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FOREWORD

This report was prepared by the Rock Mechanics and Explosives
Research Center, University of Missouri-Rolla, Rolla, Missouri, under
USBM Contract No. H0122110. The contract was initiated under the Coal
Mine Health and Safety Program. It was administered under the techni-
cal direction of the Spokane Mining Research Center with Mr. Juel Stears
serving as the technical project officer. Ms Gladys Barrera was the
contract administrator for the Bureau of Mines.

This final report is a summary of the work completed during the
entire contract period from June 28, 1972 throuch January 27, 1978.
This report was submitted by the authors on May 29, 1978.

The body of research presented in Chapters II through VII of this
report was primarily performed and written by the following people:

Dr. H. Dean Keith, Co-investigator and Associate Professor of
Engineering Mechanics - Chapter II.

Dr. Robert L. Davis, Co-investigator and Professor of Engineering
Mechanics - Chapter III.

Dr. Charles J. Haas, Principal Investigator and Professor of Mining
Engineering - Chapter IV.

Wesley C. Patrick, Graduate Research Assistant - Chapter V.
Chapter VI and VII were joint efforts of Dr. Haas and Mr. Patrick.

Professors other than the authors of this report who worked on various
aspects of the project included:

Dr. George B. Clark who performed a comprehensive literature review
on rock bolting theory and practice,

Dr. Ray N. Nitzsche who did some of the finite element work, and

Dr. Ernest M. Spokes who assisted in procuring shale blocks and 1in
the theoretical analysis of bolted shear blocks.

Graduate students who contributed their talents to solving many of
the problems encountered on this project and to the analyses of results
are:

Janakkumar Dave
Richard L. Hoffmann
Wesley C. Patrick
Jack R. Strosnider

Appreciation is extended to Donald Foster, machinist, and Ed Harris,
laboratory mechanic, who performed a large portion of the Taboratory and
field work on this project.
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This report was typed by Melice Thrower and Betty Rotramel, secre-
taries in the Rock Mechanics and Explosives Research Center, and Vicki
Hudgins, secretary in the Engineering Mechanics Department. Much of the
drafting work for this report was performed by Makanvand Shahrokh.

The field investigation reported herein would not have been possible
without the cooperation of the Hillsboro mine in southern I1Tinois and the
Matthews No. 1 mine and Matthews No. 2 mine in Tennessee, all three mines
of Consolidation Coal Company. Appreciation is extended to Emil Teisa,
Assistant Mine Superintendent at the Hillsboro mine, and to Paul Miller,
Chief Engineer at the Matthews mines.

Two strip coal mines cooperated in providing large blocks of shale
for the test program. These were the Empire mine of the Pittsburgh and
Midway Coal Company in western Missouri and the Captain mine of the South-
western I11inois Coal Corporation in southern I11inois.




TABLE OF CONTENTS

Page

DISCLAIMER .t ettt ittt it ittt it etensantsasenosanssnsaansnnnnas 2
REPORT DOCUMENTATION PAGE ... c. ittt tiiiiieinteinnoereenesonnnannnns 3
FOREWORD . v vttt ettt etiieeieniesroaenonsononossnosonsosasananassnss 4
TABLE OF CONTENTS . ittt ittt ieenneeeannonrosneasneasoansnansnsens 6
LIST OF FIGURES . .ttt iie ittt ineatanosnnsnnssneassoansannns 10
LIST OF TABLES . ittt ittt ieteneteonenannnenenenenonansnnesonnns 17
Chapter I - INTRODUCTION AND SUMMARY ... viivrtiiiiiiiieinconnnsnaons 19
LR A aTo T (T o0 o o T O 19
Finite Element Analysis of Bolted Mine RoOfS......covvvvvnvenen. 20
Split-Set RoCk BoTt ANalySiS. . uuereieeneinenereenenronenennennes 21
Shear Tests and ANAlYSTS .. ve e ererenerennenennenennenennsnoes 22
Creep TeSts and ANalYSTS . uen e en e ennenenenenenenenencnenennans 23
Field Tests and AnalySis...ue e ettt ineenenrenoanenonaonnnnns 24
Roof Bolt Design Criteria.....cevienri i ieenenennneneeoeanannens 25
Chapter II - FINITE ELEMENT ANALYSIS OF BOLTED MINE ROOFS........... 27
Introduction. ...ttt it it it i i et e 27
Localized Stress State in Bolts and Surrounding Rock............ 28

Effects of Rock Bolts on the Stability of Layered Mine Roofs.... 32

A. Selection of the Models......oiviieiiiiniiiiiiiiinennens 32

B. Results of Case Studies......cviiiiiiiiiiininniinennnns 41

Summary and ConCTUSTONS . v vttt eeeineeeeenoeeenansnansoennsenaas 69
Chapter IIT - SPLIT-SET ROCK BOLT ANALYSIS. ... .t iiiiiiiiiniinnnnnnns 71
oo T T o £ P 71

YT V23 TS O 71

A. EquiTlibrium Considerations......covveiiiiernennrnennenens 71

B. Energy Methods.......coiviiiiiinininiiinnnrnnnnneaenennas 75



C. Modified Winkler-Bach EQUation......vveeevreeennnneennn 80

D. SoTution Procedure........oveeeererennorareeeeensnnnnns 81

AN Ytical RESUTES . ittt it itieteriieneeineeeeennnsonnnneenneenns 85
EXPErimental Data....ueeeeeeeieiirenneneenennsenrononeennansanss 96
Chapter IV - SHEAR TESTS AND ANALYSIS. ...t iiiiiiiiinneenennanennes 101
INtrodUCEToN. v e 101
Theoretical Analysis - Conventional BoltS.....vveeveenrrnnennnn 101
Shear Displacement Between Similar Roof Beams.......ccvvvevvnnnn 107
Loading EQUipmeNnt .. cvv i in it iiiiintnrrereensnsnncenannssnnas 111
ROCK BT1OCKS fOr SHEAr TeStS..uueevereeeereirernnnerenannnasnnns 1
Types of BoTts Tested...oviiiiiiiiiiiiiiiiiiiiiiiiiieeinerens 117
Shear Test Variables....veieiinerienreennarrosesnsasoeasnnnnas 119
Experimental Results and DiscuSSTON.....vviviviiirenenennennns 120
A. Tests on Expansion-Anchor Bolts...... v aeesraiareenaanae 120

B. Effects of Tensioning Grouted Re-bars......covvevevenn. 123

C. Effects of Bolt Type on Shear Resistance............... 126

D. Effects of Shear Surface Roughness on Shear Resistance. 132

E. Effects of Rock Type on Shear Resistance............... 140

F. Numerical Values of Shear Resistance..............euve. 144

G. Failures Associated with Shear Tests.......covuvvveinnnn 148

Effect of Bolt Spacing and Bolt Length on Shear Resistance..... 155
Extrusion of Grout along Fracture Planes.........ceveevvenneen. 165
Chapter V - CREEP TESTS AND ANALYSIS ...ttt riiiiiiieretnnnonnncnenns 169
Ao T (1T o o S 169
Creep Test Geometry and Loading Equipment..........cciiivvivennn 169
Installation and Loading Procedures..............ovve. e 173




Phase T - Load Bleed=-0ff...vuuiiniiiiiiiieiiiiiii it iniinnnnns 177
A. Load Bleed-0ff. .. ovuriiiniiiiiiii it iiiieeanennennnns 177
B. Bolt-Load Versus Distance into Grout..............covun. 183
Phase II - Creep at Constant Low Loads........cviviirevinnennnn. 185
Phase III - Creep at Constant High Loads..........coviiirunnnnns 190
Installation Stiffness. .. vttt iiiiinneenns 190
PUTT L0 Failure. .ottt ittt ittt ittt ieenennnannsensannsennsas 197
00T Tl VT o 13 AP 200
Chapter VI - FIELD TESTS AND ANALYSIS .. .. irieitiiiniiiiiinanrnanans 202
oA 0T Tl o o N 202
Field Test Geometry and Instrumentation.............ocviiinnnnn. 202
Installation Procedures....veveeerneineneenretrneonoconsancnsans 208
ResuTts and DiSCUSSTON. .ot v i rereeeeneneenenesennanonsennnnss 218
A. Installation Induced Stresses........cevveivinenocnsnnns 218
B. Load Distribution along Bolt.........cocvviiiiniinnnn, 218
C. Bolt Strain and Strata Displacement Relationships....... 232

D. Relationship of Bolt Load to Apparent Support Require-
1= 232
CONCTUSTONS sttt i i i it it it it i 235
Chapter VII - ROOF BOLT DESIGN CRITERIA......cvviiiiiiiniinnennenns 236
Introduction. ... oo e it e e e 236
Current Theory and Practice........c.ooiiiiiiiiiiiiniiiieennnnnn 236
A. Continuous beam theory........c.oiviiiiiiiiiiiiniiins, 237
B. Cracked beam studieS.......coviiiiviiiiiiiiiiennnnnnnns. 243
C. Suspension from competent strata........................ 264
D. Keying of blocks....coivriiiiiii i, 267
E. Arch formation and control............iiiiiiiiiianan.. 269
F. Code of Federal Regulations requirements................ 275

8



Field Considerations in Support Selection..........ciivivevinnnn 275

A. Geologic parametersS .. v.iiieenrerniternearnrsnnstnsnenns 276

B. Bolting parameters...c.veevieiieeernrerrernrnnesnnnsnesns 277

C. Operational parameters........ciiiiiiirenrnnnrensnrnsas 277
Conclusion and Example Problems.......oiviniiiiiinienininennnnn 278
REFERENCES . et i i it i i i ittt ittt easansasannnnennns 285
APPENDIX A - COMPUTER PROGRAM FOR THE ANALYSIS OF SPLIT-SETS........ 288
APPENDIX B - FIELD INSTRUMENTATION DATA....ctiiiniiiiriinnennneenns 317




Figure

Figure
Figure

Figure

Figure
Figure
Figure
Figure
Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

2-1

2-2
2-3

2-5
2-6
2-7a
2-7b
2-7c
2-8

2-9

2-10
2-11

LIST OF FIGURES

Page
Environment of a Typical Roof Bolt and the Resulting
Boundary Conditions.....c.iiiiiriiiiieiineieennnrannnnnns 21
Model of a Fully-Grouted Post-Tensioned Roof Bolt....... 30
Variation in Bolt Load with Distance into the Grout..... 31
Variation of Bolt Load with Distance from Hole Collar
for Fully Grouted Pretensioned Bolts.....cocvvvvvnvnnnnns 33
Cross-sectional View Showing Opening and Pillars........ 34

Plan View Showing Rooms, Pillars and Region Analyzed.... 35
Plane Strain Model of Mine Opening. No Bedding Planes.. 36
Plane Strain Model of Mine Opening. Two Bedding Planes. 37
Plane Strain Model of Mine Opening. Three Bedding Planes 38

Region Analyzed to Obtain Stress Distribution at Pillar

Centerline. .ot i iir it et et otnenenoonoecssoocascsaeaoss 40
Stress Distribution at Pillar Center Line for Low Lateral
Stress without Bedding Planes.....covvivivnorinnnnncnnns 41
Effect of Bedding Planes on Deflection of Mine Roof..... 43
Effect of Lateral Stresses on Area of the Roof in Tension
for Two Bedding Planes......oivvieriiierenceenennnancnns 46
Effect of Bolts (Point Loads) on Separation of Bedding

o 1= T 1< G 49
Principal Stress Field for No-Tension Material and No

BOTES et r it it e iieeienotenasesnaasscansssnnsonnsssns 50
Principal Stress Field for Seven Grouted Bolts.......... 52

Principal Stress Field for No Tension Material and Seven
Grouted BoTtS..ivuin i iiiiiiieeinrinensennnresnananes 53

Stresses Along the Length of Bolts Installed Before Ini-
tial Settlement. .. .iiiiiiiiiii i iiiirieenernonnoenns 54

Principal Stress Field for Seven Grouted Bolts Installed
after Initial Settling......cvviiiiiniiiiiiiionenenenns 56

Stresses along the Length of Center Bolt, Installed after
Initial Settling, after No-Tension Rock has Failed...... 57

10



Figure

Figure

Figure

Figure

Figure

Figure
Figure
Figure
Figure
Figure
Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

2-20

2-21
2-22

2-23

2-24
2-25
2-26
3-1
3-2
3-3
3-4

3-5

3-6

3-7
3-8

3-9

3-10

3-11

3-12
3-13

Principal Stress Field for Beam Building Study: No
BOTtS .ttt i i i i i e e it it e,

Principal Stress Field for Beam Building Study: Pre-
Toaded BOTtS. . vvi i iiiniiiiereenrntnenosnensonnesnns

Effect of Bolts on Separation of Bedding Planes.......

Principal Stress Field for Beam Building Study: No-
Tension Material and No Bolts....cvvvieviieeiiieennen.

Principal Stress Field for Beam Building Study: Seven

Preloaded Bolts and No-Tension Material...............
Deflection Plots for Beam Building Case...............
Prototype Model of L. Panek Test Series IV-B..........
Roof Deflection for Mine Prototype Gravity Load Only..
Y 0 B =
Free-Body Diagram of a Split-Set.........ccvivviiinnnn
Free-Body Section from a Split-Set..........c.vvuvinn

Normal Strain Distribution through the Split-Set Wall.
Variable Interference (ER)....vvvrrivrinrennrennennnn.

Normal Strain Distribution through the Split-Set Wall.
Variable Radius Ratio (R*).....vviiiiiiiiinennnnnnnnnn

Normal Stress Distribution through the Split-Set Wall.
Variable Interference (ER)..vvviiiirneinenenneenenens

Surface Loading. ..ouieiiniiiiineenrinneoronenannncsnns

Insertion Force. Variable Interference (ER). Fric-
tion Coefficient of 0.1 . i iiniiiiiiiiiiiiininnnnne.

Insertion Force. Varjable Interference (ER). Fric-
tion Coefficient of 0.4. .. it oneenenannnns

Insertion Force. Variable Radius Ratio (R*). Fric-
tion Coefficient of 0.1... ittt iiienennnnnn

Insertion Force. Variable Radius Ratio (R*). Fric-
tion Coefficient of 0.4. ... ieennennnenn

Insertion Force. Variable Radius Ratio (R*)..........

Insertion Force. Variable Interference (ER)..........
1

92

93

94

95




Figure

Figure

Figure

Figure

Figure

Figure

Figure
Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

4-1

4-2

4-4

4-5

4-6

4-17
4-18

Geometry of Conventional Bolt Subject to Shear Dis-
01 I Vo= 1] I S PPN 102

Theoretical Relationship between Shear Stress and
Shear Displacement for Conventional Bolts............. 106

Shear Displacement between Two Similar Beams Loaded by
T R 1P 108

Theoretical Shear Displacement between Beams versus
Beam Length....coiviiiriniiini i, e ere e 110

Photograph of Shear Test System. Right-Hand Block is
Stationary while Left-Hand Block is Sheared........... 112

Section through Shear Blocks showing Strain Gage loca-
BTONS . ittt ittt ittt iet s teeennsanesonasansannsnnnns 113

Splitting Cube of Rock to Create "Natural Fracture"... 116
Roughness Profile of Fracture Surface for Test L-108.. 118

Average Shear Stresses for Conventional Bolts in Lime-
stone at Low Normal Pressure.........cieieeinnienseonnen 121

Average Shear Stresses for Conventional Bolts in Lime-
stone at High Normal Pressure........coevveeereencnans. 122

Average Shear Stresses for Grouted Reinforcing Bars in
Limestone at Low Normal Pressure.........cveveevnnnnen 124

Average Shear Stresses for Grouted Reinforcing Bars in
Limestone at High Normal Pressure..........c.covvunnnnn 125

Average Shear Stress versus Shear Displacement for
Various Types of Bolts Oriented at 6 = 0 Degrees and
at the Low Normal Pressure o, = V4T o 13 [ 127

Average Shear Stress versus Shear Displacement for
Various Types of Bolts Oriented at 6 = +45 Degrees and
at the Low Normal Pressure o, = 25 PSiueenieninennnnns 128

Average Shear Stress versus Shear Displacement for
Different Types of Bolts, 6 = -45 Degrees............. 129

Average Shear Stress versus Shear Displacement for
Natural Fractures without Bolts..........covvvvviinnn. 133

Separation of Bolted Blocks with a Natural Fracture... 135

Average Shear Stress versus Shear Displacement for Nor-
mal Bolts, Natural Fracture, and Low Normal Pressure.. 136

12



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

4-21

4-22

4-23

4-24

4-25

4-26
4-27

4-28

4-29

4-30

4-31

4-32

4-33

4-34

5-1

5-2

Page

Average Shear Stress versus Shear Displacement for In-
clined Bolt, Natural Fracture, and Low Normal Pressure 137

Average Shear Stress versus Shear Displacement tor In-
clined Bolt, Natural Fracture, and Low Normal Pressure 138

Comparison of Shear Resistance for Limestone and Shale
at Low Normal Pressure.....evee e iieennensonanecnnans 141

Comparison of Shear Resistance for Limestone and Shale
at High Normal Pressure........eeiveeeeenrcnnconensons 142

Average Shear Stress versus Shear Displacement for
Different Rock Types, 6 = 0 Degrees and oy = 25 psi... 145

Average Shear Stress versus Shear Displacement for
Different Rock Types, 6 = +45 Degrees and o, = 25 psi 146

Geometry of Inclined Bolts Intersecting a Shear Sur-
L= o< P 147

Typical Block Splitting during Shear Tests............ 156

Sections through Shear Blocks showing Typical Deforma-
tions and Failures...cvieieiiiiiiieiinnrnernnennnnnnns 157

Photograph of Sheared Bolts recovered from Tests L-33,
L-27, and L-T3. . ittt iiiiiit it ietaransornsncnsans 158

Photograph of Grouted Reinforcing Bar after Test L-3
at Low Normal Pressure......eieeeernrnnnnensnsnnasenns 159

Theoretical Curves of Shear Stress versus Shear Dis-
placement for Normal Bolts and Low Normal Pressure.... 161

Theoretical Curves of Shear Stress versus Shear Dis-
placement for Inclined Bolts and Low Normal Pressure.. 162

Theoretical Curves of Shear Stress versus Shear Dis-
placement for Normal Bolts and High Normal Pressure... 163

Theoretical Curves of Shear Stress versus Shear Dis-
placement for Inclined Bolts and High Normal Pressure. 164

Intrusion of Resin Grout along Shear Surface for Test
S-204. it i i i it ettt 167

Overall View of Creep Test Installation in Limestone
20 oY of <SP 171

Overall View of Creep Test Installation in Interbedded
Shale BloCK. vttt iiii ittt ittt i ieinetnnsnnnannns 172




Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

5-3

5-4

5-8

5-9

6-4

6-5

6-6

Page

Overall View of Creep Test Installation in Anna Shale
BTOCK e ettt vttt i et e i i e, 174

Creep Test Installation showing Strain-Gage Locations
and Dial Indicator.....coieiiiiriiiiieeinrnnnnsennnens

Example of Loss of Load with time......covvvvvnnvennn. 178

Variations in Bolt Load with Distance into the Grout at
Several Times during Phase I (Faslock System in Lime-
31011 1=) IS AP 184

Types of Grout Failures Responsible for the Load Dis-
tribution Shift and/or Reduction of Load Transfer to
The ROCK. . it i i it iei i eineasnrancnnnnnns 186

Example of Gage Readings Indicative of Local Grout
Failure (Installation CL T4) ... iinrinnrnnnnnnnnns 187

Variation in Bolt Load with Distance into the Grout at
Several Times During Phase II (Faslock System in Lime-
3 7 113 1O PO 189

Variations in Bolt Load with Distance into the Grout at
Several Times During Phase III (3/4 in. Bar in a 1-in.
Hole with Celtite Resin in Interbedded Shale)......... 191

Variations in Bolt Load with Distance into the Grout at
Several Times During Phase III (Faslock System in Lime-
R o) 11=3) SRR 192

Example of Total Installation Failure (Installation
00 T 1 N 193

Photograph of Limestone Block after Splitting Showing
Exposed Grout CoTumn.....cvviviiiinnrnroonnsennssnenns 199

Locations of Strain Gages on Instrumented Rock Bolt... 205

Detail Drawing of Roof Sag Indicator and Installation
1+ 0 3 206

Detail Drawing of MESA Wire-Type Sag Indicator and In-
stallation Tool. .. ivi ettt iiiii it ininnenansnsnns 207

Plan View of Test Site 1, Mine 1, in Shale Roof Show-
ing Location of Instrumentation............c.cvivvinn 209

Plan View of Test Site 2, Mine 1, in Limestone Roof
Showing Location of Instrumentation................... 210

Plan View of Test Site 1, Mine 2, in Shale Roof Show-
ing Location of Instrumentation.............cccivn... 211
14



Figure

Figure

Figure

Figure
Figure

Figure

Figure

Figure

Figure

Figure
Figure

Figure

Figure
Figure
Figure

Figure

Figure

Figure

Figure

Figure

6-8

6-9

6-10
6-11
6-12

6-13

6-14

6-16a
6-19
6-20

6-21
6-22
7-1
7-2

7-3

7-4

7-5a
7-5b

Page
Plan View of Test Site 2, Mine 2, in Shale Roof Show-

ing Location of Instrumentation............ccocvvivvnnn 212
Plan View of Test Site 1, Mine 3, in Shale Roof Show-
ing Location of Instrumentation..................cutn 213
Plan View of Test Site 2, Mine 3, in Shale Roof Show-
ing Location of Instrumentation............ccovvvvvnnn 214
Instrumented Roof Bolt after Installation............. 215

Five-Step Procedure for Installing a Roof Sag Indicator2ig

Five-Step Procedure for Installing MESA Wire-Type Roof

Sag Indicator....ciiiiniiiiii it i i e 217
Axial Strain versus Elapsed Time at each of Four Gage
Locations, Installation No. 5, Limestone Roof......... 220
Axial Strain versus Elapsed Time at each of Three Gage
Locations, Installation No. 5, Limestone Roof......... 221
Mining Sequence in the Vicinity of Test Site 1, Shale
Roof, and 2, Limestone Roof......ccvvviviiininennnnnns 222
through 6-18b Bolt Load Distributions................ 224
Stresses along the Length of Bolts (after Dave)....... 230
Strata Displacement versus Elapsed Time at each of Four
Horizons, Shale ROOT....vviiiiii i iiiiienenennnrennn 23]
Bolt No. 12 in Mine NO. 2., .iiiiiiiiiiiiiiinnenennnnn 233
Bolt No. 28 in Mine No. 3... . iiiiiiiiiiiiiiininrnnnns 234
Roof-bolting Design Chart for Friction Effect......... 239

Diagram of the Forces acting on the Left Half of a
Cracked Beam......ovvveiiiiiiiiiiiiiiiinennennnnennnns 245

Distribution of Horizontal Stress, g, ON Vertical
Cracks at the Abutment and Center of*the Laft Half of
a Cracked Beam....covviiiiiiiiiinieiinninnennencencens 260

Forces Acting on Left Half of>a Three-Layer Cracked
Beam with Frictional Resisting Forces, H, Acting on

the Bedding Planes. ....viviiiiiiiiiiniiiiennennnonenns 262
Support of Competent Layer Independent of Pillars..... 266
Support of Competent Layer with Constrained Ends...... 266

15




Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure
Figure
Figure

Figure

7-6

7-7

7-8a

7-8b

B-1
B-2
B-3
B-4

Support of Highly Fractured Rock from a Competent
R o 4 & -

Keying Support of Highly Fractured Rock...............

Low-Angle Arch Failure in Massive Roof, High Lateral
R T =1 PO

Low-Angle Arch Failure in Massive Roof, High Vertical
BN T L] PN

Arch Failure in Bedded Roof, Tensile Lateral Stresses.

Effect of Lateral Stress on the Area of Roof in Ten-
sion for Two Bedding Planes and No Bolts..............

Arch Failure in Rock Possessing No Tensile Strength,
Low Lateral StressSesS.....viiriurnrnnseeeerenennocsnns

Borescope Logs at Mine 2, Test Site 1................. '

Borescope Logs at Mine 2, Test Site 2.......ccvvevnenn.
Borescope Logs at Mine 3, Test Site T.......civevinnn.

Borescope Logs at Mine 3, Test Site 2......cvvvvnnnnn

Figures B-5through B-19 Graphs of Bolt Strain vs Time for Mine #2.

Figures B-20 through B-27 Graphs of Strata Separation vs Time for

MINE Hl it s ittt ittt tieineneseseesenasossesnanasssnnens

Figures B-28 through B-40 Graphs of Bolt Strain vs Time for Mine

1

Figures B-41 through B-47 Graphs of Strata Separation vs Time for

MiNE #3 . titit it ittt ierevenneesessoesensannsesannnnns

16



Table

Table

Table
Table
Table
Table
Table
Table
Table

Table

Table

Table

Table
Table

Table
Table

Table

Table
Table
Table

2-1

2-2

4-6

5-1
5-2

5-3
5-4

5-5

5-6
5-7
5-8

LIST OF TABLES

Page
Effects of Lateral Stress and Bolts for No Bedding
PlaNES .t ittt it i ittt et e .. 45
Effects of Lateral Stress and Bolts for Two Bedding
I VT 48
Flexural Stresses in the Beams...........covviiieneninn 60
Variation of Stresses in Preloaded Anchor Bolts........ 65
Numerical Data for Split-Set Analysis.....ccevevivunnnn 90
Experimental Data for Split-Sets.......ciivviviivenennnn 98

Average Rock Property Values for Limestone and Shale... 114
Smoothness and Flatness of "Smooth" Shear Surfaces..... 115

Friction Properties of Various Rock Types at Low Normal
=TT Y U - OGP 143

Shear Resistance of Rock Bolts in Indiana Limestone with
a Smooth Shear Surface.....cvvviiriiriieerestiennnoeneens 149

Shear Resistance of Rock Bolts in Indiana Limestone with
Natural Fracture Shear SuUrfaces........veieerenrrvennns 153

Shear Resistance of Rock Bolts in Shale with Smooth

Shear SUrfaCeS. .. viveii it iierarerseensnnorosassnsnnsns 154
Description of Creep Test Installations................ 170
Group Averages of the Percentage of Load Remaining in

the Rock Bolt at Various TimeS.......cvvvuniniennnrnenns 179
Description of Test Installations..........ccoivvvuieen 181
Percentage of Load Remaining on the Bolt at Various

Times after Installation..........coiiiiiiiiiiiininne, 181
Variation in Strain during Curing of Resin with no

Applied Load.....vviiiiiniiiiniiieeremernentnnonsnnnss 181
Average Percentage of Load at each Gage Location....... 188
Average Percentage of Load at each Gage Location....... 194
Comparison of Stiffness Influence Coefficients for

Mechanical and Resin-Grouted Rock Bolts.........c...... 196
17




Table 5-9

Table 6-1
Table 6-2
Table 7-1a

Table 7-2a

Table 7-2b

Table 7-2c

Table 7-2d

Table 7-2e

Table B-1

Average Failure Load for Full Column Resin-Grouted

ROCK BOTES . e e veevseeee e eeeeeesennerinnennaaenanns 198
Description of Test SiteS...veeiiriiniiiiernnnnnennes 203
Installation-Induced Bolt Loads...........cvvvuvvnnntn 219
Values of Coefficient, o, for Various Number of Bolts

PEr Sel..iiiit ittt iietitietreiotaetaetanttantocnnnanns 241
Design Table for Single Beam with Cracks, o = 500 x

1070 249
Design Table for Single Beam with Cracks, o = 1000 x

1070 250
Design Table for Single Beam with Cracks, o = 2000 x

1070 252
Design Table for Single Beam with Cracks, o = 3000 x

1070 254
Design Table for Single Beam with Cracks, o = 4000 x
1070, 256

Dates of Field Installations, Borescope Readings, and
Test Terminations. .o iiiiiieiiiiineinenrneennnnnns 318

18



Chapter 1
INTRODUCTION and SUMMARY

Introduction

Roof bolting as a primary method of roof control in underground
coal mines is cost effective because the support components are rela-
tively inexpensive and the operation has been mechanized to the point
where the hole can be drilled and the bolt installed and tightened in
a short time, Tike three to five minutes per bolt. The openings so
supported are also free from obstructions such as posts so that equip-
ment can be maneuvered.

Failure of the roof support system is an indirect cost of the bolt-
ing operation, although it is generally not considered as such. Roof
failures Tead to increased mining costs due to cleanup of roof falls,
loss of production and equipment damage due to roof falls in critical
areas. The dollar costs and human suffering due to injuries and deaths
arising from roof falls are in themselves sufficient reasons for sound
engineering of roof support systems.

This investigation of the interactions between rock bolts and the
surrounding rock has been directed at understanding the support mechan-
isms and characteristics of expansion-anchor and resin-grouted roof
bolts as used in coal mines. The investigation has involved labora-
tory, theoretical, and field work. The ultimate objective is to be
able to design rock bolt support systems with some of the same confi-
dence that is enjoyed in other engineering fields. This, of course,
is a difficult task because of the generally unknown loads which bear
on the mine structure and because of the variable nature of the rock
properties and weakness planes in the rock.

Work on this contract has consisted of laboratory shear tests
on various types of rock bolts used in coal mines; creep tests on
resin-grouted steel bars; finite element analyses of single bolts,
the bolted roof structures, and the friction rock stabilizer; and a
field program where strain measurements are made at various points
along resin-grouted bolts for a period of several months.

The currently accepted roof bolt design criteria which have ap-
plication in coal mining are presented with example problems in Chap-
ter VII. The research results presented herein are brought into the
evaluation of these criteria whenever possible. Criteria for bolt
type, length and spacing are needed by each mine engineer when he
develops the roof control plan for his mine and also by MESA personnel
when they evaluate the plan for approval or disapproval. Some of
these decisions have become more difficult recently as additional bolting
alternatives such as the resin-grouted bolts have been introduced into
coal mine applications. The concept of distributed anchorage for fully
grouted bolts and splitset tubes is a significant departure from the
point anchorage of conventional expansion-anchor bolts. Much of the
work reported herein is an attempt to explain and quantitatively evaluate
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the capability of these various bolting systems to resist shear-
and separation-type movements as occur in the roof structure.

This Final Report on U.S. Bureau of Mines Contract No. H0122110,
An Investigation of the Interaction of Rock and Types of Rock Bolts
for Selected Loading Conditions, summarizes the work reported in
three Annual Reports on this contract (Refs. 1, 2, and 3), the work
contained in a Ph.D. dissertation by Janak Dave (Ref. 4), and the work
performed during the fourth contract year not reported elsewhere.

The following chapters each cover a specific area of investiga-
tion. These areas are now outlined and the principal conclusions
stated.

Finite ETement Analysis of Bolted Mine Roofs

Two dimensional finite element models were used to study two as-
pects of a bolted roof:

1. Axial symmetric models of the bolt and surrounding rock were
used to determine the localized stress state in and around conventional
and grouted roof bolts due to Toads introduced at installation and bed-
ding plane separation. '

2. Plane strain models of a typical opening were used to deter-
mine the effects of bolts on the stability of a Tayered mine roof when
bedding planes and in-situ Tlateral stresses are present. The stability
of the bolted mine roof was assessed in terms of the stress distribu-
tions, roof deflections, and areas of tensile stress within the roof.

Roof bolts had no significant effect on stress distribution or
roof deflection when the roof was continuous with no bedding planes.
Bolts exerted more influence when bedding planes were present in the
roof. Expansion-anchor bolts reduced the deflection of the roof with
two bedding planes by 8.5 percent compared to the no bolt condition
with similar lateral stresses. Bolts reduced, or in some cases closed,
the separation between bedding planes. Preloaded anchor bolts reduced
the deflection of the no tension rock roof about 12 percent.

Untensioned grouted bolts installed before face advance and ini-
tial settlement occurred exhibited compressive bolt Toading along much
of the bolt lengths when gravitational and overburden loads were ap-
plied. Such compressive bolt loading is thought to have an adverse
effect on the initial roof stability, although the seriousness of this
effect is not known. Compressive bolt loading did not occur when the
untensioned grouted bolts were installed after the initial settlement
had occurred. Also, favorable tensile bolt loading at a bedding plane
occurred in the Tatter case.

The effect of lateral stresses on the stability of the roof is
significant. The deflection of the roof subjected to Tow lateral
stresses was higher than that subjected to high lateral stresses in
all cases when horizontal bedding planes were present in the roof.
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The volume of rock experiencing tensile stresses was much higher for
Tow lateral stresses than high lateral stresses. However, the maximum
octahedral shear stress was about two times higher for high-lateral-
stress cases than for lTow-lateral-stress cases. This indicates that
shear failure is more likely at the high Tateral stresses.

The deflection of the roof increased as the number of bedding
planes increased. The roof deflection for three bedding planes and
no tension rock was about three times greater than for no bedding planes
and competent rock.

The significance of the beam building effect was analyzed by con-
sidering two roof beams bolted together with preloaded anchor bolts.
There was no significant amount of beam building, since there was separa-
tion between the beams over the center three-fourths of the span. The
size of the bolts and preload required to close the separation completely
was found to be impractical. The preloaded anchor bolts did, however,
significantly increase the stability of the roof over the no bolt condi-
tion.

The commonly made assumption that roof beams deflect as though they
are rigidly restrained on the ends was found to be invalid, particularly
so in coal mine applications where the stiffness (Young's Modulus) of
the supporting pillar of coal is much less than that of typical roof rock.
As the corner of the pillar deforms downward under the overburden load
the neutral axis at the end of the beam rotates through a relatively large
angle causing the deflection curves to slope downward at the rib.

Split-Set Rock Bolt Analysis

Friction rock stabilizers (trade name Split-Set) are a new type of
bolting mechanism used to stabilize rock structures. The split-set
is formed by rolling a section of thin steel plate into a tube with a
s1it running its entire length. Split-sets may vary in length up to
six feet and usually have about an inch and a half diameter, a tenth
of an inch wall thickness, and a slit width of half an inch. The Split-
Set is forced into a hole having a diameter approximately 1/8 in. less
than the outside diameter of the undeformed tube. As a result, a radi-
al pressure distribution is created between the split-set tube and the
wall of the drill hole. The radial pressure distribution caused by the
forced fit can be related, by the coefficient of friction between the
split-set and the wall of the hole, to a force along the length of the
tube. This force enables the split-set to support or reinforce the
media into which it is driven.

A system of twelve equations has been developed for the elastic-
plastic analysis of Split-Set roof bolts and these equations have been
programmed for solution on the IBM 370/168 computer. Typical solutions
have been presented in graphical form for comparison with experimental
data. The results compare favorably for most of the Split-Sets tested
provided the system parameters are properly specified. It appears that
this analytical solution will be valuable to mining engineers since the
solutions have been put in graphical form. Plots of the effects of the
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various parameters (material strength, material strain-hardening,
friction, thickness, radius, angle of contact) on the holding capaci-
ty of split-sets have been constructed and are presented in this re-
port.

Shear Tests and Analysis

Shear displacements between roof layers and along fracture sur-
faces or other discontinuities are resisted by rock bolts which inter-
sect such surfaces. That such displacements do occur is a fact fairly
well known. Inspection of drill holes that have been in the roof for
some time often reveals that the hole has been offset at one or more
points some time after drilling.

The effectiveness of rock bolts in resisting this sort of move-
ment has been determined with laboratory shear tests on full-scale rock
bolts installed in blocks of rock.

The following parameters have been investigated in this program:

1. Bolt type

a) conventional expansion-anchor type
b) full column resin-grouted steel bars
c) friction rock stabilizer
d) fiberglass-resin (pumpable bolt)
2. Orientation of bolt relative to shear plane
a) 0 degrees (normal)
b) +45 degrees
c) -45 degrees
3. Rock type

a) limestone
b) shale

4. Roughness of shear surface

a) machine smooth
b) rough fracture

5. Drill hole diameter

a) 1 dnch
b) 1-3/8 inch

6. Normal pressure on shear surface

U
Q
]

25 psi

o
Q
i

250 psi
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The orientation of the bolt relative to the shear plane had a
pronounced effect on the shear resistance offered by the bolt. The
bolt is most effective when it is inclined to the shear surface so
that it tends to elongate as shear progresses. The bolt is quite in-
effective when it is inclined the other way so as to experience axfal
compressive loading.

The shear strength of a bolted joint is the sum of that due to
the bolt and that due to friction resulting from the in-situ normal
stress on the shear plane. If this normal stress is high, say 250 psi
or higher, the contribution of the bolt to the total shear strength
is measurable, but not really significant from a practical point of
view. If, however, the normal stress is low, say under 25 psi, the con-
tribution of the bolt is quite significant and a designer would want to
include the shear resistance of the bolt in his analysis.

Two major differences in shear behavior were observed between smooth
and rough shear surfaces:

1) The interlocking of the asperities of the rough shear surface
causes a high shear resistance for small shear displacements
(Tess than 0.10 in.) but the coefficient of friction along the
shear surface rapidly drops and approaches that for the ini-
tially smooth shear surface after approximately 2.5 in. of
shear displacement.

2) The irregularities of the rough shear surface cause the
shear joint to dilate rapidly as the shear progresses.
This causes high tensile loading of a fully grouted bolt
in the region near the shear surface. Anchorage failure
along the grout annulus which was a problem when smooth
drill holes were employed, was e]1m1nated when the drill
hole wa11s were rifled.

As noted above, the shear resistance of the bolted blocks is the
sum of that due to the bolt and that due to the frictional strength
along the shear surface due to the normal stress. The experimental
data was then reduced to give the shear force resistance due to the
bolt itself. This resistance is stated in terms of the resistance
at small shear displacements (0.1 in.) and the maximum shear resistance,
which in many cases is two or three times the resistance at small dis-
placements. These tables of shear force values due to the bolt can
then be easily used by the engineer to compare the effectiveness of
various bolt types and the effect of bolt orientation relative to the
shear surface. Tables are included for both smooth shear surfaces and-
rough fracture surfaces.

Creep Tests and Analysis

The Taboratory creep test program for a full column resin-grouted
bar was designed to determine the load distribution along the steel
bar and the pull-out of the end of the bar as the bar is loaded for
an extended period of time.
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Loading is accomplished in three phases:
1. Load bleed-off from an initial load of 8,000 1bs for one month
2. Creep at a constant load of 8,000 1bs for one month
3. Creep at a constant load of 16,000 1bs for one month

The above load levels were used for 3/4 in. and 7/8 in. bars while

load levels half as large as these were used on a few tests with 1/2 1in.
bars.

The load bleed-off phase simulates the load decrease with time
which would occur underground if the grouted bolt is tensioned jmmedi-
ately after installation. Such tensioning occurs to some extent in the
normal resin bolting operation in coal mines when the thrust of the
bolting machine is applied to the bolt head to compress the roof strata
while the resin hardens. When the thrust is removed there often remains
a load of the order of 2,000 1bs on the bolt head. This load may be
subject to bleed-off similar to that observed in the laboratory tests.

The creep loading at the two constant load levels simulates the
Tong term time-dependent deformation and pull-out of the grouted bar
caused by sustained loading in the roof.

Results indicate that: (1) a large percentage of an applied load
bleeds off during the first 100 hours subsequent to bolt installation;
(2) the amount of load bleed-off is a function of the grout annulus
size and the bolt surface roughness; (3) retightening of grouted rock
bolts reduces the magnitude and rate of the load bleed-off phenomenon;
and (4) resin-grouted roof bolts provide a stiffer roof support system
in that bolt elongation resulting from a given load, e.qa., geologic post-
tensioning due to strata movements, is much less for the resin-grouted
bolts than for mechanically anchored systems.

Field Tests and Analysis

Instrumented roof bolts were installed in three coal mines, one
in I1linois and two in Tennessee, to examine the reaction of resin-
grouted bolts to geologic and mining stresses. Measurements of bolt
strain at four locations alonag the grouted bars and strata displace-
ments were made for three to six months in each mine. Measurements
were usually made once a week during the first three months, and every
two weeks thereafter. Borescope inspections for fractures in the roof
strata were made at the beginning and at the end of the test period in
the two mines in Tennessee.

