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. . . . . . . . . . . . . .  
Preface to the Second Edition 

A little more than 15 years ago, when I wrote the first edition of this text, my desire was 
to create a book that would fill the gap between theory and application. Each chapter 
was organized to show students and industry professionals how to apply various equa- 
tions to solve typical problems. It was also written to provide a link to widely used but 
out-of-print textbooks. The second edition continues with these concepts in mind. 

The first edition provided practice problems with solutions. As a result, individuals 
preparing for the Professional Engineers’ Examination in Mining Engineering found it 
useful as a study guide. This edition has been updated to provide new information, with- 
out significantly altering the organization of the book. However, one major change in 
the book’s organization has been to place all problem solutions at the end of each chap- 
ter. This was done so that people preparing for the P.E. Exam would find it easier to use 
the text as a drill-and-practice study guide. 

Many friends have been instrumental in the completion of this work. I would like to 
thank my colleagues at Penn State for their suggestions, particularly Marek Mrugala and 
L. Barry Phelps. I would also like to extend my appreciation to Barry Miller and Philip 
Melick, two of my former students; Harry Martin of DBT America; and Neal L. Locke of 
Allegheny Power who provided information that was incorporated into this edition. Also, 
I would like to thank Madan M. Singh, president of Engineers International, Inc., for his 
valuable review of the strata control chapter. Finally, I would like to express my sincere 
appreciation to Jane Olivier, Manager of Book Publishing for SME, for her encourage- 
ment and support. 

Dr. Christopher J. Bise 

Professor and Program Chair of Mining 
Engineering and Industrial Health and Safety 

George H., Jr., and Anne B. Deike Chair in 
Mining Engineering 

The Pennsylvania State University 
University Park, PA 

xi 



. . . . . . . . . . . . . .  
Contents 

LIST OF FIGURES vli 

LIST OF TABLES ix 

PREFACE TO THE SECOND EDITION xi 

PREFACE TO THE FIRST EDITION xiii 

CHAPTER 1 PRINCIPLES OF MINE PLANNING 1 

International Standardization 2 

Fundamentals 5 

Problems 9 

Problem Solutions 13 

CHAPTER 2 MINE PREPLANNING 19 

Reserve Estimation 19 

Production Planning 22 

Staff Planning 24 

Project Scheduling 26 

Mine Safety and Health 27 

Quality Control 31  

Problems 34 

Problem Solutions 41 

CHAPTER 3 VENTILATION 5 1  

Fundamentals of Airflow 52 

Fan Selection 56 

Ventilation Requirements for a New Mine 58 

Problems 59 

Problem Solutions 66 

CHAPTER 4 STRATA CONTROL 79 

Stresses Around Mine Openings 79 

Safety Factor 82 

iii 



Pillar Design 82 
Roof-Span Design 86 
Selection of Longwall Shields 88 
Subsidence 88 
Slope Stability 94 
Problems 96 
Problem Solutions 102 

CHAPTER 5 PUMPING AND DRAINAGE 121 
Pump Characteristic Curves 121 
Pipe Characteristic Curves 122 
Pump Flexibility 123 
Pumping Applications 125 
Problems 127 
Problem Solutions 131 

CHAPTER 6 MINE POWER SYSTEMS 145 
Compressed-Air Power 145 
Electrical Power 153 
Problems 165 
Problem Solutions 172 

CHAPTER 7 HOISTING SYSTEMS 195 
Wire Ropes 195 
Hoists 197 
Problems 204 
Problem Solutions 206 

CHAPTER 8 RAIL AND BELT HAULAGE SYSTEMS 215 
Track Layouts 215 
Locomotive Tractive-Effort Calculations 217 
Locomotive Motor Duty Cycle 219 
Belt Conveyors 221 
Problems 227 
Problem Solutions 230 

CHAPTER 9 RUBBER-TIRED HAULAGE SYSTEMS 241 
Underground Face-Haulage Vehicles 241 
Surface Haulage Vehicles 245 
Problems 251 
Problem Solutions 255 

iv 



CHAPTER 10 SURFACE EXTRACTION 271 

Fragmentation Procedures 271 

Design of Blasting Rounds 273 

Number of Drills 279 

Amount of Explosives Required 280 

Excavation Fundamentals 280 

Dragline Selection 280 

Shovel Selection 284 

Bulldozer Selection 284 

Scraper Selection 286 

Front-End Loader Selection 287 

Problems 288 

Problem Solutions 296 

INDEX 307 

ABOUT THE AUTHOR 330 



. . . . . . . . . . . . . .  
CHAPTER 1 

Principles of Mine Planning 

The process of planning a mine can be reduced to a network of interrelated systems that 
are tied together by a common philosophy of mine planning: namely, that the resource 
being mined is to be extracted in a safe, efficient, and profitable manner. The success of 
any mining operation cannot be guaranteed unless each of these three requirements is 
met. Consequently, during the initial planning stages, all mining operations are analyzed 
and evaluated in a similar fashion. 

Figure 1.1 illustrates a diagram for the initial planning stages of any mining opera- 
tion. Notice that a preplanning stage leads to the planning of four interrelated systems. 
This preplanning stage includes property exploration; estimation of production and 
staffing requirements; recognition of legal, environmental, and health and safety stan- 
dards; and establishment of construction timetables. The four systems evaluated after 
the preplanning stage are further reduced to the: (1) excavation and handling system, 
(2) strata control system, (3) operating support system, and (4) service support system. 

The excavation and handling system includes selecting all the equipment needed to 
remove the resource from its in-place deposit (e.g., draglines, continuous miners, rock 
drills, etc.) and to transport the mined material from the mine face (e.g., belt conveyors, 
trucks, etc.). The strata control system incorporates everything to be considered in order 
to maintain the integrity of the roof, ribs, floor, and overburden, both during and after 
the extraction phase. Typical considerations include pillar sizing, artificial support of the 
immediate roof in mine entries, and subsidence protection. The operating support sys- 
tem contains the auxiliary requirements of mine planning; this system consumes a large 
percentage of the mining engineer’s planning time but does not contribute to the actual 
extraction of the resource. However, if proper attention is not paid to the various compo- 
nents of the operating support system, such as ventilation, drainage, and power, the 
mining operation will not perform to its capabilities. Finally, the service support system 
is composed of those operations that keep the mine running efficiently; typical examples 
include maintenance and supply. One important concept that Figure 1.1 is designed to 
emphasize is that the four systems are interrelated; often, a slight alteration of one can 
affect the performance of another. If these interrelationships are ignored, the effects on 
the overall project can be disastrous. 

The mine preplanning stage and the four subsequent system evaluations constitute 
the analysis portion of the mine-planning diagram. After this portion of the study is com- 
pleted, the overall projected operation can be evaluated using techniques such as finan- 
cial analysis. This last step in the study is referred to as the synthesis of the previously 
calculated parameters into an overall plan. 

1 
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Operating v Strata Control 

Excavation and 

T 1 

Analysis Synthesis 

FIGURE 1.1 Diagram for mine planning 

Much has been written about the overall evaluation of mining properties; how- 
ever, only recently has anything been written concerning the coordinated analysis of 
mine-planning systems. Further, many of the texts that have attempted to address this 
topic fail give sufficient examples for successful implementation, thus supporting the 
operating engineers’ lament that it is easy to discuss theories but difficult to provide 
applications of those very same theories. 

In keeping with the philosophy behind the first edition of this text, this second edi- 
tion was written to provide additional applications. Examples of the various stages of the 
mine-planning flowchart shown in Figure 1.1 are covered in this text, with the exception 
of the service support system, because this system is oriented more toward day-to-day 
planning than long-term planning. 

I N T E R N A T I O N A L  S T A N D A R D I Z A T I O N  

There are numerous benefits to using internationally standardized units for mining engi- 
neering calculations. The interchangeability of equipment parts and the ability to analyze 
and compare performance and design specifications on an equal basis are just two exam- 
ples of why standardization is important, particularly for manufacturers and mine opera- 
tors. Unfortunately, engineers in the United States have not rapidly embraced conversion 
to an international standard; this hestiation is, in part, due to training and familiarity with 
the English system. 

The Society for Mining, Metallurgy, and Exploration, Inc. has committed to adop- 
tion of the Systeme International $Unites (SI) in all mining engineering calculations. 
However, because many practicing mining engineers and students in undergraduate 
programs still find it difficult to use SI units, the calculations in this textbook use the 
English system. Table 1.1 can be used to convert to SI units. 

Terminology 

The field of mining has its own unique vocabulary, which assigns specific meanings to 
operations, locations, and functions found in mines. These words, when used in techni- 
cal writing, can often be confusing to someone unfamiliar with the field. To minimize 
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TABLE 1.1 SME abbreviated conversion table 

acre 

acre-foot 

ampere-hour 

atmosphere (normal) 

barrel (petroleum, 42 gal) 

British thermal unit (Int’l Table) 

Btu (Int’l Table) per pound (mass) 

Btu (Int’l Table) per hour 

Btu per short ton 

calorie (Int’l Table) 

degree (angle) 

degree Celsius 

degree Fahrenheit 

degree Fahrenheit 

dyne 

electron volt 

erg 
foot 

foot, cubic 

foot, square 

foot per hour 

foot per minute 

foot per second 

foot per sec per sec 

gallon (US liquid) 

gallon (US liquid) 

horsepower (550 ft-lbf per sec) 

inch 

inch, square 

inch, cubic 

inch per second 

inch of mercury (60°F) 

inch of water (60°F) 

kilocalorie (Int’l Table) 

kilowatt-hour 

mile (US statute) 

mile, square (US statute) 

mile per hour (US statute) 

millimeter of mercury (0°C) 

minute (angle) 

ohm flnt’l US) 

meter squared (m2) 

meter cubed (m3) 

coulomb (C) 

kilopascal (kPa) 

meter cubed (m3) 

kilojoule (kJ) 

kilojoule/kilogram (kJ/kg) 

watt (W) 

kilojoule/ton (kJ/t) 

joule (J) 

radian (rad) 

kelvin (K) 

degree Celsius (C) 

kelvin (K) 

newton ( N )  

attojoule (aJ) 

microjoule (pJ) 

meter (m) 

meter cubed (m3) 

meter squared (m2) 

millimeter/sec (mm/s) 

meter/sec (m/s) 

meter/sec (m/s) 

meter/sec/sec (m/sz) 

meter cubed (m3) 

liter (L) 
kilowatt (kW) 

millimeter (mm) 

miilimeter squared (mm2) 

millimeter cubed (mm3) 

millimeter/sec (mm/s) 

kilopascal (kPa) 

kilopascal (kPa) 

kilojoule (kl) 

kilojoule (kJ) 

kilometer (km) 

kilometer squared (km2) 

kilometer/hour (km/h) 

pascal (Pa) 

radian (rad) 

ohm (Q) 

Convert from To Multiply by 

4046.856 

1233.482 

3600.00 

101.325 

0.158 99 

1.055 056 

2.326 

0.293 07 

1.163 00 

4.186 

0.017 45 

‘K = ‘C + 273.15 

‘C = (‘F - 32)/1.8 

‘K = (‘F + 459.67)/1.8 

0.000 01 

0.160 219 

0.100 

0.3048 

0.028 316 8 

0.092 903 04 

0.084 666 7 

0.005 080 

0.304 800 

0.304 800 

0.003 785 4 

3.785 412 

0.745 699 

25.400 

645.160 

16 387.06 

25.40 

3.376 85 

0.248 84 

4.186 80 

3600.00 

1.609 344 

2.589 988 

1.609 344 

133.3224 

0.000 291 

1.000 495 

(table continues on next page) 
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TABLE 1.1 SME abbreviated conversion table (continued) 

ounce-mass (avoirdupois) 

ounce-mass (troy) 

ounce (US fluid) 

pound-force (Ibf avoirdupois) 

pound-force per square inch (psi) 

pound-mass (Ibm avoirdupois) 

pound-mass per short ton 

quart (US liquid) 

ton (long, 2,240 Ibm) 

ton (short, 2,000 Ibm) 

ton (metric) 

watt-hour 

yard 

yard, square 

yard, cubic 

Convert from To Multiply by 

gram (g) 28.349 520 

gram (g) 

centimeter cubed (cm3) 

newton (N) 

kilopascal (kPa) 

kilogram (kg) 

kilogram/ton (kp/t) 

liter (L) 

ton (t) 

ton (t) 

kilogram (kg) 

kilojoule (kJ) 

meter (m) 

meter squared (m2) 

meter cubed (m3) 

31.103 480 

29.573 530 

4.448 222 

6.894 757 

0.453 592 4 

0.500 000 

0.946 325 4 

1.016 047 

0.907 184 

1000.0 

3.600 

0.9144 

0.836 127 4 

0.764 544 9 

Source: Dasher 1981. 

confusion, this section defines many of the terms used in the text. A more extensive dic- 
tionary of mining terminology is the American Geological Institute’s Dictionary of Min- 
ing, Mineral, and Related Terms, available from SME and cited at the end of this chapter. 
Advance mining: Exploitation in the same direction, or order of sequence, as development. 
Air course: A passage through which air is circulated. 
Air split: The division of a current of air into two or more parts. 
Airway: Any passage through which air is carried. 
Barrier pillars: Solid blocks of coal or rock left between two mines or sections of a mine 
to prevent accidents caused by inrushes of water or gas or to protect pillars in headings 
against crushing. 
Beam building: The creation of a strong, inflexible beam by bolting or otherwise fasten- 
ing together several weaker layers. In coal mining, this is the intent of roof bolting. 
Belt idler: A roller, usually of cylindrical shape, that is supported on a frame and that, in 
turn, supports or guides a conveyor belt. 
Belt take-up: A belt pulley, generally under a conveyor belt and usually located near the 
drive pulley, kept under strong tension parallel to the belt line. Its purpose is to automat- 
ically compensate for any slack in the belting created by start-up, etc. 
Bleeder entries: Special air courses developed and maintained as part of the mine venti- 
lation system and designed to continuously move air-methane mixtures emitted by the 
gob away from active workings and into mine-return air courses. 
Breakthrough: A passage for ventilation that is cut through the pillars between rooms. 
British thermal unit (Btu): Heat needed to raise 1 pound of water 1 degree Fahrenheit 
(1°F). 
Burden (of holes in blasting): The distance between the rows of holes running parallel 
to the free vertical surface of the rock. 
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Cage: A device in a mine shaft, similar to an elevator car, that is used to hoist men and 
materials. 
Car: A railway wagon, especially any of the wagons adapted to carrying coal, ore, and 
waste underground. 
Collar: The timbering or concrete around the mouth or top of a shaft. 
Cover: The overburden above any deposit. 
Crosscut: A passageway driven between the entry and its parallel air course or air 
courses for ventilation purposes. 
Development: The work done on a mine after exploration to provide access to the ore 
and to provide haulage ways for the exploitation period. 
Dump: The point at which a load of ore or coal is discharged. 
Entry: An underground passage used for haulage or ventilation. 
Face: The principal operating place in a mine. 
Gob: That part of the mine from which the coal has been removed and the space has 
been filled up with waste rock. 
Head: Pressure of a water column in feet. 
Headframe: The structure surmounting the shaft that supports the hoist rope pulley 
and, often, the hoist itself. 
Inby: In the direction of the working face. 
Intake: The passage through which fresh air is drawn or forced into a mine or into a 
section of a mine. 
Main entry: A main haulage road. 
Outby: In the direction of the mine entrance. 
Panel: A coal mining block that generally comprises one operating unit. 
Portal: The structure surrounding the immediate entrance to a mine. 
Retreat mining: Exploitation in the direction opposite from development. 
Return: The air or ventilation that has passed through all the working faces of a split. 
Rubbing surface: The total area around an airway. 
Skip: A car being hoisted from a slope or shaft. 
Spacing (of holes in blasting): The distance between two holes in the same row. 
Split: Any division or branch of the ventilation circuit. 
Subsidence: The deformation of the ground mass surrounding a mine due to the mining 
activity. 
Trip: A train of mine cars. 

FUNDAMENTALS 

Because most calculations used in mining engineering practice originated in other science 
and engineering disciplines, a brief review of science and engineering fundamentals is 
imperative at the outset. Thus, these fundamentals are defined in the following section so 
that a review will not be necessary in later chapters. 

Displacement: The distance covered by an object from a fixed origin. 
Velocity: The ratio of an object’s displacement to the time interval during which dis- 

placement occurred. 
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Acceleration: The change in velocity during a particular time interval. 
Relationship among displacement, velocity, and acceleration: The distance, s, 

that an object travels during a particular time period, t, is related to the average velocity, 
vavg, in the following manner: 

s = V,&,t (EQ 1.1) 

If the body's velocity changes at a uniform rate from an initial velocity, vi, to a final 
velocity, vf, the body is said to have a constant acceleration, a. 

a = (vf - vi) / t (EQ 1-21 

vf = vi + at (EQ 1.3) 

Because the acceleration is constant, the average velocity of the object is 

vaVg = 0.5(vi + Vf) (EQ 1.4 

The displacement becomes 

s = 0.5(vi + vf)t = vit + 0.5(at2) (EQ 1-51 

The final velocity becomes 

vf" = v? + 2as (EQ 1.6) 

Force: An action that changes or tends to change the state of rest or motion of a 
body. It is related to displacement, velocity, and acceleration in the following manner: 

f = ma = (W/g) a = (W/g) (vf - vi) / t (EQ 1.7) 

where g is the acceleration of a freely falling body and has a value of 32.2 fpsps (feet per 
second per second), m is the mass of the body, and W is the weight of the body. 

