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Preface

It has been 10 years since the publication of my book Coal Mine Ground Control,
3rd edition, 2008. Since then, considerable advance has been made. So an update is
due and this book presents some new developments or summary of developments
that were not covered in my book.

This book consists of 13 chapters arranged in alphabetical order of the first
author of the chapter. It was written by 24 authors from three countries, China,
United States, and Australia—the top three coal producing and consuming countries
in the world. The subjects include longwall mining, roof and cable bolts, pillar
recovery in room and pillar mining, computer modeling, surface subsidence, and
structural engineering approach in practical ground control. Among the nine chap-
ters that deal with longwall mining, the major topical areas are overburden move-
ment including failure and its effects on surface subsidence and groundwater flow,
shield and tailgate standing supports, gateroad pillar behavior, design of predriven
recovery rooms, and thick and ultra-thick seam mining.

Chapter 1 re-traces the research accomplishments on shield behavior and devel-
opment of various tailgate standing supports that contributed to the success of long-
wall mining system in the United States by using the USBM’s (now NIOSH) Mine
Roof Simulator—the world’s most powerful active longwall shield test machine;
Chapter 2 reports on the latest developments on shield behavior research. In fact, it
raises many questions regarding the conventional concepts about shield behavior
and design; Chapter 3 expounds on the author’s experience of the advantages of
using the structural approach for practical ground control problems; Chapter 4
points out the importance to recognize the path of stress change in gateroad pillars
due to longwall mining affects it strength; Chapter 5 demonstrates an integrated
approach to investigate the behavior of longwall mining-induced strata, groundwa-
ter and gas flow, and presents case studies of the overburden strata response to
longwall mining in Australia and China; Chapter 6 presents the state of the art of
surface subsidence due to high production—high efficiency shallow thick seam
longwall mining in China; Chapter 7 updates the MSHA’s recent developments on
safety guidelines for pillar extraction in room and pillar mining; Chapter 8 presents
an effective in-mine testing method for bolt load and bolt length (free and anchored
sections) of tensioned bolts; in Chapter 9, the author summarizes his lifetime expe-
rience in ground eontrol projects that contributed greatly to the success of longwall
mining operations for CONSOL including the latest developments on gas well
chain pillar design; Chapter 10 describes the characteristics of cable bolt, its con-
cept of design and new developments; Chapter 11 describes an FE computer pro-
gram for failure of and gas flow in the bedded overburden due to longwall mining;



xii Preface

Chapter 12 presents the state of the art on thick (> 3.5 m) and ultra-thick (>7 m)
seams longwall mining in China; and Chapter 13 describe the author’s experience
in the design method for successful predriven longwall recovery-rooms.

1. Barczak—Longwall standing support, shield

2. Cheng—Longwall shield

. Frith—Structural engineering

Gale—Longwall failure on subsidence and water flow
Guo H—Longwall overburden

Guo WB—Subsidence

Mark—Pillar extraction

Miao—Roof bolting

Su—Longwall

10. Tadolini—Cable bolts

11. Tang—RFPA longwall overburden failure and gas flow
12. Wang and Li—Thick seam longwall

13. Zhang—Longwall recovery rooms

CPNA AW

Syd S. Peng
January 2017, Morgantown, WV, United States



Contents

List of Contributors
Preface

1

Research developments that contributed to the landscape
of longwall roof support design over the past 25 years
Thomas M. Barczak

1.1 Introduction

1.2 The Mine Roof Simulator

1.3 Longwall Shield Supports

1.4 Standing Roof Supports

1.5 The Ground Reaction Curve

1.6 Closing Remarks

1.7 Disclaimer

References

Study on the factors influencing the load capacity of shield
Jingyi Cheng and Syd S. Peng

