
 

 

Variations in Power-Actuated Fastener Shear 

Capacity with Respect to Concrete Coarse 

Aggregate Properties 

 

A THESIS SUBMITTED TO THE FACULTY OF THE 

UNIVERSITY OF MINNESOTA BY 

 

Scott D. Overacker 

 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR 

THE DEGREE OF MASTER OF SCIENCE 

 

 

 

 

Dr. Arturo E. Schultz 

 

December 2019



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright © Scott D. Overacker 2019



i 

 

Acknowledgements 

I would like to thank Dr. Arturo E. Schultz for his advisement throughout my time at the 

University of Minnesota. His direction, expertise, and devotion to the project were essential 

to this research effort. I would also like to thank Dr. Jia-Liang Le and Dr. Susan C. Mantell 

for serving as members of the oral exam committee. 

I would like to acknowledge Hilti Corporation, who sponsored this research, and Peter 

Grzesik (Code & Approval Manager, Business Unit Direct Fastening), who provided 

valuable guidance, insight, and reference material throughout the project.  

A number of people were extremely valuable to the completion of the laboratory testing 

portion of the project, including lab managers Paul Bergson, Mugur Turos, Ben 

Guengerich, and Evan Cosgriff; undergraduate lab assistants Andy McCann and Martin 

Ramaswamy; and fellow graduate students Ramzi Labbane, Ravi Kumar, Ebrahim 

Shemshadian, Jhenyffer Lorrany Matias de Oliveira, and Tianhao Yan. 

I would like to thank Element Materials Technology in St. Paul, MN, and Jason Steen and 

Tom Kolden in particular, for performing various tests; providing data, advice, and 

materials; and working collaboratively throughout the research effort.  

The miscellaneous assistance of other individuals and organizations, including Josh 

Vievering, Gary Nelson, Abigail Talapa, Matt Polansky, Randall Spencer, Chris Gill, Gary 

Rohwedder, Erin Norwood, Brian Farmer, Tom Martin, Advance Companies, and 

OPCMIA Local 633 were crucial to this effort, and I am grateful for their work or 

donations.  



ii 

 

Abstract  

Power-actuated fasteners (PAFs) securing the cold-formed steel track to concrete slab 

connection in non-structural partition walls are a critical failure point in buildings in low 

to high seismic regions. Concrete composition is hypothesized to have a major effect on 

the performance of PAFs; however, guidelines currently available in the United States for 

the evaluation of PAF performance in concrete do not include clear specifications on 

concrete mixes or aggregates. Testing and evaluation criteria for seismic applications is 

also not available. The focus of this thesis is on the dependency of PAF performance, in 

terms of capacity, embedment, stiffness, and shank bending, with respect to concrete coarse 

aggregate properties. A survey of concrete aggregates across a wide range of locations in 

the United States and Canada was conducted, and a classification system with 

recommended parameters for defining the toughness of concrete coarse aggregates was 

proposed. A loading device and methods for testing the out-of-plane behavior of groups of 

fasteners in cold-formed steel tracks under shear loading were developed, and several 

combinations of fasteners and concrete aggregates were tested. Results of the out-of-plane 

track shear tests were compared to shear tests of single fasteners installed into the same 

concrete mixes. The detriment of increased aggregate toughness on stick rate, embedment, 

and bending of the fastener shanks was noted. Additionally, an inverse relationship 

between coarse aggregate toughness and fastener capacity, as well as a strong group effect 

that reduced variability and increased capacities per fastener, was observed.  

 



iii 

 

Table of Contents 

Acknowledgements ......................................................................................................................... i 

Abstract ........................................................................................................................................... ii 

Table of Contents .......................................................................................................................... iii 

List of Tables .................................................................................................................................. v 

List of Figures ............................................................................................................................... vii 

List of Notations ........................................................................................................................... xii 

List of Abbreviations .................................................................................................................. xiii 

Chapter 1. Introduction and Previous Research .................................................................. 1 

1.1. Project Background ........................................................................................................ 1 

1.2. Research Motivation ....................................................................................................... 8 

1.3. Research Objectives ..................................................................................................... 11 

Chapter 2. Concrete and Coarse Aggregate Properties Survey and Definition .............. 12 

2.1. Concrete and Coarse Aggregate Overview .................................................................. 12 

2.2. Aggregate Parameterization ......................................................................................... 13 

2.3. Aggregate Properties across U.S. and Canada ............................................................. 19 

2.4. Aggregate Categorization ............................................................................................. 30 

Chapter 3. Design of Out-of-plane Track Test Setup ........................................................ 34 

3.1. Out-of-plane Testing Overview .................................................................................... 34 

3.2. Test Setups Used in Previous Studies ........................................................................... 34 

3.3. Out-of-Plane Track Loading Device and Supporting Frame ........................................ 35 

3.4. Concrete Slabs .............................................................................................................. 39 

3.5. Power-actuated Fasteners and Tools ............................................................................ 41 

3.6. Cold-Formed Steel Track ............................................................................................. 42 

3.7. Instrumentation and Data Collection ............................................................................ 43 

3.8. Construction Diagrams ................................................................................................. 43 

Chapter 4. Testing Procedures and Protocol ...................................................................... 48 

4.1. Track Test Procedure .................................................................................................... 48 

4.2. Single Fastener Testing Procedure ............................................................................... 50 

4.3. Setting Test Procedure .................................................................................................. 51 

Chapter 5. Test Results and Data Analysis ......................................................................... 54 

5.1. Controls and Variables ................................................................................................. 54 



iv 

 

5.2. Concrete Strength Results ............................................................................................ 55 

5.3. Track and Single Fastener Shear Test Results .............................................................. 59 

5.4. Setting Test Results ...................................................................................................... 87 

Chapter 6. Conclusion .......................................................................................................... 90 

6.1. Summary....................................................................................................................... 90 

6.2. Observations and Conclusions...................................................................................... 90 

6.3. Proposed Criteria for PAF Certification Test ............................................................... 92 

6.4. Recommendations for Future Work ............................................................................. 93 

References ..................................................................................................................................... 96 

Appendices .................................................................................................................................. 101 

Appendix A. Aggregate Data Sheets .................................................................................. 101 

Appendix B. Concrete Mix Designs ................................................................................... 140 

Appendix C. Track Test Slab Drawings ............................................................................. 156 

Appendix D. Out-of-plane Test Setup Drawings ................................................................ 163 

Appendix E. Slab and Load Frame Design ........................................................................ 168 

Appendix F. Concrete Test Results for Track Tests ........................................................... 184 

Appendix G. Track Test Results ......................................................................................... 189 

Appendix H. Single Fastener Test Results .......................................................................... 240 

 

  



v 

 

List of Tables 

Table 1-1 – Average single PAF shear capacity [3] ........................................................................ 4 

Table 2-1 – Typical ASTM test results provided for coarse aggregates by suppliers ................... 13 

Table 2-2 – Hardness classifications for example rock types [40] ................................................ 20 

Table 2-3 – Properties of selected aggregates ................................................................................ 30 

Table 2-4 – Concrete mix designs used for testing ........................................................................ 32 

Table 2-5 – Gradation of normal-weight coarse aggregates in mix designs .................................. 33 

Table 3-1 – Minimum schedule for cylinder testing for each concrete casting ............................. 41 

Table 3-2 – PAF products for testing ............................................................................................. 42 

Table 4-1 – Tool, fastener, and concrete combinations for track tests .......................................... 48 

Table 4-2 – Comparison of fasteners used in setting tests [60] ..................................................... 52 

Table 5-1 – Concrete strengths based on field-cured cylinders for track test slabs ....................... 58 

Table 5-2 – Average 28-day standard-cured strengths of concrete cylinders for track test slabs .. 58 

Table 5-3 – Comparison of concrete compressive strengths between tests ................................... 59 

Table 5-4 – Average ultimate load per nail and coefficient of variation for all tests ..................... 64 

Table 5-5 – Allowable shear loads by fastener, concrete, and load test ........................................ 65 

Table 5-6 – Powder tool energy levels for X-P 27 fastener installations ....................................... 66 

Table 5-7 – Average and coefficient of variation of embedment for all fasteners......................... 68 

Table 5-8 - Average and coefficient of variation of bending classification for all fasteners ......... 71 

Table 5-9 – Example bending classifications for track fasteners ................................................... 72 

Table 5-10 – Average and coefficient of variation of stiffness for all fasteners ............................ 77 

Table 5-11 – Average stiffness for each bending class for single fastener tests ............................ 79 

Table 5-12 – Fastener quantity and ultimate load of each bending class for all concrete types .... 84 

Table 5-13 – Setting test results into bare concrete ....................................................................... 87 

Table 5-14 – Setting test results through cold-formed steel .......................................................... 87 

Table 5-15 – Comparison of tested stick rate to manufacturer estimations ................................... 89 

Table 6-1 – Concrete mix designs proposed for PAF certification tests ........................................ 93 

Table 6-2 – Coarse aggregate properties proposed for PAF certification tests .............................. 93 
 
Table A-1 – Summary of concrete data sheet figures .................................................................. 102 

Table B-1 – Summary of concrete mix design figures ................................................................ 140 

Table F-1 – Lightweight concrete split tensile test results ........................................................... 184 

Table F-2 – Standard NWC (1st pour) split tensile test results..................................................... 184 



vi 

 

Table F-3 – Standard NWC (2nd pour) split tensile test results .................................................... 184 

Table F-4 – Tough NWC split tensile test results ........................................................................ 184 

Table F-5 – Lightweight concrete compressive test results ......................................................... 185 

Table F-6 – Standard NWC (1st pour) compressive test results ................................................... 186 

Table F-7 – Standard NWC (2nd pour) compressive test results .................................................. 187 

Table F-8 – Tough NWC compressive test results ...................................................................... 188 

  



vii 

 

List of Figures 

Figure 1-1 – Non-structural track in concrete PAF application [2] ................................................. 1 

Figure 1-2 – Typical PAF used in track-to-concrete connection [5] ............................................... 2 

Figure 1-3 – Common partition wall construction supported by PAFs [7] ...................................... 2 

Figure 1-4 – Concrete base material failure [13] ............................................................................. 4 

Figure 1-5a (left) – Track bearing failure mode; Figure 1-5b (middle-left) – Track pull-through 

failure mode; Figure 1-5c (middle-right) – PAF shear failure mode; Figure 1-5d (right) – 

PAF pull-out failure mode [3] ................................................................................................. 4 

Figure 1-6 – Track application of PAFs [11] ................................................................................... 5 

Figure 1-7 – Drywall failures in wall test [4] ................................................................................... 6 

Figure 2-1a (left) – Reference hardness map from Advance Drills, Inc. [36] and Diamond 

Products [37]; Figure 2-1b (right) – Reference hardness map from Industrial Diamond 

Association of America [38], Tapcon [39], Diamond Tools Technology [40], and National 

Equipment [41] ...................................................................................................................... 14 

Figure 2-2a (left) – Spherical indenter used in Brinell and Meyer hardness tests; Figure 2-2b 

(right) – Pyramidal indenter used in Vickers hardness test [49] ........................................... 18 

Figure 2-3 – Correlation between Vickers and Mohs Hardness values [50] ................................. 19 

Figure 2-4a (left) – Typical limestone [53]; Figure 2-4b (middle) – Typical gravel/river rock [54]; 

Figure 2-4c (right) – Typical granite/trap rock [55] .............................................................. 20 

Figure 2-5 – Locations of coarse aggregate quarry data ................................................................ 21 

Figure 2-6 – Quarry gradations compared to ASTM size ranges .................................................. 22 

Figure 2-7 – Relationship between specific gravity and LA abrasion loss for each time zone ..... 23 

Figure 2-8 – Relationship between specific gravity and LA abrasion loss for aggregate groups .. 24 

Figure 2-9 – Ranges of specific gravities for each rock type ......................................................... 24 

Figure 2-10 – Ranges of LA abrasion loss percentages for each rock type ................................... 25 

Figure 2-11 – Ranges of specific gravities for each concrete use .................................................. 26 

Figure 2-12 – Ranges of LA abrasion loss percentages for each concrete use .............................. 26 

Figure 2-13 – USGS map of U.S. aggregate sources [52] ............................................................. 27 

Figure 2-14 – Overall US Aggregate Production [52] ................................................................... 28 

Figure 2-15 – Quarry locations with respect to reference hardness map from Advance Drills, Inc. 

[36] and Diamond Products [37] ........................................................................................... 28 



viii 

 

Figure 2-16 – Quarry locations with respect to reference hardness map from Industrial Diamond 

Association of America [38], Tapcon [39], Diamond Tools Technology [40], and National 

Equipment [41] ...................................................................................................................... 29 

Figure 2-17a (top left) – St. Croix gravel; Figure 2-17b (top right) – Orca granite; Figure 2-17c 

(bottom left) – Trenhaile limestone; Figure 2-17d (bottom right) – Baton Rouge lightweight

 ............................................................................................................................................... 31 

Figure 3-1 (two views) – In-plane track test setup using mechanical rollers and LVDT 

instrumentation [5] ................................................................................................................ 34 

Figure 3-2 – Overall test setup ....................................................................................................... 36 

Figure 3-3 – Cut-away depiction of linear bearing system [59] .................................................... 37 

Figure 3-4 – One side of actuator cross-beam to loading-strut connection ................................... 38 

Figure 3-5a (left) – Track cross-head built up section; Figure 3-5b (right) – Cut-away view of 

bottom member of built-up section ....................................................................................... 39 

Figure 3-6a (left) – Hilti DX5 powder-actuated tool; Figure 3-6b (right) – Hilti BX3 electro-

mechanically-actuated tool [60] ............................................................................................ 42 

Figure 3-7 – Assemblage of supporting frame elements attached to the lab floor ......................... 44 

Figure 3-8 – Attachment of transfer beams and linear bearings to supporting frame .................... 44 

Figure 3-9 – Attachment of loading struts, actuator cross-beam, and 22-kip actuator to linear 

bearings and supporting frame .............................................................................................. 45 

Figure 3-10 – Placement of concrete slab on supporting frame ..................................................... 45 

Figure 3-11 – Installation of cold-formed steel track to concrete slab using PAFs ....................... 46 

Figure 3-12 – Attachment of track cross-head to loading frame within cold-formed steel track .. 46 

Figure 3-13 – Attachment of track cross-head to loading frame within cold-formed steel track in a 

different location for another test .......................................................................................... 47 

Figure 3-14 – Instrumented test setup ............................................................................................ 47 

Figure 4-1 – Typical installed track for load testing ...................................................................... 49 

Figure 4-2 – Fastener locations and spacing in track ..................................................................... 49 

Figure 4-3 – Fastener bending classes due to installation deformation (image courtesy of Hilti) . 50 

Figure 4-4 – Single fastener shear test device ................................................................................ 51 

Figure 4-5 – Fastener tip relationship with concrete penetration [60] ........................................... 52 

Figure 4-6 – Layout of installation locations for setting tests ........................................................ 53 

Figure 5-1 – Concrete strength gain over time for standard-cured cylinders................................. 56 



ix 

 

Figure 5-2 – Average ultimate load for track tests categorized by coarse aggregate and fastener 

type ........................................................................................................................................ 61 

Figure 5-3 – Median and extreme ultimate load values for track tests with the powder tool ........ 61 

Figure 5-4 – Median and extreme ultimate load values for track tests with the battery tool ......... 62 

Figure 5-5 – Average ultimate load for single fasteners categorized by coarse aggregate and 

fastener type .......................................................................................................................... 62 

Figure 5-6 – Distribution of X-P 27 fastener ultimate loads for all tests ....................................... 63 

Figure 5-7 – Distribution of X-C 20 B3 fastener ultimate loads for all tests ................................. 64 

Figure 5-8 – Embedment distribution by concrete coarse aggregate for single X-P 27 fasteners 

(top left), single X-C 20 B3 fasteners (top right), tracked X-P 27 fasteners (bottom left), and 

tracked X-C 20 B3 fasteners (bottom right) .......................................................................... 67 

Figure 5-9 – Powder load identification [21] ................................................................................. 68 

Figure 5-10 – PAF head standoffs for slab 10, track 2 test ............................................................ 70 

Figure 5-11 – Bending classifications for all track fasteners categorized by fastener and concrete 

aggregate ............................................................................................................................... 71 

Figure 5-12a (left) – Installed fastener; Figure 5-12b (middle) – Fastener after load test; Figure 

5-12c (right) – Installation hole for slab #9, track #5, fastener #1 ........................................ 73 

Figure 5-13a (left) – Installed fastener; Figure 5-13b (middle) – Fastener after load test; Figure 

5-13c (right) – Installation hole for slab #9, track #3, fastener #3 ........................................ 73 

Figure 5-14a (left) – Installed fastener; Figure 5-14b (middle) – Fastener after load test; Figure 

5-14c (right) – Installation hole for slab #11, track #2, fastener #4 ...................................... 74 

Figure 5-15 – Ultimate load relationships with stiffness for the single X-P 27 fasteners .............. 76 

Figure 5-16 – Ultimate load relationships with stiffness for the single X-C 20 B3 fasteners........ 77 

Figure 5-17 – Group stiffness and bending classifications for track tests independent of concrete 

type ........................................................................................................................................ 79 

Figure 5-18 – Ultimate load relationships with concrete strength for all track tests ..................... 80 

Figure 5-19 – Lightweight concrete ultimate load relationships with embedment depth for the X-P 

27 track fasteners (top left), X-P 27 single fasteners (top right), X-C 20 B3 track fasteners 

(bottom left), and X-C 20 B3 single fasteners (bottom right) ............................................... 81 

Figure 5-20 – Standard NWC ultimate load relationships with embedment depth for the X-P 27 

track fasteners (top left), X-P 27 single fasteners (top right), X-C 20 B3 track fasteners 

(bottom left), and X-C 20 B3 single fasteners (bottom right) ............................................... 82 



x 

 

Figure 5-21 – Tough NWC ultimate load relationships with embedment depth for the X-P 27 

track fasteners (left) and X-P 27 single fasteners (right) ....................................................... 82 

Figure 5-22 – Ultimate load with respect to bending classifications for all fasteners ................... 84 

Figure 5-23 – Average track load-displacement relationships until and beyond failure ............... 86 

Figure 5-24 – Average track load-displacement relationships for low displacements .................. 86 

Figure 5-25a (left) – Setting test of X-C 20 B3 MX fasteners in tough NWC as installed; Figure 

5-25b (right) – Test area after being cleaned (setting failures are circled) ........................... 88 

 
Figure A-1 – Data sheet: St. Croix #67 Gravel ............................................................................ 103 

Figure A-2 – Data sheet: Highway Materials Crushed Stone, Size #57 ...................................... 106 

Figure A-3 – Data sheet: Pt. East 57 Stone .................................................................................. 108 

Figure A-4 – Data sheet: Washed Gravel 1” x No. 4 ................................................................... 109 

Figure A-5 – Data sheet: Dresser Pit #94009 .............................................................................. 110 

Figure A-6 – Data sheet: CAM #67 S-1-A code45 ...................................................................... 111 

Figure A-7 – Data sheet: ¾” Concrete Rock, ASTM Size 67...................................................... 112 

Figure A-8 - Data sheet: #8 Stone Ledges 1-7E .......................................................................... 113 

Figure A-9 – Data sheet: Tulsa Rock ASTM C-33 #57 ............................................................... 114 

Figure A-10 – Data sheet: 0671-ASTM C33 #67/TxDOT 421 Gr. 5 .......................................... 115 

Figure A-11 – Data sheet: Holliday Rock Upland Plant #3 Aggregate ....................................... 116 

Figure A-12 – Data sheet: Grey Cloud #67 ................................................................................. 117 

Figure A-13 – Data sheet: St. Cloud Quarry Size 67 ................................................................... 120 

Figure A-14 – Data sheet: ASTM #67 Class B – MnDOT 3137 ................................................. 122 

Figure A-15 – Data sheet: Larson #67 Key ................................................................................. 127 

Figure A-16 – Data sheet: Coarse Aggregate Cemstone ............................................................. 129 

Figure A-17 – Data sheet: #67 5S Coarse Aggregate – Rosemount ............................................ 130 

Figure A-18 – Data sheet: Nelson #6 Gravel ............................................................................... 132 

Figure A-19 – Data sheet: Pompano #57 Granite ........................................................................ 134 

Figure A-20 – Data sheet: C33 5A CA Specs .............................................................................. 135 

Figure A-21 – Data sheet: 50892-02 Fox River 022CM1101...................................................... 137 

Figure B-1 – Tough NWC mix design ......................................................................................... 141 

Figure B-2 – Tough NWC coarse aggregate test results .............................................................. 142 

Figure B-3 – Tough NWC fine aggregate test results .................................................................. 145 

Figure B-4 – Tough NWC cement material certification report .................................................. 147 

Figure B-5 – Standard NWC mix design ..................................................................................... 148 



xi 

 

Figure B-6 – Standard NWC coarse aggregate test results .......................................................... 149 

Figure B-7 – Standard NWC fine aggregate test results .............................................................. 150 

Figure B-8 – LWC mix design ..................................................................................................... 151 

Figure B-9 – LWC coarse aggregate loading report .................................................................... 152 

Figure B-10 – LWC fine aggregate test results ............................................................................ 154 

Figure C-1 – Plan view of slab showing track locations on the surface ...................................... 157 

Figure C-2 – Section cuts of slab showing track locations on the surface ................................... 158 

Figure C-3 – Plan view of slab showing subsurface reinforcement elements ............................. 159 

Figure C-4 – Section cuts of slab showing subsurface reinforcement elements .......................... 160 

Figure C-5 – Plan view of slab showing all elements within and installed on slab ..................... 161 

Figure C-6 – Section cuts of slab showing all elements within and installed on slab ................. 162 

Figure D-1 – Detail of test setup loading strut (piece A) ............................................................. 163 

Figure D-2 – Detail of test setup transfer beam (piece B) ........................................................... 164 

Figure D-3 – Assembly drawing of test setup track cross-head (assembly C) ............................ 165 

Figure D-4 – Assembly drawing of test setup actuator cross-beam (assembly B) ...................... 165 

Figure D-5 – Detail drawing of angle sections to connect the actuator cross-beam to the loading 

strut (piece E) ...................................................................................................................... 165 

Figure D-6 – Details of test setup track cross-head components (pieces C1, C2, and C3) .......... 166 

Figure D-7 – Details of test setup actuator cross-beam components (pieces D1 and D2) ........... 167 

 

  



xii 

 

List of Notations 

𝑑 = Fastener diameter 

𝑑𝑎𝑒 = Average embedded diameter 

𝐸 = Modulus of elasticity 

𝑓𝑐
′ = Specified compressive strength of concrete 

𝐹 = Average ultimate load 

𝐹𝑢ℎ = Tensile strength of hardened PAF steel 

𝐹𝑦2 = Yield stress of member not in contact with PAF head or washer 

ℎ𝐸𝑇 = Average embedment depth of PAF in concrete 

𝑃𝑛𝑜𝑠 = Nominal pull-out strength in shear per PAF 

𝑃𝑛𝑣𝑝 = Nominal shear strength of PAF 

𝑅 = Base material reduction factor 

𝑡2 = Thickness of member not in contact with PAF head or washer 

𝑉𝑎 = Allowable shear load 

Ω = Safety factor (for Allowable Stress Design) 

 

  



xiii 

 

List of Abbreviations 

AC = Acceptance Criteria 

ACV = Aggregate Crushing Value 

AISI = American Iron and Steel Institute 

AIV = Aggregate Impact Value 

ASCE = American Society of Civil Engineers 

ASD = Allowable Stress Design 

ASTM = American Society for Testing and Materials 

CFS = Cold-formed Steel 

CV or COV = Coefficient of Variation 

ICC-ES = International Code Council Evaluation Service 

LWC = Light-weight Concrete 

NWC = Normal-weight Concrete 

OD = Oven-dry  

PAF = Power-actuated Fastener 

SEI = Structural Engineering Institute 

SSD = Saturated-surface-dry 

USGS = United States Geological Service 

 

 



1 

 

Chapter 1. Introduction and Previous Research 

1.1. Project Background 

Power-actuated fasteners (PAFs) are nail-like connectors used in a wide variety of building 

construction applications, such as attaching steel decks to supporting joists and temporarily 

connecting wood forms to concrete. A specific application of current research interest is 

connecting cold-formed steel tracks to concrete to support non-structural partition walls, 

as shown in Figure 1-1. The application is commonly used in many buildings, and a focus 

on the seismic response of these walls is of interest due to their relatively high portion of 

the total building cost and the greater failure occurrence of these components than many 

structural building elements [1]. The specific interest in power-actuated fasteners is to 

ensure their reliable performance in the application and to allow for more widespread 

implementation that could lead to cheaper and faster construction than other post-installed 

concrete anchors [2]. More crucially, PAFs have been identified as a critical failure point 

of partition walls based on experimental data [3]. The PAF-to-concrete connection is 

important to study since a minor failure can be difficult to detect and may not be repaired 

while a major failure is particularly tough to fix following an earthquake [4], which can 

yield large direct repair costs as well as high indirect costs due to inoperability of a 

building.  

 
Figure 1-1 – Non-structural track in concrete PAF application [2] 

PAFs used in non-structural track applications in concrete are typically made from 

galvanized carbon steel, embedded between 5/8” and 1-1/4” into the concrete, and used 
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with 26 to 12 gauge steel tracks. The shanks are either smooth or partially knurled and 

range from 0.101” up to 0.177” in diameter, and the fasteners can be installed with either 

powder-actuated, gas-actuated, or electro-mechanical-actuated tools [2]. A typical PAF for 

this application is shown in Figure 1-2. 

 
Figure 1-2 – Typical PAF used in track-to-concrete connection [5] 

The overall construction of the partition walls of interest is generally as follows: cold-

formed steel tracks are connected to the structural concrete floors using PAFs. Steel studs 

are inserted into these tracks and then drywall is attached to the studs using self-tapping 

screws for both the stud-to-track and drywall-to-stud connection. Intermediate supports 

along the height of the studs are also common. Figure 1-3 shows a cut-away view of this 

type of construction. Thinner tracks and studs are typical for commercial buildings (e.g. 

office buildings), and thicker versions of these elements are often used in institutional 

buildings (e.g. hospitals) [6]. 

 
Figure 1-3 – Common partition wall construction supported by PAFs [7] 
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1.1.1. Current practices 

For partition walls, the horizontal acceleration of walls and objects attached to them, such 

as cabinets or medical equipment, imposes loads out of the plane of the wall. Typically, 

story drift is not considered in practice for the design of track attachments. Therefore, out-

of-plane loading is the most relevant mechanism and is the primary consideration in this 

report, and it is transmitted between the building structure and the partition wall via 

shearing of the PAF connection. Also, a distributed horizontal static load of 5 to 15 pounds 

per square foot must be considered for attachment design per AISI S220 [8], AISI S916 

[9], or ICC-ES AC86 [10]. Due to the relatively large in-plane stiffness of the wall 

partitions and concrete floors, tension pull-out of the PAF is largely restrained in this 

application [1].  

For shearing of PAFs installed in concrete structures within seismic design categories D, 

E, or F, the acceptable practice in the United States is clear – both ASCE/SEI 7 and ICC-

ES AC70 limit the service load on a single PAF to a maximum of 90 pounds [11]. 

