AN ABSTRACT OF THE THESIS OF
Curtis Blank for the degree of Master of Science in Civil Engineering presented on September 07, 2016.

Title: Performance Based Tests on Cross-Laminated Timber – Concrete Composite Floor Panels
Abstract approved:

Andre R. Barbosa

This project determines the short term and long term effective stiffness values for Cross
Laminated Timber (CLT) with a reinforced concrete topping. The reinforced concrete was
attached to the CLT panels with interface connections, and different types of interface
connections were tested. Throughout this project, there are 31 tests with composite CLT floor
panels. Described in this report are:


Eight 2 ft. by 10 ft. 8 inch composite floor panels with different interface shear connections.
All these 2 ft. by 10 ft. 8 inch panels were tested to failure in positive bending moment under
simply-supported conditions.



Three 8 ft. by 8 ft. composite floor panels with inclined self-tapping screws. The panels were
tested to estimate the initial stiffness in strong and weak axis bending, under positive and
negative bending moments. In addition, two-way bending flexural (warping) stiffness values
were obtained from testing results. Lastly, the floor panels were tested to failure under weakaxis direction,

positive moment bending, and in strong and weak axis bending under

negative moment bending.


One 37.5 ft. long by 8 ft. test specimen with inclined self-tapping screws was tested to
failure.



One 20 ft. by 4 ft. specimen and one 13.5 ft. by 4 ft. specimen under positive and negative
bending moment, respectively, tested under creep loading.

These tests aided in the determination of effective stiffness values that can be used for design of
floor panels that have a total thickness of 9 inches, including a 2-1/4 inch concrete lamina, over
a five-ply CLT panel. In addition, estimates of failure loads and moments presented in this thesis
provide information needed for future structural designs of the CLT concrete composite floor
systems.

Copyright by Curtis L. Blank
September 07, 2016
All Rights Reserved

Performance Based Tests on Cross-Laminated Timber – Concrete Composite Floor Panels

by
Curtis Blank

A THESIS
submitted to

Oregon State University

In partial fulfillment of
the requirements for the
degree of

Master of Science

Presented September 07, 2016
Commencement June 2017

Master of Science thesis of Curtis Blank presented on September 07, 2016.
APPROVED:

Major Professor, Representing Civil Engineering

Head of the school of Civil and Construction Engineering

Dean of the Graduate School

I understand that my thesis will become part of the permanent collection of Oregon State
University libraries. My signature below authorizes release of my thesis to any reader upon
request.

Curtis L. Blank, Author

ACKNOWLEDGEMENTS
I would like to express my gratitude for the guidance of my advisors Dr. Andre R. Barbosa,
and Dr. Chris Higgins whose insight and support were essential to the success of the works
presented here.
I would also like to thank Roberto Sattell and Jeff Gent for their labor and mentorship over
the past several months, and all the undergraduate students who helped perform the work
necessary to test panels of this size.
The support for this project was by Skidmore, Owings, and Merrill (SOM) and the Softwood
Lumber Board (SLB). The findings and conclusions of this work are solely of the author.

CONTRIBUTION OF INVESTIGATORS
Dr. Andre R. Barbosa is the principal investigator of this research project. Dr. Christopher C.
Higgins is the co-principal investigator of this research project.

TABLE OF CONTENTS
Page
1 Introduction………………………………………………..………………………………1
1.1

Thesis Overview ......................................................................................................... 4

2 Literature Review………………………………………………………………………….5
2.1

Full Scale Testing of Timber-Concrete Composite Floor Systems ............................ 5

2.2

Composite Concrete Timber Structures ...................................................................... 7

2.3

Timber Tower Research Project ................................................................................. 8

2.4

Tall Wooden Buildings with Cross Laminated Timber .............................................. 9

3 Experimental Program…………………………………………………………………...11
3.1

2 ft by 10 ft 8 inch Specimens: One-Way Bending Tests ......................................... 11

3.1.1

Specimen Design .............................................................................................. 11

3.1.2

Experimental Setup ........................................................................................... 14

3.1.3

Instrumentation Layout ..................................................................................... 15

3.1.4

Testing Protocol ................................................................................................ 16

3.1.5

Data Processing Methods .................................................................................. 17

3.2

8 ft by 8 ft Specimen Tests ....................................................................................... 17

3.2.1

Specimen Design .............................................................................................. 17

3.2.2

Three-point Bending Tests – Experimental Setup ............................................ 20

3.2.3

Three-point Bending Tests – Instrumentation Layout ...................................... 22

TABLE OF CONTENTS (Continued)
Page
3.2.4

Three-point Bending Tests – Testing Protocol ................................................. 23

3.2.5

Three-point Bending Tests-Data Processing Methods ..................................... 23

3.2.6

Two-way Bending – Experimental Setup ......................................................... 24

3.2.7

Two-way Bending – Instrumentation Layout ................................................... 24

3.2.8

Two-way Bending – Testing Protocols............................................................. 25

3.2.9

Two-way Bending – Data Processing Methods ................................................ 25

3.3

Full Scale 37.5 ft Specimen ...................................................................................... 26

3.3.1

Specimen Design .............................................................................................. 26

3.3.2

Instrumentation Layout ..................................................................................... 29

3.3.3

Experimental Setup ........................................................................................... 32

3.3.4

Testing Protocol ................................................................................................ 33

3.3.5

Data Processing Methods .................................................................................. 35

3.4

Creep Tests................................................................................................................ 35

3.4.1

Specimen Design for 20 ft Creep Test. ............................................................. 35

3.4.2

Experimental Setup for 20 ft Creep Test .......................................................... 38

3.4.3

Instrumentation Layout for 20 ft Creep Test .................................................... 39

3.4.4

Testing Protocol for 20 ft Creep Test ............................................................... 40

3.4.5

Specimen Design for 13 ft 6 inch Creep Test ................................................... 40

TABLE OF CONTENTS (Continued)
Page
3.4.6

Experimental Setup for 13 ft 6 inch Creep Test ............................................... 41

3.4.7

Instrumentation Layout for 13 ft 6 inch Creep Test ......................................... 42

3.4.8

Testing Protocol for 13 ft 6 inch Creep Test..................................................... 42

4 Material Specifications and Characterization ……………………………………………44
4.1

Concrete .................................................................................................................... 44

4.1.1

Specifications .................................................................................................... 44

4.1.2

Compression Testing ........................................................................................ 44

4.1.3

Concrete Modulus of Rupture Testing .............................................................. 45

4.2

Reinforcing Steel ...................................................................................................... 45

4.3

Screws used in the Testing Program ......................................................................... 47

4.3.1

Shear Connectors – ASSY “plus” VG Screws ................................................. 47

4.3.2

ASSY “plus” VG Screws CSK Head................................................................ 48

4.3.3

ASSY 3.0 SK Screws ........................................................................................ 48

4.4

HBV Steel Mesh Reinforcement .............................................................................. 50

4.5

Steel Plate and Nelson Studs..................................................................................... 50

5 Construction Sequence and Procedures for Specimens………………………………….52
5.1

Phase 1 – Screw Shear Connector and Reinforcing Steel Installation...................... 52

5.2

Phase 1 – HBV Connector and Reinforcing Steel Installation ................................. 54

TABLE OF CONTENTS (Continued)
Page
5.3

Phase 1 – Concrete Casting....................................................................................... 55

5.4

Phase 2 – Panel Assembly, and Shear Connector and Rebar Installation ................ 58

5.4.1

Assembly of the 37.5 ft Specimen .................................................................... 59

5.4.2

Assembly of the Creep Test Specimens............................................................ 61

5.4.3

Assembly of 2ft by 10 ft 8 inch Specimen with nelson Studs .......................... 62

5.5

Phase 2 – Concrete Casting....................................................................................... 63

5.6

Lessons Learnt .......................................................................................................... 64

6 Test Results and Data Analysis for 2 ft by 10 ft 8 inch Specimens...................................65
6.1

Panel One Test and Data Analysis ............................................................................ 66

6.2

Summary of 2’ by 10’ 8” Panel Testing (1 through 8). ............................................ 74

6.2.1

Load versus Mid-Span Deflection .................................................................... 74

6.2.2

Apparent Flexural Stiffness Values. ................................................................. 77

7 Testing Data and Analysis of 8 ft by 8 ft Specimens…………………………………….79
7.1

Testing of 8 ft by 8 ft Specimens in the Linear Range (3-Point Bending) ............... 79

7.2

Testing 8 ft by 8 ft Panels to Failure ......................................................................... 83

7.2.1

Testing to Failure of 8 ft by 8 ft Specimen 1, Positive Bending, Weak Axis

Direction………. ............................................................................................................ 83

TABLE OF CONTENTS (Continued)
Page
7.2.2

Testing to Failure of 8 ft by 8 ft Specimen 2, Negative Bending, Strong Axis

Direction………. ............................................................................................................ 89
7.2.3

Testing to failure of 8’ by 8’ Panel 3, Negative Bending, Weak Axis

Direction………. ............................................................................................................ 95
7.2.4
7.3

Peak Load versus Mid-Span Deflection ......................................................... 101

Apparent Flexural Rigidity Values for 8 ft by 8 ft Specimens Based off Linear Tests

and Failure Tests. .............................................................................................................. 102
8 Test Results and Data Analysis on Two-Way (Warping) Bending…………………….104
9 Test Results and Data Analysis of Full Scale 37.5 ft Specimen………………………..107
10 Test Results and Data Analysis of Creep Tests………………………………………...114
10.1 Creep Deflection Data for the 37.5 ft Specimen ..................................................... 114
10.2 Negative Bending Moment Creep Deflection Data (13 ft 6inch Specimen) .......... 116
10.3 Positive Moment Creep Deflection Data (20 ft Specimen). ................................... 118
11 Conclusion……………………………………………………………………………...120
12 Works Cited…………………………………………………………………………….122

LIST OF FIGURES
Figure

Page

Figure 1-1 3-D View of a CLT Layup ...................................................................................... 1
Figure 1-2 Potential Layout for a Building Using the Long Panels Design (Budds 2016). ..... 4
Figure 2-1 TCC Composite ....................................................................................................... 5
Figure 2-2 Loading and Support Setup .................................................................................... 6
Figure 2-3 Panel Failure 1 (Gerber 2016) ................................................................................ 7
Figure 2-4 Panel Failure 2 (Gerber 2016) ................................................................................ 7
Figure 2-5 Example of Composite Slip (Gerber 2016) ............................................................. 7
Figure 2-6 Example of Panel Deflected Shape (Gerber 2016) ................................................. 7
Figure 2-7 Structural CLT and Concrete Design .................................................................... 10
Figure 3-1 2’ by 10’ 8” Panel with Close Spaced Screws, Top View .................................... 11
Figure 3-2 2’ by 10’ 8” Panel with Close Spaced Screws, Side View .................................. 12
Figure 3-3 2’ by 10’ 8” Panel with Wide Spaced Screws, Top View ................................... 12
Figure 3-4

2’ by 10’ 8” Panel with Wide Spaced Screws, Side View ................................. 12

Figure 3-5 2’ by 10’ 8” Panel with HBV Connectors, Top View......................................... 13
Figure 3-6 2’ by 10’ 8” Panel with HBV Connectors, Side View ......................................... 13
Figure 3-7 2’ by 10’ 8” Panel with Nelson Shear Connector Plates, Top View.................... 13
Figure 3-8 2’ by 10’ 8” Panel with Nelson Shear Connector Plates, Side View .................. 14
Figure 3-9 Loading Frame Used in Testing of 2’ by 10’ 8” Panels ........................................ 15
Figure 3-10 Sensor Placement for the 2’ by 10’ 8” CLT Panels ............................................ 16
Figure 3-11 2’ by 10’ 8” Loading Frame with CLT Concrete Composite Panel ................... 17
Figure 3-12 2’ by 10’ 8” Loading Frame with CLT Concrete Composite Panel 2 ................ 17

LIST OF FIGURES (Continued)
Figure

Page

Figure 3-13 Top View of 8’ by 8’ Panel Layout .................................................................... 19
Figure 3-14 Side View of 8’ by 8’ Panels............................................................................... 20
Figure 3-15 Loading Setup and Height Dimensions for 8’ by 8’ Panels ................................ 21
Figure 3-16 8’ by 8’ Panel with Sensor Locations ................................................................. 22
Figure 3-17 Panel 1 8’ by 8’ with Sensors and Loading Frame Under Positive Bending ...... 23
Figure 3-18 Panel 2 8’ by 8’ Under Negative Bending With Loading Frame ........................ 23
Figure 3-19 Two Way Bending Setup for 8’ by 8’ Panel In Negative Bending ..................... 24
Figure 3-20 Two Way Bending Loading Setup for 8’ by 8’ Panel ......................................... 24
Figure 3-21

37.5’ Panel Layout Top View .......................................................................... 27

Figure 3-22

37.5’ Panel Layout Side View ....................................................................... 28

Figure 3-23 37.5’ Specimen Support Detailing ...................................................................... 29
Figure 3-24 Center Span of 37.5’ Specimen ........................................................................... 30
Figure 3-25 Underneath Sensors for 37.5’ Specimen ............................................................. 30
Figure 3-26 North End of 37.5’ Panel With Sensors .............................................................. 31
Figure 3-27 37.5’ Panel With Sensors .................................................................................... 31
Figure 3-28 South East Support Sensor Placement ................................................................ 31
Figure 3-29 South East Support Sensor Placement ................................................................ 32
Figure 3-30 Deflection of 37.5’ Panel .................................................................................... 34
Figure 3-31 Failure of CLT Panel for 37.5’ Panel. ................................................................. 34
Figure 3-32 Failure of the Bottom CLT Layer of the Large Panel ......................................... 34
Figure 3-33 20’ Creep Specimen Top View ........................................................................... 36

LIST OF FIGURES (Continued)
Figure

Page

Figure 3-34 20’ Creep Specimen Side View .......................................................................... 37
Figure 3-35 Simply Supported Conditions for 20’ Creep Panel ............................................. 38
Figure 3-36 Rubber Divider for Weights on 20’ Creep Specimen ......................................... 39
Figure 3-37 Placing Blocks onto 20’ Creep Specimen ........................................................... 39
Figure 3-38 Dial Gauge and Displacement Tracking Setup ................................................... 39
Figure 3-39 Negative Bending Cantilever Creep Specimen Top View .................................. 40
Figure 3-40 Negative Bending Cantilever Creep Specimen Side View ................................. 41
Figure 3-41 Foundation Support for Cantilever Creep Specimen .......................................... 41
Figure 3-42 Rubber Divider for Weights on Cantilever Creep Specimen .............................. 43
Figure 3-43 Placing Blocks on Creep Specimen with Forklift and Extended Lifting Jack ... 43
Figure 4-1 Reinforcing Steel Tensile Test Results ................................................................. 46
Figure 4-2 ASSY plus VG Screw Head .................................................................................. 47
Figure 4-3 ASSY ”plus” VG Screw....................................................................................... 47
Figure 4-4 CSK Screw Head................................................................................................... 48
Figure 4-5 ASSY 3.0 Screws ................................................................................................. 48
Figure 4-6 HBV Steel Mesh Connector (TiComTec, 2016) ................................................... 50
Figure 4-7 Steel Plate with Nelson Shear Studs ..................................................................... 51
Figure 5-1 Floor Panel Original Layout.................................................................................. 52
Figure 5-2 Remaining Floor Panels Cast in Phase 1............................................................... 52
Figure 5-3 Screw jig............................................................................................................... 53
Figure 5-4 Panels with Installed Screws ................................................................................ 53

LIST OF FIGURES (Continued)
Figure

Page

Figure 5-5 Temporary Boards Placed During Instalation of Reinforcing Steel .................... 53
Figure 5-6 Rebar Layout, with Reinforcing Steel Bars Tied to Screws ................................. 53
Figure 5-7 Rebar Layout on 8’x8’ Panel ................................................................................ 54
Figure 5-8 Specimens Ready for Casting .............................................................................. 54
Figure 5-9 Guided Notch Cuts ................................................................................................ 55
Figure 5-10 Injection Tip for Epoxy ...................................................................................... 55
Figure 5-11 Epoxy Application .............................................................................................. 55
Figure 5-12 Instalation of HBV Mesh. ................................................................................... 55
Figure 5-13 Installed HBV Mesh ............................................................................................ 55
Figure 5-14 Rebar Placement................................................................................................. 55
Figure 5-15 Concrete Casting and Spreading ......................................................................... 56
Figure 5-16 Vibrating Roller Screed....................................................................................... 56
Figure 5-17 Smothing Concrete Surface................................................................................. 57
Figure 5-18 Chemical Application Tool ................................................................................ 57
Figure 5-19 21 4”x8” Samples ............................................................................................... 57
Figure 5-20 9 6”x6”x12” Samples ........................................................................................ 57
Figure 5-21 Composite Floor Panel ....................................................................................... 58
Figure 5-22 Stacked 8ft X 8ft Panels ...................................................................................... 58
Figure 5-23 Stacked (5 of 6) 2ft X 10ft Panels ....................................................................... 58
Figure 5-24 Stacked CLT Panels (Phase 2) .......................................................................... 59
Figure 5-25 North Support of the 37.5ft Specimen .............................................................. 59

LIST OF FIGURES (Continued)
Figure

Page

Figure 5-26 View of Initial ASpecimen Assembly................................................................. 59
Figure 5-27 Moving 22.5 Foot CLT Panel ........................................................................... 60
Figure 5-28 22.5 Foot CLT Panel Below Crane on Forklift ................................................... 60
Figure 5-29 Preparing Loading Straps .................................................................................... 60
Figure 5-30 Moving 24 foot Panel With Crane ...................................................................... 60
Figure 5-31 Placing 22.5 ft Panel ........................................................................................... 60
Figure 5-32 Layout of 37.5 ft Specimen ................................................................................. 60
Figure 5-33 Prepping 37.5 ft Panel ......................................................................................... 61
Figure 5-34 Prepped 37.5 ft Panel .......................................................................................... 61
Figure 5-35 Creep Specimen Panels ....................................................................................... 62
Figure 5-36 Simply Supported Foundation............................................................................. 62
Figure 5-37 Assmbled Specimen ............................................................................................ 63
Figure 5-38 Shear Stud Connection Plate ............................................................................... 63
Figure 5-39 Location for Concrete Placement ........................................................................ 63
Figure 5-40 Placing Concrete with Concrete Bucket ............................................................. 63
Figure 5-41 Finishing Concrete Surface on 37.5 ft Panel ....................................................... 64
Figure 5-42 Casting Concrete Weights .................................................................................. 64
Figure 6-1 Sensor Placement on 2’ by 10’ 8” Panels ............................................................. 66
Figure 6-2 2’ by 10’ 8” Specimen One ................................................................................... 67
Figure 6-3 2’ by 10’ 8” Specimen One Failure....................................................................... 67
Figure 6-4 Panel 1 Load versus Middle Displacement ........................................................... 68

LIST OF FIGURES (Continued)
Figure

Page

Figure 6-5 Neutral Axis versus Actuator Load for Panel 1 .................................................... 69
Figure 6-6 Panel 1 Relative Shear Displacement; Left Side of Panel .................................... 70
Figure 6-7 Panel 1 Relative Shear Displacement; Right Side of Panel .................................. 71
Figure 6-8 Panel 1 Relative Shear Strain; Left Side of Panel ................................................. 72
Figure 6-9 Relative Shear Strain; Right Side of Panel 1 ........................................................ 73
Figure 6-10 2’ by 10’ 8” Panels (Load versus Middle Displacement) ................................... 75
Figure 7-1 8’ by 8’ Panel 1 in Loading Frame........................................................................ 79
Figure 7-2 8’ by 8’ Panel 1 When Linearly Loaded ............................................................... 79
Figure 7-3 Load versus Middle Displacement of Positive Bending Weak Axis Direction
Panel 1 ..................................................................................................................................... 84
Figure 7-4 NE Interface Shear Displacements Panel 1 ........................................................... 84
Figure 7-5 Neutral Axis versus Actuator Load Panel 1 .......................................................... 85
Figure 7-6 NW Interface Shear Displacements Panel 1 ......................................................... 86
Figure 7-7 NE Interface Shear Strain Between Sensors Panel 1 ............................................ 87
Figure 7-8 Interface Shear Strain NW Side of Panel 1 ........................................................... 88
Figure 7-9 Mid Span Displacement, Strong Axis Direction, Negative Bending, Panel 2. ..... 89
Figure 7-10 8’ by 8’ Neutral Axis versus Actuator Load Panel 2 .......................................... 90
Figure 7-11 NE Interface Shear Displacements Negative Bending Strong Axis Direction
Panel 2. .................................................................................................................................... 91
Figure 7-12 NW Interface Shear Displacement Negative Bending Strong Axis Bending Panel
2.............................................................................................................................................. 92

LIST OF FIGURES (Continued)
Figure

Page

Figure 7-14 NW Interface Shear Strain Strong Axis Negative Moment Panel 2 ................... 94
Figure 7-15 Mid Span Displacement Negative Moment Weak Axis Direction Panel 3 ........ 95
Figure 7-16 Neutral Axis versus Actuator Load Panel 3 ........................................................ 96
Figure 7-17 NE Interface Shear Displacements Negative Moment Weak Axis Direction Panel
3.............................................................................................................................................. 97
Figure 7-18 NW Interface Shear Displacement Negative Bending Weak Axis Direction Panel
3.............................................................................................................................................. 98
Figure 7-19 NE Interface Shear Strain Negative Bending Weak Axis Direction Panel 3. ..... 99
Figure 7-20 NW Interface Shear Strain Negative Moment Weak Axis Bending Panel 3 .... 100
Figure 8-1 Displacement versus Data Point of 8’ by 8’ Panels Negative Bending .............. 104
Figure 8-2 Displacement versus Data Point of 8’ by 8’ Panels Diagonal Positive Bending 105
Figure 8-3 Load versus Displacement of Two Way Bending Tests ..................................... 105
Figure 9-1 Actuator Load versus Displacement of 37.5’ Specimen Displacements. Cantilever
and Midspan. ........................................................................................................................ 108
Figure 9-2 Joint Displacements. ........................................................................................... 110
Figure 9-3 Interface Shear Displacements Across 37.5’ Panel............................................. 112
Figure 9-4 Neutral Axis versus Actuator Load for 37.5’ Specimen ..................................... 113
Figure 10-1 37.5 Foot Panel Creep Deflection Data............................................................. 115
Figure 10-2 Negative Bending Moment Creep Deflection Data .......................................... 117
Figure 10-3 Positive Moment Creep Deflection Data. ......................................................... 119
Figure A-1 Slump Test Tools. ............................................................................................. 126