Work The product of a force unit and a length unit in which a force does work 
when it acts against a resisting force to produce motion of an object. For example, 1 ft-lb 
of work is done when a constant force of 1 lb moves a body a distance of 1 ft in the direc- 
tion of the force. 

Power: The time rate of doing work. Average power is defined as either the quotient 
of the amount of work done and the time taken to do the work or the product of the 
force applied and the velocity of the object in the direction of the applied force. The two 
units of power used in most mining situations are the watt (W) and horsepower (hp). 
They are related to each other in the following manner: 

1 hp = 33,000 ft-lb per min = 746 W 

Specific gravity (s.g.): The ratio of the weight of a substance to the weight of an 
equal volume of a standard substance. Solids and liquids are compared to a standard of 
water; gases are often compared to a standard of air. 

Efficiency: The ratio of work output to work input, or power output to power input. 
Recovery ratio: In mining, a special measure of efficiency. It is defined as the vol- 

ume of mineral mined from a deposit divided by the total volume of mineral in the 
deposit prior to mining. 

Stress: The force applied per unit area that produces or tends to produce deforma- 
tion in a body. 
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Strain: A pure, dimensionless number that represents the fractional deformation 
resulting from a stress. For example, if a rock specimen of an initial length experiences 
an elongation due to a tension test, the longitudinal strain is 

(change in length)/(initial length) (EQ 1-81 

Modulus of elasticity: The constant that reflects the fact that when a body tends to 
return to its original size or shape after a deformation or when the deforming forces 
have been removed, it is said to have the property of elasticity, and within the elastic 
limit of any body, the ratio of the stress to the strain produced is constant. 

Quantity of a fluid (or gas) flowing through a duct: This quantity is equal to the 
product of the fluid’s velocity and the cross-sectional area of the duct. 

Swell factor: The ratio of the bank value to the loose value when a material has 
been disturbed by an excavation process and loses volume as opposed to the in-place or 
bank volume. 

Rolling resistance (of a vehicle): The sum of the external forces opposing motion 
over level terrain. 

Grade resistance (assistance): The resistance (or assistance) to motion of a vehicle 
that is caused by the pull of gravity as it travels over grades. 

Tractive effort: The effort exerted by a prime mover at the rim of its driving wheels. 
It is a function of the prime mover’s weight and its ability to adhere to the roadbed. 

Drawbar pull: That portion of the prime mover’s tractive effort that is available to 
move a trailing load after the resistances of the prime mover are subtracted. 

Ohm’s law: A fundamental law of circuit analysis that stipulates that the force nec- 
essary to impart motion on a fluid through a conductor is equal to the product of the vol- 
ume flowing and the resistance to flow. Electrically, Ohm’s law states that voltage is 
equal to the product of current and resistance. 

Kirchhoff’s laws: 
I. The algebraic sum of the fluid volume flowing into a junction is zero. Electrically, 

this fluid volume is current. 
2. The algebraic sum of pressure drops around a closed circuit is zero. Electrically, 

this pressure is voltage. 
Kinetic energy: An object’s ability to do work because of its motion. The kinetic 

energy, KE, of a mass, m, moving with a velocity, v, is: 

KE = o.s(mv2) (EQ 1.9) 

Conservation of energy: The fact that energy can neither be created nor destroyed; 
it can only be transformed from one form to another. 

General gas laws: At sufficiently low pressures and high temperatures, all gases 
have been found to obey the following three laws, which relate the volume of a gas to 
the pressure and temperature: Boyle’s law, Charles’s law, and Gay-Lussac’s law. Any two 
of the three gas laws may be combined to obtain 

fi = constant (EQ 1.10) 
T 

Further, if a given mass of gas is considered under two different conditions of tem- 
perature and pressure, the following holds true: 
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Bernoulli theorem: The equation that results from application of the principle of con- 
servation of energy to fluid flow. The energy possessed by a flowing fluid consists of inter- 
nal energy and energies due to pressure, velocity, and position. In the direction of flow, the 
energy principle is described by the following equation for steady flow of incompressible 
fluids in which the change in internal energy is negligible: 

(EQ 1.12) 

where p1 and p2 are pressures at the two points of observation, z1 and z2 are elevations of 
the two points of observation, Ha is the heat added to the system, H, is the heat lost from 
the system during flow, and He is the heat extracted from the system. 

Statistical relationships: Statistics deals with scientific methods for collecting, 
organizing, summarizing, presenting, and analyzing data, thereby enabling an individ- 
ual to draw valid conclusions and make reasonable decisions. When collecting data, it is 
often impractical to observe an entire group, or population, because of its size; instead, a 
small portion of the group, or sample, is observed. If the sample is representative of the 
population, important conclusions about the population can be inferred from analysis of 
the sample. 

The arithmetic mean, or average, of a set of numbers is equal to the sum of all of the 
numbers divided by the count of the numbers. One reason for taking measurements is to 
assess the degree of variation. Consequently, the degree to which numerical data tend to 
spread about an average is important. In mining, there are six possible causes of varia- 
tion: (1) operator, (2) material, (3) equipment, (4) method, (5) tooling and wear, and 
(6) operating environment. Quality-control improvements can only be made if you can 
measure and predict variation in processes. 

To fully describe data, the variation of the data from the mean must be known. Vari- 
ance is an important measure of this variability in data. Sample variance is the average 
of the squared distance (deviations) of the data from the sample mean. The formula for 
sample variance (s2 ) is 

where: 
X = measurement in the sample 
X = sample mean 
n = sample size 

The formula for population variance (02 ) is 

(EQ 1.13) 

(EQ 1.14) 
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where: 
x = measurement in the population 
p = population mean 
N = population size 

Standard deviation is the most common measure of dispersion. The formula for 
sample standard deviation(s) is 

where: 
X = measurements in population 
X = sample mean 
n = sample size 

The formula for population standard deviation (0) is 

(EQ 1.15) 

(EQ 1.16) 

where: 
x = measurements in population 
p = population mean 
N = population size 
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PROBLEMS 

Problem 1.1 

A shuttle car travels at an average velocity of 300 fpm (feet per minute) from a continu- 
ous miner to a conveyor belt where it will discharge its payload. If travel time is 75 sec 
(seconds), what is the distance between the loading point and the dump? 

Problem 1.2 

After rounding a curve, a mine locomotive accelerates from a velocity of 3 mph (miles per 
hour) to 6 mph in 50 sec. What is the rate of acceleration in feet per second per second? 
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Problem 1.3 

If a haulage truck at a surface mine accelerates at a uniform rate of 0.5 mphps (miles per 
hour per second) from rest, how fast will it be going in 20 sec? 

Problem 1.4 

What is the average velocity for the haulage truck in Problem 1.3 during the time inter- 
val between its initial velocity at 20 sec, 10 mph, and its final velocity at 1 min, 30 mph? 

Problem 1.5 

How far does the truck travel in Problem 1.4? 

Problem 1.6 

What is the truck’s acceleration rate at the end of the interval for the situation in 
Problem 1.5? 

Problem 1.7 

A 20-ton mine locomotive is traveling at 6 mph (8.8 fps). Determine the retarding force 
of the brakes required to stop it in 105 ft  on a level track. 

Problem 1.8 

A 10-ton mine locomotive is traveling at 6 mph (8.8 f p s )  when the motorman sees a fall 
of rock on the track ahead. He applies the brakes, but still hits the rock, moving it 3 in. 
What is the average force at impact? 

Problem 1.9 

Calculate the work done by a mine pump that discharges 300 gal of water into a sump 
located 27 ft above its intake. 

Problem 1.10 

A sedimentary rock weighs 160 lb per cu ft. What is its specific gravity? 

Problem 1.11 

The rock strata over a coal seam have an average specific gravity of 2.55. What is the 
pressure, in pounds per square inch (psi), that is exerted onto the seam if the depth of 
overburden is 400 fi? 

Problem 1.12 

A mine hoist lifts a cage weighing 11,000 lb that contains 11,500 lb of ore. The hoisting 
distance is 1,050 ft, and it takes 55 sec to travel this distance. The power supplied to the 
motor is 1,250 hp. Determine the work output, the power output, and power input in 
foot-pounds per second and the efficiency of the motor and hoist. 
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Problem 1.13 

The following figure depicts the amount of coal that is left after mining (pillars) and the 
amount of coal that is extracted (rooms). 

Rooms 

D Rooms 

Illustrates Problem 1.13 

A pillar’s tributary area is defined as the sum of the pillar area and the mined-out area 
for one half of the distance to the adjacent pillars. If A = 60 ft, B = 75 ft, C = 20 ft, and D = 

16 ft, determine the recovery ratio in a 6-ft coal seam. 

Problem 1.14 

Subsidence due to underground mining can cause considerable damage to surface struc- 
tures. In Great Britain, for example, classification of structural damage depends prima- 
rily on changes in the length of structures. 

If a 100-ft-long building is subjected to an increase in length of 0.2 ft (considered to be 
very severe damage) due to subsidence, what is the corresponding strain? 

Problem 1.15 

A surveyor’s 100-ft-long steel tape has a cross section of 0.250 in. x 0.03 in. Determine 
its modulus of elasticity if its elongation is 0.064 in. when held taut by a force of 12 lb. 

Problem 1.16 

If air flows through an 18-in.-diam (diameter) ventilation duct at a velocity of 
3,500 fpm, what is the quantity in cubic feet per minute? 
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Problem 1.17 

Bituminous coal has a swell factor of 0.74. What is the volume of blasted coal, ready for 
loading, if the in-place volume is 1,200 cu ft? 

Problem 1.18 

A 50-ton mine locomotive typically has an adhesion factor of 0.20 when braking on 
clean, dry rails. Under these circumstances, what is its tractive effort in pounds? 

Problem 1.19 

What is the drawbar pull of the locomotive in Problem 1.18 if the locomotive resistance 
is 30 lb per ton? 

Problem 1.20 

What voltage would be required to force 5 amp (amperes) of current through a 40-ohm 
resistor in a d-c circuit? 

Problem 1.21 

Refer to the following diagram. If 75,000 cfm of air flows in split 1 and 25,000 cfm of air 
flows in split 2, what is the quantity of air flowing in split 3? 

A 1 2  
\" Fan 

150,000 cfrn - 
Illustrates Problem 1.21 
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Problem 1.22 

What is the current flowing in the d-c circuit shown in the following diagram? 

2 R  

7 R  

Illustrates Problem 1.22 

Problem 1.23 

A mass of air occupies 20 cu ft  at 60°F and 14.7 psi. Determine its volume at 100°F and 
12.68 psi. 

Problem 1.24 

A horizontal ventilation duct reduces in cross-sectional area from 1.40 sq ft to 0.80 sq ft. 
Assuming no losses, what pressure change will occur when 3.75 lb per sec of air flows? 
Assume w equals 0.0750 lb per cu ft for the pressure and temperature conditions 
involved. 

Problem 1.25 

Determine the arithmetic mean and the standard deviation for the following set (popula- 
tion) of numbers: 6,3, 10,5, 12, 7, 15, and 18. 

PROBLEM SOLUTIONS 

Solution 1.1 

s = Va"gt 
= (300 fpm) (75 sec) (1 min per 60 sec) 
= 375 ft 

Solution 1.2 

3 mph = (3 mph)(5,280 ft per 1 mile) (1 hr per 3,600 sec) = 4.4 f p s  

6 mph = 8.8 f p s  

a = (vf - vi)/t = r(8.8 - 4.4) fpsl / 50 sec = 0.088 ft per sec? 
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Solution 1.3 

vf = vi + at 

= 0 + 0.5 mphps (20 sec) 

= 10 mph 

Solution 1.4 

vaVg = (0.5) (vi + vf) 

= (0.5)(10 + 30) = 20 mph 

Solution 1.5 

10 mph = 14.67 fps (feet per second) 

30 mph = 44.00 fps 

s = (0.5)((14.67 + 44.00) fps)(40 sec) 

= 1,174 ft 

Solution 1.6 

s = vit + 0.5at2 

1,174 ft = [(14.67 fps)(40 sec)] + [0.5 a (40 secl21 

1,174 ft = 586.8 ft + (0.5) a (1,600 sec2) 

a = (587.2 !?)/(SO0 sec2) 

a = 0.734 fpsps 

Solution 1.7 

vf" = v; + 2as 

(0 fpsI2 = (8.8 f p ~ ) ~  + 2a(105 ft) 

a = -0.369 fpsps 

f =  (:)(a) = { (20)(2~000)}(0.369) 32.2 = 458 lb 

Solution 1.8 

Work = (force) (displacement) 
Work = change in kinetic energy when velocity is changed abruptly 

Thus, 

1 2 1 2  (force)(displacement) = -mvl - Zmv2 
2 
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(force) (0.25 ft) = - (10)(2,000) (8.B2) - 1 (10)(2,000) 
2( 32.2 } 2{ 32.2 

force = 96,200 lb 

Solution 1.9 

Weight of water = 300 )( 62.4 lb per cu ft) 
(7.48 gal ier  cu ft  

= 2,503 lb 

Work = (force) (displacement) 

= (2,503 lb)(27 ft) 

= 67,581 ft-lb 

Solution 1.10 

weight of substance 
weight of water 

Specific gravity = 

- - 160 lb per cu ft  
62.4 lb per cu ft  

= 2.56 

Solution 1.11 

One cubic foot of rock weighs (2.55)(62.4) = 159.12 lb. Thus, the pressure exerted on 
the base of a cubic foot of this rock is equal to 159.12 lb. Since there are 144 sq in. in a 
square foot, the force can also be represented as 

Therefore, 1.1 psi is exerted per foot of overburden. Since the overburden is 400 ft in 
this example, the pressure exerted on the coal seam is 

(1.1)(400) = 440 psi 

Solution 1.12 

Work output: [(11,000 + 11,500) lb] (1,050 ft) = 23,625,000 ft-lb 

Power output: work Output - - 2336259000 ft-lb = 429,545 ft-lb per sec 
time 55 sec 

Power input: (1,250 hp) (33,000 '-lb per min) = 687,500 ft-lb per sec 
(60 sec per rnin)( 1 hp) 

ower output 
power input 

- 429,545 ft-lb per sec 
687,500 ft-lb per sec 

= 62% 

Efficiency = p 
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Solution 1.13 

volume of mineral mined 
total volume of mineral prior to mining 

Recovery ratio = 

- volume in the tributary area - volume in the pillar 
volume in the tributary area 

- (60+20)(75+ 16)(6)-(60)(75)(6) 
(60 + 20)(75 + 16)(6) 

- 43,680 - 27,000 
43,680 

= 0.38 = 38% 

Solution 1.14 

A1 0.2 ft 
1 1ooft 

Longitudinal strain = - = - = 0.002 

Solution 1.15 

Stress = force per unit area 

- (12 lb) 
(0.250 in.)(0.03 in.) 

= 1,600 psi 

Strain = (change in length)/initial length 

Modulus of elasticity = (1,600 psil(5.333 x 

= 30 x lo6 psi 

Solution 1.16 

Duct area = nr2 

= ~ ( 0 . 7 5  ft)' = 1.767 sq ft 

Quantity = (cross-sectional area) (velocity) 

= (1.767 sq ft)(3,500 fpm) 

= 6,185 cfm 

Solution 1.17 

bank volume 
swell factor 

Loose volume = 

= ( ' ~ 2 ~ 0 7 ~  ') = 1,622 cu ft 
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Solution 1.18 

Tractive effort = (weight of locomotive) (adhesion) 

TE = (50 tons)(2,000 lb per ton)(0.20) 

= 20,000 lb 

Solution 1.19 

Drawbar pull = TE - locomotive resistance 

= 20,000 lb - [(SO tons )(30 lb per ton)] 

= 18,500 lb 

Solution 1.20 

Voltage = (current) (resistance) 

= (5)(40) = 200 V 

Solution 1.21 

According to Kirchhoffs first law, 

Q T = Q i  + Qz + Q3 

150,000 cfm = 75,000 cfm + 25,000 cfrn + Q3 

Therefore, Q3 = 50,000 cfm 

Solution 1.22 

According to Kirchhoff s second law, 

V - (IR), - (IR), - (IR), = 0 

45 - 21 - 61 - 71 = 0 

Therefore, 

I = 3 a m p  

Solution 1.23 

A mass of air occupies 20 cu ft at 60°F and 14.7 psi. Determine its volume at 100°F and 
12.68 psi. 