Governing building codes, such as the California Building Code, also accept this 90-pound 

limit [12]. In all cases, this is an absolute maximum value.  

1.1.2. Isolated strength and stiffness tests for PAFs 

After establishing the possibility of the PAF-to-concrete connection as a critical point in 

partition wall construction [3] and seeking to improve on the capacity requirements in 

codes [5], a specific interest was given to accurately determining the response of PAFs 

under both monotonic and cyclic loading. 

Prior to delving into specific research efforts, it is important to distinguish between the 

types of failures at the track-to-concrete connection. In a concrete base material, this 

usually occurs as a combination of fastener pull-out and a small concrete failure cone with 

a properly installed fastener as shown in Figure 1-4. In shear applications, this is not 

common [13]. Other failures are categorized as track failures, where the steel yields around 

the PAF as shown in Figure 1-5a and Figure 1-5b, or as fastener failures, where the track 

remains intact but the PAF shears or is pried from the concrete as in Figure 1-5c and Figure 

1-5d. 
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Figure 1-4 – Concrete base material failure [13] 

 
Figure 1-5a (left) – Track bearing failure mode; Figure 1-5b (middle-left) – Track pull-through failure 

mode; Figure 1-5c (middle-right) – PAF shear failure mode; Figure 1-5d (right) – PAF pull-out failure 

mode [3] 

Some of the initial shear capacity investigations tested single fasteners installed with 

typical concretes, track thicknesses, and PAF properties for building construction. The 

study examined two different track thicknesses and, with the thinner tracks, only bearing 

(Figure 1-5a) or pull-through (Figure 1-5b) type failures were observed. Only the thicker 

of the two tracks considered had PAFs shear (Figure 1-5c) or pull-out (Figure 1-5d). These 

failures only occurred under cyclic loading, with monotonic tests in the thicker tracks 

having the same track failure mechanisms as the thinner tracks [3], so PAF shear strength 

did not often control. The average shear failure loads shown in Table 1-1 indicate that 

cyclic loading is more critical than monotonic loading.  

Table 1-1 – Average single PAF shear capacity [3] 

Loading Protocol Approx. Track Thickness Avg. shear failure load (lbs.) 

Monotonic 22 gauge 839 

Cyclic 22 gauge 727 

Monotonic 26 gauge 1,247 

Cyclic 26 gauge 1,028 

In many real-world applications, PAFs are installed in groups in tracks and do not rely on 

the capacity of a single fastener. Therefore, redundancy and group effects of the rows of 

PAFs in the steel track should be considered. This has been investigated for in-plane (where 
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the “plane” is parallel to the drywall panels) shear loading of groups of at least four 

fasteners subjected to either monotonic or cyclic loading. Figure 1-6 shows a typical track 

installation. 

 
Figure 1-6 – Track application of PAFs [11] 

One investigation varied embedment, spacing, diameter, and track thickness. As expected, 

the ultimate capacity of the connection increased as each of these variables was 

independently increased. Cyclic loading was considered by applying a load between 25% 

and 45% of the typical monotonic shear capacity and cycling it 30 times on the track prior 

to loading the tracks to their ultimate shear capacity. In these tests, the observed ultimate 

capacity was not drastically affected with the observed variation between the cyclic and 

uniaxial tests being within the range of variation of uniaxial tests alone. This phenomenon 

was observed regardless of the embedment, spacing, or other connection properties [5]. 

This contrasts with the previously mentioned cyclic tests, where the observed ultimate 

capacity was lower for cyclic tests than monotonic tests, a difference that can most likely 

be attributed to the cyclic loading protocol. The aforementioned cyclic tests were 

displacement-controlled and continually increased the magnitude of displacements until 

failure [3], which proved to be a more damaging protocol that yielded lower capacities. 

Another study of tracks tested fasteners from four different PAF suppliers, all of the same 

diameter and embedment into the same concrete and cold-formed steel tracks. The tracks 

were subjected to one of the same cyclic loading protocols as other tests (25% to 45% of 

monotonic shear capacity and cycled 30 times) [5]. An allowable load was calculated from 

the experimental results based on the procedure described in AISI S100-16 (North 
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American Specification for the Design of Cold-Formed Steel Structural Members) [14], 

and while the different products developed different allowable loads, they were all higher 

than the 90 pound code-prescribed limit. Combined with the other referenced tests, these 

results reinforce that the current code limits may be overly conservative [15]. However, 

statistical factors for track-to-concrete connections are not available in AISI S100 [16], and 

must first be determined to draw final conclusions.  

1.1.3. Performance of PAFs in seismic tests 

The performance of PAFs in standalone shear tests or in groups for track tests is valuable 

for determining capacity, but capturing their performance within the full wall system is the 

ultimate goal. Particularly relevant is their impact on the costly damage to partition walls 

seen in recent earthquakes [1].  

Full-scale non-structural partition walls using typical construction practice, including PAFs 

to connect the walls to concrete slabs, have been tested previously. These tests varied wall 

construction, such as introducing doorways and changing drywall panel thicknesses, and 

observed the various failure mechanisms within the wall as story drift was imposed on the 

specimens. The majority of the tests did not see any failure of the track-to-concrete 

interface, with drywall cracking, buckling, or crushing (all evident in Figure 1-7); buckling 

of the steel studs; or pull-out of the self-tapping screws being the primary failure modes. A 

few failures at the PAF connections were observed, but all of these were bearing failures 

of the cold-formed steel track around the PAF as shown in Figure 1-5a. In addition, in all 

cases the drywall cracked or crushed prior to this failure [4].  

 
Figure 1-7 – Drywall failures in wall test [4] 

Another similar test of full-scale partition walls evaluated 18 different configurations that 

varied the wall heights, wall shape, and openings. Each of these configurations was 
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subjected to three different loading protocols that had non-linear ground motions applied 

to the structure that supported the partition walls. Of these combinations, only one had a 

failure at the PAF connection, which itself was bearing of the track rather than shearing of 

the fastener. It should also be noted that this bearing occurred in the thinner of the two 

tracks considered in the tests. In all other tests, damage to the drywall, stud-to-track 

connection, or to the stud itself occurred without failure at the PAF [6]. Therefore, the PAF 

connection, and particularly the shear capacity of the PAF, did not control the response of 

the wall system under the tested conditions. 

Tests on a full-scale five-story building reinforced these findings. When this test structure 

was subjected to a variety of seismic events that matched either the 1994 Northridge, 2010 

Maule, 2007 Pisco, or 2002 Denali earthquakes, significant amounts of damage were 

observed in the partition walls. In certain cases, the damage included full separation of the 

drywall from the steel studs or plastic deformation of the studs themselves; however, the 

PAF connections had only slight damage or none whatsoever [17].   

1.1.4. Modeling the seismic response of partition walls 

The research interest in capturing the behavior of individual components of non-structural 

walls and the full-scale partition wall tests has prompted the creation of computer models 

and simulations, which have proven to be reasonably accurate when compared with 

experimental observations. One of the most thorough of these compiled a full wall system 

model as a combination of individual models of the steel tracks, studs, drywall, and 

connections. This elaborate system was particularly dense due to the higher-level 

approximations chosen by the researchers – the studs behaved non-linearly, the drywall 

was discretized into shell elements, and all connections and tracks were modeled as springs 

whose load and displacement history dictated their response [18].  

While effective from a research perspective, this method has a few practical issues. First, 

the non-linearity, large number of interacting elements, and time-influenced behavior of 

the system makes the model cumbersome to set up and analyze, thus making it impractical 

for many practitioners. Additionally, tests on individual components are required to 

calibrate the model. Certain responses of specific components have not been characterized, 
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requiring approximation of the response and leading to a possibly unrealistic behavior of 

the larger overall system. In particular for the PAF track-to-concrete connection, the 

individual component tests were based on single fastener tests [3], and the out-of-plane 

responses were assumed to be the same as the in-plane. The calibration tests also did not 

account for variation of the concrete base material [18]. With these approximations and 

assumptions, the model showed slight damage, albeit less than other components of the 

wall system, at the PAF connection following excitation of the system.  

1.2. Research Motivation 

1.2.1. Fastener capacities in various materials and isolated PAF 

tests 

PAFs installed into concrete are highly limited by current code requirements as mentioned 

in Section 1.1.1. In addition, codes such as AISI S100-16 [16], which are very specific for 

the design provisions of PAFs connecting two steel members, are mute regarding 

provisions for PAFs connecting a cold-formed steel member to concrete. For the steel-to-

steel connections, there are provisions for both the shear strength of the fastener, 𝑃𝑛𝑣𝑝, as 

determined in AISI S100-16 J5.3.1 and shown in Equation 1-1, and pull-out of the PAF, 

𝑃𝑛𝑜𝑠, as determined in AISI S100-16 J5.3.3 ad shown in Equation 1-2.  

 
𝑃𝑛𝑣𝑝 = 0.6 (

𝑑

2
)

2

𝜋𝐹𝑢ℎ (1-1) 

 

 

𝑃𝑛𝑜𝑠 =
𝑑𝑎𝑒

1.8𝑡2
0.2(𝐹𝑦2𝐸2)

1
3

30
 

(1-2) 

The shear strength is dependent upon the fastener area and material strength, which is 

typical for dowel-type connectors. The pull-out strength is empirically-calibrated, and is, 

intuitively, a function of the embedment depth, base material thickness, material strength, 

and modulus of elasticity. Not shown here but also prescribed in the code are both upper 

and lower bounds on fastener embedment, diameter, and base material thickness. 
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Compared to the procedure for PAFs in steel-to-steel connections, the 90-pound across-

the-board limitation of PAFs in steel-to-concrete connections, such as tracks used to 

support partition walls, is simplistic. Capacities which are determined by either empirical 

tests, principles of mechanics and materials, or both, and which are dependent upon the 

geometries and material properties of the connection elements, should be introduced for 

PAFs installed into concrete. This is especially necessary since the concrete constituents 

are relevant for other concrete fasteners [19]. Post-installed adhesive anchors require that 

the aggregate shape, mineral composition, hardness, size, and gradation be reported in the 

qualification tests required by building codes [20]. 

A previous study investigated this relationship with post-installed mechanical anchors, 

where coarse aggregate properties were varied while keeping the fine aggregate, cement, 

and concrete constant. It was found that with the specific type of threaded studs used in 

these tests, the type of coarse aggregate did not influence either the size of the concrete 

cone formed at failure or the ultimate load of the connection [19]. However, unlike 

mechanical anchors, which use heads, expansion mechanisms, or other elements to bear 

against the concrete under shear loading, PAFs develop interface shear along the shank to 

resist the loads. This is enhanced via two mechanisms that occur during PAF installation. 

First, the concrete is displaced and compressed as the shank is driven, imposing 

compression stresses on the PAF. Second, the fastener generates enough heat to fuse the 

shank with the concrete as it is driven. Any material that impedes the ability of the fastener 

to embed fully with a straight shank hampers the ability of the PAF to develop these 

mechanisms [13]. The hardness and concentration of concrete coarse aggregates greatly 

affects the ability of PAFs to embed and engage the material. Soft and lightweight 

aggregates can be penetrated by the hardened steel fastener. Hard, round, or large 

aggregates lead to fasteners that bend, do not embed fully, or cause the concrete to spall 

during application [21]. These fasteners can have reduced or no resistance to applied loads. 

It is important to note that the extent of fastener bending is difficult to determine from 

surface inspections. 



10 

 

While there is a substantial amount of data for single fastener PAF shear tests, much of the 

reported data only shows capacities, failure modes, and displacements at failure and was 

produced as a byproduct of other studies not primarily concerned with the specifics of the 

PAF connection. Therefore, there was a need for a study where fastener types, embedment 

depths, failure modes, and concrete aggregates were deliberately varied and the response 

of the connection under the full range of service to ultimate loads was determined. 

Monotonic tests to establish the relationship was determined to be the most logical first 

step. With promising results, the more critical cyclic loading could be explored with a 

careful selection of the loading protocol. Combined with other available relevant tests, 

empirical relations based on parameters of the connection could be determined from these 

experiments and integrated into future code provisions. 

1.2.2. Full-scale seismic tests and modeling 

The several partition wall tests that were explored showed little evidence for PAFs 

controlling the failure of the partition walls. Even though the track-to-concrete connection 

can be difficult to detect and costly to repair following a seismic event, it did not often 

occur and was never the primary failure mechanism of the wall. In one perspective, this 

can be seen as the PAF requirements being too conservative and thus making the PAF 

connection unnecessarily strong and stiff for its application. On the other hand, the over-

design could be desirable since it limits failures in a seismic event to components such as 

the studs and drywall that are easier to replace than the cold-formed steel track, PAF, or 

concrete.  

Ultimately, this decision should be left to the structural engineer, which ideally requires 

that an accurate computer model be generated that can capture the wall behavior as the 

elements are modified. The model used in previous research could serve this purpose 

despite its complexity; however, a few gaps and assumptions need to be validated for this 

model. Primarily, out-of-plane tests of the PAF track-to-concrete connection should be 

performed to calibrate the model rather than assuming that the in-plane response and out-

of-plane response are the same. Additionally, the models for the hysteretic springs used for 
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the PAF connections should account for the material properties of the connections and be 

based on the group response of a track rather than a single fastener.  

1.3. Research Objectives 

Damage and response of partition walls during earthquakes is highly relevant due to the 

high repair cost and common failures seen in these building elements in recent earthquakes. 

The PAF track-to-concrete connection of these elements is limited by current code 

requirements, and recent studies have found these codes to underestimate PAF capacity 

and largely remove the connection from being a controlling failure mechanism even under 

the most extreme experimental conditions. The research motivation highlights several 

needs for additional research, particularly related to the PAF strength and stiffness based 

on fastener and concrete properties, the out-of-plane response of tracks in concrete and 

how they relate to the in-plane response and single fastener tests, and developing and 

calibrating a model that captures all of these parameters. 

Given the large and coordinated effort that is involved, this current research focused on 

capturing the isolated unidirectional out-of-plane response of groups of PAFs installed in 

concretes with different coarse aggregate properties. This research was performed in 

conjunction with tests of single fasteners to draw relationships between PAF performance 

in standalone and group applications. Additional research being performed in tandem with 

this project is related to computational modeling of the test setup that was considered in 

this research – the results from this research will be used to validate and calibrate these 

models. Ultimately, developing criteria related to aggregate toughness that could be used 

in certification tests for PAFs, which demonstrate compliance of a fastener under a specific 

set of parameters, as a result of this research is desired.  
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Chapter 2. Concrete and Coarse Aggregate 

Properties Survey and Definition 

To properly define aggregates and concretes to be used in the testing portion of this 

research, a realistic and typical characterization of these materials for PAF applications 

was needed for several reasons. First, while PAF manufacturers identify that hard 

aggregates impact PAF performance, guidelines defining a “hard” aggregate are not given 

[13] [21], and current PAF testing protocols do not address these parameters [22]. Second, 

available aggregates can vary by region. Third, not all concretes and construction 

aggregates available in a given area may be used in floor slabs, which are significant for 

PAF applications. A survey of concretes and aggregates was conducted and used to develop 

aggregate specifications and concrete mix designs that considered hardness parameters and 

regional variability. 

2.1. Concrete and Coarse Aggregate Overview 

Current ICC-ES acceptance criteria AC70 [22] and evaluation reports, such as ESR-2269 

[23], ESR-2024 [24], ESR-2138 [25], and ESR-1799 [26], for the use of power-actuated 

fasteners (PAFs) primarily define concrete compressive strength (𝑓𝑐
′), relative concrete 

density (e.g. lightweight or normal weight), fastener type, and embedment depth to 

determine the allowable loads for PAFs installed in concrete for non-seismic conditions. It 

is hypothesized herein that performance of PAFs is not fully captured by the parameters 

currently used to reflect jobsite concrete and the impact of concrete composition on 

allowable loads. In particular, the composition, properties, and distribution of the coarse 

aggregate is believed to have a substantial impact on the capacity of a PAF installed in 

concrete; however, no concrete specification is provided for in ICC-ES AC70 [22] or 

ASTM E1190 [27] for the labs that perform qualification tests of PAFs. This chapter 

summarizes a typical characterization and categorization of coarse aggregates used in 

concrete in the continental United States. Specific focus is given to floor slabs, into which 

PAFs are most commonly installed to support other elements, including non-structural 

partition walls. This information is used to provide guidance for testing protocols using 

varied aggregates that encompass a realistic range for typical PAF applications.  
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2.2. Aggregate Parameterization 

2.2.1. General Mechanical Parameters 

Yearly certification tests are often performed on aggregates used in building construction. 

For coarse aggregates, these tests typically provide, at a minimum, the results from the 

American Society for Testing and Materials (ASTM) tests shown in Table 2-1. Depending 

on the typical uses of the aggregates and local requirements, aggregate suppliers may 

perform additional tests, such as aggregate angularity. 

Table 2-1 – Typical ASTM test results provided for coarse aggregates by suppliers 

[28] [29] [30] [31] [32] [33] [34] [35] 

Designation Test Results Provided 

ASTM C29 Unit Weight and Voids between Particles 

ASTM C88, C117, C123, C142 Deleterious substances 

ASTM C127 Specific Gravity and Absorption 

ASTM C131 Resistance to Degradation by Abrasion and Impact 

ASTM C136 Sieve Analysis 

 

2.2.2. Selected Hardness/Toughness Parameters Used to Classify 

Coarse Aggregates 

The typically available parameters from 21 annual testing reports of 18 different North 

American aggregate suppliers and reference information from other industries have been 

used to classify coarse aggregates within this report. Ultimately, the goal is to use these 

parameters to capture the hardness (resistance to abrasion), toughness (energy absorbed 

until failure), and/or resilience (energy absorbed while remaining elastic) of the material. 

These aggregate parameters are believed to influence the penetration and deflection 

behavior of PAFs in concrete. The explanation, justifications, and limitations on each of 

these parameters is described below. 

2.2.2.1. Diamond Tool and Mechanical Anchor Supplier 

Classifications 

Suppliers of rock drilling tools and mechanical anchors have general information regarding 

the types of minerals and rocks throughout the continental United States and parts of 

Canada. Because they are used only to provide guidance for selecting proper cutting and 
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drilling tools, these classifications are both qualitative and are at a very coarse scale. 

Additionally, there is inconsistency in certain areas, such as the upper Midwest, between 

different tooling companies as shown in the maps of Figure 2-1. This information is also 

for diamond tool applications, such as coring, not necessarily for aggregates used in 

concrete. Therefore, this information is not sufficient to classify aggregate hardness for 

concretes but can guide judgments and determine what materials may be expected to be 

encountered in a certain region. 

 

Soft Medium-Soft Medium Medium-Hard Hard 

Figure 2-1a (left) – Reference hardness map from Advance Drills, Inc. [36] and Diamond Products [37]; 

Figure 2-1b (right) – Reference hardness map from Industrial Diamond Association of America [38], 

Tapcon [39], Diamond Tools Technology [40], and National Equipment [41] 

2.2.2.2. LA Abrasion Test 

The resistance to degradation of small-size coarse aggregate by abrasion and impact in the 

Los Angeles machine test, commonly called the LA abrasion test and prescribed by ASTM 

C131 [34], is typically performed by aggregate suppliers and uses a rotating steel drum 

filled with the coarse aggregate and steel spheres to determine how much of the aggregate 

of a certain gradation has broken away due to impact and attrition. It is, therefore, a measure 

of both the surface characteristics as well as the internal strength and fracture presence of 

the aggregates. It is often used as a measure of aggregate quality for a given mineral or 

rock type, but it is limited in its ability to compare between different aggregate types.   

2.2.2.3. Gradation and Maximum Aggregate Size 

Aggregate suppliers readily provide gradation and sizing information for their coarse 

aggregates and can tailor the distribution to conform to typical gradations required by the 

client or standards from ASTM or the American Association of State Highway and 
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Transportation Officials. While this information provides a necessary characterization of 

the aggregates and is currently used as a parameter to define concrete aggregates for 

fasteners and anchors in some testing guidelines [42], it cannot be a stand-alone toughness 

parameter as it does not account for the composition of the aggregate particles. 

2.2.2.4. Specific Gravity 

Specific gravity is the most commonly reported measure of relative density of the 

aggregates. In addition, existing testing guidelines for concrete anchors and power-actuated 

fasteners use specific gravity as a parameter to define concrete aggregate [42]. Aggregate 

suppliers typically report more than one measure of specific gravity, including, but not 

limited to, apparent, bulk in an oven-dry (OD) condition, and bulk in a saturated-surface-

dry (SSD) condition. Some aggregate suppliers do not report all of these quantities, so SSD 

was used for evaluation of the aggregate data since it was the most prevalent aggregate 

condition available.  

2.2.2.5. Shape 

Aggregate suppliers sometimes provide results from the ASTM D5821 [43] test that 

measures the percentage of fractured particles in coarse aggregate. While the relationship 

between the prevalence of fractured faces and aggregate shape is not inherent, the 

correlation is strong. Crushed stone and other fractured aggregates are generally angular, 

while river rock is generally rounded. Certain river rock aggregates that are otherwise 

round may be fractured due to natural processes or shipment and handling, but the overall 

correlation trend is usable for classification purposes. Inherent geological differences of 

the river rock source material as well as fining and rounding processes act on river 

aggregates as they progress downstream [44]. This allows for comparisons based on 

quantifying the number of fractured pieces to be made not only between crushed stones 

and river rocks but also within the river rock designation. With minerals possessing 

differing relative resistances to abrasion, aggregate shape can give some information on 

the composition of the aggregates, but as with gradation and aggregate size, it cannot be 

the only parameter used to classify the aggregate.  
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2.2.3. Possible Additional Parameters 

Several additional parameters may provide valuable information for the aggregate 

classification and hardness characterization that may be directly related to the ability of 

PAFs to penetrate concrete and the capacity of PAFs installed in concretes using a 

particular coarse aggregate. These parameters are not commonly used in the United States 

and/or Canada for aggregates used in the construction industry. The current uses of the 

parameters and tests to determine them, along with the potential advantages and 

shortcomings of the tests as they relate to PAF usage are described below.    

2.2.3.1. Mohs Hardness 

The Mohs hardness test is a surficial scratch test that can be used to obtain a relative 

hardness rating. The Mohs test can be performed on either the coarse aggregate pieces 

themselves or the finished concrete surface. Advantageously, the results can be compared 

between different aggregate types, and while not commonly performed by aggregate 

suppliers, it is easy and economical to perform. The Mohs test is already specified in a 

European Assessment Document, where concrete aggregates must have a Mohs value of 

at least 5 for tests that characterize how well PAFs function in concretes made from “hard” 

aggregates [45]. However, since the test only uses the particle surface, it does not account 

for properties within the aggregate that could affect the penetration of a fastener. For 

example, lightweight aggregates may have high Mohs hardness ratings, but the internal 

voiding due to the manufacturing processes that weaken the aggregate are not evident. No 

standard test method exists for the Mohs test, and the results of the Mohs test can also be 

misleading since the numerical results are still qualitative in nature and are not linearly 

proportional to other hardness measures, although this non-linearity is more significant for 

materials with Mohs hardness values higher than typical construction aggregates. Finally, 

the Mohs hardness scale encompasses all minerals and is very broad and coarse in scale, 

and it may not effectively differentiate between the types of coarse aggregates used in 

concretes.  



17 

 

2.2.3.2. Aggregate Crushing Value 

Aggregate crushing value (ACV) is a parameter typically used outside of the United States 

for pavement applications. It considers the resistance of aggregates to crushing under a 

gradually-applied compressive load. The test uses aggregates retained on a prescribed sieve 

size and applies a compressive load which increases at a linear rate to roughly 88 kips over 

10 minutes. The portion of material that has been crushed to approximately one-fourth of 

its original size or smaller is then compared to the original weight of the material to 

determine the ACV. Low ACVs have been shown to correlate to high quality pavements 

in other studies [46]. ACV could also correlate with PAF capacity, but insufficient tests 

exist to validate this relationship and the gradual loading of the aggregate is not 

representative of the sudden, powerful contact between the PAF and aggregate particles 

during installation. 

2.2.3.3. Aggregate Impact Value 

Similar to the ACV, the aggregate impact value (AIV) is not typically used in the United 

States. The test to determine the AIV subjects the aggregate to sudden impacts by dropping 

a hammer on the aggregate in a controlled setting, similar to the standard Proctor test used 

for determining compaction in soils. Specifically, the aggregate is subjected to 15 blows 

from a 30-pound hammer dropped from 15 inches. As with the ACV, the aggregate is 

passed through sieves before and after testing to determine the portion of material that 

becomes approximately one-fourth of its original size or smaller due to the hammer impacts 

[47]. The AIV is commonly used for the selection of satisfactory aggregates for pavements, 

and other countries, such as India, place limits on the AIV for various types of bituminous 

pavements and concretes [48]. Tests have not yet been done to correlate PAF capacity with 

AIV, but a conceptual relationship exists. The sudden shock imposed on the aggregates in 

determining the AIV is similar to the sudden impact aggregate particles may see when a 

PAF is installed in concrete. 

2.2.3.4. Indentation Hardness 

Indentation hardness measures are determined by impressing a non-deformable object onto 

the item of interest. Commonly used in manufacturing, metallurgy, and gemology, 
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indentation hardness parameters are quantified based on the applied load and geometry of 

the indentation. Multiple indentation hardness parameters exist, with the major differences 

being the shapes of the indenters and the formulas used to convert load and geometry into 

a hardness value. The Brinell and Meyer hardness numbers use a spherical indenter, as 

shown in Figure 2-2a, the Vickers hardness test uses a pyramidal indenter, as shown in 

Figure 2-2b, and the Rockwell hardness test and Shore durometer use either a spherical or 

conical indenter. Currently, aggregate suppliers do not typically perform any indentation 

hardness tests even though they correlate with material strength [49]. Specifically for 

determining aggregate hardness, performing one or more of these tests would be beneficial 

because it gives a more accurate and quantitatively substantial hardness measurement than 

the Mohs test, as shown by the comparison of the Vickers and Mohs hardness scales in 

Figure 2-3. This is particularly useful due to the non-linear relationship between Mohs 

hardness values and other hardness values. However, it is practically difficult because tests 

have to be performed on single aggregate pieces, complicating how aggregates whose 

mineral composition is heterogeneous would be considered. Additionally, there is a 

substantial equipment cost for these tests compared to the Mohs hardness test, and typical 

equipment requires samples to be of a particular size and shape that would not easily 

accommodate the irregular nature of aggregates. 

 

Figure 2-2a (left) – Spherical indenter used in Brinell and Meyer hardness tests; Figure 2-2b (right) – 

Pyramidal indenter used in Vickers hardness test [49] 



19 

 

 

Figure 2-3 – Correlation between Vickers and Mohs Hardness values [50] 

2.2.3.5. Notched Specimen Impact Tests 

Determination of the toughness of metals and plastics is typically determined using notched 

specimens tested in a Charpy or Izod impact machine. These machines measure the 

absorbed energy, and therefore capture the true definition of toughness, when a specimen 

is fractured [51]. While the test is advantageous due to the quantitative toughness 

measurement that it gives, it would likely be difficult to implement for construction 

aggregates used in concrete as the individual particles would need to be sufficiently large 

to produce a notched test specimen. Additionally, the aggregates would need to be 

machined into the proper shape for testing, which would be particularly challenging for 

aggregates that are fractured or that are irregular in composition.  