2.1 Introduction

2.2 Research Method and Site Description

2.3 Effect of Setting Load on the Loading Characteristics of Shield
24 Yielding

2.5 Effect of Shearer’s Cutting and Advance of Neighboring Shield on

Shield Load
2.6 Conclusions
Acknowledgments
References

Structural engineering principles in coal mine ground control—

the common link between empirical models, numerical models,

and practical solutions

Russell Frith

3.1 Introduction

3.2 Overview of Ground Control Assessment and Design Methods

3.3 Relevant Structural Engineering Principles

3.4 Examples of Rock Mass Behavior Conforming to Structural
Engineering Principles

3.5 Discussion

References

B &

2RRZ




vi

2

Contents

Rock failure above and below chain pillars: implications

for strength and fluid flow between goafs 93
Winton J. Gale
4.1 Introduction and Background 93
4.2 Stress Changes and Rock Failure About Longwall Panels 94
4.3 Computer Modeling of the Process 98
4.4 Effects of Fracture Above Pillars on Hydraulic Conductivity 106
4.5 Conclusions 108
References 109
Overburden response to longwall mining 111
Hua Guo, Qingdong Qu and Deepak Adhikary
5.1 Introduction 112
5.2 Stratified Rocks and Mechanical Characteristics 112
5.3 General Understanding of Overburden Response to

Longwall Mining 121
5.4 Field Monitoring of Overburden Deformation Processes 126
5.5 Stress Changes and Distribution About Longwall Faces 129

5.6 Integrated Study of Hydrogeological Response to Longwall Mining 135
5.7 Significance of Overburden Response in Longwall Gas Emission 143

5.8 Future Trends in Overburden Response Study 151
Acknowledgments 153
References 153

Surface subsidence characteristics and damage protection

techniques of high-intensity mining in China 157
Guo Wenbing, Bai Erhu and Yang Daming
6.1 Definition of High-Intensity Mining and Its Current Status 157
6.2 Surface Subsidence Characteristics Caused by High-Intensity

Mining 160
6.3 Features of Overburden Rock Failure Due to High-Intensity

Mining 172
6.4 Surface Subsidence Control and Mining Damage and Protection

Technology of Buildings (Structures) in Chinese Coal Mines 184
6.5 Engineering Examples 191
References 202
Ground control during pillar recovery with continuous miners 205
Christopher Mark
7.1 Introduction 205
7.2 Ground Control Theory of Pillar Recovery 208
7.3 Global Stability 211

7.4 Local Stability Risk Factors 215



Contents vii

7.5  Work Procedures and Worker Location 219
7.6  Rib Falls, Coal Bursts, and Airblasts 221
7.7  Conclusions 222
References & 223

8 Nondestructive testing of bolt support quality and stability control

of coal mine roadways 227
Xie X. Miao, Hou Q. Zhang, Yu Wu and Yan L. Chen
8.1  Introduction 227
8.2  Mechanism and Equipment of Nondestructive Testing of

Bolt Support Quality 229
8.3  Testing of Bolt Support Quality and Warning of Surrounding

Rock Instability In Coal Mine Roadways 240
84  Conclusions 265
References 266

9  Practical coal mine ground control—operator’s perspective 269

Daniel W.H. Su
9.1  Coal Pillar Design 270
9.2  Horizontal Stress Impact and Management 275
9.3  Longwall Caving and Hydraulic Fracturing 278
9.4  Roof Geology Reconnaissance and Applications 284
9.5  Deep Mine Design Considerations 290
9.6  Exploration and Mapping 292
9.7  Important Parameters Affecting Induced Stresses in the

Sandstone and Abutment Pressures in the Gateroad Pillars 292
9.8  Design Changes Implemented to Reduce Longwall-Induced

Stresses in the Sandstone and the Gateroad Pillars 294
9.9  Surface Seismic Monitoring 298

9.10 Effects of Longwall-Induced Subsurface Deformations on the
Mechanical Integrity of Shale Gas Wells Drilled Over a

Longwall Abutment Pillar 299
9.11 Site Description and Geotechnical Instrumentations 301
9.12 Site Geology 302
9.13 3D Finite Element Simulations 303
9.14 Results of Geotechnical Instrumentation and 3D Finite