In the I11inois mine the instrumented bolts were installed in the
spaces between existing bolts of a normal bolting pattern. In the two
mines in Tennessee the instrumented bolts were installed as members of
the regular bolting pattern. Each configuration offers certain advan-
tages and disadvantages. The first approach allows research personnel
to operate under a protective canopy of other roof bolts. A history of
lower apparent loads will be recorded, however, since the primary bolt
pattern carries part of the load. The second approach offers the distinct
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advantage of providing the exact load history that any bolt in

that position would experience. The bolts must be installed more
quickly when used in this configuration since support of the roof
must be accomplished as soon as possible so normal mining activities
may resume.

The principal conclusions about the behavior of full-column resin-
grouted bolts under geologic loadings are as follows:

1. The practice of installing instrumented rock bolts and sag
stations to evaluate the effectiveness of a bolting pattern
provides data useful in selecting adequate roof support
measures.

2. Installation of bolts commonly produces an initial tensile
bolt load on the order of one ton.

3. The Toad distribution along a grouted bolt is nonuniform
due to the nonuniform nature of loading following installa-
tion and the load transfer mechanism present with full-column
anchorage. :

4. Compressive loads may occur in a bolt given certain strata
displacement histories. These Toads may tend to weaken the
Tower roof strata, possibly inducing roof failure.

5. Strains in fully-grouted bolts cannot be directly related

- to measured vertical strata displacements because of complex
strain distributions along the bolts and uncertainty of the
location of the points (or zones) of load application to the
bolt.

Roof Bolt Design Criteria

The problem facing the mine engineer, and the thrust of Chapter VII
is the determination of the most effective roof support system for a
given situation. Guidelines are given in Chapter VII to assist the
mine engineer in selecting the type, length, orientation, and spacing
of roof bolts to provide the safest, most cost-effective primary sup-
port system for his mine. This discussion presents a critical assess-
ment of the most definitive, current research in roof support theory
and practice related to multiple openings in bedded deposits having
horizontal or near-horizontal orientations. Among the sources of in-
formation used in this assessment are publications from industrial and
governmental sources, field information from mine personnel and the find-
ings of four years of research under the current contract.

The theories which have been reviewed and presented in a step-by-
step manner as required by a design user are as follows:

1. Continuous beam theory developed by Dr. Panek which includes
the effects of friction between beams, suspension of thin
beams by thicker ones, and the combined effects of friction
and suspension.
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2. Cracked beam theory developed by Dr. Wright which considers
the stability of bolted and unbolted bedded roof strata inter-
section by one or more vertical joints.

3. Suspension of a layer of very weak or highly fractured rock
from an overlying competent layer.

4. Keying of blocks of jointed rock to maintain stability by
increasing the frictional strength along joint or fracture
surfaces.

5. Arch formation and control which depends primarily on the in-
situ stress field and the tensile, compressive, and shear
failure characteristics of the roof rock.

6. Code of Federal Regulations which set forth in the form of
law certain minimum requirements for roof control plans.

Each of the above criteria is applicable to certain situations,
depending on the assumptions of the model. The arch concept and the
Code of Federal Regulations probably have the greatest potential for
application to all mining environments. The former requires finite
element modeling and is for that reason probably the most difficult and
expensive design tool presented herein.

Example problems are presented at the end of Chapter VII to illus-

trate the application of the various design criteria to typical geolo-
gical conditions which exist in coal mine roofs.
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Chapter II
FINITE ELEMENT ANALYSIS OF BOLTED MINE ROOFS

Introduction

The finite element method was used to analyze models which repre-
sent typical openings with rectangular cross-sections in mines using
systematic room and pillar mining techniques. The stress states which
occur in a bolted mine roof are always three-dimensional. However, ‘
many of the phenomena present can be studied by choos1ng appropriate
two-dimensional models.

Two-dimensional models were used to study two distinctly different
aspects of the bolted roof:

1. Axial symmetric models of the bolt and surrounding rock were
used to determine the localized stress state in and around conventional
and grouted roof bolts due to Toads introduced when the bolts are in-
stalled and when bedding planes separate.

2.  Plane strain models of a typical opening were used to determine
the effects of bolts on the stability of a layered mine roof when bed-
ding planes and in-situ lateral stresses are present.

The finite element computer program employed to analyze the models
uses a quadrilateral element composed of four constant strain triangular
elements to represent the continuum. The joint element developed by
Ghaboussi, Wilson, and Isenberg (Ref. 5) was used to represent bedding
planes. Point loads or simple truss (one-dimensional) elements were
used to represent the bolts except when local stresses in the bolts and
. immediate surroundings were to be calculated. Then the bolts were
modeled as a continuum. The initial stress method was used to include
the nonlinear effects of the joints and no-tension rock material.

It must be remembered that the accuracy of any numerical method of
stress analysis depends on the accuracy of the material properties input
as data. Accurate material properties are very difficult to obtain for
rock structures. Many characteristics of the mine environment, such as
in-situ stress fields, may vary 1in different regions of the mine. Labora-
tory tests to quantitatively evaluate mechanical properties may not re--
flect the effects of weakness planes such as joints, bedding planes, and
fractures induced by the mining activity. Moisture and its migration
from the ventilation air into the rock has a strong effect on the elastic
moduli and strength of shale, a typical roof rock in coal mines. Proper-
ty data including the effects of moisture is not readily available. In
the models ana]yzed~average properties are used which do not correspond
to a particular mine. They do, however, permit us to study the mechan-
isms by which bolts interact w1th the surrounding rock to support the
mine roof.

The results from the model analyses are presented in tables and in
plots of roof deflection and principal stress fields. The principal
stress fields were plotted by drawing Tines centered within each finite
element whose lengths are proportional to the maanitude of the principal
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stresses and whose directions coincide with the principal directions.
An arrow at the end of the stress line indicates tensile stress. All
conclusions were based on a study of these tables and plots.

Localized Stress State in Bolts and Surrounding Rock

The local initial stresses (those produced by installation) in the
following types of installation were analyzed for a typical bolting pat-
tern:

1. Fully grouted post-tensioned bolt

2. End grouted post-tensioned bolt

3. Conventional mechanical anchor bolt

4. Fully grouted pretensioned bolt (bearing plate and nut removed)

The axisymmetric models used to determine the local stress-state
were selected by considering a typical roof bolt installation pattern as
shown in Fig. 2-la. The pattern is assumed to extend to infinity in
all directions. A typical roof bolt is labeled A in Fig. 2-la. The
dashed 1ines indicate the intersections with the roof of planes of sym-
metry which pass in the vicinity of A. On each of the symmetry planes,
material does not displace perpendicular to the planes. Thus, the rock
surrounding bolt A is essentially constrained from radial movement with
respect to A over the surface of a cylinder having a radius of one-half
of the bolt spacing. The intersection of this cylinder with the plane
of the roof is indicated by the circle shown. For points sufficiently
far above the ends of the bolts, the loading from the bolts will appear
to be uniform. Thus, the displacement of these points will be homogeneous
and can be taken to be zero. The model which results from the above dis-
cussion is shown in Fig. 2-1b. Stress boundary conditions are added
to the model to represent the various types of bolting installations.
The steel bar and resin-grout were assumed initially to be in a stress
free state as occurs when the grout sets up around an untensioned bar.
Loading of the system was accomplished by post-tensioning the bolt with
the subsequent application of a bearing plate and a nut. An example
cross-section for a complete model is shown in Fig. 2-2. The detailed
stress states for the four installations considered are presented in
Refs. 1 and 2. In all installations the stresses are highly localized
and decay very rapidly with distance into the rock.

This decay is seen in Fia. 2-3 which shows the distribution of
Toad along a fully grouted post-tensioned steel bar. The load becomes
negligible at approximately 10 hole diameters above the nut.

Similar reasoning was used to develop axisymmetric models for de-
termining local stresses produced in fully grouted untensioned bolts by
bedding plane separation. High stresses are localized in the bolt,
grout, and rock just above and just below the separation. The bolt
load is highest at the separation and decays with distance from the
separation in a manner similar to that shown in Fig. 2-3.
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The axisymmetric model was also used to study the effect of pre-
tensioning a grouted bolt. In this case, a quick-set grout is used in
the top part of the hole while a slow-set grout is used in the bottom
portion. The nut is tightened against the bearing plate after the upper
part of the grout has hardened, but before the bottom part has set.

The states of stress for the fully grouted pretensioned bolts were
determined for the cases of nuts and bearing plates not removed, and
the nuts and bearing plates removed. The variations of bolt load along
the length of the bolt are also shown for the two cases by curves "a"
and "b" in Fig. 2-4. The question naturally arises as to whether it
is best to remove the bearing plates and nuts or to allow them to remain
in their tightened state.

The relative stress states in the region around the bolt for the
two conditions, with and without a bearing plate and nut, can be visualized
by comparing curves "a" and "b" in Fig. 2-4. These curves are distribu-
tions of tensile bolt load and such tensile loads tend to pull the rock
together and compress it. It is seen that removal of the nut and bearing
plate reduces the bolt tension to zero or near so in the region near the
hole collar. As a result, the vertical compressive stresses in the rock
in this region are reduced and failure is more Tikely to occur.

In summary, this theoretical analysis shows that leaving the tightened
nut and bearing plate on a pretensioned fully grouted rock bolt has a bene-
ficial effect in stabilizing the rock near the hole collar, and that re-
moving the nut and plate does not change the stress distribution far
away, say, greater than 16 in. from the collar.

Effects of Rock Bolts on the Stabiljty of Layered Mine Roofs

The purpose of this study was to determine the effects of various
parameters such as bedding planes and in-situ lateral stress on the sta-
bility of a mine roof and how the stability is affected by the addition
of rock bolts.

A. Selection of the Models

The models analyzed correspond to a typical mine with rectangular
openings and systematic rooms and pillars. Fig. 2-5 shows a vertical
cross-section of the general mine geometry and the region analyzed.
Fig. 2-6 shows the corresponding plan view. Only half of the opening
and pillar are analyzed because of the symmetry. The three different
plane strain models analyzed are shown in Fig. 2-7. Each model had
a 4 ft floor, 7 ft coal seam and 20 ft roof. Model A has no bedding
planes. The different material layers are assumed to bond together.
Model B has two bedding planes. Relative motion along the bedding
planes is always possible. Model C has three bedding planes which form
two slender rock beams between the planes. A1l bolts used with model
C were such that they ended just below the top bedding plane so that
no suspension effects from the overlying rock were present.

A uniform downward pressure of 500 psi was applied along the top
of the model to simulate the effects of the overburden. Gravity loads
were applied in all cases. No horizontal displacements at the midspan
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were permitted because of the symmetry. A1l material properties were
assumed to be isotropic.

Bolts, not shown in Fig. 2-7, were modeled in three different ways
depending on their type and the loading situation. Grouted bolts were
always modeled by a series of truss elements connected at all the nodal
points along the bolt. This bonds the bolt to the surrounding rock along
the entire length of the bolt. Conventional expansion-anchor bolts which
load the rock at two points - at the anchor and bearing plate - were
modeled as one truss element connecting the nut and anchor if it was neces-
sary to consider the stiffness of the bolt. Otherwise, the preloaded an-
chor bolt was modeled by applying point loads at the anchor and bearing
plate. The anchor bolt was connected to the rock at only two points.

It was assumed that bolts were installed in a square pattern as shown in
Fig. 2-1. To account for their effect in the 1 ft deep plane strain
models shown in Fig. 2-6, the total bolt loads were changed to bolt load
per foot of depth. When bolts were modeled by truss elements, their
cross-sectional areas were reduced to area per foot of depth. The follow-
ing bolt properties were used:

Nominal Bolt Diameter 5/8 in.

Young's Modulus 30 x 106 psi

Cross-Sectional Area of-Bolt .2453 1n.2

Two types of boundary conditions were applied along the right boun-
dary, pillar centerline, of the models. If there are several parallel
openings, tne right boundary of each model is essentially a plane of
symmetry. For this condition the horizontal displacement along the boun-
dary is zero. This boundary condition was used except when the effects
of the free field horizontal (lateral) stresses were to be considered.
When Tateral stresses were included in the analysis, stress boundary
conditions were applied along the right boundary. It was assumed that the
free field stresses at a distance of two or three times the opening width
from the opening are proportional to the vertical stress. Then the
lateral stress distribution along the pillar centerline was calculated by
analyzing a region which contained four openings. The geometry of the
region is shown in Fig. 2-8. One example of the lateral stress distri-
bution at the pillar centerline is shown in Fig. 2-9. Other cases are
given in Ref. 4.

In some cases the rock is modeled as a no-tension material. This
material is capable of sustaining compressive stresses but unable to sup-
port tension stresses. Such a material does not exist, but it is a
close approximation to the behavior of randomly jointed rocks and other
granular materials. Whenever any principal stress becomes tensile in
the no-tension material, the material fails and the load in the direc-
tion of the tensile stress is transferred to the surrounding elements.

An iterative computational scheme is employed until all tensile stresses
have thus been reduced to zero.
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B. Results of Case Studies
The following five studies were performed:
1. Study of the effects of bedding planes and bolts when the pil-

lar centerline is restrained from moving horizontally. Models A
and B were used and anchor bolts were modeled by point loads.

2. Study of the effects of lateral stress and bolts. Model A was
used and anchor bolts were modeled by point Toads.

3. Study of the effects of lateral stress, bedding planes, and bolts.
Model B was used and bolts were modeled by point loads.

4, Study of the effects of a no-tension material. Model B was used
and bolts were represented by truss elements. Only cases with
low Tateral stress were analyzed.

5. Study of beam building effects. Model C was used. Bolts were .
modeled by truss elements.

The results of these studies are reported in the following paragraphs.
a. Case 1 - Study

Study of the effects of bedding planes and bolts when the pillar cen-
terline does not move horizontally. Models A and B were used and anchor
bolts were modeled by point loads.

When bolts were included in this study, they were assumed to be 4 ft
long and spaced 4 ft apart in a square pattern. To determine the effect
of bolt loads, both Models A and B were analyzed for bolt loads of 0, 10,000
and 20,000 1b. -

The effects of different bolt loads was insignificant both with and

without the bedding planes. The variation in maximum stress was less

than 1 percent. A1l stress plots are given in Refs. 2 and 3. The deflec-
tion curves for the roof with no bolts and the one with bolt loads of
20,000 1b differ by less than 1.5 percent when bedding planes are present
as well as when they are not included. The small effect of the bolts

can be explained by the fact that the bolts have an effective load of
only about 20 psi over their area of influence while the roof is sub-
jected to a 500 psi overburden pressure and gravitational Toad.

The average deflection of the roof with bedding planes is approximately
6 percent greater than the roof without bedding planes. Fig. 2-10 shows
the deflection of the roof, with and without bedding planes, for 10,000 1b
bolt loads. It also shows the deflection curves obtained using elementary
beam theory for simply supported and fixed-end (cantilevered at both ends)
beams. The maximum deflection for a fixed-end beam is considerably less
than the deflection calculated by the finite element analysis of Models
A and B. In this case the maximum deflection for a simply supported beam
is significantly greater than that calculated by the finite element analysis.
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b. Case 2 - Study

Study of the effects of lateral stress and bolts - no bedding planes.
Model A was used and 4 ft long bolts were modeled by point loads.

To analyze the effects of lateral stresses, three distinct cases were
considered. They were:

(2a) The free field lateral stress was assumed to be nonexistent.

(2b) The free field lateral stress was one-third of the vertical
stress.

(2¢) The free field lateral stress was three times greater than
the vertical stress.

In most practical situations the free field stress falls between cases
(2b) and (2c). Bolts were represented by concentrated point loads and
were assumed to be in a square pattern. One, three, five and seven bolts
across the opening represent spacings of 12 ft, 6 ft, 4 ft and 3 ft, re-
- spectively. The stress plots (given in Ref. 3) show that the area of

the roof experiencing tensile stresses is much less when the lateral

free field stress is high.

Roof deflections are summarized in Table 2-1. As shown in the table,
the maximum roof deflection is 1.15 percent less for the high-lateral
stress case than for the low-lateral stress case when no bolts are pre-
sent. The deflection also decreases when bolts are added. However,
the reduction is less than 1 percent in all cases. The bolts do not
have any significant effect when the layers of the model are perfectly
bonded along their contact surfaces.

c. Case 3 - Study

Study of the effects of lateral stress, bedding planes, and bolts.
In all cases for this study, Model B which has bedding planes 2 ft above
and parallel to the opening and along the roof-pillar interface was used.
The 4 ft long bolts were modeled by point loads. Stress plots are given
in Ref. 3 and roof deflections are summarized in Table 2-2.

The stress plots again indicate that the region of the roof exper-
jencing tensile stresses is greatly affected by the lateral stresses.
The size of the region is minimum for the high lateral stress and maxi-
mum for zero lateral stress. The general extent of these regions is il-
lustrated in Fig. 2-11. The volume of rock in tension may be one of the
most important factors influencing roof stab111ty, since rock under tension
is 1ikely to fail and fall into the opening. To prevent this from happen-
ing the bolting system (type of bolt, length, and spacing) should be de-
signed to support the rock in tension This design could be based on dia-
grams such as shown in Fig. 2-11.

The weight of material supported would be the weight of rock in ten-
sion as determined from measurements of the area in tension as in Fig. 2-11.
The proper bolt length would then be one which anchors above the tensile
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Table 2-1

Effects of Lateral Stress and Bolts for No Bedding Planes

Lateral No. of Deflection % Change Due to
Stress Bolts at Center Lateral Bolts
10—3 it Stress
Low None 4.23 -- -
High None 4.1813 -1.15 -
Zero None 4.2243 -0.1 --
Low One 4.1971 - -0.78
Low Three 4,197 -- -0.78
Low Five 4.198 - -0.76
Low Seven 4.198 -- -0.76
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region. This would require bolts 10 to 12 ft Tong for the 24 ft wide
openings with zero and low lateral stresses as shown in Fig. 2-11. The
most common bolt Tengths in practice are 4 and 5 ft. Seven- and nine-ft
long bolts are commonly used in areas with exceptionally weak roof, how-
ever rarely in current practice are bolts used of sufficient length to
reach above the tensile regions indicated for zero and low lateral stresses
in Fig. 2-11.

As indicated in Table 2-2, high lateral stresses significantly re-
duce roof deflection. The maximum roof deflection is 7.16 percent less
- for the high Tateral stress case than for the lTow lateral stress case.
Bolts, preloaded to 15,000 1b, were also effective in reducing the roof
deflection. The bolts reduced the maximum deflection of the roof by
8.54 percent for the Tow-lateral stress case and 4.41 percent for the
high lateral stress case as compared with the corresponding no-bolt cases.
Even though the bolts do not change the stress state significantly, they
do affect the separation of the bedding planes. The bedding plane 2 ft
above the opening was separated from the overlying massive rock all the
way across the opening for both high and Tow lateral stresses when no
bolts were used. It does not separate for the five and seven bolt cases,
but does across a portion of the opening for the one and three bolt cases.
Fig. 2-12 shows curves representing bedding plane separat1on for the vari-
ous bolt spacings and low-lateral stress cases.

The fact that the pretensioned anchor bolts prevented separation of
the immediate roof strata from the overlying massive rock is evidence
that the bolts are contributing significantly to the support of the struc-
ture. One reason why it is so important to maintain contact between the
strata is that the cohesion part of the shear strength between strata is
lost when separations occur.

d. Case 4 - Study

Study of the effects of a no-tension material. Model B with two
bedding planes was used. Only the Tow-lateral stress conditions was
analyzed, since this approximates a common condition in the field.

Bolts were represented by truss elements so that changes in bolt load
could occur as the rock failed. The bolts were 11 ft long. Both grouted
and anchor bolts were considered. Two bolting installations were modeled.
In one the bolts were assumed to be installed close to the mine face so
that nearly all roof deflection occurs after the bolts are installed as
the face is advanced from the bolts. In the other situation the bolts
were assumed to be installed sufficiently far from the face so that the
roof deflection due to the overburden, gravity, and bedding planes had
occurred before bolt installation. The only additional deflection is
caused by the rock failing in tension regions.

Model B was analyzed with no bolts and the region in tension allowed

to fail to establish baseline data. The stress distribution for this
case is shown in Fig. 2-13.
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Table 2-2

Effects of Lateral Stress and Bolts for Two Bedding Planes

Lateral No. of Deflection % Change Due to
Stress Bolts at Center Lateral Bolts
10-3 ft Stress

Low None 4.5885 - --
High None 4.26 -7.159 --
Zero None 4.468 -2.626 --
Low One 4,2739 -- -6.86
Low Three 4.2081 -- -8.29
Low Five 4.2073 - -8.3
Low Seven 4.1964 -- -8.54
High One 4,1011 - -3.73
High Three 4,0968 -- -3.87
High ~ Five 4.101 -- -3.73
High Seven 4,072 -- -4.41
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Grouted Bolts Installed Close to the Face

Seven grouted bolts were assumed to be installed close to the
mine face with no initial tension. Fig. 2-14 shows the stress dis-
tribution before the rock in tension was allowed to fail and Fig. 2-15
shows the stresses after rock failure.

Comparison of Figs. 2-14 and 2-15 shows that the final size of
the no-tension region when the material is allowed to fail is much
greater than the region of initial tensile stress. This situation
parallels that observed in the field when a roof fails progressively
over a period of time until a stable arch forms.

The compressive stresses below the bedding plane in Fig. 2-13 in-
dicates that favorable horizontal compressive stresses exist a short
distance above the roof line even though the rock in tension has been
permitted to fail when no bolts are present. However, these compres-
sive stresses are not observed in Fig. 2-15 which shows the stress
state for the bolted condition after rock failure. In this situation
the bolted roof is apparently not as stable as the unbolted one. This
conclusion is also supported by observing the stress distributions in
the grouted bolts. Fig. 2-16 shows the stress distribution for a cor-
ner bolt (near the pillar) and the center bolt before and after the
rock is allowed to fail as a no-tension material.

The case before tensile failure models the situation in which grouted
bolts are installed with no initial stress in a completely stress-free
roof. Gravity and overburden Toads are applied and the roof deforms:
producing the stress distribution labeled "before no-tension failure"
in Fig. 2-16. Before no-tension failure the lower portion of the bolt
is in tension and the upper portion (above the bedding plane) is in
compression. Since the grout is modeled by a perfect bond between the
rock and bolt, the compressive strain in the rock is transferred to
the bolt causing compressive stresses in the bolt. This phenomenon
does not occur when point-anchor bolts are used.

The "after no-tension rock has failed" case starts with the case
just described and allows the rock to fail progressively in tension.
The rock can still support compressive and shear stresses. After the
rock has failed, the compressive stresses in the center bolt has in-
creased significantly.

Such axial compressive loading of fully grouted bolts is not inter--
preted as a favorable condition for roof stability. For example, if
one passes a horizontal cutting plane through the bolt at some point,
the resultant force on the end of the bolt remaining below the cutting
plane is compressive, directed downward. Thus, the bolt would be at-
tempting to push the Tower part of the roof downward. This condition
would not exist if the grouted bolt were sufficiently pretensioned
before loading; however, pretensioning of fully grouted bolts is not
done in coal mine applications.
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Anchor Bolts Installed Close to the Face

Seven anchor bolts with 15,000 1b preloads were assumed to be in-
stalled close to the face. The same loading program as for the grouted
bolts described just above was applied. The maximum roof deflection
was reduced by 12 percent from the no-bolt case. The preload in the
center bolt decreased by 5 percent before the rock in tension was allowed
to fail and decreased 11 percent more as the no-tension rock failed. These
decreases in tensile bolt load indicate that the distance from the bearing
plate to the point anchor decreases as the roof deforms under the gravita-
tional load and then decreases additionally as the rock fails as a no-
tension material. The tension loss in the anchor bolts is reflecting
the same sort of rock movements which caused the compressive loading in
the fully grouted bolts.

Grouted Bolts Installed Away from the Face

Model B was loaded with the overburden and gravity loads. Tensile
and shear failures were allowed along the two bedding planes, but the
rock in tension was not allowed to fail. This was done to model the
initial settlement of the roof occurring before the bolts were installed.
After the seven grouted bolts were installed, the bolt stiffness was
included in the finite element model. The bolts were installed with no
initial tension. The finite element proaram was run again with the dis-
placement obtained from the first run as initial displacements. During
the second run the rock in tension was allowed to fail. The resulting
stress distribution is shown in Fig. 2-17. The compressive stresses be-
~low the bedding plane indicate that the roof is stable under these condi-
tions. The bolt stresses are shown in Fig. 2-18. In this case high ten-
sile stresses occur in the bolt at the bedding plane. However, the stress
is Tow well above the bedding plane which indicates that this portion of
the bolt is contributing 1ittle to the support of the roof.

e. Case 5 - Study

Study of beam building effects. Model C was used to determine if two
separate slender beams connected by 4 ft long bolts behave as one beam
under typical mine conditions. The bolts were modeled by truss elements.
The low lateral stress situation was analyzed.

Fig. 2-19 shows the stress distribution without bolts and Fig. 2-20
shows the distribution with seven anchor bolts preloaded to 15,000 1b.
The rock was not permitted to fail as a no-tension material in these cases.
The stress distributions are nearly identical. Table 2-3 shows the hori-
zontal stresses at various locations in the upper and lower beams for the
two cases: Wwith no bolts and with seven bolts. The stress variations
along vertical lines are nearly linear at midspan and at 6 ft from the
pillar. Near the pillar the stress variation is more irregular as ex-
pected. Comparison of the stresses with and without bolts shows that
there are minor variations, but it is obvious that the bolt loads were
not sufficient to "build" one thick beam from the two thin beams.

The stresses in Table 2-3 are all compressive rather than half tensile
and half compressive as predicted by simple beam theory. The lack of ten-
sile stresses is due to the compressive horizontal free field stress.
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Fig. 2-20 Principal Stress Field for Beam Building Study: Seven
Preloaded Bolts
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Tab]e 2-3

Flexural Stresses in the Beams

09

%2g;t1ﬁ2 top — Stress Values 104,PSF :
of the beam id span At 6 ft from pillar At pillar
in _inches No Bolts With Bolts No Bolts With Bolts No Bolts With Bolts
Upper 3 -6.0017 -6.11 -6.72 -6.6 2.5 2,972
Beam 9 _4.4185 ~4.436 -4.654 4.6 23.7 3.7
15 -2.829 -2.79 -2,586 2,624 4,54 -4.5
21 -1.2442 -1.149 -0.646 -0.646 5,542 5.5
Lower | 3 -5.1527 -5.319 -6.6 -6.823 ~1.6 -1.287
Beam 9 -4.21 -4.2628 -4,6925 -4.,76 -3,08 ~2,9531
15 -3.257 -3.1062 -2.7714 ~2.697 -4.7 <4785
21 | -2.3158  -2.0869 -0.8616  -0.58 7,023 -7.3365




The stresses in Table 2-3 reflect the combined effects of the beam bend-
ing and the lateral free field stress. If the lateral free field stresses
were reduced, the regions of low compressive stress would probably be-
come tensile and the high compressive stresses would be reduced. It is
interesting to note that under these conditions that the region of highest
tensile stress would occur in the bottom fibers halfway between the pillar
and midspan. In contrast, elementary beam theory for fixed-end beams pre-
dicts that the highest tensile stresses occur in the top fibers of the
beam at the pillar. Fig. 2-21 is a plot of bedding plane separation for
the no-bolt and preloaded anchor-bolt situations. Two separations are
shown, one between the two beams and the other above the upper beam.

The plot shows that the bolts have negligible effect on the separation
above the upper beam. The preloaded bolts did significantly reduce the
magnitude of the separation between the beams but did not change the lat-
eral extent of the separation. Calculations indicate that the size of
bolt and preload required to completely close the separation between the
bolts are impractical.

The rock in the tensile regions was also allowed to fail in the no-
bolt and bolted situations. The stress distributions are given in Figs. 2-22
and 2-23, respectively. Fig. 2-22 indicates that the unbolted roof was
not stable, but the compressive stresses above the roof in Fig. 2-23 indi-
cated that the bolted roof was more likely to be stable. The stresses in
the preloaded anchor bolts at various stages of loading are shown in Table
2-4 for competent rock and rock with no tensile strength. Failure was al-
lowed only along the three bedding planes in the competent rock, while
both the rock in tension and the bedding planes could fail in the no-tension
case. The initial stress corresponds to the installed bolt tension of
15,000 1b. The columns Tabeled "after final iteration" are the bolt stresses
after the failure had progressed to a stable configuration. As indicated
by Table 2-4, the tensile stresses in the bolts increased as much as 18
percent as the failure progressed.

The roof deflection for the various cases is shown in Fig. 2-24. In
each case the roof deflection is higher than that predicted by elementary
beam theory for either a simply supported or a fixed-end beam. For ear-
lier studies in which Model B with only one beam over the roof was used,
the deflection curves from the finite element solution was between the
fixed-end case and the simple support case. The additional bedding plane
and the reduced constraint at the right boundary of the model increased
the flexibility of the model at the pillar.

The effect of end support conditions Was also demonstrated by analyz-
ing the plane stress model shown in Fig. 2-25. This model is a prototype
?orresp?nding to the laboratory model, Series IV-B, studied by L. Panek

Ref. 6).

The prototype model was developed by satisfying the similarity re-
quirements for scaling the model used in the series IV-B tests to typi-
cal mine size. One important difference between the model and prototype,
however, is that the pillar support in the prototype was considerably
less rigid than that in the series IV-B model. The physical models
tested by Panek were rigidly clamped at the ends (pillars). Fig. 2-26
shows the roof deflection due to gravity loads (no bolts) calculated us-
ing the model in Fig. 2-25. The roﬁg}ion of the Tower beam at the edge
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Table 2-4

Variation of Stresses in Preloaded Anchor Bo1fs

Location of Boltl

Competent_Rock
Stress in 107 PSF

Rock as a No—Tens;on Material

Stress in 10

PSF

Mid Span

9 ft from -
pillar

6 ft from
pillar

3 ft from
pil]ar

Initial
Stress

0.88
0.88
0.88

0.88

After
first
Iter-
ation
0.898

0.899

0.902

0.88

% change After

final
iter-
ation
2.05 0.986
2.16 0.988
2.5 0.977
0.0 0.913

% change

12.0
12.3

11.0

3.75

Initial
Stress

0.88

0.88

0.88

0.88

After
first
Iter-
ation
0.898

0.899

0.902

0.888

% change After

final

Iter-

ation
2.05 1.038
2.16 1.036
2.5 1.009
0.0

0.93

% change

18.0
17.7

14.7

5.68
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of the pillar is 1.04 x 10'3 radian. The corresponding rotation of %
simply supported, uniformly Toaded (gravity 1oad) beam is 7.28 x 10~
radian. When the loading due to the overburden is applied, the rotation
of the beam at the pillar increases s1gn1f1cant1y For an overburden
of 500 psi and no bolts, the rotation is 9.80 x 10'3 radian. Because
of these large rotations at the pillar it is not correct to model the
typical roof beam as a fixed-end beam.

Summary and Conclusions

Two-dimensional finite element models were used to study two aspects
of a bolted roof:

1. Axial symmetric models of the bolt and surrounding rock were
used to determine the localized stress state in and around
conventional and grouted roof bolts due to loads introduced
at installation and bedding plane separation. The stress dis-
tributions for these conditions are given in Refs. 1 and 2.

2. Plane strain models of a typical opening were used to deter-
mine the effects of bolts on the stability of a layered mine
roof when bedding planes and in-situ lateral stresses are pre-
sent. The stability of the bolted mine roof was assessed in
terms of the stress distributions, roof deflections, and areas
of tensile stress within the roof.

Roof bolts had no significant effect on stress distribution or
roof deflection when the roof was continuous with no bedding planes.
Bolts exerted more influence when bedding planes were present in the
roof. Anchor bolts reduced the deflection of the roof with two bed-
ding planes by 8.5 percent compared to the no-bolt condition with similar
lateral stresses. Bolts reduced, or in some cases closed, the separa-
tion between bedding planes. Pre]oaded anchor bolts reduced the de-
flection of the no-tension rock roof about 12 percent.

Untensioned grouted bolts installed before face advance and initial
settlement occurred exhibited compressive bolt loading along much of
the bolt lengths when gravitational and overburden loads were applied.
Such compressive bolt loading is thought to have an adverse effect on
the initial roof stability, although the seriousness of this effect is
not known. Compressive bolt loading did not occur when the untensioned
grouted bolts were installed after the initial settlement had occurred.
Also, favorable tensile bolt loading at a bedding plane occurred in the
latter case.

The effect of Tateral stresses on the stability of the roof is sig-
nificant. The deflection of the roof subjected to low lateral stresses
was higher than . those subjected to high lateral stresses in all cases
when horizontal bedding planes were present in the roof. The volume of
rock experiencing tensile stresses was much higher for Tow lateral stresses
than high lateral stresses. However, the maximum octahedral shear stress
was about two times higher for high lateral stress cases than for low-
lateral-stress cases. This indicates that shear failure is more likely
at the high lateral stresses.
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The deflection of the roof increased as the number of bedding planes
increased. The roof deflection for three bending planes and no-tension
rock was about three times greater than for no bedding planes and compe-
tent rock.

The significance of the beam building effect was analyzed by con-
sidering two roof beams bolted together with preloaded anchor bolts.
There was no significant amount of beam building, since there was separa-
tion between the beams over the center three-fourths of the span. The
size of the bolts and preload required to close the separation completely
were found to be impractical. The preloaded anchor bolts did, however,
significantly increase the stability of the roof over the no-bolt condi-
tion.

The commonly made assumption that roof beams deflect as though they
were rigidly restrained on the ends was found to invalid, particularly
so in coal mine applications where the stiffness (Young's modulus) of
the supporting pillar of coal is much less than that of typical roof rock.
As the corner of the pillar deforms downward under the overburden load
the neutral axis at the end of the beam rotates through a relatively
large angle causing the deflection curves to slope downward at the rib.
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Chapter III
SPLIT-SET ROCK BOLT ANALYSIS

Introduction

Friction rock stabilizers, or split sets, are a new type of bolt-
ing mechanism used to stabilize rock structures. The split set (Fig. 3-1)
is formed by rolling a section of thin plate into a tube with a slit running
its entire length. Split sets may vary in length up to six feet and usual-
1y have about an inch and a half diameter, a tenth of an inch wall thick-
ness, and a slit width of half an inch. Whén forced into a hole with a
diameter smaller than its own, the split-set tube is forced to close in-
side the hole and a radial pressure distribution is created between the
split-set tube and the wall of the hole. The radial pressure distribution
caused by the forced fit can be related, by the coefficient of friction be-
tween the split set and the wall of the hole, to a force along the length
of the tube. This force enables the split set to support or reinforce
the media into which it is driven. One end of the split set is usually
tapered to facilitate driving the split set into the undersized hole,
while the other end is upset in order to support a bearing plate against
the surface of the stabilized media.

Dr. J.J. Scott, inventor of the split set, has already established the
potential of this new rock stabilizing technique in a report entitled
"Friction Rock Stabilizers and Their Applications to Ground Control Prob-
lems" (Ref. 7). Promising field test results from Dr. Scott's report in-
dicated a more detailed investigation of the split set mechanism should
be conducted. Therefore the purpose of this research is to derive an
analytical or numerical analysis to describe the split set mechanism and
hopefully to provide some data or insight which will assist in the proper
use of split sets in safe mine design.

Analysis

The first problem in analyzing the performance of the split-set roof
bolt is determining the radial pressure distribution created by forcing
the split set into an undersized hole. This radial pressure distribution
is 1mportant since it can be related through a coefficient of friction to
the maximum force available Tongitudinally between the split-set tube and
the wall of the hole.

An energy method approach, curved beam theory, and the method of
"Successive Elastic Solutions" were the techn1ques used in determining the
radial pressure distribution.

A. Equilibrium Considerations

A free-body diagram of a typical cross section of a functioning
split-set rock bolt is shown in Fig. 3-2. This diagram suggests that the
radial pressure that is exerted on the split set by the.surrounding geo-
logic material acts only over a portion (given by the variable angle B)
of the circumference, and that concentrated forces exist at the slit edge.
The use of a variable area of contact between the split set and the hole
gs required since a portion of the split set falls naturally inside the

ole.
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Fig. 3-2 Free-Body Diagram of a Split-Set




This phenomenon may be observed by rolling a piece of cardboard into
the shape of a tube and placing it in the opening of a tin can or a coffee
cup. If this experiment is executed, the cardboard tube will fit into the
hole, making complete contact on the side opposite the slit. Approaching
the sTit, gaps will be observed between the tube and the wall of the hole.

Laboratory tests were run to see if this phenomenon applied to the
split set. Compressive blocks were machined such that when they were
placed together an undersized hole was formed between their mutual face.
In a universal testing machine short lengths of the split-set tube were
compressed into the undersized hole between the compressive blocks. Look-
ing down the hole along the length of the tube, spaces were observed be-
tween the tube and the hole wall just as they appeared in the cardboard
tube and coffee cup experiment.

It is realized that in some mines the geologic material (especially
salt) will experience significant creep deformations and will close the
gap between the split set and the hole. Also, it is virtually impossible
to drill anything 1ike a perfect hole in an actual mine, but the subsequent
analysis utilizes the integrated radial pressures to determine the holding
capacity and an average radial pressure is documented for easier reference.

The concentrated force normal to the slit edge is denoted by Fs’ and
the force-couple at the plane of symmetry is indicated by N and Mw, respec-

tively. The angle to the slit is denoted G and 8 is used as a variable

angular measurement. The radial (P) and shear (t) tractions that act over
the surface of the split set in contact with the hole are considered to be
of the form -

2 4
C2 + C46 + C66

o
1]

~
1]

C]B + C36

where 0 < 6 £ B and the Ci are constants to be determined.

Setting the moment and force summations equal to zero for the free-body
diagram of Fig. 3-2 gives the following three equilibrium equations.

=
"

2 1 2 1
fFR+ NR+ RL [§ Ci6” + 7 C3Bﬂ (3-2)

=
I

- (—C] + (:2 + 6C3 -204 + 24C6> cos B - (1-3(:3 + C4 - 1206)
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2 4 .
B® cos B - (C6) BT cos B + (C1 +2C, - 6Cy - 24C6) B sin B

+ (cy+acg) 6 sin g

F o= RL
s f sin oy - cos o

2 4

+ (—3C3 + C4.- 12C6) B” sin B + (06) B' sin B

(3-4)
+ (C1 + 204 - 6C3 - 24C6) B cos B

+ (C3 + 4C6) 83 cos B]

where R is the hole rad1us, f is the coefficient of friction, and L 1s
length of the split set in contact with the hole.

B. Energy Methods

The constants (Ci) introduced in the surface loading Eq. (3-1) can

be determined by specifying a set of appropriate displacement boundary
conditions. The boundary conditions adopted for this analysis are:

Syotation - 0 €08=0 | (3-5)

(no rotation at the plane of symmetry)

6y = O @ 9 = 0 . (3_6)

(no deflection normal to the plane symmetry)

GR =-AR @6 =0, 6 =B, 6 = G ‘ (3-7)
(radial def]ect1on is consistent with the interference f1t between the
hole and the split set)

The deflection boundary conditions can be enforced by using Castig-
liano's theorem. Castigliano's theorem states that, "if external forces
act on a member or structure which is subjected to deflections that are
small and Tinearly related to the loads, the deflection, in the direction
of any one of the forces, of the point of application of the force is equal
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to the partial derivative with respect to the force of the total internal
strain energy in the member". As will be shown later, a small portion of
wall of the split-set experiences plastic straining during the loading
process; however, the experimental data indicate that the load-deflection
curve remains linear over the range of interest. Thus, the Castigliano
theorem has been used to generate appropriate boundary conditions equations.