LIST OF FIGURES (Continued)
Figure

Page

Figure A-2 Slump Test Procedure. ....................................................................................... 126
Figure C-1 Rebar Detailing For Creep Test Midsection ....................................................... 131
Figure C-2 Rebar Detailing For Creep Test Midsection Top ............................................. 131
Figure C-3 Top Developed Stirrup for 37.5 Foot Panel ....................................................... 132
Figure C-4 Bottom Developed Stirrup for 37.5 Foot Panel .................................................. 132
Figure C-5 Creep Specimen Shear Reinforcement ............................................................... 133
Figure C-6 37.5 ft shear reinforcement ............................................................................... 133
Figure D-0-1 Getting 37.5’ Panel Off the Ground ................................................................ 134
Figure D-0-2 37.5’ Panel Slightly Off the Ground ............................................................... 134
Figure D-0-3 Applying Straps to 37.5’ Panel ....................................................................... 135
Figure D-0-4 Placing Tension on the Straps for 37.5’ Panel ................................................ 135
Figure D-0-5 Moving the 37.5’ Panel ................................................................................... 135
Figure D-0-6 Getting the 37.5’ Panel Half Way Under Loading Frame .............................. 135
Figure D-0-7 Supports for 37.5’ Panel before Installation A ............................................... 136
Figure D-0-8 Supports for 37.5’ Panel before Installation B................................................ 136
Figure D-0-9 37.5’ Panel Held by Inside Crane and Outside Forklift .................................. 137
Figure D-0-10 Installing Method for Supports to be Under Panel ....................................... 137
Figure D-1 Beam Loading Symbolic. ................................................................................... 139
Figure D-2 Two Point Loading Scenario. ............................................................................. 147
Figure E-1 4’ by 20’ Creep Panel Cross Section. ................................................................. 152
Figure F-1 Adjusted Cross Section ....................................................................................... 155

LIST OF FIGURES (Continued)
Figure

Page

Figure F-2 Loading Situation ................................................................................................ 157
Figure G-1 Concrete Sample Grinder ................................................................................... 158
Figure G-2 Concrete Sample in Testing Machine ................................................................ 158
Figure G-3 Close Up on Failed Concrete Sample ................................................................ 159
Figure G-4 3 Concrete Failed Samples ................................................................................ 159
Figure G-5 Close Up on Failed Concrete Sample ................................................................ 162
Figure G-6 3 Concrete Failed Samples ................................................................................ 162
Figure G-7 3 Concrete Failed Samples ................................................................................ 164
Figure G-8 3 Concrete Failed Samples ................................................................................ 166
Figure G-9 3 Concrete Failed Samples ................................................................................ 167
Figure G-10 3 Concrete Failed Samples .............................................................................. 169
Figure H-1 Close Up on Failed Concrete Sample ................................................................ 171
Figure H-2 3 Concrete Failed Samples ................................................................................ 171
Figure H-3 3 Concrete Failed Samples ................................................................................ 173
Figure H-4 3 Concrete Failed Samples ................................................................................ 175
Figure I-1 2’ by 10’ 8” Panel 2 ............................................................................................. 178
Figure I-2 2’ by 10’ 8” Panel 2 Failure ................................................................................. 178
Figure I-3 Panel 2 Load versus Middle Displacement.......................................................... 178
Figure I-4 Neutral Axis versus Actuator Load Panel 2......................................................... 179
Figure I-5 2’ by 10’ 8” Panel 2 Relative Shear Displacement; Left Side of Panel ............... 179
Figure I-6 2’ by 10’ 8” Panel 2 Relative Shear Displacement; Right Side of Panel ............ 180

LIST OF FIGURES (Continued)
Figure

Page

Figure I-7 2’ by 10’ 8” Panel 2 Relative Shear Strain; Left Side of Panel ........................... 180
Figure I-8 2’ by 10’ 8” Panel 2 Relative Shear Strain; Right Side of Panel ......................... 181
Figure I-9 Specimen 3. .......................................................................................................... 182
Figure I-10 Specimen 3 Failure. ........................................................................................... 182
Figure I-11 2’ by 10’ 8” Panel 3 Load versus Middle Displacement .................................. 182
Figure I-12 Neutral Axis versus Actuator Load Panel 3....................................................... 183
Figure I-13 2’ by 10’ 8” Panel 3 Relative Shear Displacement; Left Side of Panel............. 183
Figure I-14 Panel 3 Relative Shear Displacement; Right Side of Panel ............................... 184
Figure I-15 2’ by 10’ 8” Panel 3 Relative Shear Strain; Left Side of Panel ......................... 185
Figure I-16 Panel 3 Relative Shear Strain; Right Side of Panel ........................................... 185
Figure I-17 2’ by 10’ 8” Panel Four...................................................................................... 185
Figure I-18 2’ by 10’ 8” Panel Four Failure ......................................................................... 185
Figure I-19 Load Versus Middle Displacement Panel 4 ....................................................... 186
Figure I-20 Neutral Axis versus Actuator Load Panel 4....................................................... 186
Figure I-21 2’ by 10’ 8” Panel 4 Relative Shear Displacement; Left Side of Panel............. 187
Figure I-22 2’ by 10’ 8” Panel 4 Relative Shear Displacement; Right Side of Panel .......... 188
Figure I-23 2’ by 10’ 8” Panel 4 Relative Shear Strain; Left Side of Panel ......................... 188
Figure I-24 2’ by 10’ 8” Panel 4 Relative Shear Strain; Right Side of Panel ....................... 189
Figure I-25 2’ by 10’ 8” Panel 5 Failure ............................................................................... 189
Figure I-26 2’ by 10’ 8” Panel 5 .......................................................................................... 189
Figure I-27 2’ by 10’ 8” Panel 5 Load versus Middle Displacement ................................... 189

LIST OF FIGURES (Continued)
Figure

Page

Figure I-28 Neutral Axis versus Actuator Load Panel 5....................................................... 190
Figure I-29 2’ by 10’ 8” Panel 5 Relative Shear Displacement; Left Side of Panel............. 190
Figure I-30 2’ by 10’ 8” Panel 5 Relative Displacement; Right Side of Panel .................... 191
Figure I-31 Relative Shear Strain; Panel 5; Left Side of Panel ............................................ 191
Figure I-32 2’ by 10’ 8” Panel 5 Relative Shear Strain; Right Side of Panel ....................... 192
Figure I-33 2’ by 10’ 8” Panel Six Failure ........................................................................... 192
Figure I-34 2’ by 10’ 8” Panel Six with Sensors .................................................................. 192
Figure I-35 Load versus Middle Displacement Panel 6........................................................ 193
Figure I-36 Neutral Axis versus Actuator Load ................................................................... 193
Figure I-37 Displacement versus Location Right Side of Panel 6 (Stud Plates) .................. 195
Figure I-38 Displacement versus Location Left Side of Panel 6 (Stud Plates) .................... 195
Figure I-39 Relative Shear Displacement; Panel 6; Right Side ............................................ 196
Figure I-40 Relative Shear Displacement; Panel 6; Right Side ............................................ 196
Figure I-41 2’ by 10’ 8” Panel 6 Load versus Slip Strain; Left Side ................................... 197
Figure I-42 2’ by 10’ 8” Panel 6 Load versus Slip Strain; Right Side................................. 197
Figure I-43 2’ by 10’ 8” Panel Seven .................................................................................. 198
Figure I-44 2’ by 10’ 8” Panel Seven Failure ....................................................................... 198
Figure I-45 Panel 7 Load versus Middle Displacement........................................................ 198
Figure I-46 Neutral Axis versus Actuator Load Panel 7....................................................... 199
Figure I-47 2’ by 10’ 8” Panel 8 ........................................................................................... 199
Figure I-48 2’ by 10’ 8” Panel 8 Failure ............................................................................... 199

LIST OF FIGURES (Continued)
Figure

Page

Figure I-49 2’ by 10’ 8” Panel 8 Load versus Middle Displacement ................................... 200
Figure I-50 Neutral Axis versus Actuator Load Panel 8....................................................... 200
Figure J-1 8’ by 8’ Panel 1 Strong Axis Positive Bending ................................................... 201
Figure J-2 8’ by 8’ Panel 1 Weak Axis Positive Bending .................................................... 201
Figure J-3 8’ by 8’ Panel 1 Strong Axis Negative Bending ................................................. 202
Figure J-4 8’ by 8’ Panel 1 Weak Axis Negative Bending ................................................... 202
Figure J-5 8’ by 8’ Panel 2 Strong Axis Positive Bending ................................................... 203
Figure J-6 8’ by 8’ Panel 2 Weak Axis Positive Bending .................................................... 203
Figure J-7 8’ by 8’ Panel 2 Strong Axis Negative Bending ................................................. 204
Figure J-8 8’ by 8’ Panel 2 Weak Axis Negative Bending ................................................... 204
Figure J-9 8’ by 8’Panel 3 Strong Axis Positive Bending. ................................................... 205
Figure J-10 8’ by 8’ Panel 3 Weak Direction Positive Bending ........................................... 205
Figure J-11 Panel 3 Negative Bending Strong Direction...................................................... 206
Figure J-12 Panel 3 Weak Axis Negative Bending .............................................................. 206

LIST OF TABLES
Table

Page

Table 3-1 Specimen Numbers and Interface Shear Connection Type .................................... 14
Table 3-2 Different Types of Tests Performed on 8’ by 8’ Panels ......................................... 18
Table 3-3 Loading Level and Load Applied ........................................................................... 33
Table 4-1 Cylinder Compression Test Data............................................................................ 44
Table 4-2 Flexural Bending Test Data .................................................................................... 45
Table 4-3 Strength characteristic values of the load carrying capacities of Wurth screws made
from carbon steel.................................................................................................................... 49
Table 6-1 Specimen Numbers as they Relate to Slip Shear Connection Type ....................... 65
Table 6-2 Peak Load versus Peak Displacement Values for 2’ by 10’ 8” Panels .................. 76
Table 6-3 2’ by 10’ 8” Apparent Rigidity Values................................................................... 78
Table 7-1 8’ by 8’ Linear Load Stiffness Results ................................................................... 82
Table 7-2 8’ by 8’ Linear Load Stiffness Results ................................................................... 82
Table 7-3 Average Peak Load and Average Mid-Span Displacement ................................. 101
Table 7-4 Apparent Flexural Rigidity Values for 8’ by 8’ Panels Based off Linear Tests... 102
Table 7-5 Apparent Flexural Rigidity Values for 8’ by 8’ Panels for Failure Tests ............ 103
Table 8-1 Two Way Warping Stiffness Values for Two Way Bending Values ................... 106
Table B-1 Bottom of Panel to Top of Panel Moisture Contents During Testing ................. 129
Table E-1 Allowable Design Properties For CLT PRG-320 Handbook............................... 151
Table G-1 Data to First Concrete Pour Sample Tests .......................................................... 158
Table G-2 Data to First Concrete Pour Sample Tests .......................................................... 160
Table G-3 Data to 2’ by 10’ 8” panel Six Concrete Cylinder Strength ............................... 161

LIST OF TABLES (Continued)
Table

Page

Table G-4 Data to 2’ by 10’ 8” panel Six Concrete Cylinder Strength ............................... 163
Table G-5 Data to 2’ by 10’ 8” panel Six Concrete Cylinder Strength ............................... 164
Table G-6 Data to 2’ by 10’ 8” panel Six Concrete Cylinder Strength ............................... 166
Table G-7 Data to 2’ by 10’ 8” panel Six Concrete Cylinder Strength ............................... 168
Table H-1 Tensile Strength Test for 2’ by 10’ 8” Panel Six ................................................. 170
Table H-2 Tensile Strength Test for 2’ by 10’ 8” Panels 1-5 ............................................... 172
Table H-3 Tensile Strength Test for 2’ by 10’ 8” Panels 1-5 ............................................... 174
Table H-4 Tensile Strength Test for 2’ by 10’ 8” Panel Six ................................................. 176

LIST OF APPENDICES
Appendix

Page

Appendix A

Slump of Hydraulic Cement Concrete………………………………….125

Appendix B

Moisture Content of the CLT Panels…………………………………...127

Appendix C

Rebar Configuration for CLT Panels for Creep and 37.5’ Panel

Supports……………………………………………………………………………………130
Appendix D

Moving the 37.5’ Long Panel Under the Loading Actuator ……..…….134

Appendix D

Moving CLT Panels With and Without Concrete Moment

Calculations ……………………………………………………………………………..….139
D.1

Shear and Moment of Two End Point Loads for Alternative Movement Loading

Scenario………………………… …………………………………………………..….147
Appendix E

Using CLT Handbook to Calculate Deflection Due to Liquid

Concrete……………………………………………………………………………..……...151
Appendix F

Pure Composite Analysis using Traditional Composite Theory………..155

F.1

Modulus of Elasticity of each material. .................................................................. 155

F.2

Composite Ratio Length with Respect to Width .................................................... 156

F.2.1

Composite Theory Centroid of Cross Section ................................................ 156

F.2.2

Second Area Moment of Inertia ...................................................................... 156

F.2.3

Material Stress at Top of Panel with Concrete ............................................... 156

F.2.4

Material Stress at Bottom of Panel with Wood .............................................. 156

LIST OF APPENDICES (Continued)
Appendix

Page

F.2.5

Shear and Moment Due to Loading of the Panel ............................................ 157

F.2.6

Max Moment Due to Applied Load for Concrete Topping. ........................... 157

F.2.7

Max moment Due to Applied Load for the Wood Bottom. ............................ 157

Appendix G

Concrete Cylinder Samples…158

G.1

Concrete Cylinder Sample Test at 28 Days. Concrete Pour 1 “4-28-16” ............... 158

G.2

Concrete Cylinder Sample Test at 28 Days for Second Concrete Pour “5-18-“16 160

G.3

Concrete Cylinder Sample Test for 2’ by 10’ 8” Panel Six “Panel with Shear Stud on

Plates” Test Performed on 6/16/2016. Concrete pour 2. .................................................. 161
G.4

Concrete Cylinder Sample Test for 2’ by 10’ 8” Panels 1-5 Test Performed on

7/18/2016. Pour-1 ............................................................................................................. 163
G.5

Concrete Cylinder Sample Test for 2’ by 10’ 8” Panels 1-5 Test Performed on

7/18/2016. Pour-2 ............................................................................................................. 164
G.6

Concrete Cylinder Sample Test for 37.5 ft Panel Test Performed on 8/8/2016. Pour-

2………............................................................................................................................ .166
G.7

Concrete Cylinder Sample Test for 8’ by 8’ Panel Ultimate Strength Test Performed

on 8/15/2016. Concrete Pour-1 ......................................................................................... 168
Appendix H
H.1

Flexural Bending Procedures Per ASTM………………………………170

6”x6”x12” Concrete Flexural Sample Test for 2’ by 10’ 8” Panel Six “Panel with

Shear Stud on Plates” Pour-2 Test Performed on 6/16/2016. ........................................... 170

LIST OF APPENDICES (Continued)
Appendix
H.2

Page

6”x6”x12” Concrete Flexural Sample Test for 2’ by 10’ 8” Panels 1-5. Test

Performed on 7/18/2016. Pour 1. ...................................................................................... 172
H.3

6”x6”x12” Concrete Flexural Sample Test for 2’ by 10’ 8” Panels 1-5. Test

Performed on 7/18/2016. Pour-2....................................................................................... 174
H.4

6”x6”x12” Concrete Flexural Sample Test for 37.5’ Panel. Pour 2 Test Performed

on 8/8/2016. ...................................................................................................................... 176
Appendix I

2’ by 10’ 8” Data for Specimen 2 through 8……………………………178

I.1

Specimen Two Test and Data Analysis .................................................................. 178

I.2

Specimen Three Test and Data Analysis ................................................................ 181

I.3

Specimen Four Test and Data Analysis .................................................................. 185

I.4

Specimen Five Test and Data Analysis .................................................................. 189

I.5

Specimen Six Test and Data Analysis .................................................................... 192

I.6

Panel Seven “Wood CLT Only” Test and Data Analysis ....................................... 198

I.7

Panel Eight “Wood CLT Only B” Test and Data Analysis .................................... 199

Appendix J

8’ by 8’ Specimen Data Graphs for Linear Loading Tests……………..201

J.1

8’ by 8’Panel 1 Strong Axis Positive Bending ....................................................... 201

J.1

8’ by 8’Panel 1 Weak Axis Positive Bending ......................................................... 201

J.2

8’ by 8’ Panel 1 Strong Axis Negative Bending ..................................................... 202

LIST OF APPENDICES (Continued)
Appendix

Page

J.3

8’ by 8’ Panel 1 Weak Axis Negative Bending ...................................................... 202

J.4

8’ by 8’ Panel 2 Strong Axis Positive Bending ...................................................... 203

J.5

8’ by 8’ Panel 2 Weak Axis Positive Bending ........................................................ 203

J.6

8’ by 8’ Panel 2 Strong Axis Negative Bending ..................................................... 204

J.7

8’ by 8’ Panel 2 Weak Axis Negative Bending ...................................................... 204

J.8

8’ by 8’ Panel 3 Strong Axis Positive Bending ...................................................... 205

J.9

8’ by 8’ Panel 3 Weak Axis Positive Bending ........................................................ 205

J.10 8’ by 8’ Panel 3 Strong Axis Negative Bending ..................................................... 206
J.11 8’ by 8’ Panel 3 Weak Axis Negative Bending ...................................................... 206
Appendix K

SOM Concrete Specifications…………………………………………..207

1
1 Introduction
Over the past several years, new methods for constructing mid-rise and tall buildings have
been explored in the world using wood-based products, and North America is quickly adapting
to these new opportunities in design and construction practices. The most promising opportunity
that has brought renewed interest of the Architecture, Engineering, and Construction (AEC)
industries is the increased use of mass timber in these types of building structures. With the
increase in manufacturing and construction practices of mass timber products, adoption of Cross
Laminated Timber (CLT) has increased. CLT, like other structural wood-based products, lends
itself well to prefabrication, and this results in very rapid construction rates (Alter 2015). A CLT
panel consists of several layers of kiln dried lumber boards stacked in alternating directions,
bonded with structural adhesives, and pressed to form a solid, straight, rectangular panel. CLT
panels typically consist of an odd number of layers (usually, three to seven or more), as shown in
Figure 1-1 (CLT Handbook, 2015). This cross lamination provides dimensional stability,
strength, rigidity, and takes advantage of woods anisotropy characteristics, which makes CLT a
viable alternative to conventional wood framing, concrete, masonry, and steel applications
(Watts 2015). CLT panels can be used for an entire building, providing for the lateral and
vertical load resisting systems, or for select elements such as the roof, floors, or walls.

Figure 1-1 3-D View of a CLT Layup
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A main advantage of using CLT for floor and walls is that the panels make use of a
renewable resource of material, especially when one considers carbon sequestration, but also
along the life-cycle analysis (SOM 2013). CLT structures, under careful connection design, can
also have quick dismantling rates at the end of a structures service life (Evans 2013).
There are several disadvantages to using CLT floors panels alone. Since wood is a
combustible material, fire safety is a common concern in design (Watts 2009, Fangi 2009).
Although CLT has been shown to have predictable char rates, there has been difficulties in
designing CLT type structures due to code requirements (Schmidt 2009). Acoustic design is also
a challenge to CLT floor panels (Schmidt 2009).
Several agencies have been leading the way in the design of CLT types of structures in North
America. For example, a Canadian edition of the CLT handbook (FPInnovations, 2013) served
as a basis for the CLT handbook developed for the US. In the US, an additional document has
proposed dimensions and values that can be used in the design of CLT panels (ANSI PRG320,
2013). However, with respect to CLT-concrete composite floor panels, little research has been
done to date, and the literature found by the author on the topic is presented in Chapter 2.
The main objective of this report is to develop benchmark test data on CLT-concrete floor
panels that can be used as a basis for design of composite floor systems. Figure 1-2 shows an
overview of a potential building solution that SOM has designed for the gravity load system that
serves as the basis for this work (Budds 2016). The solution includes glulam columns and beams
and CLT-concrete composite floors. The testing was performed to support the design of the
solution proposed in this report . Testing was performed at the Structural Engineering Research
Laboratory at Oregon State University, which is housed at the O. H. Hinsdale Wave Research
Laboratory Building. In this work, CLT produced by Structurlam in Canada was used for the
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CLT panels. These tests aided in the determination of effective stiffness values that can be used
for design of floor panels that have a total depth of 9 inches, including a 2-1/4 inch concrete
lamina over with a five-ply CLT panel. In addition, estimates of failure loads and moments
presented in this thesis provide the information needed for future structural designs of the
composite floor systems tested herein. The testing reported here includes:
Eight 2 ft. by 10 ft. 8 inch composite floor panels with different interface shear connections.
All these 2 ft. by 10 ft. 8 inch panels were tested to failure in positive bending moment under
simply-supported conditions.
Three 8 ft. by 8 ft. composite floor panels with inclined self-tapping screws. The panels were
tested to estimate the initial stiffness in strong and weak axis bending under positive and
negative bending moments. In addition, two-way bending flexural (warping) stiffness values
were obtained from testing results. Lastly, the floor panels were tested to failure under weak-axis
direction under positive bending and in strong and weak axis bending under negative bending.
One 37.5 ft. long by 8 ft wide. test specimen with inclined self-tapping screws tested to
failure.
One 20 ft. by 4 ft. specimen and one 13.5 ft. by 4 ft. specimen under positive and negative
bending moment, respectively, tested under creep loading.
Results from the testing program provide unique data that designers can use in future
designs, and also a reliable and complete set of data that can be used to improve design and
modeling guidelines for CLT composite floor systems in the United States.
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37.5 ft panel

Figure 1-2 Potential Layout for a Building Using the Long Panels Design (Budds 2016).
1.1

Thesis Overview
This thesis is organized into 12 chapters and appendices. Chapter 1 includes an introduction

to the work performed. Chapter 2 provides a literature review on prior work available in the US
and abroad on the topic of CLT-concrete composite floors, as well as, challenges in building tall
wood structures using mass timber. Chapter 3 reports on the experimental setup and design of the
specimens tested. Chapter 4 provides an overview of the materials used. Chapter 5 covers the
construction methods and construction sequence employed during the fabrication of the
specimens in the laboratory setting. Chapter 6 through Chapter 9 summarize the testing results
and data analyzed on all test specimens. Chapter 10 describes the results and data analysis on the
testing of specimens to estimate the creep behavior. Chapter 11 provides the main outcomes of
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the thesis, including the effective flexural stiffness (EI effective). Lastly, Chapter 12 presents the
main conclusions of the research presented as well as avenues for future research.
2 Literature Review
This chapter presents the seminal literature found on timber-concrete composite floors and
timber-concrete composite structures. In addition, two reports addressing design and construction
of tall buildings using wood are reviewed. These last two reports serve as the motivation for the
performance based experiments described in this thesis report.
2.1

Full Scale Testing of Timber-Concrete Composite Floor Systems

Figure 2-1 TCC Composite
Gerber (2016) describes several tests that were performed to analyze the strength and
stiffness characteristics of timber concrete composite floor panels. Gerber (2016) presented the
work in three phases:


Phase I: Small-scale specimens were tested in shear with over 30 configurations of
connections to collect and analyze strength and stiffness data.



Phase II: Based on the results of the small-scale tests, nine Timber Concrete Composite
(TCC) systems were selected and the respective full-scale specimens were designed,
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fabricated and tested to validate design assumptions, on stiffness, strength and vibration
properties of the selected TCC systems.


Phase III: One replicate of each TCC system tested in full scale were subjected to long term
loading to investigate creep performance.
The small-scale tests showed that several different concrete to wood interface connections

were capable of achieving highly efficient composite interface connections. The HBV mesh,
epoxied slabs, as well as, the fully threaded screws showed the largest composite action, and
these two types of connections were selected for the larger Phase II stage. The results of each
panel’s stiffness, load capacity, and failure type are presented in the report. Figure 2-2 to 2-6,
which show the loading setup as well as some failure modes, slip measurements between the
timber and concrete parts of the composite systems, and deflection response. The thickness of the
concrete slab in Figure 2-2 is 2.8 inches and the thickness of the timber is 3.5 inches thick,
respectively.