(20cu ft)(14.7 psi) = (v2)(12-68 Psi) 
( 100 + 460) "R (60 + 460) "R 
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Therefore, 

V, = 24.97 cu ft  

Solution 1.24 

3.75 lb per sec = cfs 
= 0.0750 lb per cu ft 

V = = -.?!?-& = 35.71 f p s  
A, 1.40sqft 

v,=- Q = ~ 5OCfs = 62.5 fps 
A, 0.80 sqft 

Applying the Bernoulli theorem, 

Rearranging, 

- 5 = 40.86 ft of air w w  

p1 - p, = 40.86 ft  (0.0750 lb per cu ft) 

= 3.0645 psf 

= 0.0213 psi change 

Solution 1.25 

The arithmetic mean is 

P =  
ZX 
N 
- - 6 + 3 + 10+ 5 + 12 + 7 +  - 

8 

The standard deviation is 

5 +  - 8 -  7 i  - - - - = 9.5 
8 

(s= /XCX-P)Z 
N 

= (6 - 9.5)’ + (3 - 9.5)’ + (10 - 9.5)’ + (5 -9.5)’ + (12 - 9.5)’ + (7 -9.5)’+ (15 -9.5)’ + (18 - 9.5)’ 
8 

= -5 
= 4.87 
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CHAPTER 2 

Mine Preplanning 

Before planning a mine in detail, a preliminary analysis is often conducted. This preplan- 
ning phase enables the mining engineer to quickly determine whether or not a particular 
mining property warrants further consideration. In fact, a properly conducted preplan- 
ning phase can come within 10% to 20% of the actual results, thereby saving the mining 
engineer valuable time before committing to a fine-tuned analysis. 

Among the many questions to be answered during mine preplanning are: 
’ What will the operating conditions for the mine be like? 
’ How long will it take to complete the project? 

What health, safety, and environmental regulations will affect the project? 
To answer these questions, reserve estimation, production and staff planning, and 

project scheduling are calculated. The impact of regulations can only be assessed by 
understanding the basic science underlying these considerations. The following sections 
discuss these various topics of mine preplanning in greater detail. 

R E S E R V E  E S T I M A T I O N  

Estimation of the various characteristics of a reserve, such as quantity, grade, and thick- 
ness, is an ongoing process that lasts throughout the life of a mining venture. The 
reserve-estimation phase of mine planning, however, is more closely associated with the 
preplanning phase. There are many different techniques used in reserve estimation of 
solid mineral deposits; variations among these techniques are introduced because of 
such considerations as ease of application or level of accuracy. In any event, each tech- 
nique is developed in the following manner: 

1. The mineral body is represented pictorially and then subdivided into blocks 
related to one or more samples of exploration data. 

2. The area and volume of each block is determined. 
3. The volumes are converted to representative tonnages (e.g., grades). 
4. The results are tabulated. 
This procedure is illustrated using the polygonal (area-of-influence) technique. This 

technique is used because of its ease of application, flexibility in dealing with different 
deposits, and general acceptance. 

19 
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FIGURE 2.1 Method of polygons (plan and polygonal prlsms) 
Source: Popoff 1966. 

TABLE 2.1 Computation of reserves by the polygonal method 

Raw Valuable Component Weight 
Factor [n. Material . ,. 

Polygon Area (s), Thick- Volume cu ft per Reserves Grade (c), Reserves 
Number sq ft ness (t), ft (V), cu ft ton (Q), tons % (P),  tons 

1 Sl t l  Vl F Qi C 1  PI 

2 s2 t2 v2 F Q2 c2 p2 

3 s3 t3 v3 F Q3 c3 p3 

n Sn t n  "n F Qn Cn Pn 

Total i p 
i = l  

iQ 
i = l  

i v  
i = l  

i s  
i = l  

Average n n 

C" cp 

i = l  i = l  

Source: Popoff 1966. 

The polygonal technique assumes that all characteristics of a mineral body extend 
halfway between a point of observation and any other point of observation. The 
explored portion of the mineral body is represented by polygonal prisms whose depths 
relate to the characteristic in question (grade, thickness, etc.) and whose plane bases 
relate to the area of influence of each point of observation (drill hole, etc.). This is shown 
in Figure 2.1. The polygons must be constructed in a definite order, usually clockwise 
and from the periphery to the center of the deposit. Table 2.1 is then used to calculate 
the characteristics in question. 
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FIGURE 2.2 Construction of perpendicular bisectors 
Source: Popoff 1966. 

_I  H 

D 

FIGURE 2.3 Correct construction of polygons by perpendicular bisectors 
Source: Popoff 1966. 

The polygonal method, by definition, assumes that the characteristics of a mineral 
body extend halfway between points of observation. Consequently, it becomes readily 
apparent that the evaluation of a vertical-drill-hole exploration program requires the 
sides of the polygons to be formed by the intersection of perpendicular bisectors 
(Figure 2.2). Figures 2.3 and 2.4 show correct and incorrect polygon construction. The 
criterion for correct construction is that all points within a particular polygon must be 
closer to the polygon’s rallying point than those located in any other polygon. This is 
clearly not the case for certain points that are located in the polygon containing rallying 
point B, as shown in Figure 2.4. 

Although this method can be used where drill holes are irregularly spaced, calcula- 
tions become less tedious when a square-net (Figure 2.5) or chessboard (Figure 2.6) grid 
is adopted. The numbers shown in Figures 2.5 and 2.6 represent the relative weight for 
each of the shaded areas. In general, a greater number of polygons and a more continu- 
ous mineral body result in a more regular grid and a more accurate computation. 

To illustrate the necessity to determine quality at the preplanning stage, consider 
how environmental regulations impact the marketing of coal. As a result of the 1990 
Clean Air Amendments Act, only coal that emits less than 1.2 lb of SO, per million Btu may 
be burned by power plants, unless arrangements can be made for emissions allowances or 
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FIGURE 2.4 Incorrect construction of polygons 
Source: Popoff 1966. 

FIGURE 2.5 Square net pattern 
Source: Popoff 1966. 

the power plants use scrubbers (www.pol1utionengineering.com). Coal that satisfies the 
requirement is designated as “compliance coal.” To determine if a specific coal meets the 
requirement, the following equation is used: 

Percent 20,000 = lbs of SO, produced per million Btu Btu rating of the coal 
Clearly, an effective exploration program is crucial to determining the marketability of a 
mineral reserve. 

PRODUCTION PLANNING 

Before the production potential of a mine can be properly evaluated, a thorough explo- 
ration program should be put in place. It seems obvious that the nature and properties of 
the deposit and adjacent strata, the presence of impurities, and other mining conditions 
should be adequately determined prior to production planning and equipment selection. 
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FIGURE 2.6 Chessboard pattern 
Source: Popoff 1966. 

A lack of sufficiently detailed information regarding many mining parameters has led to 
the failure of numerous operations. For example, targeted production tonnages and 
equipment sizes for a coal mine are intimately related to the seam thickness. Needless to 
say, the quality of information that is gathered during an exploration program can have 
a tremendous impact on the production plan. 

Production plans are initially developed by determining reasonable shift tonnages 
per operating section. These values are usually developed using historical data (same 
company, ore body or seam; same company, similar ore body or seam) or from pub- 
lished information (another company, same ore body or seam; another company, similar 
ore body or seam). Industry journals and handbooks are also excellent sources for this 
kind of information. After determining an average section shift tonnage, a tentative 
mine plan can be developed to aid in calculating the rates of advance, the number of 
operating sections to be phased in until full production is reached, and the development 
time. For the latter, it is important to bear in mind that it may take several years to reach 
full production after development commences. 

To avoid overestimation in production planning, daily working hours and annual 
working days should be selected conservatively. For example, an 8-hour shift can rap- 
idly be reduced to less than 6 hours of actual face (mining) time when times for travel 
idtravel out, lunch, safety meetings, preparation to begin mininglpreparation to end 
mining, and scheduled/unscheduled equipment downtimes are considered. When 
weekends, holidays, vacations, and unscheduled work stoppages are taken into 
account, an operating year can quickly be reduced to 220 to 250 days. In the past, 
underground mines were scheduled to operate 228 days per year (planning was simpli- 
fied because this number is divisible by 12, i.e., 19 days per month). However, many 
modern underground mines have adopted work schedules with daily shifts exceeding 
8 hours in length and 6- and 7-day weekly production schedules. Large surface mining 
operations are usually scheduled year-round at 24 hours per day. 
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STAFF PLANNING 

The production planning phase of mine planning establishes the number of sections, 
daily operating shifts, annual operating days, and development time. Staff planning, on 
the other hand, is the phase of mine preplanning that assigns the number of hourly and 
wage personnel to the operation for each of the above-mentioned facets of production 
planning. As in production planning, the information necessary to develop staff require- 
ments can often be obtained from historical and published sources. Bear in mind that 
different mining systems and methods often have different staffing requirements. Also, 
the number of hourly mineworkers who work in support of the operating sections (such 
as maintenance, haulage, and ventilation personnel) can be quite significant. In coal 
mines, for example, the ratio of outby (support) personnel to production personnel 
can be approximately 1:2; thus, a six-section mine tfiat operates two shifts per day (12 
continuous-miner shifts per day) and has six hourly employees per section may have as 
many as 220 mineworkers on the payroll. 

Table 2.2 shows a typical staffing table for a room-and-pillar mine and a longwall 
coal mine, each with a specified annual tonnage. The longwall mine is based on one 
longwall unit, three continuous miners units driving the longwall gate roads, and one 
continuous miner unit driving the mains. 

TABLE 2.2 Typical staffing for underground coal room-and-pillar and longwall mines 

Room-and-Pillar Lonmall 

Longwall Crew (one unit): 

Shearer operator 

Shield operator 

Headgate operator 

Utility 

Belt attendant 

Set-up 

Subtotal: 

Miscellaneous Underground: 

Continuous miner operator 

Continuous miner helper 

Roof bolter 

Roof bolter helper 

Shuttle car operator 

Utility 

Section mechanic 

Supply motorman 

Beltman 

Wireman 

Trackman 

PumDer 

8 

8 

8 

8 

24 

8 

8 

10 

8 

2 

1 

6 

5 

2 

3 

3 

6 

25 

12 

43 

25 

12 

28 

6 

20 

2 

3 

(table continues on next page) 
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TABLE 2.2 Typical staffing for undeground coal roomanckpillar and longwall mines (continued) 

Room-and-Pillar Longwall 

General inside labor 

Fire boss 

Loader operator 

Bratticeman 

Timberman 

Subtotal: 

Miscellaneous Surface: 

Lam pma n 

Front-end loader operator 

Shop mechanic 

Utility 

Labor, unskilled 

Dispatcher 

Prep plant 

Subtotal: 

Salaried Personnel: 

Superintendent 

Longwall coordinator 

Assistant superintendent 

General mine foreman 

Assistant mine foreman 

Section foreman 

Additional supervisors 

Maintenance superintendent 

Mine maintenance foreman 

General shop foreman 

12 

4 

109 ’ 

16 

1 

1 

8 

100 

9 

12 

2 

3 

277 

1 

2 

3 

3 

40 

49 

1 

1 

1 

1 

1 

40 

2 

1 

13 

Chief mine engineer 1 

Draftsman 1 

Survey crew 2 

Safety director 1 

Safety inspector 2 

Electrical engineer 1 

Supply clerk 3 

Shift foreman 5 

Mine clerk 1 

Warehouseman 2 

(table continues on next page) 

1 

1 

1 
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TABLE 2.2 Typical staffing for underground coal roomandpillar and longwall mines (continued) 

Room-and-Pillar Longwall 

Chief belt foreman 1 

Belt foreman 4 

Master mechanic 1 

Longwall maintenance coordinator 1 

Electrical foreman 1 

Shop foreman 

Maintenance engineer 

General plant foreman 

Plant foreman 

Timekeeper and bookkeeper 

Purchasing supervisor 

Subtotal: 

Total Personnel: 

1 

1 

16 

141 

95 

446 

Production Days per Year: 350 

Production per Day (Tons): 

Production per Year (Tons): 

3,417 

1,195,950 5,596,000 

Productivity (Tons per Employee-year): 8,482 12,547 

PROJECT SCHEDULING 

When large-scale mining ventures are being planned, the mine-planning engineers’ most 
pressing concern is to minimize project delays. The most widely used project scheduling 
technique is probably the critical path method (CPM). Because cost/time tradeoffs are 
also concerns in mine planning, a refinement of CPM, known as the program evaluation 
and review technique (PERT), is often used. When applying PERT to mine project sched- 
uling, it is necessary to determine all of the significant activities in the project and the 
interrelationships among each activity. The completion of an individual project activity 
is referred to as an “event,” and the relationships among all activities and events are 
referred to as the project’s “network.” 

Figure 2.7 is an example of a project network, with the lettered nodes representing 
events and the arrows between events signifymg activities. This network shows that 
there are four “paths” between the project initiation and the project completion events 
that must be followed: A-B-F-G, A-C-F-G, A-C-E-G, and A-C-D-G. The numbers 
between events (signifymg days) in Figure 2.7 represent the “optimistic estimate,” “most 
likely estimate (circled),” and “pessimistic estimate” for the completion of each activity. 
If only the most likely estimate is considered, it is readily apparent that path A-C-D-G 
takes the longest amount of time (24 days). This is referred to as the project’s “critical 
path” because it is the longest path (in time) between the project’s initiation and comple- 
tion events. By defining the critical path, the mine planner is able to pinpoint areas where 
individual delays can hinder the overall project; specifically, any delay along the critical 
path will automatically postpone project completion. By the same token, the planner can 
determine if a delay in any other parallel path can be endured without hampering the 
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€3 

Project 
Completion 

Projected Times (days) 

Path Optimistic Most Pessimistic 
Likely 

A-C-E-G a 17 23 
A-B-F-G 11 19 25 
A-C-F-G 13 22 30 
AX-D-G* 14 24 30 
*Critical path 

FIGURE 2.7 PERT program network 
Source: Richards and Greenlaw 1966. 

project’s on-time completion date. In other words, a reallocation of staff or materials may 
reduce overall costs, thereby providing the cost/time trade-off mentioned earlier. 

In summary, CPM and PERT are useful tools for scheduling large projects, such as 
the installation of a mining operation. Although computer programs may be necessary to 
handle large networks with many events and activities, the concepts described in this 
section are fundamental to even the most complicated project. 

MINE SAFETY AND HEALTH 

In addition to any relevant state and local regulations, mines in the United States are 
also subject to federal regulation; the US Department of Labor’s Mine Safety and Health 
Administration (MSHA) is the regulatory agency. A list of federal regulations pertaining 
to mine safety and health are contained in the Code of Regulations (CFR). The specific 
volume is referred to as Title 30, which is further subdivided based by Part and Section 
for specific statutes. When Sections are grouped, they are described by a capital letter as 
a Subpart. Locating a specific regulation follows a shorthand description, which com- 
bines the Title with the appropriate numerical designation. For example, the location of 
the federal regulation (Title 30) that deals with mandatory health standards in under- 
ground coal mines (Part 70) with specific reference to respirable dust standards (Section 
100) to be continuously maintained (a) is described as 30 CFR 70.100 (a). This conven- 
tion is used in this text when it is necessary to call attention to a federal regulation. 

To measure safety and health performance, MSHA uses several indices. Since 1978, 
mine operators have been required under 30 CFR 50 to submit reports of injuries, occu- 
pational illnesses, and related data to MSHA’s Safety and Health Technology Center 
(SHTC) in Denver, Colorado. MSHA uses four principal indices for measuring mine 
safety: (1) fatal incidence rate (fatal IR), (2) nonfatal incidence rate resulting in days 
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lost (NFDL IR), (3) injuries with no days lost incidence rate (NDL IR), and (4) severity 
measure (SM). 

The incidence rate is defined as the number of injury occurrences per 200,000 
miner-hours: 

(number of injury occurrences)( 200,000) 
number of miner-hours 

IR = 

which approximates the number of injury occurrences per year per 100 miners. A fatal 
injury results in death, an NFDL represents a nonfatal injury occurrence resulting in one 
or more days from the employee’s scheduled work or days of restricted activity while at 
work, and an NDL represents a nonfatal injury occurrence resulting in medical treatment 
other than first aid. The severity measure represents the number of lost workdays per 
200,000 miner-hours: 

(number of lost workdays)(200,000) 
number of miner-hours 

SM = 

As an example, Tables 2.3 and 2.4 list the principal locations of the federal regula- 
tions addressing coal-mine safety and health that, in turn, affect coal-mine design. 

Airborne Contaminants 

According to 30 CFR 56.5001 and 30 CFR 57.5001, except for asbestos dust, the expo- 
sure to airborne contaminants in surface mines and underground metal and nonmetal 
mines shall not exceed, on the basis of a time-weighted average, the threshold limit val- 
ues (TLVs) adopted by the American Conference of Governmental Industrial Hygienists 
(ACGIH). 

For underground and surface coal mines, Subpart B of 30 CFR 70 and 30 CFR 71 
indicates that each operator shall continuously maintain the average concentration of 
respirable dust in the mine atmosphere during each shift at or below 2.0 mum3 of air. 
Further, when the respirable dust in the mine atmosphere of the active workings con- 
tains more than 5% quartz, the operator shall continuously maintain the average con- 
centration of respirable dust in the mine atmosphere during each shift to which each 
miner in the active workings is exposed at or below a concentration of respirable dust, 
expressed in milligrams per cubic meter, computed by dividing the percent of quartz into 
the number 10. 

