panel. The applied load was increased to 300 kN and a slip of 0.31 mm was
observed. Three cycles were completed at 300 kN and the measured slip reached a maximum
of 0.4 mm at +300 kN and -0.18 mm at -300 kN. The behaviour during these cycles was

inelastic.

Following the cycles at 300 kN, loading was switched to displacement control (relative

horizontal slip between the panels), with increments of 1.0 mm. Relative slip between the
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panels continued at the interface between the top surface of the dry pack and the upper
concrete panel. The behaviour of the connection was very consistent for the first 24 cycles
under slip control (cycles 10 to 33) and a maximum slip magnitude of 8.0 mm. During this
portion of the test, the inelastic behaviour of the connection exhibited stable hysteresis loops
with a parallelogram-like shape, as shown in Figure 5.7. The initiation of slip, upon reversal of
loading direction during a given cycle, occurred at a very consistent measured load level of
+185 kN in the "push” direction and -210 kN in the "pull" direction. On a typical cycle of
loading, the shear resistance increased steadily from the initiation of slip in one loading
direction up to a maximum at the applied slip magnitude. This typical behaviour is illustrated

in Figure 5.8.

The dry pack remained largely intact during this portion of the test. Upon first
initiation of slip and during the three cycles at 1.0 mm, there were no visible cracks in the dry
pack. Minor surface spalling and formation of vertical cracks were observed at both ends of
the connection during the cycles at 3.0 mm, 4.0 mm and 5.0 mm. As the slip magnitudes
increased, crack formation and surface spalling progressed inward from the ends of the
connection. At the completion of 3 cycles at 7.0 mm, considerable surface spalling had
occurred up to the location of the continuity reinforcement, a distance of 150 mm from each
end of the connection. Minor surface spalling was evident over the remainder of the length of
the connection. During the 3 cycles at 8.0 mm, spalling of the dry pack progressed and an

overall slight reduction of the shear resistance was measured, as shown in Figure 5.7.

As the applied slip magnitude was increased to 9.0 mm, spalling of the dry pack
increased dramatically. On the second cycle at 9.0 mm, extensive crushing of the dry pack
began and a 50 kN reduction of the shear resistance was measured. In this investigation,
failure was defined as the point at which a 20% reduction of the shear resistance of the

connection occurred. On the third cycle, a loss of shear resistance of approximately 40% was
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observed, and accordingly, "failure” of the connection was declared. The shear resistance-slip
behaviour for these cycles is shown in Figure 5.9. The reduction of shear resistance during
these cycles was 165 kN or 41% in the push direction and 190 kN or 49% in the pull direction.
Crushing of the dry pack was monitored by measuring the thickness of the dry pack. Prior to
the first cycle at 9.0 mm, the average measured dry pack thickness was 19.4 mm (initial
thickness = 20 mm). Upon completion of the third cycle at 9.0 mm, crushing and spalling
reduced the average dry pack thickness by 3.4 mm, to 16.0 mm. The condition of the dry pack

before and after significant crushing is shown in Figures 5.10 and 5.11, respectively.

To collect complete information after failure, the test was continued by applying one
cycle each at 10.0 mm and 12.0 mm relative slip. During the cycle at 10.0 mm, there was an
additional reduction of the shear resistance. The maximum shear resistance at a slip of 16 mm
was 124 kN. Dunng this cycle there was continued crushing and spalling of the dry pack and a
further reduction of the thickness of the dry pack of 2.8 mm was measured. In addition, out-of-
plane buckling of the east continuity bar, shown in Figure 5.12, occurred at the connection level
during the reverse loading portion of the cycle. At a relative slip magnitude of 12.0 mm, the
shear resistance-slip behaviour of the connection decreased to a stabilized level with a
maximum shear resistance of 142 kN, as shown in Figure 5.13. At the completion of this
cycle, the test was terminated. The average measured dry pack thickness was 10.8 mm, or

54% of the initial thickness.

The average variation of the dry pack thickness (connection thickness) during the test is
shown in Figure 4.8. From this figure, it is clear that prior to the cycles at a slip magnitude of
9.0 mm, the reduction in dry pack was very small (less than 3%). The reduction of the dry
pack thickness increased significantly during the cycles at +/- 9.0 mm, coupled with failure of
the connection. The correlation between the failure of the connection and crushing of the grout

(reduction in dry pack thickness) is illustrated in Figure 4.13, where the relationship between
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the measured shear resistance and the reduction of the dry pack thickness is shown. The failure

of the connection appears to be correlated to the crushing of the dry pack.

The behaviour of the mild steel continuity reinforcement was measured using strain
gauges. The measured strain gauge data is available for the duration of cycles at relative slip
magnitudes from 1.0 mm to 6.0 mm, inclusive. The initial strain gauge readings, prior to the
cycles at 1.0 mm slip, were lost due to a corrupt data file. Beyond the cycles at 6.0 mm, the

strain readings became unreliable.

The strain behaviour of the bars during the experiment is shown in Figure 5.14. Before
application of either the preload or the shear loading, the strain readings were initialized to a
zero value. Following application of the vertical preload (360 kN), compressive strains were
measured in the bars. As mentioned above, unfortunately this initial data was lost. However,
this data is available for identical connection configurations tested under a separate research
program at the University of Manitoba (flexural specimens RW and RS). The initial
compressive strain in the bars was measured to be in the order of 0.5 milli-strain (0.0005) for
these specimens. This suggests that a value of this order could be assumed with confidence for
this test since the average compressive strain reading at the start of the cycles at 1.0 mm slip
was measured to be 0.0005. Afler the initiation of slip and during the cycles at 1.0 mm and
2.0 mm slip, a small tensile increase in strain was observed. During the following cycles at slip
magnitudes larger than 2.0 mm, a larger tensile increase of strain was observed. At the start of
a given cycle (the zero slip position) a compression strain was measured in the bars. As the
applied slip was increased to the desired magnitude, a tensile increase of strain was observed.
When returned to the zero slip position upon completion of the given cycle, the strain
magnitude returned to a value very close to that at the beginning of the cycle. As mentioned

above, the strain gauge readings became unreliable after the cycles at 6.0 mm. At this point,
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neither bar had reached the yteld strain of 0.0025 (Figure 3.15). Several specific areas of the

strain behaviour are discussed below.

The general strain behaviour of the individual bars can be illustrated clearly by
averaging the strain readings for the three cycles at each slip magnitude. The average
maximum strain in each direction of loading and the average strain at the zero slip position are
plotted together for each slip magnitude in Figures 5.15(a) and 5.15(b), for the west and east
bars respectively. By isolating and averaging the strain behaviour of the two bars, two aspects
of note become apparent. First, the compressive strain at the zero slip position remains fairly
constant for the west bar, while the east bar experiences an increased compressive strain over
the course of the experiment. This increase is particularly significant during the cycles at
1 mm, 2 mm, 3 mm and 4 mm. The variation of the compressive bar strain at the zero slip
position for both bars is shown in Figure 5.16. The second item of note is that the change of
strain during a given cycle is not equal in the two directions of loading. The west bar appears
to experience a larger tensile increase of strain during the positive or push cycles than in the
opposite direction of loading. Conversely, the east bar experiences a larger tensile increase of
strain dunng the negative or pull cycles. The tensile increase of strain can be determined by
subtracting the compressive strain at the start of the cycle from the maximum strain measured
at the applied slip magnitude. In Figure 5.17, the change of bar strain at each applied slip
magnitude is shown for both bars, in both directions of loading. The tensile increase of strain is
clearly not the same in opposite directions of loading for either bar. Also, the tensile increase

of strain is quite different for the two bars at a given slip magnitude.

Although the individual behaviour of the two bars appears to be quite different, the
overall strain behaviour appears to be equal in magnitude and distribution in both directions of
loading. This is illustrated by considering the average envelope of maximum bar strains as

shown in Figure 5.18. The envelopes of maximum bar strains for both the west and east bars
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are also plotted individually in the figure. The fact that the average strain behaviour of the two
bars i1s consistent in both directions of loading suggests that the shear resistance mechanism
provided by the continuity reinforcement is consistent throughout the test, despite the

differences in individual bar behaviour.

5.1.3 Specimen PTS

Specimen PTS consists of two precast concrete wall panels, connected horizontally by
a plain surface, dry packed connection. The connection was post-tensioned using two 12.7 mm
diameter 7-wire prestressing strands, spaced at 900 mm on centre. The strands were post-
tensioned to produce an equivalent stress on the connection of 1.2 MPa. The specimen was
subjected to a simulated gravity load, applied normal to the connection, of 360 kN, producing
an equivalent vertical stress of 2 MPa on the connection. The shear resistance - slip behaviour

of Specimen PTS over the duration of the experiment is shown in Figure 4.3.

The behaviour of the connection prior to the initiation of slip was very stiff and
perfectly elastic. This behaviour was maintained for 12 complete cycles and a maximum
applied shear load level of 400 kN. During these cycles, no measurable slip was observed.
During the following three cycles, at an applied shear load level of 500 kN, a very small slip of
approximately 0.1 mm was measured. The behaviour of the connection remained stable for the
duration of the cycles at 500 kN and the measured slip did not increase. For these reasons, this
point was not defined as the initiation of slip, although a slip of 0.1 mm was measured. The

behaviour of the connection prior to the initiation of slip is shown in Figure 5.19.

On the 16th cycle of loading, while attempting to reach an applied shear load level of
550 kN, the initiation of slip clearly occurred at a measured shear load of 530 kN. At this

point, sustained slip was observed and the measured shear resistance of the connection did not
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increase. Simular to Specimen RW, sudden breaking of the bond between the dry pack and the
panels did not occur for Specimen PTS. Instead, a gradual onset of slip at the interface
between the lower concrete panel and the bottom surface of the dry pack was observed. At this
point, the behaviour of the connection became inelastic and the loading history was switched to

displacement control (relative horizontal slip between the panels) with increments of 1.0 mm.

The inelastic behaviour of the connection after the initiation of slip was very consistent
for the following 15 cycles of loading, up to and including an applied slip magnitude of 5 mm.
This represents cycle 16 to cycle 30. The shear resistance - slip behaviour of the connection
during these cycles is shown in Figure 5.20. The maximum measured shear resistance for
these cycles remained very consistent at approximately 525 kN, Typically, the maximum shear
resistance at a given applied slip magnitude was observed during the first cycle. During the
second and third cycle at the same applied slip magnitude, a slight reduction of approximately
15 kN was measured. Overall, the inelastic behaviour of the connection remained consistent,
producing stable hysteresis loops with a slightly skewed shape, as shown in Figure 5.20. On a
typical cycle of loading, the shear resistance mcreased from the start of sliding (slip) in a given
loading direction, to a maximum at the applied slip magnitude. The magnitude of the increase
remained fairly constant at approximately 75 kN in both directions of loading for the duration

of these cycles.

For the duration of cycles 15 to 30, the dry pack remained largely intact. During the
third cycle at an applied slip magnitude of 2 mm, some vertical crack formation and surface
spalling was observed in the dry pack at the ends of the connection. At the completion of the
cycles at 3 mm, surface spalling of the dry pack had extended approximately 200 mm inward
from both ends of the connection. Surface spalling continued to progress over the duration of
loading and reached approximately 400 mm from the ends of the connection at the completion

of the cycles at 5 mm slip. Initially, slip was observed at the interface between the lower



63

concrete panel and the bottom of the dry pack. During the cycles at 5 mm, slip was observed

at both interfaces between the concrete panels and the dry pack.

On the 31st cycle of loading, at an applied slip magnitude of 6 mm, a reduction of
approximately 35 kN was measured, as shown in Figure 5.21. In addition, rounding of the
hysteresis loops was observed. On the second cycle at 6 mm, considerable spalling of the dry
pack occurred along the length of the connection and a further reduction of the shear resistance
was measured. On the third cycle crushing and spalling of the dry pack increased significantly
and the shear resistance of the connection was reduced to 390 kN in the push direction of
loading and 320 kN in the pull direction. This represented a 26% and 40% reduction of the
maximum shear resistance and accordingly, failure of the connection was declared. The
behaviour of the connection during these three cycles is shown in Figure 5.21. Prior to the
cycles at 6 mm, crushing of the dry pack was not observed and the average measured dry pack
thickness was 19.5 mm (initial thickness = 20.0 mm). At the completion of the three cycles at
6 mm, the average measured dry pack thickness was 17.3 mm, a reduction of 2.7 mm or 14%
due to crushing and spalling. The varniation of the thickness of the dry pack during the test is

shown in Figure 4.9.

To determine the behaviour of the connection after failure, the test was continued by
applying one cycle each at applied slip magnitudes of 7 mm, 8 mm, 9 mm and 10 mm. The
shear resistance - slip behaviour of the connection during these cycles is shown in Figure 5.22.
During these cycles, crushing and spalling of the connection continued and the shear resistance
- slip behaviour of the connection appeared to stabilize. The maximum shear resistance
measured during these cycles ranged from 200 kN to 240 kN. This represents an average loss
of shear resistance of 60%. At the start of the cycle to 7 mm, the measured dry pack thickness

was 17.3 mm. At the completion of the cycle at 10 mm, the dry pack thickness was measured
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to be 9.0 mm, or 45% of the initial thickness. After the completion of a total of 37 cycles of

loading and a maximum applied slip, magnitude of 10 mm, the test was terminated.

Simular to the behaviour observed for Specimen DP and RW, failure of the connection
appears to correspond with sudden and significant crushing of the dry pack, illustrated in
Figure 4.14. Prior to failure of the connection, the reduction of dry pack thickness was
approximately 0.5 mm. Significant crushing of the dry pack, indicated by a large and
continued reduction of the thickness of the dry pack, corresponds to a substantial loss of shear
resistance of the connection. The condition of the dry pack before and after significant crushing

is shown in Figures 5.23 and 5.24, respectively.

S.1.4 Specimen PTB

Specimen PTB consists of two precast concrete wall panels, connected horizontally by
a plain surface, dry packed connection. The connection was post-tensioned using two 5/8"
diameter Dywidag prestressing bars, spaced at 900 mm on centre. The bars were post-
tensioned to produce an equivalent stress on the connection of 1.2 MPa. The specimen was
subjected to a simulated gravity load, normal to the connection, of 360 kN, producing an
equivalent stress of 2 MPa on the connection. The shear resistance - slip behaviour of

Specimen PTB over the duration of the experiment is shown in Figure 4.4.

The behaviour of the connection prior to the initiation of slip was very stiff and
perfectly elastic. This behaviour was maintained for 15 complete cycles and a maximum
applied shear load level of 500 kN. During these cycles, no measurable slip was observed, as

shown in Figure 5.25.
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On the 16th cycle of loading, while attempting to reach an applied shear load level of
550 kN, the initiation of slip occurred at a measured shear load of 530 kN. As for Specimens
RW and PTS, sudden breaking of the bond between the dry pack and the panels did not occur
for Specimen PTB. Instead, a gradual onset of slip at the interface between the upper concrete
panel and the top surface of the dry pack was observed. At this point, the behaviour of the
connection became inelastic and the loading history was switched to displacement control

(relative horizontal slip between the panels) with increments of 1.0 mm.

The inelastic behaviour of the connection after the initiation of slip was fairly consistent
up to and including an applied slip magnitude of 9 mm. This represents 27 cycles of loading,
from cycle 16 to cycle 42. The shear resistance - slip behaviour of the connection during these
cycles is shown in Figure 5.26. During the cycles at 1 mm and 2 mm applied slip, the shear
resistance of the connection increased slightly to reach a maximum of 545 kN at 2 mm slip. As
the applied slip magnitude was increased beyond 2 mm, a progressive reduction of the
measured shear resistance was observed. The measured reduction consistently ranged from
15 kN to 20 kN for each increased applied slip magnitude. However, the behaviour at a given
slip magnicude remained consistent, producing stable hysteresis loops, as shown in Figure
5.26. At an applied slip magnitude of 9 mm, the maximum measured shear resistance was
440 kN, a reduction of approximately 18% from the maximum shear resistance measured at
2 mm. On a typical cycle of loading, the shear resistance increased from the start of sliding
(slip) in a given loading direction, to a maximum at the applied slip magnitude, producing a
parallelogram-like hysteresis loop.. The magnitude of the increase remained fairly constant at

approximately 120 kN in both directions of loading for the duration of these cycles.

The dry pack remained largely intact during the cycles up to and including an applied
slip of 9 mm. Some minor vertical crack formation was observed in the dry pack at the ends of

the connection during the cycles at 2 mm slip. As the test progressed, vertical crack formation
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and surface spalling were observed initially at the ends of the connection, and eventually begun
to advance inwards. At an applied slip magnitude of S mm, some surface spalling had
occurred along most of the length of the connection and the dry pack at the ends of the
connection was significantly cracked for a length of approximately 200 mm. The deterioration
of the dry pack lessened during the cycles at 6 mm, 7 mm and 8 mm, but began to increase
again during the cycles at 9 mm applied slip. During this portion of the test, cracking or

spalling was not observed in the precast concrete panels,

As the applied slip magnitude was increased to 10 mm, very significant crushing and
spalling of the dry pack were observed. During the first cycle at 10 mm, the maximum shear
resistance was 370 kN. This represents a reduction of 24% from the maximum measured
shear resistance of the connection. Accordingly, failure of the connection was declared at this
time. In addition, rounding of the hysteresis loops became pronounced, as shown in Figure
5.27. Durnng the second cycle at 10 mm, crushing of the dry pack continued and the shear
resistance was reduced to 300 kN in the “push direction, and 240 kN in the "pull" direction of
loading. This is a decrease of 44% and 56% in the push and pull loading directions
respectively. On the third cycle at 10 mm, the shear resistance of the connection was further
decreased to 130 kN in the push direction and 100 kN in the pull direction. These values
represent 24% and 18% of the maximum shear resistance measured for the connection. Prior
to the cycles at 10 mm, crushing of the dry pack was not observed and the average measured
dry pack thickness was 19.2 mm (initial thickness = 20.0 mm). At the completion of the three
cycles at 10 mm, the average measured dry pack thickness was 12.9 mm, a reduction of
6.3 mm or 33% due to crushing and spalling. The varation of the thickness of the dry pack

during the test is shown in Figure 4.10.

After failure of the connection, the test was continued by applying one cycle each at

12 mm, 14 mm and 16 mm to determine the residual capacity of the connection. The shear
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resistance - slip behaviour of the connection during these cycles is shown in Figure 5.28. The
connection behaviour during the last cycle at 10 mm is also shown in this figure. During the
cycle at 12 mm, crushing and spalling of the dry pack continued, but the shear resistance of the
connection remained consistent with the last cycle at 10 mm, as shown in Figure 5.28. The
measured thickness of the dry pack was 10.5 mm at the completion of this c¢ycle. During the
cycles at an applied slip magnitude of 14 mm and 16 mm, the shear resistance of the
connection began to increase as the applied slip increased beyond approximately 10 mm, Near
the zero slip position of the cycle, the shear resistance was consistent with the magnitude
measured during the last cycle at 10 mm and the cycle at 12 mm. This i)roduced a "dog-bone"
shape for the shear resistance - slip hysteresis loops during these cycles, as shown in Figure
5.28. The maximum shear resistance measured at an applied slip magnitude of 14 mm was
220 kN, in the pull direction of loading. At an applied slip magnitude of 16 mm, the maximum
shear resistance was 275 kN, in the push direction of loading. At the completion of the cycle at
16 mm, the test was terminated. The average measured dry pack thickness at the completion
of testing was 8.2 mm, or 41% of the initial thickness. The condition of the dry pack before

and after significant crushing is shown in Figures 5.29 and 5.30, respectively.

Similar to the behaviour observed for cyclic shear Specimens DP, RW and PTS, failure
of the connection appears to correspond with sudden and significant crushing of the dry pack,
illustrated in Figure 4.15. Prior to failure of the connection, the reduction of dry pack thickness
was less than 1 mm. Sigmficant crushing of the dry pack, indicated by a large and continued
reduction of the thickness of the dry pack, corresponds to a substantial loss of shear resistance

of the connection.

The behaviour of the post-tensioned Dywidag bars was measured using electrical

resistance strain gauges. The measured strain gauge data is available up to an applied slip
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magnitude of 4 mm. However, two of the gauges were lost during the cycles at a slip

magnitude of 2 mm, and one gauge was lost during the cycles 3 mm.