Figure 2-2 Loading and Support Setup
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Figure 2-3 shows concrete crushing failure at mid-span for a Laminated Veneer Lumber
(LVL) concrete floor panel. Figure 2-4 shows a typical failure of a concrete CLT composite floor
panel under failure. Figure 2-5 shows the end concrete to LVL interface slippage, and Figure 2-6
shows the amount of deflection the CLT concrete composite floor panel can withstand before
failure.

Figure 2-3 Panel Failure 1 (Gerber 2016)

Figure 2-4 Panel Failure 2 (Gerber 2016)

Figure 2-5 Example of Composite Slip

Figure 2-6 Example of Panel Deflected Shape

(Gerber 2016)

(Gerber 2016)

2.2

Composite Concrete Timber Structures
Ceccotti (2002) reports on experiments that analyze how wood and concrete composite

materials can work together. This report states that composite structures are lighter, can have
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extremely improved load carrying capacity, have good sound insulation, and good fire ratings. In
this report, different types of wood to concrete interface connections were reviewed and tested,
including testing of the behavior of composite sections with semi rigid connections. Test
arrangements for determining load slip behavior of connections were also discussed. Ceccotti
found that the load versus slip deformations of wood and concrete composites is nonlinear, but
that it is often reasonable to assume a linear response for the purpose of analysis. Effective
flexural stiffness values were calculated based on the experiments, and these effective EI values
help in understanding the structural response of concrete wood composite sections of a structure.
Finite element analysis models were also discussed and the effects of non uniform interface
connections and nonlinear material response were addressed. Short-term and long-term behavior
was also observed over the course of the experiments presented. In the end, Ceccotti (2002)
concludes that timber concrete composite structures are economical to construct, easy to build,
and very effective in producing stiff and strong systems. The composite action of the wood and
concrete provides a pleasing architectural appearance, and have great possibilities in future
structures and bridges.
2.3

Timber Tower Research Project
Skidmore, Owings, and Merrill SOM (2013) LLP has been leading the way in design of

multi-story high-rise timber structures in America. In the Timber Tower Research Project report,
SOM (2013) compares a prototype wood structure with a concrete benchmark building built in
Chicago. The building that was built in Chicago was called the Dewitt Chestnut Apartments
building, and is a 395-foot-tall, 42 story, structure that was built in 1965. By comparison, the
new design of the tall mass-timber structure can have a reduced carbon foot print of up to 75
percent (SOM 2013).
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SOM’s solution is based on the use of CLT floor spans, and glulam load bearing columns;
however, due to the complexity of the floor to column connections, concrete was still used in the
design of these regions, but the amount of concrete used in this connection is small, when
compared to how much concrete was used in the initial concrete prototype structure.
Even though SOM performed the design and analysis of the mass timber building, there still
is a long way to go before such structures can actually be built. This means that additional
research and testing is necessary to ensure that mass timber structures are safe; based on
validation of the main assumptions.
2.4

Tall Wooden Buildings with Cross Laminated Timber
CLT is a product that is well suited for the construction of tall structures. Wood products,

particularly CLT, is a very versatile material. Developments in the applications and designs of
CLT panels are still growing rapidly and new applications are far from being exhausted (Kuilen,
2016). One of the new designs that was presented in Kuilen’s (2016) report is the use of CLT
elements in combination with a structural concrete core systems. This allows the experimental
CLT panels to not be used in the most important sections of the structure, such as, column
connections, the columns themselves, and particularly the lateral load frame/wall resisting
systems (Kuilen, 2016). Figure 2-7 shows a structure that combines a solution of CLT and a
reinforced concrete lateral resisting system. CLT has already been shown to be an efficient
building material in buildings up to 10 stories, and Kuilen (2016) states that these type of timber
structures can be effective in rapidly expanding cities and for taller apartment buildings.
The building layout design, presented in Kuilen’s (2016) report, uses out riggers at certain
intervals, and integrated tension cables in combination with CLT structural elements. The wall
elements in the facades are made of CLT structural panels, and this design made optimal use of
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the advantages of a lightweight building material with comparable, overall structural strength
performance.

Figure 2-7 Structural CLT and Concrete Design
Savings during the erection stage, in terms of money and time, as well as, the reduction in
overall CO2 emissions, when compared to concrete have been highlighted (Kuilen, 2016).
Kuilen (2016) also concludes that to move forward with validating proposed designs more
advanced design and analysis of the interface shear transfer between the concrete and timber
elements is needed.
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3 Experimental Program
3.1

2 ft by 10 ft 8 inch Specimens: One-Way Bending Tests

3.1.1 Specimen Design
There were a total of six 2’ by 10’ 8” panels. Two panels with close spaced screws and
dimensions shown in Figure 3-1 and Figure 3-2, two panels with wide spaced screws as shown in
Figure 3-3 and Figure 3-4, one panel with HBV connectors as shown in Figure 3-5 and Figure
3-6, and one panel with Nelson stud shear connectors with steel plates as shown in Figure 3-7
and Figure 3-8. Table 3-1Error! Reference source not found. is a summary of all 2’ by 10’ 8”
tests.

Figure 3-1 2’ by 10’ 8” Panel with Close Spaced Screws, Top View
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Figure 3-2 2’ by 10’ 8” Panel with Close Spaced Screws, Side View

Figure 3-3 2’ by 10’ 8” Panel with Wide Spaced Screws, Top View

Figure 3-4

2’ by 10’ 8” Panel with Wide Spaced Screws, Side View
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Figure 3-5 2’ by 10’ 8” Panel with HBV Connectors, Top View

Figure 3-6 2’ by 10’ 8” Panel with HBV Connectors, Side View

Figure 3-7 2’ by 10’ 8” Panel with Nelson Shear Connector Plates, Top View
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Figure 3-8 2’ by 10’ 8” Panel with Nelson Shear Connector Plates, Side View

Table 3-1 Specimen Numbers and Interface Shear Connection Type
Specimen Side Number
1
2
3
4
5
6
7
8

Specimen Type
1
1
2
2
3
4
-------------

Slip Shear Connection Type
Close Spaced Screws
Close Spaced Screws
Wide Spaced Screws
Wide Spaced Screws
Steel Mesh with Glue
Studs on Plates
No Concrete Topping
No Concrete Topping

3.1.2 Experimental Setup
Figure 3-9 shows the loading frame, a specimen to be tested, and the support conditions
for the test. The total height of the CLT concrete composite panel was 9 inch (over 2 ft wide).
This loading was applied in three-point, one-way, bending. The height of the supports was 14
and 3/8 inch tall. The roller was 2.25 inch in diameter and the steel plate between the roller and
CLT panel had a thickness of 1 inch. Both the roller and steel plate supported the panels along its
full 2’ width.
The actuator had a stroke displacement of 15 inches. The actuator used was a Parker
series 3H actuator. The model number for the actuator that we used was 07.00J3HKTS13A 31.6.
The load cell that was attached to the end of the actuator was by Lebow Products. The load cell
was a model 3156-100k. The serial number for the load cell was 3507.
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Figure 3-9 Loading Frame Used in Testing of 2’ by 10’ 8” Panels
3.1.3 Instrumentation Layout
A total of 22 channels were used for each experimental setup. This included 8 displacement
transducers recording vertical displacement on the underside of the panel, 10 displacement
transducers for reading slip between the concrete and CLT, two sensors measuring longitudinal
strain, and lastly, two channels for the load cell and actuator displacement.
Figure 3-10 shows all the instruments and channel references labels placed on the east
face of the panels. OJ stands for Orange, Rd stands for Red, Br Stands for Brown. For the
foundation the first sensor is on the front of the panel, and the second label is for the back of the
CLT panel. It is worth noting that the first slip sensor was located right above the support and the
other slip sensors were spaced at a distance of 12” toward the center of the panel.
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Loading Frame
Slide Sensor

CLT & Concrete

Foundation

String Pots
Figure 3-10 Sensor Placement for the 2’ by 10’ 8” CLT Panels

3.1.4 Testing Protocol
Overall, six (6) 2’ by 10’ 8” CLT panels with different interface shear connections were
tested with this setup. Figure 3-11 and Figure 3-12 show the testing setup for these 2’ by 10’ 8”
CLT panels. The 2’ by 10’ 8” panels were loaded at a constant displacement rate of 0.01 in/sec.
Once the panels were in place and instrumented with sensors, each test took approximately 15
minutes to complete. The moisture content was recorded for each panel before testing and these
are presented in the appendix of the report.
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Figure 3-11 2’ by 10’ 8” Loading Frame with

Figure 3-12 2’ by 10’ 8” Loading Frame with

CLT Concrete Composite Panel

CLT Concrete Composite Panel 2

3.1.5 Data Processing Methods
Displacement measures along the interface were used to develop strains and to determine the
relative shear strain. To find the relative shear strain in between sensors, the difference between
the displacement measured by the sensor closest to the right or left end of the panel, minus the
displacement measured by the closest adjacent sensor nearest towards the center of the panel,
divided by the distance between the sensors, gave the average strain between sensors.
3.2

8 ft by 8 ft Specimen Tests

3.2.1 Specimen Design
The 8’ by 8’ panels were tested in several different ways. One setup required the actuator
and panels to be tested in one way bending, in strong and weak axis directions, as well as, the
positive and negative moment orientations. The second setup tested the 8’ by 8’ panels in twoway bending. The two-way bending test (warping test) did not require the actuator, and was
performed with weights moved with the crane. These weights were applied on one corner of the
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panels, while the panel’s back corners were securely bolted to the strong floor. Table 3-2 lists a
total of 15 tests that were done using the first setup. This includes 12 low-amplitude loading
tests, and three tests that tested the panels to failure. The panels remained essentially in the linear
elastic range during the first two (2) tests, and data was developed to capture the initial stiffness
of these panels. In between the low-amplitude tests and the testing in which panels were pushed
to failure, the warping, 2 way bending, tests were performed.
Table 3-2 Different Types of Tests Performed on 8’ by 8’ Panels
Panel Number

Moment Type

Axis Direction

Loading Range

Peak Load

Panel-1

Positive Moment

Strong Axis

Linear Loading

42 kips

Panel-1

Positive Moment

Weak Axis

Linear Loading

32 kips

Panel-1

Negative Moment

Strong Axis

Linear Loading

32 kips

Panel-1

Negative Moment

Weak Axis

Linear Loading

32 kips

Panel-2

Positive Moment

Strong Axis

Linear Loading

42 kips

Panel-2

Positive Moment

Weak Axis

Linear Loading

32 kips

Panel-2

Negative Moment

Strong Axis

Linear Loading

32 kips

Panel-2

Negative Moment

Weak Axis

Linear Loading

32 kips

Panel-3

Positive Moment

Strong Axis

Linear Loading

42 kips

Panel-3

Positive Moment

Weak Axis

Linear Loading

32 kips

Panel-3

Negative Moment

Strong Axis

Linear Loading

32 kips

Panel-3

Negative Moment

Weak Axis

Linear Loading

32 kips

Panel-1

Positive Moment

Weak Axis

Failure

-----

Panel-2

Negative Moment

Strong Axis

Failure

-----

Panel-3

Negative Moment

Weak Axis

Failure

-----
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Figure 3-13 Top View of 8’ by 8’ Panel Layout
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Figure 3-14 Side View of 8’ by 8’ Panels

3.2.2 Three-point Bending Tests – Experimental Setup
The linear and ultimate strength, one way bending tests, were performed under a three-point
bending arrangement, as shown in Figure 3-15. Overall, the span length for the 8’ by 8’ panels
was 7’4”. This means that there was a 4” overhang on each side of the supports. The loading on
the panel was simply supported along the whole width of the panel.
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Figure 3-15 Loading Setup and Height Dimensions for 8’ by 8’ Panels
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3.2.3 Three-point Bending Tests – Instrumentation Layout

East

West

Figure 3-16 8’ by 8’ Panel with Sensor Locations
A total of 19 channels were used for these tests. Three (3) linear variable differential
transformers 1” sensors were placed over the panel, above the East and West supports, to track
any support settlements. At mid-span, attached to the underside of the panels, three string
potentiometers were placed to track vertical motion. Slip sensors were installed to track CLTconcrete relative interface slippage. The outer most sensors, for tracking concrete slippage, were
placed 4 inches from the end of the panel (aligned with the supports), and then sensors were
installed at 12-inch spacing toward the center of the panels. Two additional sensors were applied
to measure strains at two section elevations, which can be used to estimate effective neutral axis
locations within the cross section of the composite panel. These sensors were placed horizontally
3 feet from the roller support ends of the panels, and had a total length of displacement tracking
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of 5.5”. Figure 3-17 and Figure 3-18 show examples of the setup for positive and negative
bending tests.

Figure 3-17 Panel 1 8’ by 8’ with Sensors and

Figure 3-18 Panel 2 8’ by 8’ Under Negative

Loading Frame Under Positive Bending

Bending With Loading Frame

3.2.4 Three-point Bending Tests – Testing Protocol
For the first set of tests, the initial 12 tests, the peak loads used were estimated based on
testing done to the 2’ by 10’ 8” panels. The peak loads were established to maintain testing under
the linear range of each panel. Target peak load was 43 kips for the testing in strong axis positive
bending, and 33 kips for the weak-axis and both negative and positive moment bending
directions. Each test of the 8’ by 8’ panels were loaded and unloaded 3 times during each
respective test, and a best-fit linear curve was generated for each loading and unloading case.
These best-fit lines have a slope for load versus displacement, and this slope gives us the linear
region effective stiffness values for each of these 8’ by 8’ panels.
3.2.5 Three-point Bending Tests-Data Processing Methods
Reference the data processing section for the 2’ by 10’ 8” panels. The removal of the rigid
body movements are the same for both sections.
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3.2.6 Two-way Bending – Experimental Setup
The second set of tests required a lot less load than what it takes to test one way bending;
this is due to the reduced warping stiffness in two way bending. The three (3) 8’ by 8’ panels
were tested in both positive and negative bending moment. Two 10” long rollers, with a 2.25”
diameter, were placed on the strong floor, to hold the panel off the ground, on two corners of the
8’ by 8’ panels (R0 and R3 in Figure 3-19). In the top right of Figure 3-19, there is a steel plate
on the top face of the panel, which is bolted using two threaded rods to the strong floor.
3.2.7 Two-way Bending – Instrumentation Layout
There were four sensors placed during this test. Each sensor placed at the corner of the panel
tracked the vertical movement of each panels tip. This allowed the rigid body movements to be
removed from the deflection values. This tracking of rigid body movement ensure that we get
only the deflection the panel is receiving to itself. All sensors were 1 in. displacement
transducers.

R4
R3

RO

R2

Figure 3-19 Two Way Bending Setup for 8’ by 8’

Figure 3-20 Two Way Bending Loading

Panel In Negative Bending

Setup for 8’ by 8’ Panel
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The sensors on each corner of the two way bending panels were labeled RO, R2, R3, and R4.
The R0 sensor was located on the south east side of the panel, and the others were counter
clockwise from this position.
3.2.8 Two-way Bending – Testing Protocols
For each specimen, and for positive and negative bending moment, the loading block set
up was used so that loading and unloading of the panel could be done quickly with the shop
crane. Loading was applied using three steel blocks. The blocks were stacked on each other one
at a time, and loading was applied on the top corner as illustrated in Figure 3-20. The weight of
the loading blocks, in Figure 3-20, were weighed on a scale in the shop. The first block with
bolts weighed 166 lbs, the second block, with the first block, weighed 338 lbs, and the total steel
block setup, with all three pieces, weighted 562 lbs.
Three loading cycles were performed during each test. On each cycle, the load is
incrementally increased in three steps (three blocks), and then incrementally decreased in three
steps. This repeat loading and unloading allowed any slack in the system to be removed from the
first loading, and then a trend of load versus displacement could be made. Sets of 3 data points,
based off of load and panel displacement, allowed a linear region to be identified for each panel
in both negative and positive two way bending scenarios. With this loading, the effective
stiffness of 2-way bending could be found for each panel orientation. Overall, there were a total
of 6 tests run this way and their data was used to find effective stiffness values.
3.2.9 Two-way Bending – Data Processing Methods
Equation 3-1 shows how to remove the rigid body movement from the measurement of
displacement. This equation was used in the excel data processing workbook.
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 R  R3 
 Panel  R2  R4   0

 2 

Equation 3-1

The effective stiffness values were also processed from the data. The effectice stiffness
values for each test are obtained from the slopes of the applied load versus the computed warping
deflection.
3.3

Full Scale 37.5 ft Specimen

3.3.1 Specimen Design
The overall length of the large specimen was 37.5 feet long. The specimen was divided into 5
different smaller panels. There were the two cantilever end panels which were 6 feet in length.
The two foundation panels, which were 3 feet in length, and the mid-span panel, which was 22.5
feet in length. The width of the large specimen was 8 feet. The panels were held together with
CSK screws, as presented in chapter 4. The ASSY screws were inserted into the specimen at a 45
degree angle and only extended out of the CLT panel by ¾ of an inch. The spacing of these
ASSY VG CYL screws were in 1-foot intervals up to 8 feet from the edge of the panel. After this,
the screws were spaced at 2 foot spacing to the middle of the specimen. The thickness of the
CLT was 6 and ¾ inch and the thickness of the concrete was 2.25 inches. This gave a total
composite panel thickness of 9 inches. There was a 9 inch over hang between the ends of the
cantilever ends and the hold down location used during the testing of this specimen. Overall, this
37.5’ long CLT concrete composite panel weighted around 7.5 tons. The rebar cages that
reinforce the panel supports can be found in the appendix.
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Figure 3-21

37.5’ Panel Layout Top View
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Figure 3-22

37.5’ Panel Layout Side View
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Figure 3-23 37.5’ Specimen Support Detailing
3.3.2 Instrumentation Layout
There were 40 sensors applied to the 37.5’ long specimen, so description of the sensors
locations, and goals for placing the sensors, were broken into sections. First, the following
discussion focuses on the sensors placed under the panel, then the sensors that were placed on
the ends of the panel, third the sensors placed above the foundation supports, fourth the sensors
placed around the foundation supports, fifth the horizontal sensors placed on the top and bottom
layers of the CLT panel, and lastly, the sensors that track slippage of the concrete to CLT
interface.
There were 9 vertical displacement sensors located underneath the long panel’s main
span. There were 3 sensors in the center of the panel (see Figure 3-24), and there were also 3
sensors at each quarter point between the supports. This allowed tracking of displacements of the
panel within the middle section of the long panel and is presented in Figure 3-25.
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Figure 3-24 Center Span of 37.5’ Specimen

Figure 3-25 Underneath Sensors for 37.5’
Specimen

To simulate a continuous support condition, c channel tie downs were used on the
cantilever ends. The vertical movement of the cantilever tie downs were tracked with sensors
that were placed on the very ends of the composite panel. The vertical sensors on the cantilever
ends of the long panel were located at third points along the width of the panel and are shown in
Figure 3-26.
Above each support of the long panels, there was a vertical displacement sensor as shown in
Figure 3-27. These sensors are important because each of them track the rigid vertical body
movements of the panel. Local crushing of the wood fibers, or settlements of the beam supports,
can cause this rigid body movement. These rigid body movements were removed from the
displacements of the panel so that only the bending, that the panel experienced, was observed in
the data analyzed.
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Figure 3-26 North End of 37.5’ Panel With

Figure 3-27 37.5’ Panel With Sensors

Sensors
There were two sensors placed 3” from the center of the panel to measure longitudinal strain
of the wood CLT layers. One was placed horizontally on the top layer of the CLT panel, and the
other was placed horizontally on the bottom layer of the CLT panel. The gauge length was 5.5”.

Figure 3-28 South East Support Sensor Placement
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Sensors were placed around the long panels South East Support as presented in Figure 3-28
and Figure 3-29. These sensors, tracked the opening and closing of the beam support CLT
Concrete section. In Figure 3-29 the amount the connection opened was tracked at the top of the
CLT panel, and the amount the beam connection closed was tracked on the bottom of the CLT
panel. Notice that in Figure 3-29 sensors tracked the separation of the CLT panel’s interface
connections.

Figure 3-29 South East Support Sensor Placement
To track he slip between the concrete and CLT, sensors were placed to track slippage 18”
from the edge of each support toward the center, and then sensors were also placed in 18”
intervals to the closest loading point. Since the loading points were not in the middle of the
panel, slip sensors had to be placed within the loaded section. These sensors, in between the
loading points, were placed 18” from the center of the panel.
3.3.3 Experimental Setup
The spacing of the loading points was placed 3.5’ from center. This gave a total span
between loading points of 7ft and is presented Figure 3-24.

33
3.3.4 Testing Protocol
The 37.5’ specimen was displaced at a continuous rate of 0.01 in/sec, and several loading and
unloading intervals were performed. The actuator load was applied in several load levels. The
first load level corresponds to the design load. Table 3-3 shows the loading levels.
Table 3-3 Loading Level and Load Applied
Loading Level

Load (kips)

Actuator Displacement Rate (in/sec)

1

10

0.01

2

15

0.01

3

25

0.01

4

40

0.01

5

50

0.01

6

60

0.01

7

80

0.01

After reaching each load level, the load was reduced to approximately 80% of the load level
value to reduce creep effects and to safely let observations take place (see Figure 3-30). At 50
kips of load, the load was dropped to the design level, and then reloaded to measure any energy
dissipated by the floor system.
Figure 3-31 and Figure 3-32 show how the bottom CLT layers failed first, and then
propegated into the deeper CLT layers.
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Figure 3-30 Deflection of 37.5’ Panel

Figure 3-31 Failure of CLT Panel for 37.5’ Panel.

Figure 3-32 Failure of the Bottom CLT Layer of the Large Panel
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3.3.5 Data Processing Methods
The data procesing followed a similar approach as done to the results from the 2’ by 10’ 8”
data processing section. The reader is refered to section 3.1.5

3.4

Creep Tests

3.4.1 Specimen Design for 20 ft Creep Test.
Figure 3-33 and Figure 3-34 show the structural layout of the 20’ panel. The 20’ panel was
simply supported. The width of the panel was 4’ and the total length of the panel was 20’ 8”. The
8” account for the overhang on each side of the specimen. The interface shear connections were
spaced at 1’ intervals up to 5’ 4” into the panel. Then the spacing of the interface shear
connections were spaced at 2’ intervals toward the center of the panel. The interface shear
connections were inserted into the CLT panel at a 45-degree angle.
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Figure 3-33 20’ Creep Specimen Top View
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Figure 3-34 20’ Creep Specimen Side View

38
3.4.2 Experimental Setup for 20 ft Creep Test
As mentioned earlier, the 20’ creep panel was simply supported. Figure 3-35 shows the roller
support.