Noise Control 

Noise-induced hearing loss (NIHL) is an insidious condition because it usually begins as 
a gradual, progressive reduction in the quality of communication with other people and 
responsiveness to the environment and can ultimately result in permanent loss of hear- 
ing or deafness. This debility is often underrated, perhaps because there usually is no 
outwardly visible effect and, in most cases, little or no pain. This is significant in occupa- 
tional settings, such as mining, because the inability to properly hear various environ- 
mental noises will result in diminished sensitivity to potentially hazardous sounds. The 
inability to discriminate between “sounds” that are meaningful and wanted and “noises” 
that are annoying and unwanted further diminishes occupational safety. Current con- 
cerns about NIHL among mineworkers are based on the fact that, even with decades of 
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TABLE 2.3 Subparts In 30 CFR that pertain to mandatory safety and health standards 
In underground coal mines 

Mandatory Health Standards (30 CFR 70) 

A. General 

B. Dust Standards 

C. Sampling Procedures 

D. Respiratory Equipment 

E. Dust from Drill Rock 

F. Noise Standard 

Mandatory Safety Standards (30 CFR 75) 

A. General 

B. Qualified and Certified Persons 

C. Roof Support 

D. Ventilation 

E. Combustible Materials and Rock Dusting 

F. Electrical Equipment - General 

G. Trailing Cables 

H. Grounding 

I. Underground High-Voltage Distribution 

J.  Underground Low- and Medium-Voltage Alternating Current Circuits 

K. Trolley Wires and Trolley Feeder Wires 

L. Fire Protection 

M. Maps 

N. Blasting and Explosives 

0. Hoisting and Mantrips 

P. Emergency Shelters 

Q. Communications 

R. Miscellaneous 

S. Approved Books and Records 

efforts to deal with the issue, the problem still persists. Much like other human senses, 
good hearing is often taken for granted until it is lost. 

It should be noted that the human ear is not equally sensitive to all sound frequen- 
cies. To account for this, sound-level meters have frequency-response weighting net- 
works that attenuate sounds of certain frequencies. This results in a weighted pressure 
level of total sound. Three scales are commonly used for these networks: A, B, and C. 
The A scale comes closest to approximating the ear’s response characteristics; in other 
words, the A-weighting curve is an approximation of equal loudness perception charac- 
teristics of human hearing for pure tones relative to a reference of 40-dB sound pressure 
level at 1,000 Hz (Earshen 1986). The A scale also approximates the damage potential 
for high-level sounds. Regulatory agencies such as MSHA use this scale, and subsequent 
references to A-weighted sound levels will be in dBA. 

When two or more sources of noise are in close proximity, their individual levels 
cannot be added directly, due to the logarithmic scaling of decibels. To determine the 
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TABLE 2.4 Subparts in 30 CFR that pertain to mandatory safety and health standards 
in surface coal mines and surface work areas of underground coal mines 

Mandatory Health Standards (30 CFR 71) 

A. 

B. 

C. 

D. 

E. 

F. 

G. 

H. 

I. 

General 

Dust Standards 

Sampling Procedures 

Respirable Dust Control Plans 

Surface Bathing Facilities, Etc. 

Sanitary Toilet Facilities, Etc. 

Drinking Water 

Airborne Contaminants 

Noise Standard 

Mandatory Safety Standards (30 CFR 77) 

A. 

B. 

C. 

D. 

E. 

F. 

G. 

H. 

I. 

J. 

K. 

L. 

M. 

N. 

0. 

P. 

Q. 
R. 
S. 

T. 

U. 

General 

Qualified and Certified Persons 
Surface Installations 

Thermal Dryers 

Safeguards for Mechanical Equipment 

Electrical Equipment - General 

Trailing Cables 

Grounding 

Surface High-Voltage Distribution 

Low- and Medium-Voltage Alternating Current Circuits 

Ground Control 

Fire Protection 

Maps 

Blasting and Explosives 

Personnel Hoisting 

Auger Mining 

Loading and Haulage 

Miscellaneous 

Trolley Wires and Trolley Feeder Wires 

Slope and Shaft Sinking 

Aooroved Books and Records 

net effect of two noise sources, Table 2.5 is used. To use Table 2.5, take the dB readings 
of the two sources, find the difference between the two (column l ) ,  and add the corre- 
sponding value in column 2 to the higher of the two readings. The result is the net effect 
of the two sources. When there are three or more sources, start with the two highest 
readings, find the net effect of that pair, and then use that calculated value of the pair 
with the next highest reading. Continue in this manner until all levels have been added. 

MSHA regulates noise in metal and nonmetal mines (30 CFR 56.5050; 30 CFR 
57.5050) and in coal mines (30 CFR 70.500 to 30 CFR 70.511; 30 CFR 71.800 to 30 CFR 
71.805). Regardless of the mining method, MSHA establishes the permissible noise 
exposures, as shown in Table 2.6. In instances where the daily exposure is composed of 



I 31 MINE PREPLANNING 

TABLE 2.5 Values for combining decibel levels 

Difference Between Two Sound Levels (dB) Amount to be Added to the Higher Sound Level (dB) 

0-1 3 

2-4 2 

5-9 1 

210 0 

TABLE 2.6 Permissible noise exposures 

Hours of Exposure Sound Level for Slow Response (dBA) 

8.0 90 

6.0 92 

4.0 95 

3.0 97 

2.0 100 

1.5 102 

1.0 105 

0.5 110 

0.25 or less 115 

two or more periods of noise exposure at different levels, their combined effect shall be 
considered rather than the individual effect of each using the following equation: 

(EQ 2.4) 

C, indicates the total time of exposure at a specific noise level and T, indicates the total 
time of exposure permitted at that level, as indicated in Table 2.6. If the value calculated 
in Eq. 2.4 exceeds 1.0, the mixed exposure shall be considered to exceed the permissible 
exposure. Interpolation between the values shown in Table 2.6 may be determined using 
the following equation: 

log T = 6.322 - 0.0602 SL (EQ 2.5) 

where T is the time in hours and SL is the sound level in dBA. 

Q U A L I T Y  CONTROL 

Control Charts 

There is an ever-increasing emphasis on product quality in the mining industry. As a 
result, managers can use control charts to determine when a process has changed suffi- 
ciently to require steps be taken to rectify the situation. Problems such as deteriorating 
product grade, equipment component tolerance, or accident statistics occasionally arise 
whereby a manager must decide, often quickly, whether the problems are simply a result 
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LCL 
Time 

B. Process Going Out of Control 

Y 
Time 

C. Process Out of Control 

FIGURE 2.8 Examples of control charts 
Source: Total Quality Management, Richardson, 1997. Reprinted with permission of Delmar Learning, a 
division of Thomson Learning. 

of chance fluctuations or actual undesired changes in the process. Control charts provide 
a visual indicator to aid in decision making. 

Control charts can be used for variables (means) or attributes (the number of 
defects). Figure 2.8 provides examples of control charts. Their construction frequently 
consist of a central line, target, or mean; an upper control limit (UCL) equal to the mean 
plus some multiple (usually 3 for 99.73% confidence) of the estimated standard error; 
and a lower control limit (LCL) equal to the mean minus the same multiple of the stan- 
dard error (Figure 2.9). Points between these limits indicate normal or expected varia- 
tion. A control chart is a run chart with statistically determined upper and lower limits 
drawn on either side of the process average. For example, Figure 2 . 8 ~  reflects a process 
in control, Figure 2 . 8 ~  reflects a process going out of control, and Figure 2 . 8 ~  reflects a 
process out of control. 

To develop a control chart for means, first determine the sample mean (X).To have 
99.73% confidence, you must be able to say that the sample mean lies in the range of p - 
(30/ f i  ), which represents the LCL, to p + (30 /  f i  ), which represents the UCL, where 
p is the population mean, (J is the population standard deviation, and N is the number of 
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LCL UCL 
99.73% * 
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+4 

FIGURE 2.9 Normal distribution showing range of standard deviatlon 
Source: Total Quality Management, Richardson, 1997. Reprinted with permission of Delmar Learning, a 
division of Thomson Learning. 

samples taken at any one time. After the chart is constructed, plotting the sample means 
over time can provide a visual indication as to whether or not the system is in control. 

To develop a control chart for the number of defects, first determine the sample 
mean (x), which represents the average number of defects for each individual sampling. 
Next, calculate the proportion of the total samples represented by the defects (p ). To 
have 99.73% confidence, the LCL becomes 
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PROBLEMS 

Problem 2.1 

A mineral deposit is to be analyzed for mining based on the following information: 
(1) selling price of the refined metal: $0.75 per lb; (2) average ore grade: 0.5%; 
(3) recovery of metal from the ore after processing, smelting, and refining: 85%; 
(4) mining, milling, smelting, and refining costs expressed in terms of dollars per ton of 
ore: $6.50. Can the property be considered profitable at this time? 

Problem 2.2 

Given the following information on a 100-acre coal property, calculate its value: 
(1) seam thickness: 5 ft; (2) coal density: 80 lb per cu ft; (3) estimated mining recov- 
ery: 80%; (4) estimated yield of clean coal: 75% of run-of-mine; (5) Btu of clean coal: 
12,000 Btu per lb; (6) selling price to the utility: $1.50 per million Btu. 

Problem 2.3 

A nine-entry main is to be driven toward the north end of a coal deposit (0.04 tons per 
cu ft) by a full-face continuous miner. The seam is 6 ft thick, the entries will be 15.5 ft  
wide, and the entries and breakthroughs will be driven on 10043 centers on 90" angles. 
Production is estimated to be 1,000 tons per machine shift, and the mine operates two 
shifts per day, five days per week. A mining section (1 Left off of Main North) is to be 
prepared when the mains are extended 2,300 ft. Estimates indicate that as soon as the 
mains are driven past the proposed area for 1 Left, it will take 20 days to prepare the sec- 
tion (install overcasts, belt, etc.). Determine the most optimistic starting time, from the 
initiation of mains development, for the mining of 1 Left. 

Problem 2.4 

A coal deposit is to be developed using longwall mining. Each longwall panel will be 
800 ft wide and 10,000 ft  long. The seam thickness is 72 in., and the coal has a density 
of 80 lb per cu ft. The preparation plant's reject rate will be 20%. The mine has a con- 
tract requiring 15,000 tons of clean coal per day. A double-drum shearer will be used to 
extract the coal. With each pass, it will extract a 36-in. web of coal and will operate 
bidirectionally. The cutting speed in this coal is expected to average 40 linear fpm. A 
2-min turn time is encountered after each pass. It is assumed that the shearer will actu- 
ally be cutting coal for only 8 hr of the 10-hr shifts, due to scheduled and unscheduled 
downtimes. Annual major downtime is estimated to be 5 days per operating year. It will 
take 7 working days to move the longwall equipment from one face to the next. The 
mine will work two 10-hr shifts per day. Three continuous miner sections, which aver- 
age 1,000 tons per day (each), will be used for development. The mine is scheduled to 
work 350 days per year. 

Determine the daily tonnage required to meet the contract, the time required to mine one 
panel (excluding move time), and the number of longwalls required to be operational in 
this mine. Disregard any additional continuous-mining development for additional long- 
wall panels. 
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Problem 2.5 

An open-pit copper mine uses one 25-cu yd loading shovel to load 170-ton capacity haul- 
age trucks. Usually, it takes seven passes with the shovel (cycle time: 40 sec per pass) to 
load each truck. The average load per truck is 80 yd. The copper ore density is 4,600 lb 
per cu yd (bank), and the ore has a swell factor of 0.67. The following times have been 
projected: haul time, 18 min; spot time, 0.5 min; dump time, 1 min; return time, 12 min. 
Calculate the production in tons per hour for each truck. 

Problem 2.6 

Using the method of polygons, determine the average seam thickness and tonnage rep- 
resented by the following information if coal weighs 0.04 tons per cu ft: 

Property Coordinates 

East North 

1000 

7000 

1000 

7000 

1000 

1000 

7000 

7000 

Drill Hole Seam Thickness, ft East Coordinate North Coordinate 

1 4.3 2000 1000 

2 6.2 4000 1000 

3 5.8 6000 1000 

4 5.7 1000 3000 

5 5.3 3000 3000 

6 

7 

a 
9 

10 

11 

12 

13 

6.1 

4.9 

4.8 

5.9 

5.4 

6.0 

5.3 

5.5 

5000 

7000 

2000 

4000 

6000 

1000 

3000 

5000 

3000 

3000 

5000 

5000 

5000 

7000 

7000 

7000 

14 5.7 7000 7000 
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Problem 2.7 

Using the method of polygons, determine the average ore grade and tonnage repre- 
sented by the following information if the cutoff grade is 1.8% and the ore weight is 
1.7 tons per cu yd: 

Drill Hole 
IDNumber: I 2 3 4 5 6 7 8 9 10 I1 I 2  13 14 15 16 

Collar 1,000 1,050 1,060 1,010 1,020 1,070 1,050 1,000 1,040 1,020 1,000 1.070 1,040 1,010 1,020 1,000 
elevation (ft): 

East 1,000 1,500 2,000 2,500 1,000 1,500 2,000 2,500 1,000 1.500 2,000 2,500 1,000 1,500 2,000 2,500 
coordinate: 

North 1,000 1,000 1,000 1,000 1,500 1,500 1,500 1,500 2,000 2,000 2,000 2,000 2,500 2,500 2,500 2,500 
coordinate: 

Depthto 100 150 160 110 120 170 150 100 140 120 100 170 140 110 120 100 
mineralized 
zone: 

Incremental Sequence of 
Samples Taken from the 
Mlnerallzed Zone 

10  ft 

15 ft 

20 ft 

10 ft 

5ft 

10 ft 

20 ft 

5ft 

Sample Grades in Percent 

3.0 3.5 4.0 3.2 4.0 

2.0 3.0 4.2 2.7 3.5 

2.5 2.5 4.4 2.5 2.0 

3.5 2.0 4.5 3.2 2.2 

3.8 2.5 4.0 3.0 2.0 

3.0 3.0 3.5 2.5 1.7 

1.7 2.0 2.0 1.5 1.6 

1.6 1.5 1.6 1.4 1.5 

3.2 4.0 3.5 4.0 3.7 3.2 3.8 3.8 4.3 4.0 3.6 

2.8 3.5 3.0 3.6 3.8 3.0 3.9 3.2 4.0 3.8 3.0 

3.0 2.2 2.5 3.2 3.5 2.8 4.2 3.0 4.1 3.7 3.1 

3.0 2.0 2.0 3.4 3.4 2.6 4.1 3.4 3.4 3.2 3.1 

2.5 2.0 2.5 3.1 2.7 2.4 3.4 2.4 2.7 2.6 2.2 

2.0 1.6 3.0 2.6 2.3 2.0 2.7 1.7 2.4 1.6 2.0 

2.2 1.5 2.0 1.6 1.7 1.9 1.5 1.5 2.0 1.4 1.7 

1.4 1.2 1.5 1.2 1.4 1.5 1.2 1.5 1.2 1.1 1.4 

North boundary of the property: 2500N. 
South boundary of the property: 1000N. 
East boundary of the property: 2500E. 
West boundary of the property: 1000E. 
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Problem 2.8 

An exploration program was conducted for a mineral property. The drill holes were irreg- 
ularly spaced, with the following representing the property and drill hole coordinates: 

Property Coordinates 

East North 

1000 

2630 

1000 
2630 

1000 

1000 
2630 

2630 

Drill Hole East Coordinate North Coordinate 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 

12 

13 
14 

15 

16 

17 

18 

1110 

1370 

1860 
2310 

1490 

2580 
1880 

2350 
1050 

1420 

1980 

2430 
1160 
1730 

2150 

1440 

1940 
2540 

2480 
2540 

2480 
2420 

2300 

2280 
2110 

2000 

2000 
1820 

1730 

1630 
1410 
1410 

1350 

1140 

1140 

1140 

Plot the property and drill hole coordinates and construct the polygons that represent 
the areas of influence for each point of observation. Comment on your findings. 
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Problem 2.9 

The network shown is to be used in planning the installation of an underground crusher 
station. Determine the total project time and the critical path. 

Pour Crusher Base 

Illustrates Problem 2.9 

Problem 2.10 

A 10,000-tpd underground coal mine is in the planning stages. It is anticipated that sala- 
ried and supervisory personnel will constitute 20% of the work force. Each production 
crew will consist of eight miners and one foreman. 

Several of the other mines operated by the company have been averaging 10 tons per 
miner per day and 200 tons per unit shift. However, there is reason to believe that this 
new mine will average 15 tons per miner per day and 300 tons per unit shift. 

Determine the size of the required labor force for both rates of productivity. 

Problem 2.11 

Three coal seams are being compared. Seam A is mined in West Virginia and is rated at 
0.75% sulfur and 12,200 Btu; seam B is mined in Illinois and is rated at 2.75% sulfur and 
11,750 Btu; and seam C is mined in Wyoming and is rated at 0.2% sulfur and 8,750 Btu. 
Which of the three seams can be classified as a compliance coal? 

Problem 2.12 

A utility company is burning a bituminous coal rated at 12,000 Btu per lb. When burned, 
38 lb of SO, is produced. Can this coal be characterized as a compliance coal? 
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Problem 2.13 

During a recent year, three mines that use the longwall mining method recorded the fol- 
lowing statistics: 

Mine A Mine B Mine C 

Number of Fatalities 0 0 1 

Number of NFDL Incidents 12 57 44 

Average Number of Workers 359 486 619 

Annual Employee-Hours 659,846 745,776 1,006,545 

Annual Tonnage 6,226,681 2,020,303 3,517,821 

Compare their fatal and nonfatal-with-days-lost incidence rates. 

Problem 2.14 

Refer to the previous problem: How many non-fatal lost workdays were recorded to pro- 
vide a severity measure of 90 for mine A? 