2.3. Aggregate Properties across U.S. and Canada 

Using the aggregate hardness and toughness parameters outlined in Section 2.2.2, 

information from rock quarries and concrete suppliers across the United States and Canada 

was compiled. To combine and compare information from different sources, a few 

categorizations of rock types had to be made. The United States Geological Service 

(USGS) classifies aggregates as either crushed stone or sand and gravel [52]. The crushed 

stone category is then broken down into limestone, granite, trap rock, and “other”. For the 
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purposes of this report, the sand and gravel categorization is called gravel/river rock since 

only the coarse aggregates are being considered. Due to their relatively low proportion of 

all coarse aggregates used in the U.S. and the classifications given by the diamond tool 

suppliers comparing hardness to rock classification shown in Table 2-2, the granite and 

trap rock designations were combined in this report and three groups were developed: 

 Limestone – Carbonate crushed stones, including metamorphosed varieties 

 Granite/Trap Rock – Fine- or coarse-grained metamorphic/igneous non-carbonate 

crushed stones 

 Gravel/River Rock – Rocks of any base material transported via alluvial or 

glaciofluvial mechanisms. These rocks are typically harvested with sand. 

Typical examples of rocks within these designations are shown in Figure 2-4a-c. 

Table 2-2 – Hardness classifications for example rock types [40] 

Classification Soft 
Medium-

Soft 
Medium 

Medium-

Hard 
Hard 

Examples 

Soft 

Limestone, 

Sandstone 

Pit Gravel, 

Limestone, 

Dolomite 

Medium 

River Rock, 

Decomposed 

Granite 

Granite, 

Slate, 

Trap Rock, 

Basalt 

Quartz, 

Hard 

River 

Rock 

 

     
Figure 2-4a (left) – Typical limestone [53]; Figure 2-4b (middle) – Typical gravel/river rock [54]; Figure 

2-4c (right) – Typical granite/trap rock [55] 

2.3.1. Quarry Data 

Twenty-one coarse aggregate specifications for use in normal-weight concrete were 

obtained, each from a unique quarry throughout the continental United States and Canada. 

Round robin tests, which are used to calibrate test results to account for regional variations 

in concrete, for adhesive concrete anchors require at least one concrete from each of the 
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four time zones [56], so it was ensured that this requirement was met. Figure 2-5 shows the 

full map of locations used, with Minnesota having a total of 7 locations throughout the 

state. The aggregate suppliers and/or concrete ready-mix companies provided available 

data sheets for a 1” nominal coarse aggregate. These data sheets have been compiled in 

Appendix A. Intentionally, no additional tests were performed by the aggregate suppliers 

for this investigation as only readily available and publicly-distributable data was desired.  

This data provided numerous insights into the nature of the aggregate properties. For coarse 

aggregates used in normal-weight concretes, the gradations from all suppliers met or were 

very close to the ranges prescribed by ASTM C33 [57] size #57 or #67 as shown in Figure 

2-6 (note that distributions between ASTM-specified allowable percentages were assumed 

to be linear in the figure). All of the aggregates had between 45% and 91% of the coarse 

aggregate within the 3/8” to 3/4” size range. Additionally, all suppliers had an absolute 

maximum aggregate size of 1.5” in diameter and the majority had a maximum size of 1”. 

Overall, the maximum size and ASTM gradation were relatively uniform and did not vary 

widely between suppliers or regions. 

 
Figure 2-5 – Locations of coarse aggregate quarry data 
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Figure 2-6 – Quarry gradations compared to ASTM size ranges 

Test results quantifying the aggregate shape were sparse with the information provided, 

and hardness values were not provided from any quarry. This required that the majority of 

the comparisons between quarry data be made using LA abrasion loss and specific gravity 

values. As shown in Figure 2-7, density increases and abrasion loss decreases were 

generally correlated. Based on the process defined by ICC-ES AC308 for adhesive anchors, 

the variability across time zones was considered, but Figure 2-7 also evidences that there 

was little correlation between these properties and the time zone in which the quarry was 

located. Quarries in the central time zone had both the highest abrasion loss and second 

lowest relative density as well as the second lowest loss and highest density. The USGS 

and diamond tooling maps also substantiate that time zone regions are too broad and too 

geologically varied to give an accurate representation for the actual variations in concrete 

aggregates.  
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Figure 2-7 – Relationship between specific gravity and LA abrasion loss for each time zone 

A more accurate and geologically-based classification based on the same typically-

available parameters was explored. The aggregates were categorized into the three groups 

that were defined previously – limestones, granite/trap rocks, and gravel/river rocks. As 

shown by Figure 2-8, this system of classification produces more noticeable trends than 

the time zone classification even though the groups are not fully differentiated. There is 

significant overlap of the data for middling LA loss values and specific gravities between 

the different rock types, but the gravel/river rocks trend toward higher loss and lower 

relative densities, the granite/trap rocks trend toward lower loss and higher relative 

densities, and the limestones fall within a narrow range of abrasion loss percentages even 

when the relative densities vary. These phenomena are highlighted in Figure 2-9 and Figure 

2-10, which portray the specific gravity and LA abrasion loss, respectively, for each rock 

type.  
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Figure 2-8 – Relationship between specific gravity and LA abrasion loss for aggregate groups 

 
Figure 2-9 – Ranges of specific gravities for each rock type 
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Figure 2-10 – Ranges of LA abrasion loss percentages for each rock type 

As shown, the granite/trap rocks have both the highest specific gravity and lowest LA 

abrasion loss percentages and, on average, are the toughest aggregates in both 

categorizations. As noted in Section 2.2.2, the specific gravities can readily be compared 

between different rock types, while LA abrasion loss comparisons require more careful 

consideration. Due to the likely rounded shapes of the gravel/river rocks, comparisons with 

these aggregates should be taken very generally; however, the limestone and granite/trap 

rocks have similar gradations and crushed shapes, so comparisons between these two 

aggregate types may be more valid. 

2.3.2. Floor Slabs 

In addition to the general aggregate information obtained from a variety of aggregate 

suppliers and concrete companies throughout the continental United States and Canada, 

concrete suppliers were asked to provide aggregate information regarding which 

aggregates are typically used for floor slabs (slabs for elevated floors with interior exposure 

conditions) in commercial buildings since this is the PAF application being considered in 

this research. All suppliers were from the upper Midwest region of the U.S., and five 

concrete ready-mix suppliers provided six typical aggregates, each representing a unique 

quarry. Note that this data was included in the overall quarry data presented in Section 

2.3.1.  
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All of the aggregates had a maximum particle size of 1.0 inch, and all but one of the 

gradations conformed to ASTM size #67. All of the three rock classifications were 

represented, and there was an even distribution of crushed/angular and rounded shapes. In 

addition, the specific gravities and LA abrasion loss percentages matched well between the 

coarse aggregates used in floor slabs and those that were used for general concretes, as 

shown in Figure 2-11 and Figure 2-12. 

 
Figure 2-11 – Ranges of specific gravities for each concrete use 

 
Figure 2-12 – Ranges of LA abrasion loss percentages for each concrete use 



27 

 

2.3.3. Reference Maps 

Several entities have attempted to classify availability and type of rocks and aggregates 

across the United States. In addition to the drill tool and anchor supplier maps shown in 

Section 2.2.2.1, the USGS published a report in 2011 detailing the aggregates available 

throughout the U.S. Figure 2-13 shows the overall U.S. map developed by the USGS in 

their report.  

 
Figure 2-13 – USGS map of U.S. aggregate sources [52] 

The report also summarizes the prevalence of the different types of aggregates by overall 

usage in the United States, which has been reproduced in Figure 2-14. It is important to 

note, however, that the USGS distribution does not make a distinction between coarse and 

fine aggregates. Additionally, since this data includes other aggregate uses, such as 

pavements and railroad track ballast, it is not necessarily indicative of the distribution of 

aggregates for reinforced concrete in commercial and industrial buildings.   
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Figure 2-14 – Overall US Aggregate Production [52] 

For the diamond tool and mechanical anchor maps presented in Section 2.2.2.1, the rock 

types supplied by the rock quarries and ready-mix concrete plants aligned with the quarry 

aggregate categorization approximately 80% of the time. Figure 2-15 and Figure 2-16 show 

the approximate location of the quarries considered relative to the hardness categorizations 

for each map. 

 

Classification: Soft Medium-Soft Medium Medium-Hard Hard 

Figure 2-15 – Quarry locations with respect to reference hardness map from Advance Drills, Inc. [36] and 

Diamond Products [37] 
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Classification: Soft Medium-Soft Medium Medium-Hard Hard 

Figure 2-16 – Quarry locations with respect to reference hardness map from Industrial Diamond 

Association of America [38], Tapcon [39], Diamond Tools Technology [40], and National Equipment [41] 

The USGS map had a stronger correlation of 90%. In both cases, the coarse scale of the 

maps and the location of certain quarries on the boundary between regions of differing rock 

type or hardness made it difficult to classify the expected properties with certainty. The 

reference maps, along with the USGS report showing a large portion of aggregate to be 

either sand and gravel or limestone, provide insight on large scales and are useful for 

determining trends and expected aggregate types within a region, but they cannot supplant 

the more specific quarry data for properly classifying aggregates. 

2.3.4. Lightweight Concrete 

Lightweight concretes are common for floor slabs in commercial buildings due to their 

reduced unit weight. Four samples from several lightweight aggregate producers were 

obtained. Maximum particles were typically ½” but were as high as ¾”, bulk specific 

gravities in the SSD condition ranged from 1.57 to 1.72, and ASTM C330 gradations [58] 

were either 12.5 mm to 4.75 mm or 9.5 mm to 2.36 mm. These particle sizes are 

substantially smaller than those for the coarse aggregates, and the comparatively small 

specific gravities are needed to achieve the lightweight properties of the aggregate. LA 
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Abrasion loss values were not readily provided by the material suppliers. Lightweight 

coarse aggregates are less critical for PAF applications due to their smaller relative size 

and density compared to normal-weight coarse aggregates as well as their engineered 

nature that gives more uniform and predictable properties. 

2.4. Aggregate Categorization 

Based on the investigations described in Section 2.3, the most accurate toughness 

classifications based on readily-available data are from the USGS classification based on 

location, the quarry rock type classification, and specific gravity and LA abrasion loss 

percentages reported on the aggregate supplier data. This data has been used to select 

aggregates for testing PAFs and for proposing parameters for an acceptance criterion. 

2.4.1. Testing Aggregates 

It was desired to obtain representative aggregates across the spectrum developed in Section 

2.3 of the report. Three normal-weight concrete aggregates were obtained and evaluated as 

shown in Table 2-3. In addition to the specifications provided by the quarry, a Mohs 

hardness test was performed and the percentage of fractured particles was determined in 

accordance with ASTM D5821 [43].   

Table 2-3 – Properties of selected aggregates 

Supplier 
Aggregate 

Industries 
Orca Falkstone 

Quarry St. Croix Orca Trenhaile 

Quarry Location1 Shafer, MN Port McNeill, BC Northwood, IA 

Classification2 
Gravel/River 

Rock 

Granite/Trap 

Rock 
Limestone 

Shape (%>1 fractured face)2 41% 60% 100% 

LA Abrasion Loss1 16% 8% 22% 

Specific Gravity (SSD)1 2.72 2.88 2.77 

ASTM C33 Gradation1 #67 #57 #57 

Maximum Particle Size1 1.0” 1.0” 1.0” 

Mohs Hardness2 5 to 6 5.5 to 7 3 to 4 
1Provided by aggregate supplier 2Determined for this report (tested at University of 

Minnesota) 
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Figure 2-17a (top left) – St. Croix gravel; Figure 2-17b (top right) – Orca granite; Figure 2-17c (bottom 

left) – Trenhaile limestone; Figure 2-17d (bottom right) – Baton Rouge lightweight 

As seen in the aggregate photos in Figure 2-17, and based on the results of the various tests, 

aggregates can be difficult to classify in a single group and may appear tougher or weaker 

depending on the parameter being considered. As shown in Table 2-3, the aggregate from 

the Orca quarry has a high specific gravity, low loss due to abrasion, and a high Mohs 

hardness parameter when compared to the overall quarry data presented in Section 2.3.1. 

It is therefore a realistic representative for some of the toughest aggregates that may be 

readily used in floor slabs for buildings. While classified as a granite/trap rock, it has some 

rounded gravel pieces mixed with the crushed stone as shown with the percentage of 

fractured faces and in Figure 2-17b. The aggregates from the St. Croix and Trenhaile 

quarries have mixed properties for the toughness parameters considered. As with the Orca 

aggregate, the St. Croix aggregate has a mix of rounded and angular pieces, but the rounded 

pieces predominate. Additionally, it has a low percentage loss due to impact and abrasion 

as well as a high Mohs hardness. The specific gravity is not particularly high, but the 

aggregate is tough compared to the overall aggregate distribution shown in Figure 2-8. In 
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certain regions, such as the upper Midwest, it is representative of some of the toughest 

aggregates readily available for ready-mix concrete construction. 

As shown in Figure 2-9 and Figure 2-10, the specific gravity and LA abrasion loss 

percentage ranges are relatively compact for limestones, and the limestone from the 

Trenhaile quarry aligns well with those from other quarries. The aggregate is fully a 

crushed stone, as shown in Figure 2-17c, and the Mohs hardness is typical of most 

limestones. Due to the abundance of limestone as a construction aggregate as well as its 

middling toughness parameters, the Trenhaile limestone was determined to be a 

representative aggregate typical of floor slab construction.  

2.4.2. Concrete Mix Designs for Testing 

With several representative coarse aggregates selected to vary concrete properties, concrete 

mixes were prepared to achieve similar compressive strengths of the concretes and control 

other variables of the concrete. Two mixes used aggregates described in Section 2.4.1, and 

one mix used a typical lightweight coarse aggregate. All of the mixes shown in Table 2-4 

had the same target compressive strength. The full mix designs are shown in Appendix B.  

Table 2-4 – Concrete mix designs used for testing 

Mix Designation Tough NWC Standard NWC Sand LWC 

Mix Properties 

Target Strength 4,000 psi 4,000 psi 4,000 psi 

Cement Type Type I/II Type I/II Type I/II 

Unit Weight 148 pcf 149 pcf 120 pcf 

Admixtures None None None 

Water-cement 

ratio 
0.57 0.68 0.64 

Fine/Coarse Agg. 

Weight Ratio 
0.79 0.92 2.08 

Coarse Aggregate Properties 

Supplier Aggregate Industries Falkstone Trinity 

Quarry or Plant St. Croix Trenhaile Baton Rouge 

Location Shafer, MN Northwood, IA Baton Rouge, LA 

Classification Gravel/River Rock Limestone Expanded Shale/Clay 

ASTM Gradation  #67 (See Table 2-5) #57 (See Table 2-5) 9.5 mm to 2.36 mm 
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The gradations of the normal-weight coarse aggregate constituents of the mix designs are 

shown in Table 2-5 and are based on the most recent sieve analysis provided by the 

aggregate supplier. The table also shows the ASTM gradation ranges for #57 and #67 size 

designations. As shown, the #57 Trenhaile limestone used in the standard NWC very nearly 

meets the #67 gradation requirements (the mass percent passing on the 3/4” sieve is 3% 

from the requirement). Note that this given information is not necessarily for the quarry 

certification test for the current year and is not performed on a batch-specific basis.  

Table 2-5 – Gradation of normal-weight coarse aggregates in mix designs 

Mix 

Designation 

Tough 

NWC 

Standard 

NWC 

#57 Range 

[57] 

#67 Range 

[57] 

Passing 1” 100% 100% 95%-100% 100% 

Passing 3/4” 99% 87% --- 90%-100% 

Passing 1/2” 70% 55% 25%-60% --- 

Passing 3/8” 54% 33% --- 20%-55% 

Passing #4 8.3% 3% 0%-10% 0%-10% 
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Chapter 3. Design of Out-of-plane Track Test Setup  

3.1. Out-of-plane Testing Overview 

The goal of the project is to perform out-of-plane unidirectional/monotonic tests of cold-

formed steel (CFS) tracks attached to un-cracked concrete slabs. To achieve this, a test 

setup and loading device that subjected the track to uniaxial loading was desired. In 

addition, it was sought to have minimal deflection and relatively low internal friction. 

Several studies have used various test apparatuses to perform in-plane and out-of-plane 

track tests with varying levels of success. This chapter summarizes the design of the out-

of-plane track test setup, including the concrete slabs, power-actuated fasteners and tools, 

cold-formed steel track, loading device, supporting frame, and instrumentation.  

3.2. Test Setups Used in Previous Studies 

The test setup in Figure 3-1 was used for a variety of cyclic and monotonic tests of cold-

formed steel tracks of varying dimensions. The setup used rollers installed in the concrete 

to constrain vertical displacements, and the connection between the test setup and the CFS 

tracks had two plates to indirectly transfer the load between the load ram and the CFS track. 

Additional test setups were referenced for this research, but their designs are proprietary.  

  
Figure 3-1 (two views) – In-plane track test setup using mechanical rollers and LVDT instrumentation [5] 
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3.3. Out-of-Plane Track Loading Device and Supporting 

Frame 

Based on a review of the loading devices used in previous studies, a unique loading frame 

was developed for this research to give the desired results and conform to the constraints 

of the Galambos Structural Engineering Laboratory at the University of Minnesota. 

3.3.1. Overview 

The test setup allowed for the CFS track connected to the slab via PAFs to be loaded in 

shear in the out-of-plane direction. This setup is considered to be representative of loading 

experienced by stud walls, particularly non-structural partitions, supporting relatively large 

masses during a seismic event. In the wall system, the studs are generally assumed to 

restrict vertical movement of the wall, so the setup restricted motion of the loading 

mechanism to pure translation in the direction of loading. The setup allowed for the applied 

force and displacement of the track to be precisely recorded throughout the application of 

the load. The overall test setup is shown in Figure 3-2 (more detail is provided in Section 

3.8). As shown, the loading system did not extend the full length of the concrete slab test 

specimen, so all tracks on one-half of the slab were tested, and then the slab was rotated to 

test the remaining tracks. This setup was used to reduce costs compared to a full-length test 

setup that offered comparable load ratings and stiffness. More views and the steel member 

details are shown in Appendix D. Calculations validating the selections of the members 

used in the test setup are shown in Appendix E.  

Data for estimated loads in the out-of-plane setup were not directly available due to the 

unique nature of this test setup. In-plane track tests performed at the Missouri University 

of Science and Technology that used four PAFs yielded mean ultimate shear loads of 

5,000-6,000 pounds with displacements of around 0.1 inches prior to failure [5]. 

Conservatively, the setup was designed for anticipated loads of 20,000 pounds and 

displacements of 0.4 inches of the tracks at failure. 
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Figure 3-2 – Overall test setup 

3.3.1. Supporting Frame 

The loading device and test specimen were supported on EFCO Super Stud® frame 

elements attached to the lab strong floor. This raised the test slab off of the lab floor, 

provided attachment points for the loading frame, allowed for test specimens to be more 

easily placed and prepared for testing, and allowed for the height of the loading frame to 

be finely adjusted to match the particular slab being tested. The frame elements are 

identified in yellow in Figure 3-2. Two 6’-0”, two 3’-0”, four 9” blocks, two 9” plate 

assemblies, and two angle connectors were required for the test setup. 

3.3.2. Linear Bearings and Loading Frame 

To load the cold-formed steel track, a loading frame was attached to the supporting frame. 

The primary goals of the design were to allow for pure translational movement in the 

desired direction of loading with minimal friction and to have minimal eccentricity of the 

load paths throughout the loading frame. In the final design, the load path was through the 

centroid of all members and connections at the level of the slab surface. Ultimately, there 

was no eccentricity between the axis of the actuator and the shear plane between the cold-

formed steel track and the concrete surface. 
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The general setup of the loading frame was to have a cross-head positioned within the cold-

formed steel track. This track cross-head was attached to members (termed “loading 

struts”), on either side of the slab. The loading struts were attached to linear guideways, 

which were attached to “transfer beams” that were connected to the supporting frame. On 

the opposite side of the loading strut from the cross-head, another cross-beam was attached 

and connected to an actuator. 

Both of the members on the long sides of the slab (the “transfer beam” and “loading strut”) 

were wide-flange sections. The transfer beam members were W5x19 sections that had one 

flange bolted to the supporting frame elements and the other flange attached to the linear 

guideway. This guideway allowed the loading device to move in pure translation with 

minimal friction. The system consisted of two rail guides through-bolted to the transfer 

beams on either side of the long edges of the slab, and each rail guide supported two guide 

blocks. A diagram of the guideway system is shown in Figure 3-3 and utilized RGW-25-

CC-2T1600-ZA-H linear guideways supplied by HIWIN Corporation. The W10x22 

loading struts were bolted through the web directly into threaded holes in the guide blocks, 

and bolt holes were drilled into one flange of the member to allow for the actuator cross-

beam and track cross-head to be installed. Multiple holes spaced at 4” on-center along the 

length of the loading struts allowed for the track cross-head to be moved for each of the 

tests.  

 

 

Figure 3-3 – Cut-away depiction of linear bearing system [59] 
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The actuator cross-beam transferred the load from the actuator to the loading strut. It was 

a W6x16 section with a 3/8” steel plate welded to one of the flanges. The plate connected 

the cross-beam to the head of the actuator, and the ends of the cross-beam were bolted to 

the loading strut via L2-1/2x2-1/2x1/4 steel angles as shown in Figure 3-4. 

 
Figure 3-4 – One side of actuator cross-beam to loading-strut connection 

The track cross-head transferred the load from the loading strut to the CFS track and was 

designed as two C6x13 members connected via welding of the flanges. The bottom channel 

fit within the CFS track and allowed for it to be uniformly loaded along its length. Welding 

another channel to create a built-up box section increased the rigidity of the cross-beam, 

particularly against the expected torsion of the test setup, and this built-up section was used 

instead of an HSS section since the fillets on the corners of the HSS would not contact the 

bottom of the CFS track. The track cross-head had 1-5/16” diameter holes in the web at the 

locations of the PAFs to prevent interference with or direct loading of the PAFs during the 

test. Additional 9/16” diameter holes were drilled in the flanges of the cross-head to allow 

for it to be directly bolted to the CFS track. Due to the inaccessibility of the interior side of 

the flanges within the built-up box section, through-bolts were used to connect the CFS 

track to welded nuts within the cross-head. Welded steel angles on either end of the channel 

allowed for it to be bolted to the loading struts for each test. Figure 3-5 shows the overall 

design of the track cross-head. 
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Figure 3-5a (left) – Track cross-head built up section; Figure 3-5b (right) – Cut-away view of bottom 

member of built-up section  

3.3.3. Connections 

Connections were made using shop-fabricated welds or snug-tight structural bolts, 

washers, and nuts. All connections between members of the loading frame were made with 

5/8” ASTM A394 Type 1 bolts, 1/2” or 5/8” ASTM A325 bolts, 1/4” fillet welds, or partial 

joint penetration square groove welds. All connections to the linear guideways were made 

using the highest grade readily-available fasteners conforming to the dimensional 

requirements provided by the guideway manufacturer.  

3.3.4. Actuator 

The system was loaded by a 22-kip bi-directional hydraulic actuator with a 10.6-inch static 

stroke. This actuator nearly matched the design load for the test setup, had sufficient travel 

for the anticipated displacements, and had an overall length that matched well with the 

needed dimensions of the rest of the test setup. The bi-axial swivel bases on both 

attachment locations of the actuator provided required fit-up tolerances.  

3.4. Concrete Slabs 

3.4.1. Slab Design 

All slabs were designed as shown in the drawings of Appendix C, with the overall 

dimensions being 8’-0” long, 4’-0” wide, and 6.5” thick and the approximate weights being 

2,600 pounds for normal weight concrete or 2,080 pounds for light weight concrete. Each 

slab had sufficient capacity to carry its own self weight without cracking as shown in 

Appendix E. Additionally, the plain concrete had sufficient shear capacity to carry the 
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stresses induced by flexure due to the self-weight of the concrete. Steel reinforcement was 

conservatively added to the slab for safety during movement and transport and to limit the 

spread of cracks should any form in the slab. 

To better mimic the critical design situation of PAFs installed vertically into the underside 

of a floor slab, the slabs used for testing were cast upside-down (i.e. the bottom side in 

casting was the top side during testing). This was done to attempt to more realistically 

capture the higher concentration of large aggregate, which was hypothesized to 

substantially affect PAF strength, at the bottom of the slab during casting. To help reduce 

the chance of the corners of the slab cracking when the slabs were flipped after being cast, 

chamfers were incorporated into the formwork for the slabs. 

To prevent movement of the slab during testing, the slab was attached to the strong floor 

of the laboratory via a minimum of three 1-½ inch diameter threaded rods. Rods that 

coincided with one of the three corners defining the resting plane of the slab were tightened 

to 600 pound-feet of torque. The remaining rod was installed snug-tight. Where 

dimensional tolerances did not permit the use of three tensioned 1-½ inch diameter 

threaded rods, anchorage was provided by two 1-½ inch rods and one ¾” diameter rod 

tightened to 180 pound-feet of torque. 2-inch diameter holes through the slab were 

provided to accommodate these rods. All holes aligned with the attachment points of the 

lab floor, which were 40 inches on-center in all orthogonal directions.  

Lifting was performed using two ¾” through-bars placed within the slab along the short 

dimension. The slabs were cast with two 1-inch diameter PVC through-tubes that allowed 

for the lifting bars to be placed and removed as necessary. The PVC tubes were centered 

in the depth of the slab and placed 1’-0” from the ends of the slab. 

3.4.2. Concrete Placement 

Concrete mixes were used as specified in Table 2-4 and were cast in exterior conditions. If 

the average daily temperature on the day of casting was at or below 40 °F, thermal blankets 

were used to cover the slabs. Concrete was delivered by ready-mix trucks and was poured, 

vibrated, and screeded by trained concrete finishers complying with local union 

regulations. The finishing company and, when possible, individual finishers were constant 
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for all concrete pours. Three cubic yards of each type of concrete was ordered to ensure 

concrete quality and compliance with the mix design. 

3.4.3. Test Cylinders 

When the slabs were cast, cylinders were cast to determine concrete strengths at the 

minimum number of specific times shown in Table 3-1. The schedule was based on a 

combination of typical practice and the testing schedule defined by ICC-ES AC70 [22]. 

Most of the cylinders were standard-cured using 4”x8” molds, additional cylinders were 

field-cured and were companions to the slab, and a few cylinders were immersed in water 

(wet-cured) following the initial curing period. All casting, curing, and testing was 

performed in accordance with the most recent version of the applicable ASTM standard.  

Table 3-1 – Minimum schedule for cylinder testing for each concrete casting 

Time # Cylinders Cure Test 

1 day 2 Standard Compression 

7 days 3 Standard Compression 

14 days 3 Standard Compression 

28 days 3 Standard Compression 

28 days 3 Wet Compression 

28 days 3 Standard Splitting Tensile 

Prior to slab 

testing 

3 Standard Compression 

2 Field Compression 

End of slab 

testing 

3 Standard Compression 

2 Field Compression 

 

3.5. Power-actuated Fasteners and Tools 

Two different combinations of PAF products, shown in Table 3-2, were used for the tests. 