The first boundary condition (3-5) to satisfy is of the form

oU

$ = e =

0 BMW

M

El El

O W

oM %M oM
2 Rda + [ = <5 Rda = 0 (3-8)
M 2 oM

The moment (M) at an arbitrary section o is determined from Fig. 3-3 to be
M ='Mw - NR (1 -cos o)+ Fi R(cos a sin & - sin a cos &)

[6)
- R2Lf [% (6) cos 6 sin a - P (8) sin 6 cos a
0
+ t(0) c052 8 -1(8) cos 6 cos o - 1(6) sin 8 sin a

+ 1(6) sin%e| de

where Fn is a dummy load applied at an arbitrary position £. Using the
definitions presented in Eq. (3-1), Eq. (3-9) becomes, after integration,

M= Mw - NR (1 - cos a) + FR (cos o sin & = sin a cos &)

2

2 1 1 4
-RL[—A4+§A3 +IA2a

+ A4 cos o

+ 2A; o sin a cos %] (3-10)

where the constants Ai are defined as

-‘=C’]2C

4 6
A, = C, + 4C
2 3 6 (3-11)
A3 = C1 - 6C3 + 264 - 24C6
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Combining Egs. (3-8) and (3-9) gives the first boundary condition equa-
tion

. 2
M, @ - NR (as - sin as) - R L'{ 1 [1 + 4Ba - 48 ) sin 28

- (28) cos 23} + lzﬁA2 [(Sas - 48) 34} + % Ay Bms - 23)32](3-12)
A4 [}as + sin B + (as - B) cos B‘} =

Since the split set is deformed primarily by bending, the second boundary
condition, Eq. (3-6), can be written as

‘<Ov
n

(o] *s

ml =

oM s M M - -
——N-d+é' —E—"“N-Rd—o (3]3)

Combining Eqs. (3-10) and (3-13) yields

\ , 1 1 .
Mw (sin o - us) + NR (as - 2 sin o  + 5 o, + 7 sin 2 as)

2

+ R7L {'A] [%—sin B - %-B cos B - %-B cos3 B + %'sin B c052

B

+g-sinB+B(o¢S-B)s1'n28(1-coss] AZ(:]

(3-14)

sin B + 12 (824— 2) sin B - 48 (82 - 6) cos B + (as - B)

64 (1 - cos Bﬂ +A% A3 [%3 - 68 cos B - 3 (62 - 2) sin g + 382

(1 - cos B) (ozs-B)] +A4 [-B+251’n6--]2—6—%s1'n28

- (1 - cos 8)2 (as - Bi}} =0
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The last three boundary conditions Eq. (3-7) can be formulated in a
similar fashion to give

AR) EI
2

=M (sin £ sin o_ + cos £ cos a_ - coS &)
R W s S

- Cos £ + cos £ cos o, - %-us

- NR (sin & sin o s

S

1 . . 2 ] . 3
- g sin Zas + lz'sm2 us) - R7°L {ZA] [3-8 sin £ cos™ B

- %-sin £ sin B cosZB - %-sin £ sin B - %-B cos & sin3 R

-1 cos & s1‘n2 B cos B --g cos &£ cos B +-g cos &
9 9 9

+ B«é - B) sin £ sin B cosZB - B(as - B) cos & s1'n2 B cos %]

2

+ %—AZ {%4 sin £ sin B8 - 12(B" - 2) sin £ sin B

- , (3-17
+ 48(82 - 6) sin £ cos B + 34 cos & cos B 16), )
- 12(62 - 2) cos £ cos B - 48(82 - 6) cos £ sin B - 24 cos &
n 4 . 4 .
B(as-B) s1n£cosB—8(ocs—B) cos&smé}

+-% A3 [? Bsin £ cos B + (52 - 2) sin € sin B

- 2B cos £ sin B + (62 - 2) cos £ cos B+ 2 cos &

+ 62(as -B) sin £ cos B - Bz(as - B) cos & sin é]

+

A -sin € sin B + cos £ - cos £ cos B + l—B sin £
4 79 2




+ %-sin £ sin 2 B - %-cos £ sin? B - (a. - B) sin £ cos B

S

2

+ (o - B) cos £ sin B + (us - B) sin £ cos” B

S

- (as - B) cos £ sin B cos B]}

where Egs. (3-15), (3-16), and (3-17) are generated by letting £ = 0, B,
and Ao respectively.

C. Modified Winkler-Bach Equation

The strain distribution through the wall thickness of the split set
has been determined by using curved beam analysis. The Winkler-Bach qua-
tion for curved beams has been modified to include plastic straining (
and axial (in-plane) loads N; hence, the normal strain (e) distribution 1s
given by the expression

- R R+R)
- [P N P

1 P N (3-18)
and the moment (M) at a typical section becomes
R; = R N(R +R,;)
_ i i 1 P z
M—EaR[ R - "EaR 'Efeda](T_Tz—)
(3-19)
- E f y eP da
where
Ri = jinitial split-set radius

E = Young's modulus
y = distance from centroidal axis
a = area experiencing normal strain (e), a = Lt
L = length of split sef
t = wall thickness
z = section property
z=-1+ f-zn R L E;g
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D. Solution Procedure

The force (F) required to insert the split set into an undersize
hole of radius R is

B
F = 2f [[ P (6) L Rd6 + F’]
5 S
or, using Eq. (3-1)

] Teadslogd ]
F =2f (:RL(CZB + 3 C48 + 5 CGB ) + Fé} (3-20)

Thus, the insertion, or holding, force can be found once the constants
C;» the half angle of contact 8, and the force at the slit have been

determined.
Before proceeding with a numerical solution, it will be advantageous

to nondimensionalize the equations. This can be done by introducing the
nondimensional variables as follows:

s =2 stress
%
€ .
€= total strain
0
P ep . ,
e = plastic strain
0
n = %X distance from centroid
EP
m= £ strain hardening coefficient
(3-21)
R* = %' radius
R_i - R
€R * Re radial strain (interference)
0
Mk = 4M )
= 5 moment at any section
o tL :
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F* = o insertion force
0
N* = Ege in-plane force
0
Ay
Ai* =5 constants
0
C.
C.* =C—‘
! 0
z* = 2

where 9, and €, are the material yield stress and yield strain, respectively,

and E and EP are the slopes of the stress-strain curve in the elastic and
plastic regions, respectively.

The nondimensional strain and moment relations become

P *
[R‘ZN*"‘f P - T‘f‘?«‘]

(3-22)
1
1 1 P
. [} % (gﬁ;n;"ﬁﬂ ts {1 e dn + N*
ME = 4R {:R-—ZN*—— ed:][].,_z*]
(3-23)
1
- nspdn
here
€P=O '1S€-<-]
P _
e = (1 -m)(e - 1) e > 1
P _ .
e = (1 -m)(e+1) g << - 1
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(3-24)

S=m(e+1) -1 e < -1
- R* + 0.5
Z* = -1 + R*1n [m

The nondimensional form of the boundary condition Egs. (3-12), (3-14),
(3-15), (3-16), and (3-17) are easily recognized, and the concentrated
loading Eqs. (3-3) and (3-4), become

N* = - f F*S R* cos o = F*S R* sin a

S S

-R* (}A*4 + A%, cos B - (A*] - 3A*, + 12 C*6) 62 cos B (3-25)

4

~C*, B cos B + A*3 B sin B + A%, 83 sin %

1
f sin g - cos q

_ 4
Fr. =

) [}A*4 sin B + C*6 B sin B (3-26)
s

2

+ (A*] - 3A*2 + 12C*6)B sin B + A*3 B cos R + A*2 83 cos %]

Equation (3-2) can be put in nondimensional form and solved explicitly
for B to yield

2 1/2

/ C*] . C*] o . { M*w - 4fF*S(R*) - 4N*R*}
b s [ ey T ]
C*3/2

(3-27)

and, finally, the dimensionless insertion force (F*) is
83




] 1o gd s 1 oxgh _
F* = 2f [0*23 g Chgsd 4 oxes” 4 F*S] (3-28)

The procedure for solving this system of equations is as follows:
(1) Assign values to the system parameters
f = coefficient of friction
R = radius of hole
R; = initial radius of split set
t = wall thickness
E = Young's Modulus
ag = angle to split
L = length of split set
I = second moment of area
a = area of section
gy = yield stress
(2) Assign trial values for N* and g.
(3) Calculate the strains from Eq. (3-22) as follows:

a) Assume to start that eP

is zero for all values n.
b) Calculate € for each value of n from Eq. (3-22).

c) If -15¢e<1 for all n, the strains are all elastic and this
is the solution.

d) If |e] > 1 for any value of n, use Eq. (3-24) to determine eP.

e) Use the values of ef computed in Step(d) with Eq. (3-22) to
obtain better values for ¢.

f) Repeat this process until convergence is achieved.
(4) cCalculate M* from Eq. (3-23).

(5) Solve the system of five boundary condition Eqs. (3-12), (3-14),
(3-15), (3-16), and (3-17) for A*], A*Z’ A*3, A*4, and N*.

(6) Use the new value for N* found in Step (5) and return to Step (2).
Continue until N* converges.

84



(7) Calculate F*_ and C*; from Eqs. (3-26) and (3-25).

(8) cCalculate C*ys ) C*3, and C*  from Eq. (3-11).

4
(9) Calculate B from Eq. (3-27) and return to Step (2). Continue
until B converges.

(10) Calculate F* from Eq. (3-28).

A computer program has been written in accordance with the previous
solution procedure, and a listing of the program is presented, with input
instructions, in Appendix A. Plot routines have also been developed for
graphically displaying the results and these routines are an integral part
of the computer program.

Analytical Results

The iterative solution of Eq. (3-22) provides a distribution of the
total normal strain through the wall thickness of the split-set tube. This
distribution is presented in Figs. 3-4 and 3-5 for a family of interference
values (eR) and for the specified values of ag (one-half angle of the split-

set cross section), R* (radius ratio R/t), and m (strain hardening coeffi-
cient). The corresponding normal stress (s) distribution is shown in Fig. 3-6.

The surface loadings, P and T in Egq. (3-1), that the geologic media
exerts on an installed split set are plotted in Fig. 3-7 for a family of
€r (interference) values. The loading constants Ci are given in Table 3-1.

Also presented in Table 3-1 are the numerical data for N*, M*, F*S, B, and
the equivalent average radial pressure P* that is defined as

p = QE;ﬁ%&;) [ZB P(6) LRde + Fé}

or, from Eq. (3-28)
P* = F¥/2mf (3-29)

The average radial préssure (P*) can be compared directly to the performance
of the "Swell Bolt" which is a new roof bolt design now being investigated
analytically.

The most important results of the split-set analysis are presented
in Figs. 3-8, 3-9, 3-10, and 3-11. These are plots of the nondimensional
insertion force as a function of radius ratioc (R*) and the interference

(eR). Thus, for a given split-set geometry (R, t, ag, m, f, and o are

specified) the insertion, or holding force (F) can be calculated from the
use of Figs. 3-8, 3-9, 3-10, or 3-11 and the relation F = RLoOF*.

85




§ 8 g8 8¢g g8 &
g & § & 5 ¢ 88 8
OUTSIDE SURFACE mﬁe M EEEEE 6
Of SPLIT-SET |
0.7 ¢
R*=9.040
M =0.]
F =0.4 |
0.28 ¢+
-5.00 ’77”;° 5.00 €
+-0.28
-0.80
+-0.75
| INSIDE SURFACE Of SPLIT-SET
--1,00

Fig. 3-4 Normal Strain Distribution Through the Split-Set Wall.
Variable Interference (ER) '

86



?Eg 8588
Outside Surface m"] £rt ahk
of Split-Set LT
0.75 ¢
ER=125.0 0.50 4
M =0.l
F =0.4
0.2 4
S0 d.00 5.0
0.254
R™: 6.25
R*:6.75
-0.504
-0.754

-0l ncide Surface of Spiii-Set

Fig. 3-5 Normal Strain Distribution Through the Split-Set Wall.
Variable Radius Ratio (R¥)

87




QUTSIDE SURFACE gespesd 8
OF SPLIT-SET dedde g8 Y

x.co??
0.7 ¢
0.5 ¢ ‘
0.8 ¢ = ;'/*‘:
180 -1.00 Y R—— 3
; ’" o 0.0 1.00 1.9
v .84
.04
R*= 9.0u0
ALPHA= 160.
<.mt M= 0.1
F= 0.4
-1.004

INSIOE SURFRCE OF SPLIT-SET

FTQ 3-6 Normal Stress Distribution Through the Split-Set Wall.
Variable Interference (ER)

88



~ SURFACE LOAD INTENSITY

Normal Load |

~Angular Position (degress)

©EP®O60|

=125
=|00
=90
=75

262.5

F=0.40

R*%9.04
M=0.10
ALPHA=160.

Fig. 3-7 'Surface Loading

89




TABLE 3-1

Numerical Data for Split-Set Analysis

06

Friction Insertion Ave. Radial In-Plane

C;se Interference Coefficient force Pressure Force

0 R f F* - 10° P* . 10° N* - 10°
1 6. 62.5 0.1 19.37 30.83 -137.7 1.
2 6. 125.0 0.1 34.24 54.49 -271.1 1.
3 9. 62.5 0.1 7.00 11.14 - 66.8 1.
4 9. 125.0 0.1 12.01 19.11 -130.5 1.
5 11. 62.5 0.1 3.60 5.73 - 41.5 1.
6 11. 125.0 0.1 6.05 9.63 - 80.5 1.
7 6. 62.5 0.2 41.28 32.85 -137.9 1.
8 6. 125.0 0.2 72.73 57.88 -271.3 1.
9 9. 62.5 0.2 14.94 11.89 - 66.9 1.
10 9. 125.0 0.2 25.55 20.33 -130.6 1.
11 11. 62.5 0.2 7.68 6.11 - 41.6 1.
12 11. 125.0 0.2 12.88 10.25 - 80.6 1.
13 6. 62.5 0.4 94.35 37.54 -138.2 1.
14 6. 125.0 0.4 165.1 65.69 -271.8 1.
15 9. 62.5 0.4 34.29 13.64 - 67.1 1.
16 9. 125.0 0.4 58.20 23.16 -130.9 1.
17 11. 62.5 0.4 17.67 7.03 - 41.7 1.
18 11. 125.0 0.4 29.42 11.71 - 80.8 1.
19 6. 62.5 0.6 163.6 43.40 -138.6 1.
20 6. 125.0 0.6 284.2 75.39 -272.5 1.
21 9. 62.5 0.6 59.69 15.83 - 67.3 1.
22 9. 125.0 0.6 100.5 26.66 -131.3 1.
23 11. 62.5 0.6 30.85 8.18 - 41.9 1.
24 11. .0 0.6 50.96 13.52 - 81.1 1.




L6

TABLE 3-1 (continued)

Case Loading Constants for Equation (1) Edge Contact
- Force Angle
No. 3 an3 3 3 3 F* . 103 B
C1 -+ 10 C2 <10 C3 - 10 C4 - 10 10 3

1 -10.83 71.62 11.38 -18.02 -5.97 42.34 116.0153
2 -15.56 122.50 17.89 -28.85 -9.61 72.24 117.3649
3 - 4,43 26.48 4.45 -6.95 -2.29 15.59 115.1222
4 - 6.07 43.65 6.64 -10.62 -3.53 25.80 116.6972
5 - 2.47 13.82 2.42 - 3.73 -1.22 8.08 114.4947
6 - 3.30 . 22.27 3.50 - 5.56 -1.84 13.16 116.1854
7 -12.69 70.93 11.20 -16.37 -5.81 44.32 115.9480
8 -18.59 121.40 17.58 -26.19 -9.36 75.56 117.3158
9 - 5.13 26.22 4.39 - 6.31 -2.23 16.29 115.0578
10 - 71.17 43.24 6.53 - 9.65 -3.44 27.04 116.6357
11 - 2.8 13.68 2.40 - 3.39 -1.19 - 8.44 114.4194
12 - 3.87 22.05 3.45 - 5.05 -1.79 13.76 116.1089
13 -17.03 69.33 10.81 -12.50 -5.46 49,03 115.7922
14 -25.62 118.80 .16.86 -20.01 -8.79 83.35 117.1729
15 - 6.78 25.60 4.26 -4.83 -2.10 18.12 114.8813
16 - 9.75 42.29 6.29 - 7.36 -3.23 29.83 116.4905
17 - 3.72 13.35 2.33 - 2.60 -1.12 9.40 114.2445
18 - 5.22 21.56 3.32 -3.85 -1.69 15.26 115.9672
19 -22.47 67.33 10.33 - 7.63 -5.02 54.94 115.5926
20 -34.38 115.60 15.99 -12.29 -8.08 93.06 116.9990
21 - 8.86 24.83 4.09 - -2.94 -1.93 20.30 114.6641
22 -12.98 41.12 5.98 - 4.51 -2.97 33.33 116.3071
23 - 4,83 12.94 2.25 - 1.58 -1.03 10.54 114.0299
24 - 6.90 20.94 3.17 -2.35 -1.55 17.06 115.7712
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To illustrate, consider a 1.5-inch diameter split set that is to be
inserted into a 1.375 inch diameter drilled hole. The split set has the
following geometric and material characteristics:

Ri = split-set radius - 0.750 in.

R = hole radius - 0.6875 in.
t = thickness - 0.0688 in.
L = length - 4 ft
o = half angle (see Fig. 3-1) - 160°
m = slope of stress-strain curve in the plastic region - 0.0
e = yield strain - 0.00182 in./in.
o = yield stress - 50,000 1b/in.’
f = coefficient of friction between the split set and the rock - 0.1

From these values the nondimensional radius ratio (R*) and interference
(ER) or (ER) become

0.6875 _
0.0688 - 100

R* = R/t =

Ri-R 0.750 - 0.6875

(Ep) or (ep) = R, (0.6875)(0.00182) " 50.0

Entering Fig. 3-12 with these values, one selects the value of 50.0 on
the abscissa and follows vertically to intersect the R* = 10.0 curve.
Projecting horizontal to the ordinate gives a value 0.0044 for F*. If
24 inches of the split set is embedded in a layer of stable rock, and
24 inches is engaged in a layer of unstable rock, the force (F) avail-
able for holding the layers together is

-1
i

RLOOF* = (0.6875)(24)(50,000)(0.0044)

-
i

= 3,630 1b

Experimental Data

The most significant data available is that documented by Scott and
shown in Table I of Reference 7. This data was collected in a mining
environment and it represents the effects of a reasonable variation of
the split-set parameters. Scott's data have been put in terms of the non-
dimensional parameters used in the analysis presented previously, and the re-
sults are documented in Table 3-2. The materials used by Scott were classified
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TABLE 3-2

Experimental Data for Split-Sets

. : Average Average :
Data Test . Hole Wall Radius Interference < Insertion Pull Force
Source No. Material Size Thickness Ratio R* € I;:ﬁr:.:\ga ::7{‘:8 p:g]}nzﬂrgﬁ Force F*.10° F*.10°
1 1.375 0.065 10.58 26.0 156 229 2.27 3.33
2 1.250 0.065 9.62 57.2 266 330 4.26 5.28
3 4130 1.375 0.083 8.28 26.0 298 392 4.33 5.70
4 Steel 1.250 0.083 7.53 57.2 439 514 7.02 8,22
5 1.375 0.120 5.73 26.0 578 1014 8.41 14.75
Scott! 6 1.250 0.120 5.21 57.2 904 1013 13.15 14.74
7 1.375 0.065 10.58 41.6 136 149 3.17 3.47
8 1.250 0.065 9.62 91.5 209 182 5.35 4,66
9 1018 1.375 0.083 8.28 41.6 276 294 6.42 6.84
10 Steel 1.250 0.083 7.53 91.5 296 331 7.58 8.47
11 1.375 0.120 5.73 41.6 299 366 6.96 8.52
12 1.250 0.120 5.21 91.5 316 394 8.09 10.09
min, 1.375 0.083 8.28 41.6 130 90 3.02 2.09
Strosnider? 1018
max Steel 1.375 0.083 8.28 41.6 150 120 3.49 2.79




as being 1018 and 4130 steel with assumed yield stresses of 40,000 psi

and 60,000 psi, respectively. Strosnider (Ref. 3) tested a sample 1018
steel split set and found a yield stress of 62,500 psi and a strain harden-
ing coefficient (m) of zero. Also, Byars and Snyder (p. 371, Ref. 8) in-
dicate that 4130 steel has a yield stress of 100,000 psi. Thus, in reduc-
ing Scott's data (e.g., F* = F/RLUO) yield stress (oog values of 62,500 psi

and 100,000 psi were used for 1018 and 4130 steel, respectively. Since the
forming operation and heat treatment applied to the split set affects the
yield stress, it is important that the designer know the actual value be-
fore attempting to estimate the holding capacity of a given split-set de-
sign.

Analytical curves of insertion force (F*) versus interference (eR)

and radius ratio (R*) have been generated for a friction coefficient of 0.1
and a strain hardening coefficient of zero. These curves are presented in
Figs. 3-12 and 3-13 with the experimental data of Scott's (Table 3-2).

The analytical curves appear to agree well with the experimental data for

values of R* (radius ratio R/t) above 8.0 and for ep (interference values

R. - R
ée ) below 75. That is, for small thick-walled split sets, or for large

0

interference fits between the hole and the split set, the analytical and
experimental data may not be consistent. This is not considered to be a
serious drawback to the analysis since all of the split sets being used in
practice fall within the 1imits specified. Thus, the program presented in
Appendix A should be quite useful for preparing analytical predictions of
the holding capacity of various split-set designs.
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Chapter IV
SHEAR TESTS and ANALYSIS

Introduction

‘The resistance which rock bolts offer to shear movements along
fracture planes and bedding planes in a mine roof has been suggested
as one of the mechanisms by which bolts contribute to the support of
the roof. That such displacements do occur is a fact fairly well
known. Inspections of drill holes that have been in the roof for some
time often reveal that the holes have been offset at one or more points
some time after drilling. Resin grouted bolts are often cited as
being better able to resist shear movement in the roof because the
annulus around the steel bar is filled with grout whereas the sides of
a conventional bolt will not contact the rock until a rather large
shear displacement has occurred.

When this project began, there were no experimental data to sup-
port or refute the above arguments. A Taboratory shear test program
was therefore devised to evaluate the effectiveness of various types
of bolts in resisting shear under various conditions which exist in-
situ.

The case of a conventional bolt intersecting a shear surface was
analyzed theoretically up to the point where the bolt begins to con-
tact the rock. The magnitudes of the shear displacements between
two elastic beams were also analyzed in an attempt to bracket the Timits
of shear displacements for elastic behavior of bedded mine roofs.

Theoretical Analysis - Conventional Bolts

This simplified analysis of shear resistance applies to conven-
tional expansion-anchor type bolts intersecting shear planes in rocks.
In this bolting system the body of the bolt does not fill the hole
and thus a certain amount of shear movement may occur before the bolt
makes contact with the rock. Changes in bolt Toad are also allowed
to occur in the analysis as the bolt is stretched or shortened. An-
other approach to this problem made by Horino, et al., (Ref. 9) assumes
that the bolts completely fill the hole such as is the case for fully
grouted bolts, and that the bolt tension remains constant as deforma-
tion occurs.

The analysis considers two blocks of rock bolted together and
sheared as shown in Fig. 4-1. The two blocks correspond to the labora-
tory shear test geometry and to the volume of influence of a typical

bolt in a systematic bolting pattern.

The following assumptions referenced to Fig. 4-1, are made:

1. The blocks remain in uniform contact as the shear progresses,
i.e., there is no rotation of either block.
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2. The normal load P2 applied to the exterior of the blocks pro-
vides an average normal stress o, over the shear area D(D-d).

3. The coefficient of friction along the interface is constant.
4. The blocks of rock are rigid.

5. The bolt is linearly elastic up to the yield strength. Bolt
load is constant for strains above the elastic limit.

6. The bolt anchor does not slip for tensile bolt loads.

7. The bolt will not support compressive loads since the anchor
loosens.

8. The bolt has some installed tension when the shear dish]ace-
ment d is zero.
The average strength of the interface without a bolt is Ty =
W o, where u is the coefficient of friction and o is the average

normal stress. The average shear stress when the bolt is installed is
the sum of the stress required to slide the unbolted blocks and the
stress required to overcome the additional resistance due to bolting.

The initial average shear stress with bolt for impending movement

o is given by
U To cos 6 + T0 sin 8
Tave -~ To t AS (4-1)
where To = installed bolt tension
As = area in shear
8 = initial orientation of bolt.

When the shear displacement is increased to some value d, the dis-
tance from the anchor to the head is increased from L0 to L. This in-

crease in length results in an increase in strain over the length of
the bolt which will in turn result in increased bolt load up to the
elastic limit. Above the elastic 1imit the bolt load is assumed to be
constant. The orientation of the bolt also changes from 6 to 64 during

displacement d. The average shear stress at any displacement is then

u T cos e] + T sin e]
T =T + R (4-2)
S
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where T = the bolt tension at displacement d

0 if compressive bolt loads are indicated

D
]

1 bolt orientation at displacement d

=
it

area in shear, D(D-d)

o wn
]

height and depth of the shear block

The new Tength of the bolt L is given by

L /4 + 24 L, sin 6 + L2 (4-3)
and the corresponding angle 61 is

d + L0 sin 6

6, = arc tan [cos 6 (4-4)
The tension T in the bolt is related to the bolt strain by
T = EbAb (€o+€1) for (eo+e1) <8y
(4-5)
T = yield load = EbAbey for (e + 31) > €

Y y

Young's modulus for the bolt

=
="
1)
3
[0
ksl
o
il

Ab = cross-sectional area of the bolt

€ = axial strain induced by the initial torque applied to
the bolt
€ = increment of axial strain induced by shear displacement d
_ L - L0
Lo
ey = strain at onset of yielding.

It should be noted that Eq. (4-2)applies for either plus or minus
values of e]. The tension T is non-negative so the frictional component

u T cos 6]/As will be positive for positive or negative values of 61.
The tangential component of the bolt load, T sin 61> provides a positive
contribution to the shear resistance for positive e] and a negative

contribution for negative 6].
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The shear area, As’ is equal to D(D-d) when blocks are sheared

in the laboratory, however it would be equal to D2 for shear of a
typical bolt in a mine roof where the bolt spacing is square, D by D.
The analysis which follows is in terms of the varying shear area
D(D-d) since this corresponds to laboratory test situation.

Eq. (4-2) applies for shear displacements up to where the bolt be-
gins to be sheared between the blocks. Beyond this point additional
shear resistance is created by the direct shear effect on the bolt.
This effect is not easily quantified by theory, even to a rough approx-
imation, because large nonlinear deformation occur around the hole as
the bolt is sheared, at least for the limestone and shale tested.

Eq. (4-2) was used to calculate theoretical curves of shear stress
versus shear displacement for the conventional bolts and limestone rock
and used in the experimental program. The properties and relevant di-
mensions are as follows:

LO = 21.625 in. for 8 = 0 degrees
= 27.625 for 6 = + 45 degrees
E, = 28.65 x 10° psi
A = 0.2453 in.?
€ = 1500 u in./in.

Yield strength of bolt = 63,600 psi
e, = 63,600/(28.65 x 10%) = 2220 1 in./in.

The ratios of Tave to o for shear tests on blocks of limestone

without bolts were computed at shear displacements of 0.1, 0.5, 1.0,
and 1.5 in. These ratios from 18 shear tests at the low normal
pressure (on = 25 psi) were averaged to obtain a coefficient of fric-

tion u of 0.903. Similarly, the results from 16 tests at the high
normal pressure (cn = 250 psi) were averaged to obtain a coefficient

of friction of 0.871. The corresponding values of T, are 22.58 psi
(for dn = 25 psi) and 217.7 psi (for o, = 250 psi).

The resulting theoretical curves of average shear stress versus
shear displacement are shown in Fig. 4-2 for the two normal pressures,
25 and 250 psi, and three bolt orientations 6 = 0, +45 and -45 degrees.
The no-bolt curves are horizontal lines at 22.58 and 217.7 psi. The
curves for -45-degree bolt orientation begin slightly below the no-bolt
curves and follow along the no-bolt curves for displacements greater
than 0.0586 in. In other words, the bolts Toosen completely after only
0.0586 in. of displacement. On the other hand, bolts at +45 degrees
experience rapid increases in tension with shear displacement until they
yield at 0.0281 in. shear displacement. A more gradual increase in shear
stress occurs for bolts oriented at O degrees with yielding occurring at
0.8207 in. shear displacement.
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It should be noted that the theoretical curves (with bolt) do
not include the increase in shear resistance caused by direct shear
of the bolt as interference develops between the bolt and the sides
of the offset drill hole. This occurs when the shear displacement
reaches 0.816 in. for the bolts oriented normal to the shear surface
and 1.154 in. for the bolts inclined at +45 dearees and -45 degrees.
Therefore one can expect the shear strengths to increase beyond those
plotted in Fig. 4-2 for displacements greater than these values. The
curves are thus shown dashed for displacements above the points of
interference.

It is seen (Fig. 4-2) that bolts can be expected to contribute
significantly to the shear strength at the Tow normal pressure of 25
psi for the 0-and +45-degree orientations since these curves are
significantly above the curve for the unbolted joint. The increase in
shear strength created by the bolts at the high normal pressure of
250 psi is not so significant, however, when compared to the strength
of the unbolted joint. In other words, the relative importance of
bolts in resisting shear is greater when the sliding blocks of rock
are held together only slightly than when large normal pressures are
present. :

Shear Displacement Between Similar Roof Beams

The approximate magnitudes of the shear displacements which occur
between roof beams under idealized conditions of homogeneity, continu-
ity (no fractures), elastic behavior, and gravity loading were deter-
mined so that these magnitudes could be compared with those observed
in the field and with those used in the shear test program.

The two gravity-load beams (Fig. 4-3) are assumed to have re-
strained ends and equal thicknesses. The beam material is linearly
elastic with Young's modulus E being the same for both beams. It is
also assumed that the frictional strength of the interface is zero.

The gravity loading is approximated by a uniformly distributed
load per unit length of the beam q. The depth of beam normal to the
plane of drawing (Fig. 4-3) is taken as one unit. The distributed
Toad acting on each beam is therefore q = yt, where y is the unit weight
of the material and t is the thickness of the beam.

Since the two beams have the same thickness and the same elastic
properties and each is Toaded by gravity, each beam will deflect the
same amount and there will be no normal stress on the interface. The
two beams will therefore deflect independently under the gravity load.

The deflection n at some point x along the length of either beém
is given by the equation
2
q 2
n-= 24XEI (L - x) (4-6)

where L = span of beam

and I = moment of inertia of the area of the cross section of one of
the beams relative to its neutral axis.
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For small deflections the horizontal displacement at the inter-
face u/2 is given by

§=cP (4-7)

The relative s1ip between the beams is twice the value of u/2, or

2
u =l (2 - 3L+ xLf) (4-8)

The maximum value of u occurs at x = 0.211 L and x = 0.789 L.
This maximum relative shear d1sp1acement between the two beams, Unax
is given by

3
- 0.04811yL _
umax Ec (4-9)

An inspection of Eq. (4-9) reveals that the relative slippage
between the two beams increases as the cube of the span L and is in-
versely proportional to the modulus and beam thickness. The unit
weight y does not vary greatly with rock type. The value of Young's

modulus is usually within the range of 1 x 106 psi to 10 x 106 psi for
roof rock in coal mines.

The magnitude of the maximum shear displacement between beams,
Uoax Trom Eq. (4-9), is plotted as a function of the roof span L in

Fig. 4-4. Curves are plotted for five beam thicknesses (t = 0.2 ft,
0.4 ft, 1 ft, 2 ft, and 4 ft) and two moduli (E = 1 x 10° psi and

E =10 x 106 psi). The unit weight of the rock, vy , is assumed to be

150 1bs/ft3. These curves show that the relative shear displacements
between beams are small, in the order of 0.001 to 0.100 in. for the
range of beam spans and beam thicknesses normally encountered in mining.
A combination such as a 40 ft span with a 0.2 ft beam thickness and a

Tow modulus of 1 x 106 ps1 would give a very 1ahge shear displacement
from Fig. 4-19 of 0.385 in.; however, such a beam is so d1storted that
the analysis is not valid.

The assumptions of linearly elastic behavior and continuity through-
out each beam were made in developing Eq. (4-9). Therefore, the range
in shear displacements quoted in the above paragraph (0.001 to 0.100 in.)
are what one could expect underground if the rock beams behave in an
ideal elastic manner and there are no discontinuities such as joints or
fractures present within the rock.

The magnitude of the shear displacement between beams should be
considered when interpreting and applying the shear strength data pre-
sented in this chapter. The shear displacements for elastic behavior
are small (0.007 to 0.100 in.) compared to the range of shear displace-
ments (up to 3.0 in.) employed in the test program. This is not to say,
however, that such large shear displacements do not occur in underground
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situations. They do, in fact, occur as evidenced by offset drill
holes sometimes observed in working ground. The rock in this case
is not behaving as a continuous medium, but rather the ground forces
are such that large discontinuous movements of blocks or slabs of
rock occur.

Loading Equipment

The design of the shear test loading frame, shown in Fig. 4-5
(Ref. 1) is such that two blocks of rock 2 ft x 2 ft x 1 ft thick
can be sheared past one another. The 2-ft x 2~ft interface (with a
vertical orientation in Fig. 4-5) simulates a fracture or non-cohesive
bedding p]ane The blocks are bolted together with full-scale rock
bolts of various types and which intersect the shear surface at
different orientations.

The right-hand block of rock rests on a thick steel base and is
against the right side plate, also made of steel (Fig. 4-5). Another
steel plate is placed against the left face of the left block of rock.
This plate is pressed against the left block by four hydraulic cylin-
ders and horizontal tie rods between the two side plates symmetrically

placed so as to provide a uniform normal pressure o, on the shear sur-

face. During the shear test, the left block (and left side plate) is
forced downward by a large hydraulic ram. The shear force, block dis-
placements, and bolt strains are recorded at preselected increments

of shear displacement as the test proceeds.

Displacements of the shear block relative to the rigid block were
measured to determined the shear displacement, normal displacement (or
dilatation), and tipping. The pull-out displacements of the bolt anchors
or ends of the grouted steel bars were also measured. Axial bolt strains
were measured at the shear plane and at 6 in. on either side of it (Fig.
4-6) for the three orientations tests, 6 = 0, +45, and -45 degrees. The
strain gage lead wires were potted in a small groove milled along the
length of the grouted bar and were brought out through a small inclined
hole drilled in the end of the bar.

The bolts were installed from the right side of the blocks (Fig. 4-6)
for the normal orientation, from the upper right corner for the +45-de-
gree orientation, and from the upper left corner for the -45-degree
orientation.

Rock Blocks for Shear Tests

Both limestone and shale blocks were used in the shear tests. The
limestone was the Indiana limestone from near Bedford, Indiana, and was
chosen as the standard test rock in order to evaluate the various bolt
- types and the effects of varying the normal stress, bolt orientation, and
roughness of the shear surface.

Two shale formations were included in the test program: the Dry
Wood shale from western Missouri (near Asbury, Missouri) and the Inter-
bedded shale from southern I11inois (near Butler, I11inois). It was
not possible to obtain the necessary large blocks of shale from the roofs
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of underground coal mines so they were cut from large slabs of these
shale formations uncovered by the stripping operation of coal mines at
the two source locations. The slabs were hauled to custom stone plants
who cut and finished the blocks.

A thorough search of operating coal mines in Missouri and Il1linois
revealed that these were the only two formations which could be classed
as shale and still hold together well enough that test blocks could be
cut from them. Deterioration of samples in the atmosphere and while
sawing with water coolant limited the number of suitable formations to
these two.

Detailed property data on the lTimestone and the two shales are
given in the three annual reports (Refs. 1, 2, and 3). The average pro-
perty values measured perpendicular to the bedding are given in Table
4-1. It is seen that the weakest of the three rocks is the Dry Wood
shale, followed by the Indiana Timestone, and then the Interbedded shale
which is approximately three times as strong as the limestone. Such a
high strength is not typical of shale; however, this rock had the pro-.
nounced layering typical of a shale and did deteriorate when exposed to
outdoor weather for several weeks.

Table 4-1  Average Rock Property Values for Limestone and Shale

Formation
Property* Indiana Dry Wood Interbedded
Limestone Shale Shale
Uniaxial
Compressive 9230 6410 28,170
- Strength, psi
Young's
Modulus, 4.88 1.85 9.70
10° psi
Poisson's
Ratio 0.181 0.208 0.302
Brazilian 739 658 1993
Tensile
Strength, psi
Apparent
Specific 2.31 2.57 2.80
Gravity, dry
*Values determined with axis of core perpendicular to bedding planes
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The roughness of the shear surface is an important variable, so
its effect was also studied. Two roughness conditions were considered:
one in which the shear surface was first sawed and then smooth finished
by either lapping or planing, and the other where a rough shear surface
was created by splitting a larger block in half (Fig. 4-7) and using the
rough fracture surface as "natural" shear surface. The term "natural
fracture" is used to describe this rough shear surface since it simu-
lates quite well the condition underground where shear occurs along frac-
ture planes rather than smooth planar bedding planes.

The initial smoothness and flatness of the "smooth" machined shear
surfaces were determined on a few representative samples by running a
dial indicator over the surface and noting the movement of the pointer.
Smoothness is reported in Table 4-2 as the variation 1in the indicator
reading over 0.5 in., while flatness is defined as the variation over 24
in. The values of smoothness and flatness are close to the maximum values,
although not all of the surfaces were actually studied. The truck load
of limestone used in the tests in the first year of the contract was
significantly smoother and more nearly flat. The smoothness on these
block; was = 0.0008 in. over 1/2 in., and the flatness was + 0.0030 in.
over 24 in.

Table 4-2  Smoothness and Flatness of "Smooth" Shear Surfaces

Rock Type
Property
Indiana Dry Wood Interbedded
Limestone Shale Shale

Smoothness

over 1/2 in., in. + 0.0028 + 0.0025 + 0.0060
Flatness

over 24 in., in. + 0.0214 -+ 0.0110 + 0.0224
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The fracture surface profiles for the limestone blocks which were
split apart to form the natural fracture shear surfaces were traced
along grid lines spaced 2 in. apart. These profiles given in Refs. 2
~and 3 show that the shear surfaces were very rough indeed. The fracture
surface was created by tensile failure so it was initially free of rock
powder or loose grains. The surface had small-scale and large-scale
undulations as shown in Fig. 4-8. The deviations of the large-scale un-
dulations from a plane (single amplitude) were often 1 in. or more. In
a few cases, the heights of the humps (or depths of the depressions) were
as much as 2 in. The roughness of the shear surface is an important fac-
tor because, as will be discussed later, the large-scale undulations cause
the shear blocks to separate as the shear progresses, resulting in high
tensile loading of a bolt intersecting the surface.

Two types of drill holes were used: a smooth hole drilled with a
diamond core drill and a rifled hole drilled with a tungsten carbide
rotary drag bit of the same type used for drilling roof bolt holes in
coal mines. The only difference was that water circulation was used
with the drag bits instead of air as in coal mines. Two hole diameters
were employed, 1 and 1 3/8 in.

As will be discussed later, the roughness of the rifled drill holes
greatly improves the anchorage capability of the fully grouted bolts.

Types of Bolts Tested

Several types of full-scale rock bolts were tested for shear re- -
~sistance when installed in the rock shear blocks. The bolting materials
were all commercial products and recommended installation procedures
were followed except for a few exceptions which are noted.

The following types of bolts were employed:

1. Conventional expansion-anchor type. These bolts were Bethlehem

Cat. No. 23-9, 5/8 in. nominal diameter, and were used with Beth- =

lehem Type C-1 expansion anchors in 1 3/8 in. diameter holes.

2. Full column resin-grouted steel bars. Several combinations were
employed:

a) 7/8-in. nominal diameter reinforcing bars of grade-40 steel
in 1 3/8 in. diameter holes with Celtite resin.

b) 3/4-in. nominal diameter steel bar with the initial DuPont
deformation pattern in 1-in. diameter holes with Fasloc resin.

c) 3/4-in. nominal diameter steel bar with newer DuPont de-
formation pattern in 1-in. diameter hole with Fasloc resin.
The new deformation pattern incorporates re-bar type deforma-
~tions in addition to the Tongitudinal ribs and widely spaced
- angled beads on the earlier design,
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3. Friction rock stabilizer. These were made from mild steel
tubing split Tongitudinally along one side. The outside
diameters of the tubes before installation ranged from 1.49
to 1.51 in. and the wall thicknesses ranged from 0.092 to
0.100 in. The nominal hole diameter was 1 3/8 in.

4. Fiberglass-resin pumpable bolt developed by the U.S. Bureau
of Mines. This bolt consists of a polyester resin, a catalyst,
and fiberglass roving, with the mixed resin and catalyst being
pumped into the drill hole after the fiberglass strands had
been pushed to the bottom of the hole. These bolts were in-
stalled by U.S. Bureau of Mines personnel-in shear test blocks
sent to Salt Lake City, Utah. The nominal hole diameter was
1 3/8 1in.