Problem 2.15 

In 1996, there were 28 fatalities in US underground coal mines. The fatal severity measure 
was 371. If the total number of miner-hours for that year was 90,647,735, determine the 
standard lost workdays charged by MSHA for fatalities. 

Problem 2.16 

On a shop floor at a surface mine, there are three lathes in close proximity. Indepen- 
dently, lathe 1 emits a sound level of 74 dBA; lathe 2 emits a sound level of 81 dBA; and 
lathe 3 emits a sound level of 78 dBA. If all three lathes happen to operate at the same 
time, what would be the combined sound level, in dBA? What would be the combined 
sound level if lathe 1 is shut down? 

Problem 2.17 

During an 8-hour shift in a mineral processing plant, an employee is exposed to varying 
sound levels. Determine whether the allowable exposure is exceeded for the following 
sound levels and exposure times: 

Sound Level (dBA) Actual Exposure Time 

85 

90 

95 

105 

2 hr 

4 hr 

1 hr 

15 min 

90 45 min 
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Problem 2.18 

A mining equipment manufacturer is having a supplier provide ball bearings that have a 
mean diameter of 0.575 in. and a standard deviation of 0.008. In order to maintain qual- 
ity control, the manufacturer is having the supplier sample six ball bearings every 2 hr of 
production, and the mean diameter is determined from each sample. The supplier oper- 
ates 10 hours per day, so five samples of six ball bearings are evaluated on a daily basis. 
During one week, the mean sample diameters were as follows: 

900 a.m. 1100 a.m. I 0 0  p.m. 3:OO p.m. 5:OO p.m. 

Monday 0.577 0.581 0.569 0.566 0.573 

Tuesday 0.576 0.580 0.573 0.569 0.571 

Wednesday 0.580 0.579 0.572 0.569 0.568 

Thursday 0.572 0.567 0.563 0.565 0.563 

Friday 0.567 0.565 0.568 0.563 0.565 

Assuming a desired confidence level of 99.73%, develop a control chart and determine if 
the quality of the ball bearings is conforming to the requirements. 

Problem 2.19 

Assume that a component manufacturer, over a 4-day period, took six 500-component 
samples on a daily basis. The number of defective components for each sample is 
shown below: 

Day 1 Day 2 Day 3 Day 4 

Sample 1 7 5 5 5 

Sample 2 8 3 4 2 

Sample 3 6 3 2 5 

Sample 4 4 4 5 3 

Sample 5 

Sample 6 

6 

4 

5 

6 

6 

3 

4 

5 

For a 99.73% confidence level, determine the average, the LCL, and the UCL for a con- 
trol chart. 
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PROBLEM SOLUTIONS 

Solution 2.1 

1. Pounds of metal per ton of ore = (0.005)(2,000) = 10 lb. 
2. Recovery after processing (10 lb)(0.85) = 8.5 lb. 
3. Selling price of the refined metal recovered per ton of ore = (8.5 lb)($0.75) = 

$6.375. 
The costs of mining and processing ($6.50) exceed the value of metal recovered 
($6.375) on a per ton basis. Therefore, the property cannot be considered profitable at 
the present time. 

Solution 2.2 

Because 1 acre is equal to 43,560 sq ft, the in-place tonnage is as follows: 

(100 acres)(43,560 sq ft)(S ft) [ ~ , ! ~ ~ ~ ~ ~ ~ t ~ n ]  = 871,200 tons. 

The clean-coal recovery is as follows: 

(871,200 tons)(0.8)(0.75) = 522,720 tons. 

Total Btu for the 522,720 tons is: 

(522,720 tons)(2,000 lb per ton)(12,000 Btu per lb) = 1.255 x 1013 Btu. 

The property’s value is, therefore: 

($1.50/106 Btu)(1.255 x 1013 Btu) = $18,817,920. 

Solution 2.3 

The layout for the mains is as shown below: 

__ 

Illustrates Solution to Problem 2.3 
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To advance the mains for a distance of one breakthrough, the following tonnage must be 
extracted: 

Mains: (9)(100 ft)(l5.5 ft)(6 ftl(0.04) = 3,348 
Breakthroughs: (8)(84.5 ft)(lS.S ft)(6 ft)(O.O4) = 2,515 
Total: 5,863 tons 

To extend the mains for 23 breakthroughs (2,300 f t / l O O  ft) will require the following 
number of shifts: (23)(5,863 tons)/(1,000 tons) = 135 shifts. Thus, the total number of 
operating days is 68. When the 20 additional days for section preparation are added, a 
total of 88 days (approximately one third of one planning year) is required. 

Solution 2.4 

To produce 15,000 tons of clean coal per day, the mine must produce 

(Clean tonnage f recovery) = [15,000/(1.0 - 0.20)] = 18,750 raw tpd 

One pass of the shearer: 

Tonnage: (3 ft)(6 ft)(800 ft)(0.04 tons per cu ft) = 576 tons 
Time: [(800 ft)/(40 fpm)] + 2.0 rnin = 22 rnin 
Passes per shift: [(8 hr)(60 min)]/(22 min) = 21 passes 
Tonnage per shift: (21 passes)(576 tons) = 12,096 tons 
Panel advance per shift: (21 passes)(3 ft) = 63 ft 
Time to extract one panel: (10,000 ft)/[(2) (63)l = 80 days 
Total time per panel: 80 + [5(80/350)] + 7 = 89 days 

Daily tonnage (including move and downtimes) : 

[(12,096 tons per shift)(80 days)(2 shifts per day)]/(89) = 21,745 tons 
18,750 tpd - 3,000 tpd (from the continuous miners) = 15,750 tons 
15,750 tpd f 21,745 tpd = 0.72 longwall panels needed 

Therefore, one panel should be sufficient to meet the tonnage required by the contract. 

Solution 2.5 

If the average load per truck is 80 cu yd, this is equivalent to the following tonnage: 

(80) (4,600/2,000)(0.67) = 123 tons 

Total cycle time: 

Loading: [7(40)]/60 = 4.67 min 
Spot time: 0.50 min 
Haul time: 18.00 rnin 
Dump time: 1.00 rnin 
Return time: 12.00 rnin 
Total: 36.17 rnin 

“123 tons per cycle)(60 rnin per hr)1/(36.17 rnin per cycle) = 204 tons per hr 
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Solution 2.6 

Plotting the property and drill hole coordinates yields an exploration pattern identical to 
that shown in Figure 2.6. The area of influence for a full six-sided figure is calculated by 
subdividing the polygon into two triangles and one rectangle, as shown: 

4 

0 

1 
0 

T 
1500 n 

i 
2 

0 

6 

0 

illustrates Solution to Problem 2.6 

Thus, the area of influence is: 

2(0.5 bh) + (bh) = 2[0.5((2,000)(500))] + [(1,500)(2,000)] 

2 triangles + rectangle = 4,000,000 sq ft 

This means that the area of influence for holes 5, 6, 8, 9, and 10 is 4,000,000 sq ft; the 
area of influence for holes 1, 2, 3, 4, 7, 12, and 13 is 2,000,000 s q  ft; and the area of 
influence for holes 11 and 14 is 1,000,000 sq ft. 

Tabulating the information: 

Seam Thickness 

Drill Hole x (Area of Influence) = Volume 

4.3 x 2,000,000 

6.2 x 2,000,000 

5.8 x 2,000,000 

5.7 x 2,000,000 

5.3 x 4,000,000 

6.1 x 4,000,000 

4.9 x 2,000,000 

4.8 x 4,000,000 

8,600,000 

12,400,000 

11,600,000 

11,400,000 

21,200,000 

24,400,000 

9,800,000 

19,200,000 

(table continues on next page) 
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Seam Thickness (continued) 

Drill Hole x (Area of Influence) = Volume 

9 5.9 x ~ ,aaa , aaa  = ~ ~ , ~ a a , a a a  
i a  5.4 x ~,aaa .aaa  = 2 i ,~aa , aaa  
11 6.0 x i,aaa,oaa = ~ ,aaa , aaa  
12  5.3 x ~,aoa ,aaa  = i a ,~aa , aaa  
13 5.5 x ~,aaa ,aaa  = ii.aaa,aaa 
14 

Average seam thickness = (197,100,000 cu ft)/36,000,000 sq ft = 5.48 ft 

Tonnage = (197,100,000 cu ftl(0.04 tons per cu ft) = 7,884,000 tons 

Solution 2.7 

Plotting the property and drill hole coordinates yields an exploration pattern identical to 
that shown in Figure 2.5. Each hole has the following area of influence: 

Drill Hole Area of Influence (sq ft) 

1 

2 
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Drill Hole 1 

Incremental Sequence x Grade = Weight 

10 3.0 30 

15 2 .o 30 

20 2.5 50 

10 

5 

10 

5 

20 

3.5 

3.8 

3.0 

35 

19 

30 

Average grade 194 

The average grade for each drill hole is calculated in the following manner: 

Average grade = (weight)/(ore depth) = 194/70 = 2.77 

In a similar manner, the average grades for the other 15 holes are as follows: 

Drill Hole Weight Ore Depth Average Grade 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

202.5 

301.0 

194.5 

164.5 

207.5 

166.5 

202.5 

233.5 

234.5 

200.5 

265.5 

192.0 

266.5 

216.0 

205.0 

75 

75 

70 

60 

75 

60 

75 

70 

70 

75 

70 

60 

75 

60 

70 

2.70 

4.01 

2.78 

2.74 

2.77 

2.78 

2.70 

3.34 

3.35 

2.67 

3.79 

3.20 

3.55 

3.60 

2.93 

The average ore grade and tonnage can then be determined with the following tabulation: 

Average ore grade = (depth)(grade)/(ore depth) = 3,446.5/1,110 = 3.1% 

Ore tonnage = (ore volume)(ore weight) = (5,810,184)(1.7) = 9,877,313 tons 
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1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Area of 
Influence Ore Volume 

Drill Hole Average Grade Ore Depth (ft) (sq ft) (cu yd) Weight 

2.77 

2.70 

4.01 

2.78 

2.74 

2.77 

2.78 

2.70 

3.34 

3.35 

2.67 

3.79 

3.20 

3.55 

3.60 

2.93 

70 

75 

75 

70 

60 

75 

60 

75 

70 

70 

75 

70 

60 

75 

60 

70 

1.110 

62,500 

125.000 

125,000 

62,500 

125,000 

250,000 

250,000 

125,000 

125,000 

250,000 

250,000 

125,000 

62,500 

125,000 

125,000 

62,500 

162,037 

347,222 

347,222 

162,037 

277,778 

694,444 

555,556 

347,222 

324,074 

648,148 

694,444 

324,074 

138,889 

347,222 

277,778 

162,037 

5.810.184 

194.0 

202.5 

301.0 

194.5 

164.5 

207.5 

166.5 

202.5 

233.5 

234.5 

200.5 

265.5 

192.0 

266.5 

216.0 

205.0 

3.446.5 

Solution 2.8 

An accurate plot of the property and drill hole coordinates and construction of the poly- 
gons will yield an exploration map similar to the following: 

The persistence of each sample is assumed to extend halfway to all adjacent samples, 
and so the value of the property is calculated in a manner similar to the two previous 
problems. The area of each polygon could be measured either by a planimeter or by sub- 
dividing each polygon into triangles, finding their areas, and adding them together. 
Note, however, that the nonuniform approach to hole locations, particularly around the 
perimeter of the property, can lead to errors. 

The persistence of each sample is assumed to extend halfway to all adjacent samples, 
and so the value of the property is calculated in a manner similar to the two previous 
problems. The area of each polygon could be measured either by a planimeter or by sub- 
dividing each polygon into triangles, finding their areas, and adding them together. 
Note, however, that the nonuniform approach to hole locations, particularly around the 
perimeter of the property, can lead to errors. 
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Solution 2.9 

By inspection, it can be seen that there are 10 distinctly different activities that take the 
following durations: 

Activity (i-j) Duration (in weeks) 

0 to 1 3 

0 to 2 5 

1 to 2 1 

1 to 4 6 

2 to 3 

2 to 4 

3 to 4 

3 to 5 

4 to 5 

5 to 6 

The network indicates that nodes 2,4, and 5 are crucial because two or more paths feed 
into each. As such, it becomes necessary to determine the earliest and latest any activity 
can commence without holding up the entire project; this will expose the critical path. 
For example, there are two separate paths that terminate at node 2, namely 0-1-2 and 
0-2. The path 0-1-2 is estimated to take 4 weeks to complete, while 0-2 is estimated to 
take 5 weeks. Thus, path 0-1-2 can start 1 week late (float one week) and still not hold 
up the completion date of node 2. Looking solely at these two paths, 0-2 is the critical 
path because its float is zero. 

To determine the project’s critical path and total time, the activity and duration listings 
previously shown should be expanded to include the earliesvlatest start and the earliest/ 
latest completion of each activity. This is shown in tabular form below. 

Earliest Start Earliest Latest Start Latest Finish Float 
Activity Duration (ES) Finish (EF) (LS) (LF) (LF - EF) 

0 to 1 3 0 3 1 4 1 

0 to 2 5 0 5 0 5 0 
1 to 2 1 3 4 4 5 1 

1 to 4 6 3 9 4 10 1 

2 to 3 2 5 7 6 8 1 

2 to 4 5 5 10 5 10 0 
3 to 4 2 7 9 8 10 1 

3 to 5 6 7 13 8 14 1 

4 to 5 4 10 14 10 14 0 
5 to 6 2 14 16 14 16 0 

The zero float activities are 0-2, 2-4,4-5, and 5-6. This constitutes the critical path and, 
by looking at the earliesVlatest finishing dates for node 6, it is apparent that the project 
time will be 16 weeks. 



48 MINING ENGINEERING ANALYSIS I 

Solution 2.10 

The total number of employees is determined in the following manner: 

10 tons per man per day: (10,000)/(10) = 1,000 

15 tons per man per day: (10,000)/(15) = 667 

The number of salaried and supervisory personnel is 20% of the values determined in 
the preceding calculations: 

10 tons per man per day: 1,000(0.20) = 200 

15 tons per man per day: 667(0.20) = 134 

The number of unit shifts is: 

10 tons per man per day: 10,000/200 = 50 

15 tons per man per day: 10,000/300 = 34 

The number of unit shifts calculated required the following number of face miners and 
foremen: 

10 tons per man per day: 50 foremen, 400 miners 

15 tons per man per day: 34 foremen, 272 miners 

Thus, the approximate labor allocation for the overall mine is as follows: 

10 Tons per Miner per Day 15 Tons per Miner per Day 

Face miners 

Foremen 

Salaried 

400 

50 

150 

272 

34 

100 

Backup miners 400 261 

Total 1,000 667 

Solution 2.11 

Using Eq. 2.1, the three seams can be compared. 

(yos)(20’ooo) = pounds of SO, per lo6 Btu 
coal Btu 

West Virginia: [(0.75) (20,000)]/(12,200) = 1.23 lb 
Illinois: [(2.75)(20,000)]/(11,750) = 4.51 lb 
Wyoming: L(0.2) (20,000)1/(8,750) = 0.46 lb 

Therefore, the West Virginia coal is just barely over the limit, and only the coal from 
Wyoming can be classified as a compliance coal. 
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Solution 2.12 

As there are 2,000 lb in a ton, burning 1 ton of this coal will produce: (2000)(12,000) = 

24 million Btu. 

The total number of pounds of SO, produced in burning that same ton is 38 lb. 

Because 38 lb of SO, are produced to provide 24,000,000 Btu, (38/24) = 1.58 Ib of SO, are 
produced to provide 1,000,000 Btu. This coal cannot be classified as a compliance coal. 

Solution 2.13 

Using the following equation, the three mines can be compared: 

IR = (number of injury occurrences) (200,00O)/(number of miner-hours) 

The fatal IRs for both mines A and B are 0.0. The fatal IR for mine C = (1)(200,000)/ 
(1,006,545) = 0.2. 

The NFDL IRs for the three mines are 3.64 for mine A, 15.29 for mine B, and 8.74 for 
mine C. 

Solution 2.14 

Using the following equation relating lost workdays and severity measure, the result is: 

(number of lost workdays) = ((SM) (number of miner-hours))/(200,000) 

= ((90) (659,846))/(200,000) 

= 297 lost workdays 

Solution 2.15 

Using the following equation, the severity measure can be computed: 

SM = (number of lost workdays) (200,00O)/(number of miner-hours) 

Substituting the known values: 

371 = (number of lost workdays) (200,000)/(90,647,735) 

Rearranging and rounding the answer to the nearest thousand: 

number of lost workdays = (371) (90,647,735)/(200,000) 

= 168,152 or 168,000 workdays 

Because there were 28 fatalities, dividing that number into 168,000 results in 6,000 stat- 
utory days charged per fatality. 
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Solution 2.16 

Looking at the 74-dBA and 78-dBA sources, there is a difference of 4.0. Referring to 
Table 2.5, adding 2.0 to 78 results in 80 dBA. Now, combining 80 with 81 requires the 
addition of 3.0 to 81. The final answer is 84 dBA. 

When lathe 1 is shut down, the problem then becomes a combination of lathe 2 and 
lathe 3. Between the two, there is a difference of 3.0 dBA. Again, using Table 2.5, add 
2.0 to the higher value. The final answer is 83 dBA. 

Solution 2.17 
Calculate the exposure versus permissible fraction using the values shown in Table 2.6 
for each sound level and then add them together. 