Immediately after post-tensioning, the average initial measured bar strain was 0.00323.
The jacking force per bar was 114.2 kN. At the time of testing, the average measured strain
was 0.00311. This represents a prestressing loss of approximately 3.5%. Upon application of
the preload, a small prestressing loss of approximately 0.000060 was measured, resulting in an
effective average strain of 0.00305. The total average prestressing loss was 5.5%. The
measured strains for each gauge are shown in Table 5.1. The elastic modulus of the
prestressing bars is 200,000 MPa, measured from tensile tests of three Dywidag bars (Figure
3.17). Using the measured elastic modulus and bar strains, the effective prestressing force per
bar is calculated to be 107.9 kN. This will produce a vertical stress of 1.2 MPa on the

connection, as designed.

The measured strain readings for each bar are shown in separate figures for clarity, due
to the large amount of data. The variation of bar strain, prior to the initiation of slip, is shown
in Figures 5.31(a) and 5.31(b), for the west bar and east bar respectively. In these figures, the
relationship between the applied shear load and the measured bar strain prior to the initiation of
slip is illustrated. Data is shown for the load control cycles up to and including the cycles at an
applied shear load of 500 kN. Prior to the initiation of slip, little or no variation of strain occurs
in either bar. The variation of strain after the initiation of slip is shown in Figures 5.32(a) and
5.32(b), for the west bar and east bar respectively. In these figures, the relationship between
the applied slip magnitude and the measured bar strains after the initiation of slip is illustrated.
Data is shown for the slip control cycles from the first intiation of slip up to the point at which
the strain readings became unreliable. Following the initiation of slip, some variation of strain
was measured in the bars. The outside gauge on the west bar appears to have measured a

significant variation of strain during the cycles at 2 mm. Because the strain readings from the
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gauges on the east bar and the inside gauge on the west bar did not measure a large variation of

strain, it is possible that the readings from the outside gauge on the west bar are unreliable.

From the strain data shown in Figures 5.31 and 5.32, three items should be noted.
First, it appears that prior. to the initiation of slip, the bar strains are unaffected by the applied
shear loading. Second, after the initiation of slip, a small strain gradient is developed between
the gauges located on opposite sides of the bars. The magnitude of the variation of the
measured strains, and thus the strain gradient, does not appear to be significant for the range of
reliable strain readings. Therefore, the amount of flexural deformation within the bars will be
negligible. The third item of note is the variation of strain at the zero slip position of the cycle.
It is assumed that when the connection is at the zero slip position, the force within the
prestressing bars represents the effective prestressing force on the connection. Figures 5.32(a)
and 5.32(b) indicate that the strain at the zero slip position is gradually reduced during the test
after the imitiation of slip. The average strain at the zero slip position in each bar is shown per
cycle in Figure 5.33. Although the data is somewhat limited, it does indicate a reduction of the

effective prestressing strain over the duration of the experiment.

S.1.S Specimen SK

Specimen SK consists of two precast concrete wall panels, connected horizontally by a
dry packed connection with multiple shear keys. The specimen was subjected to a simulated
gravity load, normal to the connection, of 360 kN, producing an equivalent stress of 2 MPa on
the connection. The overall shear resistance - slip behaviour of the specimen is shown in

Figure 4.5.

The behaviour of the connection prior to the initiation of slip was very stiff and

perfectly elastic. This behaviour was maintained for 21 complete cycles and a maximum
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applied shear load level of 400 kN. As the applied shear load was increased in the following
cycles, a small amount of slip was measured, but the shear resistance continued to increase
steadily. As mentioned previously, the initiation of slip is assumed to have occurred if a slip
magnitude of 0.1 mm is measured in both directions of loading. On the 34 cycle of loading, a
slip of 0.1 mm and 0.3 mm was measured in the push and pull directions of loading
respectively, at an applied shear load level of 650 kN. This point was defined as the initiation
of slip. The shear resistance - slip behaviour of the connection prior to the initiation of slip is
shown in Figure 5.34. The behaviour after the initiation of slip is shown in Figure 5.35(a).
The same data is shown with an enlarged scale in Figure 5.35(b). From this figure it is clear
that the behaviour of the connection is inelastic. Although the initiation of slip had occurred
and the behaviour of the connection was inelastic, the shear resistance of the connection
continued to increase while the slip magnitude was limited to less than 1 mm. This behaviour
continued up to and including an applied shear load level of 800 kN. During the three cycles at
800 kN, a maximum slip of 0.45 mm and 0.83 mm was measured in the push and pull
directions of loading. On the 45th cycle of loading, the connection resisted an applied shear
load of 850 kN in the push direction of loading. While attempting to reach the same load level
in the pull direction, sudden and simultaneous diagonal cracking of the dry pack within each of
the shear keys occurred, resulting in an instantaneous slip of approximately 10 mm and a
substantial reduction of the shear resistance. The crack pattern of the dry pack within the shear
keys is shown in Figure 5.36. The shear resistance - slip behaviour of the connection during
cycle 45 is shown in Figure 5.37. At this point, the connection was returned to the zero slip
position and the loading history was switched to displacement control (relative horizontal slip
between the panels) with increments of 1.0 mm. As the connection was returned to the zero
slip position after sudden cracking of the connection, the shear resistance of the connection
stabilized at approximately 420 kN. This represents a reduction of 50% from the maximum

measured shear resistance. Therefore, failure of the connection was declared.
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For the duration of loading up to cycle 45, the dry pack remained largely intact. No
cracking or spalling of the dry pack was observed until the cycles at an applied shear load level
of 750 kN (cycles 40 to 42). During these cycles, some minor vertical cracks became evident
in the dry pack at the ends of the connection and on the north side of one shear key. This was
the only damage visible to the naked eye prior to sudden diagonal cracking through the dry

pack in each shear key as described above.

The shear resistance - slip behaviour of the connection after cracking is shown in
Figure 5.38. The data shown is from the first cycle under slip control up to the end of the test.
The data for the cycles at 3 mm and 4 mm was not recorded due to an error in the data
acquisition system. Measurements recorded manually for are plotted in Figure 5.38 for these
cycles. During the first at an applied slip magnitude of 1 mm, the maximum shear resistance
was 430 kN in the push direction and 285 kN in the pull direction. The shear resistance in the
push direction of loading was significantly higher than in the pull direction because of the
orientation of the diagonal cracks in the dry pack within the shear keys. Since the dry pack was
cracked while in the pull direction of loading, upon reversal of loading the shear resistance will
be higher until a new slip plane is formed in the push direction. As the applied slip magnitude
was increased to 2 mm, the maximum shear resistance was 400 kN and 335 kN in the push
and pull directions respectively. Considerable spalling of the dry pack along the length of the
connection and within the shear keys was observed. At 3 mm, the shear resistance in the push
direction continued to decrease and a maximum value of 350 kN was measured. In the pull
direction, the shear resistance stabilized at 335 kN. Spalling of the dry pack continued. At the
completion of the three cycles at 3 mm, a uniform slip interface had formed along the length of
the connection. The shiding plane was observed at the interface between the upper concrete
panel and the dry pack and continued through each of the shear keys at this level, as shown in
Figure 5.39. The experiment was continued by applying three cycles each at applied slip

magnitudes of 4 mm, 5 mm, 6 mm and 7 mm. During these cycles, the shear resistance of the
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connection remained very consistent at approximately 300 kN in both directions of loading.
This produced almost perfectly rectangular hysteresis loops, as shown in Figure 5.38. To
complete the experiment, one cycle each was applied at slip magnitudes of 8 mm, 9 mm and
10 mm. The shear resistance of the connection continued to remain at approximately 300 kN
in both directions of loading and the dry pack continued to spall and crush. The experiment
was concluded at this point. The condition of the dry pack at the end of the experiment is

shown in Figure 5.40. The sliding plane is clearly evident in this photo.

Similar to the other specimens, the thickness of the dry pack, also the thickness of the
connection, was measured during the experiment. The variation of the thickness of the dry
pack over the duration of the experiment is shown in Figure 4.11. Prior to the failure of the
connection due to cracking of the dry pack within the shear keys, only a minor reduction of the
dry pack thickness was measured. In addition, during the cycles at an applied shear load level
of 750 kN and 800 kN, opening of the connection was measured as the upper concrete panel
slid upwards on the dry pack within the shear keys when the full load level was applied. When
unloaded, the connection closed again, returning to the same thickness measured prior to the
cycle. This is shown in Figure 5.41, where the relationship between the applied shear load and
the variation of connection thickness is shown with an enlarged scale. After cracking of the dry
pack within the shear keys, the thickness of the dry pack continued to reduce gradually and
consistently, as shown in Figures 4.11 and 4.16. At the start of the first cycle at 1 mm, the
thickness of the dry pack was 19.9 mm. At the compietion of the cycle at 10 mm, the dry pack
had been gradually reduced to a thickness of 13.1 mm, or 65% of the initial thickness. This
behaviour was unique for the shear key connection, unlike the plain surface connections of the
other specimen configurations where a sudden reduction of the dry pack thickness

corresponded to failure of the connection.
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8,1.6 Specimen PTB-S (Stiatic Loading)

This section provides a brief summary of the observed experimental results for the
static (monotonic) shear test of Specimen PTB-S. Specimen PTB-S has an identical
configuration to Specimen PTB. Specimen PTB-S consists of two precast concrete wall
panels, connected horizontally by a plain surface, dry packed connection. The connection was
post-tensioned using two 5/8" diameter Dywidag prestressing bars, spaced at 900 mm on
centre. The bars were post-tensioned to produce an equivalent stress on the connection of
1.2 MPa. The specimen was subjected to a simulated gravity load, normal to the connection,
of 360 kN, producing an equivalent stress of 2 MPa on the connection. The shear resistance -

slip behaviour of the connection over the duration of the experiment is shown in Figure 4.6

The behaviour of the connection prior to the initiation of slip was very stiff and no
measurable slip was observed. The initiation of slip occurred gradually at an applied shear
load of 555 kN. Sudden breaking of the bond between the panels and the dry pack was not
observed for this specimen. Relative horizontal slip was observed at the interface between the
dry pack and the lower concrete panel. At this point, loading was switched to displacement

(slip) control.

At an applied slip magnitude of 2 mm, the measured shear resistance of the connection
was reduced to 550 kN. The shear resistance maintained constant at this value up to an applied
ship of 10 mm. During this portion of the test, slip was observed at both the interfaces between
the dry pack and the two concrete panels. Only minor vertical crack formation and surface

spalling were observed in the dry pack.

As the slip was increased beyond 10 mm, an increase in the measured shear resistance

was observed, as shown in Figure 4.6. The shear resistance increased steadily up to a
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maximum value of 785 kN at an applied slip magnitude of approximately 35 mm. As the
applied slip was further increased, the measured shear resistance maintained constant at this
value. At an applied slip of 64 mm, rupture of the east post-tensioned bar occurred, resulting
in a sudden slip to 67 mm and a significant drop in shear resistance to 340 kN. This
represented a 57% reduction of the shear resistance and accordingly, failure of the connection
was declared. During the portion of the test from an applied slip of 10 mm to 64 mm, the dry
pack remained essentially intact. Some formation of vertical cracks in the dry pack was
observed, concentrated mostly at the ends of the connection and at the location of the post-
tensioning bars. Also, minor surface spalling of the dry pack occurred along most of the length
of the connection. The precast concrete panels also experienced some damage during this
portion of the test. Initially, from an applied slip of 10 mm to 30 mm, cracking and spalling of
the south-east end of the lower concrete panel occurred in the bearing areas against the loading
frame and abutments. In addition, some spalling occurred in the connection region on the south
side of the upper concrete panel, at the location of the east post-tensioning bar. From an
applied slip of 30 mm to 64 mm, the spalling at the south end of the lower panel became
considerable. In addition, some cracking, and eventually spalling, occurred in the connection
region on the south side of the upper concrete panel, in the vicinity of the west post-tensioning

bar.

To collect complete information after failure, the applied slip was increased from
67 mm to approximately 75 mm and the measured shear resistance maintained constant at
340 kN. Thus represents the residual strength of the connection. The test was concluded at this

point.

As mentioned previously, the dry pack remained intact over the duration of the
experiment. In addition, the connection thickness, or the thickness of the dry pack, did not vary

significantly. The average variation of the dry pack thickness during the test is shown in Figure
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4.12. This data shows a slight increase in the thickness of the connection. At slip magnitudes
larger than 30 mm, the readings are unreliable due to cracking and spalling of the panel
concrete in the regions of the LVDT stations, and therefore are shown as a "dashed" line in
Figure 4.12. At the end of the test, the thickness of the connection was measured manually to
be 20 mm +/- 0.5 mm. The condition of the dry pack at the end of the test is shown in Figure

5.42.

After the specimen was removed from the loading frame, the east post-tensioning bar
was exposed at the connection level by removing the surrounding cracked panel concrete and
dry pack, as shown in Figure 5.43. This allowed the deformed shape and rupture location of

the bar to be determined, as shown schematically in Figure 5.44.

" The behaviour of the post-tensioned Dywidag bars was measured using electrical
resistance strain gauges. The measured strain gauge data is available up to an applied slip of
11 mm. However, two of the gauges were lost at a slip of 3 mm, and one gauge was lost at a

slip of 8 mm.

Immediately after post-tensioning, the initial average measured bar strain was 0.00322.
At the time of testing, the average measured strain was 0.00309. This represents a prestressing
loss of approximately 4%. Upon application of the preload, only a very small prestressing loss
of approximately 0.00002, or 0.6%, was measured. Using an elastic modulus of 200,000
MPa, the effective prestressing strain of 0.00307 will produce a vertical stress of 1.21 MPa on
the connection area. The measured initial post-tensioning strains are presented in Table 5.2.
The variation of bar strains prior to the initiation of slip is shown in Figure 5.45. In this figure,
the relationship between the applied shear load and the measured strains is shown. Prior to the
initiation of slip at an applied shear load of 555 kN, there was little or no variation in strain.

Following the initiation of slip, the data suggests the occurrence of a minor amount of flexural
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deformation in the bars, indicated by a measured strain gradient in both of the bars. This is
illustrated clearly by the strain behaviour after the initiation of slip, shown in Figure 5.46. In
this figure, the relationship between the applied slip and the measured bar strains is shown.
For both bars, one gauge indicated a strain increase and the opposite gauge indicated a strain
decrease, producing a strain gradient within the bar. Up to an applied slip of 10 mm, it appears
that only a minor variation of strain has occurred. The location of the strain gauges measures
the extreme fiber strains in the bars. In addition, the average of the strain readings from the
two gauges 1s the axial force in the bar. The measured data indicates that neither bar had
reached the yield strain of 0.0045 (Figure 3.17) in flexure, or in tension, up to the point at

which the strain readings became unreliable.

5.2 STAGES OF CYCLIC BEHAVIOUR

On the basis of the experimental results described in the preceding sections, the cyclic
shear behaviour of the connections could be described in three distinct stages. In the first
stage, the behaviour of the connection is elastic and very stiff The connection behaves as a
monolithic member and slip is not observed between the precast concrete panels. The second

stage commences with the initiation of slip between the panels. During this stage, the

behaviour of the connection is inelastic and the dry pack within the connection remains intact.

Little or no reduction of the thickness of the dry pack is measured. The shear resistance of the
connection may increase or decrease, depending on the connection configuration. For
Specimen SK, with multiple shear keys, a significant increase of the shear resistance is
measured during the second stage, while the relative slip between the panels is limited to less
than I mm. The third stage of behaviour represents failure of the connection, defined as a 20%
reduction of the shear resistance. The third stage is initiated by sudden and extensive crushing
and spalling of the dry pack, accompanied by a significant reduction of the shear resistance.

For Specimen SK, the third stage is initiated by sudden cracking of the dry pack within the
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shear keys. After the initial reduction of shear resistance, typically the behaviour of the
connection stabilized at a reduced level, signifying the residual strength of the connection.
Over the duration of the third stage, the dry pack continued to crush and spall, producing a
significant reduction of the thickness of the dry pack. The three stages of the connection
behaviour are illustrated in Figure 5.47. This figure shows the envelope of cyclic shear
resistance - slip behaviour for Specimen PTS and represents typical behaviour for all of the
connection configurations. In the case of Specimen SK, Stage II will be shortened, as the

presence of the shear keys limits the measured slip to less than 1 mm.

53 INITIATION OF SLIP

As discussed in the preceding sections, the initiation of slip occurred gradually for all of
the connection configurations with the exception of Specimen DP. This suggests that bond
between the dry pack and the precast concrete panels was either non-existent, or had been
destroyed by some means, possibly the effects of the cyclic loading. In the previous studies of
the monotonic behaviour of the plain surface connections (i.e. without multiple shear keys)
performed at the University of Manitoba, sudden initiation of slip due to breaking of the bond
was only reported by Foerster {10,11). Foerster reported sudden “"cracking" behaviour at the
initiation of slip for connections with dry pack only and for connections with dry pack and mild
steel continuity bars. The cracking strength of the connections was observed to be significantly
higher than the shear resistance of the connection after the initiation of slip. Foerster also tested
a connection with dry pack and continuity bars which had been deliberately "pre-cracked" prior
to testing. The initiation of slip for this specimen occurred gradually, while the shear resistance
after the initiation of slip was identical to the similar specimens which had not been pre-
cracked. The gradual onset of slip was similar to the results observed by Serrette (29,30) for
one connection with dry pack only and by Hutchinson (17,18) for connections with dry pack

only and connections with post-tensioning, with and without hollow-core slabs. These results
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suggest that bond between the dry pack and the precast panels was non-existent at the initiation
of slip. Because these specimens were tested under monotonic loading, the bond could not
have been destroyed by the effects of cyclic loading and therefore must not have been present

at all, or had been destroyed in some unknown manner.

Based on the overall results from the three previous studies and the current cyclic
loading program, it does not appear to be possible to absolutely determine if bond is present at
the interface between the dry pack and the precast concrete panels. Therefore, it is not possible
to predict whether the initiation of slip will occur gradually or suddenly due to breaking of the
bond between the dry pack and the panels. In the interest of predicting the initiation of slip for
design purposes where conservative results are desired, the presence of bond between the dry
pack and the precast concrete panels should be ignored under both monotonic and cyclic
loading conditions. The initiation of slip should therefore be assumed to occur gradually when
the applied shear loading exceeds the shear resistance of the connection, determined assuming

bond is not present. This will be discussed in detail in Chapter 6.

54 FAILURE MECHANISM UNDER CYCLIC LOADING CONDITIONS

The failure mechanism for the specimens tested under cyclic shear loading conditions
was identical for all of the connection configurations. As described in Section 5.1, failure of all
of the connection configurations was accompanied by sudden crushing and/or cracking of the
dry pack. The effect of sudden crushing of the dry pack on the behaviour of the connection,
depends on the configuration of the particular connection. While Specimen DP experienced
only a minor loss of shear resistance at failure, the other configurations displayed a strength
reduction in the order of 50%, as shown in Figures 4.1 to 4.6. For Specimen DP, where the
shear resistance is provided only by friction, crushing of the dry pack represents a reduction of

the only variable, the coefficient of friction. For Specimens PTS and PTB, crushing of the dry
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pack was accompanied by a considerable loss of shear resistance compared to Specimen DP.
Similar to Specimen DP, the coefficient of friction will be reduced. In addition, crushing of the
dry pack and subsequent reduction of the dry pack thickness will result in a substantial loss of
the prestressing force. Therefore, both the coefficient of friction and the equivalent vertical
stress on the connection due to post-tensioning are reduced. In the case of Specimen RW,
crushing of the dry pack caused two continuity bars to carry a significant portion of the
simulated gravity load normal to the connection. This behaviour was confirmed by the out-of-
plane buckling of one of the bars at the connection level towards the end of the test, shown in
Figure 5.12. Because the continuity bars were forced to resist most of the applied vertical load,
the effective vertical stress acting on the connection area is reduced, thus substantially reducing
the shear resistance provided by friction. For Specimen SK, the shear resistance mechanism
before failure of the dry pack is largely due to direct bearing within the shear keys. As a result,
failure of the dry pack destroys this resistance mechanism, resulting in a very large reduction of

shear resistance, as shown in Figure 4.5.

3.5 EFFECT OF MILD STEEL CONTINUITY BARS

The effect of the continuity bars is illustrated in Figure 5.48 by comparing the
envelopes of cyclic shear resistance - slip behaviour for Specimen DP and Specimen RW. In
this figure, the results from Specimen DP, tested with an applied vertical stress of 4 MPa, have
been "scaled" to allow direct comparison with Specimen RW, tested under an applied vertical
stress of 2 MPa. In general, the continuity bars will increase the overall shear resistance of the
connection compared to the plain connection of Specimen DP. The presence of continuity bars
has two effects on the shear resistance of the connection. First, the bars will resist a portion of
the normal load on the connection, thereby reducing the effective stress on the dry pack and the
frictional resistance of the connection. Over the duration of the cyclic loading, the portion of

the vertical load resisted by the continuity bars will increase, as discussed in Section 5.1.2 and
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shown in Figure 5.16. This will tend to reduce the frictional resistance of the connection during
the test, particularly during Stage IIT of behaviour. The second effect of the continuity
reinforcement is to provide an additional component of shear resistance. Relative slip between
the panels will tend to deform the continuity bars. The resistance of the bars to slip
deformation will therefore increase the shear resistance of the connection. As the applied slip
magnitude is increased, the deformation and therefore the resistance of the bars will become

more significant, increasing the shear resistance as shown in Figure 5.48.