The Hilti X-P 27 MX fasteners were tested with each of the three mix designs specified in 

Table 2-4, while the Hilti X-C 20 B3 MX fasteners were only tested with the standard 

NWC and LWC mixes. The X-P 27 fasteners have a hardness that is higher than alternative 

products for fastening CFS tracks to concrete, and they are common in industry use with 

powder-actuated tools. The X-C 20 B3 fasteners are typical products for concrete 

applications with electro-mechanically-actuated (battery) tools.  
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Table 3-2 – PAF products for testing 

Fastener Type Installation Tool Fastener Length Number of Tests 

Hilti X-P 27 MX Hilti DX5 MX 1.0 inches 30 

Hilti X-C 20 B3 MX Hilti BX3 0.75 inches 20 

  

The Hilti DX5, shown in Figure 3-6a, is a powder-actuated tool that uses 0.27 caliber short 

cartridges. The firing of the cartridge drives a piston, which in turn installs the fastener. 

The Hilti BX3, shown in Figure 3-6b, is a battery-powered tool that does not require 

cartridges and instead uses an electro-mechanical system of a motor and springs to install 

fasteners. The BX3 tool provides the same power for all fastenings, while the power of the 

DX5 can be varied by the selection of the cartridge and the adjustment of the firing chamber 

using a dial on the side of the tool. The maximum power provided by the DX5 is almost 

four times that of the BX3 tool. The DX5 tool used for these tests was fitted with an MX 

72 nail magazine, and the BX3 comes with a magazine pre-installed.  The corresponding 

MX fastener varieties, which are collated for use with magazines, were recommended by 

the manufacturer for the specific applications used here since they can be installed in quick 

succession, lending them to be more prevalent in industry practice [60]. 

                 

Figure 3-6a (left) – Hilti DX5 powder-actuated tool; Figure 3-6b (right) – Hilti BX3 electro-mechanically-

actuated tool [60] 

3.6. Cold-Formed Steel Track 

A single cold-formed steel track segment was used for each test and was be attached to the 

concrete slab with four PAFs. All tracks had a 6” web, 2” flange, and 3’ length with a 

thickness of either 54 mils (16 gauge) for use with X-P 27 fasteners or 33 mils (20 gauge) 

for use with X-C 20 B3 fasteners. The 54 mil steel tracks were made from steel with a 

nominal yield strength of 50 ksi, and the 33 mil steel tracks had a nominal yield strength 

of 33 ksi. These are the highest material strengths typically available for the concrete tracks 
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of these thicknesses, and the track gage and yield strength were selected to provide realistic 

representations of structural tracks used in wall partitions for each fastener type [60] while 

reducing the likelihood of excessive deformation of the track and/or bearing failures of the 

PAFs into the track.  

3.7. Instrumentation and Data Collection 

The desired quantitative data for each test consisted of the applied load from the actuator, 

the displacement of the actuator, and the displacements of the track at two locations 

coinciding with the approximate locations of the two outer-most PAFs, all collected a one-

second time-intervals. String potentiometers (string pots) collected the displacement 

measurements for the track and were connected to the CFS track via magnets with a 45-lb 

holding capacity. The base of the string pots were connected directly to the end of the slab 

opposite the actuator, and both the magnets and string pots were installed as close to the 

surface as possible (approximately 3/8” above the surface of the slab) to capture the 

horizontal displacement at the level of the PAFs.  

3.8. Construction Diagrams 

Figure 3-7 through Figure 3-12 show the sequence of construction of the test setup. 

Comparing Figure 3-12 and Figure 3-13 shows how the test setup accommodated testing 

multiple cold-formed steel tracks on the same slab with minimal disassembly of the test 

setup. Figure 3-14 shows the full instrumented test setup as it was installed in the 

laboratory. 
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Figure 3-7 – Assemblage of supporting frame elements attached to the lab floor 

 
Figure 3-8 – Attachment of transfer beams and linear bearings to supporting frame 
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Figure 3-9 – Attachment of loading struts, actuator cross-beam, and 22-kip actuator to linear bearings and 

supporting frame 

 
Figure 3-10 – Placement of concrete slab on supporting frame 
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Figure 3-11 – Installation of cold-formed steel track to concrete slab using PAFs 

 
Figure 3-12 – Attachment of track cross-head to loading frame within cold-formed steel track 
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Figure 3-13 – Attachment of track cross-head to loading frame within cold-formed steel track in a different 

location for another test 

 
Figure 3-14 – Instrumented test setup  
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Chapter 4. Testing Procedures and Protocol 

4.1. Track Test Procedure 

Tracks were attached with four fasteners and tested one-at-a-time. For each test, the track 

was located in accordance with the drawings shown in Appendix C. The length of the 

fasteners and thickness of the track web were measured and recorded. The PAFs were then 

installed using one of the tool, fastener, and concrete combinations shown in Table 4-1. 

Note that the X-C 20 B3 MX fasteners were not tested in the tough NWC due to 

manufacturer recommendations. All four PAFs were installed sequentially, and the 

cartridge/power setting of the powder-actuated tool, if applicable, was the same for all four 

PAF installations.  

Table 4-1 – Tool, fastener, and concrete combinations for track tests 

Tool Fastener Concrete Number of track tests 

Hilti DX5 (Powder) X-P 27 MX Tough NWC 10 

Hilti DX5 (Powder) X-P 27 MX Standard NWC 10 

Hilti DX5 (Powder) X-P 27 MX LWC 10 

Hilti BX3 (Battery) X-C 20 B3 MX Standard NWC 10 

Hilti BX3 (Battery) X-C 20 B3 MX LWC 10 

 

Fasteners installed with the DX5 (powder tool) were installed in accordance with typical 

practice and recommended use of the tool, which allows for the chamber size of the tool 

and the cartridge itself to be adjusted to vary the power. Based on prior industry knowledge, 

yellow (power level 4) and/or red (power level 5) 0.27 caliber short cartridges were used 

for the installation. Note that the power levels are based on the manufacturer, and the 

highest possible power level for these tools is a purple cartridge (power level 6) [60]. Trial 

installations were used to refine the cartridge and tool power setting for testing to give the 

desired embedment without causing undue stress on the tool or damage to the concrete. 

Once a power level was determined, it was maintained throughout the tests unless setting 

issues warranted its alteration. Fasteners installed with the BX3 (battery tool) were installed 

in accordance with typical practice and recommended use of the tool. Since the power of 

the tool cannot be modulated, no specific requirements exist.  
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For all tests, the four PAFs in the planned locations (6 inch end distance with 8 inch 

spacing) were the only PAFs that were installed regardless of their installed nature. A 

typical installation is shown in Figure 4-1, and the dimensioned layout of the installed 

locations is shown in Figure 4-2. Setting failures, where the fasteners could be removed by 

the suction of a standard wet/dry vacuum, were to be noted but replacement or additional 

PAFs were not to be installed in the tracks. This procedure was outlined to ensure 

consistency between the tests and to mimic typical practice of contractors using the tool. 

 
Figure 4-1 – Typical installed track for load testing 

 
Figure 4-2 – Fastener locations and spacing in track 

The stand-off of each of the fasteners was measured relative to height of the concrete at the 

installation locations and was recorded, then the track cross-head was set within the 

installed CFS track, bolted to the flanges of the CFS track, and then bolted to the loading 

strut. The string pots were then placed, and all displacements were recorded relative to this 

initial location. 

The actuator loading was monotonic and displacement-controlled and was set to a constant 

rate of 0.05 in/min for tests with X-C 20 B3 MX fasteners and 0.08 in/min for tests with 

X-P 27 MX fasteners. These loading rates were chosen so that the ultimate load was 

reached in approximately 60 to 150 seconds, and the variation in loading rate between the 

two fasteners was due to anticipated differences in stiffness. The slow loading rates were 

intended to minimize the dynamic loading of the fasteners and inertial effects of the loading 

frame. However, the dynamic, inertial, and frictional effects were addressed by performing 
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a controlled test of the frame without the PAFs or track installed. The load from this control 

test was subtracted from the observed loads in the tracks with PAFs. 

The actuator was displaced until the average track displacement was at least 0.25 inches 

from its initial position or until the load decreased to at least 35% of the peak load, 

whichever occurred first. Following completion of each test, the track cross-head was 

removed and the failure mode (e.g. track bearing, fastener pull-out, fastener shearing) and 

bending class based on the reference images shown in Figure 4-3 of each PAF was 

determined. 

 
Figure 4-3 – Fastener bending classes due to installation deformation (image courtesy of Hilti) 

 

4.2. Single Fastener Testing Procedure 

The out-of-plane testing of tracked PAF groups installed in conducted at the University of 

Minnesota was performed in conjunction with testing of single PAFs in shear at Element 

Materials Technology (Element) in St. Paul, Minnesota. The shear loading device designed 

and used by Element for single fasteners is shown in Figure 4-4. The loading actuator 

pulled the cold-formed steel sheet and was braced against the slab, and displacements were 

measured using a string potentiometer attached between the slab and the cold-formed track 

in the vicinity of the fastener. 
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Element used the same tool/fastener/CFS/concrete combinations as the tracked tests and 

performed at least 100 tests of each combination. They also similarly measured the fastener 

lengths and standoffs, followed the same installation procedures, used a loading rate to 

induce failure in a similar amount of time, and recorded the same fastener bending class 

and failure mode as the track test procedure.  

 
Figure 4-4 – Single fastener shear test device 

4.3. Setting Test Procedure 

Setting tests were performed to determine the percentage of successful installations in each 

type of concrete for various fastener types, and they were used to validate the selections of 

concretes and fasteners used in the shear tests against typical values given by the 

manufacturer. For these tests, four different fastener types were used. Two of these, the 

Hilti X-P 27 MX and X-C 20 B3 MX, were used in the track tests, and two were other 

comparable fasteners, the Hilti X-C 27 MX and X-P 20 B3 MX. All fasteners are made 

from carbon steel and are recommended for concrete use, but some key dimensions and 

properties vary as shown in Table 4-2.  
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Table 4-2 – Comparison of fasteners used in setting tests [60] 

Fastener X-P 27 MX X-C 27 MX X-P 20 B3 MX X-C 20 B3 MX 

Install Tool 

(Actuation) 

Hilti DX5 

(Powder) 

Hilti DX5 

(Powder) 

Hilti BX3 

(Battery) 

Hilti BX3 

(Battery) 

Shank length 1-1/16 in. 1-1/16 in. 25/32 in. 25/32 in. 

Shank diameter 0.157 in. 0.138 in. 0.118 in. 0.118 in. 

Point Type 

(See Figure 4-5) 

Long 

Conical 
Cut Ballistic Cut 

Rockwell C 

Hardness 
59 56.5 57.5 56.5 

 

 
Figure 4-5 – Fastener tip relationship with concrete penetration [60] 

30 tests were conducted for each fastener/tool combination in each of the three concretes 

for a total of 360 setting tests. Fasteners were installed directly into the formed concrete 

surface with a 4” spacing in all directions to avoid overlapping the zones of disturbed 

concrete, and the track shear tests concrete specimens were used as shown in Figure 4-6.  

Element also performed setting tests, but limited the tests to the fastener and concrete 

combinations used for the shear tests as shown in Table 4-1. In addition, a minimum of 350 

tests were performed for each combination and the fasteners were installed through cold-

formed steel sections with material properties as described in Section 3.6. The results for 

the 350 tests for each fastener/concrete combination included 250 tests performed 

specifically as setting tests combined with the minimum of 100 shear tests. 

Any obvious installation failures, where fasteners were able to be removed by the suction 

of a standard wet/dry vacuum, were noted to determine the proportion of successfully 

installed fasteners (commonly referred to as “stick rate”). Note that the measuring the stick 

rate is not part of any assessment per ICC-ES AC70 [22] or ASTM E1190 [27], but it may 



53 

 

be valuable for capturing setting failures that are currently omitted or not recognized in the 

assessment criteria. 

 
Figure 4-6 – Layout of installation locations for setting tests 
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Chapter 5. Test Results and Data Analysis 

The test results presented herein are a combination of tests performed at the University of 

Minnesota and at Element Materials Technology (Element). Concrete cylinder tests were 

performed at either the University of Minnesota or Element. The tests performed for 

cylinders cast at the University of Minnesota have been reported in Appendix F, and 

Element reported their cylinder strengths at the time of testing in Appendix H. All out-of-

plane track tests were performed at the University of Minnesota, and the test result 

summaries have been included in Appendix G. All single fastener tests were performed by 

Element for this combined research effort, but Element was not responsible for processing 

or analyzing the data beyond providing the test reports that are included in Appendix H. 

Setting tests into bare concrete were performed at the University of Minnesota, those 

through cold-formed steel sections were performed by Element, and the data for those tests 

is reported in this Chapter. 

5.1. Controls and Variables 

The coordinated research effort for the single fastener tests and track tests was designed to 

be able to draw conclusions between the results of each. Ideally, the only variable between 

these tests was the quantity of fasteners such that group effects and the redundancy of track 

applications could be explored for each of the concrete and fastener combinations. This 

required careful control of the concrete specimens, installation tools, fasteners, cold-

formed steel properties, and loading mechanisms. 

The concrete constituents were kept constant for all of the tests. The mix designs described 

in Table 2-4 and Appendix B were used for both the single fastener tests and the track tests, 

including the sources of the aggregates, type of cement, ready-mix company and plant, lack 

of any admixtures, quantity of material ordered, and proportions of each component. The 

installation tools were also consistent – all powder-actuated tools were Hilti DX5’s with a 

MX 72 nail magazine assembly, and the same Hilti BX3 battery-actuated tool was used at 

both labs. The fastener types were identical down to the lot number, and the cold-formed 

steel sheets for the single fastener tests had the same nominal thicknesses and strengths as 
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was described in Section 3.6. Finally, both loading mechanisms were designed to apply 

unidirectional shear to the cold-formed steel sheets or tracks.  

There were some planned differences between the tests in addition to the intended variables 

of fastener quantity and specifics of the test setup. The majority of the anticipated variables 

were due to differences in the slabs to match what was needed for each testing setup. The 

sizes differed, but more importantly, the casting directions, casting personnel, and 

reinforcement within the slabs did as well. All fastener tests were conducted on a formed 

side of the cast specimen. The single fasteners were installed into a face that was vertical 

during casting, while the track test fasteners were installed into bottom side of a 

horizontally-cast slab. In addition, the single fastener slabs were cast and finished by 

internal laboratory personnel, while the slabs for track tests were cast by contracted 

finishers complying with local union regulations. Finally, the single fasteners were 

installed into plain concrete, while the track test slabs were reinforced with welded wire 

mesh. These variables were anticipated to have little or no effect on the test results – the 

bottom surface of the horizontally-cast slabs could have a higher concentration of 

aggregate than the vertically-cast slab surfaces, the training levels of all finishers were 

unknown, and the reinforcement was placed at a sufficient depth to not intersect the 

fastener installations. 

5.2. Concrete Strength Results 

5.2.1. Concrete Strength Tests for Track Test Slabs 

Concrete strengths are a well-documented factor for affecting PAF strength, and ICC-ES 

AC70 defines an acceptable strength range of +1,000 psi/-400 psi relative to the desired 

strength [22] based on field-cured cylinders. Achieving concrete strengths within this range 

was necessary for this research effort to minimize the influence of concrete strength on any 

observed capacity differences in the fasteners. The target strength for this project was 4,000 

psi, so field-cured cylinders with strengths between 3,600 and 5,000 psi were acceptable 

per AC70 requirements. A more stringent range of 3,600 psi to 4,400 psi was preferred, 

but not always achieved, for the tests conducted herein. 
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For the track tests, slabs were cast with all three of the concrete types and the rate of 

strength gain of standard-cured cylinders for the first 28 days of testing, as shown in Figure 

5-1, was monitored to determine the usability of the concrete and to determine when track 

tests were permitted to begin.  

Note that two castings were made with the standard NWC mix, and the strength of the first 

pour of the mix has a higher strength than all of the other concretes. These strengths were 

sufficiently high that it was determined that the concrete strength would fall outside of the 

range permitted by AC70 before all of the track tests could be completed. The slabs 

constructed in the first pour were therefore not used, and a second set of slabs were poured 

with a second batch of concrete.  

 
Figure 5-1 – Concrete strength gain over time for standard-cured cylinders 

Several changes were implemented for second standard NWC pour. The single fastener 

test slabs were cast prior to the track test slabs, so the mix design could not be altered. The 

single fastener standard NWC slabs lab had considerably lower observed strengths 

(approximately 1,500 psi less at 28 days), and the same concrete supplier, mix design, 
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cement, and concrete aggregates were used for both castings. The difference was attributed 

to two primary factors: field conditions during casting and water content within the mix.  

Field conditions varied substantially between the casting dates of the single fastener slabs 

and the track slabs. The single fastener slabs were cast specimens on a day with an average 

daily temperature of 25 °F and a humidity ratio of 0.0018 lb./lb. (pounds of moisture per 

pound of dry air). The conditions of the first standard NWC pour of the track slabs were 

an average daily temperature of 78 °F and a humidity ratio of 0.0144 lb./lb. The 53 °F 

temperature and eight-fold increase in atmospheric moisture created more advantageous 

curing conditions for the concrete, which could have contributed to the higher observed 

concrete strength.  

Moisture conditions of the aggregates could also have impacted the concrete strength. 

Water added by the concrete plant is dependent upon the measured or assumed water 

content of the batched aggregates. Since this quantity is difficult to accurately determine 

in a large materials batching facility, is subject to atmospheric conditions, and can vary 

within the same pile of aggregate, it can impact the true water content and water-to-cement 

ratio of the concrete. A standard concrete slump test was used as an estimation of the water 

content between the mixes, and the slump difference between single fastener slabs and the 

first track slab pour for this project varied by slightly less than 1”.  

For the second standard NWC casting for the track slabs, an attempt was made to reduce 

the likelihood of concrete over-strength. First, the second pour date had an average 

temperature of 70 °F and a humidity ratio of 0.0080 lb./lb., so the field curing conditions 

were both cooler and less humid than the first concrete pour. Second, the slump difference 

with the other lab was kept to a tighter tolerance of less than 0.25”. As mentioned by the 

ASTM standard, slump does not have a well-defined relationship with strength under field 

conditions [61], so the effect of slump was assumed to be minor.  

Ultimately, the second standard NWC track slab pour had lower strengths than the first 

pour, but tests of the concrete at a young age projected that it would fall outside of the 

acceptable strength range before all track tests could be completed. Therefore, the track 
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testing schedule of these slabs was accelerated with track tests being performed as early as 

19 days after the casting date. Conformance to the specified mix designs and design slumps 

of the LWC and tough NWC mixes was sufficient to yield concrete close to the desired 

strengths of the single fastener slabs. As shown in Table 5-1, all track tests were conducted 

within the AC70-specified testing range. Note that Table 5-1 only lists the strength at the 

start and end of testing, but the reported concrete strengths for the individual track tests are 

strength averages based on intermediate compression tests following the requirements 

listed in ICC-ES AC70 for concretes of different ages [22]. These intermediate values are 

reported for each track test in Appendix G. 

Table 5-1 – Concrete strengths based on field-cured cylinders for track test slabs 

Concrete 
Compressive Strength 

Start of Testing End of Testing 

LWC 4,090 psi 4,426 psi 

Standard NWC (2nd pour) 4,217 psi 4,934 psi 

Tough NWC 4,193 psi 4,531 psi 

The tensile strength of the concrete was also determined via split tensile tests of an average 

of three standard-cured concrete cylinders for direct comparison of the concretes. The 

results for the concretes used for track tests are shown in Table 5-2 along with the 28-day 

standard-cured compressive strength test results for the three concrete mixes. This data was 

recorded to determine the relationship between the compressive and splitting tensile 

strengths for the concretes used in this research. It could serve as data to determine an 

approximate factor between the relationship of split tensile strength and the square-root of 

the compressive strength (√𝑓𝑐
′) that could be extrapolated to determine the approximate 

split tensile strength of the other concrete cylinders. 

Table 5-2 – Average 28-day standard-cured strengths of concrete cylinders for track test slabs 

Concrete Split Tensile Strength Compressive Strength 

LWC 324 psi 3,701 psi 

Standard NWC (2nd pour) 406 psi 4,574 psi 

Tough NWC 460 psi 4,455 psi 

The full results of all cylinder tests are shown in Appendix F. 
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5.2.2. Concrete Strength Comparisons between Track and Single 

Fastener Tests 

In terms of unforeseen variables, the common procedures adopted for preparing the 

concrete mixes was supposed to ensure that concrete strengths were consistent between the 

two types of tests. As shown in Table 5-3, this was true for the lightweight and tough NWC 

mixes, but the standard NWC mix had a notably higher strength for the track tests than the 

single fastener tests. As mentioned previously, this could be attributable to the 45 °F 

temperature difference and over four times higher concentration of atmospheric moisture 

for the track test slabs. However, all of the tests were within the acceptable range of 

strengths specified by ICC-ES AC70 for testing without needing to correct for the deviation 

of concrete strengths.  

Table 5-3 – Comparison of concrete compressive strengths between tests 

Concrete Type 
Track Average 

Strength 

Single Fastener 

Average Strength 

Percent 

difference 

Lightweight 4,258 psi 4,230 psi <1 % 

Standard NWC 4,552 psi 3,880 psi 17 % 

Tough NWC 4,227 psi 4,283 psi 1 % 

Given the level of control between the track and single fastener tests, these tests are being 

compared herein without any adjustment or correction for the noted differences in concrete 

strength. 

5.3. Track and Single Fastener Shear Test Results 

All shear tests, both for the groups of fasteners in tracks that were loaded out-of-plane and 

for the single fasteners loaded in shear, recorded differences in embedment, ultimate load, 

stiffness, and bending classification between the tests, and particularly between the 

fasteners installed in different types of concretes.  

5.3.1. Control tests without CFS track or PAFs 

To validate the design of the track test setup and to establish a baseline reference point for 

the other tests, two control tests of the setup were performed. One test had the loading 

frame fully assembled but without a cold-formed steel track attached or installed into the 

slab, and the other test had a cold-formed steel track installed onto the track cross-head but 
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not attached to the slab. Both tests were loaded uniaxially at a rate of 0.08 in/min. Without 

the CFS or PAFs, a near-constant load of 24.5 pounds (+/- 3 pounds) was observed, and 

this represents the resistance associated with dynamic effects of the moving components 

of the test frame. The baseline tests with the CFS track attached but without the PAFs 

installed exhibited a near-constant load of 71.2 pounds (+/- 5 pounds). The additional load 

with the CFS track attached to the cross-head was due to friction between the concrete slab 

and the CFS track. A track installed with PAFs has this friction plus an additional amount 

due to clamping caused by the installed fasteners. Therefore, the baseline load of 24.5 

pounds without the CFS or PAFs installed was subtracted from all of the track tests for 

analysis conducted herein. The additional friction from the clamping force of the PAFs is 

considered to be part of the resistance afforded by the PAF connection and should be 

included in the reported capacities. 

The single fastener test setup was not expected to have any extraneous friction or inertial 

forces, so a control test was not included. 

5.3.2. Fastener Relationships with Coarse Aggregate Composition 

5.3.2.1. Ultimate Load 

The maximum load that PAFs connecting CFS to concrete can resist is the primary metric 

considered in this research. Figure 5-2 shows the average ultimate load for each of the 10 

track tests conducted with each fastener and concrete type. As shown and expected, the 

smaller X-C 20 B3 PAFs installed to a shallower embedment with the battery tool have 

considerably lower ultimate loads than the X-P 27 PAFs installed with the powder tool. All 

fasteners experienced pull-out failure, where the fastener breaks away from the concrete 

and does not shear prior to reaching its ultimate load, as intended to evaluate the fastener 

behavior in concrete. 

Removing the tool and fastener as a variable in the comparison leaves the concrete type as 

the only varied parameter between the tests. Figure 5-3 shows the median and extreme 

ultimate loads for the X-P 27 powder-actuated (powder) fasteners, and Figure 5-4 shows 

these values for the X-C 20 B3 electro-mechanical-actuated (battery) fasteners. As shown, 

the standard NWC yielded lower ultimate loads than the lightweight concrete for all tools, 
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and the ultimate loads for the tough NWC for the powder tool were even lower. In addition 

to lower median and extreme values, the variability of the ultimate load values increased 

as the toughness of the coarse aggregate increased. 

 
Figure 5-2 – Average ultimate load for track tests categorized by coarse aggregate and fastener type 

 
Figure 5-3 – Median and extreme ultimate load values for track tests with the powder tool 
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Figure 5-4 – Median and extreme ultimate load values for track tests with the battery tool 

The tests of single fasteners showed similar trends in ultimate load as the track tests, with 

tougher concrete aggregates and smaller fasteners yielding lower average capacities as 

shown in Figure 5-5. Failures of X-P 27 fasteners installed in lightweight concrete and all 

X-C 20 B3 fasteners were PAF pull-out, X-P 27 fasteners in standard NWC were 

predominately PAF pull-out with a few having both pull-out and steel failures, and X-P 27 

fasteners in tough NWC had a mix of nail pull-out (75% occurrence), steel failures (23%), 

and concrete blowout failures through the edge of the concrete slab (2%). Edge failure was 

not intended to be assessed in this report, so results were not considered. 

 
Figure 5-5 – Average ultimate load for single fasteners categorized by coarse aggregate and fastener type 
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The ultimate loads of the track tests were compared with the single fastener shear tests on 

a load-per-fastener basis, which assumed that the load was evenly distributed to the 

fasteners in a group. The maximum applied load percentiles (i.e. the percent failing for a 

given load) for each test combination are shown in Figure 5-6 for the X-P 27 MX fasteners 

and Figure 5-7 for the X-C 20 B3 MX fasteners. As with the track tests, the single-nail tests 

for any given fastener showed a decrease in average capacity (i.e. the distributions shift to 

the left) and an increase in capacity variation (i.e. the distributions become wider) as the 

concrete coarse aggregate toughness increased. The rationale for the single fastener test 

observations matches that of the track tests described earlier. Also shown in the figures is 

that the variation of single fasteners decreases as they are grouped together in the redundant 

track systems due to the individual fastener variability averaging out with the other 

fasteners in the track. 

 
Figure 5-6 – Distribution of X-P 27 fastener ultimate loads for all tests  
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Figure 5-7 – Distribution of X-C 20 B3 fastener ultimate loads for all tests 

This investigation was concerned with the group effect of multiple PAFs. Table 5-4 

highlights how for all fastener/concrete combinations, on a per-nail basis, the average 

ultimate load increased and the variation of the loads from this average decreased. PAFs 

have long been known to function more favorably in redundant shear load applications 

[12], and these tests support and quantify this notion.  