Sound Level (dBA) Exposure Versus Permissible Fraction 

85 

90 

95 

105 

90 

0 (there is no limit for 85 dBA) 

4/8 = 0.5 hr 

1/4 = 0.25 hr 

(15/60)/1 = 0.25 hr 

(45/60)/8 = 0.09 hr 

The sum of the exposure fractions results in 1.09. Because that value exceeds 1.0, the 
allowable exposure is exceeded. 

Solution 2.18 

If the mean diameter @)is 0.575, the control chart’s LCL is p - ( 3 0 / h )  = 0.575 - 
(3(0.008)/2.449) = 0.565, and the UCL is p + ( 3 0 / h )  = 0.575 + (3(0.008)/2.449) = 0.585. 

When the points representing the sample means are plotted, it appears that the process 
is in control through Wednesday. Starting on Thursday, however, the process appears to 
be going out of control, with three points beyond the LCL. An investigation of this trend 
is warranted. 

Solution 2.19 
Determine % : Add all the defects and divide by the total number of samples taken: 110/ 
[(6)(4)1 = 4.6. 

Next, calculate p : Since there were 110 defective components out of a possible 12,000 
(4 x 6 x SOO), the value forp = 110/12,000 = 0.009. 

The LCL becomes % - (3(% (1 - p))O.5) = 4.6 - (3d4.6 x 0.991 ) = -1.8, which becomes 
0.0. (Note: When the LCL is a negative number, the LCL becomes 0.0 when you con- 
struct the control chart.) 

The UCL becomes % + (3( X (1 - p))O.5) = 4.6 + (3d- ) = 11.0. 
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CHAPTER 3 

Ventilation 

Traditionally, mine ventilation has been used to dilute, render harmless, and sweep 
away hazardous gases and dusts that may accumulate in the mine workings. In addition, 
the ventilation system must keep the mine air as close as possible to the composition of 
the outside air in order to provide a healthy environment for mineworkers and to pro- 
long the useful life of mine equipment. When planning for a new mine, sound engineer- 
ing dictates that both the maximum air quantity requirement and the acceptable mine 
pressure (head) loss related to the underground layout and projections be calculated. 

Two problem areas that demand constant attention when calculating for efficient 
mine ventilation are: (1) the control of fugitive air (through short-circuiting or leakage) 
and (2) the provision of ample airway capacity. Fugitive air is the quantity of air that 
enters a mine but short-circuits the mine ventilation system through improperly con- 
structed stoppings, doors, and overcasts. It represents an investment in power consump- 
tion (to move the air by the fan) while providing little, if any, return on investment. 
Typically, efficient mines are those that can deliver 50% or more of the air handled by 
their fans to the working faces. By paying close attention to a new mine’s ventilation sys- 
tem at the outset, an engineer can provide numerous benefits during the later stages of 
mine development. It has often been noted that the primary cause of trouble in a mine’s 
ventilation system can be found within a radius of 2,500 ft  from the fan installation. 

Ample airway capacity is essential to maintaining the mine’s head loss within man- 
ageable limits. Similar to an industrial ventilation setting, the mine’s headings are the 
ductwork for handling air. The difference between normal industrial ventilation and 
mine ventilation is apparent when more capacity is needed. A plant can install new or 
larger ductwork, but it is difficult for a mine to install new entries or enlarge existing 
entries. Air velocities are usually maintained below 800 fpm to limit the suspension of 
dust in the intakes. With this in mind, it is usually simple to estimate the number of 
entries required in the ventilation system. However, a problem often arises when the sys- 
tem’s capacity is overestimated and the required head loss to achieve the desired quan- 
tity is excessive. Experience has shown that problems are often encountered when the 
mine’s condition requires much more than 3 in. of water gage to ventilate the mine on a 
day-to-day basis. Thus, if proper attention is not paid to these parameters in the preplan- 
ning and initial development stages, it may take an extremely high water gage to achieve 
the ultimate quantity. 

This chapter does not delve deeply into the theory of mine ventilation; many other 
texts have been written on that subject. Instead, the following sections point out the 

51 
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important considerations that should take place before developing a mine ventilation 
system, as they relate to normal industry practice. 

F U N D A M E N T A L S  O F  A I R F L O W  

Aimow Principles 

The flow of air in a mine is induced by a pressure differential established between intake 
and exhaust shafts or openings. Ventilation pressures are usually described in inches of 
water gage, with 1 in. of water gage equal to a pressure of 5.2 lb per sq ft. Table 3.1 lists 
a number of additional principles of mine ventilation. 

Pressure Losses 

Pressure losses in mine ventilation systems are caused by friction between the heading 
walls and the air stream and by shock losses due to abrupt changes of the air stream 
caused by obstructions. The common pressure-loss formula for mine ventilation is: 

where H is the pressure loss in inches of water gage, K is the coefficient of friction, L is 
the length of the airway in feet, 0 is the airway perimeter in feet, V is the air velocity in 
feet per minute, and A is the cross-sectional area of the airway in square feet. Table 3.2 
lists the US Bureau of Mines’ (USBM) schedule of friction factors (K) for mine airways. 
These values were developed 75 years ago. Recent research indicates that the values of K 
are slightly less for coal mines than those presented in the USBM schedule, and Table 3.3 
should be consulted in this instance. Note that all values shown in the tables must be 
multiplied by 

Recall from chapter 1 that the quantity (Q) is equal to the product of velocity and 
cross-sectional area. A substitution can be made into Eq. 3.1 to introduce quantity into 
the relationship: 

to obtain the correct K values. 

TABLE 3.1 Airflow prlnciples . The pressure difference is caused by imposing some form of pressure at one point or a series of points 
in the ventilating system. . The pressure created must be great enough to overcome frictional resistance and shock losses. . Entries, both intakes and returns, serve as the air ducts. . Airflow is directed from a point of higher pressure to a point of lower pressure. 

There is a square-law relationship between volumes and pressures; twice the volume requires four 
times the pressure. . With respect to atmospheric pressure, mine ventilation systems are either exhausting (negative) or 
blowing (positive). . The pressure drop for each split leaving from a common point and returning to a common point will be 
the same regardless of the air quantity flowing in each split. 

Source: Kingety 1960. 



TABLE 3.2 Bureau of Mines schedule for friction factors of mine airways 

Values of K x lo-'' 
Sinuous or Curved 

Straight Slightly Moderately High Degree 
Irregularities 
of Surfaces, Clean 

Type of Areas, and (Basic Slightly Moderately Slightly Moderately Slightly Moderately Slightly Moderately 
Airway Alignment Values) Obstructed Obstructed Clean Obstructed Obstructed Clean Obstructed Obstructed Clean Obstructed Obstructed 

Smooth-lined Minimum 10 15 25 20 25 35 25 30 40 35 40 50 

Sedimentary 
(or coal) 

Timbered 
(5-ft centers) 

Igneous rock 

Average 

Maximum 

Minimum 

Average 

Maximum 

Minimum 

Average 

Maximum 

Minimum 

Average 

15 

20 

30 

55 

70 

80 

95 

105 

90 

145 

20 

25 

35 

60 

75 

85 

100 

110 

95 

150 

30 

35 

45 

70 

85 

95 

110 

120 

105 

160 

25 

30 

40 

65 

80 

90 

105 

115 

100 

155 

30 

35 

45 

70 

85 

95 

110 

120 

105 

160 

40 

45 

55 

80 

95 

105 

120 

130 

115 

165 

30 35 

35 40 

45 50 

70 75 

85 95 

95 100 

110 115 

120 125 

105 110 

160 165 

45 

50 

60 

85 

100 

110 

125 

135 

120 

175 

40 

45 

55 

80 

95 

105 

120 

130 

115 

170 

45 55 

50 60 

60 70 

85 95 

100 110 

110 120 

125 135 

135 145 

120 130 

175 195 
Maximum 195 200 210 205 210 220 210 215 225 220 225 235 

5 z Source: Kingery 1960. 2 s z 
- 
u1 w 
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TABLE 3.3 Friction factors (K) for coal rnlne always and openings 

Value of K x 

Straight Curved 

Slightly Moderately Slightly Moderately 
Type of Airway Clean Obstructed Obstructed Clean Obstructed Obstructed 

Smooth-lined 25 28 34 31 30 43 
Unlined 43 49 61 62 68 74 
(rock bolted) 

Timbered 67 75 82 85 87 90 

Source: Ramani 1992. 

U 
t 

I ‘r A. 

i 2,000 ft 

I 
2,000 T ft 

i 
T 2,000 n 

FIGURE 3.1 Single, double, and trlple always 
Source: Adapted from Montgomery 1936. 

The term KL0/(5.2A3) is often referred to as the resistance factor (R) of the airway. By 
substituting R into Eq. 3.2, the following standard formula can be derived: 

(EQ 3-31 
2 H = RQ 

Parallel Flow in Airways 

Suppose that a certain quantity (Q) of air has to be provided to a certain working area. 
Recalling that ample airway capacity is a major concern in mine ventilation, a study is to 
be conducted to determine the effects on the overall head loss in the intakes if one, two, 
or three intakes are provided (Figure 3.1). 
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In this instance, the values of K, L, 5.2, and Q in Eq. 3 . 2  are unaffected by the num- 
ber of entries, so all values will be combined into a constant, X. However, 0 and A will be 
affected in the following manner: 
Substituting these values into Eq. 3.2 yields the following: 

Number of Intakes 

1 2 3 
0: 0 20 30 
A: A3 (2~)3 (3N3 

1 intake: (XO)/A3 
2 intakes: 2(X0)/8A3 = 1/4[(XO)/A3] 
3 intakes: 3(X0)/27A3 = 1/9[(XO)/A3] 

The advantage of multiple parallel airways is readily apparent; the new resistance 
will be in the ratio of: 

(EQ 3.4) 

where n is the number of parallel airways. 

Splitting of Air Currents 

To capitalize on the benefit of having multiple parallel airways, it is often desirable to 
split the total quantity of air flowing through a mine into separate districts. The overall 
mine head can be reduced by splitting, because the pressure drop for each split leaving 
from a common point and returning to a common point will be the same regardless of 
the air quantity flowing in each split. To achieve the most benefit, the splits should be 
made as close as possible to the mine intake point and the several branches should 
reunite as close as possible to the mine exhaust point. In reference to Figure 3.2, it is 
assumed that Qtotal is to be apportioned to three separate mining sections (splits). The air 
will split at a common location just inby the intake point and will recombine at a com- 
mon location just inby the exhaust point. Because some splits are longer, wider, and 

FIGURE 3.2 Spllttlng Of aimow 
Source: Kingery 1960 
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higher or have a different K value than the others, the air tends to seek the path of least 
resistance out of the mine. Rearranging Eq. 3.2 to determine the Q handled by each split 
and recalling that the H for each split is equal and can be cancelled from the formula, the 
following relationship for the potential air splitting can be developed: 

Calculating qsplit for each split, summing all of them, and multiplying each by the 
factor [QtOtal/(summation of each individual Q ~ ~ ~ ~ ) ]  gives the quantity of air that will 
flow unregulated down each airway. 

However, it is not normal practice to allow air to apportion itself in a mine ventila- 
tion system; usually a fixed amount of air must be delivered to each split. Using the 
example from the previous case, Qtotal divides itself evenly among the three splits, and 
direct substitution into Eq. 3.2 establishes the head loss for each split. The split with the 
highest value of H is called the free split. This means that the other splits must be regu- 
lated by building a stopping with a sliding door perpendicular to the airways and just 
inby their common junction at the exhaust. This artificial barrier can be used to raise the 
head losses up to that found in the free split by sliding the doors so that the openings are 
reduced in size, thereby guaranteeing control over the apportionment of the total quan- 
tity. The necessary cross-sectional area of the opening in the regulator can be deter- 
mined with the following equation: 

where A is the cross-sectional area of the regulator's opening in square feet; Q is the air 
quantity, expressed in units of 100,000 cfm; and H is the pressure drop across the regu- 
lator in inches of water gage. 

F A N  S E L E C T I O N  

Fans induce the airflow in mines and obey the fan laws listed in Table 3.4. 
The performance of a fan in a mine ventilation system is a function of its character- 

istic curve, as established by the manufacturer. Because the mine operator controls the 
layout and maintenance of the airways and, thus, the mine characteristic, the operating 
point for the entire system becomes a function of fan design and mine design. 

Table 3.4 can be used for calculations of fan performance when there are changes in 
the variables such as fan speed and air density. When two fans are compared, the vari- 
able dealing with their respective diameters enters into the analysis. For example, when 

TABLE 3.4 Fan laws 

Parameters 

Speed Change Diameter Change Density Change 
(w,D are constant) (n,w are constant) (D,n are constant) 

SR = n2/ni D,R = DdD, DR = w2/wi 

Quantity SR 1 

Head 

Power consumed 

DR 

DR 

Efficiency 1 1 1 

Source: Kingery 1960. 
w = air density in Ib per cu ft; D = fan diameter in in.; n = fan speed in rpm; SR = speed ratio; DiR = diameter 
ratio; DR = density ratio 
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0 20 40 60 80 100 120 140 150 
Air Volume, 1,000 cfm 

Fan inducing 120,000 cfm at 3.10 in. pressure 
H = RQ2 R = H + Q2 = 2.15 

Changing mine resistance changes air volume pressure relation. 

Example: Additional airways provided, resistance reduced, 
new q = 130,000 cfm, H = 2.55 in. H20, new R = 1.51 

~~ 

FIGURE 3.3 Relationship between fan characteristic and mlne resistance 
Source: Kingety 1960. 

an 8-ft-diameter fan is compared to a 6-ft-diameter fan, the new (8-ft) fan’s performance 
parameters will differ from those of the original (6-ft) fan by the following amounts: 

DiR = D2/D1 = (8)(12)/(6)(12) = 1.33 

Quantity,,, = Q, = (1.33)*(Q1) 

Head,,, = H, = (l.OO)(H,) 

Power consumed,,, = P, = (1.33>2(P1> 

Efficiency,,, = E, = (l.OO)(E,) 

Q1, H,, PI, and El are the original values for quantity, head, power consumed, and effi- 
ciency, respectively. 

Figure 3.3 shows the relationship between the mine and fan characteristic curves. 
Because a mining operation is dynamic, fan manufacturers provide several blade settings 
on their fans so that slight adjustments can be made to correspond to changes in mine 
resistance. Unfortunately, many operators use this flexibility as a quick way to overcome 
poor design and/or poor maintenance of roadways. Needless to say, fan adjustments 
should not be the first step taken to maintain acceptable quantities. As shown in Figure 
3.3, driving additional airways can help to reduce mine resistance, lowering the required 
water gage and increasing air volume. The same results can be achieved if entries are 
driven straight, roof falls are cleaned up, and water is not permitted to gather in airways. 
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Although fans can be placed in series to increase pressure or in parallel to increase quan- 
tity, such changes are accompanied by an increase in power consumption. Again, proper 
planning is crucial to the success of a mine ventilation system. 

V E N T I L A T I O N  R E Q U I R E M E N T S  F O R  A N E W  M I N E  

Development of the ventilation layout for a modem mine is a complicated, time-consuming 
process that requires the use of a computer. However, certain aspects of preplanning can 
be conducted using the simple relationships presented in this chapter. Most new mines 
usually require a new source of intake and/or exhaust (i.e., shafts) for approximately 
every 2 miles of mine development, due to a gradual increase in mine resistance. Conse- 
quently, the following discussion applies only to the mine’s requirements up to that point. 

The first step in determining the ventilation requirements for a new mine is to calcu- 
late the maximum number of working sections. Once determined, the minimum quan- 
tity of air to be delivered to each working section must be established (in coal mines, this 
is approximately 10,000 cfm). Air will be lost in the various working sections because 
these areas are constantly changing and the stoppings installed are usually constructed 
of cinder blocks with nonmortared joints. Allow for a 50% loss of air delivered to the end 
of each panel due to leakage. If it is assumed that 50% of the air entering the mine will 
short-circuit the system, particularly within 2,500 ft of the mine entrances, doubling the 
amount delivered per panel should compensate for this loss. To restate this on a per 
panel basis, if 10,000 cfm makes it to the working faces, 20,000 cfm must be delivered to 
the panel. This, in turn, requires 40,000 cfm at the fan, which roughly translates into a 
25% efficiency. Though conservative, it is probably better to underestimate, rather than 
to overestimate, the system’s potential. 

The next step is to calculate the required number of entries. If the maximum air 
velocity in the intakes is to be maintained at  800 fpm, the number of intakes required to 
handle the Qtotal is: 

N = (Qtotal in cfm)/[(800 fpm)(A)l (EQ 3.7) 

where A is the cross-sectional area of one airway in square feet. Note that N is always 
rounded up to the next highest integer. For symmetry, a similar number of return airways 
usually accompanies the intakes, although occasionally in large mines, one or two fewer 
returns may be driven as a cost-cutting measure with minimal detrimental consequences. 

Finally, a line diagram of the intended mine plan is drawn (Figure 3.4). Once com- 
pleted, the diagram should be analyzed to determine when and where the highest head 
loss is likely to occur. This is usually at the point where most mining sections are at the 
greatest distance from the air shafts. By estimating the air losses due to leakage in the 
mains, submains, and panels, the head loss for the free split and thus the entire mine can 
be approximated. A value that greatly exceeds 3 in. of water gage is a rapid indication of 
the shortcomings of the mine ventilation plan (i.e., too few entries, too great a distance 
between air shafts, etc.). 