Shear Test Variables

The following variables have been investigated in the shear-test
program:

1. Bolt type
a) conventional expansion-anchor type
b) full column resin-grouted steel bars
c) friction rock stabilizer
d) fiberglass-resin (pumpable bolt)
2. Tensioning of fully grouted bars
a) untensioned
b) post-tensioned
c) pretensioned
3. Orientation of bolt relative to shear plane
a) 0 degrees (normal)
b) +45 degrees
c) -45 degrees
4. Rock type

a) limestone, Indiana
b) shale, Dry Wood and Interbedded

5. Roughness of shear surface

a) machined smooth
b) rough fracture

6. Drill hole diameter

a) 1 inch
b) 1 3/8 inch
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7. Normal pressure on shear surface

fo)]
~—

(e}

1

25 psi

o
~—
Q
H1

250 psi
8. Roughness of drill hole
a) drilled smooth with diamond core bit
b) rifled after being drilled with a rotary drag bit

9. Length and quality of anchorage of grout column with fully
grouted bolts

A1l of the above factors affect the shear resistance generated by
rock bolts intersecting active shear planes in a rock mass. These ef-
fects will be illustrated by comparisons of the curvesof shear resis-
tance (stress) versus shear displacement. Most of the curves which
follow are the average of two similar tests.

Except for the fiberglass bolts, axial strains were measured at
three points along the Tength of each bolt. These strain data are
presented in the three Annual Reports on this contract (Refs. 1, 2, and
3) and will be discussed herein only to the extent that the bolt strain
measurements help to explain the shear behavior.

Experimental Results and Discussion

A. Tests on Expansion-anchor Bolts

Shear tests were performed on expansion-anchor type rock bolts
to determine how well the theory proposed in the section "Theoretical
Analysis - Conventional Bolts" in this chapter agrees with experimen-
tal results. Smooth machined rock shear surfaces were employed and the
drill holes were diamond drilled so that they were straight and smooth.
Three bolt orientations, 6 = 0, 45, and -45 degrees, and two normal
pressures, o, = 25 and 250 psi, were employed.

The test results are shown in Figs. 4-9 and 4-10 for the two normal
pressures. The plots show both the theoretical and the experimental
results. There is fairly good agreement between the theoretical and
experimental curves in Fig. 4-9 for shear displacements up to 1.0 in.
For greater displacements, the measured shear resistance was higher
than that predicted by the theory. After interference developed be-
tween the bolt and the sides of the offset drill hole, additional shear
resistance was mobilized by the direct shear of the bolt which was not
accounted for in the theoretical development.

The sudden decreases in the 45-degree curves at around 2.0 in. of
shear displacement are due to complete shearing of the bolt. After this
point the shear resistance drops to the value with no bolt.

Conventional bolts at the O-degree and +45-degree orientations
in Timestone at the Tow normal pressure, o = 25 psi, (Fig. 4-9) provided
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a significant increase in the shear resistance over the no-bolt case.
More resistance was provided by the +45-degree orientation than the
O-degree one. It is seen that the shear resistance continues to in-
crease, but not abruptly, after interference develops between the bolt
and the sides of the hole.

At the higher normal pressure, o, = 250 psi, the conventional bolts

in Timestone (Fig. 4-10) contributed a much Tower proportion of the total
shear resistance. The component of friction due to the normal pressure
was predominant. Nevertheless, the +45-degree orientation was found to
be the most effective, the -45-degree one least effective, and 0-degree
one in between.

B. Effects of Tensioning Grouted Rebars

The results of one definitive set of experiments to evaluate the
effects of tensioning fully grouted bars and orientation of the bolt
relative to the shear surface are shown in Fig. 4-11 for the low normal
pressure (cn = 25 psi) and in Fig. 4-12 for the high normal pressure

(cn = 250 psi). The rock shear surfaces in these tests were machined

smooth initially and the holes were drilled with a diamond core bit.
The bolts were 7/8-in. grade-40re-bars with Celtite resin in 1 3/8-in.
diameter holes. The grouted bars were installed after the shear blocks
had been forced together by the preselected normal pressure. The un-
tensioned bolts were simply installed and the resin allowed to harden
without any type of tension being applied. The post-tensioned bolts
were installed in the same manner as the untensioned ones; however, a
nut and a bearing plate were applied to one end of the bar after the
resin had hardened. Then a torque of 250 ft 1b was applied to the nut,
producing tension in the end of the bar. The tension was therefore in-
duced after the grout had hardened.

Pretensioning of the grouted rebars was accomplished by placing
some quick-set resin in the bottom of the hole and slow-set resin in
the rest of the hole. The resin was mixed by rotation of the re-bar.
After the quick-set resin had hardened but before the slow-set resin
had hardened, a bearing plate and nut torqued to 250 ft 1b were applied
to the collar end of the bar. This put the length of bar within the
slow-set resin in tension as this resin hardened. The nut was left in
its tightened state during the shear test.

The horizontal curves labeled "no bar" are the shear resistances
of the test blocks without any bolts present. The effect of the bolt
in resisting shear is therefore reflected by the distance a curve is
above the no-bar curve.

Fig. 4-11 shows that the orientation of the arouted bar is a much
more significant factor in shear resistance than the state of tension
in the grouted bar. The three highest curves (Fig. 4-11) are for the
+45-degree orientation, followed by the three curves at 0 degrees, and
the Towest curves being those at -45 degrees. The -45-degree orienta-
tion is seen to be quite ineffective as those curves are only slightly
above the unbolted case.
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There is no conclusive indication in Fig. 4-11 that the state of
initial tension (untensioned, post-tensioned, or pretensioned) affects
the shear resistance of the grouted bolt system. One would not expect
any difference between the untensioned and post-tensioned cases be-
cause the initial tension in the post-tensioned bar is highest near the
nut and is nearly negligible at the shear surface 12 or more inches away.
Reasoning would indicate that the pretensioned grouted bar would in-
crease the shear resistance since in this case the initial bolt tension
is high at the shear surface and tends to pull the shear blocks into
tighter contact and increase the normal stress on the interface. The
increase in normal stress on the shear surface would then increase the
shear resistance. The experimental results in Fia. 4-11 did not indi-
cate that this effect was significant, however.

The results for grouted re-barsat the high normal pressure (Fig. 4-12)
indicate again that the grouted bolts increase the shear resistance,
however the percent increase relative to the unbolted case is much less
than it is for the low normal pressure (Fig. 4-11). The reason for this,
of course, is that the higher normal pressure results in a higher fric-
tional strength without a bolt. The total shear resistance of the
bolted system is the sum of that due to the frictional strength developed
as a result of the normal stress and the shear resistance induced by the
bolt. Increasing the normal stress from 25 to 250 psi causes a nearly
10-fold increase in the first component of the shear resistance while
the second component due to the bolt remains essentially constant. Thus
the curves with bolts and without bolts are closer together in Fig. 4-12
than they are in Figure 4-11.

C. Effects of Bolt Type on Shear Resistance

Several different types of full-scale rock bolts were tested in
order to evaluate the relative effectiveness of bolts in resisting
shear movement in a rock mass. These comparative tests were performed
with smooth machined rock shear surfaces. The drill hole diameters were
all 1 3/8 in. except for the Fasloc system which utilized a 1-in. hole.
The holes were all drilled with a diamond core bit except those for
the Fasloc system and those for one group of tests on the split tube.
These two exceptions were drilled with rotary drag bits which caused a
considerable amount of rifling of the hole wall and the hole to be some-
what oversize. The specifications (diameter, material, etc.) of the
various bolts are given in the section "Types of Bolts Tested" in this
chapter.

The results of these comparative tests are given in Figs. 4-13
through 4-15 for the 0-degree, 45-degree, and -45-degree bolt orienta-
tions, respectively. These tests were all performed at the low normal
pressure of 25 psi. A lesser number of tests performed at the -45-degree
orientation showed that the bolt contributed very little to the shear
strength of the bolted joint with that orientation.

Fig. 4-13 shows that the fully grouted Celtite system (7/8 in. bar
in a 1 3/8-in. hole) was significantly more effective than the smaller
Fasloc system (3/4-in. bar in a 1-in. hole). The Fasloc bolts did not
shear off even though the shear displacement reached 3.25 in. The shear
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block split for the Celtite system when the shear displacement reached
1.3 in., so further data could not be obtained. The shear resistance
of the Fasloc system was nearly constant, but dropping slightly, after
1.5 in. of shear displacement. This continued deformation of the bar
was permitted because anchorage was lost. The ends of the bar pulled
into the rock from 1 to 1.3 in. during the test. The 12 in. of anchor-
age failed despite the fact the drill holes were rifled.

Split tubes or friction rock stabilizers obtain their primary
anchorage from the radial pressure exerted by the rock as the tube is
forced into a drill hole having a smaller diameter. See Chapter 3 of
this report for further discussion of this anchorage mechanism. In
some instances it may be advantageous to supplement this primary anchor-
age with conical wedge anchors in the end of the tube. Tests were per-
formed both with and without such anchors and the results are p]otted
in Figs. 4-13 and 4-14. The steel conical wedge anchors had an in-
cluded angle of 10 degrees and were installed in both ends of the split
tube with an estimated force of 3,940 1b.

The split tubes were tested in both accurately sized core-drilled
holes and oversize rotary-drilled holes, both with 1 3/8-in. nominal
bit sizes. The effective drill hole diameter of the rotary-drilled
holes was determined by adding twice the wall thickness to the average
inside diameter of the tube after installation. The hole diameter thus
determined varied from 1.471 in. at the installation end of the tube
to 1.402 at the other end. This large difference in diameter is believed
to be due to the fact that the drill holes were not exactly straight
all the way through. A change in the drill stem was necessary at approxi-
mately 18 in. of drill depth. This change caused the direction of the
hole to vary slightly. The inside diameter of the tube was therefore
less at the far end of the hole because of the additional interference
caused by the crooked hole.

The anchors on the ends of the split tubes did not significantly
affect the shear resistance during the first 1 in. of shear displacement
when core-drilled holes were employed. Note the close agreement of
the dashed curve (split set tube with anchors and with core-drilled holes)
and the curve for the split tube without anchors (also core-drilled holes)
in Fig. 4-13. For continued shear displacement above 1 in., however, -
the tubes with anchors continued to offer increasing shear resistance
while the tubes without anchors slowly sheared off. The split tubes
with anchors in core-drilled holes (the dashed curve in Fig. 4-13)
sheared off gradually at a shear displacement of approximately 1.8 in

The behavior of the anchored split tubes in the oversize holes was
somewhat different as seen in Fig. 4-13. The shear resistance was less
than that for the other two split tube configurations discussed above
when the shear displacement was small; however, it continued to increase
until the shear displacement reached approximately 3.0 in. at which time
the tubes sheared off.

The detrimental effect of the oversize hole is also seen in the re-
sults for the 45-degree orientation plotted in Fig. 4-14 where the split
tube with anchor in an oversize hole offered less shear resistance than
did the unanchored tube in the proper size hole.
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The reason for the smaller shear resistances with the split tubes
in the oversize holes is that the optimum interference was not developed
and therefore, the full friction anchorage was not mobilized. The core-
drilled holes were near the proper diameter (1.375 in.); however, as
pointed out earlier, the diameters of the rotary-drilled holes varied
from 1.471 in. at the installation end to 1.402 in. at the far end of
the hole. With an outside diameter of 1.494 in. for the tube before
installation, the interference ranged from 0.023 in. to 0.092 in. as
compared to 0.199 in. for a 1.375-in. diameter hole.

From a practical viewpoint, the lower shear resistance in the
oversize holes indicates that the hole size must be controlled within
some rather narrow range in order to achieve maximum anchorage. While
the holes in these tests were as much as 0.096 in. oversize, they were
drilled with the same type of rotary drag bit, 1 3/8 in. tungsten car-
bide, as are commonly used in coal mines. It is therefore recommended
that the hole diameter and its variation as different 1ithologic units
are drilled be considered when split-set tubes are employed for roo
support. o

For the 45-degree bolt orientation (Fig. 4-14) the Fasloc system
in the 1-in. hole offered more shear resistance than did the Celtite
system in the larger 1 3/8-in. hole. The reverse was true for the
O-degree orientation previously discussed. The holes in the tests with
the Celtite system were smooth (core drilled) while those for the Fasloc
tests were rotary drilled producing a rifled hole. It appears that the
better anchorage achieved by the rifled hole caused the Fasloc system
to perform better in this 45-degree orientation where the tendency of
the bolt to pull out is much greater than it is for the 0-degree orienta-
tion.

The Fasloc bars sheared off at approximately 0.5 in. of shear dis-
placement for the 45-degree bolt orientation. The split tubes with
anchors continued to deform and slip in the holes until the shear dis-
placement reached the experimental 1imit of the testing apparatus. The
anchors had the effect of increasing the shear resistance for large
shear displacements (greater than 1.5 in.) while the tubes without
anchors showed a nearly constant shear resistance in this range of dis-
placements.

The displacements of the ends of the Fasloc bars were small, less
than 0.025 in. for the 45-degree bolt orientation, which indicates that
the anchorages in the holes were very good indeed. The displacements of
the ends of the split tubes were very large, approximately 1.0 in., which
indicates that the conical anchors on each end of the tube were not ef-
fective. The wedge anchors were applied on the corners of the test blocks
in the 45-degree bolt orientation and the rock was easily crushed in
these regions.

The fiberglass-resin system was very effective for small shear dis-
placements (less than 0.2 in.) in the +45-degree orientation (Fig. 4-14),
less effective at the normal orientation (Fig. 4-13) and ineffective in
the -45-degree orientation (Fig. 4-15). The reason for the better ef-
fectiveness in the +45-degree orientation is that the axial tensile
loading of the bolt is greater in this orientation, and the fiberglass
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is strong in tension. A1l of the fiberglass-resin bolts sheared as can
be seen by the drop in shear stress to the no-bolt cases in Figs. 4-13
through 4-15.

D. Effects of Shear Surface Roughness on Shear Resistance

A1T of the shear tests discussed previously were performed with
smooth machined rock shear surfaces. Such smooth shear surfaces were
desirable in evaluating the effects of certain bolting variables such as
type of bolt, inclination of bolt, and drill hole roughness. In prac-
tice, however, there are many situations in which the shear surfaces are
rough rather than smooth. This in-situ roughness may vary over quite
a wide range depending on the rock type, how the shear fracture plane
developed, how much chemical alteration and fillings may have occurred,
and how much shear movement may already have occurred.

One particular type of rough shear surface was investigated: that
in which a solid limestone block 1is split in half with wedges as shown 1in
Fig. 4-7. This resulted in quite a rough fracture surface as indicated
by the typical fracture surface profile shown in Fig. 4-8. This rough
fracture is herein referred to as a natural fracture because it simulates
quite well a situation in freshly fractured rock underground.

The shear blocks with smooth machined shear surfaces were run through
the shear test procedure twice, first without a bolt and then a second
time with a bolt installed. Tests had shown that the repeated shear had
little effect on the frictional strength of the smooth surfaces. This
procedure had to be modified to allow for only one shear on the natural
fracture because the asperities were quickly sheared off and the fric-
tional characteristics greatly affected.

The measured shear resistance without any rock bolt present is shown
in Fig. 4-16 for both the Tow and high normal pressures. The curves
are characterized by a very rapid increase in shear resistance in the
first 0.030 in. of shear displacement to reach a peak value, after which
the shear resistance decreases quite rapidly until it approaches the
curve for the smooth surface at approximately 2.5 in. of shear displace-
ment. One can conclude therefore that the initial roughness and planar-
ity of the shear surface has 1ittle effect on shear resistance for large
displacements, say over 2.5 in., when the normal stress is held constant.

It should be pointed out, however, that the shear behavior for large
displacements in an underground application may be quite different for
smooth and rough undulating shear surfaces. The reason for this is that
the normal displacement for an undulating surface is much greater than
for a planar one. Larger normal stresses would be generated as the blocks
moved apart in a partially restrained environment. The higher normal
stress would then result in a higher shear resistance being generated by
the undulating surface.

The no-bolt shear stress curves for lapped surfaces (Fig. 4-16) ex-
hibit a different behavior. For these surfaces the shear resistance is
low at small shear displacements and increases slightly as the shear pro-
ceeds.
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One no-bolt shear test on the natural fracture shear surface was
repeated once to determine how much change in shear resistance would re-
sult from the repeated shear. The high initial shear resistance so
characteristic of the first shear was not present for the second shear,
as can be seen in Fig. 4-16. The difference in behavior after the first
0.2 in. of shear displacement was not significant; however, the curve for
the second shear was slightly below that for the first one (Fig. 4-16).

The shear displacement was accompanied by large normal displacements,
0.3 to 0.6 in. at 3 in. shear displacement. This large normal displace-
ment was due to the humps on the matching shear surfaces riding one over
the other.

The behavior of the natural fracture shear blocks when they are
bolted together by a resin-grouted bar is shown in Fig. 4-17. This sketch
which is drawn to scale for a typical test situation illustrates how
the Targe undulations of the shear surface cause the shear joint to move
apart or dilate as shear movement progresses. This joint dilatation
causes high tensile loading of the steel bar where it intersects the shear
plane.

The tensile loading of the steel bar for the 0-degree and 45-degree
bolt orientations was so severe that the grout anchorage failed on one
side or the other of the shear plane for 7/8-in. diameter re-bar and
1 3/8-in. diameter core-drilled holes.

The tendency of the steel bars to shear off was also reduced when
the grout anchorage failed. Only one bar sheared off in a total of nine
tests at the Tow and high normal pressures and with the O-degree and 45-de-
gree bolt orientations.

There was no failure of the grout anchorage for the -45-degree bolt
orientation. Due to the direction of the shear displacement there was
a certain amount of compressive loading along the axis of the bar where -
it intersected the shear surface.

Because of the aforementioned problems with grout anchorage failure
on the tests with natural fractures, two modifications were made in the
test procedures.

1. The holes were drilled with a rotary drag bit instead of a core
bit so that the hole wall would be rifled instead of smooth,
thereby producing better anchorage.

2. A nut and a bearing plate were placed on each end of the grouted
bar in the shear test configuration.

The results of the tests comparing the effects of smooth versus
rough (natural fracture) shear surfaces and of anchorage strength on the
shear resistance of the bolted shear joint are given in Figs. 4-18 through
4-20. The curves labeled "with bearing plate" also pertain to blocks
with rifled drill holes while those Tlabeled "without bearing plate" per-
tain to blocks with smooth core-drilled holes.
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When comparing the Fasloc and Celtite systems referred to in these
graphs, note that the Celtite system is a 7/8-in. diameter re=bar in a
1 3/8-in. diameter hole with Celtite resin and the Fasloc system is a
3/4-in. DuPont design (new type) steel bar in a 1-in. diameter hole with
Fasloc resin. Both bolt systems were installed according to the respec-
tive manufacturer's recommendations.

Fig. 4-18 for the 0-degree bolt orientation shows that the three
curves for bolted natural fracture shear surfaces are nearly coincident
for shear displacements up to approximately 0.1 in. The use of the bear-
ing plate and rotary drilled holes did increase the shear resistance be-
yond that point, however, as can be seen by the upper two curves for
the Celtite system. The Fasloc system was nearly as strong as the Celtite
system, even though the hole and bar sizes were smaller for the Fasloc
system.

The jagged appearance of the Celtite curve with bearing plate

(Fig. 4-18) is due to fracturing of the shear blocks which fell apart in-
to several pieces when the confinement was released. The bolts did not
shear off in this case. The block split in one test and the bolt sheared
in another test with the Fasloc system. The shear resistance decreased
almost to the no-bolt condition after the bolt sheared. A major portion
of the anchorage along the grout column was lost when the blocks of rock
began to split and break apart. The exposed ends of the bars then began
to pull into the rock as the shear displacement continued.

The average shear stress for the Celtite system in the 0-degree bolt
orientation at a shear displacement of 0.1 in. increased from 79.5 to 98 psi
when the bearing plate and rifled drill hole were employed. Also, the maxi-
mum shear stress for this system increased from 110 to 141 psi when the
bearing plate and rifled hole were used. Thus, increasing the anchorage
capability of the system did, in fact, increase the shear strength of the
bolted joint. The 45-degree bolt orientation results in high tensile load-
ing of the bar in the region of the shear surface. The increased tensile
load has a normal component which tends to pull the blocks together and
thus increase the frictional strength along the shear surface. In addi-
tion, there is an upward component of bolt load which he]ps resist the
force producing the shear displacement.

The data for the 45-degree bolt orientation shown in Fig. 4-19 shows
that the additional anchorage provided by the bearing plates and rifled
holes increased both the initial shear resistance and the maximum shear
resistance of the Celtite system. As in the O-degree bolt orientation,
the Fasloc system in the smaller hole (1 in.) was nearly as effective
as the larger Celtite installation (1 3/8-in. holes). The steel bars
sheared off in three of the four tests in the 45-dearee bolt orientation
at shear displacements ranging from 0.4 to 0.9 in.

The bearing plates and rifled holes increased the shear resistance
at a displacement of 0.1 in. by 32 psi as compared to bars with unre-
strained ends and with smooth drill holes in the 45 degree bolt orienta-
tion. The Fasloc system with 1-in. holes had essentially the same shear
strength at d = 0.1 in., as did the Celtite system in 1 3/8-in. holes
in the 45-degree orientation. The maximum shear resistance developed at
shear displacements between 0.07 and 0.47 in. The curves of shear stress
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versus shear displacement are typified by a rapid increase in shear stress
with increasing shear displacement, followed by more or less constant
stress until the bars sheared off, at which time the shear resistance drops
to near the unbolted case.

The -45-degree bolt orientation is unfavorable for resisting shear
movement because high loads are exerted on the rock forming the acute
angle between the bolt and the shear surface. Because of this unfavor-
able geometry, the rock in this region is easily crushed which allows the
bolt to bend. Axial compressive bolt loads are generated because the
shear movement is such that the bolt tends to be shortened. There is no
apparent reason that the curve "with bearing plate" in Fig. 4-20 should
be Tower than the one labeled "without bearing plate" for the -45-degree
bolt orientation. As a practical matter, neither curve is significantly
above the no-bolt curve, particularly when comparing these results with
those in Figs. 4-18 and 4-19 where the bolted strength is much greater.
High compressive bolt strains were measured at the shear surface. Smaller
compressive bolt strains are observed at the other two gage locations
6.0 in. on either side of the shear plane. The exposed ends of the bars
pushed out of the rock slightly as the shear displacement continued.

The bolts did not shear in the tests at the -45-degree bolt orienta-
tion. The rock blocks separated and the bolt was severely bent. The
test was stopped when the Teft side plate on the test frame began to
bear on the testing machine columns. Normal displacements of the shear
blocks reached approximately 0.5 in.

E. Effects of Rock Type on Shear Resistance

A11 of the shear tests previously discussed were performed with
Indiana limestone rock. This rock type is particularly useful for com-
parative tests because of its uniformity and Timestone is a rock type
commonly found in the roof bed sequence over a coal mine opening.

Two shales were also tested: Dry Wood shale from western Missouri
and Interbedded shale from southern I11inois. The mechanical properties
of the limestone and two shales are givenin Table 4-1 and the smoothness
and flatness of the machined shear surfaces are given in Table 4-2. The
Interbedded shale was the strongest of the three rocks, with a compressive
strength of 28,170 psi. The Indiana Timestone had an intermediate strength
of 9,230 psi and the Dry Wood shale had the Towest strength of 6,410 psi.
These strength values apply to cores drilled perpendicular to the bedding
planes.

The results of tests with conventional expansion-anchor bolts and
Celtite grouted re-bars (7/8-in. diam. bar in 1 3/8-in. diam. hole) are
given in Figs. 4-21 and 4-22 for the limestone and the Dry Wood shale.
These tests were performed with the 0-degree bolt orientation and at the
low and high normal pressures. The most significant difference between
the two rock types was that the coefficient of friction (without a bolt)
was much less for the Dry Wood shale than for the limestone (see Table
4-3). For this reason the curves for the shale are jn each case dis-
placed downward from the corresponding curves for the limestone.
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Table 4-3. Friction Properties of Various Rock Types
at Low Normal Pressure, o, = 25 psi

Average
Shear Stress, Coefficient
Rock Type Without Bolt, psi of Friction
Indiana Ls 22.6 0.904
Dry Wood Sh : 10.8 0.433
Interbedded Sh 20.0 0.800
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The tests on the Interbedded shale were performed with the Fasloc
system consisting of a 3/4-in. diameter bar in a 1-in. diameter rifled
hole. The drill holes were core drilled 1 3/8-in. diameter for the Cel-
tite system tests on the Indiana limestone and Dry Wood shale. The ef-
fectiveness of these two fully grouted bolting systems in the three rock
types are compared in Figs. 4-23 and 4-24.

These curves show that the shear resistances were nearly the same
for the Interbedded shale and the Indiana limestone even though different
types of bolts and different hole diameters were employed. The tendency
of the bolts to shear off rather than deform and crush the rock was greater
for the Fasloc system. Rifled holes in this hard rock provided excellent
anchorage so that the blocks would not separate as easily and thus would
produce more of a direct shear on the bolt as the shear displacement occurred.
Secondly, the harder rock would not crush as easily under the lateral loads
imposed on the sides of the drill hole by the steel and grout column and
thus would present a more rigid edge to shear the bolt.

The excellent anchorage of the Fasloc system in the Interbedded shale
is also evident from the very small recorded pull-out of the bar ends which
did not exceed 0.007 in., while the pull-out of the Celtite system with
smooth holes in limestone exceeded 0.075 in.

F. Numerical Values of Shear Resistance

The graphs of shear stress versus shear displacement presented and
discussed in the previous sections are based on the average shear stress
over the shear area. The shear area A_ at some shear displacement d was
determined from the equation S

A, =24 (24 - d) in.2 (4-10)

since the initial contact surface between the shear test blocks was
24 by 24 in.

As seen from Eq. (4-10) the shear area decreased as the shear dis-
placement increased. While this accurately describes the conditions in
the test setup, such a decrease in area would not occur for a typical
bolt in a systematic bolting pattern; the shear area would then remain
constant as shear displacement increases.

For vertical bolts in a square pattern with a spacing D and with a
horizontal shear plane, the shear area of influence for a given bolt is

A_=D (4-11)

In a general case the bolt may not be inclined to both the shear
surface and the surface on which the bolt spacing D is laid out as shown
in Fig. 4-25. The angle 6 is the angle between the bolt and the normal
to the shear surface. The angle y is the angle between the bolt and the
normal to the surface of the opening on which the spacing D is measured.
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The shear area of influence for a representative bolt is then given by
the equation

2
p =D cosy (4-12)

5 cos 6

The shear resistance along the bolted shear surface is due to two
contributions: that due to the frictional strength of the shear surface
developed as a result of the normal stress and that due to the bolt. In
order to apply the shear stress data in the previous curves to other bolt
spacings it is necessary, therefore, to separate out the contribution due
to the bolt. This has been done and the results are presented in Tables 4-4
through 4-6 as follows:

Table 4-4. Indiana limestone, smooth shear surface,
8 = 0, 45, and -45 degrees

9, 25 and 250 psi

it

Table 4-5. Indiana limestone, natural-fracture shear surface,
& = 0, 45, and -45 degrees
o, 25 and 250 psi

Table 4-6. Dry Wood shale and Interbedded shale,
smooth shear surface
6 = 0, 45, and -45 degrees
o 25 and 250 psi

In Tables 4-4 through 4-6 the shear resistance of the bolt in 1bs is
given for small shear displacements (d = 0.1 in.) and for the shear displace-
ment at which the maximum shear resistance was generated. Within each bolt
orientation, 0 = 0, 45, and -45 degrees, the values are Tisted in order of
decreasing resistance at d = 0.1 in. Thus, the most effective installations
will be at the top of the 1ist in each category. The values for the low nor-
mal pressure (cn = 25 psi) are followed by those at the high normal pressure

(cn = 250 psi). The values listed are the average of two test values in most
instances.

G. Failures Associated with Shear Tests

Most of the previously described tests resulted in either the bolt
(or reinforcing bar in the grouted-bar tests) shearing or the left shear
block splitting. In several of the tests at the low normal pressure of
25 psi, particularly those with inclined bolts, the blocks separated to
such an extent that the Teft side plate began to bear on the testing
machine columns. In these instances it was necessary to stop the test at
this point and the above mentioned failures did not occur.
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Table 4-4 Shear Resistance of

Rock Bolts in Indiana Limestone

with a Smooth Shear Surface
Normal Bolt Type of Type Shear Force at Max. Shear Displ. for
Pressure | Orientation Bolt of d=20.11n. Force Max. Shear
Tps psi 6, degrees Installation Hole 1bs 1bs Force, in.
25 0 Celtite system, Smooth 21,800 48,000 1.617
post-tensioned
25 0 Celtite system, Smooth 19,200 44,000 1.039
pretensioned
25 0 Celtite system, Smooth 18,900 45,700 1.275
untensioned
25 0 Fasloc system, Smooth 13,200 31,600 2.703
(o1d), untensioned
25 0 Fiberglass-resin, Smooth 9750 18,900 0.250
‘untensioned
25 0 Conventional, tensioned| Smooth 9470 33,100 3.126
25 0 Fasloc system, Rifled 8030 26,500 1.402
(new), untensioned
25 0 Split tube, without Smooth 8030 21,000 1.101
anchors
25 0 Split tube, with anchorg Smooth 4590 24,700 1.796
25 0 Split tube, with anchors| Rifled, 3730 23,500 2.753

oversize
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Table 4-4 (continued)

-45

tensioned

Normal Bolt Type of Type Shear Force at Max. Shear Displ. for
Pressure | Orientation Bolt of d = 0.7 1in. Force Max. Shear
O psi 0, degrees Installation Hole 1bs 1bs Force, in.

25 +45 Fasloc system, Rifled 39,600 46,100 0.303
(new), untensioned

25 +45 Fiberglass-resin, Smooth 36,700 36,700 0.100
untensioned

25 +45 Celtite system, Smooth 35,600 56,200 1.779
pretensioned

25 +45 Celtite system, Smooth 32,700 52,000 1.016
untensioned

25 +45 Celtite system, Smooth 28,100 54,600 0.942
post-tensioned

25 +45 Split tube, without Smooth 22,700 28,700 0.601
anchors

25 +45 Conventional, tensioned | Smooth 20,900 29,000 1.763

25 +45 Split tube, with anchors| Rifled, 4880 17,900 2,766

: oversize

25 -45 Celtite system, post- Smooth 11,500 12,800 0.021
tensioned

25 Celtite system, pre- Smooth 8890 10,600 0.807
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Table 4-4 (continued)

untensioned

Norma]i Bolt Type of Type Shear Force at Max. Shear Displ. for
Pressure | Orientation Bolt of d = 0.1 in. Force Max. Shgar
Ops psi 8, degrees Installation Hole Tbs 1bs Force, in.

25 _45 Celtite system, Smooth 8890 10,500 0.052
untensioned

25 -45 Split tube, without Smooth 8604 15,600 2.052

' anchors
25 -45 Split tube, with anchors| Rifled, 3440 12,600 3.211
oversize

25 -45 Fiberglass-resin, Smooth 860 4680 0.530
untensioned

250 0 Celtite system, Smooth 16,100 42,200 1.444
pretensioned

250 0 Ce]ﬁite system, Smooth 9750 41,400 1.457
post-tensioned

250 0 Celtite system, Smooth 6310 44,200 1.652
untensioned

250 0 Conventional, Smooth -1430 17,600 2.401
tensioned

250 +45 Celtite system, Smooth 30,100 48,100 0.651
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Table 4-4 (continued)

Normal _Bo]t ] Type of Type Shear Force at Max. Shear Displ. for
Pressufe Orientation Bolt of d =0.1T in. Force Max. Shear
Ons Psi 8, degrees Installation Hole 1bs 1bs Force, in.

250 +45 Conventional, tensioned | Smooth 14,300 25,900 1.855

250 -45 Celtite system, Smooth 9180 4410 2.875
untensioned

250 -45 Conventional, tensioned | Smooth -1150 910 2.901
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Table 4-5

with Natural Fracture Shear Surfaces

Shear Resistance of Rock Bolts in Indiana Limestone

Normal Bolt Type of Type Shear Force at Max. Shear Displ. for
Pressure | Orientation Bolt of d = 0.1 in. Force Max. Shear
Ops psi ‘0, degrees Installation Hole Tbs 1bs Force, in.

25 0 Celtite system, Rifled 28,300 58,300 2.699
untensioned

25 0 Fasloc system, Rifled 24,300 39,600 n.579
untensioned

25 0 Celtite system, Smooth 17,700 43,600 1.723
untensioned

25 +45 Celtite system, Rifled 51,200 60,600 N.634
untensioned

25 +45 Fasloc system, Rifled 46,900 53,100 0.300
untensioned .

25 +45 Celtite system, Smooth 33,200 42,600 0.865
untensioned

25 -45 Celtite system, Smooth 6190 6430 0.090
untensioned

25 -45 Celtite system, Rifled -2120 -114 0.250
untensioned

250 0 Celtite system, Smooth 21,800 59,3N0 2.544

untensioned
i .000
250 +45 8ﬁlgﬁ§$o§¥atem’ Smooth 39,500 55,600 1.0
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Table 4-6 Shear Resistance of Rock Bolts in Shale
with Smooth Shear Surfaces
Normal Bolt Type of Type Shear Force at Max. Shear Displ. for
Pressure | Orientation Bolt of d = 0.1 in. Force Max. Shear
Tps psi 8, degrees Installation Hole 1bs 1bs Force, in.
25 0 Dry Wood shale, Smooth 21,200 50,400 1.434
Celtite system,
untensioned
25 0 Dry Wood shale, Smooth 4880 20,800 2.951
conventional.
tensioned
250 0 Dry Wood shale, Smooth 25,800 45,400 2.001
Celtite system,
untensioned
250 0 Dry Wood shale, Smooth 4020 16,100 3.002
conventional,
tensioned
25 0 Interbedded shale, Rifled 19,200 35,700 0.667
Fasloc system,
untensioned
25 +45¢° Interbedded shale, Rifled 39,300 44,100 0.286

Casloc system,
untensioned




The vertical splitting depicted in Fig. 4-26 was caused by the
lateral force of the bolt or grouted reinforcing bar acting as a wedge
against the sides of the drill hole and splitting the blocks apart.

The bolts were either sheared off completely during the test or
were greatly deformed as they were loaded laterally by the sides of the
drill hole as the shear load caused the holes to become offset. The
tendency for the bolts to shear was greater at the high normal pressure
than at the Tower pressure. For example, in the tests performed on 1lime-
stone blocks with smooth shear surfaces 4 out of 22 bolts and grouted re-
inforcing bars were sheared at the low normal pressure while 10 out of
17 were sheared at the higher normal pressure. At the Tow normal pressure
the bolts and grouted reinforcing bar were often deformed between the
blocks and actually forced the blocks to separate as shown in Fig. 4-27.
At the high normal pressure, however, the blocks did not separate and the
bolt or reinforcing bar experienced more of a direct shear as shown in
Fig. 4-27. Crushing occurred in the surrounding rock to a depth of about
0.5 in. at both normal pressures since extremely high compressive loads
were applied to the sides of the drill hole by the bolts and grouted re-
inforcing bars.

The sheared ends or portions of typical bolts and reinforcing bars
are shown in Figs. 4-28 and 4-29. The bolt designated L-33 in Fig. 4-28
is typical of the conventional bolts sheared at the low normal pressure
of 25 psi. The bolt is grossly deformed but did not shear. On the other
hand, the conventional bolt from Test L-27 at the high normal pressure of
250 psi was sheared.

The reinforcing bar and grout annulus were recovered from Test L-13
(Fig. 4-28) at the high normal pressure. The bolt was sheared and the
- block split apart. The bar was flattened considerably and plastically
‘deformed during the test. The deformation of a typical grouted reinforc-
ing bar from Test L-3 at the low normal pressure is shown in Fig. 4-29.
This bar did not shear. However, one of the shear blocks split at a
shear displacement of approximately 1.3 in. which allowed the reinforcing
bar and grout column to become exposed.

It was noted in several of the tests in which one of the shear blocks
-split away from the grouted reinforcing bar that the resin grout did not
bond strongly to either the rock or reinforcing bar. In all cases the
grout broke cleanly away from the rock or reinforcing bar. The reinforc-
ing bars were also reasonably well centered in the holes even though there
was no direct control over the position of the far end of the reinforcing
bar during installation.

Effect of Bolt Spacing and Bolt Length on Shear Resistance

The theoretical equations developed in the section "Theoretical
Analysis - Conventional Bolts" in this chapter have been applied to other
bolt spacings and bolt lengths such as are typical in coal mine applica-
tions.
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L-27

Fig. 4-28 Photograph of Sheared Bolts Recovered from
Tests L-33, L-27, and L-13
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g. 4-29 Photograph of Grouted Reinforcing Bar after
Test L-3 at Low Normal Pressure
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Eq. (4-2) restated here

uT cos 61 + T sin 61
T = T + A (4'2)
S

was applied with the associated Eqs. (4-3) through (4-5) and with the
following basic properties and dimensions for 1imestone rock and 5/8 in.
conventional bolts:

Youna's modulus for bolt = Eb = 28.65 x 106 psi

Cross-sectional area of bolt = Ab = (),2453 in.z

Installation bolt strain = éo = 1,500 pin./in.
Yield strength of bolt = 63,600 psi

Yield strain of bolt = Ey = 2,200 pin./in.

For the low normal pressure (on = 25 psi) the coefficient of fric-

tion, p, is 0.903; for high normal pressure (250 psi) the value of u is
0.871. The corresponding values for T, are 22.58 psi and 217.7 psi.

The results of the calculations shown graphically in Figs. 4-30
through 4-33 do not include the increased shear resistance created by
the direct shear action on the bolt as it is pinched between the off-
set drill holes. This effect becomes important for shear displacements
greater than 0.816 in. for normal bolts and 1.154 in. for bolts inclined
at + 45 degrees (for 5/8-in. diameter bolts in 1 3/8-in. diameter holes).
The shear stress curves are therefore shown as dashed lines for displace-
ments greater than these values, indicating that the actual shear stress
(including the direct shear of the bolt) is higher than what the curves
indicate.

As can be seen from the graphs in Fig. 4-30 through 4-33, the
spacing has a definite effect on the shearing stress. In the cases
where 6 = 0 degrees and 6 = 45 degrees the shearing stress decreases
with increased bolt spacing. On a relative basis the stress drop be-
comes less pronounced as the spacing increases. The shear area in-
creases as the square of the bolt spacing and since the area is the
divisor in Eq. (4-2) the shear contribution due to the bolt decreases
inversely with the square of the spacing.

It is interesting to note that the decreases in shear stress with
increased bolt spacing (at the same bolt orientation) for the high and
Tow normal pressures, Ons are nearly identical. This is due to the fact

that the contribution to the shear stress by the bolt [the second term
in Eq. (4-2)1 is a function of the shear area, As’ and the coefficient

of friction. On the other hand, the frictional stress, Tys is indepen-

dent of the shear area. The above mentioned decreases in shear stress
would be equal if the coefficients of friction, u, were the same at the two
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normal pressures. In these calculations, the values of u were 0.871
and 0.903 at the high and low normal pressures, respectively; thus,
there is a s]1ght difference in the drops in shear stress with in-
creased spacing at the two normal pressures.

The apparent anoma]y of the shear stress increasing with in-
creases in spacing in the -45-degree case can be exp1a1ned by an exami-
nation of Eq. (4-2). The component symbolized by T sin 6] is negative

for negative angles and for these angles will cause a decrease in the
total shear stress if the magnitude of T sin e1 is greater than WT cos 6].

This effect is reduced when the shear area is increased.

The increase in shear resistance, At, caused by bolting is due in
part to an increased normal stress, Aon, on the shear surface which in

turn increases the fricticnal stress since At = uAcn. This quantity,
Acn, is caused by the initial bolt tension induced by torqueing the bolt

and later by extension of the bolt. As the displacement increases, it
causes increasing strain in the bolt; this in turn raises the tension in
the bolt (Eq. (4-5)1, which induces a larger shear stress [Eq. (4-2)].