Table 5-4 – Average ultimate load per nail and coefficient of variation for all tests 

Fastener X-P 27 X-C 20 B3 X-P 27 X-C 20 B3 X-P 27 

Concrete 
Light-

weight 

Light-

weight 

Standard 

NWC 

Standard 

NWC 

Tough 

NWC 

Single 
Mean (lbs.) 1517 664 1447 526 1142 

CV 18% 24% 30% 35% 48% 

Track 
Mean (lbs.) 1827 684 1620 537 1399 

CV 10% 8% 17% 18% 22% 

The trends in mean and variation of ultimate load are particularly important since current 

PAF requirements established by ICC-ES AC70 [22] determine the allowable load, 𝑉𝑎, for 

non-seismic applications using these quantities and a base material reduction factor, 𝑅 
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(taken as 1.0 as required by AC70 in this case since the variation in concrete strength is 

less than 10%), as shown in Equation 5-1, using the coefficient of variation to determine 

the safety factor, Ω, as shown in Equation 5-2. The AC70 allowable loads with the average 

achieved embedment for these tests are shown in Table 5-5. Note that the seven fastener 

installations for the X-P 27 into tough NWC for the single shear tests that were “no-holds” 

were discounted from this calculation based on the provisions of AC70 and ASTM E1190 

[22] [27]. As shown, the differences due to aggregate toughness, fastener type, and 

redundancy create substantial variation in the allowable loads. Considering the average 

ultimate loads alone, the X-P 27 fasteners showed an increase of approximately 10%-20% 

for the track tests over the single fastener tests. For the X-C 20 B3 fasteners, this increase 

was only 2% to 3%. The variation changes were more pronounced, and since the safety 

factor used to determine the allowable shear load in AC70 is based on this variation, the 

allowable loads increased at least 32% from the single fastener tests to the redundant tracks.  

 
𝑉𝑎 =

𝐹 ∙ 𝑅

Ω
 (5-1)  

where   

 
Ω =

3.5

1 − 2 ∙ 𝐶𝑂𝑉
≥ 5 (5-2) 

 

Table 5-5 – Allowable shear loads by fastener, concrete, and load test 

Fastener X-P 27 X-C 20 B3 X-P 27 X-C 20 B3 X-P 27 

Concrete 
Light-

weight 

Light-

weight 

Standard 

NWC 

Standard 

NWC 

Tough 

NWC 

Single 

𝐹 (lbs.) 1 1517 664 1447 526 1222 

Ω 5.49 6.81 8.77 11.4 16.9 

𝑉𝑎 (lbs.) 276 97.5 165 46.3 70.7 

ℎ𝐸𝑇  (in.) 2 0.995 0.710 0.949 0.632 0.939 

Track 

𝐹 (lbs.) 1 1827 684 1620 537 1399 

Ω 5.00 5.00 5.35 5.47 6.15 

𝑉𝑎 (lbs.) 365 137 303 98.1 228 

ℎ𝐸𝑇  (in.) 2 0.937 0.597 0.894 0.535 0.876 

    1 Mean ultimate load value of tests   2 Achieved average embedment 

Table 5-6 shows the cartridge color and powder tool dial settings for the X-P 27 fasteners.  
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Table 5-6 – Powder tool energy levels for X-P 27 fastener installations  

Concrete Lightweight Standard NWC Tough NWC 

Single 

Cartridge color 

(relative power level) 

Yellow 

(4) 

Yellow 

(4) 

Yellow or Red 

(4) or (5) 

Tool dial setting 2 2.5 2 or 2.5 

Track 

Cartridge color 

(relative power level) 

Red 

(5) 

Red 

(5) 

Red 

(5) 

Tool dial setting 1.5 or 2 2.5 2.5 

The effects of variation and redundancy increase as the aggregate toughness increases. The 

safety factor lower limit of 5.0 corresponds to a coefficient of variation of 15%, and the 

single X-P 27 fasteners installed into the lightweight concrete had a consistent capacity 

(CV=18%) such that only a relatively small increase in allowable load of 32% was 

observed. For the smaller and weaker X-C 20 B3 fasteners and the tougher aggregates, the 

variation of the capacities of the single fasteners increased substantially, while the variation 

with the tracks remained more consistent. Therefore, the allowable loads prescribed by 

AC70 see a pronounced increase of 84% for the X-P 27 fasteners in standard NWC to 

322% for the same fasteners in the tough NWC. Similarly substantial gains are seen for the 

X-C 20 B3 fasteners from the LWC to the standard NWC. 

The impacts of this are significant and highlight a potential for optimization in the current 

acceptance criteria, which bases the allowable loads for a particular fastener and concrete 

combination on single-fastener shear tests. Since practical applications of partition walls 

have a redundancy similar to the track tests performed herein, using single fastener tests 

inaccurately prescribes allowable loads with excessive conservatism for fasteners in all 

concretes, but especially so in tough concretes. Additionally, current test reports performed 

under the acceptance criteria must specify the concrete strength, minimum thickness, and 

type (NWC or LWC) [22], but no differentiation of coarse aggregate properties within the 

NWC designation is required. The tests performed here show lower average ultimate loads, 

higher variations, and lower allowable shear loads using the procedure described within 

AC70 for concretes with tougher aggregates, supporting the case that measures of 

aggregate toughness should be accounted for within the acceptance criteria.  
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5.3.2.2. Fastener Embedment 

The coarse aggregate toughness was also related to the fastener embedment and amount of 

bending of the fasteners. In general, the average embedment decreased and the variation in 

embedment increased as the aggregate toughness increased for both fastener types in both 

test setups as shown in Figure 5-8 and Table 5-7. 

 

 
Figure 5-8 – Embedment distribution by concrete coarse aggregate for single X-P 27 fasteners (top left), 

single X-C 20 B3 fasteners (top right), tracked X-P 27 fasteners (bottom left), and tracked X-C 20 B3 

fasteners (bottom right)  
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Table 5-7 – Average and coefficient of variation of embedment for all fasteners 

Fastener X-P 27 X-C 20 B3 X-P 27 X-C 20 B3 X-P 27 

Concrete 
Light-

weight 

Light-

weight 

Standard 

NWC 

Standard 

NWC 

Tough 

NWC 

Single 
Mean (in.) 0.995 0.710 0.949 0.632 0.939 

CV 4.3% 5.9% 4.4% 7.3% 7.7% 

Track 
Mean (in.) 0.937 0.597 0.894 0.535 0.876 

CV 3.0% 6.1% 4.4% 10.4% 6.0% 

The decrease in embedment with the tougher coarse aggregate was expected for the X-C 

20 B3 fasteners, as the power level of the battery tool is fixed. Since the standard NWC 

mix contained larger and tougher coarse aggregate than the LWC mix, the reduced 

embedment can be explained by the increased likelihood that the fastener struck one of the 

aggregate pieces and dispersed energy to either penetrate or bend around the aggregate 

particle. For the powder tool, this trend was less expected since the installer can vary the 

energy exerted by the tool via the cartridge and energy dial setting. The tougher aggregate 

particles would cause more energy to be dispersed during installation, but the installer can 

compensate for this by increasing the energy supplied by the tool for tougher concretes via 

the cartridge or dial (higher dial settings correspond to increased power). The relative 

power level color designations for cartridges are shown in Figure 5-9. 

 
Figure 5-9 – Powder load identification [21] 

As per the test procedure, this was done for the tests included here. For example, the first 

track test in the lightweight concrete used a red cartridge with the tool energy dial set to 

1.5. Visible standoff of the heads of the fasteners was observed, so the applied energy was 
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increased by adjusting the tool energy dial to 2. Deeper embedment depths were observed 

for these subsequent track tests in the lightweight concrete. For the track tests in both 

normal-weight concrete mixes, preliminary embedment tests showed that using a red 

cartridge with the tool energy dial set to 2.5 generally yielded fasteners with the head in 

contact with the CFS track. Single fastener tests typically used a yellow cartridge with an 

energy dial setting of 2 or 2.5. However, installations were less consistent with the tests in 

the normal-weight concretes than the light-weight concrete, with the tough NWC giving 

the least consistent embedment depths as shown in Table 5-7. The lower average 

embedment values for the track tests could be a result of the presumed higher concentration 

of aggregate due to the casting direction of the slabs.  

Visually, the typical variation of setting depths due to the non-uniform nature of concrete 

can be shown by the example head standoffs of the four fasteners for a single track test 

shown in Figure 5-10. Note that the plastic piece below some of the fastener heads is a part 

used to collate multiple nails together that sometimes falls off during installation. As per 

the test procedure, these fasteners were sequentially installed through the same track into 

the same concrete with the same tool and power settings. However, the heads of fasteners 

2 and 4 are flush with the CFS track, while the head of fastener 1 is slightly above the CFS 

track surface and fastener 3 is noticeably above the track surface and is embedded 30% 

less than fasteners 2 and 4. This variability was attributed to the same reasons as with the 

battery tool. Even though the power of the powder tool is variable, it is constant once a 

particular cartridge and dial setting are selected. All manufacturers recommend test 

installations at jobsites to set the proper energy level for the tool. Test installations were 

performed for the installations herein, but properly installed fasteners, where the head is 

flush with the surface, were not always achieved in practice. The nature of the subsurface 

aggregates was unknown and the necessary power level to achieve proper embedment for 

each fastener could not be anticipated, and proper modulation of power levels became even 

more difficult as the aggregate toughness increased.  
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Figure 5-10 – PAF head standoffs for slab 10, track 2 test 

5.3.2.3. Fastener Bending 

The second component of an ideally-installed PAF, besides a full embedment, is a straight 

shank. The straightness of nail shanks was addressed in this research by categorization of 

the level of bending of the fastener shank as shown in Figure 4-3. Bending classes are based 

on observations after the shear test is complete, and all bending was assumed to occur 

during installation. Bending of the fastener during the shear load test was assumed to be 

unlikely based on manufacturer experience [60] and experimental evidence. In the shear 

tests that included an unbent fastener, as the fastener was displaced beyond failure, the CFS 

material would bend or the concrete would break, but the PAF would remain straight. The 

observed bending classes for all installed track fasteners are shown in Figure 5-11 (a similar 

plot for the single fasteners is not shown for brevity), and the average bending class and 

the coefficient of variation of the numerical values is shown in Table 5-8. For the X-P 27 

fasteners, an increase in concrete toughness corresponded with an increase in the average 

value and coefficient of variation of the numerical values for the bending classifications. 

For the X-C 20 B3 fasteners, this trend was not consistent. For the single fasteners, a slight 

decrease in average bending class was seen, while the tracked fasteners saw a slight 

increase. The variation of the bending classifications of the single fasteners was nearly 

consistent for the single fasteners, while the tracked fasteners saw a marked increase in 

variation. The smaller and softer X-C 20 B3 fasteners bent in all types of aggregates, even 

the less tough lightweight aggregate. The harder and larger X-P 27 fasteners were more 
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impacted by the toughness of the aggregates, but bent less, on average, for any given 

concrete type than the X-C 20 B3 fasteners. It should be noted that the bending class 

definition used here is qualitative by nature and has a linear relationship assumed between 

the assigned discrete bending values. 

 
Figure 5-11 – Bending classifications for all track fasteners categorized by fastener and concrete 

aggregate 

Table 5-8 - Average and coefficient of variation of bending classification for all fasteners 

Fastener X-P 27 X-C 20 B3 X-P 27 X-C 20 B3 X-P 27 

Concrete 
Light-

weight 

Light-

weight 

Standard 

NWC 

Standard 

NWC 

Tough 

NWC 

Single 
Mean 1.13 1.36 1.23 1.26 1.61 

CV 30% 35% 36% 37% 62% 

Track 
Mean 1.00 1.45 1.38 1.48 1.55 

CV 0% 38% 39% 53% 53% 

 

Using the fasteners for the track tests as a benchmark, none of those installed with the 

powder-actuated tool showed any level of bending in the lightweight concrete. With the 

standard NWC, nearly one-third experienced slight bending (classification 2), and one 

fastener was moderately bent (classification 3). The tough NWC had more slightly or 
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moderately bent fasteners and had one extremely bent (classification 5) fastener. For the 

X-C 20 B3 fasteners, the lightweight concrete caused 40% of the fasteners to be slightly 

bent and one fastener to be moderately bent. The standard NWC had more unbent fasteners 

than the lightweight concrete, but there was an extremely bent fastener. Example fasteners 

for each of the recorded bending classes for the track shear tests are shown in Table 5-9.   

Table 5-9 – Example bending classifications for track fasteners 

Bending 

Class 
1 2 3 4 5 

X-C 20 

B3 Track 

Example 

   

(none) 

 

X-P 27 

Track 

Example 

   

(none) 

 

Closer examination of some of the specific installations of the fasteners highlights some 

noticeable interactions between fasteners and the aggregate particles. The X-C 20 B3 

fastener shown in Figure 5-12 had a typical embedment for the tests in standard NWC and 

was slightly bent during installation. Closer examination of the installation hole in the 

concrete slab, shown in Figure 5-12c showed that the fastener squarely penetrated an 

aggregate particle. Bent fastener shanks or high standoffs occur when the fastener is 

deflected or stopped by an aggregate particle. In this case and by chance, the aggregate 

particle was located directly under the fastener, and a tougher aggregate may have resisted 

penetration more and caused a less ideal installation. 
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Figure 5-12a (left) – Installed fastener; Figure 5-12b (middle) – Fastener after load test; Figure 5-12c 

(right) – Installation hole for slab #9, track #5, fastener #1 

Aggregate causing severe bending of the fastener was observed in the two installations 

shown in Figure 5-13 and Figure 5-14. While the amount of fastener bending between these 

two tests were similar, the properties of the installation were not. The fastener showed in 

Figure 5-13 was deflected during installation to the point that the tip of the fastener 

penetrated the cold-formed steel track, alerting the installer of the issue. After the load test, 

it could be seen that the fastener shank had an abrupt kink and that it barely penetrated the 

concrete before striking an aggregate particle and deflecting. The fastener shown in Figure 

5-14, by contrast, looked to be well-installed prior to load testing (Figure 5-14a). The head 

of the fastener was flush with cold-formed steel track, and the track was not unusually 

deformed. An installer or inspector might be unaware to the level of deformation of the 

fastener by looking at the installation surface alone. The fastener and installation hole were 

exposed after performing the track shear load test, and it could be seen that the curve in the 

shank was smooth, that an aggregate particle was present in the installation location, and 

that there was significant concrete damage. 

   
Figure 5-13a (left) – Installed fastener; Figure 5-13b (middle) – Fastener after load test; Figure 5-13c 

(right) – Installation hole for slab #9, track #3, fastener #3 
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Figure 5-14a (left) – Installed fastener; Figure 5-14b (middle) – Fastener after load test; Figure 5-14c 

(right) – Installation hole for slab #11, track #2, fastener #4 

Finally, it is worth noting that embedment depth of the fasteners measured for this research 

was not correlated with bending classification of the fasteners. Moderately or extremely 

bent fasteners sometimes had no standoff of the fastener head and appeared to be properly 

installed prior to the shear load test, while others had both high standoff and moderate 

bending. On the average, there was no observed relationship between these two aspects. 

There were also no “no-holds” noted in any of the track tests. A “no-hold” is an industry 

term referring to a fastener that can be easily removed by hand or is able to be removed by 

the suction provided by a standard wet/dry vacuum. For the single fastener shear tests, 

seven of the 109 single fasteners installed into the tough NWC were no-holds, and none of 

the other single fastener shear tests had any. The track tests may have had fasteners without 

any capacity that were still clamped in by the cold-formed steel track, and the single 

fastener setup would not have this phenomenon, so no-holds may have been easier to 

identify. A practical application would be more similar to the track application, where 

surficial examination and the tests for “no-holds” would be the only ways to determine 

installation issues, but these are not fully effective measures given that the nature of the 

fastener and concrete beneath the track cannot be accurately determined. 

5.3.2.4. Stiffness 

The ultimate capacity of PAFs is highly affected by their installed properties, and these 

same factors could also affect their stiffness. Stiffness of the connection was calculated 

based on loads and displacements prior to ultimate. Functionally, this would be a stiffness 

under “service” loads, but given the discrepancy between codes and research efforts 

described in Section 1.1, there is not a consensus for what load range would reasonably be 

considered to be a service condition. For the track tests, the stiffness was linearly calculated 
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between loads of 500 lbs. and 1500 lbs. using the average displacement of the sensors at 

each load. These specific load values were chosen since the load-displacement relationship 

was observed to be approximately linear in this load range, the displacements were 

generally within the precision of the string potentiometers, and the loads were greater than 

the baseline load applied by the hydraulic actuator to the test setup prior to starting the test. 

Note that stiffness values were constrained to a maximum of 1,000 kip/in in this analysis 

to filter a few extreme calculated values. This corresponds to a change in displacement of 

0.001 inches over the 1,000 pound applied load range. Differential displacements less than 

this value, while within the precision of the string potentiometers, were smaller than what 

could be reasonably controlled in the rest of the test setup. The stiffness for single fasteners 

was linearly calculated in a similar manned to the track tests based on the displacements at 

discrete force values. The nature of the single fastener setup allowed for lower force values 

than the track tests (20 lbs. and either 200 or 275 lbs.) to be used to determine the stiffness. 

As with the track tests, the high stiffness in this force range caused some infinite or negative 

stiffness values to be computed due to the precision of the displacement measurements. 

These were not included in this analysis.  

The average stiffness and coefficient of variation for each fastener, concrete, and test 

configuration combination are shown in Table 5-10. As with ultimate load, the overall 

stiffness of the larger and more deeply embedded X-P 27 fasteners was higher than the X-

C 20 B3 fasteners. On average for the lightweight concrete, the stiffness of the X-P 27 

PAFs was around three times higher than the X-C 20 B3 fasteners, while for the standard 

NWC this was at least a five-fold increase. For all of the tests, particularly the single 

fastener tests, the variation in calculated stiffness is high. Therefore, the trends in mean 

value should only be taken generally. For the single fasteners, as the aggregate toughness 

increased for any fastener type, the average stiffness decreased. This trend is similar to that 

seen for the ultimate loads of the fasteners, so the coupling of these values is compared in 

Figure 5-15 for the single X-P 27 fasteners and Figure 5-16 for the single X-C 20 B3 

fasteners. As shown, low values of stiffness tend to correspond to low ultimate loads. As 

stiffness increases, corresponding ultimate strength generally increases – to a point. At high 

stiffness values, the ultimate load has reached a plateau. Note that stiffness values higher 
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than 500 kip/in. for the X-P 27 fasteners and higher than 250 kip/in. were occasionally 

recorded and are but are not shown. Additionally, the figures show that the stiffness values 

of the X-P 27 fasteners for different concretes overlap. For the X-C 20 B3 fasteners, the 

fastener stiffness values were more separated – no fastener in the standard NWC had a 

stiffness greater than 65 kip/in., while many of the fasteners installed into the lightweight 

concrete exceeded this value. 

Not shown here for brevity, but the track tests exhibit similar trends. The stiffness values 

for the X-P 27 fastener tracks overlapped, but the X-C 20 B3 fasteners installed into 

lightweight concrete had a higher stiffness in 80% of tests than any of those installed into 

the standard normal-weight concrete. Additionally, various degrees of coupling were seen 

between the ultimate load and stiffness for each concrete type, but due to the groups of 

fasteners likely compensating for any one particular fastener that had a low stiffness, the 

extreme values present in the single fastener tests were not evident. 

 
Figure 5-15 – Ultimate load relationships with stiffness for the single X-P 27 fasteners 
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Figure 5-16 – Ultimate load relationships with stiffness for the single X-C 20 B3 fasteners 

Table 5-10 also highlights the significance of group effects for fastener stiffness. The 

tracked tests recorded a higher average stiffness than the single fasteners. For X-P 27 

fasteners in normal-weight concretes, this increase was nearly proportional to the four-fold 

increase in fastener quantity. For the other fastener and concrete combinations, this 

increase was less pronounced. The redundant tracks also maintained or reduced stiffness 

variations, particularly for the cases with tougher aggregates and smaller fasteners.  

Table 5-10 – Average and coefficient of variation of stiffness for all fasteners 

Fastener X-P 27 X-C 20 B3 X-P 27 X-C 20 B3 X-P 27 

Concrete 
Light-

weight 

Light-

weight 

Standard 

NWC 

Standard 

NWC 

Tough 

NWC 

Single 
Mean (kip/in.) 235 104 145 28 124 

CV 63% 89% 76% 55% 95% 

Track 
Mean (kip/in.) 475 129 592 64 438 

CV 63% 30% 48% 29% 62% 

 

Overall, the relationships between stiffness and aggregate toughness for either average load 

or coefficient of variation are not as well-defined as for the other relationships explored in 

this section. The coefficients of variation are the highest for any parameter considered in 

0

200

400

600

800

1000

1200

0 50 100 150 200 250 300 350 400 450 500

U
lt

im
at

e 
Lo

ad
 (

lb
s.

)

Single Fastener Stiffness (kip/in.)

Ultimate Load vs. Stiffness - Single X-C 20 B3 Fasteners

Lightweight Standard NWC



78 

 

this section, and the average values do not monotonically increase with aggregate 

toughness. These trends were attributed to three primary factors. First, the stiffness values 

were computed at loads before failure, so even fasteners that did not have ideal installations 

and had comparatively low ultimate loads may still have developed enough fusion with the 

concrete and compression of the material to have considerable stiffness at these “service” 

loads. However, other fasteners had particularly poor installations, so pull-out of these 

fasteners likely was beginning to occur even at low loads. This can is evident from the 

sharp decline in stiffness for higher bending classes of the single fastener tests shown in 

Table 5-11 and the insensitivity of group stiffness across the relatively low average group 

bending classes for the track tests shown in Figure 5-17. Note that for these comparisons, 

the results across all concrete types were combined. The combination of these factors could 

explain the general, but not fully constant decrease in stiffness with aggregate toughness. 

Second, the loads used to compute the stiffness were constant, but the ultimate loads were 

not. For the X-P 27 track fasteners, the 1500 pound load used as the upper bound on the 

stiffness calculation was no more than 50% of the lowest ultimate capacity of the fastener 

groups and was, on average, less than 25% of ultimate. With the lower ultimate loads of 

the X-C 20 B3 track fasteners, the upper bound for stiffness was as much as 93% of the 

ultimate capacity, and was, on average, over 60% of ultimate. At higher percentages of the 

ultimate capacity, the factors that have previously been shown to impact ultimate capacity 

also start to affect the calculated stiffness. The values used to calculate stiffness for each 

fastener could be based on a percentage of the expected ultimate capacity for each test, but 

this could sacrifice some consistency of stiffness calculations across fastener types. Finally, 

the stiffness was high in this range, particularly compared to the sensitivity of the 

displacement measurements. Any small change in displacement causes a large change in 

stiffness, leading to large variability.  
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Table 5-11 – Average stiffness for each bending class for single fastener tests 

Bending 

Class 

X-P 27 X-C 20 B3 

Average 

Stiffness 

(kip/in.) 

Count 

Average 

Stiffness 

(kip/in.) 

Count 

1 177 231 64 139 

2 153 56 73 60 

3 94 9 1 1 

4 2 4 N/A 0 

5 N/A 3 N/A 0 

 

 
Figure 5-17 – Group stiffness and bending classifications for track tests independent of concrete type 

5.3.3. Ultimate Load Relationships with Other Parameters 

5.3.3.1. Concrete Strength 

Since the relationship between concrete strength and PAF capacity in shear has been well-

documented [13] [23], it is necessary to examine whether the variability in concrete 

strength for the tests conducted herein impacted the observed trends in ultimate load. 

Concrete strength was defined by the criteria of ICC-ES AC70 [22], where the reported 
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strength is an average of compression tests of field-cured cured cylinders performed at 

specified intervals before and after the PAF track tests. As shown in Figure 5-18, there is 

little correlation between the observed ultimate load and the compressive strength of the 

concrete, with a coefficient of determination, 𝑅2, value of 0.016 between the two data sets 

than can be attributed to experimental variability. In addition, the ranges of observed 

concrete strengths are small (less than 800 psi) compared to the 2,000 psi ranges used to 

differentiate concrete strengths as they relate to PAF capacity [23]. For these tests, the 

concrete strengths were controlled well enough to not measurably impact PAF capacity. 

 
Figure 5-18 – Ultimate load relationships with concrete strength for all track tests 

For the single fastener tests, the relationship between concrete compressive cylinder 

strength and ultimate load, the concrete strength of all tests varied between 3,810 psi and 

4,320 psi. It is not shown here for brevity, but the comparison of single fastener shear 

strength and concrete strength also indicated no correlation between fastener ultimate 

capacity and concrete strength across this narrow strength range.  

5.3.3.2. Fastener Embedment 

Increases in embedment were related to ultimate load for each of the fasteners in both the 

track and single fastener applications as shown in Figure 5-19 for the lightweight concrete, 

Figure 5-20 for the standard NWC, and Figure 5-21 for the tough NWC. For all fastener 

and concrete types, there was at least a slight trend between increased embedment and 
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increased capacity. As shown, certain fastener and concrete combinations had a greater 

sensitivity of ultimate load with embedment and a better coefficient of determination, such 

as the single X-P 27 fasteners in the tough NWC, while others, such as the single X-C 20 

B3 fasteners in the lightweight concrete, were almost insensitive outside of experimental 

variability. A general increase in ultimate load with embedment is shown across all 

combinations and was expected due to a deeper embedment engaging more concrete; 

however, a strong correlation between fastener embedment and ultimate load was not found 

for a given concrete type due to the relatively small range of embedment depths within a 

series.  

 
Figure 5-19 – Lightweight concrete ultimate load relationships with embedment depth for the X-P 27 track 

fasteners (top left), X-P 27 single fasteners (top right), X-C 20 B3 track fasteners (bottom left), and X-C 20 

B3 single fasteners (bottom right) 
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Figure 5-20 – Standard NWC ultimate load relationships with embedment depth for the X-P 27 track 

fasteners (top left), X-P 27 single fasteners (top right), X-C 20 B3 track fasteners (bottom left), and X-C 20 

B3 single fasteners (bottom right) 

 
Figure 5-21 – Tough NWC ultimate load relationships with embedment depth for the X-P 27 track fasteners 

(left) and X-P 27 single fasteners (right) 

0

2000

4000

6000

8000

10000

0.8 0.9 1.0 1.1

U
lt

im
at

e 
lo

ad
 (

lb
s.

)

Average embedment (in.)

Track, X-P 27, Standard NWC

0

500

1000

1500

2000

2500

0.8 0.9 1.0 1.1

U
lt

im
at

e 
Lo

ad
 (

lb
s.

)

Embedment (in.)

Single, X-P 27, Standard NWC

0

500

1000

1500

2000

2500

3000

0.4 0.5 0.6 0.7 0.8

U
lt

im
at

e 
lo

ad
 (

lb
s.

)

Average embedment (in.)

Track, X-C 20 B3, Standard NWC

0

200

400

600

800

1000

0.4 0.5 0.6 0.7 0.8

U
lt

im
at

e 
Lo

ad
 (

lb
s.

)

Embedment (in.)

Single, X-C 20 B3, Standard NWC

0

1000

2000

3000

4000

5000

6000

7000

8000

0.7 0.8 0.9 1.0 1.1

U
lt

im
at

e 
lo

ad
 (

lb
s.

)

Average embedment (in.)

Track, X-P 27, Tough NWC

0

500

1000

1500

2000

2500

0.7 0.8 0.9 1.0 1.1 1.2

U
lt

im
at

e 
Lo

ad
 (

lb
s.

)

Embedment (in.)