5.6 EFFECT OF POST-TENSIONING

The envelopes of shear resistance - slip behaviour for Specimens DP, PTS and PTB
are shown in Figure 5.49. Once again, the results of Specimen DP have been scaled to allow
direct comparison with Specimens PTS and PTB, tested with an applied vertical stress of
2 MPa. The effect of post-tensioning is to increase the shear resistance of the connection at the
initiation of slip and during Stage I of behaviour. The increase of shear resistance observed
for Specimens PTS and PTB over Specimen DP is approximately proportional to the increase
of effective vertical stress on the connection due to post-tensioning. Similar to the results
observed by Hutchinson (17,18), this suggests that the effect of post-tensioning enhances the

frictional resistance of the connection.

During Stage IIT of behaviour, crushing of the dry pack could result in a total loss of
prestressing force. As a result, the frictional resistance of the connection provided by post-
tensioning will be eliminated and the total shear resistance will be similar to Specimen DP. In
the case of Specimen PTS, the shear resistance during Stage III is very close to that measured
for Specimen DP, as shown in Figure 5.49. For Specimen PTB, the shear resistance during
Stage III is lower than Specimen PTS and DP. It is possible that crushing of the dry pack may

cause the post-tensioning bars to resist a portion of the applied vertical load during Stage III.
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This would further reduce the effective vertical stress on the dry pack, thus reducing the

frictional resistance of the connection.

5.7 EFFECT OF SHEAR KEYS

The effect of multiple shear keys is clearly evident when comparing the cyclic shear
resistance - slip envelopes for Specimen DP and Specimen SK, as shown in Figure 5.50. The
results of Specimen DP have been scaled to allow direct comparison with Specimen SK, tested
with an applied vertical stress of 2 MPa. The maximum shear resistance of Specimen SK was
850 kN, more than three times the maximum shear resistance of Specimen DP. The increased
shear resistance for Specimen SK is due to direct bearing on the dry pack within the shear
keys. At the higher load levels before failure of the connection (cycles at 750 kN and 800 kN),
the upper concrete panel was actually observed to slide upward on the shear keys, overcoming
the 360 kN normal load. During these cycles, the entire shear load on the connection would be
transferred between the panels by direct bearing on the dry pack within the shear keys.
Obviously, the performance of the connection can be very significantly increased through the

use of multiple shear keys,

After failure of the connection due to cracking of the dry pack within the shear keys, a
uniform slip interface formed along the length of the connection and the shear resistance of the
connection is only provided by friction along this interface. At this point, the shear resistance
stabilized to a constant value of approximately 300 kN in both directions of loading. The shear
resistance of Specimen DP after failure due to crushing of the dry pack stabilized at a level of
approximately 210 kN (scaled value). Thus, after failure, the shear resistance of the connection
with multiple shear keys was 43% higher than the plain surface connection. The increased
shear resistance of Specimen SK may be attributed to the different slip interfaces for the two

specimens. Since the newly formed interface of Specimen SK consists of a combination of dry
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pack-to-dry pack regions within the shear keys and smooth concrete-to-dry pack regions, it
could produce a higher frictional resistance compared to the plain surface connection of

Specimen DP.

5.8 EFFECTS OF CYCLIC LOADING

The effects of cyclic loading on the behaviour of the various connection configurations
can be evaluated by comparing the experimental results from the cyclic loading tests to the
results obtained from the previous studies of the monotonic (static) shear behaviour performed
at the University of Manitoba (Foerster (10,11), Serrette (29,30) and Hutchinson (17,18)). The
results of these three experimental programs, including the proposed models, were described
prviously in detail in Section 2.3.1. The behaviour of the connection with post-tensioned bars
was not considered in the previous research and therefore, a model for prediction of the static
behaviour of this connection configuration does not exist. The effects of cyclic loading on the
behaviour of this connection will be evaluated using the results of the static test of Specimen

PTB-8 and cyclic test of Specimen PTB in the current experimental program,

5.8.1 Deterioration of the Dry Pack

The most significant effect of the cyclic loading is deterioration the dry pack. The

deterioration occurs in the form of a reduction of the thickness of the dry pack.

Initially, during Stage II of the connection behaviour, the thickness of the dry pack was
gradually reduced due to the grinding action of the cyclic loading. This was observed for
Specimen RW and Specimen PTB. In the case of Specimen RW, the gradual reduction of the
dry pack thickness causes the continuity bars to resist a larger portion of the applied vertical

load, thereby reducing the frictional resistance of the connection over the duration of loading.



83

In the monotonic shear tests of similar specimens with mild steel continuity reinforcement
performed and reported by Foerster (10,11), a measurable reduction of the dry pack thickness
was not observed. In addition, strain readings from the continuity bars did not indicate an
increase of the amount of compression resisted by the bars over the duration of the loading.
For Specimen PTB, the gradual reduction of the dry pack thickness produced a gradual loss of
prestressing in the bars. As a result, the frictional resistance of the connection was reduced
over the duration of loading. The monotonic shear test of Specimen PTB-S did not experience
a measurable reduction of dry pack thickness and the strain readings from the bars did not
indicate a loss of prestress. In addition, a loss of shear resistance was not observed for

Specimen PTB-S over the same range of applied slip.

The cyclic shear tests of the configurations with plain surface connections all
experienced failure due to sudden and extensive crushing of the dry pack. This was previously
defined as Stage III of the cyclic shear connection behaviour. In the monotonic shear test of
Specimen PTB-S and the previously reported monotonic shear tests, none of the plain surface
connection configurations experienced extensive crushing of the dry pack and therefore did not
reach Stage [II. In the case of Specimen PTB-S, loading was continued up to a very significant
applied slip of 75 mm and crushing of the dry pack was not observed. These results suggest
that the grinding action of the cyclic loading will eventually cause crushing of the dry pack,
thereby introducing an additional limit state of behaviour beyond that observed for identical

specimens tested under monotonic loading conditions.

5.8.2 Comparison With Previously Proposed Models for Monotonic Loading

In this section, the applicability of the static strength models proposed in the previous
research by Foerster, Serrette and Hutchinson (10,11,17,18,29,30) for predicting cyclic

behaviour will be evaluated. The static strength models are summarized in Section 2.3.1. In
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the previous studies, with the exception of the connections with multiple shear keys, the
observed behaviour corresponded to Stages I and II observed for the specimens tested under
cyclic loading in the current research. The proposed models for the ultimate strength under
monotonic loading corresponds to Stage II of the cyclic connection behaviour. In the case of
the specimens with multiple shear keys tested under monotonic loading, significant
deterioration of the dry pack was observed after cracking. Thus, the proposed models for the
ultimate strength of these connections under monotonic loading corresponds to Stage III of the
cyclic connection behaviour. In the following sub-sections, the previously proposed monotonic
loading models will be used with the measured material properties presented in Chapter 4 to
determine the predicted static strength of each specimen in the current program. The predicted

static strength is then compared with the measured cyclic behaviour of the specimen.

5.8.2.1 Connections with Dry Pack Only

The mechanism of shear transfer for a plain surface dry packed connection is provided
by interface friction, as described in Section 2.3.1 (Foerster, Serrette, Hutchinson
(10,11,17,18,29,30)). The predicted monotonic maximum shear strength of Specimen DP is
determined using Equation 2.2 as follows (since no continuity bars or shear connectors are

used in Specimen DP, the second and third terms of Equation 2.2 are omitted):

Ve=uo, 4
where
p = coefficient of friction
=0.7+-0.1
o, = vertical stress on the connection
=4 MPa

A_ = connection area

[
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= 150,000 mm?

V, =0.7(4MPa) (150,000 mm? )
= 420 kN

The measured maximum shear resistance of Specimen DP during Stage IT of behaviour was
480 kN. On the basis of the measured shear resistance, a coefficient of friction of 0.8 is
obtamed. This value corresponds well with the recommendations of the previous research for
the coefficient of friction. It appears that the previously proposed monotonic shear strength
model could be used with a coefficient of friction of 0.7 to conservatively predict the behaviour
of the connection during Stage II. These results suggest that cyclic loading had no effect on the

strength of the connection prior to significant deterioration of the dry pack.

5.8.2.2 Connections with Mild Steel Continuity Bars

The shear resistance of dry packed connections with mild steel continuity bars under
monotonic loading is provided by a combination of interface friction and the resistance of the
bars to shear deformation, as described in Section 2.3.1 (Foerster (10,11)). The predicted

static shear strength of Specimen RW using Equation 2.2 is as follows:

A4S,
V3

V{ =ﬂ O.ﬂ Ac +
where
p = coefficient of friction
=0.74+-0.1
o = vertical stress on the connection

n

A = connection area

<
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= 180,000 mm?

A, =total cross-sectional area of bars
=2 (500 mm?)

£, = nomunal yield strength of bars

=400 MPa

In the previous research, consideration was not given to the portion of the vertical preload
which may be resisted by the continuity bars. In the case of Specimen RW, initial compressive
strains in the order of 0.0005 were measured in the continuity bars due to the application of the
vertical preload. This will reduce the vertical stress acting on the connection area to 1.44 MPa,

from 2 MPa. Considering this, the shear resistance of the connection is determined as:

{1000mm? ) (400MPa )

NE]

V. =0.7 (1.44 MPa) (180,000 mm® ) +

=413kN

The measured shear resistance of Specimen RW during Stage II of behaviour ranged from
approximately 290 kN at the initiation of slip to a maximum of 400 kN, considerably lower
than the predicted value. In addition, it is likely that the actual coefficient of friction will be 0.8,
as this was the value determined from the cyclic shear test of Specimen DP. A higher
coefficient of friction will further increase the static loading prediction, becoming more
unconservative. Based on the measured results, it appears that the previously proposed model
for static strength prediction of this type of connection is not applicable for cyclic loading
conditions. In particular, it is likely that the second term of the equation, related to the
resistance provided by the bérs, is the source of difference since the interface friction term of

the equation appears to be sufficient in the case of Specimen DP,
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5.8.2.3 Connections with Post-tensioned Strands

The shear resistance of connections with post-tensioned strands is provided by interface
friction, as described in Section 2.3.1 (Hutchinson (17,18)). The frictional resistance of the
connection is provided by both the applied vertical preload and the effects of the post-
tensioning. The predicted monotonic shear strength of Specimen PTS is determined using

Equation 2.6 as follows:

V{=p(0‘ng+dnp)Ac
where

p = coefficient of friction
=0.7+/-0.1

o, = vertical stress on the connection due to normal load
=2 MPa

o,, = vertical stress on the connection due to post-tensioning
=1.2 MPa

A_ = connection area

<

= 180,000 mm?

V, =0.7(2.0 MPa+ 1.2 MPa) ( 180,000 mm? )
=403 kN

The measured maximum shear resistance of Specimen PTS during Stage II of behaviour was
525 kN. The value remained essentially constant over the duration of Stage II of behaviour.
On the basis of the measured shear resistance, a coefficient of friction of 0.91 is obtained. This
value is slightly higher than the recommendations of the previous research for the coefficient of

friction, but is not unreasonable. It appears that the previously proposed monotonic shear
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strength model could be used with a coefficient of friction of 0.7 to conservatively predict the
behaviour of the connection during Stage II. These results suggest that cyclic loading had no

effect on the strength of the connection prior to significant deterioration of the dry pack.

5.8.2.4 Connections with Multiple Shear Keys

The shear resistance of connections with multiple shear keys is provided by interface
friction and bearing on the dry pack within the shear keys, as described in Section 2.3.1
(Serrette (29,30)). The behaviour of the connection under static loading was observed to have
three limit states; cracking, maximum shear resistance and ultimate shear resistance. The
maximum shear resistance under static loading occurs after cracking of the dry pack within the
shear keys but prior to the formation of a uniform sliding plane, in the same direction of
loading. In the case of Specimen SK, tested under reversed cyclic loading, the loading
direction was reversed immediately after cracking, destroying the strut mechanism associated
with the maximum shear resistance, as described in Section 2.3.1. Therefore, the cracking
shear resistance of the Specimen SK corresponded to the maximum measured shear resistance
of the connection, and the maximum shear resistance associated with static loading conditions
was not observed. The predicted static loading cracking shear resistance of Specimen SK is

determined using Equation 2.3 as follows:

V. =po, (A ~nditan @)+ 7, (o, + 1) A,
where
n = coefficient of friction
=0.7+/-0.1
c, = vertical stress on the connection

=2 MPa

A_ = connection area

<
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= 180,000 mm?

n = number of shear keys
=5

d = depth of shear key

=35 mm

Lo

= panel thickness

=150 mm

© = inclination of shear key
=23.3 deg.

= tensile strength of dry pack

=0.6,[1",

i

=

. = equivalent standard cylinder strength of the dry pack

= (.85 x cube strength of dry pack

=51 MPa

A_ =total cross-sectional area of diagonal cracks through shear keys
=ntn* +b?

h = maximum length of the shear key
= 100 mm

b = mitial thickness of the connection {(gap between the precast panels)

=20 mm

£, =0.6v/51 MPa

=4.28 MPa

A, = (5)(150)v100? + 207

= 76485.3 mm*
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V., =0.7(2)(180,000 ~ (5)(35)(100)tan23.2) + /4.28(2 -+ 4.28) (76485.3)
=241.5 kN +396.5 kN
=638 kN

The shear resistance of Specimen SK at cracking was 833 kN, considerably higher than the
static prediction of 638 kN. It is unlikely that the difference between the predicted static
cracking strength and the measured cyclic cracking strength is due to the cyclic loading. The
proposed cracking shear resistance model for static loading conditions was found to provide
very good correlation with the experimental results in the previous research (Serrette (29,30)).
Therefore, the source of the difference is most likely related to the strength of the dry pack. It
is possible that the dry pack within the shear keys was compacted to a higher level during
placing than the cube specimens. This would result in a higher tensile strength for the in situ
dry pack than that measured for the cube specimens, and would significantly increase the
bearing resistance of the shear keys prior to cracking. At this stage, it is not possible to
determine the actual strength of the in situ dry pack. Based on the measured results, it appears
that the proposed static loading models and the measured material properties could be used to
conservatively predict the cracking strength of connections with multiple shear keys under

cyclic loading.

The ultimate shear resistance of the connection after the formation of a uniform sliding

plane under static loading conditions can be predicted using Equation 2.5 as follows:

V,=02/f", 4, +050,4,
where
A, = cross-sectional area of the portion of the connection covered by the

shear keys

= (780)(150)
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= 117,000 mm?

V, =0.24/51 (117,000) +0.5(2)(180,000)
=348.4 kN

After formation of a uniform sliding plane, durning Stage Il of behaviour, the measured shear
resistance of Specimen SK was 335 kN. Under the conditions of both static loading and cyclic
loading, after the formation of a sliding plane, the connection appears to behave in a similar
manner. Based on the measured data, it appears that the previously proposed model for the
ultimate strength under monotonic loading conditions can be used to predict the strength of the

connection under cyclic loading conditions during Stage IIT of behaviour.
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CHAPTER 6

MECHANISMS OF SHEAR TRANSFER

6.0 INTRODUCTION

In this chapter, the shear resistance mechanisms for each of the six specimens tested in
this program are examined. Shear resistance mechanisms are defined for each stage of
behaviour. Where possible, the experimental results are used to evaluate and refine the
proposed mechanisms to allow prediction of the connection behaviour under cyclic shear

loading conditions.

6.1 SPECIMEN DP

The initiation of slip for Specimen DP occurred suddenly. This suggests that during
Stage I of behaviour, prior to the mitiation of slip, the shear resistance of the connection is
provided by bond between the dry pack and the precast concrete panels. This behaviour was
unique for Specimen DP, as no evidence of bond between the dry pack and the panels was
observed for the other specimens tested under cyclic loading conditions. Afier the initiation of
slip, during Stage II of behaviour, the shear resistance of the connection is provided by
mterface friction. The ultimate shear resistance of the connection after crushing of the dry pack

(Stage ITI of behaviour) is also provided by interface friction.
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6.1.1 Stace I - Initiation of Slip

If complete bond is maintained at the interface between the dry pack and the precast
concrete panels, the inttiation of slip will occur suddenly when the bond is broken. Sudden
mitiation of slip due to breaking of the bond can be predicted using the monotonic loading
"cracking" model (Equation 2 1) proposed by Foerster (10,11) in the previous study at the

University of Manitoba. The procedure for estimating the cracking shear resistance, V_, is

given as follows:

where

Therefore,

Vo =/ (fi +0,) A

f = tensile strength of dry pack

=05,(/]

f  =equivalent standard cylinder strength of the dry pack

-]

= (.85 x cube strength of dry pack
=324 MPa (for Specimen DP)
o, = vertical stress on the connection
=4 MPa
A_ = connection area

c

=150,000 mm?
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f,=05J32.4

=2.85 MPa

V. =4/2.85(2.85+4) (150000)

=663 kN

The measured shear resistance at cracking was 533 kN. The predicted cracking load of
663 kN is 25% higher than the measured value. The reduction of the cracking strength could
be attributed to the effect of the reversed cyclic loading in comparison to the static nature of the
load from which the proposed model was developed. Considering the variables in Equation
6.1, 1t 1s possible that the cyclic loading caused a reduction of the tensile strength of the dry
pack. Using this assumption, the cracking strength of the connection could be predicted by
considering a reduction of approximately 30% of the dry pack tensile strength. Thus, the

predicted cracking strength under cyclic loading condittons is determined as follows:

£,=0.7(05f)
=0.7(0.532.4)

=1.99 MPa

V., =/1.99(1.99 +4) (150000)

=518 kN

The predicted cracking strength of the connection considering a reduced tensile

strength of the dry pack corresponds well to the measured value of 533 kN.
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6.1.2 Stage II - After the Initiation of Slip

After the imitiation of slip, the upper precast concrete panel slid relative to the bottom
panel along the interface of the upper surface of the dry pack. At this stage, there was no
measurable reduction of the thickness of the dry pack and the shear resistance of the connection

remained fairly constant.

The shear resistance of the connection during Stage I is provided only by friction, due
to the absence of continuity reinforcement or shear keys in this specimen. The behaviour and
the measured constant shear resistance suggests a constant friction coefficient. As described in
Section 5.8.2.1, the previously proposed monotonic loading model for the shear resistance of
the connection appears to apply to the cyclic behaviour of the connection. Based on the
measured shear resistance, a friction coefficient of p = 0.8 is obtained which is within the range

of measured friction coefficients in the previous research.

6.1.3 Stage I - After Crushing of the Dry Pack

In this investigation, failure of the connection was defined as a 20% reduction of the
shear resistance of the connection due to an increase of the applied slip magnitude. This stage
was accompanied by extensive crushing and spalling of the dry pack. After failure of the
connection, the shear resistance of the connection during Stage III remained consistent at a

reduced level in spite of continued crushing of the dry pack.

As discussed above, the shear resistance is provided by interface friction and therefore
a loss of shear resistance reflects a reduction of the coefficient of friction. The measured shear

resistance of Specimen DP during Stage Il was 420 kN. This corresponds to a coefficient of
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friction of 1 = 0.7. On the basis of the measured results, it appears that crushing of the dry

pack produces a reduction of the coefficient of friction from p=0.8 t0 0.7.

6.2 SPECIMEN RW

During Stage I, prior to the initiation of slip, the behaviour of the connection is elastic
and the shear resistance is provided by interface friction. The second stage describes inelastic
behaviour after the initiation of slip. During this stage, the shear resistance increases as the
applied slip magnitude is increased and the shear resistance is provided by a combination of
interface friction and the resistance of the continuity bar to deformation. In the third and final
stage, the dry pack crushes and spalls extensively and a significant reduction of the shear

resistance occurs.

6.2.1 Stage I - Initiation of Slip

The initiation of slip for Specimen RW occurred gradually without sudden cracking.
This behaviour suggests that the bond between the dry pack and the precast concrete panels
was non-existent or had possibly deteriorated due to the cyclic loading. If bond is not present
between the dry pack and the panels, the initiation of slip will occur when the applied shear
force exceeds the frictional resistance of the connection. Although there is continuity
reinforcement across the connection for this specimen, theoretically, the shear resistance
mechanisms associated with the reinforcement do not become active until slip has occurred.
Therefore, the shear resistance at the initiation of slip is provided only by friction, produced by
the net gravity load (applied vertical load) acting on the cross-sectional area of the connection.
The net gravity load is the portion of the simulated gravity load carried by the dry pack of the

connection. The remainder of the gravity load is resisted by the continuity reinforcement.