The solved problems in this chapter can be used as guides to aid in the analysis of 
mine ventilation layouts. 
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Legend 
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Intake Air - Return Air 
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Mined Out 

11 

Sh 

Mined Out 

FIGURE 3.4 Typical llne diagram for a mine ventilation system 
Source: Kingery 1960. 
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PROBLEMS 

Problem 3.1 

If the quantity of air flowing through a duct is 4,500 cfm and the manometer reading is 
0.202 in. of water gage, what quantity corresponds to a manometer reading of 0.050 in.? 
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- - 7  - -  
H=0.1 in. H=0.15in. H=0.30in. 

c .- 
Q=30,000 Ln 

Problem 3.2 

In the exhaust ventilation system shown in the following figure, determine all of the 
missing quantities for individual segments of airway. 

- - -  
H=0.4in. H = 1.25 in. 

A L  1L 

& S  

Ql - 
H = 1.20 in. 

6 “ 2  

Problem 3.3 

Given the following mine ventilation network, determine the quantities flowing in the 
unknown segments and the “free split.” 

8 .i 
z- 2 0 
II II 
U I  

II H = 0.60 in. 
I 

- - -  Q, ,. Q=90,000 Q=70,000 .. - -  - -  - 
H = 0.65 in. H = 0.40 in. H = 0.25 in. 

._ c .G 8 .i ._ e 
8 ,,,: 6’ 0 N 1 %  

LD 

CFro 
It II II II I1 
I I U I  I 

0 
-Q=50,000- Q,, - p,, - 9 1 3  - Q,, - - -  - -  - -  

Segments Q (cfm) H,,,, (in. water gage) 

A+H 150,000 1.0 

H h I  40,000 0.2 

H h B  75,000 1.0 

H+K ? 0.3 

B+C 40.000 0.2 

K-11 15,000 0.2 

K+L ? 0.3 

I+J ? 0.1 

L h J  12,000 0.2 

L h M  ? 0.3 

J+G ? 0.1 

H=0.30in. H=0.95in. H=0.60in. H=0.55ir1.~ 

Q = 30,oOo 

(table continues on next page) 

H=0.45in. 
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Segments Q (cfm) H,,,, (in. water gage) 

B+D 20,000 0.2 

D+C 

B+F 

C+E 

D+E 

F+E 

F+G 

E+M 

G+M 

M+N 

? 

? 

? 

10,000 
? 

10,000 
? 

? 

? 

0.1 
2.0 
0.2 
0.3 
1.0 
0.2 

3.0 
0.4 
1.0 

Problem 3.4 

In the ventilation system shown in problem 3.2, the static pressure drops between points in 
the network are indicated. Locate regulators where needed and calculate the amount of 
regulation (head loss in inches) needed. Determine the static head for each of the two fans. 

Problem 3.5 

Determine the size of the regulator to be placed across the heading containing QI2 in 
problem 3.4. 

Problem 3.6 

If the resistance factor for three enmes is R, what will be the resistance factor for five enmes? 

Problem 3.7 

A total flow of 180,000 cfm is allowed to distribute itself according to natural splitting 
among the following four parallel splits, each having K = 100 x 

Split Cross Section (ft) Length (ft) 

5 x 20 
7 x 15 
6 x 12 
7 x 18 

2,000 
1,500 
1,250 
1,900 

What will be the distribution of air? 

Problem 3.8 

A three-entry development section utilizing belt haulage is driven to a limit of 2,500 ft. If 
the entries are driven 18 ft wide in the 5-ft coal seam, what will be the pressure drop in 
the panel and the air horsepower if the air quantity is 40,000 cfm? Assume that the leak- 
age is negligible. 

K: intake: 60 x return: 80 x 



62 MINING ENGINEERING ANALYSIS I 

Problem 3.9 

A panel entry is driven 5,000 ft  deep employing diesel shuttle car haulage (no belts) in a 
three-entry, two-split configuration. Because of excessive gas liberation, the maximum 
amount of air that good mining practice will allow (to avoid the suspension and trans- 
portation of dust) will be delivered. Because of bad roof conditions, No. 1 (return) and 
No. 2 (intake) can be driven only 15 ft  wide, whereas No. 3 entry (return) will be held to 
12 ft wide in the 4-ft seam. The K values for entries No. 1 and No. 2 are found to be 60 x 

Determine the flows as well as the panel air 
pressure requirement if the return splits are regulated in such a manner to produce equal 
flows in each return. 

whereas that for No. 3 is 100 x 

- Intake Airway 111  

vv3 
1 2 3 4 5 6 7 8 9  - Return Airway 

I I  Permanent Stopping 
I Temporary Stopping, Check 

X Overcast 
0 Door 
R Regulator 
W Active Machine Unit 

or Curtain 

c 

?? - 
2 

E s 
d 
I-0 
J 

c 
-0 

lShafts 

illustrates Problem 3.10 
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Problem 3.10 

Referring to the figure on the previous page, what will be the pressure drop in 14 North 
when it is driven to its full distance (2,000 ft) if the air quantity is 20,000 cfm at the last 
open crosscuts and no leakage is assumed? Remember that belt haulage is used in the 
panel, the seam thickness is 6 f?, and other pertinent dimensions are shown. 

K: intake: 55 x 

return: 75 x 

Problem 3.11 

Using the following ventilation schematic, determine how 75,000 cfm will apportion 
itself among the three splits. If 25,000 cfm is desired for each (neglect leakage), which 
will be the free split, how much regulation will be required, and where should the regu- 
lators be located? 

Panel B 4 500ft b 
Each entry is 6 ft x 18 ft 
K(intake) = same as Panel C 

Each entry is 5 ft x 20 ft 
K(intake) = 85 X 

K(return) = 110 x IO-'" 

K(,turn) = 100 x 

Panel A 
Each entry is 6 ft x 20 ft 
K(intake) = 75 X lo-'" 
K(return) = 95 x I@'" 

4 500ft 

Illustrates Problem 3.11 
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Problem 3.12 

A mine fan has the characteristic curve shown. 

Fan Characteristic 

5 
L 

$ 4  
3 

c 

d 

c 

O 3  

$ 2  

._ 

I 

1 

0 

Quantity, 1,000 cfrn 

Illustrates Problem 3.12 

The fan must supply 60,000 cfrn at 2.5 in. static head. If the fan is currently operating at 
800 rpm, what speed will be required to meet these conditions? 

Problem 3.13 

What would be the speed of the fan in problem 3.12 if it must supply air at 0.065 lb per cu ft? 
The standard density of air for mine ventilation work is considered to be 0.075 lb per cu ft. 

Problem 3.14 

A mine is presently operating at Q = 110,000 and H = 2.15 in. The fan (fan A) has the 
characteristic shown. 

Fan Characteristic 

I 
" 20 40 60 80 100 120 140 160 

Quantity (103 cfm) 

Illustrates Problem 3.14 
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Mine management is planning on developing three more sections. It was calculated that, 
at full development, the ventilation system would have to supply 250,000 cfm at approx- 
imately 2.50 in. A second available fan (fan B) was tested, and the following results were 
achieved: 

Head (in.) Quantity (cfrn) 

4.0 

3.0 

2.0 

1.0 

0.0 

0 

110,000 

160,000 

200,000 

230,000 

Is the company able to use this other fan? 

Problem 3.15 
The mine plan shown for problem 3.10 indicates that three of the six continuous-miner 
units of this medium-sized, underground coal mine are located in the following three 
sections: (1) Pillaring 13N, (2) Developing 14N, and (3) Developing Main North. The 
other three units are doing similar work at the southern end of the property. 

The mine is located in a 6-ft thick seam where the depth of overburden is 1,000 ft. The 
intake air shaft is 17.5 ft  in diameter, and the return air shaft is 18.0 ft in diameter. Each 
working section is composed of two splits of air with 20,000 cfm delivered to the last 
open crosscut of each split. 

In planning for the future air requirements of the mine, it is anticipated that the worst 
case situation for the delivery of air to the mine will exist when the unit in 13N is trans- 
ferred to 15N (thus becoming the free split). At the same time that 15N will be fully 
developed, the unit in 14N will be on retreat, and the unit in Main North will be trans- 
ferred to develop the most inby panel on the right-hand side of Main North (16N). 

Leakage of air will be apportioned as follows: 
1. Twenty thousand cubic feet per minute will be lost in each section. 
2. Thirty five thousand cubic feet per minute will be lost along Main North between 

the base of the intake air shaft and a point opposite the regulator of the bleeder 
system. 

3. Forty thousand cubic feet per minute will be lost along Main North between the 
point which is opposite from the regulator of the bleeder system and 14N. 

4. Fifteen thousand cubic feet per minute will be lost along Main North between 
14N and 15N. 

5. Of the air arriving at the last open crosscuts of 14N, it is assumed that 20,000 
cfm will be directed into the bleeder system. 

Determine the approximate overall quantity and head for this mine if the friction factors 
developed for slightly obstructed, straight, and unlined entries (Table 3.3) are assumed. 
Further, the friction factor for both air shafts should be assumed to be 15 x 10-l'. 
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Solution 3.1 

Hi = R,Q12 

H2 = R2Q2’ 

because, R, = R, (the same duct), 

Rearranging: 

= [ (0.202) 

= 2,239 cfm 

Solution 3.2 
Recalling Kirchhoffs laws from chapter 1, the sum of the quantities entering a junction is 
equal to the sum of the quantities leaving the junction. Thus, the following quantities 
can be directly determined: 

Q1 = 200,000 Q8 = 30,000 

Q2 = 80,000 Q9 = 20,000 

Q3 = 40,000 Qlo = 70,000 

Qq= 40,000 Qll = 40.000 

Q5 = 80,000 412 = 35,000 

Qs = 95,000 Qi3= 75,000 

Q7 = 50,000 QI4 = 105,000 
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Solution 3.3 

To determine the unknown quantities, apply Kirchhoff’s law, which states that the quanti- 
ties flowing into a junction have to equal the quantities flowing from a junction. Therefore: 

Junction H: (A-H) = (H-+B) + (H+I) + (H+K) 

150,000 = 75,000 + 40,000 + (H-+K) 

Therefore, (HjK) = 35,000 cfm. If you proceed in a similar manner through the rest of 
the ventilation network, you should come up with the following values: 

Segments Q (cfm) 

H+K 35,000 

K+L 20,000 

I-+J 55,000 

L+M 

J+G 

D+C 

B+F 

C+E 

F+E 

E+M 

G+M 

8,000 

67,000 

10,000 

15,000 

50,000 

5,000 

65,000 

77,000 

M+N 150,000 

To determine the “free split” or path with the greatest head loss, indicate all of the vari- 
ous paths that air can take to get from A to N, add up each segment’s head loss for each 
path, and choose the path with the highest value. There are eight possible paths: 

Path Total Head Loss 

A+H+B+F+E+M+N 

A+H+I+J+G+M+N 

A+H+K-+I+J+G+M+N 

A+H+K+L+J+G+M+N 

A+H+K+L+M+N 

A+H+B+D+C+E+M+N 

A+H+B+C+E+M+N 

A+H+B+D+E+M+N 

1.0 + 1.0 + 2.0 + 1.0 + 3.0 + 1.0 = 9.0 

1.0 + 0.2 + 0.1 + 0.1 + 0.4 + 1.0 = 2.8 

1.0 + 0.3 + 0.2 + 0.1 + 0.1 + 0.4 + 1.0 = 3.1 

1.0 + 0.3 + 0.3 + 0.2 + 0.1 + 0.4 + 1.0 = 3.3 

1.0 + 0.3 + 0.3 + 0.3 + 1.0 = 2.9 

1.0 + 1.0 + 0.2 + 0.1 + 0.2 + 3.0 + 1.0 = 6.5 

1.0 + 1.0 + 0.2 + 0.2 + 3.0 + 1.0 = 6.4 

1.0 + 1.0 + 0.2 + 0.3 + 3.0 + 1.0 = 6.5 

Therefore, the “free split” is A+H--+B+F+E+M+N at a total head loss of 9.0 inches 
water gage. 
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Solution 3.4 

ON2 

Ql - 
H = 1.20 in. 

- 

By following the arrows from the inta..e to the upper fan, it is obvious that there are four 
distinctly separate paths that the air can travel. Likewise, there are seven distinctly sepa- 
rate paths that the air can travel between the intake and the lower fan. By adding the 
pressure drops of each path, and recalling that the sum of the pressure drops around any 
loop must equal zero, the two free splits can be determined. Thus, the static head for 
each fan and the regulator placements are shown in the following diagram. 

H = 0.60 in. 5 0  s 
I II II u s  - -  Q, ,. Q=90,000 Q=70,000 

H = 0.65 in. H = 0.40 in. 

.- c 

.I - -  - - 
H = 0.25 in. .- c 

.G 8 .c w 3  3 g$ @ $  6 , r o  

0 I -  Q=50,000 Q,, - -Q,1 - 913 - Ql.4 

II 
II I1 II II I 
I I U I  -I 0.6 in. 5.30 in. 0.05 in.-- 

- -  - -  - -  - 
H=O.%in. H=0.95in. 

0.55 in. 

Solution 3.5 

Using Eq. 3.6, 

H=0.60in. H=0.55in. H=0.45in. 

--0.1 in. 

Q = 30,ooo 

= 18 s q  ft 

Thus, the regulator would have to be constructed so that the opening would be only 
18 sq fi. 
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Solution 3.6 

KLO 

5.2A3 
R3= - 

for three entries. To determine R,, the resistance factor for five entries, it is easy to see 
that (1) K does not change; (2) L does not change; (3) 5.2 is a constant; (4) 0, the 
perimeter, is increased by 5/3; and (5) A, the cross-sectional area of the entries, is 
increased by 5/3. Therefore, 

Thus, the overall resistance is 36% of the three-entry system. This answer can also be 
verified by Eq. 3.4: 

Solution 3.7 

qa= 100 100 ]05 =31,623 
[(lWn 10-10)(2,000)(50) 

= 41,881 I,, 105 
(100 x lO-l’)( 1,500)(44) 

qbOC 105 

= 28,800 I,, 72 

(100 x lo-”)( 1,250)(36) 
4,“ 72 [ 

= 45,887 126 

[( 100 x lo-’’)( 1,900)(50) 
q d C C  126 

TOTAL: 148,191 

31’623 x 180,000 = 38,411 cfm 
148,191 
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41'881 x 180,000 = 50,871 cfm 
148,191 

287800 x 180,000 = 34,982 cfm 
148,191 

457887 x 180,000 = 55,737 cfm 
148.191 

Solution 3.8 

The air traveling along the belt entry cannot be used to ventilate the faces due to federal 
law. Therefore, only one intake and one return are available. 

2 H=RQ 2 -  -- KSQ = K L O Q ~  - 
5 . 2 ~ ~  5 . 2 ~ ~  

where: 

A = 5 x 18 = 90 sq ft 
0 = 18 + 18 + 5 + 5 = 4 6  ft 

L = 2,500 ft 

Solution 3.9 

To avoid dust suspension, the air velocity in the intake will be limited to 800 fpm. There- 
fore, the maximum quantity that can be delivered is: 

Q~=V~A~=(800fpm) (4ftx15ft) 

= 48,000 cfm 

The pressure drop along the intake is: 
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Next, determine how the air will naturally apportion itself between the two returns: 

60 1''' = 13,765 
A 0.5 

= 60 
OC 'I(&) [(60 x 10-'0)(5,000)(38) 

48 = 8,314 
A 0.5 

= 48 q3 OC A3(&) [(loo x 10-10)(5,000)(32) 

Thus, 

13'765 )(48,000) = 29,925 cfm 
Q1 = (13,765 + 8,314 

Q3 = (48,000) = 18,075cfm 
(13,765 + 8,314 

Obviously, entry 3 has a greater resistance to the flow of air. If a flow of 24,000 cfm is 
desired for this entry, the pressure drop will be: 

The panel air pressure requirement will be 3.94 in. of water gage (2.34 + 1.60 = 3.941, 
and entry 1 will have to be regulated accordingly. 

Solution 3.10 

The perimeter (0) for each entry is 44 ft, the cross-sectional area (A) for each entry is 96 
s q  ft, and the length (L) of each entry is 2,000 ft. The two intakes are interconnected and 
handle the entire quantity: 

The two returns are separated by the intakes and the belt entry. However, because they 
are in parallel and it is assumed that half the quantity is handled by each, the head loss 
in one return is equal to the head loss in the other return. 

The total head loss for the panel is merely the summation of the values calculated above. 

H, = 0.0421 in. + 0.0574 in. = 0.0995 in. 
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Solution 3.11 

The schematic is basically a line diagram of a multiple-entry, unidirectional system of 
mine ventilation. All of the intakes are in parallel going into any one section, so the head 
loss in one entry is the same as the head loss in all of the entries; the same can be said for 
the returns. Also notice that the quantity of air delivered to this end of the mine splits at 
point A and comes together again at point B. Thus, this layout is identical to the network 
shown in Figure 3.2. The problem becomes one of unregulated and controlled splitting. 