The upward trend in the shear stress curve continues at an increasing
rate until the yield strength of the bolt is reached. At this point the
rate of increase drops sharply and a very gradual increase, due to change
in 81» takes place. This effect is very apparent with normal bolts 24 in.

long and spaced 24 in. apart as shown in Figs. 4-30 and‘4532.

As the bolt length increases, larger shear displacements are required
to cause the bolt strain to reach its yield value. This effect is readily
apparent in the top three curves in Fig. 4-32. The elastic portions of
these curves have lesser slopes when the bolt lengths are long because
the bolt extension is distributed over greater lengths.

For a given bolt length and orientation the shear displacement neces-
sary to reach yield in the bolt is the same regardless of the normal pres-
sure on the shear plane or the bolt spacing.. For the normal bolt orienta-
tion, 6 = 0 degrees, the displacements at the yield point are 0.917 in.
for 24-in. bolts,1.821 in. for 48-in. bolts, and 2.277 in. for 60-in. bolts.
In the +45-degree orientation the displacements at the yield point are
0.037 in. for 36-in. bolts, 0.073 in. for 72-in. bolts, and 0.7110 in. for
108-in. bolts. Bolts in the -45-degree orientation never reach the yie]d
point since they Tose tension as the shear displacement occurs. The ini-
tial shear resistance is in fact reduced below the no-bolt case for this
bolt orientation.

Extrusion of Grout a]ong Fracture Planes

The Celtite and Fasloc resin-grouted bolts were installed according
to the manufacturer's recommendations for all of the tests reported herein.
These recommendations differ in one important aspect. Celtite recommends
that the bar be rotated as it is pushed into the hole thereby mixing and
shredding the resin cartridge during penetration. The mixing is then
continued by additional rotation for approx1mate1y 40 seconds after the
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bar reaches the bottom of the hole. DuPont recommends that the Fasloc
design bar be pushed to the bottom of the hole without rotation, and then
the bar is to be rotated for approximately 20 seconds for mixing.

The Celtite bolts were installed with a 3/4-in. hand-held electric
drill. Two men could provide sufficient thrust to push the 7/8-in. bar
through the resin cartridges to a depth of 34 in., the length of the
bolt for the 45-degree bolt orientation. The drill was rotating during
installation in this case.

It was not possihle to push the 3/4-in. DuPont bars through the
Fasloc cartridges in 1-in. holes by hand without rotation. It was neces-
sary to use hydraulic loading rams to push the Fasloc bars to the bottom
of the hole. The rams were then removed, the electric drill attached,
and the bar rotated for 20 seconds. It was necessary to use the Slo-Gel
formulation of the Fasloc resin in order to allow sufficient time for
the installation of the Fasloc system.

The force required to push the blunt endsof the 3/4-in. DuPont bars
through the Fasloc resin cartridges in the 1-in. diameter holes was higher
than expected. This force was approximately 1,300 1b when the bar had
been pushed in 18 in. Part of this force is due to the pressure of the
grout in the hole pushing on the cross-sectional area of the bolt. The
remaining part of the force is due to friction of the grout surrounding
the bar. As the bar moves into the hole, the grout moves outward toward
the collar causing a frictional force which must be overcome for insertion.
How the total force is divided between the pressure effect and the friction
effect is not known; however, it was observed that considerable pressures
were developed in the grout ahead of the bar as it was penetrating. Prob-
lems with leakage of the grout at the seal on the far end of the drill
hole were difficult to overcome. Also, the grout usually pushed out along
the shear surface, a phenomenon which was not observed when the bars were
rotated during penetration.

The extent of the intrusion of the grout along the shear surface is
shown by the dark coloration in Fig. 4-34, a photograph of the shear
blocks in Test S-204 (shale). Here, the blocks have been opened up after
the test to expose the sheared bolt. The diameter of the region is ap-
proximately 12 inches. A similar intrusion of grout occurred on some of
the natural fracture tests, but generally the diameter of the region was
less. It should be noted that the blocks were pushed together with an
average normal stress of 25 psi as the bars were pushed in.

The extrusion of the grout from the drill hole into fractures, part-
ings, and voids in the mine roof has important practical significance.
First of all, the resin and catalyst are not mixed when they are extruded
so there can be no bonding effect along the fracture or parting plane.
Secondly, the pressures developed in the grout in a normal mine applica-
tion are probably significantly higher than those developed in these labora-
tory tests. The depths of the holes in the mine are usually 4 to 6 ft,
instead of the 2 ft in the laboratory tests, so the rate at which the
bars are pushed in is much higher in the mine application. Third, when
the ground is fractured and badly in need of support, this is the situa-
tion when the resin is most likely to be Tost into the fractures and
partings. In practice, the resin c%rtridges are designed so that there is
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an excess of resin in the hole to make up for some of these losses.

An indicator that the holes are fully grouted is the extrusion of
resin from around the hole collar as the bar is pushed in. If this
visual evidence is seen, the installation is probably good. However,
this visual verification is not always there because of the presence
of the wood and steel bearing plates. What is insidious, therefore,
is the fact that the grout may not have been visible because a major
portion of it had been extruded into fractures in the roof. There

is no obvious solution to this problem as long as the resin grout is
placed in cartridges having a fixed volume. This is clearly an ad-
vantage to a pumpable grouting system which permits grout to be pumped
in until the hole and voids are filled. The development of an inspec-
tion technique to evaluate the integrity of the grout column in place
is therefore highly recommended.
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Chapter V
CREEP TESTS and ANALYSIS

Introduction

Long term axial pull tests were performed on several sizes and
types of resin-grouted bolts installed in three rock types to deter-
mine the strain (or load) distributions along the bolts and the pull-
out characteristics under sustained loading for over three months.

This information was then used to compare the effectiveness of the
various bolt-resin configurations in resisting axial loads such as oc-
cur when two mine roof strata separate. Any creep or time-dependent
behavior of the support system, steel bolt and resin, permits continued
sepagation of the roof strata without substantially increasing the load
on the bolt.

Nonlinear behavior of a resin bolt system may be due to several fac-
tors such as the composition of the component materials (rock, resin
grout, and steel), the roughness of the drill hole and of the steel bolt,
and the thickness of the resin-grout annulus. The latter is important
for two reasons. First, if the annulus is too thick, the resin and cata-
lyst may not mix properly during rotation of the bolt and therefore the
resin will not set properly. Second, athick grout annulus may allow
morekp]astic deformation to occur in the gqrout because of its greater
thickness.

The laboratory experiments described herein were designed so that
the load distribution along a grouted bolt could be compared to that
predicted by elastic time-independent analysis and to provide a measure
of the creep (time-dependent deformation) associated with various bolt
and resin combinations. '

Creep Test Geometry and Loading Equipment -

ETeven installation configurations were examined using a total of
33 bolts. Grade 40 reinforcing of 1/2-in., 3/4-in., and 7/8-in., dia-
meter, and both the old style (smooth shank) and new style (corrugated
shank), 3/4-in. diameter DuPont Fasloc bolts were employed (Table 5-1).
Commercial polyester resins supplied by Celtite and DuPont for rock bolt
applications were used.

It should be noted that not all of the test geometries are approved
by the respective manufacturer of the components. These combinations
were tested to examine the mixina problems associated with the large
grout annulus and the resulting loss of effectiveness of the rock bolt.

Blocks of Indiana Timestone 2 ft by 1 ft thick were obtained and
drilled so that there were two creep-test installations in each block
as shown in Fig. 5-1. Two blocks of an interbedded shale 2 ft by 2 ft
by 1 ft thick were placed together to form a block approximately 2 ft
on each side. Flat sawing the pieces allowed intimate contact of the
surfaces. Five installations were made in this block (Fig. 5-2). The
drill holes into which the grouted bolts were to be installed were 2 ft
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Table 5-1

Description of Creep Test Installations.

0L1

Nominal Hole
Group Bar Size Bar Diameter Resin Rock
Number Installation (in.) Type (in.) Type Type
1 1-4, 10, 12 7/8 Re-bar 1-3/8 Celtite Limestone
2 5, 6, 11 7/8 Re-bar 1-3/8 Fasloc Limestone
3 7-9 3/4 Re-bar 1-3/8 celtite Limestone
4 13-15 3/4 Fasloc 1 Fasloc Limestone
5 16-18 1/2 Re-bar 1 FasToc Limestone
6 CL19, CL20, CL21 3/4 Fasloc 1 Fasloc Limestone
7 CL22, CL23, CL24 3/4 Re-bar 1 Celtite Limestone
8 Cs02, CS03, CSo4 3/4 Fasloc 1 Fasloc Anna Shale
9 : CS01, CS65 3/4 Re-bar 1 Celtite Anna Shale
10 CS08, CS09 3/4 Fasloc 1 Fasloc Interbedded
Shale
11 CS06, CSO7 3/4 Re~bar 1 Celtite Interbedded
' : Shale
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Fig. 5-2 Overall View of Creep Test Installation in Interbedded
Shale Block.
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deep and were drilled with 1-in. diameter rotary drag bits of the type
commonly used in dri]]ing roof bolt holes in coal mines. Water was used

to remove the cuttings in the laboratory drilling instead of air vacuum

as is used underground. A large irregular block of Anna shale approxi-
mately 5 ft by 3 ft by 1 1/2 ft thick was also obtained and drilled to
accommodate five creep test installations (Fig. 5-3). Due to the moisture-
sensitive nature of this shale, the cuttings were flushed with compressed
air used in conjunction with a vacuum dust collector. Five flat test loca-
tions were prepared on the upper surface of the block with a belt sander.
The surfaces of all drill holes were rifled and irregular which is thought
to contribute to the anchorage mechanism. Each bolt was installed perpen-
dicular to the bedding planes of the rock blocks.

Loading was accomplished by 20-ton capacity hydraulic loading rams
which were pressurized by an air-driven hydraulic pump.

Four pairs of resistance strain gages were installed on each bar.
The members of each pair of gages were connected in series and located on
opposite sides of the bolt to provide bending compensation. Gages at 2,
5, and 12 in. within the grout column were used to determine the Toad distri-
bution along the bar relative to the applied load, which was measured by
a gage just outside the grout column (Fig. 5-4).

The strain gages were linked to a strain indicator through a precision
-switching unit. The three inactive arms of the Wheatstone bridge were
240 ohm precision resistors. Circuit stability was evaluated daily by
substituting a 240 ohm precision resistor into the active arm of the bridge.
Day to day variations usually did not exceed 7u in./in.

- Bolt-end displacement relative to the co11ar of the hole was measured
with a dial indicator.

Installation and Loading Procedures

The procedures for installing the grouted bolts, loading them, and
recording the bolt strains and displacements were critical in that it was
desired to load the bolts shortly (10 minutes) after the resin grout had
been mixed.

Several days prior to the creep tests, each bolt, already instrumented
with strain gages, was loaded in tension in a testing machine and the
strain in the uppermost gage (Gl in Fig. 5-4) was measured at preselected
load increments. The determination of this Toad-strain relationship was
necessary because of the reduced cross-sectional area at the gage .location.

Just before the bolt was to be installed, the strain gage leads pro-
jecting from the end of the bolt were soldered to the ends of the cables
Teading to the switch unit. An "apparent" or "zero" strain reading was
then taken for each gage. This reading was later subtracted from subse-
quent readings to give the actual strains in the bolt.

The strain gage leads were then unsoldered and the short leads folded
up and placed in the hollow part of the adaptor used to connect the bolt
to the chuck of an electric drill. Two insertion procedures were used.
For Groups 1-5 the bolt was pushed through the resin with the drill rotating
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whereas for Groups 6-11 the bolt was first pushed through the resin to
the bottom of the hole with a pneumatic impact hammer and then rotated
with the electric drill. Total mixing time after insertion of the bar
was 30-40 sec for Celtite resin and 10-20 sec for Fasloc resin. Thorough
mixing was rapidly followed by hardening of the grout as was noted by

an increase in torque on the drill.

The drill and adaptor were then removed and the steel bearing plate
and hollow ram were installed over the exposed end of the bolt. A
thrust bearing, spherical alignment washer, hardened steel washer, and
nut were installed on top of the Toading ram which was completely re-
tracted at this time. The strain gage leads were then resoldered to
the cable and the dial indicator and bracket were attached. The dial
indicator was set to zero.

Strain readings were taken again as soon as the wires were connected,
but before any load had been applied to the bolt. This second set of
readings was somewhat higher than the set taken before the bolt was in-
stalled because of the temperature increase resulting from the chemical
reaction within the resin.

Phase I of the creep tests consisted of load bleed-off measurements
to determine the load loss as may occur after a nut is tightened against
a bearing plate. The initial load level was 4,000 1b for 1/2-in. bolts
and 8,000 1b for all other bolts. During this phase, the hydraulic rams
were completely retracted so that they were effectively serving as rigid
spacer blocks. The true strain at the proper Toad Tevel was added to
the initial strain reading taken just before the bolt was installed.
This sum, then, gave the desired strain reading from the uppermost gage
when the nut was properly torqued at the beginning of Phase I.

Ten minutes after the bolt had been installed the nut was slowly
torqued until the strain reading from the uppermost gage reached the
proper value. Strain readings were then taken from the three lower gages
and from the dial indicator. Additional readings were periodically re-
corded during the rest of Phase I. The time interval between readings
was 10 minutes just after installation and was gradually increased to one
day over a period of two days. Much of the Toad bleed off which did occur
was during the first day so more readings were taken during that early
period.

Phase I, a load bleed-off test, lasted for approximately 40-60 days.
For Phase II pressure was applied to the hydraulic rams to achieve the
initial load levels. (The 1/2-in. bolts were loaded to 3,540 1b instead
of 4,000 1b due to a loading malfunction). These load Tevels were then
maintained for at least one month. The strains and displacements were
recorded periodically on the same schedule as described in Phase I.

The Toad level was increased to 5,890 1b on 1/2-in. bolts and 16,000
1b on the other bolts for Phase III. This Toad increase was accomplished
stepwise in 2,000 1b increments with the dial indicator being read after
each load increment. The axial pullout stiffness of each bar could then
be evaluated after a correction for the stretch in that portion of the
bar within the hollow ram was made. After the desired Toad level was
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reached, the strains and displacements were again recorded at increas-
ing time intervals ranging from ten minutes to one day for approximately
one month.

Phase I - Load Bleed Off

Phase I testing began with the previously described installation of
resin-grouted bolts and was in effect for 40-60 days. Decreases in load
and bolt pullout were measured and recorded through the test period. This
data was used to generate graphs depicting bolt strain as a function of
time and load distribution along the bolts.

A. Load Bleed Off

A substantial loss of initially applied load was noted for all in-
stallations. This phenomenon is easily seen in the example graph (Fig. 5-5).
Two important relations can be obtained from the graphs. First, the ten-
sioning of the bar has progressively less effect deeper in the grout column.
This is 1in general agreement with the elastic time-independent solution
which assumed perfect bonding at the grout-rock and grout-bolt interfaces
as described by Haas, et al., (Ref. 1). The grout serves as a medium
for stress transfer from the bolt to the rock around it. Second, the
bleed off slows to a negligible rate or ceases completely after approxi-
mately four days.

To quantify the amount of load bleed off, the percentages of load re-
maining ten minutes, one hour, one day, one week, and one month after
installation were determined for each group of installations (Table 5-2).
Comparing Groups 1, 7, and 11 with Groups 2, 6, and 10, respectively, it
can be seen that the Celtite systems have somewhat more favorable bleed-
off properties, showing 11 to 26 percent less load loss one month after
installation. Groups 8 and 9 were not compared because the Anna shale
was so weak the full load of 8,000 1b could not be applied. Thus, a
quantitative comparison with the other installations would not be mean-
ingful.

A comparison of Groups 2 and 5 indicates that bolt size, of itself,
has some effect on load bleed-off characteristics. In these groups, bolt
size and hole diameter were altered in such a way that annulus size was
constant at 1/4 in. with the same resin type being used in each configu-
ration. The 1/2-in. bolt lost 6.5 to 18.6 percent more load at various
times during the test than did the 7/8-1in. bolt.

Groups 1 and 3 had the same hole diameter and type of resin but
different bolt sizes. Group 3, with the smaller bolt, had a slightly
greater grout annulus than Group 1. Here, Group 1 shows up to seven
percent less load loss than Group 3. Additional tests would be neces-
sary to determine whether the smaller bolt size or larger grout annulus
was responsible for the greater load bleed-off rate. Groups 3 and 4 can-
not reasonably be compared for the effect of annulus size with constant
bolt diameter since different bolt and resin types are utilized in the
tests. These comparisons indicate that perhaps a combination of annulus
size and grout/bolt contact area controls the load bleed-off characteristics
of the systems.
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It would seem reasonable that rock type would influence the bleed off
characteristics of rock bolt installations. It is evident from comparing
Groups 6 and 7 with Groups 8 and 9 and Groups 10 and 11 that the weak,
highly fractured Anna shale was much less able to support the applied
bolt load than were the limestone and interbedded shale.

Load bleed off is not peculiar to resin-grouted bolts. A similar
phenomenon in mechanically anchored bolts was reported by Stefanko (Ref. 10).
Stefanko examined the mechanisms of load loss and found that retightening
aided in restoring and maintaining the required bolt tension. An extension
of this research to resin-grouted bolts produced some interesting results.
In this study, three groups of instrumented resin-grouted bolts were in-
stalled in blocks of limestone rock. The first group (A) consisted of
four bolts installed in an approved manner and immediately loaded to
8,000 1b by torqueing a nut on the end of the bolt. The second group (B)
consisted of two bolts which were installed, loaded, and subsequently
reloaded by torqueing after an initial one-month load bleed-off phase. The
third group (C) consisted of two bolts which were installed but not initi-
ally loaded. The resin was allowed to cure without load on the bolts for
ten days, after which the bolts were loaded to 8,000 1b by torqueing
(Table 5-3). Grade 40 7/8-in. diameter reinforcing bars with Celtite resin
were placed in 1 3/8-1in. holes for all eight installations.

A comparison of Groups A and B indicates the benefits obtained from
retorqueing bolts subsequent to installation. It has been hypothesized
(Ref. 3) that reloading was effective in reducing the load bleed off be-
cause the newly mixed grout, though hard to the touch, was not fully cured
and thus could deform in a viscous manner when subjected to loading. The
data obtained from Groups A and C tend to nullify this line of reasoning.
The load bieed off of these groups was very similar throughout the experi-
ment with the remaining loads after one month, differing by only 2.4 per-
cent (Table 5-4). The load bleed-off mechanism associated with resin-
grouted bolts is probably very similar to that of mechanical bolts. It
is probable that some initial "seating in" at the resin-rock and resin-
bolt interfaces is necessary before loads can be maintained by the bolt.
This requirement may be a result of grout shrinkage or of readjustments
in stress due to localized material failures at areas of stress concentra-
tions.

Analysis of the data obtained from Group C indicated a relative com-
pressive stress developed in the bolt which increased with increasing dis-
tance into the grout. Table 5-5 shows the total compressive strain at
each gage location. Since the end of the bolt was free and the uppermost
gage was outside the grout column, it may be concluded that the apparent
compressive strain in this gage was due to thermal effects of the curing
resin. Subtracting this strain from the strains at other gage Tocations
provides an approximate measure of the shrinkage induced strains in the
bolts. »

It is clear now that substantial load bleed off occurs in resin-grouted
bolts with the magnitude of the bleed off being dependent on the installa-
tion configuration. There is some question, however, as to whether or
not initial and subsequent torqueing or loading of the resin-grouted bolts
is necessary and beneficial in roof control applications. An examination
of the theory and philosophy of full column resin-grouted bolting as a means
of ground control should answer this question.
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Table 5-3 Description of Test Installations
Bolt Nominal Nominal Resin
Group Numbers Bar Dia. Hole Dia. Type Loaded
CL1l-C1L4 7/8 in. 1-3/8 in. Celtite| Immediately
CLl1l0,Cl112 7/8 in. 1-3/8 in. Celtite| Reloaded
c CL25,CL26 7/8 in. 1-3/8 in. Celtite| After 10 days
Table 5-4 .. Percentage of Load Remaining on the Bolt
at Various Times After Installation
Percentage of Load Remaining After
Group 10 Minutes 1 hour 1 day 1 week 1 month
A 91.8 84.5 71.8 67.3 68.5
B 99.4 99.1 95.9 92.3 86.9
c 92.7 85.6 77.5 75.0 70.9
Table 5-5 - Variation in Strain During Curing of Resin
With No Applied Load (After 1 day)
Bolt Depth of Gage Into Grout Column
Number 0 in. 22 in. ~5 in. ' .12 in.
CL25 =134 in./inJ -2y in./in.{-24y in./in. | =44y in./in.
CL26 -11 -20 -20 -28
Average -12 =20 =22 -36

181




1. As was previously mentioned, theoretical and laboratory analy-
ses indicate that the load induced at the end of a grouted bolt is trans-
ferred into the rock so that at 16 in. within the grout column virtually
no load is present in the bolt. This would indicate that only surface
loose is supported by the loading and that the loading has 1ittle effect
on holding weak strata together if the bedding planes are, say, greater
than 16 in. from the hole collar.

2. The laboratory test loadings were achieved by tightening a nut
at the threaded end of a bolt. Another means of inducing load in the
bolt is to apply the full thrust of the bolting machine upward against
the bolt subsequent to mixing and prior to resin setup. This action
compresses the strata and, after the resin is set and the bolter removed,
induces tension in the bolt. According to Nitzsche and Haas (Ref. 11)
loading the bolt in this manner would tend to hold weak strata together
should a separation or plane of weakness occur between the ends of the
grout column. It should also be noted, however, that if the upper end
of the grout column occurs at or very near a plane of weakness, the com-
pression induced by the bolting machine in the Tower beds would produce
a tensile force in the rock near the upper end of the bolt after the thrust
was removed. The tensile force need not be large to produce failure along
a plane of weakness so detrimental effects may occur as a result of using
this method of installation. This mode of loading (applying thrust while
resin sets) is also subject tobleed-off characteristics similar to those
already described but there is no way of retightening this system after
load bleed-offoccurs because a head forged integral with the bolt, in-
stead of a nut, is employed. Therefore, surface loose may not be given
adequate support.

3. The practice of tightening grouted bolts may be a "throwback"
from mechanical bolting procedures. In the latter, tensioning is necessary
to remove some of the stretch from the system; stretch is present to a
much lesser degree in the grouted bolts as will be shown in subsequent
sections of this chapter. The tensioning also served to seat the anchor
of the mechanical bolt, another action which is unnecessary with grouted
bolts.

4. The grouted system is self-tightening and is advertised as such
by some manufacturers. Should a bedding separation, joint, or other dis-
continuity begin to widen, tension is induced in the bolt providing the
needed resistance to separation. Here again, this action is much differ-
ent from the action of the mechanical bolt in a similar situation. In
the latter, resistance to the separation is generated over the length of
the bolt rather than over a few inches of effected length as in the grouted
case. Under the same load a much greater elongation is allowed in the me-
chanical system, an action which allows further weakening of the strata.

5. If surface loose is to be supported, some preloading of the bolt
would be beneficial to maintain control of surface material. This load
need not be great, but only enough to support the weight of the immedi-
ate roof without allowing sag of a magnitude which would cause cracking
and subsequent deterioration of the roof. For example, if bolts were
installed on four-foot centers and six inches of coal were left below
a fairly competent shale or limestone roof, the amount of material
needing immediate support would be (4 ft) by (4 ft) by (0.5 ft) by
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(85 1b/ft3) = 680 1b. Since bolts are commonly ioaded to about one ton
by installation procedures, enough positive pressure would be available
to resist movement of this immediate roof layer even if a large percent-
age of the load bled off. Furthermore, strata deflection would be small
due to the inherent high stiffness of full-column anchorage (Ref. 3).

6. Yet another fact to consider is that while load bleed off is
measurable in large magnitudes in the laboratory, post-installation
strata movements in the mine tend to mask the phenomenon. It would seem
reasonable, however, that the large loadbleed offwould be reflected in
a lower stiffness coefficient for the installation resulting in somewhat
larger deflections for a given load.

These six factors indicate that tensioning of the grouted bolt system
is not essential to good strata control with the possible exception of
support of loose surface material. Thus, retensioning also has limited
application. The fact that the grouted system as presently available
does provide good roof control and does not utilize retens1on1ng is further
support of this premise.

B. Bolt-Load versus Distance into Grout

A stepwise regression model was applied to the load versus distance-
into-the-grout data from each installation type. The results of the sta-
tistical analysis indicated that only linear effects were significant
above the 60 percent confidence level and that the linearity could be ac-
cepted with over 90 percent confidence. Based on this result, all subse-
quent data sets were modeled with a simple linear regression procedure
using the least squares criterion.

The "confidence" in this case is a measure of the probability that
there exists a Tinear relation between the dependent variable (load) and
the independent variable (distance into the grout). Thus, if the model
described is accepted with 90 percent confidence, it is implied that re-
peated samplings of load at various distances into the grout would produce
data sets describable by the linear model 90 percent of the time.

The best curves obtained from these analyses were plotted. The data
points were omitted for clarity of presentation. The theoretical curve
for a 7/8-in. bar in a 1 3/8-in. hole obtained by Haas, et al., (Ref. 1)
was expanded in scale and superimposed over the best lines. Analyses were
performed at intervals of ten minutes, one hour, one day, one week, and
one month dur1ng the load bleed-offphase. A typical graph is shown in
Fig. 5-6.

The graphs show that, although the shape of the theoretical curve
is not adhered to by the measured values of load; a point is reached where
essentially no load is supported by the bolt. The mechanism of transfer
of bolt load through the grout to the surrounding rock provides an ex-
plation of the high stiffness and effectiveness of resin-grouted bolts.
The failure of data to assume the shape of the theoretical curves is
due to the incompatibility of the assumptions of the finite element model
and the properties of the laboratory test specimens.
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Phase II - Creep at Constant Low Loads

After the bolt Toad, as indicated by strain readings, had stabilized,
the bleed-off portion of the creep tests was terminated. Using the hy-
draulic loading system described previously, the bars were reloaded. The
bars of 3/4 in. and 7/8 in. diameters were loaded to 8,000 1b. The bars
of 1/2 in. diameter were loaded to 3,540 1b. Two 7/8-in. diameter bars,
Nos. 10 and 12, were not reloaded so that any furtherbleed off could be
monitored. The stated loads were maintained at a constant level for the
test duration of about 36 days. It should be noted that the minor fluctu-
ations in bolt strain are due to the nature of the pumping mechanism used
to maintain the constant Toad on these bolts. The "constant pressure"
pump is activated by Tline pressure drops of approximately 50 psi. Some
variation of strain is therefore present since the load was not main-
tained at a truly constant value.

The theoretical load-distance relations referred to earlier in this
report were obtained using an assumption of perfect bonding at the rock-
grout and grout-bolt interfaces. Locally complete and partial failures
along the grout column can be detected in the data as adjacent gages re-
porting similar strain levels and as shifts in the load distribution along
the bolt, respectively.

Complete shear failure or separation of the bond at either inter-
face would put any gages within the zone of failure under essentially the
same load since 1ittle Toad transfer to the surrounding rock could occur
(Fig. 5-7). Failures of this type are evident in several installations
gs s§en by similar loads at different gage locations in Fig. 5-8. (Refs.

» 3).

The data in Table 5-6 indicate that the percentage of load carried
by the bolt at each gage location at the end of Phase II is much greater
than the theoretical values. Further, the percentage of the load at ad-
Jjacent gages in some cases is comparable, indicating that 1ittle load
transfer occurs between the two gage locations in these instances (Fig. 5-8).
These factors support the idea that the mechanism of load distribution
shift during Phase II is a cyclic one of progressive local failure fol-
lowed by load redistribution which is followed in turn by local failure.
This may be the mode of creep for the entire grout-bolt-rock system.

Graphs of bolt load versus distance into the grout were prepared
as described for Phase I. At this low constant load, a time-dependent
increase in depth of Toad penetration was noted in some installations
(Fig. 5-9). During the first 30 days of Phase II, Groups 1, 3, 5, and
6 indicate 2 in. of penetration; Group 2, 4 in.; and Groups 4, 7, 10, and
11, essentially no change in depth of penetration. As the grout fails
locally and creep occurs in the system, the load in the bolt must be
carried to a greater distance into the grout to facilitate Toad transfer
into the rock mass.

185



981

. - ° - N o # -, > .~ - ey *
- ° S AN . . - A ° . . N - [ .

A - -~ . By . ~ LR . .
R I IR A FRACTURE“' VTSI R T T
M . . D - e » ..
A S L e R R U S TS SN
v . . .ROCK « .t s P B . . s . - N S R ~ .
S e : S " IR SR ., ot . DRI S T TR ML T

* - - - - -
. . e v Ut « e . P . » PR Y . [N . 1Y . a \\.' 25 .~y Voo
* e " s * - - s " - LN bl LI I }~, . p%e
LI b Y] MYar [ P WP let = . 9
v. -

& ’4‘-'62""\'~ b2 . * *
;:-’-';-t' ‘$;,>. d"‘ 7 1:

X i
P - v e -

. . I'4 - "4 . . . ~ L S .: td
}-. "’ :‘ : 7- ROCK '»’g" vos ke N “, -~ :‘ <A ) e e ‘.<.' l./f:...f ] FRACTURE o :' ;
- - - LR . - = - - '. L 2 . k]
I s s S POOR BONDING %3 i {0

Fig. 5-7 Types of Grout Failures Responsible for the Load Distribution Shift and/or
Reduction of Load Transfer to the Rock.



L81

10004 —++125
— BGAGE | _
= AGAGE 2 0
< 800+ ®GAGE 3 +i00'0
< ODISPLACEMENT E
1 <
Z 6007 —h— — — —— T7° ;
Z§E —®— . W . sl Ll
= 2
@ 4004 +50 O

S
- /

- ' 2
@ 200- +25 O
0 ; 4 ¢ ; ; 10

o 1.0 10.0 100.0 1000.0

Fig.

5-8.

TIME IN HOURS

Example of Gage Readings Indicative of Local Grout Failure
(Installation CL14).



Table 5-6

Average Percentage of Load at Each Gage Location
(Phase II, 30 Days).

881

Installation Description Average Percentage of
Load Carried at Location
Hole Bar
Group Resin Rock Diameter Diameter
Number Type Type (in.) {(in.) G2 G3 G4
1 Celtite Limestone 1 3/8 7/8 82.7 60.8 21.8
2 Fasloc Limestone 1 3/8 7/8 96.3 86.4 55.7
3 Celtite Limestone 1 3/8 3/4 82.1 77.9 45,8
4 Fasloc Limestone 1 3/4 95.3 85,5 63.5
5 Fasloc Limestone 1 1/2 91.3 69.6 21.6
6 Fasloc Limestone 1 3/4 97.4 93.5 66.7
7 Celtite Limestone 1 3/4 93.8 68.9 38.1
8 Fasloc Anna Shale 1 3/4 NA NA NA
9 Celtite Anna Shale 1 3/4 NA. NA NA
10 Fasloc Interbedded 1 3/4 99,4 92.5 26.2
Shale
11 Celtite Interbedded 1 3/4 100.0 NA 27.8
Shale
Theoretical Celtite L imestone 1 3/8 7/8 : - 48,0 16,0 2.8
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Phase III - Creep at Constant High Loads

The final phase of the creep testing program was initiated by in-
creasing the Toad on the 7/8-in. and 3/4-in. bolts to 16,000 1b and
by increasing the load on the 1/2-in. bolts to 5,890 1b. This portion
of the tests was designed to provide information concerning creep and
failure of grouted bolts at relatively high loads. The applied Toads
were approximately two-thirds of the yield load of the bolts. Measures
of load transfer to the surrounding rock and the corresponding bolt
load as a function of distance into the grout column were obtained.

The mechanisms of creep and localized failures described in Phase
IT continued to be evident in this phase of testing. Some installa-
tions showed very little increase in depth of penetration of Toad
(Fig. 5-10), whereas others exhibited a more pronounced increase (Fig. 5-11).
The penetration of load was deepest in Groups 2 and 4 where the lines ob-
tained using bolt Toad and depth into grout data indicated that the ap-
plied load was not transferred within the length of the bolt used. In
other words, the installations were no Tonger able to sustain the applied
load. Steadily increasing displacements of the bolt heads under sustained
Toad occurred in these installations (Fig. 5-12). Also to be noted is
that all strain gages record approximately the same load. These three
observations indicate complete installation failures. It should be noted,
however, that bolts of greater length would not have completely failed
but would have allowed fairly large strata displacements to occur.

A comparison of Tables 5-6 and 5-7 provides some interesting infor-
mation. The percentage of load in the bolts at any agiven gage location
either increased slightly or decreased slightly when the applied Toad was
doubled. Although this observation is readily verified from theoretical
analysis, it is in direct conflict with some engineers' concepts of how
full-column anchorage works. The graphs of bolt load versus distance in-
to the grout for Phases I and II may be similarly compared (Ref. 3). _
Here it is evident that the depth of load penetration was affected very
Tittle by a doubling of the applied load.

Installation Stiffness

The above discussion leads to the quantitative treatment of the
stiffness of roof support systems. The change of length corresponding
to a change in load on an elastic member can be expressed by a stiff-
ness coefficient K such that

- AE
«=4E (5-1)

where E is Young's modulus, A is the cross-sectional area of the member,
and L is the length of that member. The coefficient K is expressed as

a load per unit length of elongation such as pounds per inch. This stiff-
ness coefficient is analogous to the spring constant of axially loaded
coiled springs.

After Phase Il was completed, the loads on the grouted bolts were
further increased in four increments with strain gage and displacement
readings being taken immediately after each increment of load. The data
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Table 5-7

Average Percentage of Load at Each Gage Location
(Phase III, 30 Days).

Installation Description

Average Percent Load
Carried at Location

Hole Bar
Group Resin Rock Dia. Dia.
Number | Type Type (in.) {(in. G2 G3 G4
1 Celtite Limestone 1 3/8 7/8 80.9 58,5 | 20.6
2 DuPont Limestone 1 3/8 7/8 96.6 |85.5] 59.4
3 Celtite Limestone 1 3/8 3/4 86.7 |71.5] 45.5
4 DuPont Limestone 1 3/4 96.1 |84.6| 66.0
5 DuPont Limestone 1 1/2 96.9 {81.4] 32.2
6 Fasloc Limestone 1 3/4 98.5 [ 88.4 | 59.5
7 Celtite Limestone 1 3/4 88.7 (74,3 33,8
8 Fasloc Anna Shale 1 3/4 NA NA NA
9 Celtite Anna Shale 1 3/4 NA NA NA
10 Fasloc Interbed- 1 3/4 98.4 194.4 35.1
ded Shatle
11 Celtite Interbed- 1 3/4 100.0[ NA 24.1
ded Shale
Theo- Celtite Limestone 1 3/8 7/8 48.0 | 16.0] 2.8
reti-
cal
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obtained were used to determine a stiffness coefficient for each in-
stallation. The coefficient here is

_ AP ’
K=o (5-2)

where AP 1is the change in load and AL is the change in displacement,
corrected for that portion of the bolt extending up through the hollow
part of the ram. The value of K is reported in pounds per inch.

The values of K for each group are given in Table 5-8. Theoretical
coefficients for mechanical bolts are also supplied for comparison.
These values were obtained using Eq. (5-1) above, with the assumption
of perfect anchorage. It is of interest to note that while the stiffness
of the mechanical bolts decreases inversely as the length, the stiffness
of resin-grouted bolts is the same regardless of length. It is necessary
only that the length of the grouted bolt exceed the depth required to pro-
vide complete Toad transfer to the surrounding rock, approximately 16 to
22 in. as determined by this investigation.

As can be seen in Table 5-8, grouted installations are much stiffer
than their point-anchored counterparts. This observation substantiates
the practice of installing untensioned grouted bolts. A very small rock
movement would effectively "tighten" the grouted bolt whereas a relatively
large elongation must occur under a load before an untensioned mechanical
bolt would become "tightened" to the same degree, that is, equally re-
sistant to further strata displacements.

A comparison of data for the various installations shows that the
Celtite installations were considerably stiffer than Fasloc installations
in similar rock types. Comparing the new style Fasloc system with the
smooth shanked system previously available from DuPont (Ref. 2) shows
an increased stiffness of 53 to 73 percent, depending on rock type,
with the new system. As was discussed in the Second Annual Report, the
smooth shanked Fasloc bars were not installed according to current
methods recommended by the manufacturer. It should be emphasized that,
in comparison with point-anchored rock bolts, both systems have very high
stiffness coefficients.

Much has been said here about installation stiffness, the implica-
tion being that the stiffer the system is the better it is. Such is not
the case. It would seem reasonable that a matching of rock-mass modulus
and rock support modulus is desirable. Certain rock types such as salt,
trona, and soft shales may allow relatively large plastic deformations
prior to failure. These deformations would rapidly increase the load on
a stiff support system causing failure of both the bolts and the sup-
ported rock. In this application a less stiff system of yieldable rock
bolts or friction rock stabilizers may provide much better overall ground
control. On the other hand, there are instances where prevention of
any initial movement may produce a very stable opening whereas allowing
relatively small movements could cause a loss of keying or interlocking
of rock fragments which would lead to failure of the rock mass. These
are items of concern to the engineer responsible for developing roof
control plans.

195




961

Table 5-8

Comparison of Stiffness Influence Coefficients for Mechanical and

Resin-Grouted Rock Bolts (Loading at Beginning of Phase III Creep Tests).

Stiffness (K) of *Stiffness of Mechanically
Grouted Bolts Anchored Bolts
Installation Description (1000 1bs/in.) (1000 1bs/in.)
Hole Bar
Group Resin Diameter Diameter Bolt Length
Number Type (in.) (in.) Group Average 24 1in. 48 in. 96 in.
1 Celtite 1 3/8 7/8 3130 752 376 188
2 Fasloc 1 3/8 7/8 1130 752 376 188
3 Celtite 1-3/8 3/4 1360 552 276 138
4 Fasloc 1 3/4 500 552 276 138
5 Fasloc 1 1/2 290 245 123 61
6 Fasloc 1 3/4 866 552 276 138
7 Celtite 1 3/4 1413 552 276 138
8 Fasloc 1 3/4 NA 552 276 138
9 Celtite 1 3/4 NA 552 276 138
10 Fasloc 1 3/4 766 552 276 138
11 Celtite 1 3/4 1423 552 276 138
*Note: Numbers in these columns are based on bolt diameters as 1isted in the column headed

"Bar Diameter" and a Young's Modulus of 30 x 10

psi



Pull to Failure

After completion of Phase III, all installations were loaded un-
ti1 failure of either the bolt or the installation as a whole occurred.
The bolts were individually loaded by 20-ton capacity, hollow hydraulic
rams pressurized by an air-driven hydraulic pump. The failure loads
of the installations are shown in Table 5-9.

It is interesting to note that the average failure load of each
installation is substantially Tower than the reported strength of the
steel bolt used in the installation. The failures occurred due to strip-
ping of the threads or brittle fracture at the root of one of the threads.
Thus, the threads were the weak 1ink in these systems. An important
point to consider is that the Fasloc system (Groups 4, 6, 8, 10) does
not utilize a threaded shank for mine use. The head of the bolt was re-
moved and the shank was threaded to facilitate creep testing in the labora-
tory. It has been determined in laboratory tests that the standard
forged head of the Fasloc bolt is at least as strong as the rest of the
bolt (40,600 1b). This is not true of installation types which utilize
a nut and plate on a threaded shank to secure the immediate roof. Run-
ning a thread cutter over the deformations of the reinforcing bar pro-
duces threads of poor quality and of obv1ou51y Tower strength than the
rest of the bolt.