Single, X-P 27, Tough NWC



83 

 

5.3.3.3. Fastener Bending 

Bending classification may also be related to fastener capacity for these tests. Higher levels 

of shank bending indicate more localized concrete spalling caused by the installation of the 

fastener. The direction of fastener bending relative to the direction of loading may have 

some effect due to the effectively unidirectional pure shear induced on the fasteners by 

these test setups; however, this was not investigated. Though the relationship between 

capacity and shank bending differed for the two fastener types, it was clearly defined for 

these tests as shown in Figure 5-22. The integer value assigned to quantify the level of 

bending for all four of the PAFs installed in a particular track was averaged for this 

analysis, and since there were four fasteners in the track, the average value was always a 

multiple of 0.25. All tests were combined to make an analysis independent of concrete type 

since this was previously explored in Section 5.3.2.3. For the X-P 27 fasteners with a higher 

ultimate load than the X-C 20 B3 fasteners, an overall trend of decreasing capacity with 

increasing bending class was generally observed, but this trend was not consistent with the 

near-constant average ultimate load as bending class increased for the lower-capacity X-C 

20 B3 fasteners.  

In these tests, all tracks had at least one fastener that had no bending, and over 85% had at 

least two fasteners that had no bending. In addition, no track had more than one fastener 

that was moderately, severely, or extremely bent. This consistency stresses the importance 

of redundancy with PAFs. It did not account for the possibility of having all bent fasteners 

in a track system, but based on these tests, the probability of that occurring is very low.  

The bending classes of the PAFs in the single fastener tests were recorded using the same 

benchmarks as the fasteners used in group tests. As shown in Table 5-12, fasteners that 

were not bent (class 1) or were slightly bent (class 2) occurred in substantial quantities and 

had similar average ultimate loads. The propensity of fasteners to have higher levels of 

bending was low, but decreases in capacity were observed that correlated with the level of 

bending. Moderately bent (class 3) fasteners had a capacity that was, on average, roughly 

two-thirds that of the straight or slightly bent counterparts. Severe bending (class 4) further 

reduced average capacity, and all extremely bent (class 5) fasteners had no capacity. Note 
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that there were an additional six single fastener tests that did not have a bending class 

recorded. 

 
Figure 5-22 – Ultimate load with respect to bending classifications for all fasteners 

Table 5-12 – Fastener quantity and ultimate load of each bending class for all concrete types 

Bending 

Class 

X-P 27 X-C 20 B3 

Average 

Ultimate 

Load (lbs.) 

Count 

Average 

Ultimate 

Load (lbs.) 

Count 

1 1405 231 601 139 

2 1426 56 587 60 

3 963 9 191 1 

4 107 4 N/A 0 

5 0 3 N/A 0 

 

Comparing Table 5-12 and Figure 5-22 highlights some distinctive characteristics between 

the single and tracked fastener tests. For the X-C 20 B3 fasteners, both test types showed 

that average loads remained nearly constant in the bending class 1 to bending class 2 range; 
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however, for the X-P 27 fasteners, the single fasteners showed a near-constant ultimate 

capacity, while the average of the tracks showed a decrease in capacity over this range. 

This observed difference could be the result of averaging the assigned bending values of 

the fasteners in a track. Comparing a track with a bending average of 1.25 or less had only 

bending class 1 or bending class 2 fasteners, while tracks with a bending class average 

greater than this sometimes included fasteners with a bending class of 3 or higher, which 

was shown in Table 5-12 to have a lower strength. A track with a bending class average of 

2 likely did not have four fasteners with this bending class, but instead had three unbent 

fasteners and one highly bent fastener. Second, while the ultimate load of a track benefits 

from redundant group effects, the average of the bending class does not. For these reasons, 

the track average may not be directly comparable with the single fastener bending class.  

5.3.4. Load-Displacement Relationships 

The load and stiffness relationships are summarized in Figure 5-23 (the low displacement 

region is highlighted in Figure 5-24). These figures show the average load of all of the 

track tests, for each concrete and fastener combination, at specific displacement values. 

The displacement of the two string potentiometers attached to the track were averaged for 

this analysis, and the focus is on tracks so that redundancy effects are captured. As shown, 

the fastener/concrete pairings that had a higher ultimate capacities maintained higher 

capacities at almost all displacement values. Additionally, the displacement at the average 

ultimate load was close (0.06 in. ± 0.01 in.) regardless of the fastener and concrete type. A 

direct relationship between ultimate load and stiffness beyond the low forces and 

displacements considered in Section 5.3.2.4 is also clearly evident. Finally, the load-

displacement trends are consistent between all of the fasteners. With this test setup, the 

tracks did not fail abruptly. The load reached a plateau after the ultimate load was reached, 

and average load capacities had not deteriorated below 70% of the ultimate load capacities 

at displacements that were double the displacement at ultimate. This ductile nature was 

most prominent with the X-C 20 B3 fasteners, and the drop in capacity was less for the 

lightweight concrete than the normal-weight concretes.  
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Figure 5-23 – Average track load-displacement relationships until and beyond failure 

 

 
Figure 5-24 – Average track load-displacement relationships for low displacements 
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5.4. Setting Test Results 

Setting tests were performed in accordance with the procedures outlined in Section 4.3. 

The test results into plain concrete are shown in Table 5-13, and the test results through 

CFS sections for the shear test fastener/concrete combinations are shown in Table 5-14. 

Note that setting tests into plain concrete for the X-C 27 MX and X-P 20 B3 MX fasteners 

were performed for informational purposes only, but no load tests were performed. 

Table 5-13 – Setting test results into bare concrete 

Concrete Fastener 
Setting 

Attempts 

Successful 

Installations 

Lightweight X-P 27 MX 30 30 

Lightweight X-C 27 MX 30 30 

Lightweight X-P 20 B3 MX 30 30 

Lightweight X-C 20 B3 MX 30 30 

Standard NWC X-P 27 MX 30 29 

Standard NWC X-C 27 MX 30 30 

Standard NWC X-P 20 B3 MX 30 30 

Standard NWC X-C 20 B3 MX 30 25 

Tough NWC X-P 27 MX 30 30 

Tough NWC X-C 27 MX 30 27 

Tough NWC X-P 20 B3 MX 30 25 

Tough NWC X-C 20 B3 MX 30 24 

 

Table 5-14 – Setting test results through cold-formed steel 

Concrete Fastener 
CFS 

Gauge 

Setting 

Attempts 

Successful 

Installations 

Lightweight X-P 27 MX 16 gauge 350 350 

Lightweight X-C 20 B3 MX 20 gauge 350 350 

Standard NWC X-P 27 MX 16 gauge 352 345 

Standard NWC X-C 20 B3 MX 20 gauge 354 338 

Tough NWC X-P 27 MX 16 gauge 359 330 

 

Figure 5-25 shows example bare concrete setting tests including failures. The general trend 

of the setting tests was as expected – tougher concrete aggregates caused more failed 

fastener installations, the harder X-P fasteners with tip designs that better penetrate 

concrete had more successful installations than their X-C counterparts, and the larger 
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diameter powder-actuated fasteners performed more favorably than the smaller battery-

actuated fasteners. 

   
Figure 5-25a (left) – Setting test of X-C 20 B3 MX fasteners in tough NWC as installed; Figure 5-25b 

(right) – Test area after being cleaned (setting failures are circled) 

Fastener manufacturers sometimes specify an estimated stick rate of a given fastener into 

a given type of concrete. For the fastener/concrete combinations used in the shear load 

tests, the tested stick rate met or exceeded the manufacturer estimated stick rate, when 

available, as shown in Table 5-15. The fastener manufacturer qualifies their estimations by 

stating that they can vary based on site conditions, and the higher than expected stick rates 

evidence that the manufacturer may be conservative with their estimates. Alternatively, the 

actual toughness varied between the aggregates considered, but since the manufacturer 

estimations denote only the general aggregate toughness and not any specific parameters, 

this comparison was not able to be made. Note that the estimated stick rates are for fasteners 

installed through cold-formed steel rather than into bare concrete. In general, the setting 

test results were considered to be reasonable for the fasteners, concretes, and test 

conditions. 
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Table 5-15 – Comparison of tested stick rate to manufacturer estimations 

Concrete Fastener 
Stick Rate (through CFS) 

Tested Manufacturer Estimated [60] 

Lightweight X-P 27 MX 100% --- 

Lightweight X-C 20 B3 MX 100% --- 

Standard NWC X-P 27 MX 98% 95% – 99% 

Standard NWC X-C 20 B3 MX 95% 75% – 90% 

Tough NWC X-P 27 MX 92% 90% – 95% 

Overall, based on the results of the shear tests and setting tests, the differentiation between 

the three concrete types tested here is substantial and quantifiable. Therefore, the properties 

of the tested aggregates and concretes would be a suitable reference for testing concretes 

comprised of aggregates from other quarries and suppliers. Comparisons should only be 

made using the types of tests and parameters considered herein, and extrapolation of the 

results to concretes and aggregates deviating from the properties of the aggregates 

considered here should be limited.  



90 

 

Chapter 6. Conclusion 

6.1. Summary 

A survey of 1” nominal coarse aggregates from quarries and concrete suppliers across the 

United States was used to define the regional availability and typical properties of concrete 

coarse aggregates. Analysis of the survey results was conducted to propose categorizations 

of aggregate toughness using typically available or easily determinable parameters. The 

research then investigated the impact of concrete coarse aggregate properties on the failure 

capacities, fastener embedment, shank bending, and stiffness of power-actuated fasteners 

(PAFs) connecting cold-formed steel tracks to concrete slabs. Three concrete mix designs 

were developed and concrete slabs were cast based on these classifications, one with a 

tough normal-weight aggregate, one with a standard limestone normal-weight aggregate, 

and one with an expanded shale/clay lightweight coarse aggregate. The concrete 

compressive strength, lack of admixtures, type of cement, and fine aggregate were 

controlled across each of the concrete mixes. Two different PAFs were tested in the three 

concretes, and they were loaded in pure shear under unidirectional, monotonically 

increasing loads. Tests of both single fasteners and groups of fasteners in tracks loaded out-

of-plane were conducted using each PAF and concrete combination. The single fastener 

tests were performed at Element Materials Technology in St. Paul, MN, the track tests were 

performed at the University of Minnesota, and all of the results were presented and 

evaluated as part of this thesis to address the effects of concrete coarse aggregates on the 

installed properties and capacities of PAFs. Setting tests to determine stick rates, or the 

percentage of successfully installed fasteners, were also conducted in the three different 

concrete types using four different types of PAFs to further validate the findings of the 

shear tests and the selection of concretes used for testing. 

6.2. Observations and Conclusions 

The results of a survey of concrete coarse aggregates across the continental United States 

showed that properties assumed to be related to aggregate toughness, such as specific 

gravity, percent loss due to abrasion and impact, shape, and classification of the base 

material, varied for aggregates that could be encountered in concrete floor slabs where 
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PAFs are used. The toughness parameters were observed to be generally correlated, which 

allowed for three broad categorizations to be made between standard normal-weight, tough 

normal-weight, and lightweight concrete coarse aggregates. These results were concluded 

to be sufficient to develop concrete mix designs with different aggregates that could 

noticeably impact the quality of PAF installations and capacity under shear loads. 

To control the effects of concrete strength on the fastener capacities that have been 

documented in other tests, the mix designs for the three concrete mix designs for both the 

single fastener and track tests were controlled for strength, and all used Type I/II Portland 

cement, a typical concrete sand fine aggregate, and no admixtures. When tested for 

compressive strength before and after the shear tests of the fasteners, there was minimal 

variability between the slabs for all concrete types and single fastener and track shear tests, 

and the strength ranges were small enough that the concrete strength was not observed to 

have an appreciable effect on PAF capacity beyond experimental variability. 

Overall, the results of shear load tests of single fasteners and tracked groups of fasteners 

loaded out-of-plane showed that installed properties and capacities of the PAFs varied in 

the different concrete mixes. The observations centered on PAF capacity and installed 

properties and were classified into two main categories: those related to aggregate 

toughness and those that compared across all toughness types. For all tests, the larger 

fasteners installed with the higher-power powder-actuated tool had a higher capacity, 

stiffness, embedment, and resistance to shank bending than their smaller counterparts 

installed with the electro-mechanical-actuated tools. Comparing with aggregate toughness, 

it was observed that an increase in toughness caused a decreases in capacity under shear 

loading, a decrease in average embedment of the fastener, and an increase in the propensity 

of the fastener shanks to bend during installation. Substantial increases in variability of all 

three of these parameters were additionally seen as the aggregate toughness increased. For 

the stiffness evaluated at loads and displacements prior to ultimate, the relationships with 

aggregate toughness were not as well-defined as for the other relationships, with high 

variability between all tests and average values that did not strictly increase with aggregate 

toughness.  
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When controlling for aggregate toughness, an increase in embedment was seen to have an 

increase in ultimate capacity of PAFs, and level of bending of the fastener shank was seen 

to have little effect on capacity for slightly bent fasteners, but a pronounced effect as the 

shank bent more extensively. Across all shear tests, there was a noticeable group benefit of 

multiple PAFs, with the track tests showing lower variability and partially more favorable 

average values relating to fastener capacity.  

Independently of the shear tests, setting tests were conducted using the three concrete 

mixes and four types of power-actuated fasteners. The results showed a general correlation 

with manufacturer expectations and higher tendency of fasteners to have no holding 

capacity if they were smaller, were made of softer steel, were installed in tougher concretes, 

or had tip designs less able to penetrate concrete. 

With the observations taken as a whole, it is concluded that: 

 Aggregate has an influence on fastener behavior (shank bending, embedment, and 

result variation) and load performance, independent of concrete strength; 

 A specification for concrete coarse aggregate based on quarry data can, and should, 

be standardized for power-actuated fasteners; and 

 Application-specific group tests can help to capture redundancy effects for PAFs 

and better utilize nail performance than single-fastener tests.  

6.3. Proposed Criteria for PAF Certification Test 

Based on the results of the survey of concrete coarse aggregate properties and the results 

of the shear and setting tests, the mix designs and coarse aggregate properties shown in 

Table 6-1 and Table 6-2, respectively, are proposed for future tests of PAFs in concretes. 

Note that the concrete definition in current PAF certification tests only accounts for the 

strength and general unit weight. No other factors investigated in this document are 

currently included. Besides the concrete strength, the selected parameters in this document 

are believed to be appropriate to better define concrete properties for PAF testing. The 

parameters are readily accessible or typically available, except as noted, for most 

aggregates. The proposed ranges for each mix design and coarse aggregate are relatively 
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narrow based on the findings of the coarse aggregate survey and what is thought to be a 

reasonable, though somewhat conservative, extrapolation of the tests of a single type of 

concrete within each classification. Tests of more aggregates or concretes would be 

recommended to expand or classify aggregates outside of these ranges. 

Table 6-1 – Concrete mix designs proposed for PAF certification tests 

Mix Designation Tough NWC Standard NWC Sand LWC 

Mix Properties 

Target Strength Per applicant Per applicant Per applicant 

Cement Type Type I/II Type I/II Type I/II 

Unit Weight 140-150 pcf 140-150 pcf 115-125 pcf 

Admixtures None None None 

Water-to-cement ratio ≤0.75 ≤0.75 ≤0.75 

Fine/Coarse Aggregate 

Weight Ratio 
0.75-1.0 0.75-1.0 2.0-2.2 

Table 6-2 – Coarse aggregate properties proposed for PAF certification tests 

Mix Designation Tough NWC Standard NWC Sand LWC 

Coarse Aggregate Properties 

Classification 

Gravel/River Rock 

or Granite/Trap 

Rock 

Limestone 
Expanded 

Shale/Clay 

Shape (%>1 fractured 

face) 
Round (30%-60%) Crushed (≥90%) N/A 

LA Abrasion Loss 10%-20% 20%-30% N/A 

Specific Gravity (SSD) 2.7-3.0 2.6-2.8 1.5-1.75 

ASTM Gradation #67 #67 
9.5 mm to 2.36 

mm 

Maximum Particle Size 1.0” 1.0” 0.5” 

Mohs Hardness1 5 to 7 3 to 4 N/A 
  1If data is available 

6.4. Recommendations for Future Work 

For the tests reported herein – unidirectional shear tests of single and tracked groups of 

fasteners – more data with improved consistency could be beneficial. This would likely 

include using more than one manufacturer’s power-actuated fasteners and tools and testing 

at least one additional concrete in each of the categories – lightweight, standard NWC, and 
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tough NWC – to ensure uniformity within each grouping. While the tests were well-

controlled for this research, it would be ideal to perform some single fastener tests on the 

track test slabs to have even more uniformity of the concrete conditions, use the same batch 

for all cold-formed steel material, and have the PAFs installed by the same person for future 

tests. Testing in concrete from various sources or testing labs using the criteria specified in 

Section 6.3 should be done to verify the practicality of the proposed specifications for 

certification testing, and a sufficient number of tests should be conducted to avoid faulty 

conclusions that could be drawn from an insufficient sample size. 

Minor changes to the out-of-plane test setup could also be made. The bottom-most bolt 

holes between the track cross-head to the loading struts were difficult to access, which 

increased the complexity of connecting these members for each test. An alternate design 

of this connection, such as using welded nuts on the loading strut, could ease assembly for 

future tests. Using more dimensionally-stable formwork to cast the concrete slabs would 

also be recommended to ensure proper fitment of all of the connections through the slab 

while making it easier to cast it level and square.  

Additional instrumentation for future tests, particularly for the track tests, that could help 

determine the displacement of each fastener individually would be beneficial in addition 

to the global average for the whole track. Possibly, string potentiometers could be attached 

next to each PAF location by feeding the strings through small holes drilled in the cold-

formed steel and track cross-head. This would allow for better understanding of how the 

load is redistributed between fasteners as they approach and reach failure. It could also help 

determine when each fastener has failed so that the shear tests can be stopped prior to 

causing additional damage that makes it more difficult to determine fastener bending and 

failure mechanisms. Finally, a more substantial and quantifiable method for determining 

bending classification would aid post-processing and analysis. This could simply be a 

measurement of curvature or deflection angle between specified points on the fastener. 

More substantially, controlled bending tests of the fasteners could be performed to quantify 

the force and energy required to bend fasteners certain amounts, and this could be used to 

estimate how much energy was dissipated due to bending of a PAF during installation.  
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The testing setup, concrete mixes, and fasteners used herein could also be used under other 

loading mechanisms and concrete conditions. Cyclic loading is more critical and realistic 

for the seismic situations of the non-structural partition walls, and cracking of the concrete 

could be expected during seismic events. Cycling loads on fasteners installed into cracked 

concrete while otherwise maintaining consistency with this research would allow for 

relationships to be drawn. Taking the tests a step further, a full-scale partition wall system 

could be tested under the various combinations of parameters used here. 

Given the current gaps in models and crude assumptions used to capture the seismic 

response of partitions, an enhanced computational model could be developed and 

calibrated using the tests conducted in this work. Single fastener tests are much simpler to 

conduct than tests of tracks, so it is desirable to use the results of single fastener shear tests 

to estimate the response of a group of the same fasteners in the same concrete base material. 

The results performed with many controls described here could be particularly useful for 

calibrating and validating a model. The single-fastener data could be used as input into the 

analytical or numerical model, and then the outputs of a group of the fasteners could be 

compared with the track test results. The test data and related modelling efforts would be 

representative for attaching tracks to concrete. For other applications, testing and modeling 

could follow the concepts presented in this thesis, but data could not be easily transferred. 
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Appendices 

Appendix A. Aggregate Data Sheets 

This appendix provides the data sheets that were used to draw conclusions about the 

properties of aggregates throughout the United States and Canada. Note that the location 

listed in Table A-1 is the quarry location with the exception of the 0671-ASTM C33 

#67/TxDOT 421 Gr. 5 from Bridgeport, TX and the Pompano #57 Granite from Pompano 

Beach, FL, where the quarry location could not be determined and the listed location is of 

the aggregate batch plant. 
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Table A-1 – Summary of concrete data sheet figures 

Figure Specification Date Location Classification Use 

Figure A-1 
St. Croix #67 

Gravel 
3/6/2018 Shafer, MN 

Gravel/River 

Rock 
General 

Figure A-2 

Highway Materials 

Crushed Stone, Size 

#57 

12/22/2017 
Pottstown, 

PA 

Granite/Trap 

Rock 
General 

Figure A-3 Pt. East 57 Stone 2/27/2018 Draper, UT Limestone General 

Figure A-4 
Washed Gravel 1" x 

No. 4 
3/10/2017 

Port 

McNeill, 

BC 

Granite/Trap 

Rock 
General 

Figure A-5 Dresser Pit #94009 2/5/2016 Dresser, WI 
Granite/Trap 

Rock 
General 

Figure A-6 
CAM #67 S-1-A 

code45 
10/1/2013 Macon, GA 

Granite/Trap 

Rock 
General 

Figure A-7 
3/4" Concrete Rock, 

ASTM Size 67 
1/24/2013 

Rapid City, 

SD 
Limestone General 

Figure A-8 
#8 Stone Ledges 1-

7E 
5/1/2018 

Woodburn, 

IN 
Limestone General 

Figure A-9 
Tulsa Rock ASTM 

C-33 #57 
9/23/2015 

Owasso, 

OK 
Limestone General 

Figure A-10 

0671-ASTM C33 

#67/TxDOT 421 

Gr. 5 

11/5/2018 
Bridgeport, 

TX 
Limestone General 

Figure A-11 

Holliday Rock 

Upland Plant #3 

Aggregate 

11/2/2018 
Irwindale, 

CA 

Gravel/River 

Rock 
General 

Figure A-12 Grey Cloud #67 3/7/2018 
St. Paul 

Park, MN 

Gravel/River 

Rock 
Floor Slabs 

Figure A-13 
St. Cloud Quarry 

Size 67 
4/4/2018 

St. Cloud, 

MN 

Granite/Trap 

Rock 
Floor Slabs 

Figure A-14 
ASTM #67 Class B 

- MnDOT 3137 
12/5/2017 Haugen, WI Limestone Floor Slabs 

Figure A-15 Larson #67 Key 3/5/2018 
St. Paul 

Park, MN 

Gravel/River 

Rock 
Floor Slabs 

Figure A-16 
Coarse Aggregate 

Cemstone 
4/1/2016 

Northwood, 

IA 
Limestone Floor Slabs 

Figure A-17 

#67 5S Coarse 

Aggregate - 

Rosemount 

5/14/2018 
Rosemount, 

MN 

Gravel/River 

Rock 
Floor Slabs 

Figure A-18 Nelson #6 Gravel 4/8/2011 
Cottage 

Grove, MN 

Gravel/River 

Rock 
General 

Figure A-19 
Pompano #57 

Granite 
2/17/2014 

Pompano 

Beach, FL 

Granite/Trap 

Rock 
General 

Figure A-20 C33 5S CA Specs 6/3/2014 
Apple 

Valley, MN 

Gravel/River 

Rock 
General 

Figure A-21 
50892-02 Fox River 

022CM1101 
11/27/2018 

South 

Elgin, IL 
Limestone General 
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Figure A-1 – Data sheet: St. Croix #67 Gravel 
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 Figure A-1 – Data sheet: St. Croix #67 Gravel (cont.) 
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Figure A-1 – Data sheet: St. Croix #67 Gravel (cont.) 
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 Figure A-2 – Data sheet: Highway Materials Crushed Stone, Size #57 
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Figure A-2 – Data sheet: Highway Materials Crushed Stone, Size #57 (cont.) 
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 Figure A-3 – Data sheet: Pt. East 57 Stone 

 



109 

 

 
 Figure A-4 – Data sheet: Washed Gravel 1” x No. 4 
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 Figure A-5 – Data sheet: Dresser Pit #94009 
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 Figure A-6 – Data sheet: CAM #67 S-1-A code45 
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 Figure A-7 – Data sheet: ¾” Concrete Rock, ASTM Size 67 
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 Figure A-8 - Data sheet: #8 Stone Ledges 1-7E 
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Figure A-9 – Data sheet: Tulsa Rock ASTM C-33 #57 
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 Figure A-10 – Data sheet: 0671-ASTM C33 #67/TxDOT 421 Gr. 5 
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 Figure A-11 – Data sheet: Holliday Rock Upland Plant #3 Aggregate 
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 Figure A-12 – Data sheet: Grey Cloud #67 
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Figure A-12 – Data sheet: Grey Cloud #67 (cont.) 
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Figure A-12 – Data sheet: Grey Cloud #67 (cont.) 
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Figure A-13 – Data sheet: St. Cloud Quarry Size 67 
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Figure A-13 – Data sheet: St. Cloud Quarry Size 67 (cont.) 
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 Figure A-14 – Data sheet: ASTM #67 Class B – MnDOT 3137 
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Figure A-14 – Data sheet: ASTM #67 Class B – MnDOT 3137 (cont.) 
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Figure A-14 – Data sheet: ASTM #67 Class B – MnDOT 3137 (cont.) 
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Figure A-14 – Data sheet: ASTM #67 Class B – MnDOT 3137 (cont.) 
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Figure A-14 – Data sheet: ASTM #67 Class B – MnDOT 3137 (cont.) 
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 Figure A-15 – Data sheet: Larson #67 Key 
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Figure A-15 – Data sheet: Larson #67 Key (cont.) 
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 Figure A-16 – Data sheet: Coarse Aggregate Cemstone 
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 Figure A-17 – Data sheet: #67 5S Coarse Aggregate – Rosemount 
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Figure A-17 – Data sheet: #67 5S Coarse Aggregate – Rosemount (cont.) 
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Figure A-18 – Data sheet: Nelson #6 Gravel 
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Figure A-18 – Data sheet: Nelson #6 Gravel (cont.) 
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Figure A-19 – Data sheet: Pompano #57 Granite 
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 Figure A-20 – Data sheet: C33 5A CA Specs 
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Figure A-20 – Data sheet: C33 5A CA Specs (cont.) 
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 Figure A-21 – Data sheet: 50892-02 Fox River 022CM1101 
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Figure A-21 – Data sheet: 50892-02 Fox River 022CM1101 (cont.) 
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Figure A-21 – Data sheet: 50892-02 Fox River 022CM1101 (cont.) 

  



140 

 

Appendix B. Concrete Mix Designs 

This appendix provides the mix designs used for the concretes used in this testing program. 

The data provided by the aggregate suppliers and ready-mix plants for the aggregates and 

cements for each mix is also included. 