Figure 3-35 Simply Supported Conditions for
20’ Creep Panel
To make sure that the panel was effectively loaded, rubber mats were placed down on the
panel’s surface, and these rubber mats can be seen in Figure 3-36, and Figure 3-37. The mats
used were made by TrafficMaster and are commercial anti fatigue mats. These mats ensured that
there were not any stress concentrations on the concrete topping. These rubber mats also ensured
the load was evenly distributed across the panel.
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Figure 3-36 Rubber Divider for Weights

Figure 3-37 Placing Blocks onto 20’

on 20’ Creep Specimen

Creep Specimen

With the panel’s surface prepared for the distributed load, the load blocks were able to be
placed on the panels. This block movement was done with the shop forklift.
3.4.3 Instrumentation Layout for 20 ft Creep Test
Figure 3-38 shows how the deflection of the 20’ creep test panel was recorded. The 20’ panel
had deflection gauges placed at 0.25L, 0.5L, and 0.75L, between the simply-supported locations
respectively. These deflection gauges are how the creep graph for the 20’ panel was created.

Figure 3-38 Dial Gauge and Displacement Tracking Setup
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3.4.4 Testing Protocol for 20 ft Creep Test
After the concrete on the 20’ creep panel reached 28-day concrete strength, concrete blocks
were placed on the top of the panel. These extra concrete blocks worked as a super imposed load
on the panels for more than 90 days. Data about the vertical movement was collected every day
since the concrete was cast.
3.4.5 Specimen Design for 13 ft 6 inch Creep Test
Figure 3-39 and Figure 3-40 show the design layout for the 13’ 6” creep specimen. The total
panel length was 13’ 6” and was 4’ wide. There was only one center support. The screws started
2” from the inside edge of the panel and then at 1’ spacing for four intervals. The last spacing for
interface shear connections was 1’ 6”. The support was 8 inches wide with a 4 ft width. All the
interface shear connections were angled at a 45 degree angle toward the center support.

Figure 3-39 Negative Bending Cantilever Creep Specimen Top View
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Figure 3-40 Negative Bending Cantilever Creep Specimen Side View

3.4.6 Experimental Setup for 13 ft 6 inch Creep Test
The panel was balanced on one support location in the center of the panel as shown in Figure
3-41. To ensure that the panel did not get tipped over, flagging and signs were placed around the
panel.

Figure 3-41 Foundation Support for Cantilever Creep Specimen
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3.4.7 Instrumentation Layout for 13 ft 6 inch Creep Test
Two sensor gauges, similar to those used on the 20’ creep specimen, were used to track
displacements of the 13’ 6” creep panel. These sensors were applied to the cantilever ends and
tracked vertical displacement of the panel’s tips.
3.4.8

Testing Protocol for 13 ft 6 inch Creep Test

After the concrete on the 13’ 6” creep panel reached 28-day concrete strength, concrete
blocks were placed on the top of the panel. This panel was loaded with the concrete blocks, and
car jacks were under each end of the two cantilever ends. These car jacks prevented any
unstability issues during loading. When the load was evenly applied across the creep panel, the
car jacks were slowly let down.
To make sure that the panel was effectively loaded, rubber mats were also placed down on
the 13’ 6” creep panel, and these rubber mats can be seen in Figure 3-42 and Figure 3-43. These
rubber mats, as presented before, ensured that there were not any stress concentrations on the
concrete topping. These rubber mats also made sure the load was evenly distributed across the
panel’s surface.
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Figure 3-42 Rubber Divider for Weights on

Figure 3-43 Placing Blocks on Creep Specimen

Cantilever Creep Specimen

with Forklift and Extended Lifting Jack

Data about the vertical movements were collected every day, and can be seen in the data
section of this report.
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4 Material Specifications and Characterization
4.1

Concrete

4.1.1 Specifications
SOM provided specifications related to the required concrete mixture and strength
characteristics, as shown in the appendix. The compressive strength requirements of the concrete
was specified to be 5000 psi at the concretes respective 28 day concrete strength.
4.1.2 Compression Testing
To test the concrete samples, ASTM C39 (Compression Strength) was followed. The test
cylinders were 4” in diameter and 8” in length, and were tested at 28 days after casting of each of
the floor panels. The results were documented and basic statistical analysis was performed on
each test batch. The statistical analysis of each test can be found in the Appendix of this report.
Table 4-1 lists the test values and dates for the concrete tests used.
Table 4-1 Cylinder Compression Test Data
Concrete Cast Performed

Date of Test

Compressive Strength f’c

Cast-1

4/28/16 “28 Day Strength”

5435 psi

Cast-2

5/19/16 “28 Day Strength”

4989 psi

Cast-2

6/16/16

6475 psi

Cast-1

7/18/16

5772 psi

Cast-2

7/18/16

5350 psi

Cast-2

8/8/16

6331 psi

Cast-1

8/15/16

5840 psi
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4.1.3 Concrete Modulus of Rupture Testing
The third-point flexural beam test (ASTM C78) was used for the estimating the modulusof-rupture of concrete. Results of the Modulus of Rupture Tests are presented in Table 4-2
below.
Table 4-2 Flexural Bending Test Data

4.2

Concrete Cast Job

Date of Test

Average MOR

Cast-2

6/16/16

343 psi

Cast-1

7/18/16

387 psi

Cast-2

7/18/16

346 psi

Cast-2

8/8/16

349 psi

Cast-1

8/15/16

393 psi

Reinforcing Steel
ASTM (E8) (2015) was used for estimating the tensile properties of the reinforcing steel.

Sample coupon tests were performed on both the as-received reinforcing steel bars setups, as
well as, on coupons extracted from post tested specimen, namely the long-span test.
Figure 4-1 shows the stress-strain reinforcing steel tensile test results. Tests 1 through 3
correspond to the as received bars, and tests 4 and 5 correspond to the bars recovered from the
37.5’ long specimen after testing. Results reported are up to the point where the extensometer
was removed. The results presented in Figure 4-1 suggest that the steel did not yield during the
testing

of

the

37.5’

panel.
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Shows that the steel had a modulus
of elasticity of 29000 ksi.

Figure 4-1 Reinforcing Steel Tensile Test Results
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4.3

Screws used in the Testing Program

4.3.1 Shear Connectors – ASSY “plus” VG Screws
The ASSY plus VG Screws have a Cylindrical Head. These screws have a full thread shaft
with a self-tapping drill tip on the end. Figure 4-2 and Figure 4-3, show the main CLT concrete
interface connection used in this thesis.

Figure 4-2 ASSY plus VG Screw Head

Figure 4-3 ASSY ”plus” VG Screw
These screws are made of steel and have a zinc coating that appears golden yellow in the
light. The “plus” in the name of the screw indicates that the screw has a self-drilling point. These
screws are especially suitable for coupled purlins, ledgers, notch and opening reinforcements,
main and secondary support beam connections, build up beams, rafters-purlin connections, and
applications in structural panels and wood frame construction. In the experiments described in
this report, these screws were used for the interface reinforcement. The particular dimensions of
the screws used were (5/16”) x (8 5/8”).
There are several advantages to this type of screw. The self-tapping tip significantly reduces
the tendency of wood splitting and eliminates pre-drilling requirements. The fully threaded shaft
provides a high withdrawal resistance, and gives the screw a high load bearing capacity. The
high tensile hardened steel helps insure our strength needs and strength characteristics of this
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screw, and other fasteners used in this report can be found at Wurth’s Inc. (2016) website and
Table 4-3.
All screws used here have an 8mm outer thread diameter.
4.3.2 ASSY “plus” VG Screws CSK Head

Figure 4-4 CSK Screw Head
These screws, with the head presented in Figure 4-4, were used to attach one panel to another
in the 37.5-foot structural element. The size of the particular screw that we used for this
attachment was (5/16”) x (11 ¾”). The coating of this screw is called blue; however, visual
inspection of the screw was more of a chrome to mirror look.
4.3.3 ASSY 3.0 SK Screws
The ASSY 3.0 SK screws (shown in Figure 4-5) are large washer head screws. Large washer
head screws are best suited for tightening of prefabricated parts. This type of screw was
developed for use in wood construction and carpentry areas.

Figure 4-5 ASSY 3.0 Screws
Besides the washer head, it has an asymmetric thread, a shank cutter, and a thin shank in
order to guarantee optimal handling. These screws have high stability on wood construction. The
screws that were used were zinc coated (yellow) and were used to hold the metal plates with
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shear studs to the CLT (Panel 6 of the 2’ by 10’ 8” panels). The size of these screws were (5/16”)
x (3 1/8”).
Table 4-3 Strength characteristic values of the load carrying capacities of Wurth screws made
from carbon steel.

Wurth (2012) has provided strength tables for their screws and these are presented in Table
4-3 .
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4.4

HBV Steel Mesh Reinforcement
HBV steel mesh connections have been commonly used in construction before (TiComTec,

2014). The HBV steel mesh connectors, used in this testing program, were 1/8 of an inch thick,
20 inches long and 4 inches in width. Half of the width was embedded into the CLT with epoxy
and the other half of the width was exposed to the concrete (TIComTec 2014)). Figure 4-6 is a
picture from TiComTec about a typical HBV steel mesh interface connection.

Figure 4-6 HBV Steel Mesh Connector (TiComTec, 2016)
4.5

Steel Plate and Nelson Studs
The steel plate with nelson stud connections were designed and used in the testing of panel 6

of the 2’ by 10’ 8” panels. Figure 4-7 shows the top layout view of one of the shear stud plates
that were attached to the CLT panel.
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Figure 4-7 Steel Plate with Nelson Shear Studs
The hatched circles in Figure 4-7 are the shear studs themselves. These shear studs are what
go into the concrete composite topping and were welded onto the plate. The steel plate is 13”
long, 4” wide, and ¼” thick. The diameter of the non-hatched holes are 3/8” wide. ASSY 3.0 SK
screws were used to attach the steel plate to the 2’ by 10’ 8” CLT panel. Overall the diameter of
the screws is not the same as the diameter of the holes; therefore, slippage could occur for these
shear connections to go into bearing, and hence caused a slight reduction in composite action.
The height of each stud was 1 3/8” and information can be found at Nelson Shear Stud Inc.
(2016).
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5 Construction Sequence and Procedures for Specimens
Construction of the CLT-concrete test specimens included several tasks that were needed
before culminating in casting and curing of the concrete topping. The specimen assembly and
casting was done in two phases. In the first phase, 8 specimens (5 – 2’ x 10’-8” specimens and 3
8’x8’ specimens) were assembled and cast, and in the second phase the last 2’x10’-8” specimen,
the creep specimens, and the 37’-6” specimen were assembled and cast.
5.1

Phase 1 – Screw Shear Connector and Reinforcing Steel Installation
Figure 5-1 shows a picture of the general layout of three 2’x10-8” panels and the three 8’x’8

panels that were cast during the first phase. The first phase of casting included two additional
2’x10’-8” panels, shown in Figure 5-2.

Figure 5-1 Floor Panel Original Layout

Figure 5-2 Remaining Floor Panels Cast in
Phase 1

All specimens shown in Figure 5-1 included screws as the shear connectors, but at
different spacing as described in chapter 3. The procedure for manufacturing the CLT-concrete
composite panels was as follows:
1. Once each CLT floor panel was laid out in its respective location, the panel was leveled.
2. The position of the screws was marked on the panel.
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3. The screws were installed using a custom made jig shown in
installed screws are shown in

Figure 5-3. Panels with

Figure 5-4.

4. Temporary auxiliary ¾” boards were laid down to aid in the installation of the reinforcing
steel as seen in Figure 5-5. The rebar was then laid out and tied to the screws as seen in
Figure 5-6.
5. Once all the reinforcing steel bars were securely tied to the screws, the concrete spill
forms were attached to each panel as presented in Figure 5-7 and Figure 5-8.

Figure 5-3 Screw jig

Figure 5-4 Panels with Installed Screws

Figure 5-5 Temporary Boards Placed During

Figure 5-6 Rebar Layout, with Reinforcing

Instalation of Reinforcing Steel

Steel Bars Tied to Screws
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Figure 5-7 Rebar Layout on 8’x8’ Panel
5.2

Figure 5-8 Specimens Ready for Casting

Phase 1 – HBV Connector and Reinforcing Steel Installation
One 2’ x 10’ 8” panel included the installation of HBV connectors. The preparation of the

panel and connectors included the following sequence:
1. Using a grooving cutter, cut 1/8” groves along the length of where the connector is to be
installed (see Figure 5-9).
2. Using the epoxy tooltip attachment, shown in Figure 5-10, apply the epoxy into the groove
(see Figure 5-11).
3. Once the epoxy was given time to cure, another set of notches were cut into the steel
mesh to allow for the proper fixture of the rebar. The rebar was again set ¾ inch above
the CLT slab. Example pictures of the instalation of the HBV mesh are shown in Figure
5-12, Figure 5-13, and Figure 5-14.
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Figure 5-9 Guided Notch Cuts

Figure 5-10 Injection Tip for

Figure 5-11 Epoxy Application

Epoxy

The guide in Figure 5-9 was used once with a skill saw, and then moved over 1/16 inch and
used again. This notching process created the required the 1/8” thickness of the notch. The epoxy
was injected into the notch in a way that prevented any air bubbles, as presented in Figure 5-11.
When the steel mesh plates were placed into the grooves, it was checked that they were securely
inserted.

Figure 5-12 Instalation of HBV

Figure 5-13 Installed HBV

Figure 5-14 Rebar

Mesh.

Mesh

Placement

5.3

Phase 1 – Concrete Casting
Casting was performed on April 1, at 10 am, 2016. Figure 5-15 Concrete Casting and

Spreading shows the concrete being cast and spread over the specimens. Figure 5-15 shows the
use of a vibrating roller screed used to finish and level the floors.
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Figure 5-15 Concrete Casting and Spreading

Figure 5-16 Vibrating Roller Screed

Once the concrete was leveled, a protective chemical layer was added to the concrete’s
surface for curing and to aid in controlling shrinkage cracking. The chemical added to the surface
was VOCOMP-20 (see Figure 5-18 for applicator), which is a water-based acrylic curing and
sealing compound by W. R. Meadows. VOCOMP-20 provides a durable film that efficiently
maintains moisture retention within the concrete’s surface. VOCOMP-20 appeared milky white
in the container, and when first applied, left a blueish thin film layer on the concrete. This color
application made for easy visual confirmation of coverage. The VOCOMP-20 chemical dried
clear and provided a transparent finish. VOCOMP-20 was also applied to all the 6”x6”x12”
beam concrete samples that were used to test for MOR values.
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Figure 5-17 Smothing Concrete Surface

Figure 5-18 Chemical Application Tool

There were 21 – 4” x 8” cylinder samples taken and 9 – 6” x 6” x 12” rectangular
samples prepared, according to the requirements found in the (ASTM C172-14a) standard see
Figure 5-20.

Figure 5-19 21 4”x8” Samples

Figure 5-20 9 6”x6”x12”
Samples

After the concrete was given at least 7 days to cure, the concrete forms were removed. Figure
5-21 shows a corner of the composite slab after removing the forms. Inspection of the forms,
which were connected to the CLT panel, showed little evidence of water seeping through the
seams, indicating that little to no water seeped through the sides of the panel.
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Figure 5-21 Composite Floor Panel
After 14 days of curing, the panels were staged to where they remained until the day of
testing. Figure 5-22 and Figure 5-23 show the stacked specimens constructed in Phase 1.

Figure 5-22 Stacked 8ft X 8ft Panels
5.4

Figure 5-23 Stacked (5 of 6) 2ft X 10ft Panels

Phase 2 – Panel Assembly, and Shear Connector and Rebar Installation
Figure 5-24 shows the stacked panels used in assembly of phase 2. Phase 2 included

assembly and casting of the 37.5 ft specimen, which was manufactured under the laboratory’s
20-ton crane for ease of later movement. The procedure for moving the 37.5’ panel is presented
in the appendix.
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Figure 5-24 Stacked CLT Panels (Phase 2)
5.4.1 Assembly of the 37.5 ft Specimen
With the construction spot for the large panel cleared of any debris, a leveled concrete base
was created (Figure 5-25) and the two bottom panel pieces were positioned (Figure 5-26).

Figure 5-25 North Support of the 37.5ft

Figure 5-26 View of Initial ASpecimen

Specimen

Assembly

The middle panel of the 37.5ft specimen was 22.5 foot and was moved into position with a
fork lift and the 20-ton laboratory crane, as illustrated in Figure 5-27 to Figure 5-32.
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Figure 5-27 Moving 22.5 Foot CLT Panel

Figure 5-28 22.5 Foot CLT Panel Below Crane
on Forklift

Figure 5-29 Preparing Loading Straps

Figure 5-30 Moving 24 foot Panel With Crane

Figure 5-31 Placing 22.5 ft Panel

Figure 5-32 Layout of 37.5 ft Specimen
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With the basic layout of the 37.5-foot specimen complete, the shear connectors were laid out
and inserted into the CLT panels in a similar form to the one performed in Phase 1 for the 2’ by
10’ 8” panels.
Figure 5-33 shows a stage of the preparation of the specimen for casting, in which screws
had already been laid out, and the reinforcing steel was being installed. Figure 5-34 shows the
specimen assembly completed and ready for casting.

Figure 5-33 Prepping 37.5 ft Panel

Figure 5-34 Prepped 37.5 ft Panel

5.4.2 Assembly of the Creep Test Specimens
The CLT-concrete composite floor specimens, for creep testing, were assembled in the
location in which these would be tested. As mentioned before, two specimens were constructed:
(1) a 4’ x 20’ specimen to be tested under positive bending, and (2) a 4’ x 13.5 ft specimen tested
under negative bending. These correspond to the top two specimens shown in Figure 5-35. The
first specimen, the 4’ by 20’ creep specimen (top right specimen in Figure 5-35), was constructed
on pinned supports (see Figure 5-36). The second specimen (top left specimen in Figure 5-35),
required centering and balancing of two cantilevered ends supported only on the center. During
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construction, before casting, the tip of the cantilevers were supported with temporary
connections. These temporary connections were removed after the concrete reached 28-day
concrete strength.

Figure 5-35 Creep Specimen Panels

Figure 5-36 Simply Supported
Foundation

Screw and reinforcing steel bar installation followed procedures described previously for
Phase1.
5.4.3 Assembly of 2ft by 10 ft 8 inch Specimen with nelson Studs
Panel 6 of the 2’ by 10’ 8” panels was completed in phase 2. Figure 5-37 and Figure 5-38
are pictures that show the test specimen laid out and the detail of stud shear plates, respectively.
It can be seen that the plate was attached to the CLT panel with the ASSY 3.0 SK screws.
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Figure 5-37 Assmbled Specimen
5.5

Figure 5-38 Shear Stud Connection Plate

Phase 2 – Concrete Casting
Casting of phase 2 and the concrete finishing followed the same procedures described in the

Phase 1 casting. The construction of the concrete slabs went smoothly and no noteworthy events
need reporting. Figure 5-39 to Figure 5-41 show pictures of the casting and finishing work on the
long specimen.

.
Figure 5-39 Location for Concrete Placement

Figure 5-40 Placing Concrete with Concrete
Bucket

The 37.5 foot panel was cast, then the 2 creep specimens, and lastly the 2’x10-8” panel.
In addition, concrete blocks (weights) to be used as loading for the creep test specimens were
also cast with the remaining concrete (see Figure 5-42).
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Figure 5-41 Finishing Concrete Surface on

Figure 5-42 Casting Concrete Weights

37.5 ft Panel
5.6

Lessons Learnt
This section reports on lessons learnt from assembly and casting of the specimens that may

be useful for future designs and construction of CLT-concrete composite floor slabs.
1. The most difficult part during installation of the shear reinforcement was that the selftapping screw heads tended to wonder during driving.
2. The epoxy used was difficult to insert into the notch and the company should rethink
their tip attachment. The attachment that we were using kept coming off and this wasted
some of the epoxy.
3. A total of four screw jigs had to be manufactured during installation of the screws. These
screw jigs were need to achieve the uniformity, with respect to the 45 degree angle, at
which screws were installed. A prefabricated jig out of steel or aluminum should be
developed to improve installation efficiency.
4. Shrinkage cracks developed in the 37.5’ specimen, so tighter spacing of reinforcing steel
bars or addition of fibers in the concrete mix is suggested.
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6 Test Results and Data Analysis for 2 ft by 10 ft 8 inch Specimens
Table 6-1 lists the specimen test numbers and the interface shear connection design used for
each panel. It can be seen that four (4) different panel designs were tested (see more details in
Chapter 3), and two additional CLT panels were tested without any concrete topping to serve as
the basis for comparison. The specimen test numbers are used in the next subsections to identify
the test results. For improved readability of this document, Figure 6-1 is shown again (it is
identical to Figure 3-10, shown in Chapter 3) with the sensor labels. The numbers labeled in the
next subsections relate to the numbers written on the side of the panels, and Figure 6-1 shows
how the sensor labels were placed on the 2’ by 10’ 8” panels.
Table 6-1 Specimen Numbers as they Relate to Slip Shear Connection Type
Specimen Side Number
1
2
3
4
5
6
7
8

Specimen Middle Number
1
1
2
2
3
4
-------------

Slip Shear Connection Type
Close Spaced Screws
Close Spaced Screws
Wide Spaced Screws
Wide Spaced Screws
Steel Mesh with Epoxy
Studs on Plates
No Concrete Topping
No Concrete Topping
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Figure 6-1 Sensor Placement on 2’ by 10’ 8” Panels
Detailed description of testing observations and results are only shown for specimen 1. Other
results (pictures and graphs) are shown in the appendix for specimen 2 through 8. A summary of
the main observations and comparisons are shown in section 6.2.
6.1

Panel One Test and Data Analysis
Figure 6-2 shows the first panel test being tested. The moisture content of each layer of the

CLT panel before testing is presented within the appendix section of this report. Under the three
point bending test arrangement, failure occurred near the mid-span. Figure 6-3 illustrates the
mode of failure for the panel, exhibiting tension failure of the first lamination (underside of the
panel), followed by rolling shear across the interface between orthogonal laminates, and through
shear of the second lamination layer. The test was continued after the peak load was reached
until tension failure of the middle CLT lamination was observed and all the way up to through
shear cracking of the second perpendicular layer.
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Figure 6-2 2’ by 10’ 8” Specimen One

Figure 6-3 2’ by 10’ 8” Specimen One Failure
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Figure 6-4 shows the load versus average deflection (average of sensors Br5 and Br6,
subtracted by the support settlements). It can be seen that the peak load reached was 31 kips at a
deflection of 1.54 inches. It can also be seen that there is a minor change of stiffness at
approximately 0.9 inches. The secant stiffness to peak load provides a useful value for designers,
and the secant stiffness is approximately 20 kips/in (over the 10’ span). After panel failure the
load carrying capacity fell to 10 kips.

Figure 6-4 Panel 1 Load versus Middle Displacement
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Figure 6-5 shows the neutral axis versus actuator load within the CLT concrete composite
panel. Note that the neutral axis changes location as the load increases. At the start of loading,
the neutral axis was around 2.70 inches from the bottom of the panel; however, as the load
increased, the neutral axis moved up to 3.5 inches from the bottom. Once the neutral axis had
peaked out at 3.55 inches, the neutral axis then started to drop again. The noise in this graph is
unavoidable because the amount of displacement on the sensors was very small and the neutral
axis did not move very much within the panel’s cross section.