Subsequent to installation failure, each test block was split longi-
tudinally along the length of the grouted installation so that the grout
column could be examined (Fig. 5-13). In Group 1, installations had zones
of fractured grout 2 to 8 in. long from the collar of the hole downward.
There was also some cratering in the surrounding rock. In the extreme
case, the cratering extended 1 1/2 in. from the grout, resulting in a
crater approximately 4 1/2 in. across. Sections of unshredded resin cart-
ridge lined the lower 6 1/2 in. to 8 in. of two of the installations in
Group 1. This material may provide a surface for slippage between the
grout and the rock. Group 2 installations showed no cratering of the rock
but the grout was fractured and broken for 4 to 7 in. down from the hole
collar. Additional grout fractures were evident at 6 1/2 to 22 in. into
the grout column. Group 3 exhibited grout fractures from 1 to 4 in. into
the grout. No deeper fractures were present but the entire bolt and grout
column was pulled approximately 1/16 in. out of the rock. There was some
unshredded resin cartridge in this grout. Group 4 had extensive grout
fracturing throughout the length of the grout column. Also, each installa-
tion had clumps of shredded plastic from the resin cartridges throughout
the grout column. Group 5 had some fractured grout near the hole collar.
The grout appeared to be very poorly mixed with the bottom 4 1/2 to 6 in.
of each hole containing unsolidified resin. There were other zones of
soft resin and clumps of unshredded plastic resin cartridge throughout the
grout column. Group 6 had one visible fracture per installation at about
4 1/2 in. to 6 in. from the collar. The grout was well mixed with the
exception of a few small pieces of shredded resin package. Group 7 was
similarly well mixed. Small, shallow craters were noticed near the collars
of two installations and the top 1 to 1 1/2 in. of grout was fractured.
This fracturing was probably the result of high localized pressures due
to Toading. ‘
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Tahle 5-9

Average Failure Load for Full Column Resin-Grouted Rock Bolts

Installation Description

Resin Hole Bar Dia. Average Failure Load
Group Type Dia. (in.) (in.) of Installation (1bs.)
1 Celtite 1 3/8 7/8 31,500
2 Fasloc 1 3/8 7/8 32,700
3 Celtite 1 3/8 3/4 36,800
& Fasloc 1 3/4 27,000
5 Fasloc 1 1/2 7,900
6 Fasloc 1 3/4 29,300
7 Celtite 1 3/4 36,300
8 Fasloc ] 3/4 3,700%
9 Celtite 1 3/4 6,800*
10 Fasloc 1 3/4 30,000
11 Celtite 1 3/4 37,000

*The bolt did not break for Groups 8 and 9. See text for description.

198




E
E
i
.
i

Fig. 5-13 Photograph of Limestone Block After Splitting Showing
Exposed Grout Column. (Note the "rifled" appearance of
the drill hole).
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Groups 8 and 9 which were installed in the soft Anna shale exhibited
an unusual failure. The bolt did not break for any of these installa-
“tions. The bolt and most of the grout column were pulled from the hole,
the only resistance to pull-out being interlocking of particles and fric-
tional resistance along the grout-rock interface. The residual strength
of these groups were 2,360 1b and 1,830 1b, respectively, after 6 in.
of pull-out. This implies that in soft formations where the full strength
of the bolt is not developed prior to slippage of the grouted bolt, there
exists some residual installation strength. The residual strength is pos-
sibly a function of surface area of contact and surface roughness.

Groups 10 and 11 in the Interbedded shale performed much the same as
Groups 6 and 7 in the limestone. There were voids in the upper 6 in. of
grout in each of the Group 10 and 17 installations. In addition, the bot-
tom 8 in. of grout in Installation CS09 was poorly mixed due to installa-
tion difficulties at the beginning of the test.

Qualitatively, the installations having zones of unhardened resin
and/or shredded clumps of plastic cartridge material performed poorer
than those installations having well mixed grout columns. The former ex-
hibited more load bleed offper unit time and were, in general, less stiff
than the Tatter installations. It is readily seen, then, that thorough
mixing of resin and catalyst is essential to good long term anchorage and,
therefore, to good strata control. Two factors are important here. First,
the reinforcing bar or bolt must occupy a large enough volume of the hole
to insure proper mixing of the grout. Previous investigations (Refs. 2,
12), as well as the current research, indicate that the optimum grout
annulus is 1/8 to 1/4 in. Second, the resin must have a set-up time con-
sistent with allowing good mixing and rapid installation. This suggests
that there exist upper and Tower limits on the set-up time. Although no
research has indicated an optimum set-up time for the grout, the present
study indicates that the rapid setting Fasloc resins (15 to 30 seconds)
may not allow sufficient mixing of resin and catalyst if the bolt is not
quickly pushed through the grout cartridges prior to any rotation of the
bolt for mixing. Thus, in the mine, if roof bolting equipment is not in
excellent condition, the mine manager should consider using a resin with
a slightly longer set-up time to insure proper installation and, conse-
quently, good strata control.

Conclusions

Sévera] general conclusions can be advanced from the results of the
creep tests described in the chapter.

1. A large loadbleed off occurs during the first four or five days
after bolt installation, with the majority of it taking place within the
first day. This bleed off appears to be a function of grout annulus size
and bolt surface roughness. A relatively thick grout annulus (1/8 to 1/4 in.)
provides good load dissipation to the surrounding rock and a corrugated bolt
allows less slippage at the grout-bolt interface, thereby improving anchor-
age characteristics.

2. Proper mixing of the resin grout along the entire hole length is
essential to good strata control. The gel time of resins should be com-
patible with the bolt installationtime as dictated by the condition of
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equipment used and by the state of training of equipment operators.
Resins with a variety of gel times are presently commercially avail-
able.

3. Load distributions, though not in complete agreement with
elastic time-independent analyses, indicate that complete load trans-
fer from bolt to rock occurs over a length of 14 to 22 in. of grout.
This would indicate that post-tensioning would be effective only in
supporting surface loose since only a few inches of material would be
affected by the loading.

4. At constant loads, creep of the grouted bolt system is indi-
cated by a progressive penetration of the load into the grout column.
This penetration is believed to be the result of cyclic localized grout
failure followed by load build-up and further localized grout failures.

5. The high stiffness of each resin-grouted installation tested
substantiates the practice of installing these bolts untensioned. The
stiffness of an installation becomes more important as bolt length in-
creases since for point-anchored systems stiffness decreases in propor-
tion to the length of the bolt, whereas the stiffness of full-column
anchored systems is a constant, high value for bolt lengths greater
than about 2 ft.

6. It is unlikely the high-stiffness installations have universal
application. Certain soft formations which tolerate relatively large
plastic displacements may be more readily controlled using less stiff,
yieldable supports.

7. Resin-grouted bolts installed in soft formations possess some
residual strength provided the strength of the steel bolt is not exceeded.

8. Three of the installation types tested should be viable roof sup-
port systems under most circumstances: the 7/8-in. reinforcing bar in
a 1-:3/8-in. hole with Celtite resin, the 3/4-in. reinforcing bar in a
1-in. hole with Celtite resin, and the 3/4-in. Fasloc bolt in a 1-in.
hole with DuPont resin. The first should be used only where the addi-
tional strength of 7/8 in. of steel is needed since the cost of this
system is considerably higher than that of the other two.
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Chapter VI
FIELD TESTS and ANALYSIS

Introduction

As an extension of the study of the effects of various loadings
on full-column, resin-grouted rock bolts, instrumented roof bolts were
installed in three coal mines, one in I17inois and two in Tennessee,
to examine the reaction of resin-grouted bolts to geologic and mining
stresses. Observations of bolt strain and strata displacements were
made for three to six months in each mine.

When designing the field tests, it was noted that two basic test
configurations may be used to obtain the data necessary to evaluate
the effectiveness of the resin bolts. First, the instrumented bolts
may be installed in the spaces between existing bolts of a normal bolt-
ing pattern. Second, the instrumented bolts may be installed as members
of the regular bolting pattern. Because of problems encountered in
scheduling the installation of instrumentation, the first test config-
uration was used in the I1linois mine. The second configuration was
used in both of the Tennessee mines, which were instrumented during the
second year of field testing. Each configuration offers certain ad-
vantages and disadvantages. The first approach allows research person-
nel to operate under a protective canopy of other roof bolts. A history
of Tower apparent Toads will be recorded, however, since the primary bolt
pattern carries part of the load. The second approach offers the dis-
tinct advantage of providing the exact load history that any bolt in
that position would experience. The bolts must be installed more quickly
when used in this configuration since support of the roof must be ac-
complished as soon as possible so normal mining activities may resume.
The required haste of installation increases the 1ikelihood of damaging
the instrumented bolts.

Field Test Geometry and Instrumentation

Two test sites were chosen in each of the three coal mines. The
three operations employed continuous mining equipment in conjunction with
shuttle car and belt haulage to remove the coal. The general mine plans
for the operations were similar, however, the Tennessee operations re-
quired more flexibility in pillar layout due to varying geologic con-
ditions (Table 6-1).

Instrumented bolts and sag stations were installed in Mine 1, Site
1, eight days after, and in Site 2, ten days after the room was mined and
bolted. Installation of instrumentation in Mines 2 and 3 was carried
out immediately following mining of the rooms.

The bolts used at each mine were of the type currently used in the
roof control plan. Mine 1 used 3/4-1in. diameter by 5-ft Tong, smooth
shanked bolts of DuPont design in 1-in. holes with Fasloc resin. Mines
2 and 3 used 4-ft and 6-ft long bolts, respectively. These were the new
DuPont 1-in. diameter corrugated bolts which were installed in 1 3/8-1in.
holes with Fasloc resin.
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Table 6-1. Description of Test Sites

Mine

Test
Site

Nominal Dimensions

Room - -Room Coal
Centers, ft., Width, ft. _Thickness, ft,

Roof Rock

I1Tinois

(1)

70 20 , 7, (Herrin)

Anna shale over-
lain by Brereton
Timestone.

Brereton 1imestone.

Tennessee

(2)

40-100 20 4 1/2 (Jellico)

Gray shale with
sand stringers
overlain by sand-
stone (approx.
9-10 ft above
roof line).

Tennessee
(3)

and

40-100 20 , 4 1/2 (Jellico)

Gray shale with
sand stringers
overlain by
sandstone (approx.
9-10 ft above
roof line).




Each bolt was instrumented with four sets of electrical resistance
strain gages (Ref. 2, Chapter 6). Each set of gages consisted of two
axial strain gages which were mounted in diametrically opposite positions
and were connected in series. In this manner, compensation for bending
in the bolt was effected. Gage spacing was chosen to provide a record
of Toad changes at the head of the bolt (outside the resin) and at three
other locations along the bolt (Fig. 6-1). Mine 1 used 1/4-in. thick
steel plates backed up by 2-in. thick oak boards and Mines 2 and 3 used
1/4-in. steel plates, only, to distribute the bolt Toads to the roof
strata.

The short strain gage lead wires which projected from the bolt head
were attached to longer leads subsequent to bolt installation. In Mine 1,
connection was made using crimpina and conductive silver paint. Connec-
tions in Mines 2 and 3 were made with high quality eight-prong electri-
cal connectors. AlTl connections were wrapped with several layers of elec-
trical tape to exclude moisture and dust and thereby prevent electrical
leakage and shorting.

Each Tong lead consisted of a length of shielded Belden cable with
a military specification connector on one end. A Wheatstone bridge
type strain indicator was used to take the strain readings. The strain
gages were connected to the strain indicator through a five-channel
switch unit designed and built for the field test work. The switch unit
contains the three 240-ohm precision resistors needed to complete the
strain gage circuit. The first four channels of the unit were used to
read the four sets of strain gages. In addition, a fourth precision
resistor could be switched in on the fifth channel to provide a "standard"
to check the stability of the strain gage circuitry.

Two types of instruments were used to measure relative strata dis-
placements at four horizons. At Mine 1, stations measured vertical strata
displacements at 1, 2, 4, and 6-ft horizons relative to an anchor point
at the 15-ft horizon. Details of this type of sag station are shown in
Fig. 6-2. At Mines 2 and 3, wire-type sag stations developed by the
Mining Enforcement and Safety Administration (MESA) were employed (Fig. 6-3).
These were anchored at 2, 4, 6, and 15-ft horizons in Mine 2 and at 1 1/2,
3, 6, and 12 to 13 1/2-ft horizons in Mine 3. Upper horizon Tocations
varied in Mine 3 because of the presence of a hard sandstone strata.
Benefits of this system are (a) movements of all four horizons are moni-
tored from one hole reducing drilling time, and (b) the system is lighter
and more compact than the previously described one. 1In addition, there
is no discernible loss in accuracy with the MESA wire-type system, pro-
vided an adequate anchorage horizon is present and if sufficient care is
taken when the dial indicator is set in place and read.

The measurement of strata displacements at different horizons is
necessary since strata separated by bedding or fracture planes move
downward at different rates. By delineating where the movements occur
it is possible to correlate strata displacements with changes in bolt
Toads. In addition to the data collected using instrumented bolts and
sag stations, further knowledge of roof behavior was obtained by bore-
scope observations. Each test site in Mines 2 and 3 was borescoped
immediately following installation of bolts and again at the close of
the project to determine the location, orientation, and extent of open
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I |3/8" X 1"X 2 1/2" stainless steel 9 | 5/8" roof bolt w/o head IA | 3/4" hex nut
N2 3/4"X 36" black pipe 10 | 5/8" coupler 2A | 3/4" black pipe
< 3 | expansion shell (Bethehem Steel CI)| Il | 5/8"roof bolt w/o head 3A| jamb nut

4 |5/8"X4" hex. bolt NC 12 | expansion shell (Ohio Brass) 4A| 3/4" pipe coupling

5 |1/4"dia. X I" stainless steel 5A| jamb nut

6 [1/4'X 43 3/4" mild steel rod 6A | 3/4" black pipe

7 (174" X 1 1/16" hardened pin

8 | 78"X 1 172" rubber bushing

-

Fig, 6-2 Detail Drawing of Roof Sag Indicator and Inéta]]ation Tool
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Fig. 6-3 Detail Drawing of MESA Wire-Type Sag Indicatow .and
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joints, fractures, and bedding surfaces. These borescope logs are pre-
sented in the Appendix. Scheduling conflicts, variable geology and
nonuniform room dimensions resulted in a somewhat different test site
geometry at each location (Figs. 6-4 to 6-9). At each site, however,
the resulting cluster of instrumentation provided reliable bolt-strain
and strata-displacement data for three to six months.

Installation Procedures

The problems encountered in laboratory testing are multiplied many
times over when field tests are executed. In particular, the effects
of the harsh mining environment on electrical and mechanical measuring
devices must be acknowledged and countered if the maximum amount of
valid data is to be obtained from a test site. The proper treatment of
the bolt prior to and during insertion is important to ensure that a
good installation is obtained which will provide much useful data. Even
when proper care is exercised, many gages are destroyed as a result of
mining activity at the test site.

Several days prior to the field tests, each bolt, already instru-
mented with strain gages, was loaded in tension in a testing machine and
the strain in the gage nearest the bolt head was recorded. The deter-
mination of this load-strain relationship was necessary because of the
reduced cross-sectional area at the gage locatijon.

Just prior to the bolt installation, the short strain gage leads
projecting from the end of the bolt were connected to the long Belden
cable and connector. An "apparent" or "zero" reading was then taken
for each gage. This reading was then subtracted from all post-
installation strain readings to obtain the true strain in the bolt.

The short leads were then disconnected from the Belden cables and
folded up. The bolt head was placed in a hollow-stem adapter which fit
the roof bolting machine. The proper length of resin was placed in
the previously drilled hole and the bolt was inserted and rotated ap-
proximately 20 seconds as is done during the regular bolting cycle.

The full thrust of the bolting machine was then applied to the head of
the bolt for approximately 30 seconds as the resin hardened. The re-
sulting installation is shown in Fig. 6-10. The long cables were then
permanently connected to the short leads.

The bolt-type sag stations were installed in 15-ft holes, 1 3/8 in.
diameter. The portion of the installation which was to be anchored at
the 15-ft horizon was inserted in the hole in sections, each section
being tightened onto the next as installation progressed. Once this
portion was in the hole, the anchor was tightened by means of the in-
stallation tool (Figs. 6-2, 6-11). The lower section was then jinserted
and tightened. The MESA wire-type sag stations were installed in
1 3/8-in. diameter holes drilled 12 to 15 ft deep, depending on the
location of the hard sandstone strata. A short length of copper tubing
was grouted into the bottom of the hole which was previously reamed to
1 3/4-in. diameter. Once the tube was securely in place, the spring
anchors with wires attached were inserted to the proper horizon. The
cap was then placed on the tube and small brass reference points were
attached to each wire (Fig. 6-12). Initial readings were taken.
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Strain and sag station readings were taken within one hour after
installation and at least once more in the following 12-hour period.
Readings were taken at one to two-week intervals thereafter until the
test was completed.

Results and Discussion

The six test sites provided data useful in gaining a better under-
standing of how full-column resin-grouted roof bolts react to various
loadings. Although it is not possible at this point to predict the
response of grouted bolts to all loading conditions, several interesting
observations were made at each site which should be applicable to mines
having similar geologic conditions and roof bolt geometries. Among
these observations are the presence of installation induced stresses, com-
pressive bolts stresses, and relationships between bolt strain and strata
displacements. Detailed bolt Toad histories are presented in the Third
Annual Report (Mine 1) and Appendix B (Mines 2 and 3).

A. Installation Induced Stresses

Strain readings immediately after installation were used to deter-
mine the Toads induced during bolt installation (Table 6-2). It is
evident that the upward thrust of the bolting machine, applied after
the grout is thoroughly mixed, is sufficient to cause upward deflection
of the roof strata. The bolt Toad immediately after installation, then,
is due to the downward deflection of roof strata which occurs when this
thrust is removed.

It was observed that the installation lToad was not confined to the
bearing plate region of the bolt but also often occurs at points farther
up the bolts. The variability of installation load from mine to mine
may be due to differences in applied thrust and differences in strata
stiffness. The weak shale roof in Mine 1 apparently deflected more
readily than did the limestone roof, thus a greater installation induced
load was noted. A great deal of load variability was noted within each
test site of Mine 2. This may be due to either equipment malfunctions
or inconsistencies on the part of equipment operators.

B. Load Distribution Along Bolt

It was evident in each mine that great variability in bolt load should
be expected within any given mine. An extreme case of this was seen in
Mine 1. The strain and displacement histories of Test Sites 1 and 2 pro-
vide some interesting information. Bolts in Timestone roof rock (Site 2)
experienced strains not exceeding about 250 w in./in., whereas those in
shale roof rock (Site 1) had strain magnitudes as great as 3,500 u in./din.
(Figs. 6~13 and 6-14). Three bolts in Site 1 were elongated beyond the
yield strain. The mine map (Fig. 6-15) indicates that the two sites are
only 70 ft apart; yet the geoloaic and, hence, bolt loading conditions
are much different. This observation has practical significance in that
standard roof bolting patterns, which may be determined from test site
data, must be capable of supporting the maximum expected Toad under the
worst geologic conditions.
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Table 6-2. Installation-Induced Bolt Loads

Mine -Number Roof Rock Average Installation Load, . 1b.
1 Shale 3100
Limestone 2400
2 Shale with 1750
Sand Stringers
3 Shale with 2590

Sand Stringers
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The graphs shown in Figs. 6-16 to' 6-18 show the load distribu-
tions along each bolt in rows across the opening. The loads are shown
immediately after installation and some later time during the test
period, generally 90 days. In some cases several of the installations
were lost before 90 days so the graphs indicate a lesser time period.
Several of the graphs are incomplete showing only two or three test
points due to gage or leadwire damage which most often occurred during
installation. The maximum bolt Toad may exist at any point along the
bolt (Figs. 6-16 to 6-18). Since the bolt is anchored along its entire
length, only a small section of the bolt close to a strata separation
experiences high loading. This phenomenon explains the inherent high
axial stiffness of full-column grouted bolts. Also, bolt loads may
decrease with time at some locations. This would occur when first a
Tower stratum moved downward, elongating the bolt, and then some upper
stratum moved downward, relieving some of the tension in the section of
bolt between the two strata while producing tensile loads further up the
bolt. Time-dependent behavior noted in the laboratory studies also ef-
fects load decreases.

Also of interest is the occurrence of compressive loads in some of
the bolts (Figs. 6-16 to 6-18). Such compressive loading was surprising
when first observed; however, it was Tater noted that similar compressive
Toadings had been recorded on resin-grouted bolts in the White Pine mine
(Refs. 13, 14, and 15). Dave (Ref. 4) showed with the finite element
method (Fig. 6-19) that the lower part of a grouted bolt is in tension
while the upper part is in compression when gravity was "turned on" for
his models, and that the load distribution was shifted to more compres-
sive when the rock was later allowed to progressively fail in tension.

Compressive loads may also be generated in the bolts under certain
conditions of deflection history of the roof strata. As mining progresses,
the support of the immediate roof is removed, allowing some initial strata
deflection. If the roof rock is very weak, a roof fall may occur. On
the other hand, a fairly competent strata will deflect downward slightly
without failing. This deflection may be elastic or may involve the separa-
tion of strata. After these movements have occurred, the bolts are installed,
thus securing the relative location of each stratum of the bolted sequence.
Compressive bolt loads may now develop if the upper strata begin to move
downward at a greater rate than the lower strata as mining in the area pro-
gresses or as deterioration of the structure continues.

The sag-station data (Fig. 6-20) from Mine 1, Site 1, with a shale
roof indicate that there was a considerable amount of relative vertical
movement between strata, and that the deflections were not "well behaved".
The deflections in Fig. 6-20 were measured relative to an anchor 15 ft
above the roof line, and one would expect decreasing deflections as he
goes from 12 in. to 72 in. on the curves in Fig. 6-20. The curves do not
show this proaression; in fact, the 48-in. horizon even moved upward rela-
tive to the 15-ft anchor point. With this type of vertical movement oc-
curring in the roof strata one can explain bolt loading histories of com-
pression or alternate tension and compression. It is important to realize
that where compressive bolt loads develop, the upper strata are pushing
down on the lower strata, thereby contributing to the forces inducing
roof failure.
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The influence of the mining sequence on strata movements and bolt
loads was observed in each mine (Figs. 6-13, 6-21, 6-22). Mine 1 will
be used as an example because mining activity did not proaress in the
area immediately after instrumentation. The effects of mining should,
therefore, be better separated from other strata movements. The area
near Test Site 1 in Mine 1 was mined out 30 days subsequent to instal-
lation of the instrumentation (Fig. 6-15). Large increases in bolt
strain (Fig. 6-13) and strata displacement (Fig. 6-20) were noted in
the next set of readings. This is reasonable behavior since the shale
roof of this site was supported by the adjacent unmined region at the
time of instrumentation. Much of this support was then removed as nearby
rooms were opened resulting in increased strata displacements and bolt
loads.

C. Bolt Strain and Strata Displacement Relationships

The preceding discussion brought out the observations that either
compressive or tensile loads may occur in grouted bolts and that the
distribution of load is not constant the entire length of the bolt.
Because of the mechanism of load transfer from the bolt to the surround-
ing rock, the only condition producing uniform bolt strain would be uni-
form loading of each incremental length of bolt. It is apparent that
such Toading conditions do not exist (Figs. 6-16 to 6-18). Therefore
it is not possible to measure the strain at some point along a bolt
and relate it to the average vertical strata strain between the adjacent
sag-station anchor points. Note how this situation differs from the
loading of a conventional bolt with anchorage at some horizon. Here,
all vertical strata displacements between the head of the bolt and the
anchor would produce some average strain in the strata which would be
equal to the increase in bolt strain, assuming bolt strain and sag-
station readings were taken at essentially the same location in plan
view. The result of this difference in mode of load application is
that the full-column grouted bolt is much more resistant to strata sepa-
ration than is the conventional bolt.

D. Relationship of Bolt Load to Apparent Support Requirements

As noted previously, the loads in resin-grouted bolts immediately
after installation were relatively small, being on the order of one ton.
These loads remained small throughout the test period for all bolts in
Site 2 of Mine 1 with limestone roof (Fig. 6-16b) and some of the bolts
in Sites 1 and 2 in both Mine 2 and Mine 3, all with shale roof (Figs. 6-17
and 6-18). High bolt loads were not expected in the limestone roof at
Site 2 of Mine 1 because of the apparent good condition of the roof in
this intersection.

A borescope hole was drilled at midspan in each row of instrumented
bolts in Mines 2 and 3. These holes were inspected a few hours after
bolt installation and at the end of the test period. The Togs given
in Appendix B indicate that fracturing of the roof did occur up to a
distance of 29 in. above the roof line in Site 2 of Mine 2 (Fig. B-2).
The roof at this location appeared unstable as it bulged downward in
the middle of the room due to undulations in the shale bedding. A
horizontal crack intersected the bulge part of the way around. The
workers were predicting that the room would fall within a few days or
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weeks. The instrumentation showed, however, that the room was relatively
stable in that the bolt loads did increase (Fig. 6-17b) somewhat, but
except for one point in Bolt No. 16, were well below the yield load

of 50,500 1b. The roof sag relative to an anchor point 15 ft above the
roof was less than 0.1 in. during the entire test (Figs. B-24 through

B-27 in Appendix B). Visual inspection of the test site at the end of the
test period, several months later also indicated 1ittle additional deterio-
ration of the roof. The borescope readings taken at the end of the test
period also indicated no additional fractures or strata separations.

This particular site is an excellent example of a bad roof condition

which was quite probably stabilized by the roof bolt system.

Even in this area though some of the bolts carried but Tittle
load, while a few of them experienced significant loading. This substan-
tiates the requirement for a systematic bolting pattern since at present
there is no way to selectively say which bolts will hold up the critical
areas in the roof and which are just there but not contributing to the
roof support.

Conclusions

This field study of the behavior of full-column resin-grouted bolts
under geologic loadings produced the following findings.

1. The practice of installing instrumented rock bolts and sag
stations to evaluate the effectiveness of a boiting pattern
provides data useful in selecting adequate roof support measures.

2. Installation of bolts commonly produces an initial tensile bolt
Toad on the order of one ton.

3. The load distribution along a grouted bolt is nonuniform due
to the nonuniform nature of loading following installation
and the load transfer mechanism present with full-column
anchorage.

4, Compressive loads may occur in a bolt given certain strata
displacement histories. These loads may tend to weaken the
Tower roof strata, possibly inducing roof failure.

5. Strains in fully-grouted bolts cannot be directly related to
vertical strata displacements because of complex strain distri-
butions along the bolts and uncertainty of the location of the
points (or zones) of load application to the bolt.
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Chapter VII
Roof Bolt Design Criteria

Introduction

The modern practice of rock bolting, first introduced in the early
1950's, is now a primary method of roof control in underground coal mines.
A variety of bolt configurations has been developed, most of which pro-
vide adequate ground control if installed and maintained properly and
if used only where favorable conditions exist. No one support system
developed to date can be used successfully in all economic, geologic,
and mining environments. On the other hand, each system will perform
satisfactorily under certain circumstances.

The problem facing the mine engineer, and the thrust of this dis-
cussion, is the determination of the most effective roof support system
for a given situation. Guidelines are given here to assist the mine
engineer in selecting the type, length, orientation, and spacing of
roof bolts to provide the safest, most cost-effective primary support
system for his mine. Though by no means the final words in roof control
design criteria, this discussion does present a critical assessment of
the most definitive, current research in roof support theory and practice
related to multiple openings in bedded deposits having horizontal or near-
horizontal orientations. Among the sources of information used in this
assessment are publications from industrial and governmental sources,
field information from mine personnel, and the findings of four years of
research under the current contract.

Current Theory and Practice

The engineering design of any structure is based on the geometric
size and shape of the structure, the material properties, and the magni-
tudes and orientations of applied loads. The existing design criteria
are not based on a direct knowledge of applied loads and rock failure
mechanisms, as they should be, but instead are very broad guidelines based
on industry-wide observations. They, therefore, tend to be quite con-
servative and often unnecessarily expensive due to overdesign. Design
restrictions are provided (Ref. 16) for beambuilding and suspension, two
commonly accepted modes of roof support. Since no indication of the ap-
plicability of these two modes is given, it is required that the mine
engineer and MESA personnel determine which mode of support is to be used,
often with Tittle knowledge of actual roof failure mechanisms. Past prac-
tice and an examination of the character of the immediate roof may be
the only input used in constructing a roof control plan.

Current design practice is as likely to produce an underdesigned,
unsafe mine as an overdesigned, costly support system. Although neither
of these alternatives is acceptable, it must be recognized that a certain
degree of overdesign and underdesign will exist because of the wide vari-
ability of conditions in a mine. Current theories and practices will be
assessed within the context of this variability.
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A. Continuous Beam Theory

Some of the earliest rock bolt research was performed by Panek
(Refs. 6, 17, 18). Using laboratory model studies, he was able to
develop the concept of reinforcing factors for conventional bolts.

The underlying assumptions of the model studies must be understood
and, more important, must be satisfied in the prototype if this analy-
sis is to be used with confidence in roof support selection.

1. The immediate roof consists of a sequence of continuous, homo-
geneous, elastic beds of any thickness, density, or modulus with no
interbed bonding.

2. The roof plate is approximated as one or more beams clamped at
both ends and supported on a rigid base. The term rigid is used here
to denote a base (pillar) which allows much smaller deflections than
occur in the roof rock. A pillar with a Young's modulus of 2 to 10
times that of the roof rock would qualify the base as rigid. These
conditions are not commonly encountered in bituminous coal mines.

3. Bolts are installed vertically in straight rows and are ten-
sioned so normal compressive loading occurs along all or part of the
interfaces between beds.

4. Material properties of the bolts do not affect reinforcement;
only bolt tension is important. Perfect anchorage is assumed (nuts
and washers were used on both ends of the bolts in model tests).

5. The ratio of bolt diameter to hole diameter does not affect the
degree of reinforcement. '

6. A1l bolts terminate in the immediate roof. This simulates
anchorage in the uppermost bed of the sequence being supported. There-
fore, the studies are evaluating only how the immediate roof can be made
to support itself rather than how it can be supported by some massive’
and more competent upper stratum.

7. Gravitational loading is assumed. Horizontal stresses of
tectonic origin are neglected.

Two modes of support were analyzed. First, frictional support is
that degree of reinforcement resulting from the increased frictional
resistance between beds caused by the increased normal loads on the beds
produced by the roof bolts. Panek used regression analysis of model study
data to determine the relationship between bolting and strata parameters
and the ratio of the decrease in maximum bending strain, Aeg, due to fric-
%iona] effects and the maximum bending strain of the unbolted strata
Ref. 19). »

A h 1 \\ 1/3
. ] §
f = - 0.265(bL)"1/2 NFp | S

; (7-1)
€nfs v }
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where

b = spacing of rows of bolts,

L = roof span,

N = number of bolts per row,

Fb = bolt tension,

h = bolt Tength,

t = lamina thickness, and

v = unit weight of lamina
Units must be chosen so the right hand side of the equation is unitless.
For a sequence of beds of variable thickness and unit weight, average

values of these properties may be used. The reinforcement factor, RF,
may now be defined as

1

RF = -—— (7-2)
T+ ——
€nfs
or
€
RF = AT (7-3)
.F
where
€nfs = maximum bending strain with no friction or suspension,
€f = €nfs + Aef = maximum bending strain in the bolted model

(friction effect only), and

Az—:]C = the change 1in bending strain due to the frictional effect
of bolting.

Combining Egs. (7-1) and (7-2) provides a design equation which is repre- 3
sented by the nomograph in Fig. 7-1, in which y has the value of 0.09 1b/in.".

A certain degree of support by suspension results if all beds of
the bolted sequence are not of equal flexural rigidity, i.e., if either
or both the thickness or Youna's modulus varies between beds. Suspension
here applies to the support of more flexible strata by stiffer strata,
all of which are contained in the bolted sequence. Panek found that the
effects of suspension had a multiplicative, though small, effect on rein-
forcement.
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The maximum bending stress with bolts installed in a sequence of
beds providina reinforcement by friction and suspension; Ocgs Was found
to be given by

Aof AOS
9%s = nfs 1+ nfs 1+ O fs g (7-4)
where
O fs = maximum bending stress with no friction or suspension effects,
Acf = 0¢ = Opo = change in maximum bending stress due to frictional
effects.
Acs = 0g - Opee = change in maximum bending stress due to suspension

effects.

The value of S LI Eq. (7-4) is given by
nfs
-1 1/3
Ao t
- 0.265(bL)" 172 e — (7-5)
nfs Yave

The suspension effect was found to be a function of the flexural rigidity

Ao
of the strata with the ratio Er§—- given by the equation
nfs
Acs
nfs
where
o = a constant depending on the bolt spacing (Table 7-1a),
C = a constant depending on the number of Taminae in a bolted unit
(Table 7-1b), and
L1 (ty/vsts) + (roto/vsts) + 0o +(thj/Y1t1) (7-7)
i 3 3 3
(Eqty /B ts) + (Ept, /Est) + . .. +(Ejtj /E;t.)
or for rock strata having equal Ei and \f values
2 It
U_' = t_i —J_'g - 1 3 (7-8)
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Table 7-1a Values of Coefficient, d, for Various Numbers
of Bolts per Set.

Bolts per 1 2 3 4 5 6 7

Set

a 0.750 0.889 0.938 0.960 0.972 .980 .984

Table 7-1b Values of Coefficient, C, for Various
Numbers of Strata in a Bolted Sequence

Number 3 4 5 6 8 10 12
of Strata

C 0.953 0.900 0.865 0.838 0.800 772 751




The reinforcement factor in terms of stresses when both friction
and suspension effects are included is given by

RF = — where Acfs = Ofg ™ Ypnfse (7-9)

Several interesting observations were reported in Panek's work.
First, it was found that vertical bolts in a single-member roof unit
had no reinforcement effect since no bedding-plane slip was present to
be countered. Second, Panek found that untensioned bolts did not con-
tribute to the reinforcement of a bedded sequence. Untensioned bolts
were used which fit the hole to close tolerance and also which were
actually threaded through the sequence. In both cases washers and nuts
were placed on each end of the bolts but were not tightened. Neither
case substantially decreased the outer fiber bending strain of the beds.
This is in agreement with the empirical equation (7-1). However, the
drill steel bolts used in Hydrostone strata may not accurately model
mild steel bolts, perhaps surrounded by low modulus resin grout, employed
in coal mine roof control.

Panek is careful to point out that bolted multimember beams seldom
behave Tike a single-member beam having the same total thickness as the
multimember sequence (Ref. 17). The model studies showed that some of
the very short multimember spans acted 1ike single-member beams to the
point where the shearing forces overcame the frictional strength along
the bedding planes after which they, too, responded like a sequence of
independent beams. Further, the bolted unit did not exhibit a single
neutral axis but had bending strains opposite in sign on the upper and
lower surfaces of each Tayer. In models loaded to failure, each beam
cracked at the ribs and at midspan, verifying the Tocations of maximum
bending stresses in each beam of the sequence. Substantial decreases
in bending stresses indicate the useful action of bolts in supporting
the immediate roof.

Experiments with photoelastic materials subjected to uniform dis-
tributed Toads were conducted by Tsur-Lavie and Van Ham (Ref. 20) to
determine the reinforcing effects of oblique bolts on roof strata.

Test geometry differed from that described above in that stresses and
Young's moduli were scaled since one g gravitational Toads were employed
rather than centrifugal Tloads. Oblique bolting was found to give larger
reinforcing factors than did vertical bolting. This result is mislead-
ing, however, since the upper anchor point was commonly located in the
clamped abutment of the model where displacements would be essentially
zero. Thus, both upper and lower anchor points were not located in the
supported sequence, as they were in Panek's studies. Similar oblique-
bolting experiments produced the result that oblique bolts were more
effective in supporting a sequence with one or more layers of soft material.
It is apparent that a soft, mud-like Tayer would not possess any signifi-
cant frictional resistance with or without either vertical or oblique
bolts. Here again, the oblique bolts were effective due to the Tocation
of the upper anchor point. The primagy contribution to roof stability
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is probably due to the suspension effect of the bolted strata from the
stable abutments. It should also be noted that oblique bolts may ad-

- versely effect roof stability if the beams are jointed rather than con-
tinuous since the horizontal components of bolt tension may tend to open
up vertical cracks in the roof.

B. Cracked Beam Studies

Recent research by Wright (Ref. 21) considers the design of sup-
port for bedded roof strata intersected by one or more vertical joints.
This is a valuable extension of the continuous beam studies since mine
roof rock is commonly jointed and fractured. Earlier observations
(Refs. 22, 23, 24, 25, 26) indicated that a cracked beam may support it-
self, provided lateral pressure is exerted on the beam. Also noted was
that relatively little upward force was required to maintain the integrity
of the cracked beam.

Three possible modes of failure were recognized. First, a cracked
beam may fail by sliding downward along two joints leading to collapse
of the roof. Second, crushing of rock at points of high horizontal com-
pressive stress may permit rotation of roof blocks. Third, thin beams may
buckle under combined vertical and horizontal loads.

Finite element modeling with rigid abutments and common material
properties was used to validate the results of physical modeling for pro-
totype structures. Open joints were defined as elements having a very low
Young's modulus, commonly 1 psi in the single beam models. Closed joints
had a modulus value similar to that of the rest of the model, typically
106 psi. Multiple beam models employed s1ip elements between beds to elimi-
nate the large displacements associated with compressing a layer of material
having a very low elastic modulus. The center of the mine opening was taken
as a vertical plane of symmetry. The beams were gravity loaded and an ini-
tia} horizontal force was applied to simulate an in-situ horizontal stress
field.

Physical modeling using limestone blocks and bricks was employed to
more economically evaluate the general response of various beam geometries
to vertical and horizontal loads. Several assumptions are implicit in the
test results obtained using physical models.

1. The immediate roof consists of one or more layers of jointed
rock with no interbed bonding.

2. The roof plate is approximated by one or more beams supported on-
1y by horizontal thrust forces (flat arch action). No clamping or pillar
support is present. A vertical joint exists at each abutment.

3. Bolts are installed vertically in straight rows and are ten-
sioned to some scaled value (typically 208 1b, 156 1b, or 104 1b). No
bolts are used in the single layer model.

4, Perfect bolt anchorage is assumed and bolt tension is scaled
(nuts and washers were used on both ends of the bolts).
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5. The ratio of bolt diameter to hole diameter is such that the
direct shear resistance component of the bolt is present only at very
large strata displacements.

6. A1l bolts terminate in the immediate roof.

7. Bolts are installed so as to bind blocks together in the verti-
cal plane only. That is, vertical joints are continuous from top to bot-
tom of the bolted sequence and are not intersected by bolts.

8. Both gravity load and a partial uniformly distributed load are
applied.

Several observations were made from model study data. Buckling was
the common mode of failure when the predicted deflection of the beam,
based on material properties and beam dimensions, exceeded 14 to 15 per-
cent of the beam thickness. Although design equations were not developed
to predict the load carried by roof bolts supporting multilayered roofs,
a valuable observation was made. It was found that if a support is in-
stalled at the centerline of a single cracked beam after small deflection
of the beam has occurred (say one percent of the beam thickness), the sup-
port will carry one half of any additional applied load with the other half
going to the abutments. At much Tlarger initial deflections, more load is
transferred to the abutments. This describes the action of flat arches
under load. Some crossover initial deflection probably exists which deter-
mines which mode of support loading will occur but this has not been in-
vestigated to date.

Wright (Ref. 21) proceeds to develop a set of design equations for
a single cracked beam from his finite element results. These equations
then form the basis for the more complicated analysis of multiple cracked
beams. '

The design equations for a single cracked beam which follow are
based on the geometry shown in Fig. 7-2. The sketch is a free body diagram
of the left half of a beam containing three vertical cracks, one at each
abutment and one at midspan. The various quantities are defined as follows:

A = length of moment arm of couple produced by T

‘L = span of opening

Q = total uniformly distributed transverse load per unit width of beam

T = horizontal thrust per unit width of beam

v=Q.

=5 = vertical shear force at abutment

a = distance between point of application of resultant thrust T and
bottom of beam at abutment

¢ = distance between point of application of resultant thrust T and
top of beam at midspan

d = vertical deflection at midspan
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EquiTibrium considerations for the beam in some displaced position
(Fig. 7-2) require that
= QL )
A=o7 (7-10)

The quantities A, L, Q, T, a, ¢, and d are put into dimensionless form
by the following transformations

K=A/D; L=1L/D; Q=0Q/DE; T=T/DE; a = a/D; ¢ = ¢/D; and
— (7-11)
d = d/D
where
D = depth of beam
E = Young's modulus

An initial horizontal axial force per unit width of beam is assumed
to be present before the beam is allowed to deflect. This initial force
is denoted by P. In dimensionless form, P = P/DE. This force simulates
the horizontal in-situ stress before mining.