97

The frictional resistance provided by the net gravity load, V_, may be determined as

follows:

Vi =g 0o, 4, (6.2)

where:

u = coefficient of friction
= 0.8 (measured from cyclic shear Specimen DP)
o, =vertical stress acting on dry pack due to net gravity load

P, —nk,
4

<

P = applied gravity load

n = number of continuity bars

F. = portion of applied gravity load resisted by one continuity bar
{compression force)

A = cross-sectional area of the connection

In practical terms, the initiation of ship is difficult to define. As mentioned above, it is
assumed that prior to the initiation of slip, the continuity reinforcement does not contribute to
thé shear resistance of the connection. In reality, the onset of slip is not observable until some
magnitude of slip has occurred. At this point, it is possible that the continuity reinforcement
will also provide some amount of shear resistance. For this reason, in this experimental
program, the initiation of slip is defined as the point at which 0.1 mm of slip has been

measured, and the contribution of the confinuity reinforcement at this slip magnitude will be
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considered when predicting the initiation of slip. The contribution of the continuity bars is

discussed in detail in the following sections.

6.2.2 Stage II - After the Initiation of Slip

The nitiation of slip occurred at the interface between the upper concrete panel and the
dry pack. During Stage I, the behaviour of the connection was inelastic and exhibited stable
hysteresis loops. As the slip magnitude was increased, an increase of the shear resistance was
measured. As described in Section 5.5, the shear resistance of the connection during Stage IT is
assumed to be provided by a combination of interface friction and the resistance of the
continuity reinforcement to deformation. On the basis of the discussion in Section 5.8.2.2, the
previously proposed model for monotonic loading does not appear to correctly describe the
behaviour of the connection under cyclic loading. From the observed experimental behaviour,
the continuity reinforcement appears to contribute to the overall shear resistance of the
connection 1n a progression of two separate mechanisms. Initially, the contribution of the
continuity reinforcement may be atiributed to flexural deformation of the bar due to the relative
slip between the panels. The idealized form of this mechanism is shown in Figure 6.1(a). The
flexural resistance mechanism is dominant until the formation of plastic hinges in the bars. At
this point, a second mechanism forms in the confinuity reinforcement. This mechanism,
referred to as "kinking action", is shown in Figure 6.1(b). As horizontal slip between the
panels occurs, a tensile force is induced within the kinked length of the bar. The vertical
component of this force will exert a vertical stress on the dry pack, increasing the frictional
resistance of the connection. This is referred to as clamping action. In addition, the hoﬁzontal

component of the tensile force in the bar will directly resist applied shear loading.

The total shear resistance of the connection during Stage II, V, can be separated into

four components:
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V. =V, +V +V,, +V, (6.3)

Each of the shear resistance components is described in detail below.

Component Vﬂ :

The component V represents the frictional resistance provided by the net gravity load

acting on the cross-sectional area of the connection, as shown in Figure 6.2. Similar to the

procedure described in Stage I, V. is estimated as follows:

where:

Vfl =

i)

Gni

KOy A_'c (62)

= coefficient of friction

= (.8 (measured from cyclic shear Specimen DP)

= average vertical stress acting on dry pack due to net gravity load for a

particular slip magnitude, i

= applied gravity load

= number of continuity bars

= compression force in one continuity bar due to the applied gravity load
when the connection is at the zero slip position at the start of a cycle to

slip magnitude i
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A = cross-sectional area of the connection

The difference between the calculation of V, in Stage I and Stage II is the magnitude of the
force in the continuity bars, F, .. Over the duration of cyclic loading, a gradual reduction of the
thickness of the dry pack will occur. As a result, the portion of the applied gravity load resisted
by the continuity reinforcement, F, , increases. As F__ increases, the vertical stress acting on
the connection, ©_, is reduced. Therefore, as the number of cycles and applied slip magnitude

increases, the contribution of V_ will be reduced.

Component V..

The component V, | represents the end shear forces resulting from flexural deformation
of the continuity reinforcement, as shown in Figure 6.3. The flexural mechanism associated
with V, was discussed previously and is shown in Figure 6.1(a). The bar is assumed to have

“fixed” end conditions and is deformed over alength L. V, can be estimated as follows:

2
Vhl—nx[ M] (6.4)
L
where:
n = number of continuity bars
M  =fixed end moment in the bar

L, = effective deformed length

i
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The fixed end moment, M, is determined based on the flexural moment/curvature relationship
of the bar and is limited by the plastic moment capacity, M. The curvature at the ends of the
bar can be determined from the deformed shape, defined by the slip magnitude, §, and the
deformed length, L,, as illustrated in Figure 6.1(a). V,, will increase as the slip magnitude is

increased, until plastic hinge formation occurs. At this point, V,  is limited to:

2M
V,, =#nx ————[ 3
L
After the formation of plastic hinges, the reversed cyclic loading may cause deterioration of the
concrete around the bar, allowing a progression of the plasticized region and thus an increase
of the deformed length, L. Because the end moment is limited to Mp, this will tend to reduce

the contribution of component V.

Component V_m :

The component V, is the frictional resistance provided by clamping action as shown in
Figure 6.4. As discussed previously, clamping action is produced by a tensile increase of the
axial force in the bar. This increase is due to the relative horizontal displacement of the ends of
the bar while the vertical position of the ends of the bar is kept constant. This mechanism,

referred to as "kinking action", is illustrated in Figure 6.1(b). V,, may be estimated as follows:

V{Z =H o-n2 Ac (65)

where:
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p = coefficient of friction

= 0.8 (measured from cyclic shear Specimen DP)

o, = average vertical stress acting on dry pack due to clamping action
[AF,, ]
—px—
AC
n = number of continuity bars

AF,,; = vertical component of the increase of axial bar force at an applied slip
magnitude, i ,due to the kinking mechanism (defined in Figure 6.4 and
Figure 6.1(b))

A = cross-sectional area of the connection

The kinking mechanism does not become significant until flexural hinge formation associated
with component V,  occurs. Once kinking action develops, the tensile increase of bar force,

AF,;, will become larger as the applied slip increases. Correspondingly, V,, will increase as

byi®

the magnitude of the applied slip increases.

V,, is limited by the tensile yield strength of the bar. Experimental results indicate that

at slip magnitudes up to 6.0 mm, the axial bar strain is well below the yield stramn for the bar.

Component V_| )

The component V,, is provided by the kinking mechanism, as described above for

compenent V_. V. _may be estimated as follows:
P o ¥y, May

V,, =nx[AF,_ ] (6.6)
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where:

n = number of continuity bars
AF, . = horizontal component of the increase of axial bar force at an applied

slip magnitude, i, due to the kinking mechanism (defined in Figure 6.4
and Figure 6.1(b))

V,, 1s illustrated in Figure 6.4. As discussed for component V, because V, is a
function of the kinking mechanism, it does not develop until plastic hinge formation occurs, and

then increases with applied slip magnitude.

6.23 Stage III - After Crushing of the Dry Pack

Failure of Specimen RW was accompanied by extensive crushing and spalling of the
dry pack. For Specimen RW, this behaviour was observed during the cycles at an applied slip
magnitude of 9.0 mm. During these cycles, an average reduction of shear resistance of 45%
was measured. As the applied slip was increased, a further 25% reduction of the shear
resistance was observed and out-of-plane buckling of one of the continuity bars occurred.

Following this, the behaviour of the connection stabilized.

During Stage III, the observed behaviour of Specimen RW is rather complex. In
addition, the absence of rehable strain readings for the continuity bars during this portion of the
experiment makes it quite difficult to evaluate the mechanisms of the shear resistance. As
extensive crushing and spalling of the dry pack occurs, the majority of the applied gravity load
is resisted by the continuity reinforcement and contact between the upper concrete panel and
the dry pack is reduced. As a result, the contribution from shear resistance components V; and

V,, is severely limited, producing a significant loss of shear resistance. As the deterioration of
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the dry pack continues, the continuity reinforcement continues to resist a larger portion of the
vertical loads until buckling of one or both of the continuity bars occurs at the connection level.
At this point, a vertical force redistribution occurs and the dry pack carries an increased portion
of the applied gravity load. Because the dry pack is once again resisting a portion of the
applied gravity load, some amount of frictional resistance will be present and the behaviour of
the connection becomes stabilized. Once buckling of the continuity reinforcement has
occurred, 1t is likely that the shear resistance components associated with the flexural

mechanism, V, |, and the kinking mechanism, V,, and V_, are no longer effective. Therefore, it

h1?
could be assumed that the shear resistance of the connection is provided largely by the friction
component V.. Quantification of the component V during Stage IIl is very difficult for this

specimen. Because the force in the continuity bars, F_., is unknown, it is not possible to

boi?
determine the vertical stress acting on the dry pack due to the applied gravity load, c_. Also, it
1s not clear if the continuity reinforcement will provide an additional contribution to the shear

resistance through some other form of mechanism.

Because of the complex observed behaviour and the difficulty associated with
quantifying the contribution of the continuity reinforcement during Stage I, a complete
evaluation of the shear resistance mechanisms for this specimen is not possible using the

experimental results.

6.2.4 Evaluation of the Proposed Mechanisms Using Experimental Results

The overall cyclic shear behaviour of the connection is defined by the envelope of the
measured shear resistance - slip relationship, as shown in Figure 4.18. The measured
experimental data, including the shear resistance envelope, can be utilized to examine the shear
resistance mechanisms proposed in the preceding discussion. In addition, the experimental

results can be used to define and calibrate the vanables of the mechanisms to allow prediction
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of the connection behaviour. In order to simplify the analysis and evaluation of the mechanisms
while still considering all aspects of the cyclic behaviour, an average of the measured data at
each applied slip magnitude was used. In addition, each applied slip magnitude was addressed
separately to consider the effects of the cyclic loading during the previous cycles. In this
section, the proposed shear resistance mechanisms are evaluated and the variables within the

mechanisms are defined.

The proposed shear resistance mechanisms are primarily a function of the force within
the continuity bars. As mentioned in the discussion of the experimental results, electrical
resistance strain gauges were used to measure axial strains in the continuity reinforcement
during the experiment. Using the strains, the axial force in the bars can be estimated. The
average measured bar strains for the three cycles at each applied slip magnitude are presented
in Table 6.1. The strain values for the zero slip position at the start of each slip magnitude,
reported in Table 6.1, are the average of the east and west bar readings. The total bar strain
measured at the applied slip magnitude 1s the average of the push direction and pull direction
readings for both bars. The measured variation of axial bar force obtained using these strains is
shown in Figure 6.5. The measured data was extrapolated to consider applied slip magnitudes
at 7.0 mm and 8.0 mm. Figure 6.5 confirms that as the slip magnitude was increased, the
amount of compression carried by the bars at the zero slip position also increased. This
represents the increased portion of the applied gravity load resisted by the continuity
reinforcement over the duration of the experiment. Figure 6.5 also illustrates the significant

tensile increase of the axial force in the bars as the slip magnitude was increased.

6.2.4.1 Evaluation of Component V,_(F, )

The frictional resistance provided by the net gravity load acting on the connection is

primarily a function of the portion of the gravity load resisted by the continuity bars. During
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Stage I of behaviour, prediction of the first imitiation of slip requires calculation of an mitial
value of V;,. The force in the continuity reinforcement prior to the initiation of slip, F,_, can be
estimated by determining the distribution of vertical forces at the connection level using a
transformed section analysis. In addition, shrinkage strains in the dry pack must be considered.
A possible procedure for this i1s shown by the sample calculations in the Appendix. The initial
strain in the bars is the sum of the shrinkage strain in the dry pack and the strain due to the
applied gravity load. The calculated value of 0.00053 is of the same order of magnitude but
slightly larger than the strain measured for this specimen and similar flexural specimens (refer
to discussion of experimental results, Section 5.1.2). It is possible that the calculation of the
shrinkage strain may be overestimated by the standard approach for determining shrinkage
strains (CPCI Handbook p. 2-7 (3)). This method was developed for normal concrete and may
not directly apply to dry pack. For design purposes, an initial strain of 0.00045 could

reasonably be assumed for an applied gravity load of 360 kN.

During Stage II of behaviour, as discussed previously, the grinding action of the cyclic
loading will tend to gradually reduce the thickness of the dry pack, increasing the portion of the
applied gravity load resisted by the continuity bars, F,. as shown in Figure 6.5, The
relationship between the dry pack reduction and the increase of compressive bar strain can not
be rationally determined from the limited experimental results. The results suggest that a
length of the bars have become unbonded from the concrete and therefore the strains can not be
determined simply by assuming a gauge length based on the initial connection thickness

(20 mm). Further testing is required to define this relationship completely.

6.2.4.2 Evaluation of Components V, . V. and V,, (L, and L)

Since the mechanisms proposed for the components V, V, and V, , are a function of

the force in the bar, these three components can be determined directly from the experimental



107

results using the measured bar strains. With three of the four components known, the
contribution due to V., can be determined by subtracting the known components from the total

measured shear resistance, as shown below.

Vi =V, = (Vi +V +V,) (6.7)

The calculations for all four of the components are summarized in Table 6.2. In this table, the
calculations for components V, V and V,, are based entirely on measured data and the
component V, is determined as shown in Equation 6.7. The kink length, L,, is calculated
according to the relationships defined in Figure 6.1(b), using the measured bar strains. The
deformed length, L, is assumed as necessary to provide the required value of V,  based on the
assumed flexural mechanism shown in Figure 6.1(a). From the calculations for component
V,,» 1t appears that plastic hinge formation will occur at an applied slip magnitude between
2.0mm and 3.0 mm. After the formation of plastic hinges, a progression of the plastified
region must occur, due to the cyclic loading, to produce a decreasing contribution from
component V. The formation of plastic hinges at a slip magnitude between 2.0 mm and 3.0
mm corresponds very well with the assumed progression of the two mechanisms. As
described previously, initially the flexural mechanism and component V, are assumed to
dominate the shear resistance contribution from the continuity reinforcement. After the
formation of plastic hinges due to flexural deformation, the kinking mechanism is assumed to
develop and the shear resistance contribution from component V_ becomes significant. In
Figure 6.5, it is clear that the increase of bar force is not significant until a slip magnitude of
3.0 mm. This suggests that the kinking mechanism begins at a slip magnitude of 3.0 mm,

which corresponds to the formation of plastic hinges due to the flexural mechanism.

Prediction of the components V., V, and V,, requires prediction of the forces within

the continuity bars. From Figure 6.1(a) and (b), it is evident that this task requires the
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deformed length, L, for component V,, and the kink length, L,, for components V,and V.
The variation of the deformed length and the kink length, determined from the experimental
results as described in the preceding paragraph, is shown in Figure 6.6. The two lengths
appear to be unrelated. Because both the flexural mechanism and the kinking mechanism are
assumed idealizations or approximations of the actual behaviour, it is not suprising that the two
lengths are quite different. With only limited data from one specimen, it is difficult to fully
evaluate the deformed length and the kink length based on experimental results. A database of
several specimens could be used to determine a relationship for the two lengths, but lacking

this, the deformed length and kink length can not be determined with confidence.

6.2.5 Variation of the Components of Shear Resistance

The variation of the four shear resistance components based on the assumed shear
resistance mechanisms is shown in Figure 6.7, up to an applied slip magnitude of 8.0 mm. In
this figure, only the positive loading direction of the shear resistance - slip envelope is shown
for clarity. The components V., V,, and V,, are determined using measured experimental
data, and component V,, is determined by subtracting the known components from the total
measured shear resistance, as described in Section 6.2.4.2. The contribution and significance
of the four components over the duration of the experiment are illustrated clearly in this figure.
It appears that the assumed shear resistance mechanisms proposed in the previous section can
be used to reasonably describe the behaviour of this type of connection under cyclic shear

loading conditions, based on the measured data.

6.3 SPECIMEN PTS

The shear resistance of plain surface connections with post-tensioning is provided by

interface friction. Stage I describes elastic behaviour prior to the initiation of slip. Interface
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friction is provided by the applied vertical load and the prestressing. During Stage 11, the
behaviour is inelastic and the shear resistance remains constant. The applied vertical load and
the prestressing of the connection continues to provide interface friction. In the third stage, the
dry pack crushes and spalls extensively and a significant reduction of the shear resistance
occurs. Crushing of the dry pack results in a complete loss of prestressing and interface

friction is provided by the applied vertical load only.

6.3.1 Stagel - Initiation of Slip

Similar to the behaviour of Specimen RW, the initiation of slip occurred gradually
without sudden cracking. This suggests that the bond between the dry pack and the concrete
panels was negligible. If bond is not present, the initiation of slip will occur when the applied
shear force exceeds the frictional resistance of the connection, provided by the applied vertical
load and the post-tensioning force on the connection. The frictional resistance of the connection
can be determined as described in Section 2.3.1 (Hutchinson (17,18)) and Section 5.8.2.3,
using Equation 2.6. On the basis of the interface friction mechanism and the measured shear

resistance at the initiation of slip of 530 kN, a coefficient of friction of p = 0.92 is obtained.

6.3.2 _Stage Il - After the Initiation of Slip

The initiation of slip was observed at the interface between the lower precast concrete
panel and the bottom surface of the dry pack. The behaviour of the connection during this
stage was inelastic and the measured shear resistance remained constant at approximately
525 kN in both directions of loading. The shear resistance of the connection is provided only
by interface friction due to the absence of rigid continuity reinforcement or shear keys.
Because the measured shear resistance of the connection remained consistent during Stage I of

behaviour, it is likely that the coefficient of friction remains constant. In addition, the constant
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shear resistance suggests that the effective prestressing force on the connection remained
unchanged. As described in Section 5.8.2.3, the shear resistance of this connection
configuration during Stage II of cyclic behaviour can be described by the monotonic loading
model proposed by Hutchinson (17,18). The measured shear resistance of 525 kN during
Stage II results in a coefficient of friction of p = 0.91. The interface friction can be separated
into two components to illustrate the contribution of the applied vertical load and the

contribution of the post-tensioned strands.

V=V, +V,, ' (6.8)

Component V,; 1s the frictional resistance provided by the simulated gravity load, and is

estimated as:
Vo =po, A, (6.2)
where

coefficient of friction

=
I

0.91 (determined above)

G, = average vertical stress acting on dry pack due to applied vertical load
=P /A, (F,,; Is zero)
A_ = cross-sectional area of the connection

Component V; was illustrated previously in Figure 6.2. In the case of Specimen PTS, F,; is

zero and V,; does not vary over the duration of Stage II.
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Component V; 1s the frictional resistance provided by post-tensioning of the connection, and is

estimated as:

Vo =po,5 A, (6.9)

where

coefficient of friction

=
I

0.91 (determined above)

o, = average vertical stress acting on dry pack due to post-tensioning
n[F,]
= MAC
n = number of strands
. = effective prestressing force per strand
A_ = cross-sectional area of the connection

Component V; is illustrated in Figure 6.8. For Specimen PTS, component V,, does not vary

during Stage II of behaviour.

6.3.3 _Stage 111 - After Crushing of the Dry Pack

Failure of the connection was initiated by extensive crushing of the dry pack. After
failure, crushing and spalling of the dry pack continued but the shear resistance of the
connection remained consistent at a reduced level of approximately 220 kN. The crushing of
the dry pack at failure produced a complete loss of prestressing. As a result, the contribution

from component V;, is reduced to zero and the shear resistance of the connection during Stage
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I is provided by component V only. In addition, similar to the behaviour observed for
Specimen DP during Stage I, the coefficient of friction will be reduced. Considering the loss
of prestressing and the measured shear resistance of 220 kN, a friction coefficient of p = 0.62

is obtained for Stage III of behaviour.

6.3.4 Variation of the Components of Shear Resistance

The overall cyclic shear behaviour of the connection is defined by the envelope of the
shear resistance - slip behaviour, as shown in Figure 4.19. By separating the interface friction
provided by the applied vertical load and the post-tensioning force on the connection into two
components, the contribution of the two components over the duration of loading can be
illustrated. The variation of the two components, V; and V;, is shown in Figure 6.9 with the
envelope of shear resistance - slip behaviour. Similar to Figure 6.7 for Specimen RW, only the
positive loading direction of the envelope is shown for clarity. During Stage II of behaviour,
both components contribute to the shear resistance of the connection. After failure, in Stage Il
of behaviour, the interface friction due to post-tensioning, V,, is reduced to zero and the
contribution from the applied vertical load is diminished due to the reduction of the friction
coefficient, pu. It appears that the shear resistance mechanisms proposed in the previous
research by Hutchinson can be modified as described in the preceding sections to reasonably

describe the behaviour of this type of connection under cyclic loading conditions.