Element Analyses 303

9.15 Potential of Employing the Field-Instrumentation-Calibrated

Abaqus Model to Evaluate Well Casing Stability Under

Different Overburden Geology and Well Casing Design 309
9.16 Discussions 311
References 315




viii Contents

10 The use of cable bolts or ground control—current applications

and future innovation 319
Stephen C. Tadolini and Dennis R. Dolinar

10.1 Introduction 319
10.2 Cable Bolt Design and Manufacturing 321
10.3 Tensioned Cable Bolting Systems 333
104 Indented PC-Strand Cable Bolts 337
10.5 Summary and Conclusions 342
Acknowledgment 343
References 343

11 Rock failure process analysis method (RFPA) for modeling

coal strata movement 345
Chun-an Tang and Tao Xu
11.1 Introduction 345
11.2  Rock Failure Process Analysis Method 346
11.3 Case Studies 353
11.4 Conclusions 374
Acknowledgments 376
References 376
12 Thick seam coal mining and its ground control 379
Jiachen Wang and Yang Li
12.1 Thick Seam Coal Mining 379
12.2  Ground Control in Thick Coal Seam Mining 393
12.3 Conclusions 406
References 406
13 Experience in ground control evaluation of longwall recovery

using numerical modeling and in situ menitoring 409
Peter Zhang
13.1 Conventional Longwall Recovery 409
13.2 Predriven Longwall Recovery Room 410
13.3 Numerical Modeling and In Situ Monitoring of Predriven

Longwall Recovery Room 411
13.4 Shield Recovery in Using Predriven Recovery Room 428
13.5 Design Considerations of Roof Support in Using Predriven

Recovery Room 432
References 436

Index - 439



Research developments that
contributed to the landscape of
longwall roof support design
over the past 25 years

Thomas M. Barczak

Chapter Outline

1.1 Introduction 1
1.2 The Mine Roof Simulator 2
1.3 Longwall Shield Supports 3
1.3.1 Development of the two-leg shield 3
1.3.2 Control system technology 5
1.3.3 Support performance testing 6
1.3.4 Stiffness characteristics 7
1.3.5 Shield load monitoring 8
1.3.6 Design capacity considerations 12
1.3.7 Assessing and understanding shield loading behavior 15
1.3.8 Remaining research focus 19
1.4 Standing Roof Supports 21
1.4.1 Conventional wood cribs and timber posts 23
1.4.2 Engineered timber supports 23
1.4.3 Yieldable cementitious supports 24
1.4.4 Steel props 27
1.5 The Ground Reaction Curve 30
1.6 Closing Remarks 32
1.7 Disclaimer 33
References 33

1.1 Introduction

Longwall mining has had a major impact on both productivity and safety in the US
coal mining industry. Many changes have occurred as longwall mining matured
from its infancy in the 1970s. Much of it was experienced based, but there were
also focused research efforts that addressed all aspects of the longwall method.

Advances in Coal Mine Ground Control. DOI: http:/dx.doi.org/10.1016/B978-0-08-101225-3.00001-3
Copyright © 2017 Elsevier Ltd. All rights reserved.
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Included in this was significant research dedicated to the ground control aspects.
This paper summarizes a body of research conducted over a 25-year period that
was concentrated on support technologies and support design, specifically investiga-
tions and research studies devoted to shield and gate road design.

1.2 The Mine Roof Simulator

The largest single investment ever made in ground control research was the Mine
Roof Simulator (see Fig. 1.1). This unique load frame was designed and built by
MTS Corporation to US Bureau of Mines specifications at a cost of approximately
$10 million and was commissioned into service by the Department of Energy in
1981. The machine was designed with the primary goal of being able to test long-
wall shields under active loading that fully simulated the ground response associ-
ated with longwall mining. Constructing a load frame sufficiently large enough to
accommodate a full-size shield and incorporating several “first-ever” operational
capabilities provided this requirement.

Size: The load frame was fabricated with a 20 X 20 ft upper and lower platen and a maxi-
mum roof-to-floor height of 16 ft.