Additional quantities to be defined are
q=Q/L
P/D

transverse distributed load per unit length of the beam

P initial horizontal pressure on the abutments

In dimensionless form, p = p/E and q = q/E.

It should be noted that the horizontal force on the abutments will
change from its initial value P to some greater value T as the transverse
load Q is increased.

The assumption of a triangular horizontal compressive stress distri-
bution on the abutments leads to the equation

_ 2T -
max - 3a (7-12)
where Omax - maximum flexural stress.
In dimensionless form
5. =0 JE=2L (7-13)

max max 3a

The design equations based on the finite element analysis of the
section of the beam shown in Fig. 7-2 are written so that the vertical
loading pressure g and the initial hoEZ%ontal pressure p are input as



known quantities. The modulus E is also presumed to be known so that

q and p can be determined. The thickness of the cracked beam D is con-
sidered to be known and a span L is assumed. Thus P and Q can be cal-
culated from equations stated above.

The moment arm A is first approximated by an equation developed
from the finite element method for cracked beams at very low values of
transverse load Q (hence negligible deflection). This value, denoted
by Ao’ is given by

§ oML+ 2.4

0 .44L + 3.4 (7-14)

Curve fitting of the finite element data resulted in the following
equations for thrust T and deflection d:

1. For low values of deflection (d < .002)

- 2 -2 2\ 1/2
T 1P g2 VR (5.2 i
To 4;\-*‘(*’ (-a) az (0 r)) (7-1%)
0 0 0
PP L R (T-P+b)2-p2)172 (7-16)
0 6 0 0 0
where
L 0.5 P 0
. >
AO

2. For high values of deflections (d > .002). Values of T5 and
do are calculated as above. Then a new value of Ai is determined by
subtracting the deflection dj from ﬁg, and ﬂg is then used to calculate
a new value of T. Thus

K. =K -4d (7-17)

= 2 -2 =\ 2\1/2
= .1 P . [g2 o L [g._.2P -
T 4 R, +<P (] 4K.) ¥ 64A ¢ (Q L ) ) (7-18)

nN
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=P Ly L2'K["L78«T.- F+b )2 -b02)1/2 (7-19)

=A - d. (7-20)

The iteration process is thus continued until the values of T and d con-
verge to the desired accuracy.

After the final value of T has been determined, a more accurate
value of A is determined from the equation

a=Ld | (7-21)
The value of a is then determined from the equation
a = 0.294 - 0.294A (7-22)

With the values of T and a now determined, the maximum stress Ehax may
be determined from the equation

8}nax - %'% (7-23)
The resulting factor of safety would then be
SF = compressivi strength of rock (7-24)
max
where
o =Eo

max max

Often in design practice, one would Tike to know what is the maxi-
mum span for a given roof situation which can be tolerated without ex-
ceeding some predetermined factor of safety. This critical span could
be determined by several applications of the preceding design equations
using different values for the span. Wright (Ref. 21? has already done
this and has presented the results in the form of design tables for dif-
ferent values of allowable working stresses

5 =500 x 10°°, 1000 x 10”8, 2000 x 1076

, 3000 x 1078, and

4000 x 107°

as given in Table 7-2. The values of p and g are again presumed to be
known so that the applicable values can be selected in Table 7-2. The
maximum allowable span L, and the corresponding thrust T and deflection
d may then be read directly from the design table.
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Table - 7-2a.

Design Table for Si

ggle Beam with Cracks

o = 500 x 10 :
g (x 107%) 0.25 0.5 1.0 2.0 5.0 10.0 20.0
5 (x 106
L= 22.7 17.3 13.2 10.0 6.8 5.1 3.7
T= 17.50% 20.66 24.50 28.74 34.30 39.55 42.74
0.00 d=  .0050 .0036 .0026 .0018 L0011 .0007 .0004
a] = 64.2 66.8 70.1 74.20 81.4 87.8 90°
ap = 72.6 75.3 78.5 82.6 89.80 © 90° 90°
Crushing Crushing Crushing Crushing Crushing
L= 38.2 27.1 19.2 13.6 8.7 6.2 4.4
T= 64.54 64.92 65.50 66.29 68.34 70.06 71.53
50.0 d=  .0229 .0121 .0064 .0034 .0016 .0009 .0005
a1 = 59.24 61.0 63.35 66.6 72.7 78.9 86.6
ap = 67.7 69.4 71.8 75.0 81.1 87.30 90°
Crushing - Crushing Crushing Crushing Crushing Crushing
L= 420 29.7 21.0 14.8 9.4 6.6 4.7
T = 106.94 106.95 107.14 107.30 108.11 ) 108.25 109.25
100.0 d=  .0294 .0150 .0077 .0040 .0017 .0009 .0005
ay = 57.8 59.0 60.6 62.9 67.3 72.0 78.3
ay = 66.2 67.4 69.0 71.3 75.7 80.4 86.7
Crushing Crushing Crushing Crushing . Crushing Crushing Crushing
L= 39.1 27.6 19.5 13.8 8.7 6.2 4.4
T = 150.55 150.54 150.55 150.59 150.61 150.75 150.86
150.0 d=  .0196 .0098 .0049 .0025 .0010 .0005 .0003
ay = 56.9 57.6 58.71 60.2 63.2 66.6 71.3
ap = 65.3 66.1 67.1 68.7 71.7 75.1 79.7
Crushing Crushing Crushing Crushing Crushing Crushing Crushing
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Table - 7-2b. Design Table for Single Beam with Cracks
— -6
o = 1000 x 10
T (x 1076) 0.25 0.5 1.0 2.0 5.0 10.0 20.0
P (x 10°6)
L=231.4 23.3 17.6 13.3 9.1 6.8 5.1
T = 33.33 37.06 42.90 49.88 60.06 68.69 79.16
0.0 d= .0174 .0112 .0077 .0053 .0032 .0021 .0014
oy = 61.7 63.9 66.6 69.9 75.8 81.3 87.8
ap = 70.2 72.4 75.0 78.4 84,2 89,8 90
Crushing Crushing Crushing Crushing Crushing Crushing
L=47.4 33.2 23.5 16.7 10.8 7.8 5.6
T=87.7 85.26 85.58 87.12 92.15 97.28 102.00
50.0 d=.0621 .0304 .0160 .0086 .0042 .0024 .0014
ay = 58.9 60.6 62.8 65.9 71.3 76.9 83.8
ap = 67.3 69.0 71.3 74.3 79.8 85.3 900
Crushing Crushing Crushing Crushing Crushing Crushing
L= 54.9 38.4 271 19.2 121 8.7 6.2
T =136.27 131.46 130.65 131.44 132.51 136.82 140.20
100.0 d= 103 .0483 . 0245 .0129 .0054 .0031 L0017
ay = 57.9 59.2 60.9 63.3 67.9 72.6 78.9
as = 66.3 67.6 69.4 n.7 76.3 81.1 87.3
Crushing Crushing Crushing Crushing Crushing Crushing Crushing
L= 58.3 9.1 29.0 20.5 13.0 9.2 6.5
T =177.85 1741 173.04 173.23 174.76 176.22 177.1
150.0 d= 123 .0590 .0296 .0152 .0065 .0034 .0018
ay = 57.3 58.4 59.8 61.8 65.5 69.9 75.1
ap = 65.8 66.8 68.2 70.2 74.0 78.1 83.5
Crushing Crushing Crushing Crushing Crushing Crushing Crushing
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Table - 7-2b. (continued)
g (x 1076) 0.25 0.5 1.0 2.0 5.0 10.0 20.0
P (x 10°6)
U= 59.4 42.5 29.7 21.0 13.3 9.4 6.6
T = 217.16 214.99 214.44 214.56 215.46 216.29 216.54
200.0 d= .1240 .0604 .0305 .0156 .0066 .0034 .0017
a = 57.0 57.8 59.0 60.6 63.8 67.3 72.0
ay = 65.4 66.2 67.4 69.0 72.2 75.7 80.4
Crushing Crushing Crushing Crushing Crushing Crushing Crushing
T= 58.5 41.4 29.3 20.7 13.1 9.3 6.5
T = 257.43 256.68 256.54 256.58 256.99 257.69 257.38
250.0 d= .1081 .0535 L0271 - .0138 .0057 .0030 .0015
@ = 56.6 57.3 58.3 59.6 62.3 65.2 69.2
a, = 65.1 65.7 66.7 68.0 70.7 73.7 77.6
Crushing Crushing Crushing Crushing Crushing Crushing Crushing
L= 553 39.1 27.6 - 19.5 12.4 8.7 6.2
T = 301.25 301.16 301.11 301.12 301.32 301.22 301.51
300.0 d= 0789 .0394 J0197 .0099 .0041 .0020 20011
ay = 56.3 56.9 57.6 58.7 60.9 63.2 66.6
0y = 64.7 65.3 66.1 67.1 69.3 71.7 75.1
Crushing Crushing Crushing Crushing Crushing Crushing Crushing
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Table - 7-2c. Design Table for Sigg]e Beam with Cracks.
o = 2000 x 10°
g (x 10'5) 0.25 0.5 1.0 2.0 5.0 10.0 20.0
P (x 1075)
L =533 44,3 25.2 18,2 12.4 9.2 6.9
T = 109.14 151.83 88.18 92,57 109.61 123.15 141.67
0.0 d = .149 .1485 .0308 L0177 .0103 .0066 .0045
a, = 58.5 59.20 63.1 66.1 70.8 75.5 81.0
a, = 66.9 67.6 71.6 74.6 79.2 83.9 89.4
Mode=Buckling Buckling Crushing Crushing Crushing Crushing | Crushing/Sliding
L = 56.6 46.4 29.7 20.9 13.5 9.9 7.2
T = 128.32 170.16 129.17 127.58 134.62 146.64 158.02
50.0 d = .1499 .1487 .0457 .0234 0111 .0069 .0042
a, = 58.2 58.9 61.6 64.3 69.1 73.7 79.5
a, = 66.6 67.3 70.0 72.7 77.5 82.1 87.9
Mode=Buckling Buckling Crushing Crushing Crushing Crushing Crushing
L =58.9 48.1 33.1 23.8 15.1 10.8 7.8
f = 154.14 193.91 183.80 177.07 179.10 184.97 194.99
100.0 d = .1497 .1493 .0722 .0346 .0149 .0084 .0049
@ = 57.7 58.6 60.3 62.7 66.9 71.3 76.8
ay = 66.2 67.0 68.7 71.1 75.3 79.7 85.2
Mode=Buckling Buckling Crushing Crushing Crushing Crushing Crushing
L =605 49.4 37.1 25.8 16.3 11.6 8.3
T = 186.24 222.02 233.99 223.02 222.87 227.10 234.27
150.0 d = .1499 .1496 .0961 .0442 .0185 .0100 .0056
ap = 57.3 58.2 59.5 61.6 65.4 69.3 74.5
ay = 65.8 66.6 68.0 70.0 73.8 77.8 82.9
Mode=Buckling Buckling Crushing Crushing Crushing Crushing Crushing
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Table - 7-2c. (continued)
3 (x 107® 0.25 0.5 1.0 2.0 5.0 10.0 20.0
P (x 10°6)
L = 61.6 50.3 39.0 27.3 17.2 12.2 8.7
2 T = 223.36 253.55 277.7 267.36 265.49 268.35 274.15
00.0 d = .49 1881 123 .0524 .0214 .0114 .0062
o= 57.0 57.9 59.0 60.8 64.2 67.8 72.6
a, = 65.4 66.3 67.5 69.3 72.6 76.2 81.0
Mode=Buckling Buckling Crushing Crushing Crushing Crushing Crushing
L = 62.4 51.1 40.4 28.3 17.9 12.7 9.0
T = 264.44 289.76 319.71 308.89 307.78 310.35 313.78
250.0 d = .1489 .1486 .1246 .0578 .0238 .0126 .0067
o = 56.7 57.5 58.6 60.2 63.3 66.6 7.0
a, = 65.1 66.0 67.1 68.7 n.7 75.0 79.4
Mode=Buckling Buckling Crushing Crushing Crushing . Crushing Crushing
L = 63.2 51.8 1.3 29.1 18.4 13.0 9.2
T =308.72 329.32 359.17 350.77 389.31 350.33 352.90
300.0 d = .50 .150 L1309 .0622 .0254 L0131 .0069
ay = 56.5 57.3 58.3 59.8 62.5 65.5 69.6
i a, = 64.9 65.7 66.7 68.2 70.9 73.9 78.0
E Mode=Buckiing Buckling Crushing Crushing Crushing Crushing Crushing
| - :
L = 63.8 52.3 41.8 29.5 18.7 13.2 9.3
T =354.79 370.86 397.42 390.78 390.11 390.68 391.66
350.00 d = .1495 .1496 .1319 .0633 .0260 .0133 .0068
o = 56.3 57.0 58.0 59.3 61.8 64.6 68.4
o, = 64.7 65.5 66.4 67.8 70.3 73.0 76.8
Mode=Buckling Buckling Crushing Crushing Crushing Crushing Crushing
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Table - 7-2d. Design Table for Single Beam with Cracks.
— -6
g = 3000 x 10
7 (x 10°%) 0.25 0.5 1.0 2.0 5.0 10.0 20.0
P (x 10’6)
L= 53.3 44.3 36.9 23.9 15.0 1.3 8.2
T =109.14 151.83 212.77 162.91 160.06 177.91 198.07
0.0 d= .1494 .1485 .1492 .0516 .0214 .0136 .0086
ay = 58.5 59.2 60.0 63.4 68.2 72.3 77.5
a, = 66.9 67.6 68.4 71.8 76.6 80.8 85.9
Mode=Buck1ing Buckling Buckling Crushing Crushing Crushing Crushing
L= 56.6 46.4 38.2 25.3 15.8 1.5 8.4
T =128.32 170.16 230.33 186.20 180.86 193.86 210.48
50.0 d= .1499 . 1487 .1490 . 0541 .0217 L0131 .0080
oy = 58.2 58.9 59.7 62.7 67.3 71.5 76.8
ag = 66.6 67.3 68.2 71.2 75.8 89.0 85.2
Mode=Buckling Buckling Buckling Crushing Crushing Crushing Crushing
L= 58.9 48.1 39.3 28.1 17.3 12.4 8.9
T =154.14 193.91 251.39 241.39 225.64 233.34 243.74
100.0 d= .1497 .1493 .1484 .0752 .0276 .0155 .0088
oy = 57.7 58.6 59.5 61.6 65.9 69.9 75.1
ap = 66.2 67.0 67.9 701 74.3 78.3 83.5
Mode=Buckling Buckling Buckling Crushing Crushing Crushing Crushing
L =60.5 49.4 40.3 30.3 18.6 13.2 9.5
T =186.24 222.02 227.18 295.36 272.42 275.51 287.46
150.0 d= . 1499 . 1496 .1494 .0967 .0340 .0181 .0104
a1 = 57.3 58.2 59.2 60.9 64.7 68.5 73.3
ay = 65.8 66.6 67.6 69.3 73.1 76.9 81.7
Mode=Buckling Buckling Buckling Crushing Crushing Crushing Crushing
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Table - 7-2d. (continued)
g x 109 0.25 0.5 1.0 2.0 5.0 10.0 20.0
5 (x 1075)
L= 61.6 50.3 41 31.9 19.7 13.9 9.9
T = 223.36 253.55 305.43 343.89 319.09 318.72 325.70
200.0 d= .1496 .1481 .1495 .1143 .0404 .0208 .0114
aj = 57.0 57.8 58.9 60.3 63.8 67.3 71.9
ap = 65.4 66.3 67.3 68.7 72.2 75.7 80.3
Mode=Buckling Buckling Buckling Crushing Crushing Crushing Crushing
L= 62.4 51.1 4.7 33.2 20.5 14.5 10.3
T = 264.44 289.76 335.77 390.59 361.77 361.91 367.30
250.0 d= .7489 .1486 .1483 .1303 .0451 .0233 .0125
ay = 56.7 57.5 58.6 59.9 63.1 66.3 70.7
ap = 65.1 66.0 67.0 68.3 71.5 74.7 791
Mode=3uckling Buckling Buckling Crushing Crushing Crushing Crushing
L= 63.2 51.8 42.2 341 21.2 15.0 10.6
T = 308.72 329.32 369.17 431.58 404.71 404.40 406.88
300.0 d= .150 .1499 .1473 .1404 .0496 .0256 .0133
o} = 56.5 57.3 58.3 59.5 63.5 65.5 69.6
ag = 64.9 65.7 66.7 68.0 70.9 73.9 78.0
Mode=Buckling Buckling Buckling Crushing Crushing Crushing Crushing
L= 63.8 52.3 42.8 34.8 21.8 15.4 10.9
T = 354.79 370.86 407.19 470.865 447.43 445.86 448.73
350.0 d = .1485 .1496 .1499 L1478 .0537 .0273 .0143
a} = 56.3 57.0 58.0 59.2 62.0 64.8 68.7
az = 64.7 65.5 66.4 67.7 70.4 73.2 77.1
Mode=Buckling Buckling Buckling Crushing Crushing Crushing Crushing




94¢

Design Table for Single Beam with Cracks.

Table - 7-2e.
5 = 4000 x 10°°
a (x 10°6) 0.25 0.5 1.0 2.0 5.0 10.0 20.0
P {x 10-6)
L = 53.3 44.3 36.9 30.7 18.0 12.8 9.4
T = 109.14 151.83 212.77 297.58 233.33 236.58 259.04
d=  .1494 .1485 .1492 .1491 .0438 .0236 .0146
0.0 o) = 58.5 59.2 60.0 60.9 65.9 70.1 75.0
o = 66.9 67.6 68.4 69.3 74.4 78.6 83.4
Mode=Buckling Buckling Buckling Buckling Crushing Crushing Crushing
L = 56.6 46.4 38.2 31.5 18.3 13.1 9.6
T = 128.32 170.16 230.33 314.66 242.81 249.73 271.94
d= .1499 .1487 .1490 .1488 .0406 .0225 .0139
50.0 o, = 58.2 58.9 59.7 60.7 65.7 69.7 78.5
a, = 66.6 67.3 68.2 69.2 74.1 78.1 82.9
Mode=Buckling Buckling Buckling Buckling Crushing Crushing Crushing
L= 589 48.1 39.3 32.2 19.6 13.8 10.0
T = 154.14 193.91 251.39 333.85 286.49 283.88 301.04
d=  .1497 .1493 .1484 .1479 .0484 .0248 .0146
100.0 a) = 57.7 58.6 59.5 60.5 64.7 68.7 73.6
o, = 66.2 67.0 67.9 68.9 73.1 77.1 81.8
Mode=Buckling Buckling Buckling Buckling Crushing Crushing Crushing
L= 50.5 49.4 40.3 32.9 20.8 14.6 10.4
T = 186.24 222.02 277.18 357.83 333.57 327.28 334.89
150.0 d=  .1499 .1496 .1494 .1489 .0572 .0286 .0156
oy = §7.3 58.2 59.2 60.3 63.9 67.6 72.3
o, = 65.8 66.6 67.6 68.7 72.3 76.0 80.7
Mode=Buckling Buckling Buckling Buckling Crushing Crushing Crushing
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Table - 7-2e (continued)
g(x108] 0.2 0.50 1.0 2.0 5.0 10.0 20.0
P (x 10°%)
L= 61.6 50.3 .1 33.5 21.9 15.3 10.9
T = 223.36 253.55 305.43 383.47 382.63 371.02 378.38
200.0 d= . 1496 .1481 .1495 .1493 .0670 .0324 .0176
ay = 57.0 57.8 58.9 60.0 63.2 '66.7 71.1
ay = 65.4 66.3 67.3 68.4 7.6 75.1 79.5
Mode=Buckling Buckling Buckling Buckling Crushing Crushing Crushing
L= 62.4 51.1 41.7 34.0 22.8 15.9 11.3
T = 264.4 289.76 . 335.77 410.51 429.17 414.09 419.45
250.0 d= .1489 .1486 .1483 .1489 L0757 .0360 .0193
o = 56.7 57.5 58.6 59.7 €2.6 65.9 70.1
o 65.1 66.0 67.0 68.2 71.0 74.3 78.5
Mode=Buckling Buckling Buckling Buckling Crushing Crushing Crushing
L= 63.2 51.8 42.2 34.4 23.5 16.5 1.7
T = 308.72 329.32 369.17 438.82 472.04 459.95 463.18
300.0 d= .150 .1799 .1473 .1476 .0825 .0402 .0212
oy = 56.5 57.3 58.3 59.5 62.1 65.2 69.2
az = 64.9 65.7 66.7 67.9 70.5 73.6 77.6
Mode=Buckling Buckling Buckling Buckling Crushing Crushing Crushing
L= 63.8 52.3 a2.8 34.8 24.2 16.9 12.0
T = 354.79 370.86 407.19 470.65 517.48 499.85 503.50
350.0 d=  .1495 .1496 .1499 .1476 .0903 .0425 .0225
o = 56.3 57.0 58.0 59.2 61.7 64.6 68.4
ap = 64.7 65.5 66.4 67.7 70.1 73.0 76.8
Mode=Buckling Buckling Buckling Buckling Crushing Crushing Crushing




The values of a,, in Table 7-2, are the dips of joints along which
sliding failure will accur if the coefficient of friction on the joint
surfaces is 0.7. The values of op are the dips when the coefficient of
friction is 0.5. The predicted type of failure (buckling, crushing, or
s1iding) is given on the bottom line in each square in Table 7-2.

It should be noted that the previous analysis applied to a single
cracked roof beam with no roof bolts installed. Its usefulness in roof
design would therefore be limited to determining the maximum safe span
for a single unsupported cracked beam in the immediate roof.

Wright (Ref. 21) then proceeds to modify and extend the preceding
theory for single cracked beams to apply to multiple cracked beams. The
suspension and friction effects are considered separately.

The suspension effect is assumed to be present when a thick or rigid
bed is overlain by thinner (less rigid) beds so that the upper beds apply
a certain amount of Toad to the bottom bed. The deflection of all beds
is equal. Suspension may also occur if thinner beds are suspended from
a thicker overlying bed by roof bolts. The roof bolts are presumed to be
tensioned sufficiently so that the underiying thin beds are pulled up into
contact with each other and with the upper thick bed. Again, the deflections
of each beam at midspan, d, will all be equal so that

d-l = d2 = d,i = dn (7"25)

Further, the bedding planes are assumed to be frictionless. The total
vertical load on all beams together is

q, =
1T

I~
He—13

v.D, +w ' (7-26)
i (I

where q; = vertical distributed load per unit length of bed i that will
cause a deflection di'

Yi = unit weight of bed
w = uniformly distributed load from above per unit length of beam
D; = depth of the i'" bed

The values of q; for the various beds are not known initially be-
cause of the complex interactions taking place between the beams. The
solution consists of treating each of the interacting beds or separate
beds which are subject to the conditions stated in Egs. (7-25, 7-26).

The single cracked beam theory previously outlined is applied to each beam;
however, at the outset the Toad gj is not known for each beam since its
value depends in part on the interaction pressures between the beams.

The interaction problem may be solved by making a plot of deflection
d versus load g for each bed in the sequence. The span L is known or as-
sumed so that L may be calculated for each bed. The dimensionless hori-
zontal load P is also assumed to be known for each bed. The values of di
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for various values of g; would be determined by the use of Egs. (7-15)
through (7-20) for each bed. Proper dimensional transformations must,
of course, be applied in the use of the equations.

From the plots of d versus q for each bed, one must find a line of
constant deflection d along which the summation of all the gq's for all
the beds equals w plus the summation of all the unit weights times depths
as stated in Eq. (7-26).

Once the final values of qij, di and T{ are determined for each beam
then Egs. (7-21) through (7-24) may be employed to determine the factor
of safety for compressive failure of each beam in the sequence.

Wright recommends that if the value of d exceeds the buckling value
in a particular bed, then that bed should probably be treated as a dead
load. Also, if compressive failure occurs in a particular bed, it also
should be treated as a dead load.

The friction effects in bolted multiple cracked beams analyzed by
Wright (Ref. 21) are caused by the increased normal stresses on the bed-
ding planes which increase the frictional resistance along these planes.
The coefficient of interbed friction is not zero in this case as it was
in the previous discussion on the suspension effect in cracked beams.

In a bolted sequence of beams with interbed friction, there may be
shear failure along one or more bedding planes. Therefore, a major pro-
blem in the analysis is to determine which bedding planes in a particular
sequence will fail. The roof bolts are tensioned to produce an average
uniform pressure b.

Slippage is assumed to occur along the entire length of the bedding
planes considered. Partial slippage is assumed to have a negligible effect
on the behavior. The total shearing force on a bedding plane directed from
the abutment to midspan acts in a horizontal direction since deflections
are assumed to be small. It is further assumed that the total shearing
force H is the same for each of the bedding planes along which slippage oc-
curs. Also, the frictional resistance is that due to bolt tension only;
interactions between beds by suspension are neglected.

The total horizontal frictional force on a bedding plane located a
distance y above the bottom surface of a bolted sequence of cracked beams
(Fig. 7-3) can be determined from equilibrium considerations of the portion
of the beam below the plane y. This horizontal force is, in fact, equal
to the difference between the areas of the two horizontal stress distribu-
tions below plane y as shown in Fig. 7-3. If the stress distributions are
1inear the total shear force on the y plane is given by

1- (3a - )% (y+3c- )’
9a’ 9¢2

Shear Force = T: (7-27)

if 3a >y and y + 3¢'>'D. If either of these conditions are not met, the
second and/or third terms in the brackets should be set equal to zero.
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Fig. 7-3 Distribution of Horizontal Stress, o,, on Vertical Cracks
at the Abutment and Center of the Le¥t Half of a Cracked
Beam (after Wright)
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The maximum shear resistance H along bedding plane y due to an

average normal bolt pressure b and the interaction pressure between beds I
is

H

Wb+ 1) (7-28)

where y = coefficient of friction

Slippage will occur along the bed whenever the shear force given
by Eq. (7-27) exceeds the maximum shear resistance H given by Eq. (7-28).
This criterion is expressed as
T - B W2y +3c-0)?), oy s 1) =H (7-29)
93¢ 9¢ ¢ 2

-

Fig. 7-4 depicts the left half of a three-layered, bolted, cracked
beam sequence and the forces acting on each member. Equilibrium considera-
tions for n beds similar to the n = 3 case in Fig. 7-4 yield the following
set of equations

QL

Ay = 5 - iy
Q;L .

TiA.i = "'—8—_ - HD,i 1T = 2, 3, w e n'] : (7"30)
QL

TnAn T8 - Han

The design procedure is to select a bolting pattern for a given
cracked roof and to determine the resulting factor of safety for this
plan. If this factor of safety is not acceptable, then other bolting
patterns are analyzed until an acceptable one is found. The following
input information must be known or assumed at the outset: span (L),
depth of beam or beams (D), Young's modulus (E), initial axial force per
unit width of beam (P), total uniformly distributed transverse load per
unit width of beam (Q), and uniform normal pressure exerted by bolts (b).

The following steps outline the method of solution.

1. First assume that the entire bolted sequence acts_like a solid
beam of depth D and then calculate an approximate value of T by Egs. (7-14)
and (7-15). Determine T from T and calculate H from Eq. (7-28). The inter-
action pressure I in Eq. (7-28) 1is presumed to be zero.

2. Determine A from Eq. (7-21) and a from Eq. (7-22). Then calcu-
late A and a.

3. Check for the possibility of sliding along each bedding plane
in the bolted sequence using Eq. (7-29). The value of ¢ in Eq. (7-29) is
equal to D - A - a where D in this case is the depth of the entire bolted
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Fig. 7-4 Forces Acting on Left Half of a Three-Layer Cracked Beam

with Frictional Resisting Forces, H, Acting on the Bedding
Planes. (after Wright)



sequence. The value of y is the vertical distance to each bedding plane
measured from the bottom surface of the bottom bed (Fig. 7-3). All bed-
ding planes are checked for sliding one at a time. If sliding does occur,
assume that it occurs along that bedding plane having the greatest shear
force.

4. Then proceed to analyze the bolted sequence as a two-member beam,
each member having its own depth D. Steps 1 and 2 are applied to both the
upper and lower members. Additional checks as in Step 3 are made for sliding
for any bedding planes which may be present in either of the two members.

If sliding is again predicted along one or more bedding planes, the plane
with the highest shear force is selected as the one to fail and the sequence
is then considered as three (or possibly four) members which can be subse-
quently analyzed as single beams, each possibly still containing a bedding
plane. Continue to check for sliding along beds, one by one, using the
values of a, and cq or a, and Cp» OF & and ¢ in Eq. (7-29) as appropriate.

5. The procedure described in the previous steps is continued until
all of the possible slippage planes have been evaluated to determine which
will fail (s1ip) and which will not. During this process first approxima-

tions for T and T will be determined for each bed or sequence of beds acting
as a solid unit.

6. Calculate the thrust at the abutment for each middle solid unit,
and the top solid unit, Tm. Calculations have shown that the abutment
thrust on the bottom bed T1 eauals the thrust T for a single layer without

the shear resistance H on top. The thrust at the abutment for each middle

solid unit and the top solid unit, Tm’ is now approximated more accurately
with the equation

(Tm)i =T, - H; i =2, 3, ... n (7-31)
where Ti is the first approximation to the thrust on the ith bed determined

in Step 5.

The total thrust on all beds, Tt’ is then determined with the follow-
ing equation

Tt = T] + 'Z (Tm)i (7-32)
i=2
7. Determine an average thrust Ta on each solid unit as follows
_ DiT

t
(Ty); =

(7-33)

th

where Di = thickness of the i solid unit.

Use this average thrust Ta in Eq. 7-16 to determine the dimension-
less deflection d for each bed. If the deflection d is less than 0.01 for
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a particular bed, then the average thrust for that bed is sufficiently
accurate for that bed. If, however, the value of d is greater than 0.01,
subtract d from A as in Eq. (7-17) and calculate a new value for T for
that bed with Eq. (7 18). A new value of d is then determined for the bed
with Eq. (7-19). This new deflection d is then compared with that used

in the previous iteration. If the two values are not close together, then
one or more additional iterations with Eqs. (7-18), (7-19), and (7-20)

must be made. This procedure is followed for each solid unit in the sequence
until a final value of T is found for each unit. One must then go back to
Eq. (7-32) and determine a new value for T¢. If this new value is signifi-
cantly different from the one previously calculated in Step 6, a new aver-
age thrust must be calculated for each beam with Eq. (7-33). The procedure
in Step 7 following Eq. (7-33) is repeated until a final stable value of

Tt is found.

8. If the final value of d for any of the beams as determined in
Step 7 is 0.15 or greater, a buckling type of failure of that beam can be
expected.

9. The factor of Safety F.S., for sliding of the entire bolted se-
quence at the abutments can now be determined from the equation

F.s. = Maximum Resistive Force _ Tu _ 2Tu (7-34)

Driving Force Q Q
2

10. The maximum compress1ve stress at the abutment in the bottom
solid unit can be determined since the thrust T, is now known. Eq. (7-23),

along with Eqs. (7-21) and (7-22), are used to determine Opax- 1he factor

of safety for compressive failure is finally given by Eq. (7-24).

After the foregoing ten steps have been completed, the engineer
must judge whether or not the failure possibilities indicated in Steps 8,
9, and 10 are acceptable. If not, the bolting plan can be modified by
varying the average normal bolting pressure b and reworking the problem
until a suitable bolting plan is finally arrived at.

Failure possibilities may be judged in part from the safety factors
applied in the design process. Wright suggests the use of a safety factor
as low as 1.5 provided input data is good and only single member beams are
considered. For multiple beds the safety factor against buckling should be
increased to about 2.5 or so. Factors of safety against compressive failure
are recommended to be at least 4.0 and 5.0, for single and multiple layer
roofs, respectively. The large safety factors reflect the degree of un-
certainty involved in the design process. The more accurately input proper-
ties model those of the real roof, the smaller the safety factors may be.

C. Suspension from Competent Strata

One of the easiest modes of roof support to understand is the suspen-
sion of a finite volume of rock from a thick, competent layer of overlying
rock. The volume may be well defined. For example, a thin layer of coal
and shale is frequently left to protect continuous miner teeth from abrading
against a limestone or sandstone strata. Also, a relatively thick layer of
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weak material may be left simply because removal of the layer would re-
quire excessive clean-up costs or would produce excessive ash content, if
mined with the coal. The zone of weak material may, on the other hand,

be poorly defined. Rock materials, frequently possessing Tittle or no ten-
sile strength, have been observed to progressively fail until a stable arch
configuration is attained (Ref. 27). Finite element studies (Ref. 4) have
shown that the geometry of these arches is a function of the stress field
around the opening. Since these stress fields are generally unknown, the
extent of the volume of rock requiring support is also unknown.

The suspension concept is based on several simplifying assumptions.

1. The volume of supported rock (the immediate roof) may assume any
size or shape. The overlying rock used as the bolt-anchorage horizon is a
massive, competent material which exhibits essentially no deflection under
loading from the supported volume.

2. The supported zone does not interact with the pillars or the roof
rock outside the supported zone although this zone may be delineated from a
knowledge of pillar, roof, and stress field parameters.

3. Bolts are installed vertically or at some angle on a regular
square-grid pattern or some other pattern, as required.

4. Bolts may be tensioned or untensioned but must be Tocated far
enough into the competent strata that no loss of anchorage occurs either
with time or with loading by the supported volume of rock.

5. The supported volume is gravity loaded.

If the volume of rock to be supported is a well defined beam-Tike
layer (Fig. 7-5a), the following simple equation may be applied to solve
for either bolt load, and hence required bolt strength, or bolt spacing
(Ref. 19).
where

wb= load per bolt,

ny = number of rows of bolts included within length L,
ny = number of bolts included within width B,
v = unit weight of rock,
t = thickness of layer,
B = width of layer measured from center point to center point
between supports (bolt or pillar),
L = Tength of Tayer supported, measured from center point to center

point between supports
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The case illustrated in Fig. 7-5b in which each pillar contributes the
equivalent of one half of the load carried by each bolt Wy can also be
analyzed by Eq. (7-35).

The principle used here is a simple one. It is considered that the
weight of a finite zone of weak material must be completely supported by
rock bolts or other means. If the geometry and extent of that zone can be
delineated, it is possible to determine the length, diameter, and spacing
of bolts required to suspend the zone from a more competent strata. This
suspending action need not be restricted to the support of competent, beam-
1ike layers but may be applied -to the suspension of any zone of weak rock.
A zone of highly fractured ground may be bounded on its upper surface by a
massive competent strata (Fig. 7-6). Steel channels, wooden lagging, or
wire mesh may be required to prevent the fractured material from falling
out from between the bolts, but the basic suspension effect employed is the
same as with the more competent layers. Likewise, arch-shaped zones of
fractured rock may be suspended by bolts having anchor points outside the
fractured zone. The phenomenon of arch formation is discussed in Chapter 2
(page 44) 1in terms of progressive failure of no-tension rock and is discussed
further in a following section of this chapter.

D. Keying of Blocks

Where there exists no beam-1ike roof structure or where an upper com-
petent Tayer is either not present or is located too far above the roof
line, keying of blocks of jointed rock may produce an effective forms of roof
control. The principle involved is to some degree similar to that used in
suspension. The bolts are required by some means to support a finite zone
of material intersected by joints and fractures. Bolts may act to increase
the normal forces between blocks and thus increase the shear resistance
along a joint. The bolts may also contribute directly to increasing the
shear resistance along planes which they intersect.

The assumptions used in this model are as follows (Fig. 7-7).

1. The immediate roof consists of a zone of rock, possibly of variable
thickness, intersected by joints, fractures, and slickenside surfaces.

2. Bolts may be installed vertically in a regular pattern or may be
installed at oblique angles so as to cross the prominent discontinuities at
some angle.

3. Bolts are tensioned so the key blocks remain in contact with the
rest of the roof. Perfect anchorage is required since any loss of tension
would be reflected in decreased normal and shear components of resistance
to movements.

4. Loading of the supported zone is a result of gravity forces only.
No loads due to free-field stresses are considered.

Large underground openings and tunnels often present situations in
which individual blocks may be analyzed for failure conditions by sliding
wedge techniques (Ref. 28) common in soil and rock mechanics engineering.
Multiple openings such as are present in coal mines present a more complex
design problem. The size, variability, and uncertainty of the problem
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Fig. 7-6 Support of Highly Fractured Rock from a Competent Strata

q N\
X
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usually precludes the use of simple calculations in treating the situation
shown in Fig. 7-7. Computer techniques, particularly interactive computer
graphics, are helpful in obtaining solutions when this roof geometry is en-
countered.

Some helpful guidelines for applying the keying concept were developed
in conjunction with the Snowy Mountain hydroelectric project (Ref. 29). A
series of model experiments using fine (<3/16 in.) crushed rock, plastic
rods, or marbles to model fractured rock and scale-size rock bolts resulted
in the following relationship between the clear space, S, between bolt washers
and the mean particle size, M, of supported material.

-n
i
=ln

< 3.0; (7-36)

Under these conditions, even a mass of glass marbles could be stabilized.
At F = 4.0, the marble mass would always collapse but crushed rock could
often be supported. The Code of Federal Regulations discussed in a later
section of this chapter also considers this ratio when broken ground is en-
countered.

E. Arch Formation and Control

The formation of arch- or dome-shaped failure surfaces has been ob-
served in model studies (Refs. 21, 30) and in the field (Ref. 14). In ad-
dition, finite element studies (Refs. 2, 3) indicate that this mode of fail-
ure should be common in rock materials possessing Tittle or no tensile
strength. Both Tow-angle and high-angle arches have been found to be stable
roof configurations, depending on the in-situ stress conditions present.

Continuous and cracked beams are stable under moderate horizontal
end loads. These end loads, the model equivalent of a lateral stress field,
act to form a flat arch which is resistant to progressive failure as may be
induced by increasing vertical loads. In the absence of the end loads,
cracked beams would fail under their own weights so positive support is re-
quired to Tink the fractured zone to a more massive, stable region. Like-
wise, large end loads may buckle thin beds. Thin members may be bolted to-
gether to effectively counter this tendency to buckle (Ref. 21). Increasing
the roof span also reduces the 1ikelihood of failure by buckling since this
reduces the stress concentration factors in the roof. Increasing the major
axis of the opening in the horizontal direction when high horizontal stresses
are present aligns the opening more favorably relative to the major stress
field.

Low-angle and high-angle arches have been observed to occur as a result
of a number of different stress field configurations. In general, arches
may be the result of shear failure of the roof or may be the expression of
progressive tensile or buckling failure of roof rock. The former may occur
where a massive roof layer is subjected to high compressive stresses. The
stratum is unable to flex downward, thereby relieving some of the stress.
The angle of the resulting shear failure is related to the relative magni-
tudes of the principal stresses (Figs. 7-8a, 7-8b). The low-angle failure
may be stabilized by bolting the potential failure zone to a massive upper
strata. The high-angle failure cannot usually be controlled by bolting.
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Timbers or steel sets and crossmembers are often required to support the
failed mass. The mechanisms of failure are quite different, however, and
careful observation will enable the engineer to ascertain which type of
failure has occurred. Since the shear-induced falls are generally the re-
sult of high stresses in more massive rock units, evidence of shearing
movements such as gouge material and striations are often present. The
contour of the arch is also relatively smooth and continuous (Fig. 7-8).
Arches formed by the progressive tensile failure of thin strata exhibit
evidence of the rock falling out along pre-existing fractures, slickenside
surfaces, and newly created tensile fractures. The resulting dome or arch
usually has an irregular contour broken by bedding planes and other discon-
tinuities (Fig. 7-9). This geometry favors stabilization by bolting to a
massive upper strata or anchoring inclined bolts over the abutments, if
these are stable. Bolting into the abutments in areas of low or tensile
horizontal stresses may be detrimental, however, to overall roof control
since the required angling of the bolts may produce more tensile stresses
in the roof. The recently introduced roof trusses have been shown to be
effective in supporting the roof under these conditions (Ref. 31).