6.4 SPECIMEN PTB-S

Specimen PTB-S was tested under monotonic loading to determine the static behaviour
of the connection, since this configuration was not considered in the previous research at the
University of Manitoba (10,11,17,18,29,30). During Stage I of behaviour, prior to the

initiation of slip, the shear resistance of the connection is provided by interface friction.
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Interface friction is produced by the simulated gravity load normal to the connection and the
post-tensioning of the connection. After the initiation of slip, during Stage IT of behaviour, the
shear resistance remained constant until the applied slip reached 10 mm and the shear
resistance is provided by interface friction. As the applied slip is increased beyond 10 mm, the
shear resistance of the connection increases. The shear resistance of the connection during this
portion of the experiment is provided by a combination of interface friction and the resistance
of the post-tensioning bars to deformation. The dry pack remained intact over the duration of
the experiment, and therefore, Specimen PTB-S did not experience the equivalent of Stage Il

of behaviour.

6.4.1 Stage I - Initiation of Slip

The mitiation of slip for Specimen PTB-S occurred gradually, indicating that bond was
not present at the interface between the dry pack and the precast concrete panels. Therefore,
the mnitiation of slip will occur when the applied shear loading exceeds the frictional resistance
of the connection. The measured shear resistance of the connection at the initiation of slip was
555 kN. Similar to Specimen PTS, the interface friction is provided by the simulated gravity
load and by post-tensioning of the connection. Using the same procedure described for
Specimen PTS in Section 5.8.2.3, a slightly higher friction coefficient of u = 0.96 is obtained at

the initiation of slip for Specimen PTB-S.

6.4.2 Stage II - After the Initiation of Slip

The initiation of slip occurred at the interface between the dry pack and the lower
precast concrete panel. As described in Section 5.1.6, from the initiation of slip up to an
applied slip of 10 mm, the measured shear resistance remained constant at approximately

550 kN. This value is very close to the shear resistance at the initiation of slip and the



114

measured shear resistance of Specimen PTS during Stage II of behaviour. This suggests that
mitially, the shear resistance of Specimen PTB-S is provided by interface friction due to the
applied vertical preload and the prestressing of the connection. Also, because the shear
resistance remains very consistent, the friction coefficient, p, and the effective prestressing
force on the connection must be constant during this portion of loading. On the basis of the
measured shear resistance and the assumption of interface friction, a coefficient of friction of
p=0.95 is obtained. This value 1s close to the friction coefficient measured for Specimen PTS.
It should be noted that Specimen PTS and Specimen PTB-S have an identical panel design and
were dry packed at the same time, therefore it is not surprising that the friction coefficients are

similar.

As described previously, the shear resistance of the connection began to increase when
the applied slip exceeded 10 mm. It is assumed that the increase of the shear resistance is
provided by the resistance of the post-tensioned bars to deformation, similar to the contribution
of the mild steel continuity bar to the shear resistance of Specimen RW (Section 6.2.2).
Unfortunately, the strain gauge readings had become unreliable at this point of the experiment,
and therefore it is not possible to determine the shear resistance mechanisms provided by the
post-tensioning bars based on the experimental results. Considering the shear resistance
mechanisms proposed for Specimen RW, it is possible to suggest a similar approach to
describe the mechanisms associated with the post-tensioning bars. In the case of Specimen
PTB-S, it is not likely that the flexural mechanism, illustrated in Figure 6.1(a), will be
significant due to the small flexural rigidity of the post-tensioning bars. Therefore, it can be
reasonably assumed that the increase of the shear resistance is provided mainly by the kinking
mechanism, illustrated in Figure 6.1(b). As the horizontal slip between the panels mcreases
beyond 10 mm, a tensile force increase is induced within the bars, increasing the vertical stress
on the dry pack. This will increase the frictional resistance of the connection. In addition, the

horizontal component of the tensile force increase in the bar will directly resist the applied
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shear loading. Because the experimental results did not measure an increase of the shear
resistance until the applied slip exceeded 10 mm, this indicates that the kinking mechanism did
not develop until this point. The delayed onset of the kinking mechanism may be attributed to
the placement of the post-tensioning bars within ducts in the concrete panels. The ducts were
filled with grout after post-tensioning. The grout, essentially a mixture of cement and water,
has a very low stiffness and therefore a larger amount of slip deformation is required to initiate
the kinking mechanism than if the bars were cast within concrete, as in the case of the mild

steel continuity bars in Specimen RW.

The shear resistance of the connection can be separated into three components to
illustrate the contribution of the applied vertical preload and the contribution of the post-
tensioned bars. The contribution of the bars may be treated in a manner similar to the shear
resistance components associated with the kinking mechanism, V,, and V,,, proposed for
Specimen RW. The differences for Specimen PTB-S are that there is an initial tensile strain in
the bars, and that the tensile force increase due to kinking action does not imitiate until an
applied slip of approximately 10 mm has been reached. On the basis of these observations, the

total shear resistance, V, of Specimen PTB-S can be described in three components:

V, =V 4V, +V, (6.10)

Each of the shear resistance components are described in detail below.

Component V.

The component V,, represents the frictional resistance provided by the simulated
gravity load acting on the cross-sectional area of the connection. Component V,; was

illustrated previously in Figure 6.2. In the case of Specimen PTB-S, the entire gravity load in
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resisted by the dry pack and therefore F,_; is zero. For Specimen PTB-S, V,, is estimated as

follows:

Vfl = /JO',ﬂ Ac (62)

where

p = coefficient of friction
= 0.95 (determined above)
o,, = average vertical stress acting on dry pack due to simulated gravity load
=P, /A (Fy; 1s zero)
= simulated gravity load (vertical preload)

A_ = cross-sectional area of the connection

For Specimen PTB-S, the component V,; will not vary over the duration of the monotonic

loading.

Component V..

The component V,, represents the frictional resistance provided by the tensile force in
the post-tensioning bars, as shown in Figure 6.10. Initially, the force in the bars is due to
prestressing only. If the applied slip exceeds 10 mm, the kinking mechanism is initiated,
further increasing the tensile force in the bars and thus increasing the frictional resistance of the

connection. Component V,, can be estimated as follows:

Via =10, A, (6.11)
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where

coefficient of friction

=
Il

Il

0.95 (determined above)
o,, = average vertical stress due to tensile force in post-tensioning bars

_nlf,.]
4

C

if the applied slip is less than or equal to 10 mm

= if the applied slip exceeds 10 mm

number of bars

=]
I

i

effective prestressing force per bar

vertical component of tensile force per bar, F,, at applied slip i

e B> B 5|
il

Il

bi tensile force per bar at applied slip
= Fpe + A'F;:i

B

tensile increase of bar force due to the kinking mechanism (defined in

Figure 6.1(b) and Figure 6.10)

e
]

cross-sectionat area of the connection

The tensile increase of the bar force due to the kinking mechanism is initiated if the applied slip
exceeds 10 mm. This will increase the total tensile force in the bars and thus the vertical stress

on the dry pack. As aresult, the frictional resistance of the connection is increased.
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Component V.

The component Vi, is the horizontal component of the tensile force in the post-
tensioning bars, as shown in Figure 6.10. The component V,, does not develop until the

applied slip exceeds 10 mm and the bars are deformed. V,, may be estimated as follows:

Vs =nlFy, ] (6.12)
where
n = number of bars
F,,; = horizontal component of the tensile force per bar, F,, at applied slip i
F,, = tensile force per bar at applied slip /
= Fpe + AL,
F,. = effective prestressing force per bar

AF,; = tensile increase of bar force due to the kinking mechanism (defined in

Figure 6.1(b) and Figure 6.10)

As mentioned above, component V,, does not develop unless the applied slip exceeds 10 mm,

and then increases as the applied slip is increased.

6.4.3 Evaluation of the Proposed Mechanisms Using Experimental Results

The overall shear resistance - slip behaviour of Specimen PTB-S was shown previously
in Figure 4.6. Similar to the method used for Specimen RW, the experimental results can be
utilized to examine the shear resistance mechanisms proposed for Specimen PTB-S in the

previous sections. The interface friction resistance mechanism is well defined and may be used
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with confidence in situations where the vertical force on the dry pack is due to the simulated
gravity load and the post-tensioning force. If the applied slip exceeds approximately 10 mm,
an increase of the shear resistance may occur. It is difficult to define the shear resistance
mechanisms responsible for the increase lacking reliable strain gauge readings. In the previous
section, it 1s proposed that the increase of the shear resistance is provided by the kinking
mechanism. Although this can not be confirmed by experimental results, it is a reasonable

assumption and may be used to describe the behaviour.

Prediction of the components V,, and V,, requires prediction of the tensile increase of
force in the bars. Using the proposed kinking mechanism, illustrated in Figure 6.1(b), the
tensile force increase at a given applied slip magnitude can be determined of the kink length,
L,, is known. Unfortunately, reliable strain gauge readings are not available for this portion of
the experiment. With data from only one specimen, it is difficult to fully evaluate the kink
length, and without an indicatioﬁ of the force within the bars, the kink length can not be

determined with any level of confidence.

In practical terms, it would be extremely rare to reach a relative horizontal slip of
10 mm between the panels. A slip of this magnitude would certainly contribute to other forms
of distress, such as instability, in the structure. Therefore, for design purposes, the shear
resistance of the connection may be determined using simply the interface friction provided by

the vertical gravity loads and the post-tensioning force on the connection.

60.4.4 Variation of the Components of Shear Resistance

The variation of the proposed components of shear resistance is shown in Figure 6.11.
The measured shear resistance - slip behaviour is also shown in the figure. At applied slip

values larger than 10 mm, the assumed variation of components V,, and V., is shown since the
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actual magntudes of these components can not be determined with confidence from the

experimental results.

6.5 SPECIMEN PTB

The shear resistance of a plain surface connection, post-tensioned with high strength
bars, is provided primarily by interface friction. Interface friction is produced by the simulated
gravity load and the effective post-tensioning force on the connection. Stage I describes elastic
behaviour prior to the mnifiation of slip with the shear resistance of the connection provided
entirely by interface friction. Stage II of behaviour describes the inelastic behaviour after the
initiation of slip. Over the duration of loading, the shear resistance, provided by intérface
friction, decreases. Stage III of behaviour is initiated by extensive crushing and spalling of the
dry pack and a significant loss of shear resistance. A loss of prestressing occurs and the shear
resistance of the connection is provided by interface friction due to the simulated gravity load

and by the resistance of the bars to deformation.

6.5.1 Stage I - Initiation of Slip

The initiation of slip for Specimen PTB occurred gradually. The observed behaviour
was almost identical to that of Specimen PTB-S. This suggests that similarly, bond was not
present at the interface between the dry pack and the precast concrete panels and therefore, the
initiation of slip will occur when the applied shear loading exceeds the frictional resistance of
the connection. The measured shear resistance at the initiation of slip was 530 kN. On the
basis of this value, a friction coefficient of 0.92 is obtained. This friction coefficient is identical
to the value obtained for Specimen PTS, suggesting that at the initiation of slip, the form of

post-tensioning does not affect the shear resistance of the connection.
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6.5.2 Stage II - Afier the initiation of Slip

The initiation of slip was observed at the interface between the top surface of the dry
pack and the upper precast concrete panel. The behaviour of this connection configuration
under monotonic loading, observed for Specimen PTB-S, indicated that following the initiation
of slip, the shear resistance of the connection is provided by interface friction only and remains
constant for an applied slip less than 10 mm. Under the effects of cyclic loading, Specimen
PTB experienced a gradual loss of shear resistance during Stage IT of behaviour and did not
reach an applied slip magnitude of 10 mm due to failure as a result of crushing of the dry pack.
Therefore, it isfeasonable to assume that the shear resistance mechanism for Specimen PTB
during Stage II of behaviour is provided by interface friction only. The gradual loss of shear
resistance during Stage IT may be attributed to a loss of prestressing, indicated by strain gauge
readings from the post-tensioning bars during Stage II (Section 5.1.4). The coefficient of
friction during Stage I is assumed to remain constant, based on the observed behaviour of
Specimen PTS. The magnitude of the friction coefficient, p, for Specimen PTB is determined
to be 0.94. This is based on the measured shear resistance after the initiation of slip during the

first cycle to an applied slip magnitude of 1.0 mm.

The shear resistance of Specimen PTB can be described using the same approach
proposed for Specimen PTB-S, with some minor modifications to account for the effects of the

cyclic loading. The shear resistance is as follows:

V, =V, +V, +V5 (6.10)

Because an applied slip of 10 mm was not attained during Stage II by Specimen PTB under
cyclic loading, component V,, does not develop and the shear resistance of the connection may

be simply given as:
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V, =V, +V,, (6.13)

Each of the shear resistance components are described in detail below.

Component V,,:

The component V, represents the frictional resistance provided by the simulated
gravity load acting on the cross-sectional area of the connection. Component V, was
illustrated previously in Figure 6.2. In the case of Specimen PTB during Stage II, the entire

gravity load in resisted by the dry pack and therefore F,  is zero. V|, is estimated as follows:

Vfl = ydni Ac (62)

where

coefficient of friction

=
I

0.94 (determined above)

= average vertical stress acting on dry pack due to simulated gravity load

G.nl

=P /A (F,; 1s zero)
P, = simulated gravity load (vertical preload)
A_ = cross-sectional area of the connection

For Specimen PTB, the component V; will not vary over the duration of Stage II.



123

Component Vf_4_:

The component V, represents the frictional resistance provided by the tensile force in
the post-tensioning bars, as shown in Figure 6.10. Because the applied slip magnitude during
Stage II does not exceed 10 mm, it is assumed that the kinking mechanism does not develop.
The effect of the gradual loss of prestressing is considered by using the effective prestressing
force at the start of the cycles to a given applied slip magnitude. This will account for the loss

of prestressing during the preceding cycles. Component V,, can be estimated as follows:

Vey =104 A4, (6.11)
where
n = coefficient of friction
= (.94 (determined above)

o, = average vertical stress acting on dry pack due to effective prestressing

force
Ac
n = number of bars
i = effective prestressing force per bar at applied slip magnitude
A_ = cross-sectional area of the connection

Since the effective prestressing force per bar decreases as the applied slip magnitude increases,

component V,, will decrease over the duration of loading.
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6.5.3 Stage III - After Crushing of the Dry Pack

Stage III was initiated by failure of the connection, caused by extensive crushing and
spalling of the dry pack. Failure of the connection occurred during the three cycles at an
applied slip magnitude of 10 mm. At the beginning of Stage III, the shear resistance was
reduced significantly, to approximately 115 kN. As the applied slip magnitude was increased,

the maximum measured shear resistance during each cycle began to increase.

Crushing of the dry pack during this stage results in a complete loss of prestressing.
Similar to the behaviour observed for Specimen DP and Specimen PTS, the coefficient of
friction will also be reduced during Stage II. The measured shear resistance of Specimen PTS
during Stage III was 220 kN, approximately 100 kN greater than the shear resistance of
Specimen PTB. Specimen PTS and Specimen PTB have an identical panel design and were
dry packed at the same time. Therefore, it is likely that the coefficients of friction will be
similar for these two specimens. If the friction coefficients are equal, the lower shear resistance
of Specimen PTB suggests that the reduction of the connection thickness due to crushing of the
dry pack has caused the bars to resist a portion of the simulated gravity load. This will reduce
the vertical stress on the dry pack due to the simulated gravity load, and therefore will reduce

the shear resistance of the connection.

As described in Section 5.1.4, the maximum shear resistance of the connection
increased during the cycles at 14 mm and 16 mm. Similar to the behaviour of Specimen PTB-
S at an applied slip greater than 10 mm and the behaviour of Specimen RW, it is possible that
the increase of shear resistance is provided by the resistance of the bars to lateral deformation.
In fact, because the post-tensioning of the connection is no longer effective and the force within
the bars is compressive, the shear resistance mechanisms of Specimen PTB during Stage I

are very similar to the mechanism of Specimen RW during Stage II. From Section 6.2.2:
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Vo=V V¥V 4V (6.3)

Because the flexural resistance of the post-tensioning bars is very small, the contribution from
component V,, will be minimal and may be neglected. Therefore, the shear resistance of

Specimen PTB during Stage III of behaviour can be described as:

vV, = Vf, +V iy + Vio (6.14)

where

V,, is the frictional resistance due to the net gravity load acting on the connection
{(Equation 6.2)
V,, is the frictional resistance due to clamping action (Equation 6.5)

V,, is the direct shear resistance due to the kinking mechanism (Equation 6.6)
These shear resistance components were described previously in detail in Section 6.2.2. For
Specimen PTB during Stage III of behaviour, the coefficient of friction will be p = 0.62, as

described above.

6.5.4 Evaluation of the Proposed Mechanisms Using_

The overall cyclic shear behaviour of the connection is defined by the envelope of the
shear resistance - slip behaviour, as shown in Figure 4.20. The measured experimental data
can be utilized to examine the shear resistance mechanisms proposed in the previous sections.

Similar to the method used for Specimen RW, an average of the measured data at each applied
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slip magnitude was addressed separately to consider the effects of the cyclic loading during the

previous cycles.

6.5.4.1 Evaluation of Component V,,_(F, )

Component V; represents the interface friction provided by the simulated gravity load
acting on the dry pack. During Stages I and II, the coefficient of friction does not change and
the entire gravity load acts on the dry pack. Therefore, component V., remains constant during
the first two stages of behaviour. During Stage III, the contribution from component V,, is
reduced due to a lower friction coefficient and the redistribution of vertical forces at the
connection due to crushing of the dry pack. Upon crushing, a portion of the applied vertical
load is resisted by the bars, reducing the vertical stress on the dry pack. As mentioned
previously, the forces within the bars are unknown during this stage of the experiment due to
the lack of reliable strain gauge readings. However, the force distribution at the connection
level may be estimated by considering the shear resistance of the connection at the zero slip
position. When the connection is at the zero slip position during a given cycle, it is assumed
that the bars are in a vertical position and therefore there is no contribution from the kinking
mechanism. On the basis of this assumption, the shear resistance of the connection at this
position must be provided by interface friction only, and the vertical stress on the dry pack can
be determined using the assumed friction coefficient of p = 0.62. The calculations for the last
cycle at 10 mm and the cycles at 12 mm, 14 mm and 16 mm are shown in Table 6.3. From
these values, it appears that for design purposes, it could be assumed that 50% of the simulated

gravity load is resisted by the bars during Stage III.
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6.5.4.2 Evaluation of Component V,, (F_)

During Stages I and II, evaluation of component V,, requires the effective prestressing
force on the connection, F . As described previously, a gradual reduction of the effective
prestressing force occurs over the duration of Stage I This is indicated by the variation of
prestressing strain at the zero slip position, shown previously in Figure 5.33, and confirmed by
the gradual loss of shear resistance. Unfortunately, the strain gauge data is only available up to
an applied slip magnitude of 4 mm and thus the data must be extrapolated to consider larger
slip magnitudes. This task is simplified by considering the overall measured shear resistance
and the contribution of component V; during Stage II. The contribution from component V,,
can be determined by subtracting component V,, from the measured shear resistance as shown

below.

Vi =V, - Vfl

Based on the computed contribution from component V,,, the effective prestressing force can
be determined. The calculations for the effective prestressing strains are shown in Table 6.4.
The loss of prestressing may be attributed to the gradual reduction of the thickness of the dry
pack. Similar to Specimen RW, the relationship between the loss of prestressing and the
reduction of the dry pack suggests that a length of the bars has become unbonded, allowing the
change of strain at the connection to distribute over a longer "gauge length". Additional testing

1s necessary to define this relationship in general terms.

For practical purposes, the worst case scenario should be assumed until the relationship
between the loss of prestressing and reduction of the dry pack thickness is defined. Therefore,

a complete loss of prestressing should be assumed during Stage II of behaviour.
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6.5.4.3 Evaluation of Components V,, and V,, (L)

During Stage IIT of behaviour, the components V,, and V|, are a function of the tensile
force increase in the bars due to the kinking mechanism illustrated in Figure 6.1(b). The kink
length, L,, is required to evaluate the tensile force increase in the bars. Similar to Specimen
PTB-S, reliable strain gauge readings are not available and therefore the kink length can not be
evaluated with confidence without additional data. For design purposes, the shear resistance of
the connection may be determined using simply the interface friction provided by the simulated

gravity load.