 Table B-1 – Summary of concrete mix design figures 

Figure Concrete Mix Designation Component 

Figure B-1 Tough NWC Mix design 

Figure B-2 Tough NWC Coarse aggregate test results 

Figure B-3 Tough NWC Fine aggregate test results 

Figure B-4 Tough NWC Cement material certification report 

Figure B-5 Standard NWC Mix design 

Figure B-6 Standard NWC Coarse aggregate test results 

Figure B-7 Standard NWC Fine aggregate test results 

Figure B-8 LWC Mix design 

Figure B-9 LWC Coarse aggregate loading report 

Figure B-10 LWC Fine aggregate test results 
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Figure B-1 – Tough NWC mix design 
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Figure B-2 – Tough NWC coarse aggregate test results 
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Figure B-2 – Tough NWC coarse aggregate test results (cont.) 
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Figure B-2 – Tough NWC coarse aggregate test results (cont.) 
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Figure B-3 – Tough NWC fine aggregate test results 
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Figure B-3 – Tough NWC fine aggregate test results (cont.) 
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Figure B-4 – Tough NWC cement material certification report 
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Figure B-5 – Standard NWC mix design 
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 Figure B-6 – Standard NWC coarse aggregate test results 
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 Figure B-7 – Standard NWC fine aggregate test results 
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 Figure B-8 – LWC mix design 
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 Figure B-9 – LWC coarse aggregate loading report 
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Figure B-9 – LWC coarse aggregate loading report (cont.) 
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 Figure B-10 – LWC fine aggregate test results 
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Figure B-10 – LWC fine aggregate test results (cont.) 
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Appendix C. Track Test Slab Drawings 

This appendix includes the drawings of the slabs used in the track tests. Plan views and 

section cuts showing the finished appearance of the slab as well as the locations of the 

attached tracks are included in Figure C-1 and Figure C-2. The subsurface reinforcement 

is shown in Figure C-3 and Figure C-4. All elements within or attached to the slab are 

shown Figure C-5 and Figure C-6. 
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 Figure C-1 – Plan view of slab showing track locations on the surface 
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 Figure C-2 – Section cuts of slab showing track locations on the surface 
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 Figure C-3 – Plan view of slab showing subsurface reinforcement elements 
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 Figure C-4 – Section cuts of slab showing subsurface reinforcement elements 
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 Figure C-5 – Plan view of slab showing all elements within and installed on slab 
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 Figure C-6 – Section cuts of slab showing all elements within and installed on slab 
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Appendix D. Out-of-plane Test Setup Drawings 

The figures in this appendix show the detail drawings for each of the fabricated pieces of the test setup. Note that each figure is drawn 

to scale with itself, but that the scales between different figures may vary. 

 
 Figure D-1 – Detail of test setup loading strut (piece A) 
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 Figure D-2 – Detail of test setup transfer beam (piece B) 
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 Figure D-3 – Assembly drawing of test setup track cross-head (assembly C) 

 

 
 Figure D-4 – Assembly drawing of test setup actuator cross-beam (assembly B) 

 

 
 Figure D-5 – Detail drawing of angle sections to connect the actuator cross-beam to the loading strut 

(piece E)  
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 Figure D-6 – Details of test setup track cross-head components (pieces C1, C2, and C3) 
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 Figure D-7 – Details of test setup actuator cross-beam components (pieces D1 and D2) 
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Appendix E. Slab and Load Frame Design 

This appendix shows the calculations used to verify the design of the slabs and test setup.  

E.1. Notation 

𝑎 = Coefficient based on characteristic length of weld group and eccentricity 

of applied load 

𝐴 = Gross area of concrete member 

𝐴𝑏 = Nominal unthreaded body area of bolt or threaded rod 

𝐴𝑔 = Gross cross-sectional area of member 

𝐴𝑤 = Area of web 

𝑏 = Width of compression face of member 

𝑏𝑓 = Width of flange 

𝑐 = Coefficient for determining limiting laterally unbraced lengths 

𝑐1, 𝑐2, … , 𝑐6 = Constants of integration for slope-deflection equations 

𝐶 = Coefficient for eccentrically loaded weld groups 

𝐶0 = Basic static load rating of linear guideway 

𝐶1 = Electrode strength coefficient 

𝐶𝑏 = Lateral-torsional buckling modification factor for non-uniform moment 

diagrams 

𝐶𝑣 = Web shear coefficient 

𝑑 = Depth of member 

𝑑𝑏 = Diameter of bolt 

𝐷 = Number of sixteenths-of-an-inch in the fillet weld size 

𝐸 = Modulus of elasticity 

𝐸𝑜 = Distance from outer face of web to shear center 

𝑓 = Applied tensile stress 

𝑓𝑐
′ = Specified compressive strength of concrete 

𝑓𝑟 = Modulus of rupture of concrete 

𝑓𝑦 = Specified minimum yield stress 

𝐹𝑐𝑟 = Critical stress 

𝐹𝑒 = Elastic buckling stress 

𝐹𝑛 = Nominal stress 

𝐹𝑛𝑣 = Nominal shear stress 

𝐹𝑠0.75 = Static shear force provided by clamping of ¾” threaded rod 

𝐹𝑠1.5 = Static shear force provided by clamping of 1-½” threaded rod 

𝐹𝑢 = Specified minimum tensile strength 

𝐹𝑦 = Specified minimum yield stress 

𝐺 = Shear modulus of elasticity 

ℎ = Height of member 

ℎ𝑜 = Distance between the flange centroids 

𝐼𝑔 = Moment of inertia of gross concrete section about centroidal axis, 

neglecting reinforcement 
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𝐼𝑥 = Moment of inertia taken about the x-axis 

𝐼𝑦 = Moment of inertia taken about the y-axis 

𝐽 = Torsional constant 

𝐽𝑏𝑢𝑖𝑙𝑡𝑢𝑝 = Torsional constant of built-up section 

𝑘 = Coefficient related to the spacing between parallel welds in the group 

𝑘𝑑𝑒𝑠 = Distance from outer face of flange to the web toe of fillet 

𝑘𝑓 = Constant accounting for friction between bolt and nut 

𝐾 = Dynamic load factor 

𝑙 = Characteristic length of weld group 

𝑙𝑐 = Clear distance between edge of hole and edge of material in direction of 

the force 

𝑙𝑙𝑜𝑎𝑑𝑠𝑡𝑟𝑢𝑡 = Length of loading strut 

𝑙𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑐𝑏 = Length of actuator cross-beam 

𝑙𝑡𝑟𝑎𝑐𝑘𝑐𝑏 = Length of track cross-head 

𝐿 = Unsupported length 

𝐿𝑏 = Length between points that are either braced against lateral displacement 

of compression flange or braced against twist of the cross-section 

𝐿𝑐𝑓𝑠 = Length of cold-formed steel channel 

𝐿𝑜𝑣𝑒𝑟ℎ𝑎𝑛𝑔 = Length between edge of cold-formed steel channel and end of actuator 

cross-beam 

𝐿𝑝 = Limited laterally unbraced length for the limit state of yielding 

𝐿𝑟 = Limiting laterally unbraced length for the limit state of inelastic lateral-

torsional buckling 

𝑀𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 = Moment due to actuator 

𝑀𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑐𝑏 = Moment due to actuator cross-beam 

𝑀𝑐𝑟 = Cracking moment 

𝑀𝑐𝑥 = Available flexural strength 

𝑀𝑙𝑜𝑎𝑑𝑠𝑡𝑟𝑢𝑡 = Moment due to loading strut 

𝑀𝑙𝑡𝑏 = Nominal flexural strength for the limit state of lateral-torsional buckling 

𝑀𝑛𝑥 = Nominal flexural strength about the x-axis 

𝑀𝑛𝑦 = Nominal flexural strength about the y-axis 

𝑀𝑝𝑥 = Plastic bending moment about the x-axis 

𝑀𝑝𝑦 = Plastic bending moment about the y-axis 

𝑀𝑡𝑟𝑎𝑐𝑘𝑐𝑏 = Moment due to track cross-head 

𝑀𝑢 = Factored moment at section 

𝑀𝑢𝑥 = Required flexural strength about the x-axis 

𝑀𝑢𝑦 = Required flexural strength about the y-axis 

𝑀1 = Moment at location of first applied load 

𝑀2 = Moment at location of second applied load 

𝑀3 = Moment at mid-span of member 

𝑛 = Number of fasteners in connection 

𝑃𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟  = Vertical load due to actuator  

𝑃𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑐𝑏 = Vertical load due to actuator cross-beam 
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𝑃𝑎𝑝𝑝𝑙𝑖𝑒𝑑 = Design load considered applied by actuator 

𝑃𝑏𝑙𝑜𝑐𝑘1 = Vertical load supported by first linear guideway block 

𝑃𝑏𝑙𝑜𝑐𝑘2 = Vertical load supported by second linear guideway block 

𝑃𝑑𝑒𝑓𝑙 = Shear force per PAF for deflection considerations 

𝑃𝑙𝑜𝑎𝑑𝑠𝑡𝑟𝑢𝑡 = Vertical load due to loading strut 

𝑃𝑛 = Nominal axial strength 

𝑃𝑡𝑟𝑎𝑐𝑘𝑐𝑏 = Vertical load due to track cross-head 

𝑃𝑢 = Design shear force resisted by PAF 

𝑃0.75 = Tensile force in torqued ¾” threaded rod 

𝑃1.5 = Tensile force in torqued 1-½” threaded rod  

𝑄𝑠 = Reduction factor for slender unstiffened elements 

𝑟𝑡𝑠 = Effective radius of gyration 

𝑟𝑦 = Radius of gyration about the y-axis 

𝑅𝑛 = Minimum nominal strength of connection 

𝑅𝑛𝐵𝑀 = Nominal strength of base material in welded connection 

𝑅𝑛𝑤 = Nominal strength of weld material 

𝑅𝑛1 = Nominal bolt bearing capacity due to shear capacity of clear distance 

𝑅𝑛2 = Nominal bolt bearing capacity due to hole elongation 

𝑆 = Elastic section modulus 

𝑆𝑥 = Elastic section modulus taken about the x-axis 

𝑡 = Minimum thickness of member 

𝑡𝑐ℎ = Thickness of cold-formed steel track 

𝑡𝑓 = Thickness of flange 

𝑡𝑤 = Thickness of web 

𝑇 = Applied torque 

𝑇𝑛 = Nominal torsional strength 

𝑇𝑟 = Factored torsional strength 

𝑇𝑢 = Required torsional strength 

𝑉𝑐 = Nominal shear strength 

𝑉𝑒𝑎𝑐ℎ = Design load linearly distributed to each threaded rod 

𝑉𝑛 = Nominal shear strength 

𝑉𝑢 = Factored shear force at section 

𝑉1, 𝑉2 = Shear load on sides of the track cross-head 

𝑤 = Un-factored load per unit length 

𝑤𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 = Weight of actuator 

𝑤𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑐𝑏 = Lineal weight of actuator cross-beam 

𝑤𝑙𝑜𝑎𝑑𝑠𝑡𝑟𝑢𝑡 = Lineal weight of loading strut 

𝑤𝑡𝑟𝑎𝑐𝑘𝑐𝑏 = Lineal weight of track cross-head 

𝑤𝑢 = Factored load per unit length 

𝑥1 = Location of first applied force 

𝑥2 = Location of second applied force 

𝑥3 = Location of third applied force 

�̅� = Distance from centroid of weld group to line of action of applied load 
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𝑦𝑡 = Distance from centroidal axis of gross section, neglecting reinforcement, 

to tension face 

𝛾𝑐 = Unit weight of concrete 

𝑧𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 = Location of load from actuator 

𝑧𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑐𝑏 = Location of load from actuator cross-beam 

𝑧𝑏𝑙𝑜𝑐𝑘1 = Location of first linear guideway block 

𝑧𝑏𝑙𝑜𝑐𝑘2 = Location of second linear guideway block 

𝑧𝑙𝑜𝑎𝑑𝑠𝑡𝑟𝑢𝑡 = Location of load from loading strut 

𝑧𝑡𝑟𝑎𝑐𝑘𝑐𝑏 = Location of load from track cross-head 

𝑍𝑥 = Plastic section modulus about the x-axis 

𝑍𝑦 = Plastic section modulus about the y-axis 

Δ𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑐𝑏 = Deflection at mid-span of actuator cross-beam 

Δ1 = Deflection at location of first applied load 

Δ2 = Deflection at location of second applied load 

Δ3 = Deflection at mid-span of member 

𝜃1 = Rotation at location of first applied load 

𝜃2 = Rotation at location of second applied load 

𝜃3 = Rotation at mid-span of member 

𝜆 = Modification factor to reflect the reduced mechanical properties of 

lightweight concrete relative to normal-weight concrete of the same 

compressive strength (Section E.2.) 

𝜆 = Slenderness Parameter (Section E.3.) 

𝜆𝑟 = Limiting slenderness parameter for non-compact element 

𝜇𝑠 = Dry interface steel-to-concrete coefficient of static friction 

𝜏𝑛 = Nominal torsional strength 

𝜑 = Strength reduction factor 

𝜙 = Resistance factor for fillet welds 

𝜙𝑏 = Resistance factor for flexure 

𝜙𝑏𝑏 = Resistance factor for bolt bearing 

𝜙𝑏𝑣 = Resistance factor for bolt shear 

𝜙𝑐 = Resistance factor for compression 

𝜙𝑇 = Resistance factor for torsion 

𝜙𝑣 = Resistance factor for shear 

𝜓𝐷𝐿 = Dead load factor 

 

E.2. Slab Design  

E.2.1. Slab Moment Capacity Check (NWC) 

Design parameters (considering a 1-foot width of slab): 

𝑏 = 12 in/ft  

ℎ = 6.5 in  

𝑓𝑐
′ = 4000 psi  
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𝛾𝑐 = 150 pcf  

𝜆 = 1.0 (NWC – ACI 318-14 Table 19.2.4.2) 

Geometric properties: 

𝐴 = 𝑏 ∙ ℎ = 78
in2

ft
  

𝑆 =
𝑏ℎ2

6
= 84.5

in3

ft
  

𝐼𝑔 =
𝑏ℎ3

12
= 275

in4

ft
  

𝐿 = 96 in (Conservatively assume longer than actual length of slab is 

unsupported 

𝑦𝑡 =
ℎ

2
= 3.25 in  

Loading: 

𝑤 = 𝐴 ∙ 𝛾𝑐 = 81.25
lb

ft2  

𝑤𝑢 = 1.4𝑤 = 113.75
lb

ft2  

Determine relevant parameters: 

𝑀𝑢 =
𝑤𝑢𝐿2

8
= 910 

lb∙ft

ft
  

𝑓𝑟 = 7.5𝜆√𝑓𝑐
′ = 474 psi (ACI 318-14 19.2.3.1) 

𝑀𝑐𝑟 =
𝐼𝑔𝑓𝑟

𝑦𝑡
= 3340 

lb∙ft

ft
  (ACI 318-14 24.2.3.5b) 

Check cracking moment capacity: 

𝜑 = 0.60 (Flexure in plain concrete per ACI 318-14 Table 21.2.1) 

𝐾 = 1.5 (Dynamic load effects – value assumed) 
𝜑∙𝑀𝑐𝑟

𝐾∙𝑀𝑢
= 1.47 (OK – greater than 1.0) 

E.2.2. Slab Moment Capacity Check (LWC) 

All parameters are the same as for the check in NWC except: 

𝛾𝑐 = 120 pcf  

𝜆 = 0.85 (Sand LWC per ACI 318-14 Table 19.2.4.2) 

Loading: 

𝑤 = 𝐴 ∙ 𝛾𝑐 = 65
lb

ft2  

𝑤𝑢 = 1.4𝑤 = 91
lb

ft2
  

Determine relevant parameters: 

𝑀𝑢 =
𝑤𝑢𝐿2

8
= 728 

lb∙ft

ft
  

𝑓𝑟 = 7.5𝜆√𝑓𝑐
′ = 403 psi (ACI 318-14 19.2.3.1) 

𝑀𝑐𝑟 =
𝐼𝑔𝑓𝑟

𝑦𝑡
= 2839 

lb∙ft

ft
  (ACI 318-14 24.2.3.5b) 
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Check cracking moment capacity: 

𝜑 = 0.60 (Flexure in plain concrete per ACI 318-14 Table 21.2.1) 

𝐾 = 1.5 (Dynamic load effects – value assumed) 
𝜑∙𝑀𝑐𝑟

𝐾∙𝑀𝑢
= 1.56 (OK – greater than 1.0) 

E.2.3. Slab Shear Capacity Check (NWC) 

Using the same parameters as the NWC moment capacity check: 

𝑉𝑢 =
𝑤𝑢𝐿

2
= 455

lb

ft
  

𝑉𝑐 = 2𝜆√𝑓𝑐
′𝑏ℎ = 9866

lb

ft
 (ACI 318-14 24.2.3.5b) 

𝜑 = 0.60 (Shear in plain concrete per ACI 318-14 Table 21.2.1) 

𝐾 = 1.5 (Dynamic load effects – value assumed) 
𝜑𝑉𝑐

2𝐾𝑉𝑢
= 4.34 (OK – greater than 1.0) 

ℎ = 6.5 in ≤ 10 in (OK – plain concrete had adequate shear capacity and is 

sufficient shallow, so shear reinforcement is not necessary) 

E.2.4. Slab Shear Capacity Check (LWC) 

Using the same parameters as the LWC moment capacity check: 

𝑉𝑢 =
𝑤𝑢𝐿

2
= 364

lb

ft
  

𝑉𝑐 = 2𝜆√𝑓𝑐
′𝑏ℎ = 8386

lb

ft
 (ACI 318-14 24.2.3.5b) 

𝜑 = 0.60 (Shear in plain concrete per ACI 318-14 Table 21.2.1) 

𝐾 = 1.5 (Dynamic load effects – value assumed) 
𝜑𝑉𝑐

2𝐾𝑉𝑢
= 4.61 (OK – greater than 1.0) 

ℎ = 6.5 in ≤ 10 in (OK – plain concrete had adequate shear capacity and is 

sufficient shallow, so shear reinforcement is not necessary) 

E.3. Loading Frame Member Design 

E.3.1. Loading Frame Strength Capacity Checks and Deflection 

Calculations General Information 

General loading information: 

𝑃𝑢 = 5000 lb  
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𝑃𝑑𝑒𝑓𝑙 = 2000 lb  

𝑛 = 4 (Number of fasteners per track) 

𝐿𝑐𝑓𝑠 = 3 ft  

Loads on CFS channel: 

ℎ = 2 in  

𝑡𝑐ℎ = 0.06 in  

𝑃𝑎𝑝𝑝𝑙𝑖𝑒𝑑 = 𝑛𝑃𝑢 = 20000 lb  

𝑤 =
𝑃𝑎𝑝𝑝𝑙𝑖𝑒𝑑

ℎ
= 10000

lb

in
  

E.3.2. Check Track Cross-head 

Channel properties for a single C6x13: 

𝐹𝑦 = 36 ksi  

𝐹𝑢 = 58 ksi  

𝐺 = 11200 ksi  

𝐸 = 29000 ksi  

𝐼𝑥 = 17.3 in4  

𝑏𝑓 = 2.16 in  

𝑑 = 6 in  

𝑡𝑤 = 0.437 in  

𝑡𝑓 = 0.343 in  

𝐽 = 0.237 in4  

𝐸𝑜 = 0.380 in  

𝐹 = 𝑤ℎ = 20000 lb  

𝑇𝑢 = 𝑤ℎ (𝐸𝑜 +
ℎ

2
) = 2300 lb∙ft  

Torsion calculations: 

𝐹𝑛 = 𝜏𝑛 = 0.6𝐹𝑦 = 21600 psi  

𝑡 = min(𝑡𝑤, 𝑡𝑓) = 0.343 in  

𝑇𝑛 =
𝐽∙𝜏𝑛

𝑡
= 1244 lb∙ft  

𝜙𝑇 = 0.90  

𝑇𝑟 = 𝑇𝑛𝜙𝑇 = 1119 lb∙ft  
𝑇𝑢

𝑇𝑟
= 2.06 (does not have sufficient torsion capacity, so an alternate built-up 

design must be used) 

Altered properties for a built-up C6x13 (welded flange-to-flange to create a “box” section): 

𝐽𝑏𝑢𝑖𝑙𝑡𝑢𝑝 =
2𝑡𝑤𝑡𝑓𝑑2𝑏𝑓

2

𝑏𝑓𝑡𝑤+𝑡𝑓𝑑
= 16.8 in4  
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𝑇𝑢 = 𝑤ℎ (𝑏𝑓 −
ℎ

2
) = 1933 lb∙ft  

Torsion calculations: 

𝑇𝑛 =
𝐽𝑏𝑢𝑖𝑙𝑡𝑢𝑝∙𝜏𝑛

𝑡
= 88023 lb∙ft  

𝑇𝑟 = 𝑇𝑛𝜙𝑇 = 79220 lb∙ft  
𝑇𝑢

𝑇𝑟
= 0.024 (OK) 

Parameters for flexure calculations: 

𝑤𝑢 =
𝑃𝑎𝑝𝑝𝑙𝑖𝑒𝑑

𝐵
= 556

lb

in
 (Assume load is uniformly distributed over length of 

CFS channel) 

𝐿𝑜𝑣𝑒𝑟ℎ𝑎𝑛𝑔 = 1 ft  

Compute shear and moment in channel: 

𝑉1 =
𝑤𝑢𝐿𝑐𝑓𝑠

2𝐿
(2𝐿𝑜𝑣𝑒𝑟ℎ𝑎𝑛𝑔 + 𝐿𝑐𝑓𝑠) = 10000 lb  

𝑀𝑢 = 𝑉1 (𝐿𝑜𝑣𝑒𝑟ℎ𝑎𝑛𝑔 +
𝑉1

2𝑤𝑢
) = 17500 lb∙ft  

𝑀𝑐𝑥 = 22.8 kip∙ft (AISC Steel Manual Table 3-12 – assume 6x4x3/16 since it 

has similar x-axis bending properties as the built-up section) 

Shear calculations: 

𝐴𝑤 = 2𝑡𝑤𝑑 = 5.24 in2  

𝐶𝑣 = 1.0 (Meets requirements of AISC 360 G2.1(b)(i)) 

𝑉𝑛 = 0.6𝐹𝑦𝐴𝑤𝐶𝑣 = 113 kip  

𝜙𝑣 = 0.90  

𝑉𝑐 = 𝜙𝑣𝑉𝑛 = 102 kip  

Check combined torsion and flexure – treat as HSS (use ASIC 360 Eq. H3-6): 

𝑀𝑢

𝑀𝑐𝑥
+ (

𝑇𝑢

𝑇𝑟
)

2

= 0.768 (OK since less than 1.0) 

Check combined torsion and shear – treat as HSS (use ASIC 360 Eq. H3-6): 

(
𝑉1

𝑉𝑐
+

𝑇𝑢

𝑇𝑟
)

2

= 0.015 (OK since less than 1.0) 

Parameters for deflection calculation (consider track cross-head to have symmetrically-

applied point loads at the fastener locations): 

𝐼𝑥 = 2𝐼𝑥 (for built-up section) 

𝑥1 = 15 in  

𝑥2 = 23 in  

𝑥3 = 31 in  

Constants of integration for slope-deflection equations from continuity and assumed 

simply-supported boundary conditions: 

𝑐1 = 𝑐3 − 𝑃𝑑𝑒𝑓𝑙𝑥1
2 = −3271 kip∙in2  

𝑐2 = 0  
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𝑐3 = 𝑐5 −
𝑃𝑑𝑒𝑓𝑙𝑥2

2

2
− 𝑃𝑑𝑒𝑓𝑙𝑥1𝑥2 = −3271 kip∙in2  

𝑐4 =
𝑃𝑑𝑒𝑓𝑙𝑥1

3

3
+ 𝑐1𝑥1 = −53600 kip∙in3  

𝑐5 = −
𝑃𝑑𝑒𝑓𝑙

2
(𝑥1 + 𝑥2)(𝑥2 + 𝑥3) = −2052 kip∙in2  

𝑐6 =
𝑃𝑑𝑒𝑓𝑙𝑥2

3

6
+

𝑃𝑑𝑒𝑓𝑙𝑥1𝑥2
2

2
+ 𝑐3𝑥2 + 𝑐4 = −11700 kip∙in3  

Determine moment, rotation, and deflection equations between the end of the cross-head 

and the first applied load (0 < 𝑥 ≤ 𝑥1): 

𝑀1 = 2𝑃𝑑𝑒𝑓𝑙𝑥  

𝜃1 =
𝑃𝑑𝑒𝑓𝑙𝑥2+𝑐1

𝐸𝐼𝑥
  

Δ1 =

𝑃𝑑𝑒𝑓𝑙

3
𝑥3+𝑐1𝑥+𝑐2

𝐸𝐼𝑥
  

Determine moment, rotation, and deflection equations between the first and second applied 

loads (𝑥1 < 𝑥 ≤ 𝑥2): 

𝑀2 = 𝑃𝑑𝑒𝑓𝑙(𝑥 + 𝑥1)  

𝜃2 =

𝑃𝑑𝑒𝑓𝑙𝑥2

2
+𝑃𝑑𝑒𝑓𝑙𝑥1𝑥+𝑐3

𝐸𝐼𝑥
  

Δ2 =

𝑃𝑑𝑒𝑓𝑙𝑥3

6
+

𝑃𝑑𝑒𝑓𝑙𝑥1

2
𝑥2+𝑐3𝑥+𝑐4

𝐸𝐼𝑥
  

Determine moment, rotation, and deflection equations between the second and third 

applied loads (𝑥2 < 𝑥 ≤ 𝑥3): 

𝑀3 = 𝑃𝑑𝑒𝑓𝑙(𝑥2 + 𝑥1)  

𝜃3 =
𝑃𝑑𝑒𝑓𝑙(𝑥1+𝑥2)𝑥+𝑐5

𝐸𝐼𝑥
  

Δ3 =

𝑃𝑑𝑒𝑓𝑙(𝑥1+𝑥2)

2
𝑥2+𝑐5𝑥+𝑐6

𝐸𝐼𝑥
  

Maximum deflection (at mid-span): 

𝑥 = 27 in → Δ3 = −0.144 in (note that this deflection assumes no connection 

or resistance from the PAFs and CFS track – it just accounts for the applied 

loads)  

E.3.3. Check Loads on Bearings 

General lengths and factors: 

𝑙𝑙𝑜𝑎𝑑𝑠𝑡𝑟𝑢𝑡 = 5 ft  

𝑙𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑐𝑏 = 4.5 ft  

𝑙𝑡𝑟𝑎𝑐𝑘𝑐𝑏 = 4.5 ft  

𝜓𝐷𝐿 = 2  
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Weights: 

𝑤𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑐𝑏 = 16 plf (assumed) 

𝑤𝑡𝑟𝑎𝑐𝑘𝑐𝑏 = (2)(13 plf) = 26 plf  

𝑤𝑙𝑜𝑎𝑑𝑠𝑡𝑟𝑢𝑡 = 22 plf  

𝑤𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 = 254 lb (MTS 244.22 actuator assembly with swivel base and 

head) 

Load locations: 

𝑧𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑐𝑏 = 3.125 in  

𝑧𝑡𝑟𝑎𝑐𝑘𝑐𝑏 = 15 in (Note: moves between tests of individual tracks – this 

location is the most critical for the bearings) 

𝑧𝑙𝑜𝑎𝑑𝑠𝑡𝑟𝑢𝑡 =
𝑙𝑙𝑜𝑎𝑑𝑠𝑡𝑟𝑢𝑡

2
= 30 in  

𝑧𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 = −10 in  

Support locations: 

𝑧𝑏𝑙𝑜𝑐𝑘1 = 4.8 in  

𝑧𝑏𝑙𝑜𝑐𝑘2 = 55.2 in  

Vertical loads on a single block: 

𝑃𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 =
𝜓𝐷𝐿𝑤𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟

4
= 127 lb  

𝑃𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑐𝑏 = 𝜓𝐷𝐿𝑤𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑐𝑏 (
𝑙𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑐𝑏

2
) = 72 lb  

𝑃𝑙𝑜𝑎𝑑𝑠𝑡𝑟𝑢𝑡 = 𝜓𝐷𝐿𝑤𝑙𝑜𝑎𝑑𝑠𝑡𝑟𝑢𝑡𝑙𝑙𝑜𝑎𝑑𝑠𝑡𝑟𝑢𝑡 = 220 lb  

𝑃𝑡𝑟𝑎𝑐𝑘𝑐𝑏 = 𝜓𝐷𝐿𝑤𝑡𝑟𝑎𝑐𝑘𝑐𝑏 (
𝑙𝑡𝑟𝑎𝑐𝑘𝑐𝑏

2
) = 117 lb  

𝑀𝑡𝑟𝑎𝑐𝑘𝑐𝑏 = 𝑃𝑡𝑟𝑎𝑐𝑘𝑐𝑏(𝑧𝑡𝑟𝑎𝑐𝑘𝑐𝑏 − 𝑧𝑏𝑙𝑜𝑐𝑘1)  

𝑀𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 = 𝑃𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟(𝑧𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 − 𝑧𝑏𝑙𝑜𝑐𝑘1)  

𝑀𝑙𝑜𝑎𝑑𝑠𝑡𝑟𝑢𝑡 = 𝑃𝑙𝑜𝑎𝑑𝑠𝑡𝑟𝑢𝑡(𝑧𝑙𝑜𝑎𝑑𝑠𝑡𝑟𝑢𝑡 − 𝑧𝑏𝑙𝑜𝑐𝑘1)  

𝑀𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑐𝑏 = 𝑃𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑐𝑏(𝑧𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑐𝑏 − 𝑧𝑏𝑙𝑜𝑐𝑘1)  

𝑃𝑏𝑙𝑜𝑐𝑘2 =
𝑀𝑡𝑟𝑎𝑐𝑘𝑐𝑏+𝑀𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟+𝑀𝑙𝑜𝑎𝑑𝑠𝑡𝑟𝑢𝑡+𝑀𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑐𝑏

𝑧𝑏𝑙𝑜𝑐𝑘2−𝑧𝑏𝑙𝑜𝑐𝑘1
= 94 lb  

𝑃𝑏𝑙𝑜𝑐𝑘1 = 𝑃𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 + 𝑃𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑐𝑏 + 𝑃𝑙𝑜𝑎𝑑𝑠𝑡𝑟𝑢𝑡 + 𝑃𝑡𝑟𝑎𝑐𝑘𝑐𝑏 − 𝑃𝑏𝑙𝑜𝑐𝑘2 = 442 lb  

Compare to basic static load rating of linear guideway: 

𝐶0 = 57.1 kN = 12840 lb  
𝐶0

max(𝑃𝑏𝑙𝑜𝑐𝑘1 ,𝑃𝑏𝑙𝑜𝑐𝑘2)
= 29.0 (OK since greater than 4.0, which is the factor of 

safety recommended by the guideway manufacturer)  

E.3.4. Check Compression Capacity of Loading Strut 

Member properties (W10x22): 

𝐹𝑦 = 50 ksi  

𝐸 = 29000 ksi  
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𝐴𝑔 = 6.49 in2  

𝑑 = 10.2 in  

𝑏𝑓 = 5.75 in  

𝑡𝑓 = 0.360 in  

𝑡𝑤 = 0.240 in  

𝑘𝑑𝑒𝑠 = 0.66 in  

𝑟𝑦 = 1.33 in  

𝐾 = 1.0  

Check flange compactness per AISC 360 B4.1: 

𝜆 =
𝑏𝑓

2𝑡𝑓
= 7.99  

𝜆𝑟 = 0.56√
𝐸

𝐹𝑦
= 13.5  

𝜆

𝜆𝑟
= 0.592 (Compact since less than 1.0) 

Check web compactness per AISC 360 B4.1: 

𝜆 =
𝑑−2𝑘𝑑𝑒𝑠

𝑡𝑤
= 37.0  

𝜆𝑟 = 1.49√
𝐸

𝐹𝑦
= 35.9  

𝜆

𝜆𝑟
= 1.03 (Slender since greater than 1.0)  

Determine critical stress: 

𝑄𝑠 =
0.69𝐸

𝐹𝑦(
𝑑−2𝑘𝑑𝑒𝑠

𝑡𝑤
)

2 = 0.292  

𝐹𝑒 =
𝜋2𝐸

(
𝐾𝑙𝑙𝑜𝑎𝑑𝑠𝑡𝑟𝑢𝑡

𝑟𝑦
)

2 = 141 ksi  

𝑄𝑠𝐹𝑦

𝐹𝑒
= 0.104 (less than 2.25, so use AISC 360 Eq. E7-2) 

𝐹𝑐𝑟 = 𝑄𝑠𝐹𝑦 (0.658
𝑄𝑠𝐹𝑦

𝐹𝑒 ) = 14.0 ksi  

Check capacity (AISC 360 Eq. E7-1) 

𝑃𝑛 = 𝐹𝑐𝑟𝐴𝑔 = 90.8 kip  

𝜙𝑐 = 0.90  
𝑉1

𝜙𝑐𝑃𝑛
= 0.122 (OK since less than 1.0) 

 

E.3.5. Check Capacity of Actuator Cross-beam 

Member and general properties (W6x16): 

𝐹𝑦 = 50 ksi  
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𝐸 = 29000 ksi  

𝐴𝑔 = 4.74 in2  

𝐿𝑏 = 4.5 ft (assume actuator does not provide any bracing) 

𝑏𝑓 = 4.03 in  

𝑡𝑓 = 0.405 in  

𝑡𝑤 = 0.260 in  

𝑘𝑑𝑒𝑠 = 0.655 in  

𝑆𝑥 = 10.2 in3  

𝑍𝑥 = 11.7 in3  

𝐼𝑦 = 4.43 in4  

𝑟𝑦 = 0.967 in  

𝑟𝑡𝑠 = 1.13 in  

ℎ𝑜 = 5.88 in  

𝐽 = 0.223 in4  

𝐾 = 1.0  

𝐶𝑏 = 1.0  

𝑐 = 1.0  

Check flange compactness per AISC 360 B4.1: 

𝜆 =
𝑏𝑓

2𝑡𝑓
= 4.98  

𝜆𝑟 = 0.56√
𝐸

𝐹𝑦
= 13.5  

𝜆

𝜆𝑟
= 0.369 (Compact since less than 1.0) 

Check web compactness per AISC 360 B4.1: 

𝜆 =
𝑑−2𝑘𝑑𝑒𝑠

𝑡𝑤
= 34.2  

𝜆𝑟 = 1.49√
𝐸

𝐹𝑦
= 35.9  

𝜆

𝜆𝑟
= 0.953 (Compact since less than 1.0) 

Determine capacity against yielding: 

𝑀𝑝𝑥 = 𝐹𝑦𝑍𝑥 = 585 kip∙in  

𝑀𝑝𝑦 = 𝐹𝑦𝑍𝑦 = 170 kip∙in  

Determine capacity against lateral-torsional buckling: 

𝐿𝑝 = 1.76𝑟𝑦√
𝐸

𝐹𝑦
= 3.42 ft  

𝐿𝑟 = 1.95𝑟𝑡𝑠
𝐸

0.7𝐹𝑦

√ 𝐽𝑐

𝑆𝑥ℎ𝑜
+ √(

𝐽𝑐

𝑆𝑥ℎ𝑜
)

2

+ 6.76 (
0.7𝐹𝑦

𝐸
)

2

= 14.1 ft  
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𝑀𝑙𝑡𝑏 = 𝐶𝑏 (𝑀𝑝𝑥 − (𝑀𝑝𝑥 − 0.7𝐹𝑦𝑆𝑥) (
𝐿𝑏−𝐿𝑝

𝐿𝑟−𝐿𝑝
)) = 562 kip∙in  

Check flexural capacity: 

𝑀𝑛𝑥 = min(𝑀𝑙𝑡𝑏 , 𝑀𝑝𝑥) = 562 kip∙in  

𝑀𝑛𝑦 = 𝑀𝑝𝑦 = 170 kip∙in  

𝑀𝑢𝑥 =
𝑃𝑎𝑝𝑝𝑙𝑖𝑒𝑑𝐿𝑏

4
= 270 kip∙in  

𝑀𝑢𝑦 =
2𝑃𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝐿𝑏

4
= 3.43 kip∙in   

𝜙𝑏 = 0.90  
𝑀𝑢𝑥

𝜙𝑏𝑀𝑛𝑥
+

𝑀𝑢𝑦

𝜙𝑏𝑀𝑛𝑦
= 0.556 (OK since less than 1.0) 

Check shear capacity: 

𝐴𝑤 = 𝑡𝑤𝑑 = 2.65 in2  

𝜆 =
𝑑−2𝑘𝑑𝑒𝑠

𝑡𝑤
= 34.2  

𝜆𝑟 = 2.24√
𝐸

𝐹𝑦
= 53.9  

𝜆

𝜆𝑟
= 0.634 → shear coefficient = 1.0 

𝐶𝑣 = 1.0  

𝜙𝑣 = 1.00  

𝑉𝑛 = 0.6𝐹𝑦𝐴𝑤𝐶𝑣 = 79.6 kip  

𝑉𝑢 =
𝑃𝑎𝑝𝑝𝑙𝑖𝑒𝑑

2
= 10 kip  

𝑉𝑢

𝜙𝑣𝑉𝑛
= 0.126 (OK since less than 1.0) 

Determine strong axis deflection: 

Δ𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑐𝑏 =
𝑃𝑑𝑒𝑓𝑙𝑙𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑐𝑏

3

48𝐼𝑦𝐸
= 0.051 in  

 

E.4. Loading Frame Connection Design 

E.4.1. Check Bolted Connections 

Bolt shear – 5/8” bolts in steel angles (AISC 360 Eq. J3-1): 

𝑛 = 4  

𝑑𝑏 =
5

8
in  

𝐹𝑛𝑣 = 54 ksi  

𝐴𝑏 =
𝜋𝑑𝑏

2

4
= 0.307 in2  



181 

 

𝑅𝑛 = 𝑛𝐹𝑛𝑣𝐴𝑏 = 66.3 kip  

𝜙𝑏𝑣 = 0.75  

𝜙𝑏𝑣𝑅𝑛 = 49.7 kip  
𝑉1

𝜙𝑏𝑣𝑅𝑛
= 0.20 (OK since less than 1.0) 

Bolt bearing – 5/8” bolts in steel angles (AISC 360 Eq. J3-1): 

𝑛 = 4  

𝑑𝑏 =
5

8
in  

𝑡 = 0.25 in  

𝐹𝑢 = 65 ksi  

𝑙𝑐 = 1.0 in  

𝑅𝑛1 = 1.2𝑙𝑐𝑡𝐹𝑢  

𝑅𝑛2 = 2.4𝑑𝑏𝑡𝐹𝑢  

𝑅𝑛 = min(𝑅𝑛1, 𝑅𝑛2) = 19.5 kip  

𝜙𝑏𝑏 = 0.75  

𝜙𝑏𝑏𝑅𝑛 = 14.6 kip  
𝑉1

𝜙𝑏𝑏𝑅𝑛𝑛
= 0.17 (OK since less than 1.0) 

Bolt shear – 6 mm bolts in linear guideway blocks (AISC 360 Eq. J3-1): 

𝑛 = 6  

𝑑𝑏 = 8 mm  

𝐹𝑛𝑣 = 0.6(1220 MPa)  

𝐴𝑏 =
𝜋𝑑𝑏

2

4
= 0.078 in2  

𝑅𝑛 = 𝑛𝐹𝑛𝑣𝐴𝑏 = 49.6 kip  

𝜙𝑏𝑣 = 0.75  

𝜙𝑏𝑣𝑅𝑛 = 37.2 kip  
𝑉1

𝜙𝑏𝑣𝑅𝑛
= 0.27 (OK since less than 1.0) 

Bolt bearing – 6 mm bolts in linear guideway blocks (AISC 360 Eq. J3-1): 

𝑛 = 6  

𝑑𝑏 = 8 mm  

𝑡 = 0.24 in  

𝐹𝑢 = 65 ksi  

𝑙𝑐 = 1.0 in  

𝑅𝑛1 = 1.2𝑙𝑐𝑡𝐹𝑢  

𝑅𝑛2 = 2.4𝑑𝑏𝑡𝐹𝑢  

𝑅𝑛 = min(𝑅𝑛1, 𝑅𝑛2) = 8.8 kip  

𝜙𝑏𝑏 = 0.75  

𝜙𝑏𝑏𝑅𝑛 = 6.6 kip  
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𝑉1

𝜙𝑏𝑏𝑅𝑛𝑛
= 0.25 (OK since less than 1.0) 

E.4.2. Check Track Cross-head Weld 

Applied load to each side: 

𝑉1 = 10 kip  

Weld dimensions (neglect horizontal component of welds): 

𝑙 = 3.125 in (Vertical height of weld on each side) 

�̅� =
𝑙

2
= 1.563 in (Centroid height / eccentricity of weld) 

Determine coefficient for eccentrically loaded weld group (AISC Steel Manual, 14th ed., 

Table 8-5): 

𝐶1 = 1.0  

𝐷 = 4  

𝜙 = 0.75  

𝑎 =
�̅�

𝑙
= 0.5  

𝑘 =
6 in

𝑙
= 1.92  

Conservatively use 𝑎 = 0.5, 𝑘 = 1.8 to get: 

𝐶 = 4.58
kip

in
  

𝑅𝑛𝑤 = 𝐶𝐶1𝐷𝑙 = 57250 lb  

Capacity of base metal: 

𝐹𝑢 = 65 ksi  

𝑡 = 0.19 in (minimum thickness of channel flange controls) 

𝑅𝑛𝐵𝑀 = 0.6𝐹𝑢𝑡(2𝑙) = 41325 lb  

Check capacity relative to applied load: 

𝑅𝑛 = min(𝑅𝑛𝑤, 𝑅𝑛𝐵𝑀) = 41325 lb  
𝑅𝑛

𝜙𝑉1
= 5.51 (OK since greater than 1.0) 

E.5. Slab connection design 

Determine required horizontal load to be resisted by each hold-down connection to the lab 

floor: 

𝑃𝑎𝑝𝑝𝑙𝑖𝑒𝑑 = 20 kip  

𝑉𝑒𝑎𝑐ℎ =
𝑃𝑎𝑝𝑝𝑙𝑖𝑒𝑑

3
= 6.67 kip (Assume load is evenly distributed to each hold-

down) 

Calculate applied tension in 1-1/2” threaded rods: 

𝑑 = 1.5 in  

𝐴𝑏 = 1.407 in2  
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𝑘𝑓 = 0.2 (constant for dry steel bolts) 

𝑇 = 600 lb∙ft  

𝑃1.5 =
𝑇

𝑘𝑓𝑑
= 24 kip  

𝑓 =
𝑃1.5

𝐴𝑏
= 17.1 ksi  

𝑓𝑦 = 70 ksi (ASTM A193 B7 threaded rod) 

𝑓

𝑓𝑦
= 0.244 (OK since less than 70% of yield stress) 

Calculate applied tension in 3/4” threaded rods: 

𝑑 = 0.75 in  

𝐴𝑏 = 0.334 in2  

𝑘𝑓 = 0.2 (constant for dry steel bolts) 

𝑇 = 180 lb∙ft  

𝑃1.5 =
𝑇

𝑘𝑓𝑑
= 14.4 kip  

𝑓 =
𝑃1.5

𝐴𝑏
= 43.1 ksi  

𝑓𝑦 = 70 ksi (ASTM A193 B7 threaded rod) 

𝑓

𝑓𝑦
= 0.616 (OK since less than 70% of yield stress) 

Determine hold-down friction and check against applied force: 

𝜇𝑠 = 0.57 (dry interface steel-to-concrete static friction from Rabbat and 

Russell Journal of Structural Engineering 1985) 

𝐹𝑠1.5 = 𝑃1.5𝜇𝑠 = 13.7 kip  
𝐹𝑠1.5

𝑉𝑒𝑎𝑐ℎ
= 2.05 (OK since greater than 1.0) 

𝐹𝑠0.75 = 𝑃0.75𝜇𝑠 = 8.21 kip  
𝐹𝑠1.5

𝑉𝑒𝑎𝑐ℎ
= 1.23 (OK since greater than 1.0) 
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Appendix F. Concrete Test Results for Track Tests 

F.1. Split Tensile Test Results 

 Table F-1 – Lightweight concrete split tensile test results 

Cylinder 

# 

Conc. 

Age 

(days) 

Cure 

Type 

Diameter 

(in.) 

Height 

(in.) 

Max. 

Load 

(lb.) 

Split Tensile 

Strength 

(psi) 

Average 

Strength 

(psi) 

12 28 Standard 4.00 8     17000 338 

324 13 28 Standard 4.00 8     16670 332 

14 28 Standard 4.00 8     15170 302 

 

 Table F-2 – Standard NWC (1st pour) split tensile test results 

Cylinder 

# 

Conc. 

Age 

(days) 

Cure 

Type 

Diameter 

(in.) 

Height 

(in.) 

Max. 

Load 

(lb.) 

Split Tensile 

Strength 

(psi) 

Average 

Strength 

(psi) 

17 28 Standard 4.00 8     20040 399 

435 18 28 Standard 4.00 8     24640 490 

19 28 Standard 4.00 8     20870 415 

 

 Table F-3 – Standard NWC (2nd pour) split tensile test results 

Cylinder 

# 

Conc. 

Age 

(days) 

Cure 

Type 

Diameter 

(in.) 

Height 

(in.) 

Max. 

Load 

(lb.) 

Split Tensile 

Strength 

(psi) 

Average 

Strength 

(psi) 

24 28 Standard 4.00 8     19820 394 

406 25 28 Standard 4.00 8     24080 479 

26 28 Standard 4.00 8     17270 344 

 

 Table F-4 – Tough NWC split tensile test results 

Cylinder 

# 

Conc. 

Age 

(days) 

Cure 

Type 

Diameter 

(in.) 

Height 

(in.) 

Max. 

Load 

(lb.) 

Split Tensile 

Strength 

(psi) 

Average 

Strength 

(psi) 

25 28 Standard 4.02 7 31/32 22070 439 

460 26 28 Standard 4.02 8       23645 468 

27 28 Standard 4.02 7 31/32 23785 473 
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F.2. Compressive Test Results 

 Table F-5 – Lightweight concrete compressive test results 

Cylinder 

# 

Age 

(days) 

Cure 

Type 

Diameter 

(in.) 

Max. 

Load 

(lb.) 

Fracture 

Type 

Compressive 

Strength 

(psi) 

Average 

Strength 

(psi) 

1 1 Standard 4.01 14480 3 1147 
1251 

2 1 Standard 4.01 17130 2 1356 

3 7 Standard 4.01 39135 2 3099 
2935 4 7 Standard 4.01 36700 3 2906 

5 7 Standard 4.02 35560 6 2802 

6 14 Standard 4.00 46100 6 3669 

3698 7 14 Standard 3.99 46910 2 3752 

8 14 Standard 4.00 46150 6 3673 

9 28 Standard 4.00 47860 2 3809 

3701 10 28 Standard 4.00 46390 3 3692 

11 28 Standard 4.00 45280 2 3603 

15 28 Wet 4.00 49140 5 3910 

3908 
16 28 Wet 4.00 48530 5 3862 

17 28 Wet 4.00 51010 3 4059 

18 28 Wet 4.00 47770 5 3801 

19 35 Field 4.00 53640 2 4269 
4335 

20 35 Field 4.00 55300 2 4401 

21 70 Standard 4.00 50010 2 3980 

4122 22 70 Standard 4.00 53660 2 4270 

23 70 Standard 4.00 51740 2 4117 

24 70 Field 4.00 51270 2 4080 
4090 

25 70 Field 4.00 51520 2 4100 

26 96 Standard 4.00 48810 2 3884 

4036 27 96 Standard 4.00 55100 2 4385 

28 96 Standard 4.00 48260 2 3840 

29 117 Standard 4.00 53660 2 4270 

4413 30 117 Standard 4.00 55480 2 4415 

31 117 Standard 4.00 57230 2 4554 

32 133 Standard 4.00 49460 2 3936 

4059 33 133 Standard 4.00 50120 2 3988 

34 133 Standard 4.00 53430 2 4252 

35 133 Field 4.00 54630 2 4347 
4426 

36 133 Field 4.00 56620 2 4506 
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 Table F-6 – Standard NWC (1st pour) compressive test results 

Cylinder 

# 

Conc. 

Age 

(days) 

Cure 

Type 

Diameter 

(in.) 

Max. 

Load 

(lb.) 

Fracture 

Type 

Compressive 

Strength 

(psi) 

Average 

Strength 

(psi) 

1 2 Standard 4.00 29000 3 2308 
2293 

2 2 Standard 4.00 28620 3 2278 

3 7 Standard 4.00 46290 2 3684 

3688 4 7 Standard 4.00 49660 2 3952 

5 7 Standard 4.00 43090 2 3429 

6 7 Field 4.00 40370 2 3213 
3300 

7 7 Field 4.00 42570 3 3388 

8 14 Standard 4.00 53820 3 4283 

4336 9 14 Standard 4.00 55460 3 4413 

10 14 Standard 4.00 54170 2 4311 

11 28 Standard 4.00 58920 2 4689 

4767 12 28 Standard 4.00 60000 2 4775 

13 28 Standard 4.00 60780 2 4837 

14 28 Wet 4.00 68850 2 5479 

5572 15 28 Wet 4.00 74440 3 5924 

16 28 Wet 4.00 66760 3 5313 

20 30 Field 4.00 60570 3 4820 

4951 21 30 Field 4.00 61070 2 4860 

22 30 Field 4.00 65010 3 5173 
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 Table F-7 – Standard NWC (2nd pour) compressive test results 

Cylinder 

# 

Conc. 

Age 

(days) 

Cure 

Type 

Diameter 

(in.) 

Max. 

Load 

(lb.) 

Fracture 

Type 

Compressive 

Strength 

(psi) 

Average 

Strength 

(psi) 

1 1 Standard 4.00 18910 2 1505 
1546 

2 1 Standard 4.00 19940 2 1587 

3 7 Standard 4.00 46120 2 3670 

3502 4 7 Standard 4.00 45290 3 3604 

5 7 Standard 4.00 40610 3 3232 

6 7 Field 4.00 36760 3 2925 
3152 

7 7 Field 4.00 42470 2 3380 

8 15 Standard 4.00 46430 2 3695 

3937 9 15 Standard 4.00 50580 2 4025 

10 15 Standard 4.00 51400 2 4090 

11 18 Standard 4.02 50475 2 3977 

4118 12 18 Standard 4.00 52930 2 4212 

13 18 Standard 4.00 52330 2 4164 

14 19 Field 4.02 53160 2 4188 
4217 

15 20 Field 4.01 53615 4 4245 

16 21 Standard 4.02 59110 2 4657 

4530 17 21 Standard 4.00 56490 2 4495 

18 21 Standard 4.00 55780 2 4439 

19 22 Field 4.02 51810 2 4082 
4167 

20 22 Field 4.02 53975 3 4253 

21 28 Standard 4.00 56020 2 4458 

4574 22 28 Standard 4.00 57690 2 4591 

23 28 Standard 4.00 58720 2 4673 

27 29 Field 4.02 61445 2 4841 
4685 

28 29 Field 4.03 57758 2 4528 

29 36 Standard 4.02 59270 2 4670 

5065 30 36 Standard 4.01 67330 2 5331 

31 36 Standard 4.01 65600 2 5194 

32 36 Field 4.02 61525 2 4847 
4729 

33 36 Field 4.02 58525 2 4611 

34 46 Standard 4.02 67645 2 5330 

5233 35 46 Standard 4.03 67230 2 5271 

36 46 Standard 4.02 64700 2 5098 

37 46 Field 4.02 63240 3 4983 
4934 

38 46 Field 4.02 62005 5 4885 

39 47 Wet 4.00 70610 2 5619 

5645 40 47 Wet 4.00 78180 3 6221 

41 47 Wet 4.00 64020 2 5095 
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 Table F-8 – Tough NWC compressive test results 

Cylinder 

# 

Conc. 

Age 

(days) 

Cure 

Type 

Diameter 

(in.) 

Max. 

Load 

(lb.) 

Fracture 

Type 

Compressive 

Strength 

(psi) 

Average 

Strength 

(psi) 

1 1 Standard 4.02 21690 3 1709 
1690 

2 1 Standard 4.02 21220 2 1672 

3 7 Standard 4.02 46945 3 3699 

3522 4 7 Standard 4.01 42480 2 3364 

5 7 Standard 4.02 44475 2 3504 

6 7 Field 4.01 42255 2 3346 
3328 

7 7 Field 4.02 42015 2 3310 

8 14 Standard 4.03 46835 2 3672 

3910 9 14 Standard 4.01 49880 2 3950 

10 14 Standard 4.02 52140 2 4108 

11 21 Standard 4.02 53380 5 4206 

4109 12 21 Standard 4.02 53125 2 4186 

13 21 Standard 4.02 49935 5 3934 

14 21 Field 4.02 53775 6 4237 
4272 

15 21 Field 4.02 54670 3 4307 

16 28 Standard 4.02 56815 2 4476 

4455 17 28 Standard 4.01 57925 2 4587 

18 28 Standard 4.02 54595 3 4301 

19 28 Field 4.02 52150 2 4109 

4193 20 28 Field 4.03 53515 3 4195 

21 28 Field 4.03 54520 2 4274 

22 28 Wet 4.02 57985 2 4569 

4601 23 28 Wet 4.03 59610 2 4673 

24 28 Wet 4.02 57890 3 4561 

28 35 Standard 4.02 56510 2 4452 

4442 29 35 Standard 4.01 56185 2 4449 

30 35 Standard 4.01 55875 2 4424 

31 35 Field 4.02 54420 2 4288 
4126 

32 35 Field 4.02 50305 3 3963 

33 40 Standard 4.02 54175 5 4268 

4481 34 40 Standard 4.01 58325 3 4618 

35 40 Standard 4.02 57845 2 4557 

36 40 Field 4.01 56470 2 4471 
4531 

37 40 Field 4.02 58270 2 4591 
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Appendix G. Track Test Results 

This appendix includes the test results of the out-of-plane track tests. The full load-

displacement data has been summarized into the maximum (ultimate) load resisted by the 

tracks and its corresponding displacements as well as the two load-displacement data points 

used to generate the stiffness. 
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G.1. Lightweight Concrete – X-P 27 MX Fastener Results 

G.1.1. – Test 1 
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G.1.2. – Test 2 

 

 



192 

 

G.1.3. – Test 3 
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G.1.4. – Test 4 
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G.1.5. – Test 5 
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G.1.6. – Test 6 

 

 



196 

 

G.1.7. – Test 7 
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G.1.8. – Test 8 
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G.1.9. – Test 9 
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G.1.10. – Test 10 
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G.2. Lightweight Concrete – X-C 20 B3 MX Fastener Results 

G.2.1. – Test 1 
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G.2.2. – Test 2 
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G.2.3. – Test 3 
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G.2.4. – Test 4 
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G.2.5. – Test 5 
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