Finite element analyses have been instrumental in examining the rela-
tive effects of stress fields on mine opening stability (Refs. 3 and 4).
The influence of the Tateral stress field on the formation of tensile
regions in the roof has been examined. It is apparent (Fig. 7-10) that as
the magnitude of the lateral stress decreases, the extent of the tensile
region increases substantially. This is of practical significance since
mine roof rock is commonly jointed and fractured. It is, therefore, unable
to support tensile loads. Finite element analyses of a zero-tensile-strength
rock mass subjected to low lateral stresses shows the same arch-shaped
failure profile observed in the field (Fig. 7-11). This entire region would
require support if roof failure was to be avoided.

Tensile zone analysis alone is not sufficient to describe support re-
quirements. The high-lateral-stress case (Fig. 7-10), for example, has a
relatively small tensile region but stress analysis in Chapter II of this
report shows the octahedral shear stresses to be twice as great as those for
the Tow lateral stress case. This situation favors low-angle shear failure
rather than tensile failure.

The finite element studies described in Chapter II also indicate that
bolts have little effect on stresses and deflections in massive roof rock.
As more bedding planes were added to the model, the bolts played an in-
creasingly important role in reducing strata deflections when the rock
possessed some tensile strength. The analyses of zero-tensile-strength
materials with Tow lateral stresses predicted failure regions which in-
cluded the anchorage horizons of the bolts. Therefore the bolts would con-
tribute to roof stability only inasmuch as a keying effect was occurring.

Studies of mine roof intersected by nonvertical joints shows the
tendency of blocks of rock defined by the joints to be pushed downward
(causing failure) by high lateral stresses. Bolts installed so as to inter-
sect these joints contribute substantially to the stability of the roof.

The information about arch formation obtained from field observations,
model studies, and finite element analyses should be applicable to a wide
range of mining conditions. Since a number of complex factors are involved,
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no simple fomulae have been developed to date to aid in the design process.
Careful analysis coupled with sound engineering judgment should allow the
available observations to be applied to current roof control problems. It

is essential that, in applying these observations, the underlying assumptions
?f eachrang1ysis or observation be compatible with those present in the prob=
em at hand.

F. Code of Federal Regulations Requirements

Drawing on current practice and early rock bolt research, the Federal
government has established Tegal guidelines for coal mine roof support re-
quirements. These are presented in Title 30 (Mineral Resources) of the Code
of Federal Regulations and will be given here in abbreviated form for the
purpose of comparison with the research already presented.

For situations favoring support of heam-l1ike strata, bolts are to be
installed on no more than 5-ft centers and within 5 ft of the ribs and face,
the bolts being at least 20 in. long. Bolts employed to suspend weak rock
from a competent strata should be anchored at least 12 in. into the strong
bed.

In broken ground, bolt length should be at Teast twice the bolt spacing
or at least three times the average joint spacing, whichever is greater.
These should be tensioned to 60 to 80 percent of their yield strength. Highly
fragmented ground should be bolted in such a manner that the space between
anchor plates not exceed three times the mean particle size, unless wire mesh
is employed.

Additional regulations are also given to specify support requirements
using resin bolts (all the above information applies to conventional bolts,
only), timber sets, and mixed forms of support. Material properties and
quality control testing procedures are also outlined.

Although it is uncertain how much these regulations have improved
the general support given mine roof rock, it is evident from. injury statistics
that mine safety has been improved since the introduction of the regulations
in 1969. Overdesign of support systems has probably increased as a result
of the Code, primarily because any approach with the degree of generality
present in the Code allows for the worst possible situations expected in any
coal mine. As with several of the previously discussed theories, the Code
does not account for such important factors as in-situ stresses, moisture
effects, and the presence of underclay. The broad, conservative approach
used is largely responsible for the successful application of the guidelines
under a variety of mining conditions.

Field Considerations in Support Selection

Each roof support mechanism described thus far has associated with
it certain design assumptions. Before the engineer can select the proper
support mechanism and the consequent type and density of support, the field
conditions must be determined. A support mechanism compatible with the
field conditions may then be selected.

Support requirements are influenced by a variety of factors. For ease
of discussion these are grouped under the headings geologic, bolting, and
operational parameters. Some factors may be related to more than one of these
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A. Geologic Parameters

The geology of a typical coal mining operation is usually complex
and highly variable throughout the mine. Included under this heading are
rock properties, premining and post-mining stresses, joint and fault fre-
quency and character, anchorage capacity (which is also a bolting parameter),
support stiffness requirements as related to strata stiffness, and rock mois-
ture sensitivity. Many of these parameters are design constraints which
cannot be altered but which must be designed around. Rock properties, joint
data, and bolt anchorage characteristics are measurable quantities; however,
the cost of the measurements is often more than what the mining company can
afford or is willing to spend. These quantities, when determined, form a
minimum basis upon which the engineering design of the roof support system
can be made. Moisture sensitivity of certain shales is becoming much better
understood (Refs. 27, 32) and, although not usually determined prior to the
beginning of mining activity, can be recognized by experienced personnel.
Proper countermeasures such as the application of sealants or the use of
conditioning chambers can then be employed.

The effects of stress fields have been studied using finite element
techniques (Ref. 4) and field observations (Refs. 27, 33). Only cracked
beam theory and the arch control theory discussed previously recognize the
importance of these stresses and use them in the analysis and desian proce-
dures. Research personnel are largely restricted in their work in this area
by the lack of adequate equipment for making the large quantity of stress
measurements necessary to develop a relationship between field stresses and
support requirements.

Probably the least understood of the geologic parameters is the in-
fluence of the relative stiffness of roof strata and support materials on
support selection. Intuitive reasoning supported by field studies (Ref. 7)
indicates that there exists an optimum resistance to strata displacements
which a support system should provide. More research is necessary to quantify
the matching of strata and support stiffnesses but two examples point out the
importance of such matching. First, consider the installation of high stiff-
ness full-column grouted bolts in squeezing ground. After an initial rapid
load increase with little strata deflection, the bolts would break, allowing
the entire supported volume to collapse. Yieldable bolts or friction rock
stabilizers would be more applicable here. The second example deals with
the attempt to support highly fractured rock with a Tow stiffness system
such as those just mentioned. Such a system may allow sufficient movements
to reduce the frictional resistance between blocks of rock to the point where
any keying action would be lost. Deterioration of the roof would then occur.
Stiff supports would, on the other hand, maintain block-to-block contact pres-
sures and would thus help the roof to support itself.

Several of the roof control theories discussed relied on some type
of beam action. The pertinent desian equations required a knowledge of
beam thickness in this application. Drill core, and borescope inspections
can be used to locate the upper and lower bounds of a geologic unit, mud
seams, or other discontinuities which would delineate the thicknesses of
the layers constituting the immediate roof. Layer thickness is not so easily
obtained if a layer of crossbedded sandstone or shale is encountered. Here,
planes of weakness may occur every few inches or even every few hundredths
of an inch. Since these materials would also commonly be discontinuous in
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horizontal extent, it could be reasoned that beams, as such, do not exist.
The question of beam thickness becomes an academic one since some mode of
support other than beam-building would be required to support the roof.
Judgment must be used when considering roof materials which are not clearly
either competent enough to be called beams or weak and fractured enough to
require complete suspension.

B. Bolting Parameters

Bolt material properties and installation geometries as well as
load loss, creep, and shock loading effects are well documented in the Titera-
ture (Refs. 2, 3, 10, 34). 1In addition, each of these items is directly or
indirectly treated in the Code of Federal Regulations. Problems arise in de-
sign, however, because the required magnitude and orientation of supporting
forces is generally only vaguely known. This reduces the design procedure
to educated guessing at bolt Tength and diameter since not even the geometry
of the zone requiring support is known. This lack of knowledge carries with
it the requirement that large safety factors be applied to calculations, thus
producing overdesigned support systems in many cases. A knowledge of the in-
teraction between geologic and bolting parameters is required if adequate
support systems are to be designed.

Field conditions must be adequately modeled by the underlying assump-
tions of a proposed roof support theory if that theory is to accurately pre-

dict support requirements. The foregoing discussion of the most common theories

should aid the engineer in selecting a support concept which is compatible
with conditions in a particular section of roof. The safety factor must be
increased if the assumptions do not accurately reflect mine conditions. The
amount of increase is.a matter of judgment, based largely on experience.

Another consideration in assigning a required factor of safety is the
anticipated 1life of the opening. Safety factors should be larger in Tonger
lived openings for two reasons. First, none of the theories considers the
effects of secondary phenomena such as rock and bolt-anchor creep, cyclic
moisture effects on roof rock, and so on. Second, longer lived openings are
often haulageways, airways, or other important areas in which a roof fall
would be a much greater problem than it would be in the average section, in-
frequently traveled by men and equipment.

C. Operational Parameters

Operational parameters are those associated with mining methods, life
of the various openings, and cost considerations. Direct costs of roof sup-
port are a major concern of the mine manager so an attempt is usually made
to trim material and labor costs whenever possible. Too often little thought
goes into the secondary costs associated with bolting such as cleanup, resup-
port, damage to equipment, and injuries resulting from inadequate support.
Likewise, the cost of overdesign due to the absence of adequate, accurate
data is not accounted for.

Currently the rule of thumb approach is used in determining the addi-
tional support requirements of certain areas in the mine such as haulageways
and Targe intersections (Ref. 35). Case study data compiled by a leading
manufacturer of rock bolts indicate that considerably more money can be in-
vested in providing adequate support in these areas while the total costs
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of bolting remain the same or decrease slightly due to reduced secondary
costs. The problem of determining in advance of use how much better sup-
port type B is than support type A is substantial and has not yet been
solved completely. This relationship between the relative support cap-
abilities of various roof control systems and roof failure probabilities
associated with each support type is a primary concern in the evaluation
of the costs and safety aspects of roof support.

Conclusion and Example Problems

It should be apparent now that the common roof support theories
cover a wide range of possible mining and geologic conditions. Each con-
cept is applicable to certain situations, depending on the assumptions of
the model. The arch concept and the Code of Federal Regulations have the
greatest potential for application to all mining environments. The former
requires finite element modeling and is for that reason probably the most
difficult and expensive design tool presented here. The Code is, on the
other hand, much easier to use but has associated with it a greater likeli-
hood for overdesign. All of the concepts discussed require a knowledge of
certain material properties and of the configuration of the zone to be sup-
ported. A set of example problems are presented here to familiarize the
reader with several of the roof support theories.

Problem 7-1, Frictional Support of Continuous Beams

Drill core records indicate that the first 4 ft of roof consists of
a series of shaley limestone layers about 3 in. thick. Above these is a
massive layer of black limestone. Equipment size and available materials
favor the use of the following parameters. .

L =16 ft = roof span,

N = 3 = bolts per row

B =4 ft = row spacing (square grid)

t = 3 in. = layer thickness

h =4 ft = bolt length

Fb = 10,000 1b = bolt tension on 5/8-in. diameter grade-40 steel.

Using Fig. 7-1 the reinforcing factor is found to be 1.9. Now
find the maximum bending strain for the unbolted condition.

y12

Cmax = 2Et
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whereas for Groups 6-11 the bolt was first pushed through the resin to
the bottom of the hole with a pneumatic impact hammer and then rotated
with the electric drill. Total mixing time after insertion of the bar
was 30-40 sec for Celtite resin and 10-20 sec for Fasloc resin. Thorough
mixing was rapidly followed by hardening of the grout as was noted by

an increase in torque on the drill.

The drill and adaptor were then removed and the steel bearing plate
and hollow ram were installed over the exposed end of the bolt. A
thrust bearing, spherical alignment washer, hardened steel washer, and
nut were installed on top of the loading ram which was completely re-
tracted at this time. The strain gage leads were then resoldered to
the cable and the dial indicator and bracket were attached. The dial
indicator was set to zero.

Strain readings were taken again as soon as the wires were connected,
but before any load had been applied to the bolt. This second set of
readings was somewhat higher than the set taken before the bolt was in-
stalled because of the temperature increase resulting from the chemical
reaction within the resin,

Phase I of the creep tests consisted of load bleed-off measurements
to determine the load loss as may occur after a nut is tightened against
a bearing plate. The initial load Tevel was 4,000 1b for 1/2-in. bolts
and 8,000 1b for all other bolts. During this phase, the hydraulic rams
were completely retracted so that they were effectively serving as rigid
spacer blocks. The true strain at the proper load level was added to
the initial strain reading taken just before the bolt was installed.
This sum, then, gave the desired strain reading from the uppermost gage
when the nut was properly torqued at the beginning of Phase I.

Ten minutes after the bolt had been installed the nut was slowly
torqued until the strain reading from the uppermost gage reached the
proper value. Strain readings were then taken from the three lower gages
and from the dial indicator. Additional readings were periodically re-
corded during the rest of Phase I. The time interval between readings
was 10 minutes just after installation and was gradually increased to one
day over a period of two days. Much of the load bleed off which did occur
was during the first day so more readings were taken during that early
period.

Phase I, a load bleed-off test, lasted for approximately 40-60 days.
For Phase II pressure was applied to the hydraulic rams to achieve the
initial load levels. (The 1/2-1in. bolts were loaded to 3,540 1b 1instead
of 4,000 1b due to a loading malfunction). These load levels were then
maintained for at least one month. The strains and displacements were
recorded periodically on the same schedule as described in Phase I.

The load level was increased to 5,890 1b on 1/2-in. bolts and 16,000
1b on the other bolts for Phase III. This load increase was accomplished
stepwise in 2,000 1b increments with the dial indicator being read after
each load increment. The axial pullout stiffness of each bar could then
be evaluated after a correction for the stretch in that portion of the
bar within the hollow ram was made. After the desired Toad level was

176



reached, the strains and displacements were again recorded at increas-
ing time intervals ranging from ten minutes to one day for approximately
one month.

Phase 1 - Load Bleed Off

Phase I testing began with the previously described installation of
resin-grouted bolts and was in effect for 40-60 days. Decreases in load
and bolt pullout were measured and recorded through the test period. This
data was used to generate graphs depicting bolt strain as a function of
time and load distribution along the bolts.

A. Load Bleed Off

A substantial Toss of initially applied load was noted for all in-
stallations. This phenomenon is easily seen in the example graph (Fig. 5-5).
Two important relations can be obtained from the graphs. First, the ten-
sioning of the bar has progressively less effect deeper in the grout column.
This is in general agreement with the elastic time-independent solution
which assumed perfect bonding at the grout-rock and grout-bolt interfaces
as described by Haas, et al., (Ref. 1). The grout serves as a medium
for stress transfer from the bolt to the rock around it. Second, the
bleed off slows to a negligible rate or ceases completely after approxi-
mately four days. .

To quantify the amount of load bleed off, the percentages of load re-
maining ten minutes, one hour, one day, one week, and one month after
installation were determined for each group of installations (Table 5-2).
Comparing Groups 1, 7, and 11 with Groups 2, 6, and 10, respectively, it
can be seen that the Celtite systems have somewhat more favorable bleed-
off properties, showing 11 to 26 percent less load loss one month after
installation. Groups 8 and 9 were not compared because the Anna shale
was so weak the full load of 8,000 1b could not be applied. Thus, a
quantitative comparison with the other installations would not be mean-
ingful.

A comparison of Groups 2 and 5 indicates that bolt size, of itself,
has some effect on load bleed-off characteristics. In these groups, bolt
size and hole diameter were altered in such a way that annulus size was
constant at 1/4 in. with the same resin type being used in each configu-
ration. The 1/2-in. bolt lost 6.5 to 18.6 percent more load at various
times during the test than did the 7/8-1in. bolt.

Groups 1 and 3 had the same hole diameter and type of resin but
different bolt sizes. Group 3, with the smaller bolt, had a slightly
greater grout annulus than Group 1. Here, Group 1 shows up to seven
percent less load loss than Group 3. Additional tests would be neces-
sary to determine whether the smaller bolt size or larger grout annulus
was responsible for the greater load bleed-off rate. Groups 3 and 4 can-
not reasonably be compared for the effect of annulus size with constant
bolt diameter since different bolt and resin types are utilized in the
tests. These comparisons indicate that perhaps a combination of annulus
size and grout/bolt contact area controls the load bleed-off characteristics
of the systems.
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Table 5-2

Group Averages of the Percentage of Load Remaining in the Rock

Bolt at Various Times (Phase I Rock Bolt Creep Tests).

Installation Description

Average Percent Load Remaining After

6L1

HoTe Bolt
Group Resin Rock Diameter Diameter
Number Type Type (in.) (in.) 10 Minutes| 1 Hour 1 Day 1 Week 1 Month
1 Celtite Limestone 1 3/8 7/8 91.8 84.5 71.8 67.3 68.5
2 Fasloc Limestone 1 3/8 7/8 83.1 78.9 67.1 59.9 57.0
3 Celtite Limestone 1 3/8 3/4 92.2 77.7 67.9 63.4 63.0
4 Fasloc Limestone 1 3/4 83.3 73.5 60.0 54,2 50.5
5 Fasloc Limestone 1 1/2 76.6 63.8 48,3 42.3 38,4
6 Fasloc Limestone 1 3/4 88.5 83.2 72.2 67,6 64,2
7 Celtite Limestone 1 3/4 94.9 91,5 85,3 82.7 80.8
8 Fasloc Anna Shale | 1 3/4 77.7 63.9 42.9 21.1 14.1
9 Celtite Anna Shale | 1 3/4 82.2 74.3 62.5 56.7 52.5
10 Fasloc Interbedded| 1 3/4 86.9 79.5 68.2 64.2 60.3
Shale
11 Celtite Interbedded| 1 3/4 95.5 93.5 89.6 88.4 86.6
Shale




It would seem reasonable that rock type would influence the bleed off
characteristics of rock bolt installations. It is evident from comparing
Groups 6 and 7 with Groups 8 and 9 and Groups 10 and 11 that the weak,
highly fractured Anna shale was much less able to support the applied
bolt 1oad than were the limestone and interbedded shale.

Load bleed off is not peculiar to resin-grouted bolts. A similar
phenomenon in mechanically anchored bolts was reported by Stefanko (Ref. 10).
Stefanko examined the mechanisms of load loss and found that retightening
aided in restoring and maintaining the required bolt tension. An extension
of this research to resin-grouted bolts produced some interesting results.
In this study, three groups of instrumented resin-grouted bolts were in-
stalled in blocks of Timestone rock. The first group (A) consisted of
four bolts installed in an approved manner and immediately loaded to
8,000 1b by torqueing a nut on the end of the bolt. The second group (B)
consisted of two bolts which were installed, loaded, and subsequently
reloaded by torqueing after an initial one-month load bleed-off phase. The
third group (C) consisted of two bolts which were installed but not initi-
ally loaded. The resin was allowed to cure without load on the bolts for
ten days, after which the bolts were loaded to 8,000 1b by torqueing
(Table 5-3). Grade 40 7/8-in. diameter reinforcing bars with Celtite resin
were placed in 1 3/8-1in. holes for all eight installations.

A comparison of Groups A and B indicates the benefits obtained from
retorqueing bolts subsequent to installation. It has been hypothesized
(Ref. 3) that reloading was effective in reducing the load bleed off be-
cause the newly mixed grout, though hard to the touch, was not fully cured
and thus could deform in a viscous manner when subjected to loading. The
data obtained from Groups A and C tend to nullify this line of reasoning.
The load bleed off of these groups was very similar throughout the experi-
ment with the remaining loads after one month, differing by only 2.4 per-
cent (Table 5-4). The load bleed-off mechanism associated with resin-
grouted bolts is probably very similar to that of mechanical bolts. It
is probable that some initial "seating in" at the resin-rock and resin-
bolt interfaces is necessary before loads can be maintained by the bolt.
This requirement may be a result of grout shrinkage or of readjustments
in stress due to localized material failures at areas of stress concentra-
tions.

Analysis of the data obtained from Group C indicated a relative com-
pressive stress developed in the bolt which increased with increasing dis-
tance into the grout. Table 5-5 shows the total compressive strain at
each gage Tocation. Since the end of the bolt was free and the uppermost
gage was outside the grout column, it may be concluded that the apparent
compressive strain in this gage was due to thermal effects of the curing
resin. Subtracting this strain from the strains at other gage locations
provides an approximate measure of the shrinkage induced strains in the
bolts. :

It is clear now that substantial load bleed off occurs in resin-grouted
bolts with the magnitude of the bleed off being dependent on the installa-
tion configuration. There is some question, however, as to whether or
not initial and subsequent torqueing or loading of the resin-grouted bolts
is necessary and beneficial in roof control applications. An examination
of the theory and philosophy of full column resin-grouted bolting as a means
of ground control should answer this question.
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Table 5-3  Description of Test Installations

Bolt Nominal Nominal Resin
Group Numbers Bar Dia. Hole Dia. Type Loaded
CL1-CL4 7/8 in. 1 3/8 in. Celtite| Immediately
CLl0,Ccl12 7/8 in. 1--3/8 in. Celtite| Reloaded
c CL25,CL26 7/8 in. 1-3/8 in. Celtite| After 10 days

Table 5-4 - Percentage of Load Remaining on the Bolt
at Various Times After Installation

Percentage of Load Remaining After

Group 10 Minutes 1 hour 1 day 1 week 1 month
A 91.8 84.5 71.8 67.3 68.5
B 99.4 99.1 95.9 92.3 86.9
c 92.7 85.6 77.5 75.0 70.9

Table h-b + Variation in Strain During Curing of Resin
With No Applied Load (After 1 day)

Bolt Depth of Gage Into Grout Column

Number 0 in, . .2 in. . -5 in. : .12 in.
CL25 ~13p in./ind =21y in./in.|=24yp in./in. | -44y in./in.
CL26 -11 -20 -20 -28

Average -12 =20 -22 =36
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1. As was previously mentioned, theoretical and laboratory analy-
ses indicate that the load induced at the end of a grouted bolt is trans-
ferred into the rock so that at 16 in. within the grout column virtually
no load is present in the bolt. This would indicate that only surface
loose is supported by the loading and that the loading has Tittle effect
on holding weak strata together if the bedding planes are, say, greater
than 16 in. from the hole collar.

2. The Tlaboratory test loadings were achieved by tightening a nut
at the threaded end of a bolt. Another means of inducing load in the
bolt is to apply the full thrust of the bolting machine upward against
the bolt subsequent to mixing and prior to resin setup. This action
compresses the strata and, after the resin is set and the bolter removed,
induces tension in the bolt. According to Nitzsche and Haas (Ref. 11)
loading the bolt in this manner would tend to hold weak strata together
should a separation or plane of weakness occur between the ends of the
grout column. It should also be noted, however, that if the upper end
of the grout column occurs at or very near a plane of weakness, the com-
pression induced by the bolting machine in the lower beds would produce
a tensile force in the rock near the upper end of the bolt after the thrust
was removed. The tensile force need not be large to produce failure along
a plane of weakness so detrimental effects may occur as a result of using
this method of installation. This mode of loading (applying thrust while
resin sets) is also subject tobleed-off characteristics similar to those
already described but there is no way of retightening this system after
load bleed-offoccurs because a head forged integral with the bolt, in-
stead of a nut, is employed. Therefore, surface loose may not be given
adequate support.

3. The practice of tightening grouted bolts may be a "throwback"
from mechanical bolting procedures. In the latter, tensioning is necessary
to remove some of the stretch from the system; stretch is present to a
much lesser degree in the grouted bolts as will be shown in subsequent
sections of this chapter. The tensioning also served to seat the anchor
of the mechanical bolt, another action which is unnecessary with grouted
bolts.

4. The grouted system is self-tightening and is advertised as such
by some manufacturers. Should a bedding separation, joint, or other dis-
continuity begin to widen, tension is induced in the bolt providing the
needed resistance to separation. Here again, this action is much differ-
ent from the action of the mechanical bolt in a similar situation. 1In
the Tatter, resistance to the separation is generated over the length of
the bolt rather than over a few inches of effected length as in the grouted
case. Under the same load a much greater elongation is allowed in the me-
chanical system, an action which allows further weakening of the strata.

5. If surface loose is to be supported, some preloading of the bolt
would be beneficial to maintain control of surface material. This Toad
need not be great, but only enough to support the weight of the immedi-
ate roof without allowing sag of a magnitude which would cause cracking
and subsequent deterioration of the roof. For example, if bolts were
installed on four-foot centers and six inches of coal were left below
a fairly competent shale or limestone roof, the amount of material
needing immediate support would be (4 ft) by (4 ft) by (0.5 ft) by
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Strain and sag station readings were taken within one hour after
installation and at least once more in the following 12-hour period.
Readings were taken at one to two-week intervals thereafter until the
test was completed.

Results and Discussion

The six test sites provided data useful in gaining a better under-
standing of how full-column resin-grouted roof bolts react to various
loadings. Although it is not possible at this point to predict the
response of grouted bolts to all loading conditions, several interesting
observations were made at each site which should be applicable to mines
having similar geologic conditions and roof bolt geometries. Among
these observations are the presence of installation induced stresses, com-
pressive bolts stresses, and relationships between bolt strain and strata
displacements. Detailed bolt Toad histories are presented in the Third
Annual Report (Mine 1) and Appendix B (Mines 2 and 3).

A. Installation Induced Stresses

Strain readings immediately after installation were used to deter-
mine the loads induced during bolt installation (Table 6-2). It is
evident that the upward thrust of the bolting machine, applied after
the grout is thoroughly mixed, is sufficient to cause upward deflection
of the roof strata. The bolt Toad immediately after installation, then,
is due to the downward deflection of roof strata which occurs when this
thrust is removed.

It was observed that the installation load was not confined to the
bearing plate region of the bolt but also often occurs at points farther
up the bolts. The variability of installation load from mine to mine
may be due to differences in applied thrust and differences in strata
stiffness. The weak shale roof in Mine 1 apparently deflected more
readily than did the Timestone roof, thus a greater installation induced
load was noted. A great deal of load variability was noted within each
test site of Mine 2. This may be due to either equipment malfunctions
or inconsistencies on the part of equipment operators.

B. Load Distribution Along Bolt

It was evident in each mine that great variability in bolt Toad should
be expected within any given mine. An extreme case of this was seen in
Mine 1. The strain and displacement histories of Test Sites 1 and 2 pro-
vide some interesting information. Bolts in limestone roof rock (Site 2)
experienced strains not exceeding about 250 u in./in., whereas those in
shale roof rock (Site 1) had strain magnitudes as great as 3,500 p in./in.
(Figs. 6-13 and 6-14). Three bolts in Site 1 were elongated beyond the
yield strain. The mine map (Fig. 6-15) indicates that the two sites are
only 70 ft apart; yet the geoloaic and, hence, bolt Toading conditions
are much different. This observation has practical significance in that
standard roof bolting patterns, which may be determined from test site
data, must be capable of supporting the maximum expected load under the
worst geologic conditions.
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Table 6-2. Installation-Induced Bolt Loads

Mine -Number Roof Rock Average Installation Load,. 1b.
1 Shale 3100
Limestone 2400
2 Shale with 1750
Sand Stringers
3 Shale with 2590

Sand Stringers
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Laboratory tests on a representative sample gave

y = 155 1b/ft>
E=2.5x 10 psi
e 1t = 400 win./in.
SO
(185 1b/£t) (16 ££)2(1 /12 dn.)
max 2(2.5 x 10° psi)(3 in.)
Erax = 220 win./in. = e o
From Eq. (7-3)
RF = Cnfs
€r
ep = SO/ - 496 yin./in,
The safety factor may now be calculated:
[
ult _ 400
SF = T
€¢ 116
SF = 3.45

which should be adequate. Note that the strength of the rock was not
used directly in obtaining the beam relations leading to the design
chart in Fig. 7-1. A trial and error type solution is required to find
a value of E¢ which is sufficiently less than the failure strain of the
material.

Problem 7-2, Frictional and Suspension Support of Continuous Beams

Suppose now that in Problem 7-1 a layer of shaley limestone 2 ft
thick was included in the sequence. The thinner strata would be suspended
from the thick layer. From Eq. (7-6)

Aos

- UJCU'
(0] 1

where, from Eq. (7-8)
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Calculations can be made for the 2-ft thick layer and for one 3-in. thick
layer since all eight 3-in. layers will experience the same stresses.

= (28)% (rpo) - 1

Uog 14,040
u24 = 0.969
a2, 48
uz = () (r7,0m9) -
uy = - 0.969

From Tables 7-1a and 7-1b, find o = 0.938 and C = 0.786 by linear inter-

polation.
Ao .
5—§—) = (0.938)(0.786)(+0.969) = + 0.714
\ nfs o4
Acs
= (0.938)(0.786)(-0.969) = - 0.714
3

\ans

Now, from Problem 7-1,

Ao Ae
f . E._.f_.= - 0.473

o]

nfs nfs

_ v (155 b/£t3) (16 ££)2(1 Ft/12 din.)

o
nfs Zti 2t1

o} = 68.9 psi

("f924

(Onfs> 5 = 551 psi

(sf ) = (68.9)(1-0.473)(1 + 0.714) = 62.2 psi
S. 24

&H@) = (551)(1-0.473)(1-0.714) =83.0 psi
3 280



In this case, the combined effects of friction and suspension decreased
the stresses in the thick bed to about 90 percent of the unbolted values.

The thin beds were aided much more with stresses being reduced to 15 per-
cent of the unbolted values.

Problem 7-3, Support of a Single Cracked Beam

A 3-ft thick layer of sandstone is overlain by 2 ft of badly frac-
tured shale and mudstone. Laboratory tests show

E=2.5x 106 psi = Young's modulus of sandstone
vy = 145 1b/ft3 = unit weight of sandstone

vy = 160 1b/ft3 = unit weight of shale
C0 = 10,000 psi = compressive strength of sandstone
u = 0.5 = joint frictional coefficient

The beam-1ike sandstone layer is loaded vertically by the shale material.
Vertical abutment cracks plus several joints at midspan dipping from 75°
to 90° from the horizontal are encountered. A factor of safety against

crushing of 4.0 will be used since material properties are quite well
known.

_ 0 _ 10,000 _
“allow T SF T 4.0 T 2200 psi
- Callow 2,500 -6

2.5 x 10

The vertical load is

_xq _ (145 1b/Ft3)(3 £t) + (160 1b/Ft3) (2 ft)
E (2.5 x 10° psi)(144 in.%/ft?)

of

6 6

2.10 x 1077, say 2.0 x 10~

o
I

The horizontal in-situ stress, p, is believed to be nearly zero so

—=R=
p=¢=0
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From Table 7-2b, obtain

L

13.3, so

L=1D-=(13.3)(3) = 40 ft = span length, also

d = 0.0053 which is well below the buckling stage, and

oy = 69.9° < 75° indicates sliding is not a problem.
The proposed design should be adequate.

Problem 7-4, Suspension of Incompetent Rock

A 4_ft thick layer of badly fractured shale overlain by a massive
bed of Timestone is encountered. Joint spacing varies from 3 in. to 12 in.
so wire mesh will be used between the roof and the bearing plates. Bolt
loads will be distributed by 6-in. by 6-in. steel plates bearing against
2-in. thick hardwood boards. Opening width is 16 ft and the zone to be
supported is 24 ft long.

160 1b/ft3 = unit weight of shale

y =
L = 24 ft = length of supported zone
B =16 ft = width of supported zone
t = 4 ft = thickness of supported zone

Bolts 6 ft long and 5/8 in. in diameter are available. These are high
strength bolts with 40,000 psi yield strength. Determine the bolt spacing
required to have the bolt load, wb, be less than two-thirds the yield Tload
of the bolts.

2
= . = i E—
Wyp Oyp A = (40,000 ps1)(4)(5/8)
W =12,272 1b
vp 1 72 1
Wal]ow = 2/3 Wyp = 8,181 1b

Try four-foot spacing, i.e., 3 bolts per row and 5 rows of bolts.
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From Eq. (7-35)

y - (160 Tb/ft3(4 £1)(16 ft ft)(24 ft)
b (4)(5)

=
1]

b 12,288 1b, exceeds criteria

Reduce spacing by introducing one more bolt per row and one more row of
bolts.

W = 245,760 1b

b~ (5)(6)
wb = 8,192 1b, which is sufficiently close to meeting criteria

Spacing between rows is

Spacing between bolts is

- 16 _
Spolts = 5 = 3.2 ft

A total of 24 bolts is required.

Problem 7-5, Support by Keying Action

Alter the conditions in Problem 7-4 to consider the design of support
for the opening if the fractured zone extended upward, say, 20 ft. Use mesh,
bearing plates, and bolts to the same specifications but alter bolt spacing
to reflect the design criterion given as Eq. (7-36). Mean joint spacing is
9 in.

< 3.0

=1%)

S < (3.0)(9 in.)

S

IA

27 in. where S is the clear space between bearing plates

Bolt spacing is S + 6 = 33 in. in each direction. This would require 5
bolts per row and about 9 rows of bolts for a total of 45 bolts. Even
spacing would result in 32 in. between bolts.
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Problem 7-6, Application of the Code of Federal Requlation to Highly
Fractured Rock

A 20-ft thick zone of highly fractured shale with a mean joint spac-
ing of 9 in. is encountered as in Problem 7-5. The first criterion is that
clear space between bearing plates not exceed three times the mean particle
size. This produces the 32 in. spacing calculated in Problem 7-5. Addi-
tional criteria are used to determine bolt length.

>
1 = 2(Sp)
2(32 in.) = 64 in. minimum bolt length
3(m)

v

v

1, 2 3(9 in.) = 27 in. minimum bolt length
The greater of the two, 1], is selected and 6-ft long bolts would be used.

Other criteria state that these bolts should be tensioned to 60 to 80 per-
cent of their yield strength.
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APPENDIX A
Computer Program for the Analysis
of
Split-Sets
A Tlisting of the computer program used for the analysis of
Split-Set Roof Bolts is presented in this appendix. Ample com-
ment cards have been used to provide better understanding of the

program's functions. A description of the required input data
has also been provided.
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Card 1

Col.
1-5

6-10
11-15
16-20

21-25

26-30

31-35

36-40

41-45

46-50
51-55

INPUT INSTRUCTIONS

Format (12 15)

Program Variable

ERCNT

RSCNT

MCNT

ACNT

PLO

PLO1

PLO2

PLO3

PLO4

PLO5
PLO6

Description

No. of "interference fit" (ER}
values to be given (9 or less

No. of "Radius Ratio" (R*)
values to be given (10 or less)

No. of "Strain Hardening" (M)
values to be given (2 or less)

No. of "Angle" (alpha) values
to be given (2 or less)

PLO1 initializes, and terminates
all of the following Plot segments.
It must be set to one to produce
any plots. :

Set to 1 to plot a family of ER
curves on ETA vs Epsilon for each
R*, Alpha and M.

Title is "Fig. Strain Distribution
Through Split-Set Wall"

Set to 1 to plot a family of R*
curves on ETA vs Epsilon for each
ER, Alpha and M.

Title is "Fig. ___ Strain Distribution
through Split-Set Wall"

Set to 1 to plot a family of ER curves
on ETA vs Sigma for each R*, Alpha
and M.

Set to 1 to plot a family of R* curves
on F* vs. ER for each Alpha and M.

Title is "Fig. Split-Set Insertion
Force--Variable Wall Thickness"

Set to 1 to plot a family of ER curves,
normal and Shear, vs 6 for each R¥,
Alpha and M.

Title is "Fig. Surface Loading on a

_gggit-Set After Installation.




Col. Program Variable Description

56-60 PLO7 Set to 1 to plot a family of ER curves
on F* ys R* for each Alpha and M.

Title is "Fig. __ Split-Set Insertion
Force--Variable Interference"

END OF CARD 1

Second Card(s):
Input all the interference (ER) values, (1imit 9)
one value per card, Format F8.6

Third Card(s):
Input all the Radius Ratio (R*) values, (1imit 10)
one value per card, Format F8.6

Fourth Card(s):
Input all the Strain Hardening Coefficients (m), (limit 2)
one value per card, Format F8.6

Fifth Card(s):
Input all the Alphas (as)* values, (limit 2)

one value per card, Format F8.6

Sixth Card(s):
Input coefficient of friction (f) value, (limit 1)
Format F8.6

The ER's are dimensionless interference fits

R; - R

The R*'s are dimensionless wall thicknesses

R* = R/t

*Note: o has only been assigned values in the range of 155° to 165°,

thus values outside this range may give convergence problems.
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APPENDIX B

FIELD INSTRUMENTATION DATA

Table B-1 1ists the dates of installation of instrumented bolts
and roof sag stations, the dates of the initial and final borescope
readings, and the dates of the end of the test periods for the two
test sites in each of the three mines in the field test program.

Table B-1 is followed by graphs showing the borescope data and

bolt strain and strata deflection as functions of time.

Only data

from Mines 2 and 3 are shown since M1ne 1 data has been presented else-
where (Ref. 3, Chapter VI). v

Fig.
Fig.
Fig.
Fig.
Fig.

Note: A1l strata displacements are positive downward.

B-1 through B-4: Borescopey1ogs.

B-5 through B-19: Bolt strain data from Mine 2.

B-20 through B-27:
B-28 through B-40:
B-41 through B-47:

Strataydisp1acement data from Mine 2.

Bolt strain data from Mine 3.

Strata displacement data from Mine 3.

are positive in tension.
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Table B-1 Dates of Field Installations, Borescope Readings,
and Test Terminations.

Mine Test Dates of Installation Dates of Borescope Termination
No. Site Inspection Date
of
Instrumented Sag Initial Final Test
Bolts Indicators
1 April 5, April 5, None None Nov. 8,
1 1975 1975 1975
2 April 5, April 5, None None Nov, 8,
1975 1975 ‘ 1975
1 Nov. 12, Nov. 12 and Nov. 13, June 7, June 7,
2 1976 13, 1976 1976 1977 1977
2 Nov. 12, Nov. 12 and Nov. 13, June 7, June 7,
1976 1976 1976 1977 1977
, 1 Feb. 11, Feb. 11, Feb. 11, June 7, June 7,
3 1977 1977 1977 1977 1977
2 Feb. 11, Feb. 12, Feb, 11, June 7, June 7,
1977 1977 1977 1977 1977




BS! BS2

——12“—17— : : —— |2 ———
Condition uncertain,’
could not be borescoped
due to crooked hole. Condition uncertain,
could not bhe horescoped
due to crooked hole.
—_7
—6-1/2'——
No visihle fractures
or discontinuities.
No visible fractures
or discontinuities.
—-J_.O'.__._]L_. » . M _O'—J_—

Fig. B-1 Borescope logs at Mine 2, Test site 1.

Note: No visible change during the test period.
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BSil 2
——12'— BS: —12
Condition uncertain, Conditinn uncertain,
could not be horescoped could not he bhorescoped
due to crooked hole. due to crooked hole.
— 6' X _.6' )

Three fractures in the
range of 26 to 29" above
the roof 1line.

il

4 Small fracture at 16 1/2"

| | Large, open (1/8-1/4") fractures above roof Tine.
~— itog’]g’ 10, and 12 1/2" above ] Large fractures, 1" wide
— 0 ne. at 10" and 1/2" wide at

8? ahove roof line.

-0 L]

Fig. B-2 Borescone logs at Mine 2, Test site 2.

Note: No visible chanae during the test neriod.
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BS2I o BS22

Condition of roof
unknown. No fractures
were present when the
hole was first logged.
Position of belt conveyor
precluded logging at the
end of the test perijod.

Fig. B-3 Rorescope log at Mine 3, Test site 1.

L —

-“»

Condition of roof un-
known. No fractures were
present when the hole
was first logged. Posi-
tion of bhelt conveyor
precluded Togging at the
end of the test neriod.

L J_ o 01

Note: No fractures were visihle at time of installation.
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BS32

Bf’-lz'_

Five evenly spaced tight joints
hetween 9 and 11" above roof line.
One joint at 7". Fracture dippina 750{”d

from horizontal is exposed on the roo
__(y

—1 1l

and terminates at the joint
above.

Fig. B-4 Borescope log at Mine 3, Test site 2.

-0

12

Condition of roof unknown.
No fractures were present
when the hole was first
logged. Position of trolley
wire precluded logging at
the end of the test period.

Note: No fractures visible at time of installation.
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Fig, B-22 SAG STATION 3 TN MINE NO. 2.
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Fig. B-33 BOLT NUMBER 27 IN MINE NO. 3.
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