Figure 6-5 Neutral Axis versus Actuator Load for Panel 1
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Figure 6-6 shows the relative shear displacements of the left side of panel 1. Here we see that,
at each load level, the maximum displacement of the slip sensors occurred at the end of the panel,
and the minimum slip displacement occurred in the sensor closest to the center of the panel.
Panel 1 had a maximum load carrying capacity of 31 kips and the maximum and respective
displacements range of .048” to .111” from the inner most sensor toward the outer most layer.

Rd8

OJ0

OJ2

OJ4
OJ3

Figure 6-6 Panel 1 Relative Shear Displacement; Left Side of Panel
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Figure 6-7 shows the relative shear displacements of the right side of panel 1. The maximum
slip displacement occurred at the end of the panel and had a magnitude of .145 inch, and the
minimum slip displacement occurred at the sensor closest to the center of the panel and had a
magnitude of .07 inch. Note that Rd 0 was the sensor on the outside of the panel and Rd 7 was
the sensor closest to the center of the panel. The other sensors between Rd 0 and Rd 7 were along
the length of the panel from the right side of the panel to the center, as shown in the miniature
subfigure.

Rd7

Rd6

Rd3

Figure 6-7 Panel 1 Relative Shear Displacement; Right Side of Panel

Rd2

Rd0
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Figure 6-8 shows the relative shear strain between each of the slip sensors. Shear Strain, as
based off location within the panel, at peak load, has a maximum and minimum value that is
opposite than displacement. This means that the maximum strains occur in the regions closest to
the center of the panel, and minimum strains occur in the regions closest to the ends of the panel.
In Figure 6-8 at the peak load, the maximum strain was .0039 at the center, and zero at the
support.

OJ3-OJ4

OJ2-OJ3

OJ0-OJ2 Rd8-OJ0

C-Rd8

Figure 6-8 Panel 1 Relative Shear Strain; Left Side of Panel
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Figure 6-9 shows the relative shear strain on the right side of panel 1. These strains are larger
than those presented in Figure 6-8. Note that at peak load the maximum strain occurs in the
regions closest to the center of the panel, and that the minimum strains occur at the ends of the
panel. At peak load, the maximum strain is .0057, and the minimum strain is .0002, which is also
approximately zero.

Rd2-Rd0

Rd3-Rd2 Rd6-Rd3 Rd7-Rd6

Figure 6-9 Relative Shear Strain; Right Side of Panel 1

C-Rd7
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For the rest of the 2’ by 10’ 8” panels, the magnitude of displacement and load changes;
however, the meaning of each graph is the same as those presented in panel 1.
6.2

Summary of 2’ by 10’ 8” Panel Testing (1 through 8).

6.2.1 Load versus Mid-Span Deflection
Figure 6-10 shows the load versus mid-span deflection for all of the 2’ by 10’ 8” panels.
Panels 1 and 2 include close spaced screw interface shear reinforcement, panels 3 and 4 include
the wide spaced screw interface shear reinforcement, panel 5 include the HBV shear interface
connectors, panel 6 include the nelson shear studs interface shear connectors, and panels 7 and 8
are the CLT only 2’ by 10’ 8” panels. Overall, it can be seen that the HBV connectors had the
highest stiffness and strength capacity. Panels 1 and 2 were the next strongest panels. The panel
with the nelson shear studs, panel 6, also had a good strength performance, but had several slips
as the shear connectors went into bearing. The wide spaced screws had the lowest composite
strength and stiffness characteristics. Panels 7 and 8, with no concrete topping, had the weakest
strength and stiffness characteristics. In the end, the addition of composite action with the “close
spaced screws” interface shear connection improved the CLT panel’s strength and stiffness
characteristics by up to 30%.
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Figure 6-10 2’ by 10’ 8” Panels (Load versus Middle Displacement)
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Table 6-2 shows the peak load and respective peak displacement for each of the 2’ by 10’ 8”
panels. Table 6-2 shows that panel 5, the HBV connections had the highest overall strength,
followed by panel 6. The panel with the least stiffness is panel 8, which had no concrete CLT
composite topping.

Table 6-2 Peak Load versus Peak Displacement Values for 2’ by 10’ 8” Panels
Panel Number

Peak Load (kips)

At Peak Load Displacement (inch)

1

30.5

1.54

2

30.0

1.60

3

26.5

1.58

4

26.2

1.25

5

36.5

1.56

6

32.0

1.78

7

22.2

1.70

8

26.0

1.79
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6.2.2 Apparent Flexural Stiffness Values.
The method for figuring out the apparent EI values of the simply supported CLT-concrete
composite beam is estimated here. For the point load at mid span, with one way bending, the
secant stiffness is estimated based on the displacement at peak load (delta maximum) is given by:
 max 

PL3
PL3
 EI app 
48( EI )app
48 max

Note that this equation neglects the effect of shear stiffness, including rolling shear, in not
explicitly concise.
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Table 6-3 shows the apparent rigidity values for the 2’ by 10’ 8” panels. The peak load and
the displacement are presented in the table, and these values were used to calculate the apparent
rigidity values for each panel. Specimen 5 had the highest apparent rigidity value, and specimen
7 had the least apparent rigidity value. Note that specimens 1 through 6 are CLT-concrete
composite specimens, while specimen 7 and 8 are CLT only specimens.

Table 6-3 2’ by 10’ 8” Apparent Rigidity Values
2’ by 10’ 8” Specimen

Peak Load (kips)

Displacement (in.)

Apparent Rigidity
(kip/in^2)

1

30.5

1.54

712987

2

30.0

1.60

675000

3

26.5

1.58

603797

4

26.2

1.25

754560

5

36.5

1.56

842308

6

32.0

1.78

647191

7

22.2

1.70

470117

8

26.0

1.79

522905
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7 Testing Data and Analysis of 8 ft by 8 ft Specimens
These tests were performed in order to find the initial linear element stiffness of each
specimen. Each panel was tested in the strong, weak, and diagonal, two way bending, directions.
The loading frame presented in Figure 7-1 was used to test the panel in the strong and weak
bending directions, whereas, the diagonal, two way bending, direction was tested on the
alternative set up (described in chapter 3). Each test was performed in both the negative and
positive moment bending directions. Once all the linear tests were performed on these panels,
each panel was then loaded to failure.
7.1

Testing of 8 ft by 8 ft Specimens in the Linear Range (3-Point Bending)

Figure 7-1 8’ by 8’ Panel 1 in Loading Frame

Figure 7-2 8’ by 8’ Panel 1 When Linearly Loaded

The linear test results for the 8’ by 8’ specimens are summarized in Table 7-1 and Table 7-2.
From the tables, it can be determined that the average stiffness in bending for the 8’ by 8’ panels
were:


Strong Axis Positive Bending = 222.3 kips/inch



Strong Axis Negative Bending = 172.5 kips/inch



Weak axis Positive Bending is = 65.8 kips/inch
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Weak

Axis

Negative

Bending

is

=

68.1

kips/inch
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Specimen

1

Test

First

First

Second

Second

Third

Third

Average

Standard

Arrangement

Loading

Unloading

Loading

Unloading

Loading

Unloading

(kip/in)

Deviation

(kip/in)

(kip/in)

(kip/in)

(kip/in)

(kip/in)

(kip/in)

223.7

229

222.4

231.8

220.9

229.2

226.2

4.40

71.2

69.2

69.8

68.3

69.3

67.2

69.2

1.35

165.1

170.8

180.3

174.8

180.3

175.3

174.4

5.83

72.6

72.2

74.9

73.1

74.7

72.3

73.3

1.20

214.7

227.7

221.0

220.4

219.5

228.4

221.8

5.23

71.7

70.0

70.1

67.27

69.3

65.4

69.0

2.26

170

178.3

176.1

172.3

177

176.2

175.0

3.16

67.4

75.9

71.3

72.5

71.0

72.6

71.8

2.76

Strong Axis Positive

(kip/in)

Bending

1

Weak Axis Positive
Bending

1

Strong Axis Negative
Bending

1

Weak Axis Negative
Bending

2

Strong Axis Positive
Bending

2

Weak Axis Positive
Bending

2

Strong Axis Negative
Bending

2

Weak Axis Negative
Bending
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Table 7-1 8’ by 8’ Linear Load Stiffness Results

Table 7-2 8’ by 8’ Linear Load Stiffness Results
Specimen

3

Test

First

First

Second

Second

Third

Third

Average

Standard

Arrangement

Loading

Unloading

Loading

Unloading

Loading

Unloading

(kip/in)

Deviation

(kip/in)

(kip/in)

(kip/in)

(kip/in)

(kip/in)

(kip/in)

225.5

215.7

227.1

210.8

226.6

207.8

219.0

8.6

60.5

58.3

59.9

59.9

60.0

57.4

59.3

1.2

162.9

167.0

173.6

169.2

165.3

170.6

168.1

3.84

60.5

58.9

60.1

58.1

60.2

57.5

59.2

1.24

Strong Axis

(kip/in)

Positive Bending

3

Weak Axis Positive
Bending

3

Strong Axis
Negative Bending

3

Weak Axis
Negative Bending
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7.2

Testing 8 ft by 8 ft Panels to Failure

7.2.1 Testing to Failure of 8 ft by 8 ft Specimen 1, Positive Bending, Weak Axis
Direction
Figure 7-3 shows the actuator load versus middle displacement of positive moment, weak
axis, bending of panel 1 to failure. Figure 7-3 shows that panel 1 held a load of 75 kips before
failure. Underneath the center of the panel, 3 vertical displacement sensors were applied. The
maximum vertical displacement occurred on the south side of the panel and the minimum
vertical displacement occurred on the north side of the panel. This means that there was uneven
bending of the panel during loading, and since the actuator load was carefully centered on the
panel, weaker laminations could have been what caused this uneven displacement. The average
vertical mid-span displacement of panel one during this loading scenario was 1.58 inches. After
the initial failure of the panel, the panel was continuously loaded; however, the panel was never
able to reach a higher load capacity up to further failure mechanisms within the panel itself.

South

Middle

North
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Figure 7-3 Load versus Middle Displacement of Positive Bending Weak Axis Direction Panel 1
Figure 7-4 focuses on the interface shear displacements of the left side of panel 1. Here the
maximum interface shear displacements occurs at one because sensor 1 is on the farthest outside
location. At peak load, sensor 1 had a maximum displacement of 0.175 inch,. sensor 2 had a
maximum displacement of 0.170 inch, sensor 3 had a maximum displacement of 0.138 inch, and
sensor 4 had a maximum displacement before failure of 0.075 inch.

3

2

4

Figure 7-4 NE Interface Shear Displacements Panel 1

1
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Figure 7-5 shows the neutral axis versus the actuator load for panel one. The neutral axis at
the start of the test was around 3.4 inches from the bottom of the CLT concrete composite panel.
Once the panel reached a load of 10 kips, the neutral axis shifted down to 3.1 inches, from the
bottom of the panel, to the failure load of 72.5 kips.

Figure 7-5 Neutral Axis versus Actuator Load Panel 1
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Figure 7-6 shows the slip sensors on the right side of the panel. In this figure, the maximum
outside slip interface connection (8) had a slip of 0.195 inch. Sensor 7 had a maximum slip
displacement of .192 inch. Sensor 6 had a maximum slip displacement of 0.162 inch, and sensor
5 had a maximum slip displacement of 0.09 inch. Overall, the NW interface shear displacements
slipped more than the NE slip displacements.

7

8

6
5

Figure 7-6 NW Interface Shear Displacements Panel 1
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Figure 7-7 shows the strains that occured between sensors. In Figure 7-7 the highest strain is
seen between sensors 3 and 4. The average strain experienced between sensors 3 and 4 is
0.00525. The average strain experienced between sensors 2 and 3 were 0.0025, and the average
strain experienced between sensors 1 and 2 is 0.0005. It can be seen that the maximum strains
occured on the inside of the panel, and the minimum strains occured on the outside of the panel.

1-2

2-3

3-4

Figure 7-7 NE Interface Shear Strain Between Sensors Panel 1
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Figure 7-8 shows the slip strains on the right side of panel 1. The maximum strains occurred
in the region closest to the center of the panel and the minimum strains occurred on the outsides
of the panel. At peak load, the average strain between sensors 5-6 is 0.0056, the average strain
between sensors 6-7 is .00244, and the average strain between sensors 7 and 8 is effectively zero.

7-8

6-7

Figure 7-8 Interface Shear Strain NW Side of Panel 1

5-6
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7.2.2 Testing to Failure of 8 ft by 8 ft Specimen 2, Negative Bending, Strong Axis
Direction.
Figure 7-9 shows the mid-span deflections of panel 2. Figure 7-9 shows that the initial
displacements of the panel were similar across the panel’s length, and this similarity in deflection
shows that there were not two way bending effects taking place; however, after failure the figure
shows that the north side of the panel deflected upward and this allowed the south face to deflect
downward. Note that the slope of the CLT concrete composite panel remained essentially linear
over the course of the test up to failure. Panel 2 under strong axis, negative moment, bending
failed at 150 kips with an average deflection of 1.05 inches at mid-span.

South

North

Middle

Figure 7-9 Mid Span Displacement, Strong Axis Direction, Negative Bending, Panel 2.
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Figure 7-10 shows the neutral axis versus actuator load of panel two. The neutral axis started
at 3.75 kips, and at 40 kips, the neutral axis had moved to 4 inches from the bottom of the panel.
At 80 kips the neutral axis dropped back down to 3.75 kips, and then at failure the neutral axis
moved to 3.9 inches from the bottom.

Figure 7-10 8’ by 8’ Neutral Axis versus Actuator Load Panel 2
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Figure 7-11 shows the interface shear slip displacement of the negative bending strong axis
CLT orientation of panel 2. The slip displacements are maximum on the outside of the panel and
smallest at the center of the panel. There is a small figure within Figure 7-11 that shows the
relative sensor-labeling placement within the panel, and all sensors observed in Figure 7-11 are
on the left side of the panel. The corresponding sensor labeling 1-4 corresponds to the lines next
to them. At peak load, NE slide 1 displaced the most with a displacement of 0.138 inches, NE
slide 2 displaced 0.130 inches, NE slide 3 displaced 0.113 inches, and NE slide 4 displaced 0.063
inches.

4

3

2
1

Figure 7-11 NE Interface Shear Displacements Negative Bending Strong Axis Direction Panel 2.
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Figure 7-12 shows the NW interface shear slip displacement with negative moment, strong
axis bending, of panel 2. The figure shows the relative sensor placement on the panel, and this
figure focuses on the right side of the panel. NW slide sensor 8 had a total displacement of 0.159
inches. NW slide sensor 7 had a total displacement of 0.150 inches. NW slide 6 had a maximum
displacement of 0.130 inches, and NW slide 5 had a total displacement of 0.075 inches.

5

6

8
7

Figure 7-12 NW Interface Shear Displacement Negative Bending Strong Axis Bending Panel 2
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Figure 7-13 shows the NE interface strain strong axis negative bending of panel 2. Figure
7-13 shows that maximum strains occurred at the mid-span section of the panel, and minimum
strains occurred at the supports of the panel. The miniature figure shows that these sensors relate
to the left side of the panel. At peak load, the average strain between sensors 3 and 4 was 0.004,
the average strain between sensors 2 and 3 was 0.0021, and the average strain between sensors 1
and 2 was 0.00025.

1-2

2-3

3-4

Figure 7-13 NE Slip Strain Strong Axis Negative Bending Panel 2
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Figure 7-14 is the NW interface shear strain, strong axis, negative moment, bending of panel
2. The miniature figure shows that these sensors relate to the right side of the panel. At peak load,
the average strain between sensors 5 and 6 is 0.0044, the average strain between sensors 6 and 7
is 0.002, and the average strain between 7 and 8 is practically zero.

7-8

6-7

5-6

Figure 7-14 NW Interface Shear Strain Strong Axis Negative Moment Panel 2
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7.2.3 Testing to failure of 8’ by 8’ Panel 3, Negative Bending, Weak Axis Direction.
Figure 7-15 shows the mid-span deflection for the negative moment, weak axis, bending of
panel 3. Figure 7-15 had a peak of 83.3 kips. Note that once again, the panel load versus
deflection graphs were linear all the way up to failure of the panel. The north, middle, and south
mid-span displacements are presented in Figure 7-15. Overall, it can be interpreted that the south
face of the 8’ by 8’ panel displaced 1.76 inches at the maximum load.

Middle

North

South

Figure 7-15 Mid Span Displacement Negative Moment Weak Axis Direction Panel 3
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Figure 7-16 shows the neutral axis versus actuator load of panel 3. The neutral axis started
out at 3.3 inches from the bottom of the panel. The neutral axis then dropped to 2.8 inches at 15
kips, finally returning to 3.1 inches from the bottom of the panel at failure.

Figure 7-16 Neutral Axis versus Actuator Load Panel 3
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Figure 7-17 shows the NE interface shear slide displacements for the negative moment, weak
axis bending, panel 3. The miniature figure shows that the sensors in this graph focus on the left
side of the panel. The first sensor, corresponding to the outer most section of the panel, at peak
load, has a maximum displacement of 0.175 inches. The second sensor has a maximum
displacement of 0.170 inches, the third sensor has a maximum displacement of 0.144 inches, and
the fourth sensor has a maximum displacement of 0.078 inches.

4

3

2

1

Figure 7-17 NE Interface Shear Displacements Negative Moment Weak Axis Direction Panel 3.
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Figure 7-18 shows the NW interface shear slip displacements for negative moment, weak
axis, bending of panel 3. The small figure presented in this graph shows that the sensors labled
are related to the right side of the panel. At peak load, sensor 7 had a maximum displacement of
0.190 inch., sensor 8 had a maximum displacement of 0.188 inch., sensor 6 had a maximum
displacement of 0.162 inch, and sensor 5 had a maximum displacement 0.098 inches.

8
6

7

5

Figure 7-18 NW Interface Shear Displacement Negative Bending Weak Axis Direction Panel 3.
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Figure 7-19 shows the NE interface shear slip strain negative moment, weak axis, bending of
panel 3. The average strain between sensors 3 and 4 was 0.0052, the average strain between
sensors 2 and 3 was 0.0025, and the average strain between sensors 1 and 2 was 0.0005; which is
also practically zero.

1-2

2-3
3-4

Figure 7-19 NE Interface Shear Strain Negative Bending Weak Axis Direction Panel 3.

100
Figure 7-20 shows the NW interface shear strain of the negative moment, weak axis,
bending of panel 3. At peak load, the average strain between sensors 5 and 6 is 0.0054, the
average strain between sensors 6 and 7 is 0.0024, and the average strain between sensors 7 and 8
is zero, when accounting for the initial offset.

7-8

6-7
5-6

Figure 7-20 NW Interface Shear Strain Negative Moment Weak Axis Bending Panel 3

101
7.2.4 Peak Load versus Mid-Span Deflection
Table 7-3 shows the peak load and the average mid-span. Each of the panel testing
arrangements are shown in Table 7-3. The table shows that the arrangement for specimen 2 has
the strongest failure strength, and that panel 2 also has the highest stiffness. These values can be
implemented in the calculations presented in chapter 11, and these calculations show how to find
the effective flexural rigidity values for each of these panel arrangements.

Table 7-3 Average Peak Load and Average Mid-Span Displacement
Specimen

Testing Arrangement

Average Peak Load
(kips)

Average
Displacement of Peak
Load (inch)

Weak Axis
1

75.0

1.58

150.0

1.10

83.3

1.64

Positive Bending
Strong Axis
2
Negative Bending
Weak Axis
3
Negative Bending
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7.3

Apparent Flexural Rigidity Values for 8 ft by 8 ft Specimens Based off Linear Tests
and Failure Tests.
Table 7-4 shows the apparent flexural rigidity values for the 8’ by 8’ panels based off of the

linear test results. Using the load versus displacement graphs, the peak load and respective
deflection were recorded. Using the equation for apparent flexural rigidity and the peak load and
respective deflection, flexural rigidity values were obtained.
Table 7-4 Apparent Flexural Rigidity Values for 8’ by 8’ Panels Based off Linear Tests
Specimen

Orientation

Peak Load (kips)

Deflection

(in.)

Flexural Rigidity (kip/in^2)

At Peak Load
1

Strong Axis Positive Bending

45

0.20

4147200

1

Weak Axis Positive Bending

43

0.63

1258057

1

Strong Axis Negative Bending

33

0.21

2896457

1

Weak Axis Negative Bending

33

0.46

1322296

2

Strong Axis Positive Bending

45

0.22

3770182

2

Weak Axis Positive Bending

45

0.65

1276062

2

Strong Axis Negative Bending

35

0.22

2932364

2

Weak Axis Negative Bending

35

0.53

1217207

3

Strong Axis Positive Bending

50

0.22

4189091

3

Weak Axis Positive Bending

43

0.70

1132251

3

Strong Axis Negative Bending

33

0.21

2896457

3

Weak Axis Negative Bending

43

0.69

1148660
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Table 7-5 shows the apparent flexural rigidity values for the 8’ by 8’ panels. These values
were based off the failure tests performed on the 8’ by 8’ panels. The orientation, peak load, and
displacement are also presented in Table 7-5.

Table 7-5 Apparent Flexural Rigidity Values for 8’ by 8’ Panels for Failure Tests
Panel

1

Orientation

Weak Axis

Load

Displacement

Apparent Rigidity

(kips)

(in.)

(kip/in^2)

75

1.58

1708861

150

1.10

4909091

83.3

1.64

1828537

Positive Bending

2

Strong Axis
Negative Bending

3

Weak Axis
Negative Bending
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8 Test Results and Data Analysis on Two-Way (Warping) Bending
Data in Figure 8-1 and Figure 8-2 were used to create Figure 8-3. Figure 8-1 and Figure 8-2
show how much the sensors moved during the loading of 8’ by 8’ panels, in two way bending.
Knowing what each load step magnitude is (see chapter 3), and how much the panel deflected,
allowed for the development of the lines in Figure 8-3. Data was recorded at 10Hz. These
stiffness values are presented in Table 8-1. Note that the x-axis in Figure 8-1 and Figure 8-2 are
just counting what deflection data point is being observed. The difference in length just indicates
that the test experiment took longer to complete the three loading cycles.