6.5.5 Variation of the Components of Shear Resistance

The variation of the components V; and V,, based on the assumed mechanisms is
shown in Figure 6.12. Once again, only the positive loading direction of the shear resistance -
slip envelope is shown for clarity. Components V,, and V,, are determined using measured
data. After failure of the connection, during Stage Il of behaviour, the assumed variation of
components V,, and V,, is shown since the actual magnitude of these components can not be

determined with confidence from the experimental results.

6.6 SPECIMEN SK

The observed behaviour of Specimen SK was somewhat different than the plain
surface connections. Stage I describes elastic behaviour prior to the initiation of slip and the
shear resistance 1s provided by interface friction. During Stage II, the behaviour of the
connection is inelastic. A significant increase of the shear resistance is measured and slip is
limited to less than 1 mm. The shear resistance of the connection is provided by a combination

of interface friction and direct bearing on the dry pack within the shear keys. Failure occurs
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due to simultaneous cracking of the dry pack within all five of the shear keys. During Stage III,
extensive crushing and spalling of the dry pack occurs and a uniform sliding plane develops.
The shear resistance of the connection is constant at a reduced level and is provided by

interface friction along the newly formed uniform sliding plane.

6.6.1 Stage I - Initiation of Slip

The mitiation of slip for Specimen SK is difficult to detect. Up to and including an
applied shear load level of 400 kN, no measurable slip was observed and the behaviour of the
connection was elastic. As the applied shear load was increased, a very small amount of slip
was measured but it was not until an applied shear load level of 650 kN that 0.1 mm of slip
was measured in both directions of loading (in this experimental program, the initiation of slip
was defined as the point at which 0.1 mm slip was measured in both directions of loading). In
the case of Specimen SK, the initiation of slip has clearly occurred prior to this point. The
initiation of slip will occur when the applied shear loading exceeds the frictional resistance of
the connection. For Specimen SK, when the frictional resistance is exceeded, bearing on the
shear keys occurs immediately and therefore, the slip is limited and the shear resistance
continues to increase. For this reason, the initiation of slip is not a significant limit state for

connection configurations with multiple shear keys.

6.6.2 _Stage Il - After the Initiation of Slip

After the initiation of slip, the behaviour of the connection is inelastic. During Stage II,
the slip was limited to less than 1 mm, and the shear resistance increased to a maximum of
850 kN. During this stage, the shear resistance of the connection is provided by a combination
of interface friction and direct bearing on the dry pack within the shear keys. The shear

resistance of the connection during Stage II is limited by the cracking strength of the dry pack
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within the shear keys. Once cracking of the dry pack occurs, the bearing mechanism is
destroyed and a significant reduction of the shear resistance occurs. The cracking shear
resistance of the connection was proposed in the previous research at the University of
Manitoba by Serrette (29,30) and i1s described in Section 2.3.1 and Section 5.8.2.4. As
described in Section 5.8.2.4, it appears that cyclic loading did not have an effect on the
cracking strength of the connection, and the previously proposed medel for the cracking
strength under monotonic loading (Equation 2.3) can be used directly for cyclic loading

conditions.

6.6.3 Stage III - After Cracking of the Dry Pack Within the Shear Keys

Failure of the connection was initiated by sudden and simultaneous cracking of the dry
pack within each of the shear keys. Cracking of the connection was accompanied by
approximately a 50% reduction of the shear resistance. Following cracking of the connection,
the loading direction was reversed, destroying the strut mechanism proposed by Serrette
(29,30) (described in Section 2.3.1 and shown in Figure 2.10). After several additional cycles
of loading, a uniform sliding plane developed along the length of the connection and the shear
resistance was stabilized at a consistent level of approximately 335 kN. At this point, the shear
resistance of the connection is provided by interface friction along the newly formed uniform
sliding plane. Because the slidjng_ plane consists of both panel-to-dry pack regions and dry
pack-to-dry pack regions within the shear keys, the frictional resistance of the connection is not
as simple as the plain surface connection of Specimen DP after crushing of the dry pack. The
observed behaviour of Specimen SK during Stage IIT corresponds to the ultimate behaviour of
the specimens tested under monotonic loading conditions by Serrette. As described in Section
5.8.2.4, it appears that cyclic loading did not have an effect on the shear resistance of the

connection after the formation of a uniform sliding plane. Therefore, the ultimate strength
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model proposed by Serrette (Equation 2.5) appears to be applicable to the cyclic loading

conditions during Stage II of behaviour.
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CHAPTER 7

PROPOSED MODELS (PREDICTION OF BEHAVIOUR)

7.0 INTRODUCTION

Behaviour of the connections under cyclic lading conditions can be predicted by
evaluating the envelope of the shear resistance - slip relationship, using the proposed shear
resistance mechanisms. The experimental results were used to simplify and calibrate the
mechanisms as described in the preceding chapter. In this chapter, a methodology for using the
proposed mechanisms and design assumptions to approximate the behaviour of the connection
during each stage of behaviour is presented. The calculations for the shear resistance - slip

envelope are described by stage in the following sections.

7.1 SPECIMEN DP

For plain surface connections with dry pack only, the behaviour of the connection does
not vary significantly during each stage. Therefore, the cyclic connection behaviour can be
predicted by simply determining the shear resistance of the connection at three limit states; the
initiation of slip (at the end of Stage I), after the initiation of slip (during Stage IT) and after
crushing of the dry pack (during Stage IIT).

7.1.1 Stagel

Although the procedure described in section 6.1.1 for predicting the cracking strength

of the connection appears to be satisfactory, as discussed in section 5.3, in general, it is not
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possible to predict whether bond is present at the interface between the dry pack and the
precast concrete panels prior to loading. Therefore, it may be unconservative to assume that
bond is present and to use this approach to predict the initiation of slip. For design purposes,
the initiation of slip should be assumed occur when the applied shear loading exceeds the
frictional resistance of the connection. The frictional resistance of the connection was
discussed previously in section 5.82.1 and in Chapter 6 for the other connection
configurations. Using the apparent coefficient of friction of 1= 0.8, determined in Section

5.8.2.1, the shear resistance of the connection 1s calculated as follows:

V,=po, 4

= 0.8 (4MPa) (150,000mm?)
=480 kN

The variables in the above expression have been defined previously. The predicted shear
resistance of 480 kN is 10% less than the measured shear resistance of 533 kN. For design
purposes, this approach may be used to conservatively predict the shear resistance of the

connection at the initiation of slip.

7.1.2  Stage 1l

After the mitiation of slip but prior to significant deterioration of the dry pack, the
behaviour of the connection is inelastic and the shear resistance is provided by interface
friction. Durning this stage, the apparent coefficient of friction 1s 1 =0.8. The frictional
resistance of the connection is determined using the same procedure shown above for Stage 1
of behaviour. Therefore, the shear resistance of the connection during Stage Il is;

V. =480 kN

n
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The predicted shear resistance is equal to the measured value of 480 kN. In the previous
research of the monotonic shear behaviour of the connections, the coefficient of friction was
proposed as pn=0.7. Therefore, the value proposed for static loading could be used to
conservatively predict the shear resistance of the connection during Stage I of cyclic

behaviour.

7.1.3 Stage III

After failure of the connection, the shear resistance decreases and can be predicted
using the same approach described for Stages I and II, but with a reduced friction coefficient of
u= 0.7 due to extensive deterioration of the dry pack. The shear resistance of the connection
during Stage III is calculated using the friction model as:

V. =420kN

iid

The predicted shear resistance is equal to the measured value of 420 kN. A friction coefficient
of 1= 0.6 could be used for design purposes to conservatively predict the shear resistance of
the connection during Stage 11 of cyclic behaviour.

7.1.4 _Summary of Predicted Shear Resistance for Design Purposes

The calculations described above for each stage of behaviour were repeated using the
friction coefficients proposed for design purposes. The values are presented in Table 7.1. The

predicted design values are consistently conservative.
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1.2 SPECIMEN RW

Under cyclic shear loading conditions, the behaviour of plain surface connections with
dry pack and mild steel continuity reinforcement is rather complex. On the basis of the
discussion in Chapter 6, there is insufficient experimental data to refine the proposed
mechanism into a general design procedure at this time. In view of this, the cyclic connection

behaviour must be approximated.

7.2.1 Stagel

During Stage I, the behaviour of the connection is elastic and very stiff. Prior to the
mitiation of slip between the panels, no measurable deformations occur at the connection. For
design purposes, the initiation of slip may be assumed to occur when the frictional resistance of
the connection is exceeded. The procedure proposed in the previous research by Foerster
(10,11) may be used, ignoring the contribution of the continuity bars. Therefore, using

Equation 2.2, the shear resistance at the initiation of slip may be approximated as:

V., =puo, 4,
where

p =07

o =2MPa

n

A, =180,000 mm?

C

Thus
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V, =252 kN

This approach may be used to conservatively predict the initiation of slip under cyclic loading

conditions.

7.2.2  Stagell

During Stage I, the behaviour of the connection is melastic and the shear resistance of
the connection is provided by all four of the shear resistance components, as described in
Section 6.2.2 and shown by Equation 6.3 below.

V. =V +V, +V e, +V,
Because the variation of the compressive bar force (F,,) and the deformed and kink lengths (L,
and L,) can not rationally be predicted, this approach is not complete and can not be used for
design purposes at this point. Therefore, the shear resistance may be predicted using the model

proposed by Foerster (10,11), neglecting the contribution from the continuity bars. The shear

resistance is determined using Equation 2.2 as follows:

V,, =(0.7)(2 MPa)(180,000 mm®)
=252 kN

7.2.3 Stage III

During Stage III, extensive crushing of the dry pack occurs and a significant reduction
of the shear resistance results in failure of the connection. As discussed in Section 6.2.3, the

behaviour of the connection during this stage is can not be fully defined from the limited
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experimental results of this specimen. Therefore, a rational prediction of the shear resistance of

the connection during this stage of behaviour can not be made.

7.2.4 Summary of Predicted Shear Resistance for Design Purposes

The predicted shear resistance of the connection at each stage using the proposed
method for design purposes are presented in Table 7.2. The predicted values may seem
excessively conservative, but until the behaviour of the connection can be fully defined based
on a rational prediction of the mechanisms, this approach should consistently provide a lower
bound of behaviour. The predicted shear resistance of Specimen RW using the proposed
design recommendations is shown in Figure 7.1 with the measured shear resistance -slip

behaviour of the connection

7.3 SPECIMEN PTS

For plain surface connections with dry pack and post-tensioned strands, the behaviour
of the connection does not vary significantly during each stage. Therefore, similar to the
procedure used for Specimen DP, the cyclic connection behaviour can be predicted by simply
determining the shear resistance of the connection at three limit states; the mnitiation of slip (at

the end of Stage I), after the initiation of slip (during Stage II) and after crushing of the dry

pack (during Stage III).

7.3.1 Stagel

Prior to the initiation of slip, the behaviour of the connection is elastic. The initiation of

slip occurs when the frictional resistance of the connection is exceeded. The initiation of slip
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can be predicted using Equation 6.8 with the measured coefficient of friction of u = 0.92. The

shear resistance is determined as follows:

V, =V V)

=0.92 (2MPa) (180,000mm?) + 0.92(1.2MPa) (180,000mm?)
=530 kN

Components V,, and V; are given by Equations 6.2 and 6.9. The predicted shear resistance is
equal to the measured value of 530 kN. In the previous research, a friction coefficient of
1 = 0.7 was proposed for monotonic loading conditions. For design purposes, this value could
be used to provide a conservative prediction of the shear resistance at the initiation of slip under

cyclic loading.

7.3.2 Stage I

After the imitiation of slip, the behaviour of the connection is inelastic and the shear
resistance remains constant. The shear resistance during Stage II, provided by interface
friction, is determined using the same procedure described above for Stage I with a friction

coefficient of p = 0.91. The shear resistance of the connection is:

V, =524 kN

The predicted value is equal to the measured shear resistance of 525 kN during Stage II. Once
again, the shear resistance of the connection under cyclic loading conditions could be
conservatively predicted for design purposes using the previously recommended friction

coefficient for monotonic loading of p=0.7.
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7.3.3 Stage Il

During Stage ITI, excessive crushing of the dry pack causes failure of the connection.
The shear resistance of the connection is reduced by a complete loss of prestressing and by a
reduced coefficient of friction. The loss of prestressing eliminates the contribution from
component V; and the shear is provided by component V; only, with a friction coefficient of

i = 0.62. The shear resistance of the connection is:

V,_ =0.62(2MPa) (180,000mm")
=223 kN

The predicted value agrees very well with the measured shear resistance of 220 kN. Similar to
Specimen DP, for design purposes, a friction coefficient of p = 0.6 could be used for Stage Il

of behaviour.

7.3.4 Summary of Predicted Shear Resistance for Design Purposes

The predicted shear resistance of the connection at each stage using the friction
coefficients proposed for design purposes are presented in Table 7.3. The predicted values are
up to 25% less than the measured shear resistance of the connections. Although this may be
considered excessive, due to the observed variation of the measured friction coefficients, the

proposed values should consistently provide a lower bound of results.

7.4___SPECIMEN PTB-S

Under monotonic loading conditions, the behaviour of plain surface connections with

dry pack and post-tensioned bars appears to be similar to the behaviour of connections with
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post-tensioned strands. This is true for slip magnitudes less than 10 mm. At larger slip
magnitudes, the behaviour of the connection with post-tensioned bars becomes more complex,
and as described in Section 6.4.2, can not be explained completely with the limited data from
only one experimental specimen. Since a slip of 10 mm would rarely be attained in practical
situations, the increase of shear resistance will be ignored for design purposes. Therefore, the
monotonic behaviour of the connection can be predicted by considering the shear resistance at
two limit states; the initiation of slip and after the initiation of slip. These limit states are

equivalent to Stages I and II of behaviour, respectively.

7.4.1 Stagel

Similar to the other plain surface connection configurations, the initiation of slip occurs
when the frictional resistance of the connection is exceeded. The frictional resistance of the
connection can be determined using Equation 6.10, with a measured friction coefficient of
n=10.96. Since the applied slip is obviously less than 10 mm, component V,; (Equation 6.12)
is zero and component V,, (Equation 6.11) 1s provided by the initial effective prestressing force

on the connection. The shear resistance is determined as:

V., =V, +V,,

=0.96 (2MPa) (180,000mm?) + 0.96 (1.2 MPa) (180,000mm?)
=553 kN

The predicted shear resistance agrees with the measured value of 555 kN,
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7.4.2 Stage Il

After the mitiation of slip, the shear resistance of the connection continues to be
provided by interface friction. For slip magnitudes less than 10 mm, the shear resistance does
not increase and interface friction is produced by the simulated gravity load and the effective
post-tensioning force on the connection. The shear resistance of the connection is given by

Equation 6.10, as shown below.

VrIl =V +Vo, +V,

As discussed above, the increase of shear resistance due to the kinking mechanism can not be
defined confidently from the experimental results and should be ignored for design purposes.
Therefore, the contribution from component V,, should be taken as zero, and the contribution
from component V,, will remain constant. Thus for design purposes, the shear resistance of the
connection after the initiation of slip can be determined using the same procedure described in
Stage I for prediction of the initiation of slip, only with a slightly lower friction coefficient of
p=0.95. The shear resistance of the connection is:

V. =547 kN

The measured shear resistance of 550 kN agrees with the predicted value of 547 kN. Similar
to the recommendations for the other connection types, a lower coefficient of friction of u = 0.7

could be used to provide a conservative prediction of the shear resistance during Stage II of

behaviour.
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7.4.3 Summary of Predicted Shear Resistance for Desion Puipeses

The predicted shear resistance of Specimen PTB-S determined using the measured
friction coefficients is shown in Figure 7.2 with the measured shear resistance - slip behaviour
of the connection. At slip magnitudes larger than 10 mm, the increase of shear resistance has
been ignored. The predicted shear resistance of the connection determined using the proposed
friction coefficients for design purposes is also shown in Figure 7.2. The predicted design
values are consistently lower than the measured shear resistance. The calculated shear

resistance is also shown in Table 7.4.

7.8 SPECIMEN PTB

Under cyclic shear loading conditions, the behaviour of plain surface connections with
dry pack and post-tensioned bars becomes more complicated than the monotonic behaviour of
the connection. During Stage II of behaviour, a gradual loss of prestressing occurs due to the
cyclic loading. As described in Section 6.5.4.2, the variation of prestressing can not be
rationally predicted. In the third and final stage of behaviour, it appears that the kinking
mechanism may develop in the bars. Similar to the results of Specimen PTB-S, the
contribution from the kinking mechanism can not be evaluated completely and should therefore
be ignored for design purposes.

Cyclic loading did not have a significant effect on the behaviour of Specimen PTB at
the initiation of slip. At the initiation of slip, the full post-tensioning force may be assumed.

The shear resistance of the connection can be determined using the same procedure described
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for Specimen PTB-S at the initiation of slip. The friction coefficient under cyclic loading is p =

0.92. The shear resistance of the connection is:

V, =V +V,

=0.92 (2MPa) (180,000mm?) +0.92 (1.2MPa) (180,000mm?)
=530 kN

Components V, and V,, are determined by Equations 6.2 and 6.11. At the initiation of slip, the
component V,, is calculated using the initial effective prestressing strain in the bars. The
predicted and measured values for the shear resistance are identical. Similar to the
recommendations for Specimen PTS, a friction coefficient of u = 0.7 could be used to

conservatively predict the shear resistance at the initiation of slip.

7.5.2 Stagell

During Stage II, the behaviour of the connection is inelastic and the shear resistance
decreases as the applied slip and number of cycles increases. As described in Section 6.5.2,
the shear resistance during this stage is provided by interface friction due to the simulated
gravity load and the post-tensioning force on the connection. The shear resistance can be

determined using Equation 6.13, shown below, with a friction coefficient of p = 0.94.

Vrll = Vjrl +Vf4

Because the gradual loss of post-tensioning can not be rationally predicted at this time, for
design purposes, the contribution of component V,, should be taken as zero. The shear

resistance during Stage II is determined as follows:
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Vrn = Vfl

=(0.94)(2 MPa)(180,000 mm?)
=338 kN

Component V is defined by Equation 6.2. Although this approach may seem excessively

conservative, it Is necessary considering the lack of a rational model. For consistency, a friction

coefficient of i = 0.7 is recommended for design purposes.

7.5.3 Stage 111

In Stage III, extensive crushing of the dry pack causes a complete loss of prestressing
and changes the vertical force distribution at the connection level. Initially, the shear resistance
of the connection is reduced significantly, but as the applied slip magnitude increases, the shear
resistance begins to increase due to the formation of the kinking mechanism and the shear

resistance 1s given by Equation 6.14, shown below.

V,m = Vf1 +Vf2 +Vy

As discussed in Section 6.5.4.3, the kinking mechanism can not be evaluated based on the
limited experimental data. Therefore, for design purposes, the contributions from the kinking
mechanism, components Vi, and V,,, should be neglected. The shear resistance of the

connection during Stage III can therefore be determined simply as:

m

Component V,, is defined by Equation 6.2. Since a vertical force redistribution has occurred at

the connection level, the vertical stress acting on the dry pack must be determined as the net
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gravity load acting on the connection. The portion of the simulated gravity load resisted by the
bars was determined empirically in Section 6.5.4.1 to be on average, 90 kN per bar, or 180 kN
in total. This will reduce the vertical stress on the dry pack by approximately 50%. The shear
resistance of the connection during Stage III can be determined using Equation 6.2 as
described in Section 6.2.2. The proposed coefficient of friction for Specimen PTB during

Stage Il is L= 0.62. The vertical stress on the dry pack is determined as follows:

P, -2F,,
O =—
AC
_ (360kN) —2(90kN)
(180,000mm?)
=1 MPa
Therefore,

V., =(0.62) (1MPa) (180, 000mm?®)
=112 kN

The shear resistance of the connection during Stage III can be assumed constant for design
purposes. Once again, using the same recommendations as for Specimen PTS, a coefficient of

friction of u = 0.6 should be used for design purposes in Stage III.

7.5.4 Summary of Predicted Shear Resistance for Design Purposes

The predicted shear resistance of the connection at each stage using the proposed
method for design purposes are presented in Table 7.5. The predicted shear resistance of
Specimen PTB using the proposed design recommendations is shown in Figure 7.3 with the

measured shear resistance -slip behaviour of the connection.