Loading capability: The longwall ground response required a multi-axis loading capabil-
ity to simulate both the vertical convergence of the longwall face area and lateral move-
ment of the mine roof from face toward the gob as the panel was extracted. The MRS

Figure 1.1 Mine Roof Simulator.
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satisfies this biaxial loading requirement with the capability of providing up to
3,000,000 Ibs of vertical force through a 24 in. stroke of the lower platen and up to
1,600,000 Ibs of horizontal force through a 16 in. stroke of the lower platen. Rates of load
application of up to 6 million Ibs/min have been used. The maximum platen displacement
is 5 in./min.

Load control: Precise load application is achieved by closed-loop servo-controlled actua-
tors with six degrees of freedom control of the lower platen. The six degrees of freedom
are three displacements (vertical, horizontal, and lateral) and three rotations (pitch, yaw,
and roll). The pitch, yaw, and roll movements are commanded to keep the upper and
lower platen parallel at all times during specimen testing. The lateral displacement is lim-
ited to 0.5 in. and exists primarily to maintain yaw control of the lower platen.

Control modes: The machine can be operated under either force or displacement control.
Initially, an analog control system provided four vertical operating load ranges (200,-1000,
2000, and 3000 kips) and three horizontal load ranges (400, 800, and 1600 kips) and four
vertical displacement ranges (5, 10, 20, and 24 in.) and four horizontal displacement ranges
(2, 5, 10, and 161in.). A fully digital control system replaced the analog system in 2009,
which now provides load control to any specification-within the full operational ranges.
Stiffness: The load frame stiffness when loading over small-area (2-ft-diameter) speci-
mens with a load of 1000 kips in the middle of the platen is 25,000,000 Ibs/in., which is
similar in magnitude to a triaxial rock testing frame that has a stiffness of 60,000,000 Ibs/in.
Considering the size of the platens, this is a remarkable achievement. Furthermore, the platen
deflection is measured and is incorporated into the feedback response allowing it to be sub-
tracted from displacement control so that the intended displacement is maintained by the
control system. The system also incorporates shock absorbers to absorb energy released dur-
ing brittle specimen failure. The shock absorbers limit lower platen movement to less 0.1 in
when sudden specimen failure occurs. These capabilities allow for testing of both stiff and
soft specimens.

Since its commission in 1981, 7838 tests have been conducted in the MRS. The
ability to test full-scale roof support structures under load conditions that replicate
in-mine service loads has greatly enhanced the ability to fully develop roof support
products prior to utilizing them underground, thereby eliminating the need for lengthy
in-mine trials and accelerating the maturing of new roof support developments.

1.3 Longwall Shield Supports

Much of the success in the safety and productivity enhancements in longwall min-
ing during the past 25 years can be attributed to the development of the shield sup-
port. The shield support provided unprecedented capacity and stability in a
hydraulic support structure, and the basic structural design has been unchanged in
the past 25 years.

1.3.1 Development of the two-leg shield

The development and maturity of the two-leg shield design changed the landscape
of powered roof support design in longwall mining. The two-leg shield design
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Figure 1.3 Reduced stability of four-leg shield in cavity prone roof conditions.

provides superior strata interaction than a four-leg shield design. The primary dif-
ference is the ability of the two-leg shield to provide an active horizontal force.
Since the leg cylinder in a two-leg shield is inclined toward the face, horizontal
components of the leg force push the canopy toward the coal face as shown in
Fig. 1.2. This works to induce a force into the immediate strata attends to maintain
the strata in a state of compression. In comparison, the legs of a four-leg shield are
inclined in opposite directions to one another and the horizontal components of the
leg force can cancel one another out resulting in no active horizontal force acting
toward the coal face.

The unbalanced distribution of loading between the front and rear legs also make
the four-leg shield less effective in cavity prone strata. As the example in Fig. 1.3
illustrates, the force in the rear legs causes the canopy to rotate up into the cavity,
which causes a loss of roof contact at the canopy tip. This condition ultimately results
in further cavity formation and requires the front legs to do most of the supporting
work. Since the front legs of a four-leg shield are considerably smaller than they
would be in a two-leg shield of equivalent support capacity, the four-leg shield pro-
vides much less supporting force than would a comparable two-leg design.