Figure 8-1 Displacement versus Data Point of 8’ by 8’ Panels Negative Bending
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Figure 8-2 Displacement versus Data Point of 8’ by 8’ Panels Diagonal Positive Bending

Figure 8-3 Load versus Displacement of Two Way Bending Tests
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Table 8-1 Two Way Warping Stiffness Values for Two Way Bending Values
Specimen Number

Bending Moment

Stiffness (kips/inch)

1

Negative

1.865

2

Negative

1.997

3

Negative

1.912

1

Positive

2.162

2

Positive

2.145

3

Positive

2.134

Table 8-1 shows the stiffness values for the two-way bending tests. Panel two under positive
bending had the highest stiffness, and panel 1 under negative bending had the weakest stiffness.
The general trend in the table is that the average stiffness for panels of these orientations have a
stiffness around 2.0 kips per inch.
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9 Test Results and Data Analysis of Full Scale 37.5 ft Specimen
Figure 9-1 shows the actuator load versus deflection of the 37.5’ specimen for both the two
cantilever ends, as well as, the mid-span, ¼ mid-span, and ¾ mid-span. In Figure 9-1 positive
values means downward deflection, and negative values means upward deflection. There were
several different loading and unloading scenarios. These loading and unloading scenarios are
presented in the testing protocol section of chapter 3. The mid-span of the panel had a
displacement of 6.2 inch at a peak load of 82 kips. Both the “¼ north” location between the
supports, and the (¾ south” location, had similar deflections with respect to the same load;
however, the “¼ north” and “¾ south” points only experienced a maximum displacement of
approximately 4.2 inch at the peak load. Figure 9-1 shows that the cantilever ends moved upward
1.18 inch over the course of the test.
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Figure 9-1 Actuator Load versus Displacement of 37.5’ Specimen Displacements. Cantilever and Midspan.
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Figure 9-2 shows the relative displacements at the concrete CLT joints above the supports.
Each support section of the specimen is labeled based off its location on the specimen. Positive
values in Figure 9-2 mean the location opened, and negative values mean the location closed.
The “NW Top CLT Opening” was the horizontal displacement sensor on the top of the CLT
specimen that tracked the opening of the concrete and CLT support. At peak load, the “NW Top
CLT Opening” support opened, 0.211 inches, the “NE Top CLT Opening” opened slightly less
with 0.21 inches, and the “SE Joint Top Opening” had an opening of 0.2 inches. The maximum
that the “SE Joint Vert. Main” opened was 0.02 inch. The “SE Joint Bottom Close” sensor was
placed horizontally along the bottom of the support and tracked how much the concrete and CLT
crushed together. At peak load, “SE Joint Bottom Close” closed 0.019 inch. The maximum
displacement of “SE Joint Vert. Main” was .005 inches.
At peak load, the “SW Joint Top Opening” had a maximum displacement of 0.198 inches,
the “SW Joint Vert. Main” had a maximum displacement of 0.037 inch, and the last sensor in
Figure 9-2 “NE Joint Vert. Main” had a maximum displacement of 0.002 inch. Overall, it has
been observed that the maximum opening, between CLT and concrete, at the supports of the
specimen, occurred on the top horizontal sensors.
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Figure 9-2 Joint Displacements.
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Figure 9-3 shows the CLT concrete interface shear displacements. These are located at
several points along the panels length and further description of these sensor locations can be
found in chapter 3. The regions of the specimen that experienced positive bending had positive
displacement values, where as, regions with negative bending experienced negative displacement
values. Figure 9-3 shows that positive composite interface slips happened between the support
locations and that negative slips occured at the ends of the cantilever sections. The maximum
displacement of the North end cantilever slip was .01 inch. The maximum displacement of the
south end cantilever slip was also .01 inch. The three sensors, within the main span, on the north
side, had slip displacements of .228 inch, .229 inch, and .22inch respectively from the support
locations. These 3 slips show that the outter most sensor did not slip the most; therefore, it can be
concluded that the change in moment, from positive to negative, occured between north slip
sensors 1 and 2. The south side of the specimen also had these same three sensors that tracked
CLT concrete interface slippage. Figure 9-3 shows that the three slip sensors on the south side
were .195, .190, and .180. Since the sensor closest to the support is greater than the next closest
to the support sensor, it is sufficient to say that the change moment value occured closer to the
support, than the placement of the first south side slip sensor. Although there were no shear
stresses in between the loading points, slip deformations were still observed; however, these slip
displacements were small, when compared to the sensors closer to the supports. In Figure 9-3 the
slip sensor in between the loading points, on the south side had a maximum slip displacement
of .037 inch, and the sensor between the loading points, on the north side, had a maximum slip
displacement of .045. This shows that the north side of the specimen slipped more than the south
side of the specimen.
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Figure 9-3 Interface Shear Displacements Across 37.5’ Panel
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Figure 9-4 shows the neutral axis versus actuator load for the 37.5 ft specimen. During the
course of the test, the neutral axis remained around 3.5 inches from the bottom of the CLT
concrete composite panel.

Figure 9-4 Neutral Axis versus Actuator Load for 37.5’ Specimen
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10 Test Results and Data Analysis of Creep Tests
10.1 Creep Deflection Data for the 37.5 ft Specimen
The creep test presented in Figure 10-1 show the deflections of the 20’ by 4’ panel. The panel
was instrumented before the concrete was cast, and these instruments were removed for the
pouring of the concrete. The vertical displacement sensors were then replaced on the panel and
tracking of the deflection was observed. Figure 10-1 shows that the initial deflection, due to the
added weight of the liquid concrete, was .388 inch. Over the course of 105 days, the 37.5’ long
specimen creeped a total of .136 inches. This is not much deflection because the cantilever ends
helped prop the center of the panel up, due to the change in moment by the cantilever ends.
Overall, the center of the large specimen displaced a total amount of .524 inches before moving.
Once the panel had been moved, and shifted into the correct place to be tested, the panel
deflections with respect to the support locations was measured again with a laser level. The
measured center-span displacement of the specimen before testing was ¾ inch.
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10.2 Negative Bending Moment Creep Deflection Data (13 ft 6inch Specimen)
Figure 10-2 shows the creep data for the cantilever 13’ 6” panel. Once the panel had the
cantilever end supports removed, there was some initial rigid body movements. These rigid body
movements placed one sensor into the negative range, and the other into the positive range, since
the sensors were both started at zero. To improve interpretation of the initial results, the negative
displacement measurements were adjusted to zero; however, to keep the curves from laying on
top of one another, the positive initial displacement was left at the same initial displacement.
These rigid body movements were assumed to have little effects on the creep performance of the
panel. The sinusoidal motions of the data was due to the changing temperatures within the wave
laboratory. Overall, the change in displacement over the course of 132 days was .184 inches for
the backside of the panel, and .137 inches for the front side of the panel. The difference in
deflection between the two cantilever ends in Figure 10-2 is .047 inches. Note that rigid body
motions were still able to take place during the experiment, and that slip/composite action was
not tacked on these panels, so deflection changes could occur due to these variables.
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Figure 10-2 Negative Bending Moment Creep Deflection Data
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10.3 Positive Moment Creep Deflection Data (20 ft Specimen).
Figure 10-3 shows the deflection due to the creep of the 20’ specimen over 165 days. The
specimen was able to reach 28 day concrete strengh before the distributed loading blocks were
placed on the panel. This increase in load applied to the panel is what caused the sudden increase
in deflection across the panel. The panel in Figure 10-3 had an initial deflection caused by the
application of the liquid concrete onto the CLT panel’s surface. The decrease in panel deflection,
right after the application of the cconcrete, was due to the evaporation of water within concrete
while the concrete was reaching its 28 day concrete strength. From the point that the load was
applied, to the last point taken, the 20’ panel experienced 0.57inchs of creep at the mid-span,
0.492 inches at the ¼ point, and 0.499 inches at the ¾ point, between the supports.

119

1.4

1.2

Displacement (Inches)

1

0.8

0.6
Deflection 4' by 20' 1/4 Span
0.4

Deflection 4' by 20' 1/2 Span
Deflection 4' by 20' 3/4 Span

0.2

0
-5

5

15

25

35

45

55

65

75

85

95

105

Time (Days)

Figure 10-3 Positive Moment Creep Deflection Data.

115

125

135

145

155

165

120
11 Conclusion
There are several concluding observations that could be formulated from this thesis report.
The data here shows the strength and stiffness characteristics of these CLT concrete composite
floor panels depends on the loading scenario, span length, and the type of interface shear
connection used.
The 2 ft by 10 ft 8 inch specimen, that had the steel interface mesh reinforcement (Specimen
5), had the highest load carrying capacity; however, because of the epoxy used, this interface
shear connection might not be the best choice for a composite floor system because this type of
interface shear connection might not perform well under fire loading. On the other hand, inclined
self-tapping screws, as interface shear connectors, provided for a good solution with acceptable
strength characteristics, and these connections were able to develop partial composite action. The
steel plate, with Nelson stud showed promising results, but improvements in the design are
required to reduce the slip between the plate and screws connecting to the CLT panel. Overall,
the 2 ft by 10 ft 8 inch specimens, with close spaced screws, have about a third more flexural
capacity, then an ordinary CLT panel alone.
The 8 ft by 8 ft specimens provided very valuable and novel bench mark data. The linear
tests on the specimens produced similar results for the positive bending, negative moment
stiffness, as well as, the 2 ft by 10 ft 8 inch panel with the same close spaced screw interface
shear connections. The 8ft by 8 ft specimens were also tested under positive bending in the weak
axis directions, as well as, negative bending (weak and strong axis directions, as well as, in two
way bending (warping). The stiffness and strength values provide useful data for design. In all
the CLT concrete composite tests, the bottom layer of CLT was what failed.
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The full-scale 37.5’ specimen was tested to failure, and the load that caused the specimen to
fail was 82 kips. The results from the 37.5’ specimen were favorable to the design of CLT
structures because the failure load was 8 times the design load that was predicted from SOM. In
addition, the data obtained from the smaller specimens, along with data developed in full-scale
testing of the 37.5 ft specimen, provided the data needed for gravity load structural component
system design.
The creep tests showed that most of the creep-based settlements occurred within the first 3
months after loading, under positive moment, in which the wood was under tension. Continued
tracking of the displacement of the Creep tests is recommended to ensure that the long-term
creep is fully captured and can be later modeled.
In the testing of the panels in this report, the horizontal sensors, on the top and bottom CLT
lamina, has proven effective in identifying the neutral axis of the cross section. When compared
to complete composite theory, where the ratio of the modulus of elasticity determines a cross
sections neutral axis, the neutral axis due to these sensors tends to be closer to the bottom of the
CLT, and this sensor neutral axis location gives a failure strength that more closely simulates the
magnitude of failure of the panels. This failure comparison with composite theory is presented in
the appendix.
The last completed goal of this report was to estimate the apparent flexural rigidity values of
each of the loading scenarios. These apparent flexural rigidity values give engineers, and
designers, important numbers that can be used to predict floor panel displacements of spans with
different loading and external support scenarios.
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Appendix A Slump of Hydraulic Cement Concrete
While the floor slabs were being cast, time was taken to collect two full wheelbarrows of
concrete. These wheelbarrows of concrete were used for flexural and axial test specimens, as
well as a slump test. The standardized slump test from ASTM C143 C and 143M-05a explain the
proper procedures for performing a slump test. To perform a slump test a sample of freshly
mixed concrete was placed and compacted by rodding the concrete in a mold shaped as a frustum
cone. This cone shape mold, which was filled with concrete, was then slowly raised, and the
concrete was allowed to subside. The vertical distance between the original and displaced
position of the center of the top surface of the concrete was then measured and reported as the
slump of the concrete.
The slump test is significant in helping engineers get a feel for the properties of the concrete
they are working with. This test method is intended to provide the engineer with a step by step
procedure for determining the slump of plastic hydraulic cement concrete. The slump is also
known to increase proportionally with the water content of a given concrete mixture, and thus to
be inversely related to concrete strength; however, under field conditions, such a strength
relationship is not clearly and consistently shown.
The concrete mold and slump test procedure is as shown in Figure A-1 and Figure A-2.
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Figure A-1 Slump Test Tools.

Figure A-2 Slump Test Procedure.

The photo above also clearly shows that the proper tools for performing a slump test are the
cone, the rod, and a scoop. The tamping rod has to be round, straight 5/8” diameter, and
approximately 24inch in length. The end of the rod needs to be hemispherical shaped with a
diameter of 5/8”. Do not use a sheared piece of rebar. The photo on the right shows how the
value recorded for slump was created. In the end, our slump test of the liquid concrete gave us a
slump of 7”.
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Appendix B Moisture Content of the CLT Panels
To track the moisture content of the CLT panels, a moisture detector was borrowed from the
research laboratory located in Richardson Hall; Oregon State University. This portable moisture
content machine is very expensive, and is designed to measure the moisture content in wood
products. Since wood is a variable material, and not all wood species have the same structural
density, adjustments within the pocket tester machine need to be made. Using the paperwork that
was provided with the moisture-testing machine, Code 32 adjusts the machine for Spruce types
of wood. This adjustment allows the user to read the moisture content directly from the
measuring device, and reading eliminates the need to apply an adjustment factor on every value.
The standard calibration is made on Douglas Fir at a temperature of 70 degrees Fahrenheit.
The Moisture meter utilize the principle that a definite relation exists between moisture
content and electric resistance in the wood; however, significant differences in moisture content
may exist in the same board, especially during drying. Such differences largely depend on the
species of the wood and on the range of moisture present in the wood, and since the electrodes
are short, the moisture content machine can only record moisture contents at the near surface of
the wood.
As the temperature of wood increases, the electrical resistance decreases and vice versa. The
rate of change is not constant and for accurate correction factor, the temperature correction tables
must be consulted. In the range 7 to 12%, the correction is approximately 1% for every 20
degrees F.; which is subtracted from the meter reading if the temperature of the wood is higher
than 70 degrees F. and added if it is lower than 70 degrees F.
Grain direction has a significant impact on the moisture reading. As the resistance of
wood is greater across the grain than with the grain, the electrodes should be applied so that

128
current flows parallel to the grain. The effect due to the current flowing across the grain is very
small when the moisture content is less than 10% and can be disregarded. Note that the
measurements on the layers that were tested on end grain had significantly lower moisture
content values than measurements that were taken parallel to grain. This goes back to the concept
of the wood working like a bundle of straws. The internal moisture moves out of the straws at the
ends faster than it would the side of the straws; therefore, since the moisture content device can
only measure a couple of inches into the wood, the moisture content measurements on the end
grain layers was less.
Effects do to glue and adhesives do not have an impact on the moisture content reading;
however, defects, such as knots, do have an impact on the moisture content readings. To avoid
values that would be considered outliers in the data set, imperfections in each layer were
avoided. This includes defects that cause a void within the wood layers. Theses voids were
common where laminations were stacked next to one another within a same layer.
The Hinsdale wave Laboratory is called the Wave Laboratory because there is wave
testing equipment present within the shop. This means that there is a lot of moisture in the air
and this high relative humidity has an effect of the portable moisture content testing machine. If
the moisture detector is used in areas of high relative humidity, moisture may set on some of the
components, or parts of the electrodes. This excess moisture caused the meter to read as soon as
it was turned on. In cases like this, it has been recommended by the manufacture that the
instrument be stored in an office setting, and not out in the shop region. This increased
temperature and lower humidity ensured that the moisture content measuring device functions
properly and correctly.
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The numbers for naming of the panels are presented in each section of Table 3. The
names go as follows; MC stands for moisture content. The numbering for the 2’ by 10’ 8” panels
is (Panel Number- Layer Number from Bottom of Panel). i.e. 1-2 is panel 1 layer 2 from bottom.
C20 stands for the 20’ creep specimen. The lower case s statement stands for square panels, and
in this case our square panels were 8’ by 8’ panels.

Table B-1 Bottom of Panel to Top of Panel Moisture Contents During Testing
MC Panel 1-1
13.9

MC Panel 1-2
10.3

MC Panel 1-3
14.6

MC Panel 1-4
10.1

MC Panel 1-5
13.5

MC Panel 2-1
13.2

MC Panel 2-2
12.3

MC Panel 2-3
12.3

MC Panel 2-4
11.2

MC Panel 2-5
15.1

MC Panel 3-1
12.3

MC Panel 3-2
9.5

MC Panel 3-3
14.3

MC Panel 3-4
9.2

MC Panel 3-5
12.9

MC Panel 4-1
12.3

MC Panel 4-2
10.8

MC Panel 4-3
15.3

MC Panel 4-4
10.2

MC Panel 4-5
11.3

MC Panel 5-1
12.6

MC Panel 5-2
10.9

MC Panel 5-3
14.4

MC Panel 5-4
11.5

MC Panel 5-5
14.6

MC Panel 6-1
13.1

MC Panel 6-2
12.4

MC Panel 6-3
14.4

MC Panel 6-4
13.9

MC Panel 6-5
14.8

MC C20 Panel 1
12.4

MC C20 Panel 2
13.6

MC C20 Panel 3
11.4

MC C20 Panel 4
11

MC C20 Panel 5
13.9

MC Panel s1-1
14.8

MC Panel s1-2
10.6

MC Panel s1-3
11

MC Panel s1-4
9.6

MC Panel s1-5
11

MC Panel s2-1
12.1

MC Panel s2-2
9.3

MC Panel s2-3
14

MC Panel s2-4
9.1

MC Panel s2-5
14.2

MC Panel s3-1
11.5

MC Panel s3-2
10.7

MC Panel s3-3
13.5

MC Panel s3-4
14.7

MC Panel s3-5
14.5
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Appendix C Rebar Configuration for CLT Panels for Creep and 37.5’ Panel Supports
With the wood panels for the second concrete pour job laid out, construction of the shear
reinforcement of the panel connection points had to be detailed and bent. The spacing of the
shear reinforcement, and the size of the shear reinforcement were given, the only detailing that
was required for this step was the bending and length requirements. The rebar was number 3
rebar and the spacing given was 6 inches on center. ACI 318 chapter 7 was used for the detailing
of the shear reinforcement. For the 135-degree bends 6 diameter of the bar was required for rebar
development purposes, and for the 90 degree, bends 12 diameter development length of the bar
was required. Each stirrup was made into two sections. The bottom had three sides developed
with 2 135 degree bends; where as the top section was developed with two 90 degree bends.
These two pieces overlapped completes a single fully developed stirrup cross section. Below is a
layout of the rebar for the negative flexural creep panel. Note that the 4.5 inch for 12 db on the
top part of the stirrup. The bottom pieces on these stirrups were very difficult to bend and this
required some bar bending practice. The problem was that the bars would collide at the over
lapping section. This could be avoided with little bit of a twist on the bar while bending. Some
were too far apart and others were too close; which resulted in a collision. The creation of this
stirrup set followed a standard of “any stirrup” that was defective or puny was quickly cast aside.
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Figure C-1 Rebar Detailing For Creep Test

Figure C-2 Rebar Detailing For Creep Test

Midsection

Midsection Top

Once all the stirrups for the creep specimen were created, the stirups for the 37.5 foot
panel connection sections were created. These stirrups were much easier to build because the
longer width of the stirrup removed any potential collision points. The height of the CLT panels
are the same between the creep test and the 37.5 foot long panel; therefore, several of the
dimensions were the same, the only dimension that changed between the two designs was the
width dimension. The detailed drawings of the long panel stirrup connection points are presented
below.
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Figure C-3 Top Developed Stirrup for 37.5 Foot Panel

Figure C-4 Bottom Developed Stirrup for 37.5 Foot Panel
These details are simple and represent the center of the rebar cross section. Once all these
stirrups were built, and individually tied together, the longitudinal rebar sections were designed
and built. These spanned the width of their respective panels. The 37.5 foot panel had a width of
8 ft. and the width of the creep specimen had a 4 foot wide width. These lengths set the amount
of stirrups that were needed for each panel and the individual width length rebar sections. For the
37.5 ft. panel section several calculations were made. 8ft equals 96 inches. 3 inches was removed
from this number to account for clear cover requirements set by ACI 318. Knowing that the max
stirrup spacing, given earlier, was 6 inches on center, 93 divided by 6 gave 15.5 stirrups. This
means that 16 spaces would cover the width of the panel. Add one to the number of spaces is the
number of stirrups required. Each connection section in the 37.5 foot panel needed 17 stirrups.
Using 90 degree bends, and 12 diameter of the bar, the longitudinal rebar pieces were created.
Note that each stirrup set had four longitudinal rebar pieces that were tied at each of the corners
of the stirrup pieces. The same process was completed for the creep specimens rebar layout and

133
number. In the end, the creep specimen had 9 stirrups for the width section. Below is pictures of
the final stirrup cages placed into their respective panels. The final spacing the stirrups was
equally spaced across the width of each panels width rebar cage. Note that this spacing was less
than 6 inch on center, and this was considered fine.

Figure C-5 Creep Specimen Shear Reinforcement

Figure C-6 37.5 ft shear reinforcement
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Appendix D Moving the 37.5’ Long Panel Under the Loading Actuator.
To make sure that the big panel was flat on the uneven shop floor, a concrete compound was
used to keep the panel flat during curing of the concrete composite floor panel. This floor
leveling concrete compound, kind of, glued the floor panel to the ground and made getting straps
under the panel difficult. To get the large panel off the ground, lots of wood wedges were used to
break the concrete composite panel off of the shop floor. These wood wedges separated the panel
from the shop floor by being hammered on the sides of the panel. After several wedges were
hammered in, the panel was lifted slightly with a hydraulic wedge tool presented in Figure
D-0-1. This hydraulic wedge tool relieved some of the load off the wedges, so that they could be
effectively hammered more under the 37.5’ panel. Repeating this process got the panel several
inches off the ground, as presented in Figure D-0-2 and this allowed for the straps to be slid
underneath the panels support locations.

Figure D-0-1 Getting 37.5’ Panel Off the Ground

Figure D-0-2 37.5’ Panel Slightly Off the
Ground
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Once the panel had the straps slid underneath, the crane and spreader beam were brought
over to the panel, and the panel was lifted off the ground.

Figure D-0-3 Applying Straps to 37.5’ Panel

Figure D-0-4 Placing Tension on the Straps
for 37.5’ Panel

Slow and steady was the method of moving the panel over to the loading frame as
presented in Figure D-0-5 Moving the 37.5’ Panel. At this point we had just enough room to move
half the panel under the actuators loading frame as presented in Figure D-0-6. Here the panel was
staged half way under the loading frame.

Figure D-0-5 Moving the 37.5’ Panel

Figure D-0-6 Getting the 37.5’ Panel Half Way
Under Loading Frame
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Off to the side of the large panel, the foundations supports were previously put into place
with the shop crane. These off to the side supports are presented in Figure D-0-7, and Figure
D-0-8. Rollers were used to push the foundation support pieces under the large panel when the
large panel was held in place by the crane and forklift simultaneously. The plywood underneath
the supports was used to make pushing the foundations pieces under the composite panel easier.
Using the plywood removed the need to roll the heavy foundation supports manually over the
concrete edge of the strong floor during installation.

Figure D-0-7 Supports for 37.5’ Panel before

Figure D-0-8 Supports for 37.5’ Panel before

Installation A

Installation B

At this point a crane outside of the shop was brought inside. This crane is normally
impractical within the shop region, but with some relocation of stuff on the shop floor, the crane
was able to be brought inside and used to perform the next critical task of moving the panel
under the loading frame.
The shop crane was used on one side of the loading actuator frame, and the outside
crane/forklift, was used in unison, on the other side of the composite panel, to lift the 37.5’ panel
up, and the panel was then slowly moved the rest of the way under the loading frame as
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presented in Figure D-0-9. Once the panel was raised and centered, both in the North and South,
as well as, East and West directions, the foundation supports were moved under the panel. Since
the plywood used under the foundation pieces was soft, it made pushing the foundation pieces
under the panel impossible by teamwork pushing strength alone, so instead of pushing, we all
took turns using a truck jack and wood 4” x 4” pieces of different lengths, to move the
foundation pieces, as presented in Figure D-0-10. This took some time but solved our testing
limitation movement problems.