146

7.6 SPECIMEN SK

The observed behaviour of Specimen SK under cyclic loading conditions suggests that
cyclic loading had little or no affect on the behaviour of the connection. The results indicate
that the previously proposed models for the prediction of the connection behaviour under
monotonic loading can be applied directly to cyclic loading conditions. The only observable
difference of behaviour was that the strut mechanism associated with the shear resistance after
cracking under monotonic loading (Figure 2.10 and Equation 2.4) was destroyed immediately
due to the reversed cyclic pattern of loading on Specimen SK. Therefore, the cyclic behaviour
of the connection can be determined by evaluating the shear resistance of the connection at two
limit states: cracking of the connection (at the end of Stage II) and after development of a
uniform slip interface (during Stage III). For Specimen SK, the initiation of slip is not a
significant limit state because prior to cracking of the connection, the slip is limited by bearing

on the shear keys.

7.6.1 Stage II

During Stage II, the behaviour of the connection is inelastic and the shear resistance of
the connection is provided by a combination of interface friction and bearing on the dry pack
within the shear keys. The shear resistance of the connection during Stage II continues to
increase until cracking of the dry pack within the shear keys occurs, causing failure of the
connection. The cracking shear resistance of the connection can be conservatively predicted
using Equation 2.3 proposed in the previous research by Serrette (29,30) and summa;ized in
Section 2.3.1 and Section 5.8.2.4. The predicted shear resistance at cracking is compared with

the measured value in Table 7.6.
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7.6.2 Stage IlI

After cracking of the connection, a significant reduction of the shear resistance occurs.
After formation of a uniform sliding surface, the shear resistance of the connection is provided
by interface friction. The frictional resistance can be predicted using the previously proposed
"ultimate strength" model (Equation 2.5) summarized in Section 2.3.1 and Section 5.8.2.4
(Serrette (29,30)). The predicted shear resistance during Stage III of behaviour is compared

with the measured value in Table 7.6.
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CHAPTER 8

SUMMARY AND DESIGN RECOMMENDATIONS

8.1 SUMMARY

The objective of this research program was to investigate the effects of reversed cyclic
loading on the behaviour of typical horizontal connections for precast concrete load-bearing
shear wall panels. The behaviour of five different connection configurations was investigated.

The connection configurations were:

DP:  Plain surface connection with dry pack only

RW:  Plain surface connection with dry pack and mild steel continuity bars
PTS: Plain surface connection with dry pack and post-tensioned with strands
PTB  Plain surface connection with dry pack and post-tensioned with bars

SK:  Dry packed multiple shear keys

A total of six specimens were tested in this program, five under reversed cyclic loading and one
under monotonic shear loading. The cyclic test results were compared with monotonic loading
results of identical connection types from a previous research program at the University of
Manitoba. One connection configuration, PTB, was not considered in the previous research
and therefore was tested under both monotonic and cyclic loading in this research program. All
of the specimens tested in this program were subjected to a constant uniform stress

perpendicular to the connection to simulate the effects of gravity loads.



149

The effects of the reversed cyclic loading were evaluated on the basis of the observed
failure modes and the shear resistance of the connection at the initiation of slip, after the

mitiation of slip and at failure.

8.2 DESIGN RECOMMENDATIONS

On the basis of the test results and observations from the six specimens tested in this
program and the results from the previous studies of monotonic behaviour (10,11,17,18,29,30),

the following design recommendations can be made:

1) The cyclic shear behaviour of the connections can be described in three general stages:

L Elastic behaviour prior to the initiation of slip at the connection.
IL Inelastic behaviour after the initiation of slip but prior to significant
deterioration of the dry pack.

118 Inelastic behaviour after significant deterioration of the dry pack and

reduction of the shear resistance (failure of the connection).

2) The mode of failure under reversed cyclic loading conditions for all of the connection
configurations was due to significant crushing and spalling of the dry pack. Crushing
of the dry pack alters the shear resistance mechanisms and may dramatically reduce the

shear resistance of the connection, depending on the specific mechanisms involved.

3) Failure due to crushing of the dry pack under cyclic loading conditions introduces an
additional limit state beyond what was observed for identical specimens tested under

monotonic loading conditions.
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The presence of shear keys significantly enhanced the shear resistance of the
connection and limited slip prior to cracking of the dry pack within the shear keys. In
practical seismic applications, accumulated slip over several stories is highly
undesirable due to the resulting structural instability. The use of shear keys for limiting

slip in seismic applications could enhance the overall behaviour of the structure.

It is not possible to predict whether bond between the dry pack and the precast concrete
panels exists prior to the imfiation of slip. Bond is either not significant, or may be
destroyed by handling of the specimens, shrinkage or by cyclic loading. Therefore, for
design purposes, the presence of bond should be ignored when determining the shear

resistance of the connection at the initiation of slip.

Under cyclic loading conditions, the coefficient of friction for the plain surface
connections (no shear keys) may be taken as 0.7 during Stages I and II of behaviour.
After crushing of the dry pack, during Stage Il of behaviour, a reduced coefficient of

friction of 0.6 should be used to predict the residual strength of the connection.

For plain surface connections with dry pack only (DP), cyclic loading does not appear
to have any affect on the strength of the connection prior to failure due to crushing of
the dry pack (prior to Stage III). The previously proposed model for the connection
behaviour under monotonic loading conditions can be used to conservatively predict the
behaviour of this connection during Stages I and II of cyclic behaviour without
modification.  After significant deterioration of the dry pack and failure of the
connection (during Stage II), the cyclic behaviour may be predicted using the

previously proposed model with a reduced friction coefficient.
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For plain surface connections with dry pack and post-tensioned strands (PTS), cyclic
loading does not appear to have any affect of the strength of the connection prior to
failure due to crushing of the dry pack (prior to Stage [II). The previously proposed
model for the connection behaviour under monotonic loading conditions can be used to
conservatively predict the connection behaviour during Stages I and II. During Stage
I, crushing of the dry pack may result in a complete loss of prestressing. The cyclic
behaviour in this stage may be predicted using the previously proposed model with a
reduced friction coefficient and without the effect of the normal stress due to post-

tensioning.

For connections with multiple shear keys (SK), cyclic loading does not appear to have
any affect on the cracking strength or ultimate strength of the connection. The strut
mechanism associated with the maximum shear strength of* the connection after
cracking under monotonic loading was destroyed by the reversed cyclic loading
conditions. Therefore, under cyclic loading, the behaviour of the connection at
cracking (transition between Stage II and III) and after failure (Stage III) may be
predicted using the previously proposed models for the cracking strength and ultimate

strength of connections with multiple shear keys under monotonic loading conditions.

For connections with dry pack and mild steel continuity bars (RW), cyclic loading
significantly reduced the strength of the connection. The previously proposed models
for monotonic loading conditions are not applicable to cyclic loading conditions. The
apparent effect of cyclic loading is to change the dowel action of the continuity bars
from a shear mechanism to a combination of flexural and kinking mechanisms. This
may be attributed to the deterioration of the concrete around the bars due to cyclic
loading. The experimental data is not sufficient to allow a rational prediction of the

cyclic behaviour using the proposed mechanisms. Therefore, the behaviour during
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Stages I and I may be predicted using the previously proposed model for monotonic

loading conditions, ignoring the contribution of the continuity bars.

Under monotonic loading conditions, the behaviour of the connection with dry pack and
post-tensioned bars (PTB) is identical to the behaviour of the connection with post-
tensioned strands. Therefore, the previously proposed model for connections with
post-tensioned strands may be used for connections with post-tensioned bars without

modification.

Under reversed cyclic loading conditions, the shear resistance of the connection with
dry pack and post-tensioned bars (PTB) is gradually reduced over the duration of
loading in comparison to the connection with post-tensioned strands. This may be
attributed to a gradual loss of prestressing during Stage II of behaviour. After failure
of the connection due to crushing of the dry pack, a complete loss of prestressing may
occur. In addition, a vertical force redistribution occurs at the connection level and the
normal stress on the dry pack due to gravity loads 1s reduced for connections with post-

tensioned bars.

During Stage I, the cyclic behaviour of connections with dry pack and post-tensioned
bars may be predicted using the proposed method for connections with post-tensioned
strands. During Stage 11, the behaviour may be predicted assuming a complete loss of
post-tensioning due to cyclic loading effects. During Stage III, the cyclic behaviour
may be predicted using the proposed model for connections with post-tensioned
strands with a reduced friction coefficient. In addition, the effect of post-tensioning is
assumed to be zero and the normal stress on the dry pack due to gravity loads is

reduced by up to one half.
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On the basis of the results and conclusions of this research program, the following are

some suggestions for further research in this area:

1.

Additional specimens with mild steel continuity bars (Specimen RW) should be tested
under reversed cyclic shear loading to fully evaluate the deformed length and kink
length of the reinforcement related to the shear resistance mechanisms of the continuity
bars. The effects of different bar sizes and number of bars should be investigated. The
additional results should also be used to evaluate the relationship between the gradual
reduction of the dry pack thickness and the increased compression force in the

continuity loads from the applied normal loads.

Additional specimens post-tensioned with bars should be tested under reversed cyclic
shear loading to evaluate the relationship between the gradual reduction of the dry pack

thickness and the loss of post-tensioning.

The use of multiple shear keys in combination with mild steel continuity bars or post-

tensioning should be investigated.

Research is needed to investigate the combined effect of cyclic flexural and shear
loading on the behaviour of typical horizontal connection for precast concrete load-

bearing shear walls.
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154

REFERENCES

ACI Committee 318, "Building Code Requirements for Reinforced Concrete (ACI
318M-89)", American Concrete Institute, Detroit, Michigan, 1989.

Aoyama, H., Noguchi, H., Ochiai, M. and Horikawa, K., "Shear Transfer Across
Cracks in Reinforced Concrete Shear Walls", Transactions of the Japan Concrete
Institute, Vol. 3, 1981, pp. 289-296.

Canadian Prestressed Concrete Institute (CPCI), Metric Design Manual - Precast
and Prestressed Concrete, 2nd Edition, Ottawa, Ontario, 1987,

Canadian Standards Association (CSA), "Design of Concrete Structures for
Buildings (CAN-A23.3-M84)", Rexdale, Ontario, 1984,

Clough, D.P. "Design of Connections for Precast Concrete Buildings for the Effects of
Earthquakes", Final Report, No. NSF-85-004, March 1985.

Collins, M.P. and Mitchell, D., Prestressed Concrete Basics, Canadian Prestressed
Concrete Institute, Ottawa, Ontario, 1987.

Derecho, A.T., Igbal, M., Fintel, M. and Corley, W.G. "Loading History for use in
Quasistatic Simulated Earthquake Loading Tests", ACI Special Publication, SP 63-14,
Reinforced Concrete Structures Subjected to Wind and Earthquake Forces, Detroit,
1980, pp. 329-356.

Dowrick, D.J., Earthquake Resistant Design for Architects and Engineers, 2nd
Edition, John Wiley and Sons, 1987.

Englekirk, R.E., "Seismic Design Considerations for Precast Concrete Multistorey
Buildings", PCI Journal, Vol. 35, No. 3, May-June 1990, p. 40.

Foerster, H.R. "Behaviour of the Connections Typically Used in Precast Concrete
Load-Bearing Shear Wall Panels", Master of Science Thesis, University of Manitoba,
1987.

Foerster, H.R., Rizkalla, S.H. and Huevel, J.S. "Behaviour and Design of Shear
Connections for Load-bearing Wall Panels", PCI Journal, Vol. 34, January-February
1989, pp. 102-119.

Fukuda, M. and Kubota, T., "Experimental Study on Slip Behaviour at the
Horizontal Joints of Precast Concrete Panel Structures", Transactions of the Japan
Concrete Institute, Vol. 13, 1991, pp. 449-456.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23,

24.

25.

155

Hanson, N.W., "Design and Construction of Large-Panel Concrete Structures -
Supplemental Report C: Seismic Tests of Horizontal Joints", Department of Housing
and Urban Development, Washington, D.C., 1979.

Harris, H.G., and Abboud, B.E., "Cyclic Shear Behaviour of Horizontal Joints in
Precast Concrete Large Panel Buildings", Design of Prefabricated Buildings for
Earthquake Loads, Applied Technology Council Publication ATC-8, 1981, pp. 403-
438.

Hicks, T. "Connections Between Precast Concrete Members for Use in Seismic
Zones", Master of Science Thesis, University of Washington, 1991.

Huang, T. and Seribner, C.F. "R/C Member Cyclic Response During Various
Loadings", Journal of Structural Engineering (ASCE), Vol. 110, No. 3, March 1984,
pp. 477-489.

Hutchinson, R.L., "Post-tensioned Horizontal Connections Typically Used for Precast
Concrete Load-bearing Shear Wall Panels”, Master of Science Thesis, University of
Manitoba, 1990.

Hutchinson, R.L., Rizkalla, S.H., Lau, M. and Huevel, J.S. "Horizontal Post-
Tensioned Connections for Precast Concrete Load-Bearing Shear Wall Panels", PCI
Journal, Vol. 36, November-December 1991, pp. 64-76.

International Conference of Building Officials, Uniform Building Code, Pasadena,
California, 1985.

Iso, K., Higashi, Y., Endo, T. and Numoto, M., "The Behaviour of the Joint of R-PC
Shear Wall Panels", Transactions of the Japan Concrete Institute, Vol. 3, 1981, pp.
297-304.

Jaques, F.J. and Aswad, A. "Seismic Design of Panel Wall Systems Using Vertical
Post-Tensioning", Seminar on Precast Concrete Construction in Seismic Zones (JCI),
Vol. 1, 1986, pp. 225-245.

Lau, M., Con-Force Structures Ltd., Personal Correspondence, May and June 1992.

Lefas, I.D. and Kotsovos, M.D. "Strength and Deformation Characteristics of
Reinforced Concrete Walls Under Load Reversals", ACI Structural Journal, Vol. 87,
No. 6, November-December 1990, pp. 716-726.

Naeim, F., Editor, Seismic Design Handbook, Structural Engineering Series,
VanNostrand Reinhold, New York, 1989.

Oliva, M., Gavrilovic, P., and Clough, R.W., "Seismic Testing of Large Panel
Precast Walls: Comparison of Pseudostatic and Shaking Table Tests", Earthquake
Engineering and Structural Dynamics, Vol. 19, 1990, pp. 859-875.



26.

27.

28.

29.

30.

31

156

Paulay, T., Park, R. and Phillips, M.H., "Horizontal Construction Joints in Cast-In-
Place Reinforced Concrete”, ACI Special Publication SP-42: Shear in Reinforced
Concrete, Vol. 2, 1974, pp 599-616.

Prestressed Concrete Institute (PCI), PCI Design Handbook, Chicago, Ilinois,
1983.

SEAOC, Recommended Lateral Force Requirements and Commentary, Seismology
Committee of the Structural Engineers Association of California, Sacramento,
California, 1990.

Serrette, R.L., "Muitiple Shear Key Connections for Load-bearing Shear Wall
Panels", Master of Science Thesis, University of Manitoba, 1988.

Serrette, R.L., Rizkalla, S.H., Attiogbe, E.K. and Huevel, J.S. "Multiple Shear Key
Connections for Precast Shear Wall Panels", PCI Journal, Vol. 34, March-April 1989,
pp. 104-120.

Stanton, J. "Connections in Precast Concrete Structures”, Concrete International:
Design and Construction, Vol. 9, No. 11, Nov. 1987, pp. 49-53.



157

Table 3.1: Experimental Program and Parameters

Specimen Connection Configuration Loading Type | Simulated
Gravity Load

(MPa)

DP Plain Surface Connection with Dry Pack Only Reversed 4 MPa
- Cyclic

RW Plain Surface Connection with Dry Pack and Reversed 2 MPa
Mild Steel Continuity Reinforcement Cyclic

PTS Plain Surface Connection with Dry Pack and Reversed 2 MPa
Post-tensioned Strands Cyclic

PTB Plain Surface Connection with Dry Pack and Reversed 2 MPa
Post-tensioned Bars Cyclic

PTB-S Plain Surface Connection with Dry Pack and Monotonic 2 MPa

Post-tensioned Bars
SK Dry Packed Multiple Shear Keys Reversed 2 MPa

Cyclic
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Table 3.2: Material Properties for Continuity Bars - 25M, Grade 400W

Nominal Measured
Properties Propertics
Elastic Modulus 200000 MPa 200000 MPa
Yield Stress 400 MPa 500 MPa
Yield Stain 0.002 0.0025
Maximum Stress 400 MPa 640 MPa
Rupture Strain 0.080 (minimum) 0.100
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Table 4.1: Panel Concrete Compressive Strength

Specimen Compressive Strength at Compressive Strength at
28 Days (MPa) Time of Testing (MPa)

DP N.A. 384
RW 44.4 511
PTS 42.6 48.4
PTB 46.8 56.4
PTB-S 45.0 50.6
SK 44.0 48.8
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Table 4.2: Dry Pack Compressive Strength

Specimen DP:

Cube Strength Equivalent Cylinder Strength
(MPa) (MPa)
Time of Testing 382 324

Specimens PTS. PTB and PTB-S:

Cube Strength Equivalent Cylinder Strength
(MPa) (MPa)

7 Day Strength 499 42.4

28 Day Strength 58.4 49.6

Time of Testing 56.0 47.6

Specimens RW and SK:
Cube Strength Equivalent Cylinder Strength

(MPa) (MPa)
28 Day Strength 57.0 48.5
Time of Testing 56.2 478

NOTE: Specimens are grouped according to dry pack date. Specimen DP was dry packed alone,

Specimens PTS, PTB and PTB-S were dry packed together and Specimens RW and SK
were dry packed together.
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Table 4.4: Specimen DP - Cyclic Shear Envelope Values

Positive Direction

Negative Direction

Slip Shear Slip Shear
Magnitude Resistance Magnitude Resistance

{mm) (kN) (mm) (kN)
0.00 0.0 0.00 0.0
0.02 300.0 -0.02 -200.0
0.04 400.0 -0.07 -400.0
0.10 533.0 -0.10 -500.0
1.50 487.0 -1.50 -471.0
2.00 492.0 -2.00 -471.0
2.50 484.0 -2.50 -477.0
3.00 486.0 -3.00 -475.0
3.50 488.0 -3.50 -478.0
4.00 488.0 -4.00 -482.0
4.50 460.0 -4.50 -479.0
5.00 486.0 -5.00 -481.0
6.00 473.0 -6.00 -472.0
7.00 423.0 -7.00 -425.0
8.00 426.9 -8.00 -423.0
9.00 4250 -9.00 -426.0

NOTE: The positive loading direction is the "push" direction. The negative loading direction is the
"pull” loading direction.
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Table 4.5: Specimen RW - Cyclic Shear Envelope Values

Positive Direction

Negative Direction

Slip Shear Slip Shear
Magnitude Resistance Magnitude Resistance

(mm) (kN) (mm) (kN)
0.00 0.0 0.00 0.0
0.00 100.0 0.00 -100.0
0.01 200.0 -0.01 -200.0
0.31 300.0 -0.18 -300.0
1.06 314.6 -1.00 -339.1
2.00 354.6 -1.98 -356.4
3.06 3573 -2.98 -358.1
4.06 3754 -3.98 -366.1
5.00 392.6 -5.07 -386.5
5.99 402.1 -5.99 -361.8
7.03 401.2 -7.06 -389.4
8.10 3954 -8.06 -377.1
8.97 3583 -3.98 -324.9
8.99 318.3 -9.09 -2459
9.09 131.0 -9.00 -134.6
10.10 124 4 -10.05 -115.8
12.05 129.0 -12.00 -142.6
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Table 4.6: Specimen PTS - Cyclic Shear Envelope Values

Positive Direction

Negative Direction

Slip Shear Slip Shear
Magnitude Resistance Magnitude Resistance

(mm) kN) (mm) (kN)
0.00 0.0 0.00 0.0
0.01 101.8 0.00 -100.8
0.03 201.4 0.01 -202.6
0.05 303.3 0.02 -303.0
0.10 3989 0.01 -405.5
0.26 5074 0.01 -500.5
0.93 526.0 -1.06 -500.7
2.03 521.1 -1.98 -506.6
3.03 5313 -3.01 -516.4
396 5329 -3.96 -525.0
5.09 5227 -4.99 -523.6
5.94 499 8 -5.98 -481.5
5.97 458.6 -6.02 -419.5
5.99 388.8 -6.07 -318.8
6.00 250.0 -6.00 -210.0
6.98 243.0 -7.08 -214.1
7.90 209.5 -7.99 -196.3
8.93 208.4 -9.02 -226.5
10.08 238.3 -9.99 2359
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Table 4.7: Specimen PTB - Cyclic Shear Envelope Values