Research developments that contributed to the landscape of longwall 5

Resultant y
vertical force Rotational

l ) tendency

Center of

gravity
Moment —— /
»*
Rotational L t
tendency
Resultant
vertical force
Immediate roof 4

A N Z

Stress concentration
at rear of canopy

Stress concentration

at toe of base
Immediate floor \

Figure 1.4 Resultant force actions on two-leg shield induce tendency for high toe loading on
shield base.

The primary disadvantage of a two-leg shield is generally higher contact pres-
sure on the canopy and base. High toe loading, caused by the moment created by
the line of action of the resultant vertical forces acting on the canopy and base (see
Fig. 1.4), can be a problem in high capacity two-leg shields and should be a
primary consideration in the support design.

1.3.2 Control system technology

Enhancements in shield control have been made with the incorporation of electro-
hydraulic control systems that automate the support function. Included in this tech-
nology development was the ability to incorporate a shearer-initiated shield advance
capability, whereby the shearer location is sensed by a receiver on the shield and
activates the advance cycle automatically. Another feature of the advancements in
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electro-hydraulic control technology is the ability to provide a programmable and
consistent setting force across the face. Early in the application of this technology,
full setting pressure was not consistently achieved, as the demand placed upon the
system was greater than the capability of the hydraulic distribution system to pro-
vide sufficient hydraulic fluid at the required pressure. Tapping off the hydraulic
pressure following the shield setting operation subsequently solved this problem.

1.3.3 Support performance testing

The MRS was commissioned into service shortly after the introduction of longwall
mining into the United States. This also happened to be the period in time when the
some of the early shield supports were developed. Unlike today when numerical
modeling is an integral process in shield design, supports of that era relied heavily
on load testing to develop and verify design approaches.

Prior to the construction of the MRS, shield performance testing was conducted
in static load frames in which the loading was generated by hydraulic pressurization
of the shield legs. This approach has one major flaw that can result in a poor assess-
ment of the shield structure. Shield supports are designed as a two-degree of free-
dom structure, designed to resist both vertical and horizontal loading. Hydraulic
pressurization of the leg cylinders only tests the vertical loading component of the
shield, which is provided by the canopy, legs, and base assembly. It does not gener-
ate any significant loading in the caving shield and lemnicsate link assembly, which
is designed to control the horizontal loading. As sach, these components were
largely untested and the source of many early shield failures due to poor design.
Recognition of this testing deficiency ultimately resulted in a procedure of placing
rollers on the canopy to release the horizontal component of the leg forces so that
this loading could be transferred into the caving shield/lemniscate assembly. While
this was a major improvement over the inactive horizontal loading protocol, it was
difficult to control the roller behavior during cyclic shield loading, which was nec-
essary to evaluate the fatigue aspects of the structural design.

The MRS solved this problem by providing active (externally applied) loading
capability for longwall shield testing with the ability to provide both vertical and
horizontal loading to the shield. The MRS can be programmed to allow the lower
platen to essentially float (zero roof/floor friction test) so that the full horizontal
component of the leg force (in a two-leg shield design) can be transferred to the
caving shield/lemniscate assembly. This testing procedure is equivalent to the
approach of placing rollers on the shield canopy in the static load frame method.
The major advantage of this approach is that the test can be repeated through cyclic
loading without any difficulty, unlike the roller test in the static frame, which gen-
erally requires constant adjustment of the rollers during cyclic loading.

The “zero-friction test” is the most severe horizontal load application because all
of horizontal leg force is transmitted into the caving shield/lemniscate assembly.
However, this loading caused by allowing the canopy to move forward (toward the
coal face) with respect to the base produces a compression loading in the upper
lemniscate link and a tensile force in the lower lemniscate link. This type of loading