Figure D-0-9 37.5’ Panel Held by Inside

Figure D-0-10 Installing Method for Supports to

Crane and Outside Forklift

be Under Panel

Once the panel and foundation supports were put into place, the floor strong floor grid
pattern, and columns of the loading frame, were used to truck jack the pieces into the exact
places they needed to be. These accurate fine tune movements made sure all foundation supports
were where they were supposed to be.
Since we were trying to simulate a continuous floor slab, and not a simply supported
loading condition, movement restraining braces were placed on the ends of the composite panel.
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This overhang was partially prevented from making vertical movement, as to more carefully
simulate a continuous floor panel system. Looking in Figure 3-26, you can see that the locations
that the cantilever hold down C channels were needed. The locations that the strong floor hold
down locations were, did not line up with the C channels cantilever needed locations. This meant
that we had to use a spreader beam on the strong floor. This spreader beam transferred load from,
where the hold down c channels needed to be, to the strong floor itself.
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Appendix D Moving CLT Panels With and Without Concrete Moment Calculations
Up to this point, we have been concerned with the construction of the CLT panels, now I
would like to turn our attention over to some math related to the movement of the CLT panels.
This movement causes the shear and bending moments in the beam elements to change. Since
there is several different loading scenarios, such as forklift movement, crane movement, different
fork lift picks, and different panel lengths and weights, the problem was solved completely
symbolically. This mathematical approach is more difficult to the untrained eye, but for me,
symbolic math calculations are easier because symbolic math solutions don’t require the
extensive use of a calculator. The symbolic solutions also make cause and effect results just pop
out from the diagrams and calculations. Although a symbolic approach may lead one to believe
that nothing is known about the problem, there is still some things that can be claimed to be
concrete within this approach. For example, the length of the beam is unknown and the locations
that the unknown length is picked up at is unknown. The weight of the beam element is also
unknown. With all these variables there is still things that we can say is for certain are known,
for example, we know that in all the different loading situations there is only two supports on the
beam. If there were more supports another mechanics of materials solution would be required.
Below is the loading scenario that was solved.

Figure D-1 Beam Loading Symbolic.
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Although this picture looks simple, there is important observations that should be noted. For
example the intensity of the distributed load, i.e. the beams self-weight is unknown. The supports
are equal distances from the ends of the beam element. And the length of the beam is L=2A+B.
With this limited information the shear and moment diagrams can be derived. The answers to
this problem are simple equations that can be used to quickly find the shear and moment
diagrams of multiple different loading and movement scenarios related to the construction and
movement of the CLT member elements within this project.
First I would like to label the support on the left By, and the support on the right Cy. Using
statics, the magnitude of these support reactions can be found in terms of the labeled variables in
the figure above.
The moment is first taken at the support on the left to find the magnitude of the support on
the right. In this example, a positive moment is counter clockwise.

A
 A
B

 M B  0  W  A    W  B    C y  b  W  A  B    0 Equation D-1
2
2
2

Algebra is below the scope of this example. Solving the equation above for Cy gives.
Cy 

W B
 W  A Equation D-2
2

Symmetry shows that Cy=By; however, I still continued statics. To solve for By the sum of
the forces in the y direction can be performed. The sum of the forces in the Y direction gives.
Also note that up is positive.

 Fy  0  W (2  A  B)  By  Cy  0 Equation D-3
Here the equation for Cy can be subbed into this equation. The end result is an equation that
only has one unknown variable and that is By. The other variables are the ones given in the
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figure. In the end, the variables in the figure are considered constants that will be given by the
loading situation and beam element of interest.
Solving the sum of the forces equation for the By term gives the same equation as the Cy
equation presented earlier.
By 

W B
 W  A Equation D-4
2

Now that the support reactions have been calculated using the variables in the figure, the
shear and moment diagrams can start to be formed. I like to make my shear and moment
diagrams in a way that is not like others. Most people like to make short cuts that mess up the
math within complex problems. I, on the other hand, have found out a complex way that always
repeats itself and the process never changes regardless of how the problem or situation changes.
This more difficult method plants the graph origin in one location and never lets it move.
Equations that are derived are given inequality domain ranges. These domain inequality show the
boundary conditions for where equations are valid. Any domain range outside of set values are
considered invalid. This is because at these points a different equation controls. This will be
more apparent throughout the derivation.
Looking back at the scenario figure, the beam is divided into three different domain ranges.
The first one is from the end of the beam to the left support, the second is the left support to the
right support, and the third domain range is the right support to the right end of the beam
element.
The famous load to shear differential equation given by any reputable mechanics of materials
book is…
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dV
 W
dX

Equation D-5

This equation says that the slope of the shear diagram is the negative of the load equation.
Solving the differential equation is how the equation for the shear diagram can be found. This is
a rather easy differential equation and can be solved by multiplying the dX to both sides and then
integrating. Notice that the limits of integration are from the start “not” and the end “f” for final.
Vf
Xf
dV
 W  dV  W  dX   dV   W  dX Equation D-6
Vo
Xo
dX

At this point integration can be performed. Integration of any polynomial is the power rule.
The power rule is add one to the exponent and divide by the new exponent. This move is used in
all integration for the duration of this example.
 x n 1 
n
x

dx

 n  1




Equation D-7

Back to equation- # the first integral is just evaluating a 1 with an x to the zero attached to it.
Note that any number, or letter for that matter, equals 1; therefore, this is a legit move.
Performing the power rule on the x to the zero term gives x divided by one.

 xV

Vf
o

  W  x X  V f  Vo  W  X f  W  X o Equation D-8
Xf

o

In the equation above Vo=0 because there is no shear at the start of the beam. Also Xo=0
because the start of the beam is where the origin is located and this is considered X=0. Xf stays
the main independent variable; hence, the equation. The end equation is this with domain
boundary conditions of…

V f  W  X  0  X  A Equation D-9
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A is the location that the first support shows up. The first of three sections in the shear
diagram follows this equation up to the left support. Then the support affects the shear diagram
value. The support reaction causes a spontaneous jump in the diagram, but before the jump can
be observed, we first have to follow the equation above to its respective end point. The end of Vf
occurs at X=A. The value before the left support is…

V f ( A)  W  A

Equation D-10

Now that the shear at the end of the equation is located, the support equation for By can be
added. This is the start value for the next shear equation, and will become the next Vo term. This
same process will be repeated throughout the next 2 domain ranges. The end value of domain
range one plus the By equation gives the start shear value equation.
V0  W  A  By  V0 

W B
2

Equation D-11

Now let’s focus on the shear for domain range 2.
x
dV
W B
 W  V f  Vo   W  dx  V f 
 W  X  W  A
a
dX
2

Equation D-12

The final equation for shear in domain range 2 is….
V f  W  X  W  A 

W B
 A  X  A B
2

Equation D-13

The end of this equation is located at X=A+B.
V f ( A  B)  W ( A  B)  W  A 

W B
W  B
 V f ( A  B) 
2
2

Equation D-14

Applying the magnitude of the right support will give the next Vo for domain range 3.
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Vo 

W  B
 C y  Vo  W  A
2

Equation D-15

Now let’s turn our attention over the derivation of the third shear region. This region goes
from the right support to the right end of the beam.
X
dV
 W  V f  Vo   W  dX  V f  W  A  W  X  W ( A  B)
A B
dX

Equation D-16

The final equation for domain range 3 is…

V f  W  X  2 W  A  W  B  A  B  x  2  A  B

Equation D-17

Evaluating this equation at 2A+B gives the shear at the end of the beam. As a good check,
this value should always end at zero, and guess what the equation did end at 0. This check means
that all the equations and calculations done earlier are correctly done. Should this value be
anything other than zero, a complete re-evaluation is required.

V f (2  A  B)  0 Equation D-18
Now that the complete shear diagram has been derived symbolically, the moment diagrams
can be created. This process is the exact same thing as what was presented earlier, but this time
the polynomial equations get more complex. This makes tracking more difficult; however, with
some patients, the correct equations can be calculated.
Moment diagram equation for region 1. Note the Mo=0 because there is no moment at the
start of the beam. The shear equation is the final equation that was derived for domain range 1.
x
dM
W X2
 V  M f  M o   W  X  dX  M f  
0 X  A
0
dX
2

Evaluation of Mf gives the value at the end of domain range 1. This gives.

Equation D-19
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M f ( A)  

W  A2
Equation D-20
2

Remember the evaluation of Mf of the previous equation is the Mo for the next equation.
Now we can start on the middle domain range.
x
dM
W B
 V  M f  M o   (W  X  W  A 
)  dX
A
dX
2

Equation D-21

Performing the integration Power rule and canceling like terms gives the final equation for
the moment for region 2.
X

W  A2  W  X 2
W B X 
W  X 2
W B
W B A
Mf 

W  A X 
Mf 
W  A X 
 X  W  A2 

2
2
2
2
2
 2
A

Equation D-22
The domain of region two that this equation functions on is.

A  x  A B

Equation D-23

Evaluation of the moment equation for region two at A+B gives the end value of the domain
range. This value is the Mo for the last moment equation domain range.

A2 W
M ( A  B)  
2

Equation D-24

Another important thing to note within the middle domain range section is that there is a
possible max moment located at the center of the middle domain range; therefore, evaluation of
the Mf equation for domain range 2 at A+B/2. This is the location that is the very center of the
beam element. At this point, the algebra was getting to tedious, so wolframalpha.com was used
to simplify the complex un simplified equations. The simplified equation for the moment at the
center of the beam is.

146

B B 2 W A2 W
M (A ) 

2
8
2

Equation D-25

The last and third moment equation is from the right support to the end of the beam. This is
the same moment at the section from the start of the beam to the left support; however, the
results are mirrored. To ensure that this solution is completely solved, the equation for the third
section is found.
x

x

dM
W  A2  W  x 2
 V  M f  M o   (W  X  2 W  A  W  B)  dx  M f 

 2 W  A  x  W  B  x 
A

B
dx
2
 2
 a b

Equation D-26
The next equation is the previous equation evaluated and then algebraically simplified.

Mf 

W  x 2
B 2 W
 (2 W  A  W  B)  x  2  A W  B 
 2  A2 W Equation D-27
2
2

To ensure that the math was performed correctly the upper and lower bounds were placed
into the equation to ensure that the start starts where it is suppose too and that the end boundary
condition ends at zero.

M f (A B) 

WA2
2

M f (2A B)  0

Equation D-28

Equation D-29

Sure enough, the boundary conditions were satisfied and this means that there is a good
chance that the math was performed correctly.
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D.1 Shear and Moment of Two End Point Loads for Alternative Movement Loading
Scenario.
Throughout discussions in the shop, there has been concern for the strength of the 37.5 ft
long panel when it is picked up. The moments at the supports are considered too high in negative
bending, and we are worried that the moment induced at the support in the previous problem will
be too much for the panel. To make sure that the moment at the support, when picked up by the
crane, is not too much, straps could be used at the ends of the beam. These straps will reduce the
amount of moment there is under the pick points of the larger panel. The question here is how
many straps to we need. One approach is to pluck the straps like a guitar string and estimate the
loads in the straps; however, due to safety concerns, a more accurate approach is needed. The
shear and moment diagrams for two end points are going to be evaluated.

Figure D-2 Two Point Loading Scenario.
This is a much easier loading scenario to evaluate than the previous problem. The process of
creating these shear and moment diagrams for the new loading scenario are the same. The reason
we are going through the grueling process again is so that super position of the two final
solutions can be simultaneously applied to one another. This is the situation that mimics the two
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pick points with strapped ends. The intensity of P that causes the moment below the supports to
be zero is the answer. This load is the load that we will design the straps for. Each strap has a
particular load carrying capacity and the P that will be found in the end divided by the load
carrying capacity of each strap is how many straps we will need to pick up the member. I liked
the sound of the guitar method too, but I think this way will be more effective and safe.
First we have to sum the moments around the first support to figure out the vertical reaction
at the second support.

 M B  0   PA  Cy B  P( A  B)  0  Cy  P

Equation D-30

Symmetry of the loading scenario says that the load in support 1 and support 2 are equal.

Cy  By  By  P Equation D-31
Now the shear equations can be found. The same process as before was performed over and
over the end equations with their respective domain ranges are given.

Vf  P  0  x  A

Equation D-32

Vf  0  A  x  A  B

Equation D-33

Vf  P  A  B  x  2 A  B

Equation D-34

The equations for the moments were also calculated using the process presented in the
previous example.

M f  Px  0  x  A
M f  PA  A  x  A  B

Equation D-35

Equation D-36
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M f  P  x  P  B  2  P  A  A  x  A  B

Equation D-37

Now that the shear and moment diagrams have been calculated using the two different
loading scenarios, super position can be applied. Notice that the moment in loading case 1,
uniformly distributed load, is negative, and the moment in load case two, is positive. To figure
out the magnitude of P that would cause the moment under the support to be zero the magnitudes
of these two different moments are set equal to each other. The moment at the support in load
case one is on the right and the magnitude of the moment in load case 2 is on the right.

P A 

W  A2
WA
P
2
2

Equation D-38

This is the equation that says how much P has to be for there to be zero moment under the
support.
The straps have to carry more than the Magnitude of P because the straps are actually loading
the beam at an angle. The angle is also currently unknown because we have yet to determine the
height that the steel spreader bar will be off of the slab before we pick the main member up. The
higher the spreader beam is from the main beam, the better. This calculation ignores axial
compression on the main member so high angle of strap attachment will reduce the axial effects
induced on the main member.
Using basic trigonometry, the actual load in the straps can be found, but first we have to find
the angle of inclination of the straps.
  Tan 1 (

H
)
A

P prime is the load that the straps will have to carry.

Equation D-39
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Sin( ) 

P
P
WA
 P 
 P 
P
Sin( )
2  Sin( )

Equation D-40
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Appendix E Using CLT Handbook to Calculate Deflection Due to Liquid Concrete
To calculate the deflection of the 4’ by 20’ creep CLT panel use of the CLT handbook and
the PRG-320 manual were used. The PRG-320 handbook is the American National Standard for
Performance Rated Cross Laminated Timber Panels. The PRG-320 handbook has many useful
tables that explain the material characteristics of CLT Panels. The CLT grades are based on what
type of wood is used. The panels that we purchased were from Canada and the wood that they
are made of is Spruce Pine. Spruce Pine is ranked as a V2 Panel. Using the section properties in
the table, several of the variables in the proceeding sections are given.
Table E-1 Allowable Design Properties For CLT PRG-320 Handbook

Fb is the bending design values. E is the modulus of elasticity of the wood. Ft is the tensile
capacity of the wood. Fc is the compression capacity, Fv is the shear capacity, and Fs is the
rolling shear capacity of the wood. The o subscript means that the capacity is in the strong
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direction; parallel to grain, and the 90 subscript means the wood material is being loaded in the
weak direction; perpendicular to grain. With the properties of the wood found, the calculations in
the CLT handbook could be performed.
The cross section of the 4’ by 20’ creep panel looks like this.

Figure E-1 4’ by 20’ Creep Panel Cross Section.
In this calculation the concrete layer is not contributing to the flexural capacity of the cross
section. The concrete does not contribute to the flexural capacity for this calculation because this
method does not consider composite action. The concrete was also placed as a liquid and before
the concrete hardens, it is unable to withstand load. Since the CLT panel was not shored for
loads, the total weight of the concrete is withheld by the CLT panel itself.
I started with finding the EI effective term which was equation 24 in the structural section of
the CLT handbook. This equation is just the parallel axis theorem with the modulus of elasticity
multiplied onto it.

EI eff   Ei  bi 

hi3
  Ei  Ai  Zi2 Equation E-1
12

The E is the E for each layer, b is the total width of each layer, h is the individual layers
height, A is the area of the respective layer and Z is the distance from the neutral axis of the total
cross section to the center of the individual layer. Since the wood section is balanced on the
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center layer, there is a repeat pattern between the respective top and bottom layer above and
below the neutral axis of the wood cross section.
1
EI eff  (2  E90  3  E0 )( )(b)(h3 )   2  E90 (b  h)(d12 )  2  E0 (bh)(d 22 )  Equation E-2
12
1
A  (2(40000 psi)  3(1.4 106 psi))  ( )(48in)(1.35in)3 Equation E-3
12

B  2(40000 psi)  (48in)(1.35in)  (1.35in)2 Equation E-4
C  2(1.4 106 )  (48in)(1.35in)  (2.7in) 2 Equation E-5
EI eff  A  B  C  EI eff  1363346640lb  in2 Equation E-6
With the EI effective calculated, the next term to find is the GA effective. The GA term
relates to the shear deformations that the CLT panel experiences during loading. The GA
effective equation is equation 25 in the structural design section of the CLT Handbook. This GA
effective equation looks like…

GAeff 

a2
 h1 
 hi

  
 Gi  bi
 2  G1  b1 

  hn



  2  Gn  bn  

Equation E-7

The a term is the width of one of the dimensional lumber widths, b is the total width of the
CLT panel, h is the height of an individual layer within the CLT cross section, and G is the shear
modulus of the respective layer within the CLT cross section. The 1 subscript stands for the first,
or top layer, the “I” represents the layer within the CLT cross section that is not one of the
extreme outside layers, and the n subscript represents the last, or bottom, layer. Since the cross
section is balanced, several of the layers are just multiples of one another.

GAeff 

(5.5in)2
 
  1.35in  
1.35in
3 
  2

  2  (87500 psi )  (48in)   2(7500)(48)  

 GAeff  7147679 psi

Equation E-8
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Now that the shear modulus has been calculated the equation for the estimated deflection of
the CLT panel can be calculated. The deflection of the CLT element equation is equation 23 in
the structural section of the CLT handbook.

 max

lb
lb
18.75  (240in) 4
(18.75 )  (240in) 2 11.5
5 w  L4 1 w  L2  k
5
1
in
in


  max 

  max  .6inch
384 EI eff 8 GAeff
384 1363346640lb  in2 8
7147679lb  in 2

Equation E-9
The estimated deflection of the CLT panel due to the add on of the concrete is .6 inch. This
value should be greater than the actual deflection because composite action will take place in our
CLT panels and this prevents the deflections due to creep from taking place.
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Appendix F Pure Composite Analysis using Traditional Composite Theory
First the cross section shown in figure 8-12 has to be adjusted to simulate a single material cross
section.

Figure F-1 Adjusted Cross Section
This can be done by using ratios of the modulus of elasticity of each material. The cross section is
adjusted so that the entire multi material cross section is simulated as a single material cross section with
the same strength as the multi material cross section but with different geometric boundary conditions.
The ratio’s of the modulus of elasticity of each material with respects to the weakest material are
presented below. The modulus of elasticity for the strong and weak directions for the wood was found in
the PRG 320 CLT manual. The modulus of elasticity for the concrete was found in the ACI 318 concrete
manual.

F.1 Modulus of Elasticity of each material.

E0  1.4*106 psi  E90  1.2*106 psi

Equation F-1

Ec  57000 fc  Ec  57000 5200 psi  Ec  4.111*106 psi

Equation F-2
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F.2 Composite Ratio Length with Respect to Width

24in(4.111*106 psi)
bn1 
 bn1  82.22in
1.2*106 psi

Equation F-3

24in(1.4*106 psi)
bn2 
 bn1  28in
Equation F-4
1.2*106 psi
Now that the adjusted cross section has been calculated, the neutral axis of the adjusted cross
section can be found. This neutral axis location is the same for both the adjusted, one material,
and non-adjusted, multi material, cross section.
F.2.1 Composite Theory Centroid of Cross Section
y

 yA
 y  5.67inch
A

Equation F-5

Now that the neutral axis is found, the second area moment of inertia can be found. The
second area moment of inertia for the adjusted cross section is the same as the non-adjusted cross
section.
F.2.2 Second Area Moment of Inertia
I    I  Ad 2   I  2632in4

Equation F-6

Now that the second area moment of inertia has been calculated, the stress distribution for the
adjusted cross section can be found. Note that this stress distribution for the adjusted cross
section is not the same as the stress distribution for the non-adjusted cross section.
F.2.3 Material Stress at Top of Panel with Concrete

fcI
M cn
5200 psi(2632in4 )

 Mn 
 Mn 
 M n  99.85kip  ft
I
cn
3.33in(3.43)
Equation F-7

F.2.4 Material Stress at Bottom of Panel with Wood



fI
M cn
1680 psi(2632in4 )
 Mn  t  Mn 
 M n  55.55kip  ft
I
cn
5.67in(1.17)

Equation F-8
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The stress used for the wood was based off of the performance of the non-composite 2’ by 10’
CLT panel’s load versus mid-span displacement data. ’
F.2.5 Shear and Moment Due to Loading of the Panel

Figure F-2 Loading Situation
F.2.6 Max Moment Due to Applied Load for Concrete Topping.
M 

M (4)
PL
P(10 ft )
99.85kip  ft (4)
M 
P n
P
P  39.9kip
4
4
10 ft
10 ft

Equation F-9
F.2.7 Max moment Due to Applied Load for the Wood Bottom.
M 

M (4)
PL
P(10 ft )
55.55kip  ft (4)
M 
P n
P
P  22.2kip
4
4
10 ft
10 ft

Equation F-10

The maximm proposed load the panel can theoretically handle due to full composite action is
22.2 kips.
If full composite action does not take place then the neutral axis is not where this theory says it
should be.
Using the performance based tests for the neutral axis location; the magnitude of load failure is
closer to actual failure values than what composite theory states. This is because as the neutral
axis goes down, c goes down, M goes up, and then P goes up.
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Appendix G Concrete Cylinder Samples

Figure G-1 Concrete Sample Grinder

Figure G-2 Concrete Sample in Testing
Machine

G.1 Concrete Cylinder Sample Test at 28 Days. Concrete Pour 1 “4-28-16”
Table G-1 Data to First Concrete Pour Sample Tests
Diameter

Cross Sectional

(in)

Area (in^2)

Load (lb)

Stress

Failure Type

(lb/in^2)

Specimen 1

4.070

13.01

69725

5359

Columnar

Specimen 2

4.011

12.64

71830

5682

Columnar

Specimen 3

4.010

12.63

66480

5264

Columnar

Average Stress



5359

lb
lb
lb
 5682 2  5264 2
2
in
in
in  5435 lb
3
in2

fc  AverageCompressiveStrength  X 

 StressValues
lb
 5435 2
# ofValues
in
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Equation for non-biased standard deviation



1 n
 ( xi  x )2
n  1 i 1

N is the number of data points, Xi is the initial value of the data point, and X bar is the mean
of the data points.



1 n
 (5359  5435)2  (5682  5435)2  (5264  5435)2
3  1 i 1

  219

lb
in 2

Coefficient of Variation

Cv 


219 psi
 Cv 
 Cv  .04

5435 psi

Pictures of the Failed Concrete Specimens “in order of test one to test three”

Figure G-3 Close Up on Failed Concrete
Sample

Figure G-4 3 Concrete Failed Samples
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G.2 Concrete Cylinder Sample Test at 28 Days for Second Concrete Pour “5-18-“16
Table G-2 Data to First Concrete Pour Sample Tests
Diameter

Cross

(in)

Sectional

Load (lb)

Stress

Failure Type

(lb/in^2)

Area (in^2)
Specimen 1

4.0

12.57

62175

4946.3

Columnar

Specimen 2

4.0

12.57

62920

5005.6

Columnar

Specimen 3

4.0

12.57

59635

4744.2

Columnar

Specimen 4

4.0

12.57

66125

5260.5

Columnar

Average Stress



4946.3

lb
lb
lb
lb
 5005.6 2  4744.2 2  5260.5 2
2
in
in
in
in  4989.2 lb
4
in 2

fc  AverageCompressiveStrength  X 

 StressValues
lb
 4989.2 2
# ofValues
in

Equation for non-biased standard deviation



1 n
( xi  x )2

n  1 i 1

N is the number of data points, Xi is the initial value of the data point, and X bar is the mean
of the data points.