Positive Direction

Negative Direction

Slip Shear Slip Shear
Magnitude Resistance Magnitude Resistance

{(mm) (kN) (mm) (kN)
0.00 0.0 0.00 0.0
0.00 101.0 0.00 -100.7
0.00 201.5 -0.01 -200.5
0.01 303.9 -0.01 -302.5
0.04 401.5 0.00 -399.8
0.10 502.6 0.00 -498 .4
i.12 536.7 -0.99 -546.8
1.95 5327 -2.03 -533.2
3.09 517.8 -3.01 -518.3
4.04 5053 -4.05 -503.4
4.99 476.3 -5.02 -486.5
6.05 464.2 -6.03 -470.9
7.08 451.1 -6.98 -458.7
8.13 438.4 -1.97 -455.2
941 437.5 -9.00 -442 4
972 391.0 -10.08 -361.5
10.37 365.5 -10.18 -235.5
10.40 117.1 -10.61 -126.7
11.94 1335 -12.67 -177.9
14.12 2049 -13.97 -220.1
16.04 266.2 -16.12 -258.8
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Table 4.8: Specimen SK - Cyclic Shear Envelope Values

Positive Direction

Negative Direction

Slip Shear Slip Shear
Magnitude Resistance Magnitude Resistance

(mm) (kN} (mm) (kN)
0.00 0.0 0.00 0.0
0.01 100.7 0.01 -100.0
0.01 151.0 0.00 -151.1
0.00 2002 -0.01 -199.3
0.01 249.0 -0.02 -249.7
0.02 300.0 -0.03 -299.7
0.03 354.7 -0.04 -350.4
0.04 402.5 -0.05 -397.1
0.06 4529 -0.08 -448.1
0.08 520.6 -0.14 -497.5
0.09 3479 -0.19 -550.4
0.12 598.2 -0.26 -596.2
0.18 6539 -0.32 -645.7
0.21 696.3 -0.41 -698.1
0.27 746.5 -0.55 -7473
0.40 802.5 -0.74 -798.8
0.62 8553 -1.07 -833.0
1.00 430.2 -1.05 -282.0
2.03 400.7 -2.00 -335.0
3.00 3550 -3.00 -335.0
4.00 315.0 -4.00 -300.0
5.05 3024 -5.01 -284.6
6.05 299.0 -6.00 -289.5
7.01 3103 -7.01 -311.1
8.00 315.0 -8.15 -322.1
6.00 310.1 -9.00 -330.4
10.00 317.5 -10.09 -332.6




Table 5.1: Specimen PTB - Post-tensioning Bar Strains Prior to the Application of Shear Loading

West Bar: East Bar: Average
Outside Inside Outside Inside
At Jacking 0.00325 0.00317 0.00314 0.00335 0.00323
At Time of Test 0.00316 0.00302 0.00306 0.00322 0.00311
% Loss 2.77% 4.73% 2.55% 4.00% 3.51%
After Preload 0.00309 0.00295 0.00299 0.00318 0.00305
% Loss (total) 4.92% 6.94% 4.78% 5.19% 5.46%

L91



Table 5.2: Specimen PTB-S - Post-tensioning Bar Strains Prior to the Application of Shear Loading

West Bar: East Bar: Average
QOutside Inside Outside Inside
At Jacking 0.00321 0.00321 0.00312 0.00335 0.00322
At Time of Test 0.00308 0.00314 0.00300 0.00315 0.00309
% Loss 4.05% 2.18% 3.85% 5.97% 4.01%
After Preload 0.00307 0.00311 0.00300 0.00311 0.00307
% Loss (total) 4.36% 3.12% 3.85% 7.16% 4.62%

891
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Table 6.1: Specimen RW - Average Measured Axial Bar Strains

Measured Measured Measured
Applied Slip Bar Strain Total Tensile
Magnitude at Zero Bar Increase
{mm) Slip Strain

0.0 -0.00045 -0.00045 0.00000

0.3 -0.00047 -0.00047 0.00000

1.0 -0.00050 -0.00048 0.00003

2.0 -0.00062 -0.00057 0.00005

3.0 -0.00078 -0.00067 0.00011

4.0 -0.00083 -0.00057 0.00026

5.0 -0.00085 -0.00039 0.00046
6.0 -0.00085 -0.00017 0.00068




Table 6.2: Specimen RW - Calculation of Shear Resistance Components Using Measured Data

Vil: Vhi:
Measured Foi Vertical Required Required
Applied Measured Bar Strain at Zero Stress Component | Component Deformed End Curvature

Slip v, at Zero Slip G, Vo A Length, L, Moment

(mm) (kN) Slip (kN) (MPa) (kN) (kN) {(mm) (kN-m)

0.3 300.0 -0.00047 -94.0 1.48 2128 87.2 41.6 0.91 0.00107
1.0 315.0 -0.00050 -100.2 1.44 207.9 103.1 45.1 1.16 0.00295
2.0 350.0 -0.00062 -124.0 1.31 188.8 153.0 431 1.65 0.00648
30 360.0 -0.00078 -155.7 1.14 163.5 178.2 42.0 1.85 Plastic
4.0 375.0 -0.00083 -166.8 1.07 154.5 1772 41.8 1.85 Plastic
5.0 390.0 -0.00085 -169.7 1.06 1523 161.3 45.9 1.85 Plastic
6.0 400.0 -0.00085 -169.5 1.06 1524 134.6 55.0 1.85 Plastic
7.0 400.0 -0.00087 -174.0 1.03 148.8 100.4 73.7 1.85 Plastic
8.0 400.0 -0.00089 -178.0 1.01 145.6 612 121.0 1.85 Plastic

Vi2: Vh2:
Measured Temnsile At Applied Slip, Vertical
Applied Measured Total Strain "Kink" Stress Component Component

Slip v, Bar Increase Length, L, Fy Fyyi S, Ve Viz

(mm) (kN Strain {mm) (kN) (kN)y (MPa) (kN) (kN)
0.3 300.0 -0.00047 0.00000 N/A -94.0 -94.0 0.00 0.0 0.0
1.0 315.0 -0.00048 0.00003 141.4 -95.2 -95.2 0.03 4.0 0.0
2.0 350.0 -0.00057 0.00005 1984 -113.8 -113.8 0.06 8.1 0.1
3.0 360.0 -0.00067 0.00011 200.0 -133.2 -133.2 0.13 18.0 0.3
4.0 375.0 -0.00057 0.00026 174.6 -114.3 -114.3 0.29 42.0 1.2
5.0 390.0 -0.00039 0.00046 164.8 -17.7 -77.6 0.51 73.6 28
6.0 400.0 -0.00017 0.00068 1633 -34.5 -34.5 0.75 108.0 5.0
7.0 400.0 0.00003 0.00090 1654 5.0 5.0 0.99 143.2 7.6
8.0 0.00025 0.00114 167.5 50.0 49.9 1.27 1824 10.9

400.0

0L1
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Table 6.3: Specimen PTB - Computed Vertical Force Distribution at the
Connection Level During Stage 111 of Behaviour

Measured Computed Computed
Applied Shear Vertical Stress Force
Slip Resistance Acting On In P/T Bars,

Magnitude At Zero Slip Dry Pack Fi
(kN) (MPa) (kN)

10 mm (3rd) 115.0 1.03 174.5

12 mm 100.0 0.90 198.7

14 mm 112.0 1.00 179.4

16 mm 120.0 1.08 166.5




Table 6.4: Specimen PTB - Computed Effective Prestressing Strains During Stage II of Behaviour

Measured Shear Computed Computed Computed

Applied Maximum Shear Resistance Shear Force Effective

Slip Resistance Component Resistance per P/T Bar, Prestressing
Magnitude v, Vo Component V,, Fo Strain

(mm) (kN) (kN) (kN) (kN)

1.0 535.0 3384 196.6 104.6 0.00291
2.0 525.0 3384 186.6 993 0.00276
3.0 515.0 3384 176.6 93.9 0.00261
4.0 495.0 338.4 156.6 833 0.00232
5.0 475.0 3384 136.6 72.7 0.00202
6.0 460.0 3384 121.6 64.7 0.00180
7.0 450.0 3384 111.6 594 0.00165
8.0 4400 338.4 101.6 54.0 0.00150
9.0 420.0 338.4 81.6 434 0.00121

LT
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Table 7.1: Specimen DP - Summary of predicted shear resistance using proposed

mechansims and design recommendations

Predicted Measured .
Limit State Shear Shear Predicted
Resistance Resistance Measured
Stage I - Initiation of Slip 480 kN 533 kN 0.901
(1=038)
Stage II - After Initiation of Slip 420 kN 480 kN 0.875
=07
Stage III - After Failure 360 kN 420 kN 0.857

(p=0.6)
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Table 7.2: Specimen RW - Summary of predicted shear resistance using proposed

mechansims and design recommendations

Predicted Measured )
Limit State Shear Shear Predicted
Resistance Resistance Measured
Stage I - Initiation of Slip 252 kN 290 kN 0.869
(p=0.7)
Stage II - After Initiation of Slip 252 kN 400 kN 0.630
(r=0.7) {max.)
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Table 7.3: Specimen PTS - Summary of predicted shear resistance using proposed

mechansims and design recommendations

Predicted Measured '
Limit State Shear Shear Predicted
Resistance Resistance Measured
Stage I - Initiation of Slip 403 kN 530 kN 0.760
(p=07)
Stage II - After Initiation of Slip 403 kN 524 kN 0.768
r=07)
Stage III - After Failure 216 kN 220 kN 0.682

(1 =0.6)
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Table 7.4; Specimen PTB-S - Summary of predicted shear resistance using proposed

mechansims and design recommendations

Predicted Measured _
Limit State Shear Shear Predicted
Resistance Resistance Measured

Stage I - Initiation of Slip 403 kN 555 kN 0.726
(n=0.7)
Stage II - After Initiation of Slip 403 kN 550kN 0.733

(u=0.7)
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Table 7.5: Specimen PTB - Summary of predicted shear resistance using proposed

mechansims and design recommendations

Predicted Measured _
Limit State Shear Shear Predicted
Resistance Resistance Measured
Stage I - Initiation of Slip 403 kN 530 kN 0.760
p=07)
Stage II - After Initiation of Slip 252 kN 423 kN 0.597
(uL=0.7) (at failure)
Stage II - After Failure 108 kN 112 kN 0.964

(= 0.6)
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Table 7.6: Specimen SK - Summary of predicted shear resistance using proposed

mechansims and design recommendations

Predicted Measured )
Limit State Shear Shear Predicted
Resistance Resistance Measured
Stage II - After Cracking of 638 kN 833 kN 0.766
Shear Keys
Stage 111 - After Formation of 348 kN 335kN 1.04

Uniform Slip Plane
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Figure 3.18

Dry Packing Process
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Figure 3.19(a) Jacking of Post-tensioning Strands
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Figure 3.20  Post-tensioning Load Cell
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Figure 3.24  Specimen Instrumentation
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Figure 3.30  Reaction Cross Beams
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Figure 3.31  Gravity Load Simulator (Vertical Preload System)
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Figure 5.3 Specimen DP - Condition of the Dry Pack at the Start of Testing
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Figure 5.5 Specimen DP - Condition of the Dry Pack After Crushing



Shear Resistance (kN)

RW - Cyclic Shear

1000

8001

600

400

200

-200

“400+-

-600

-800-

-16000

Figure 5.6

i ] T i

-10 -5 0] 5
Average Slip (mm)

10 15 20

Specimen RW - Elastic Connection Behaviour Prior to the Initiation of Slip

96t



Shear Resistance (kN)

RW - Cyclic Shear

1000

800

600

400

200

Y

\L 110

-600

..............................................................................

-80C--

-1000 %

Figure 5.7

5 0 5 10
Average Slip (mm)

15 20

Specimen RW - Inelastic Connection Behaviour After the Initiation of Ship

LST



Shear Resistance (kN)

1000

RW - Cyclic Shear
+/-6.0 mm

800

600

3

200

Initiation of Slip

-600

-800

-1000

Figure 5.8

i j i i

15 -10 5 0 5 10 15
Average Slip (mm)

Specimen RW - Typical Hysteretic Behaviour After the Initiation of Slip

20

8¢C



Shear Resistance (kN)

RW - Cyclic Shear

1000

800

600

400

200

-200

-400 -1

-600

-800

-1000

Figure 5.9

-5 0 5 10 15 20
Average Slip (mm)

Specimen RW - Connection Behaviour at Failure (Slip Magnitude = 9 mm)

65T



260

Figure 5.10  Specimen RW - Condition of the Dry Pack at the Start of Testing

Figure 5.11  Specimen RW - Condition of the Dry Pack After Crushing
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Figure 5.12  Specimen RW - Buckled Continuity Bar After Failure of the Connection
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Figure 5.15(b) Specimen RW - Average Maximum Strain Behaviour: East Bar
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Figure 5.20  Specimen PTS - Inelastic Connection Behaviour After the Initiation of Slip
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Figure 5.23  Specimen PTS - Condition of the Dry Pack at the Start of Testing

Figure 5.24  Specimen PTS - Condition of the Dry Pack After Crushing
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Figure 5.29  Specimen PTB - Condition of the Dry Pack at the Start of Testing

Figure 5.30  Specimen PTB - Condition of the Dry Pack After Crushing
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Figure 5.32(a) Specimen PTB - Variation of Bar Strain After the Initiation of Slip: West Bar
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PTB - Cyclic Shear
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Figure 5.35(a) Specimen SK - Inelastic Connection Behaviour After the Initiation of Slip But Prior to
Cracking of the Dry Pack Within the Shear Keys
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Figﬁre 5.35(b) Specimen SK - Inelastic Connection Behaviour After the Imtiation of Slip But Prior to

Cracking of the Dry Pack Within the Shear Keys (Enlarged Scale)
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Figure 5.36  Specimen SK - Condition of the Dry Pack Immediately After Cracking
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Specimen SK - Inelastic Behaviour After Cracking and Gradual Deterioration of the Dry Pack
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Uniform sliding plane —

Figure 5.39

Specimen SK - Slip Interface After Cracking of the Shear Keys and Deterioration of the Dry Pack
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Figure 540  Specimen SK - Slip Interface at the End of Testing
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Figure 542  Specimen PTB-S - Condition of the Dry Pack After Significant Slip
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Static Shear

Figure 5.43  Specimen PTB-S - East Bar at the End of Testing
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M = end moment in bar
determined from moment
curvature relationship

¢ = secltion curvcture ot ends
of bar

8 &
Ly
L1 = deformed length

8 = applied slip dispiacement

{a) Flexural mechanism

AFb = tensile increase in axial bar
force
= [As £ ] Ab
Ae = increase in_axial strain
N g 2 —
AFD/ JF (5/1L2)F — 1
o E = elastic modulus of steel
/ Ab = cross—sectional area of bar
L2 = kink length
§ = applied slip displacement
AFbx AFbx = horizontal component of AFDb
= AFb &
L2 + AelZ
AFb AFby , )
AFby = vertical component of Afb
¢~ = AFb L2
L2 + Asgl?2

(b) Kinking mechanism

Figure 6.1 Shear Resistance Mechanisms Developed In Continuity Bars Due To
Applied Slip Displacement Between Precast Concrete Panels
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Figure 6.2

Fbei

- Continuity
Reinforcement
{25M, 400W)

\

= p{on)(Ac)

where:

anl

Pg
Fboi

Ac

coefficient of friction
0.8 ( measured from cyclic shear
specimen DP)
vertical stress octing on dry pock
due to net grovity load
Pg -~ 2Fboi

Ac
applied gravity lood
force in one continuily bar due to
applied gravity load when the
connection is in the zero slip
position at the start of ¢ cycle
to slip magnitude |
cross—sectional area of the
cennection

V,,: Frictional Resistance Provided By Net Gravity Load Acting On Dry Pack
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Dry Pock

Figure 6.3

Continuity
Reinforcerment
(25M, 400W)

where:

L1

end moment in the bar, limited by
the plastic moment capacity, Mp
(defined in Figure 20)

effective deformed length

V.,,: Direct Shear Resistance Provided By End Shear Forces Resulting

From Flexural Deformation of the Continuity Bars
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Continuity
Reinforcoment
(25M, 400W)

"4
kink length/2

g R e
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on2

Ory Pack

AFbyI[AFb Arnyv AFb
Afbx  onZ AFbx
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== Te—

r
kink length/2
| IN——

[ Vi2 = u(on2)(Ac) J
[ Vh2 = 2 [ AFbxi ] J

where:
“ = coefficient of friction
= 0.8 ( meosured from cyclic shear
specimen DP)
onZ = vertical stress acting on dry pock
due to clamping action
= 2 [ Afbyi 1
Ac
AFbyi = vertical component of AFbI
AFbxi = horizontai component of AFbi
AFbi = increase in axial bar force ot slip

magnitude i, due to kinking
mechanism (defined in Figure Zb)

Ac = cross—sectional orea of the
connection

Figure 6.4 V,,: Frictional Resistance Provided By Clamping Action
V,,: Direct Shear Resistance Provided By Kinking Mechanism

013




Axial Force in Bars (kN)

RW - Cyclic Shear

250

200

150

100

50

-100

-150

~200

-250

at 0 Slip Position

at Applied Slip

.........

amgas, : foeya?

compression is negative

i T i i

0 2 4 ‘ 6 8
Applied Slip Magnitude (mm)

Figure 6.5 Specimen RW - Variation of Axial Bar Force.
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Specimen RW - Variation of the Deformed Length, L, and the Kink Length, L,
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Figure 6.8
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iy SR S A S
Vi3

where:

ang

Fpe

Ac

fl

u{ong)(Ac)

coefficient of friction

0.91 (refer to Section 6.3.2)
vertical stress octing on dry pack
due o post—tensioning

2fpe

Ac

effective prestressing force

per strand

cross—sectional area of the
connection

V. Frictional Resistance Provided By Post-tensioning of the Connection Using Strands
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Figure 6.9 Specimen PTS - Variation of the Components of Shear Resistance
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Figure 6.10

( Vi4 = w(an4)(Ac) j

[VhSZ?_[Fbxi]j

where:

Fpe
Fbyi

Foxi

Fbi

AFbi

Ac

1

|

It

coefficient of friction

0.95 (refer to Section 6.4.2)
verlical stress acting on dry pack
due to tensile force in post—
tensioning bars

2 { Fpe if stip < 10 mm
Ac
2 [ Fbyi it slip > 10 mm w
Ac —
—

effective prestressing force per bar
vertical component of tensile force
per bar, Fb, at opplied slip i
horizonlal component of tensile force
per bar, Fb, at applied slip i

tensile force per bar ot opplied slip i
due to prestressing and kinking mechanism
Fpe + AFbi

tensile increase of bar forcedue to
the kinking mechanism

(defined in Figure 6.1(b))

cross-—sectional area of the
conneclion

V,,: Frictional Resistance Provided by the Tensile Force in the Post-tensioning Bars

V,,: Direct Shear Resistance Provided by the Kinking Mechanism
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Figure 6.11 Specimen PTB-S - Variation of the Components of Shear Resistance
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Figure 6.12  Specimen PTB - Variation of the Components of Shear Resistance
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APPENDIX

Calculation of Initial Strain in the Continuity Bars

The initial compressive strain in the continuity bars prior to the application of shear loading is
based on the distribution of vertical forces at the connection level. The strain in the bars is
produced by the apphed gravity loads (normal to the connection) with consideration for
possible shrinkage strains in the dry pack. The initial compressive strain may be estimated

using the following procedure.

Shrinkage Strain

The shrinkage strain in the dry pack may be estimated using the procedure described in
the CPCI Metric Design Manual (3). The vanables involved in the procedure are defined on
page 2-7 of the Metric Design Manual.

t
=g P,
Esh shu ( Cs it ) sh
&, = ultimate shrinkage strain C, = shrinkage coefficient
=780 x 10 =35
P, = Shrinkage modification factor t  =time in days
P, =100 P, =0.783
P, =100 P, =0.890
P, =104 P, =100
P, =0.725

35
£,, = (.000780) (————) (0.725
w = ( ) (55550 (0729

g, =0.000283
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Strain Due to Applied Gravity Load

The distribution of forces at the connection level may be determined using a

transformed section analysis.

Areaofdrypack =A, - As E,, =7000 MPa
= 180,000 - 1000
= 179,000 mm?
Area of steel = 1000 mm? Es =200,000 MPa
P =P, +F
= fdpAa'p +fsAs

= adPEdPAdP +eE A,

P

g

BT TR 4 iEA
dp dp+ §°%s

s

_ 360000N
(7000MPa)(179000mm?) +(200000MPa )(1000mm?)

g =0.000248

Total Initial Strain

s =0.000283 + 0.000248
&__ = 0000531

Therefore

F,, =53.1kN (25M bar)