1 n
 (4946.3  4989.2)2  (5005.6  4989.2) 2  (4744.2  4989.2)2  (5260.5  4989.2)2
4  1 i 1
lb
  212.7 2
in
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Coefficient of Variation

Cv 


212.7 psi
 Cv 
 Cv  .0426

4989.2 psi

G.3 Concrete Cylinder Sample Test for 2’ by 10’ 8” Panel Six “Panel with Shear Stud
on Plates” Test Performed on 6/16/2016. Concrete pour 2.
Table G-3 Data to 2’ by 10’ 8” panel Six Concrete Cylinder Strength
Diameter

Cross Sectional

(in)

Area (in^2)

Load (lb)

Stress

Failure Type

(lb/in^2)

Specimen 1

4.0

12.57

80059

6369

Columnar

Specimen 2

4.0

12.57

79665

6338

Columnar

Specimen 3

4.0

12.57

84095

6690

Columnar

Average Stress



6369

lb
lb
lb
 6338 2  6690 2
2
in
in
in  6475 lb
3
in2

fc  AverageCompressiveStrength  X 

 StressValues
lb
 6475 2
# ofValues
in

Equation for non-biased standard deviation



1 n
( xi  x )2

n  1 i 1

N is the number of data points, Xi is the initial value of the data point, and X bar is the mean
of the data points.
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1 n
 (6369  6475)2  (6338  6475)2  (6690  6475)2
3  1 i 1

  195

lb
in 2

Coefficient of Variation

Cv 


195 psi
 Cv 
 Cv  .03

6475 psi

Pictures of the Failed Concrete Specimens “in order of test one to test three”

Figure G-5 Close Up on Failed Concrete
Sample

Figure G-6 3 Concrete Failed Samples
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G.4 Concrete Cylinder Sample Test for 2’ by 10’ 8” Panels 1-5 Test Performed on
7/18/2016. Pour-1
Table G-4 Data to 2’ by 10’ 8” panel Six Concrete Cylinder Strength
Diameter

Cross Sectional

(in)

Area (in^2)

Load (lb)

Stress

Failure Type

(lb/in^2)

Specimen 1

4.0

12.57

74530

5929

Columnar

Specimen 2

4.0

12.57

79305

6309

Columnar

Specimen 3

4.0

12.57

63840

5079

Columnar

Average Stress



5929

lb
lb
lb
 6309 2  5079 2
2
in
in
in  5772 lb
3
in2

fc  AverageCompressiveStrength  X 

 StressValues
lb
 5772 2
# ofValues
in

Equation for non-biased standard deviation



1 n
 ( xi  x )2
n  1 i 1

N is the number of data points, Xi is the initial value of the data point, and X bar is the mean
of the data points.



1 n
 (5929  5772)2  (6309  5772)2  (5079  5772)2
3  1 i 1

  630

lb
in 2
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Coefficient of Variation

Cv 


630 psi
 Cv 
 Cv  .11

5772 psi

Pictures of the Failed Concrete Specimens “in order of test one to test three”

Figure G-7 3 Concrete Failed Samples
G.5 Concrete Cylinder Sample Test for 2’ by 10’ 8” Panels 1-5 Test Performed on
7/18/2016. Pour-2
Table G-5 Data to 2’ by 10’ 8” panel Six Concrete Cylinder Strength
Diameter

Cross Sectional

(in)

Area (in^2)

Load (lb)

Stress

Failure Type

(lb/in^2)

Specimen 1

4.0

12.57

68040

5412

Columnar

Specimen 2

4.0

12.57

67600

5378

Columnar

Specimen 3

4.0

12.57

66115

5260

Columnar
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Average Stress



5412

lb
lb
lb
 5378 2  5260 2
2
in
in
in  5350 lb
3
in2

fc  AverageCompressiveStrength  X 

 StressValues
lb
 5350 2
# ofValues
in

Equation for non-biased standard deviation



1 n
( xi  x )2

n  1 i 1

N is the number of data points, Xi is the initial value of the data point, and X bar is the mean
of the data points.



1 n
(5412  5350)2  (5378  5350)2  (5260  5350)2

3  1 i 1

  79.77

lb
in2

Coefficient of Variation

Cv 


79.77 psi
 Cv 
 Cv  .015

5350 psi

Pictures of the Failed Concrete Specimens “in order of test one to test three”
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Figure G-8 3 Concrete Failed Samples

G.6 Concrete Cylinder Sample Test for 37.5 ft Panel Test Performed on 8/8/2016.
Pour-2
Table G-6 Data to 2’ by 10’ 8” panel Six Concrete Cylinder Strength
Diameter

Cross Sectional

(in)

Area (in^2)

Load (lb)

Stress

Failure Type

(lb/in^2)

Specimen 1

4.0

12.57

82785

6586

Columnar

Specimen 2

4.0

12.57

77610

6174

Columnar

Specimen 3

4.0

12.57

77145

6137

Columnar

Specimen 4

4.0

12.57

80785

6427

Columnar

Average Stress



6586

lb
lb
lb
 6174 2  6137  6427 2
2
in
in
in  6331 lb
4
in 2

fc  AverageCompressiveStrength  X 

 StressValues
lb
 6331 2
# ofValues
in
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Equation for non-biased standard deviation



1 n
 ( xi  x )2
n  1 i 1

N is the number of data points, Xi is the initial value of the data point, and X bar is the mean
of the data points.



1 n
 (6586  6331)2  (6174  6331)2  (6137  6331)2  (6427  6331)2
4  1 i 1

  213

lb
in 2

Coefficient of Variation

Cv 


213 psi
 Cv 
 Cv  .034

6331 psi

Pictures of the Failed Concrete Specimens “in order of test one to test three”

Figure G-9 3 Concrete Failed Samples

168
G.7 Concrete Cylinder Sample Test for 8’ by 8’ Panel Ultimate Strength Test
Performed on 8/15/2016. Concrete Pour-1
Table G-7 Data to 2’ by 10’ 8” panel Six Concrete Cylinder Strength
Diameter

Cross Sectional

(in)

Area (in^2)

Load (lb)

Stress

Failure Type

(lb/in^2)

Specimen 1

4.0

12.57

66865

5319

Columnar

Specimen 2

4.0

12.57

72925

5802

Columnar

Specimen 3

4.0

12.57

78330

6232

Columnar

Specimen 4

4.0

12.57

75495

6006

Columnar

Average Stress



5319

lb
lb
lb
 5802 2  6232  6006 2
2
in
in
in  5840 lb
4
in 2

fc  AverageCompressiveStrength  X 

 StressValues
lb
 5840 2
# ofValues
in

Equation for non-biased standard deviation



1 n
 ( xi  x )2
n  1 i 1

N is the number of data points, Xi is the initial value of the data point, and X bar is the mean
of the data points.



1 n
(5319  5840)2  (5802  5840)2  (6232  5840)2  (6006  5840)2

4  1 i 1
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  389

lb
in 2

Coefficient of Variation

Cv 


389 psi
 Cv 
 Cv  .067

5840 psi

Pictures of the Failed Concrete Specimens “in order of test one to test three”

Figure G-10 3 Concrete Failed Samples
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Appendix H Flexural Bending Procedures Per ASTM
H.1 6”x6”x12” Concrete Flexural Sample Test for 2’ by 10’ 8” Panel Six “Panel with
Shear Stud on Plates” Pour-2 Test Performed on 6/16/2016.
Table H-1 Tensile Strength Test for 2’ by 10’ 8” Panel Six
Neutral

Second Area

Load (lb)

Moment

Axis Depth

Moment (in^4)

Machine

(Lb-in)

Stress (Psi)

Specimen 1

3 in

108

7228

12649

341

Specimen 2

3 in

108

7182

12569

349

Specimen 3

3 in

108

6989

12231

340

Average Stress



341

lb
lb
lb
 349 2  340 2
2
in
in
in  343 lb
3
in2

ft  AverageTensileStrength  X 

 StressValues
lb
 343 2
# ofValues
in

Equation for non-biased standard deviation



1 n
 ( xi  x )2
n  1 i 1

N is the number of data points, Xi is the initial value of the data point, and X bar is the mean
of the data points.



1 n
(341  343)2  (349  343)2  (340  343)2

3  1 i 1
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 5

lb
in 2

Coefficient of Variation

Cv 


5 psi
 Cv 
 Cv  .015

343 psi

Pictures of the Failed Concrete Specimens “in order of test one to test three”

Figure H-1 Close Up on Failed Concrete
Sample

Figure H-2 3 Concrete Failed Samples
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H.2 6”x6”x12” Concrete Flexural Sample Test for 2’ by 10’ 8” Panels 1-5. Test
Performed on 7/18/2016. Pour 1.
Table H-2 Tensile Strength Test for 2’ by 10’ 8” Panels 1-5
Neutral

Second Area

Load (lb)

Moment

Axis Depth

Moment (in^4)

Machine

(Lb-in)

Stress (Psi)

Specimen 1

3 in

108

7799

13648

379

Specimen 2

3 in

108

8261

14457

402

Specimen 3

3 in

108

7826

13696

380

Average Stress



379

lb
lb
lb
 402 2  380 2
2
in
in
in  387 lb
3
in2

ft  AverageTensileStrength  X 

 StressValues
lb
 387 2
# ofValues
in

Equation for non-biased standard deviation



1 n
 ( xi  x )2
n  1 i 1

N is the number of data points, Xi is the initial value of the data point, and X bar is the mean
of the data points.



1 n
 (379  387)2  (402  387)2  (380  387)2
3  1 i 1
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  13

lb
in 2

Coefficient of Variation

Cv 


13 psi
 Cv 
 Cv  .034

387 psi

Pictures of the Failed Concrete Specimens “in order of test one to test three”

Figure H-3 3 Concrete Failed Samples
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H.3

6”x6”x12” Concrete Flexural Sample Test for 2’ by 10’ 8” Panels 1-5. Test
Performed on 7/18/2016. Pour-2
Table H-3 Tensile Strength Test for 2’ by 10’ 8” Panels 1-5
Neutral

Second Area

Load (lb)

Moment

Axis Depth

Moment (in^4)

Machine

(Lb-in)

Stress (Psi)

Specimen 1

3 in

108

7101

12427

345

Specimen 2

3 in

108

7424

12992

361

Specimen 3

3 in

108

6808

11914

331

Average Stress



345

lb
lb
lb
 361 2  331 2
2
in
in
in  346 lb
3
in2

ft  AverageTensileStrength  X 

 StressValues
lb
 346 2
# ofValues
in

Equation for non-biased standard deviation



1 n
 ( xi  x )2
n  1 i 1

N is the number of data points, Xi is the initial value of the data point, and X bar is the mean
of the data points.



1 n
 (345  346)2  (361  346)2  (331  346)2
3  1 i 1
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  15

lb
in 2

Coefficient of Variation

Cv 


15 psi
 Cv 
 Cv  .043

346 psi

Pictures of the Failed Concrete Specimens “in order of test one to test three”

Figure H-4 3 Concrete Failed Samples
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H.4 6”x6”x12” Concrete Flexural Sample Test for 37.5’ Panel. Pour 2 Test Performed
on 8/8/2016.
Table H-4 Tensile Strength Test for 2’ by 10’ 8” Panel Six
Neutral

Second Area

Load (lb)

Moment

Axis Depth

Moment (in^4)

Machine

(Lb-in)

Stress (Psi)

Specimen 1

3 in

108

7197

12595

350

Specimen 2

3 in

108

7071

12375

344

Specimen 3

3 in

108

7394

12940

359

Specimen 4

3 in

108

6790

11883

330

Specimen 5

3 in

108

7062

12359

343

Specimen 6

3 in

108

7578

13262

368

Average Stress



350

lb
lb
lb
lb
lb
lb
 344 2  359 2  330 2  343 2  368 2
2
in
in
in
in
in
in  349 lb
6
in2

ft  AverageTensileStrength  X 

 StressValues
lb
 349 2
# ofValues
in

Equation for non-biased standard deviation



1 n
( xi  x )2

n  1 i 1

N is the number of data points, Xi is the initial value of the data point, and X bar is the mean
of the data points.
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1 n
 (350  349)2  (344  349)2  (359  349)2  (330  349) 2  (343  349) 2  (368  349)2
6  1 i 1

  13.3

lb
in 2

Coefficient of Variation

Cv 


13.3 psi
 Cv 
 Cv  .038

349 psi
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Appendix I
I.1

2’ by 10’ 8” Data for Specimen 2 through 8

Specimen Two Test and Data Analysis

Figure I-1 2’ by 10’ 8” Panel 2

Figure I-2 2’ by 10’ 8” Panel 2 Failure

Figure I-3 Panel 2 Load versus Middle Displacement
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Figure I-4 Neutral Axis versus Actuator Load Panel 2

Rd8

OJ0

OJ2

OJ3 OJ4

Figure I-5 2’ by 10’ 8” Panel 2 Relative Shear Displacement; Left Side of Panel
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Rd7

Rd6

Rd3

Rd2 Rd0

Figure I-6 2’ by 10’ 8” Panel 2 Relative Shear Displacement; Right Side of Panel

OJ3-OJ4

OJ2-OJ3 OJ0-OJ2 Rd8-OJ0

C-Rd8

Figure I-7 2’ by 10’ 8” Panel 2 Relative Shear Strain; Left Side of Panel
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Rd2-Rd0

Rd3-Rd2 Rd6-Rd3 Rd7-Rd6

Figure I-8 2’ by 10’ 8” Panel 2 Relative Shear Strain; Right Side of Panel

I.2

Specimen Three Test and Data Analysis

C-Rd7
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Figure I-9 Specimen 3.

Figure I-10 Specimen 3 Failure.

Figure I-11 2’ by 10’ 8” Panel 3 Load versus Middle Displacement
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Figure I-12 Neutral Axis versus Actuator Load Panel 3

Rd8

OJ0

OJ2

OJ3

Figure I-13 2’ by 10’ 8” Panel 3 Relative Shear Displacement; Left Side of Panel

OJ4

184

Rd7

Rd6

Rd2

Rd0

Rd3

Figure I-14 Panel 3 Relative Shear Displacement; Right Side of Panel

OJ3-OJ4 OJ2-OJ3

OJ0-OJ2

Rd8-OJ0

C-Rd8
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Figure I-15 2’ by 10’ 8” Panel 3 Relative Shear Strain; Left Side of Panel

Rd3-Rd2
Rd7-Rd6

Rd2-Rd0

C-Rd7

Rd6-Rd3

Figure I-16 Panel 3 Relative Shear Strain; Right Side of Panel
I.3

Specimen Four Test and Data Analysis

Figure I-17 2’ by 10’ 8” Panel Four

Figure I-18 2’ by 10’ 8” Panel Four Failure
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Figure I-19 Load Versus Middle Displacement Panel 4

Figure I-20 Neutral Axis versus Actuator Load Panel 4
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OJ0

Rd8

OJ2 OJ3 OJ4

Figure I-21 2’ by 10’ 8” Panel 4 Relative Shear Displacement; Left Side of Panel

Rd7

Rd6

Rd3

Rd2

Rd0
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Figure I-22 2’ by 10’ 8” Panel 4 Relative Shear Displacement; Right Side of Panel

OJ3-OJ4

OJ0-OJ2 Rd8-OJ0
OJ2-OJ3

C-Rd8

Figure I-23 2’ by 10’ 8” Panel 4 Relative Shear Strain; Left Side of Panel

Rd2-Rd0

Rd3-Rd2 Rd6-Rd3

Rd7-Rd6

C-Rd7
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Figure I-24 2’ by 10’ 8” Panel 4 Relative Shear Strain; Right Side of Panel
I.4

Specimen Five Test and Data Analysis

Figure I-25 2’ by 10’ 8” Panel 5 Failure

Figure I-26 2’ by 10’ 8” Panel 5

Figure I-27 2’ by 10’ 8” Panel 5 Load versus Middle Displacement
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Figure I-28 Neutral Axis versus Actuator Load Panel 5

OJ2

OJ0

Rd8

OJ4

OJ3

Figure I-29 2’ by 10’ 8” Panel 5 Relative Shear Displacement; Left Side of Panel.
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Rd7

Rd6

Rd3

Rd2

Rd0

Figure I-30 2’ by 10’ 8” Panel 5 Relative Displacement; Right Side of Panel

OJ3-OJ4

OJ2-OJ3 OJ0-OJ2 Rd8-OJ0
C-Rd8

Figure I-31 Relative Shear Strain; Panel 5; Left Side of Panel

192

Rd2-Rd0

Rd3-Rd2

Rd6-Rd3

C-Rd7

Rd7-Rd6

Figure I-32 2’ by 10’ 8” Panel 5 Relative Shear Strain; Right Side of Panel
I.5

Specimen Six Test and Data Analysis

Figure I-33 2’ by 10’ 8” Panel Six Failure

Figure I-34 2’ by 10’ 8” Panel Six with
Sensors
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Figure I-35 Load versus Middle Displacement Panel 6

Figure I-36 Neutral Axis versus Actuator Load
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Figure I-37 and Figure I-38 have to be looked at together. These next two graphs show the
slip displacement of each sensor along the length of the panel. There are a total of 7 lines on each
graph. Focusing on the load versus displacement graph of panel six “Figure I-35” we see that the
load versus displacement graph decreased in value 3 time over the course of the test. During each
of these drops in load, there was a loud bang sound. The lines relate to the start and stop of each
drop.
Focusing on Figure I-37 the first line, or the start of the first drop in load, had no significant
change in magnitude in sensor displacement; however, focusing on Figure I-38, we note that the
sensors did have a significant change in displacement along the panels’ length. This means that
the left side of the panel slipped into bearing, and that the right side of the panel remained
unchanged. Looking back at Figure I-37 we see that line 3, which was higher than the first two
lines because of increased load, and line 4 are separated. This separation shows that during the
second drop in load the right side of the panel went into bearing. On Figure I-38 there was no
significant change in slip displacement because the left side of the panel shear stud interface
shear resistance had already gone into bearing.
The third drop in load did not have any significant change in slip displacement, so the panel
drop in load was assumed to be due to a failure of fibers in the CLT panel. The last line at the top
of both Figure I-37 and Figure I-38 was the slip displacement on the sensors right before ultimate
failure of the CLT composite panel.
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Displacement Versus Location Right Side of Panel 6 (Stud Plates)
Displacement of Sensor (in)

0.14
0.12
0.1
0.08
0.06
0.04
0.02
0
0

10

20

30

40

50

60

Location From Outside To Inside (in)

Displacement Vs. Location Right
Side 07:26.2 A
Displacement Vs. Location Right
Side 07:26.2 B
Displacement Vs. Location Right
Side 07:58.2 A
Displacement Vs. Location Right
Side 07:58.2 B
Displacement Vs. Location Right
Side 09:29.6 A
Displacement Vs. Location Right
Side 09:29.6 B
Displacement Vs. Location Right
Side 10:20.8

Figure I-37 Displacement versus Location Right Side of Panel 6 (Stud Plates)

Displacement Versus Location Left Side of Panel 6 (Stud Plates)

Displacement of Sensor (In)

0.14
0.12

Displacement Vs. Location Left Side
07:26.2 A

0.1

Displacement Vs. Location Left Side
07:26.2 B

0.08

Displacement Vs. Location Left Side
07:58.2 A

0.06

Displacement Vs. Location Left Side
07:58.2 B

0.04

Displacement Vs. Location Left Side
09:29.6 A

0.02

Displacement Vs. Location Left Side
09:29.6 B

0
0

10

20

30

40

50

60

Displacement Vs. Location 10:20.8

Location From Outside to Inside Left Side (in)

Figure I-38 Displacement versus Location Left Side of Panel 6 (Stud Plates)
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Rd0
Rd6 Rd3 Rd2

Rd7

Figure I-39 Relative Shear Displacement; Panel 6; Right Side

Rd8

OJ0

OJ2 OJ3
OJ4

Figure I-40 Relative Shear Displacement; Panel 6; Right Side
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OJ3-OJ4 OJ2-OJ3

OJ0-OJ2

Rd8-OJ0
C-Rd8

Figure I-41 2’ by 10’ 8” Panel 6 Load versus Slip Strain; Left Side

Rd2-Rd0 Rd3-Rd2 Rd6-Rd3

Rd7-Rd6

C-Rd7

Figure I-42 2’ by 10’ 8” Panel 6 Load versus Slip Strain; Right Side
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I.6

Panel Seven “Wood CLT Only” Test and Data Analysis

Figure I-43 2’ by 10’ 8” Panel Seven

Figure I-44 2’ by 10’ 8” Panel Seven Failure

Figure I-45 Panel 7 Load versus Middle Displacement
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Figure I-46 Neutral Axis versus Actuator Load Panel 7
I.7

Panel Eight “Wood CLT Only B” Test and Data Analysis

Figure I-47 2’ by 10’ 8” Panel 8

Figure I-48 2’ by 10’ 8” Panel 8 Failure
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Figure I-49 2’ by 10’ 8” Panel 8 Load versus Middle Displacement

Figure I-50 Neutral Axis versus Actuator Load Panel 8
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Appendix J

8’ by 8’ Specimen Data Graphs for Linear Loading Tests

8’ by 8’Panel 1 Strong Axis Positive Bending

J.1

Figure J-1 8’ by 8’ Panel 1 Strong Axis Positive Bending
8’ by 8’Panel 1 Weak Axis Positive Bending

Figure J-2 8’ by 8’ Panel 1 Weak Axis Positive Bending
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J.2

8’ by 8’ Panel 1 Strong Axis Negative Bending

J.3

Figure J-3 8’ by 8’ Panel 1 Strong Axis Negative Bending
8’ by 8’ Panel 1 Weak Axis Negative Bending

Figure J-4 8’ by 8’ Panel 1 Weak Axis Negative Bending
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J.4

8’ by 8’ Panel 2 Strong Axis Positive Bending

Figure J-5 8’ by 8’ Panel 2 Strong Axis Positive Bending
J.5

8’ by 8’ Panel 2 Weak Axis Positive Bending

Figure J-6 8’ by 8’ Panel 2 Weak Axis Positive Bending
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J.6

8’ by 8’ Panel 2 Strong Axis Negative Bending

Figure J-7 8’ by 8’ Panel 2 Strong Axis Negative Bending
J.7

8’ by 8’ Panel 2 Weak Axis Negative Bending

Figure J-8 8’ by 8’ Panel 2 Weak Axis Negative Bending
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J.8

8’ by 8’ Panel 3 Strong Axis Positive Bending

Figure J-9 8’ by 8’Panel 3 Strong Axis Positive Bending.
J.9

8’ by 8’ Panel 3 Weak Axis Positive Bending

Figure J-10 8’ by 8’ Panel 3 Weak Direction Positive Bending
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J.10 8’ by 8’ Panel 3 Strong Axis Negative Bending

Figure J-11 Panel 3 Negative Bending Strong Direction.
J.11 8’ by 8’ Panel 3 Weak Axis Negative Bending

Figure J-12 Panel 3 Weak Axis Negative Bending
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Appendix K SOM Concrete Specifications
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