= 0.236 Q= A*(---) AA 0.5 = 120[ 120 
KALAOA ( (  75 + 95)/2)( 7,000)( 52) 

q B  = 108[ 108/((2,500)(85) + 3,500(100))/((6,000)(48))]0~5 = 0.216 

Note: The K values have to be altered for the panel because of the difference in lengths 
of the intakes and returns. 

qc = 100[(100)/[(2,000(85) + 3,000(110))/(5,000)] (5,000)(50)]0~5 = 0.200 

0.236 + 0.216 + 0.200 = 0.652 

QA = [(0.236)/(0.652)](75,000) = 27,147 cfm 

QB = [(0.216)/(0.652)](75,000) = 24,847 cfm 

Qc = [(0.200)/(0.652>](75,000) = 23,006 cfm 

Based on the preceding calculations, panel C is the free split. If 25,000 cfrn is to be deliv- 
ered to each panel, then the head loss per panel can be calculated as follows: 

H = [KLOQ21/[5.2A31 

HA = [(85 x 10-10)(7,000)(52)(25,0002)]/[5.2(1203)] = 0.215 in. 

HB = r(93.75 x 10-10)(6,000)(48)(25,0002)]/[5.2(1083)] = 0.258 in. 

H, = [(loo x 10~10)(5,000)(SO)(25,000z)]/[5.2(1003)] = 0.300 in. 

Panel A has to be regulated 0.085 in. (0.300 - 0.215), and panel B has to be regulated 
0.042 in. 

The regulator for panel A should be placed at the end of the return entry just inby 
point B. The regulator for panel B should be placed at the end of the return entry just 
inby the overcasts directing the intake to panel A. 
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Solution 3.12 

Plot the mine characteristic curve. 

Fan Characteristic 

5 

1 

0 20 40 60 80 100 

Quantity, 1,000 cfrn 

Illustrates Solution to Problem 3.12 

From H = RQ2, 

R = H/Q2 

R = 2.5/(60,000)2 = 6.94 x 10-lo 

Select points to plot the mine characteristic. 

H = R x Q2 = head (in. water gage) 

H(20,000) = (6.94 x 10-l') x (20,000)2 = 0.28 

H(,+o,ooo) = (6.94 x lo-'') x (40,000)2 = 1.11 

H~60,000) = (6.94 x lo-'') x (60,000)2 = 2.50 

H(80,ooo) = (6.94 x 10-l') x (80,000)2 = 4.44 

From the characteristic curve, Q1 = 67,000 cfm 

From the first fan law, 
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Solution 3.13 

In this problem, the fan is undergoing both a speed and density change. Thus, th new 
quantity and head are determined by multiplying the original values by the factors relat- 
ing to speed and density changes. 

Q2 = (n2/nl)Q1 

Q2 = (716/800)Q1 = 0.895Q, 

H2 = Hl[(n2)/nll 2[(w2/w1)l = H1(716/800) 2(0.065/0.075) = 0.694 H, 

Select points for the new fan characteristic and plot the new fan curve. 

Qi (cfm) HI  (in.) Q2 (cfm) H, (in.) 

20,000 5.10 17,900 3.54 

40,000 4.55 35,800 3.16 

60,000 3.60 53,700 2.50 

ao,ooo 2.20 71,600 1.53 

Fan Characteristic 

Quantity, 1,000 cfm 

Illustrates Solutlon to Problem 3.13 

With this new fan curve, the fan will produce 58,000 cfm at 2.3 in. of water gage. There- 
fore, to operate at 60,000 cfm, the required speed change will be: 

= 741 rpm Q2 716 
Q1 (60,000/58,000) 

n2=nl -  = 

This final speed change will shift the new fan curve up to the 60,000 cfm operating point. 
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Solution 3.14 

Plot the second fan's (fan B) characteristic curve, based on the test results, as indicated 
on the following page: 

Obviously, the new fan will not be able to supply 250,000 cfm at 2.30 in.; however, the 
two fans may be placed in parallel to achieve the mine's requirements. When fans are 
placed in parallel, the quantities may be added while keeping the heads constant. The 
mine characteristic and combined fan curves are shown; the mine characteristic is plot- 
ted in the same manner described in problem 3.12, with 

Characteristic Curves 
5 

0 

Quantity, 103 cfm 

Illustrates Solution to Problem 3.14 

From the plot, it can be seen that the fans in parallel will supply 246,000 cfm at 2.40 in. 
water gage. Therefore, the mine can use the second fan and connect it in parallel with 
the existing fan. A slight speed change will achieve the exact quantity and head. 

Solution 3.15 

At the outset, the friction factor for the entries is 49 x 10-l'. 

The next step is to divide the mine into airway segments from the collar of the intake air 
shaft to the face area of E N  and back to the collar of the return air shaft. Linear dis- 
tances should be noted as well as the number of parallel airways in the segment. In this 
case, there are 10 segments: 
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Segments Length (ft) Airways 

Intake: 

1. Air shaft 1,000 1 

2. Air shaft to the base of the bleeders 5 

3. The base of the bleeders to 14N 6,600 5 

4. 14N to 15N 500 5 

5. 15N intake 2,000 2 

400 

Return: 

1. 15N return 

2.15N to 14N 

3. 14N to the base of the bleeders 

2,000 

500 

6,600 

2 

4 

4 

4. The base of the bleeders to the air shaft 4 

5. Air shaft 1,000 1 

600 

To determine the total air quantity requirement for the mine, calculate the quantity 
needed in the north end of the mine and double it to account for the quantity needed in 
the south end: 

20,000 
x 2  

40,000 
+ 20,000 

60,000 
x 3  

180,000 
+ 90,000 
270,000 

x 2  
540,000 

Air quantity to each last open crosscut 
To account for two splits per section 

To account for leakage per section 
Air quantity to each section 
To account for the three sections in the north 

To account for leakage along Main North 
Total for the northern end of the mine 
To account for the southern end of the mine 
Total for the entire mine 

Next, note the air quantity at the beginning, end, and midpoint of the 10 segments deter- 
mined earlier (assuming air loss is linear): 

Segments Beginning End Midpoint 

Intake: 

1 540,000 540,000 540,000 

2 2 70,000 235,000 252,500 

3 235,000 195,000 215,000 

4 135,000 120,000 127,500 

5 60,000 40,000 50,000 

Return: 

1 40,000 60.000 50,000 

2 120,000 135,000 127,500 

3 175,000 215,000 195,000 

4 235,000 270,000 252,500 

5 540,000 540,000 540,000 
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The northern end of the mine can now be represented by the following line diagram: 

(Intake Segment 5) 
L = 2.000 ft 
o = ~O,OOO cfm 

A t 
(Intake Segment 4) 

Q = 127,500 cfm 
L=500ft 

L = 2,000 ft 
Q = 50,000 cfm 

(Intake Segment 3) 
L = 6.600 ft 

(Return Segment 2) 

Q = 127,500 cfm 
L=500ft 

(Return Segment 3) Q = 215,000 cfm 

L = 6,600 ft 

I I  Q = 195,000 cfm 

(Intake Segment 2) 
L=400ft I I  Q = 252,500 cfm 

(Return Segment 4) 

Q = 252.500 cfm 
L=6OOft 

Air Shaft ) <Air Shaft 
(Intake Segment 5) 
L =  1,000ft 
Q = 540,000 cfm 

(Intake Segment 1) 

Q = 540,000 cfm 
L = 1,000 ft 

Illustrates Solutlon to Problem 3.15 

Using the equation, H = IU0Q2/5.2A3, the head loss calculations can be simplified by 
using the following tabular format. (Note that the values for perimeter, 0, and area, A, 
are based on 6-ft high entries as well as the number of entries in each segment.) 

Thus, the mine fan handles 540,000 cfm at a head of 2.25 in. of water gage. Notice that 
this problem did not take into account the shock losses as they affect the total head of 
the system. In actual practice, the head may be increased approximately one-third to 
account for these losses. 

Segments K L 0 Q A H 

Intake: 

1 15 x 

2 49 x 10-10 

3 49 x 10-10 

4 49 x 10-10 

5 49 x 10-10 

Return: 

1 49 x 10-10 

2 49 x 10-10 

3 49 x 10-10 

4 49 x 10-10 

5 15 x 

1,000 

400 

6,600 

500 

2,000 

2,000 

500 

6,600 

600 

1,000 

55 

220 

220 

220 

88 

88 

176 

176 

176 

57 

540,000 

252,500 

215,000 

127,500 

50,000 

50,000 

127,500 

195,000 

252,500 

540,000 

240 

480 

480 

480 

192 

192 

384 

384 

384 

255 

Total: 

0.335 

0.048 

0.572 

0.015 

0.059 

0.059 

0.024 

0.735 

0.112 

0.289 

2.25 
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CHAPTER 4 

Strata Control 

Perhaps no other area reflects the art as well as the science of mining-engineering design 
quite as obviously as strata control. This status is due to the fact that it is difficult to 
design mining structures because rock rarely behaves as a homogeneous medium. In 
addition, the original state of stress and the mechanical properties of the in situ rock are 
somewhat difficult to determine. However, the aspects that are hard to treat mathemati- 
cally can and have been successfully approached using model studies and in situ mea- 
surements. This chapter reviews the fundamentals of strata-control design and provides 
examples of applications to typical problems. 

STRESSES AROUND M I N E  OPENINGS 

A close examination of Figure 4.1 reveals that, prior to mining, stresses exerted in the 
overburden can be in both the horizontal and vertical directions. The example problems 
in chapter 1 illustrated that the maximum compressive stress (0") at any depth (D) 
below the surface can be approximated as follows: 

(62.4)(specific gravity of the overburden)(D, in ft)  
(144 s q  in. per sq ft) 

0, (in psi) = (EQ 4.1) 

Further, the lateral stress (q,) is related to the maximum compressive stress by 
using Poisson's ratio (p): 

P" oh(in psi) = - 
1 - F  

(EQ 4.2) 

As soon as a heading is driven, such as the one in the coal seam shown in Figure 4.2, 
the stresses shift to the sides, or abutments, of the opening. Clearly, these compressive 
stresses around the opening exceed the premining conditions. The problem of designing 
an underground opening, therefore, is to determine the maximum stresses and to note if 
they exceed the ultimate strength of the rock. Table 4.1 lists several rocks with their cor- 
responding strengths. 

Figures 4.3 through 4.5 depict the boundary stress concentrations around circular, 
ovaloidal, and rectangular openings. M is the ratio of the horizontal stress to the vertical 
stress or, as defined above, p/(1- p). This book concentrates on the state of stress repre- 
sented by M = 0.33, which corresponds to the condition of no lateral deformation in a 

79 
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FIGURE 4.1 Original stress dlstribution on a virgin coal seam 

Surface 

FIGURE 4.2 Stress trajectories around a single opening 

rock having a Poisson's ratio of 0.25. For an ovaloid with an opening width-to-height 
ratio of 2.0 (Figure 4.4), the boundary stress concentrations are at their maximum val- 
ues at the comers of the opening, with values in excess of 3.0. If the depth of overburden 
is 500 ft, the maximum boundary tangential stress (0,) of the ovaloid is: 

OJO, = 3.0 

0, = 500 (1.1)(3.0) = 1,650 psi 

Figure 4.6 relates the maximum tangential stress of the periphery of the opening to 
the width-to-height ratios of various openings. For the purposes of reducing the maxi- 
mum tangential stress, it is apparent that an ovaloid is a better choice than an ellipse or 
a rectangle when the width-to-height ratio exceeds 1.0. 



TABLE 4.1 Some properties of rock and coal materials 

Uniaxial Compressive Uniaxial Tensile Modulus of 
Strength, psi Strength, psi Elasticity, ksit Poisson’s Ratio 

Basalt 

Dolerite 

Gneiss 

Granite 

Limestone 

Norite 

Quartzite 

Sandstone 

Shale 

Pittsburgh Coal 

Pocahontas No. 3 Coal 

Herrin No. 6 Coal 

6,090 

32,915 

10,585 

4,350 

6,960 

42,050 

29,000 

5,800 

5,220 

2,088 

2,639 

1,450 

Rock or Coal Type* From To 

51,475 

46,255 

49,300 

46,980 

30,450 

47,270 

44,080 

25,955 

24,940 

4,307 

2,828 

2,045 

Mean From 

21,750 290 

40,600 1,740 

23,055 435 

24,070 435 

14,790 290 

43,210 2,175 

36,540 2,465 

13,920 435 

13,775 290 

3,219 276 

2,741 - 

1,653 - 

To Mean From To Mean From To Mean 

4,060 1,885 2,320 14,645 7,685 0.13 0.38 0.22 

3,770 

3,045 

5,655 

5,800 

3,625 

4,060 

1,015 

725 

464 

- 

- 

2,900 

2,030 

1,740 

1,740 

2,900 

3,625 

725 

435 

363 

- 

- 

8,700 

2,320 

1,450 

145 

13,050 

10,150 

1,450 

1,450 

218 

348 

450 

13,050 

14,935 

10,730 

13.340 

15,950 

15,225 

6,670 

6,380 

537 

392 

551 

10,150 

8,410 

6,525 

6,960 

14,500 

13,050 

3,190 

4,060 

464 

377 

508 

0.15 0.29 

0.10 0.40 

0.10 0.39 

0.08 0.39 

0.21 0.26 

0.11 0.25 

0.10 0.40 

0.10 0.19 

- - 

- - 

- - 

0.20 

0.22 

0.23 

0.25 

0.24 

0.16 

0.24 

0.14 

0.37 

- 

0.42 
~~ ~ 

Source: Bieniawski, 1984, Rock Mechanics Design in Mining and Tunneling, A.A. Balkema, Rotterdam. 
*Rock specimens were 4.25 in. high and 2.125 in. in diam; coal specimens were 34-in. cubes. 
t one  ksi equals 1,000 psi. 

0 
0 

a 3 
P 
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FIGURE 4.3 Boundary stress concentration for a circular hole in a biaxial stress field 
Source: Obert et al. 1960. 

S A F E T Y  FACTOR 

As stated earlier, the state of stress and the mechanical properties of the in situ rock are 
difficult to determine. To overcome these problems, safety factors are incorporated into 
the solutions to strata-control problems. The safety factor is defined as the ratio of the 
breaking stress to the working stress, with recommended values of two to four for pillars 
and ribs in compression and four to eight for bedded roof in tension. 

P I L L A R  DESIGN 

A pillar is that portion of the coal or ore that is left unmined in order to support the over- 
burden. Current design approaches attempt to limit the progressive failure of pillars. To 
accomplish this, the following information is usually required: (1) premining pillar load- 
ing, (2) mining-induced pressures, and (3) pillar strength. 

After mining has taken place, each pillar must support the rock column directly 
above it, as well as that portion of the rock column halfway between it and the neighbor- 
ing pillars. This is known as the tributary area (see problem 1.13). Obviously, as recov- 
ery increases, a greater size of rock column must be supported by each remaining pillar. 
Although premining pillar loading and mining-induced stress can be estimated fairly 
readily, the problem in designing pillars revolves around the difficulty of predicting pil- 
lar strength. 
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FIGURE 4.4 Boundary stress concentration for ovaloidal holes in a blaxial stress field 
Source: Obert et al. 1960. 

~~~ ~~ 

FIGURE 4.5 Boundary stress concentration for rectangular holes with rounded corners 
Source: Obert et al. 1960. 
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FIGURE 4.6 Critical compressive stress concentrations around openings with various shapes 
Source: Obert et al. 1960. 

Numerous techniques have been proposed for obtaining adequate pillar strength 
information at a reasonable cost with relative ease. Coal and noncoal mines have differ- 
ent requirements. The recommended techniques also vary depending on whether the 
pillars are to be designed solely as support pillars or are to be over-designed for in order 
to conduct retreat mining. In this text, coal and noncoal pillars are handled separately, 
but in both instances, attention is directed solely toward the design of support pillars. 

Experimental results from tests on rock and coal test specimens indicate that a 
strength-reduction effect exists with increasing specimen size and that a critical size, 
defined as that specimen size at which a continued increase in specimen width causes no 
significant decrease in strength, also exists. For example, it has been reported that 3-ft 
cubical specimens of coal constitute a critical-size value (Bieniawski, 1992). This con- 
cept is significant because the strength values at the critical size are directly applicable to 
full-sized pillars and the size effect characterizes the difference in strength between 
small-sized laboratory specimens (q) and the large-sized pillars existing in mines. 

Research has shown that the scaling of coal properties measured in the lab to those 
in the field where cubical pillars have a height >36 in. is as follows: 

K o1 = - 
(36)'" 

The following should be used where cubical pillars have a height <36 in.: 

(EQ 4-31 

K cT1 = - 
(h)'" 

(EQ 4.4) 
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In the above equations, the constant K is a coefficient depending on the particular coal. 
K is determined from the compression testing of cubical coal specimens and is related in 
the following manner (Gaddy, 1956): 

K = S,(D)0,5 (EQ 4.5) 

where S, is the average ultimate compressive strength of coal cubes tested in pounds per 
square inch, and D is the edge dimension of the cube in inches. Although there is a differ- 
ence in laboratory results, depending on whether cylindrical or cubical specimens are 
used, this difference is, for all practical purposes, not significant when D ranges from 
2 to 4 in. (Bieniawski, 1992). 

Although numerous pillar-strength formulas have been proposed, a limited number 
have found wide acceptance for noncoal and coal mines. 

In noncoal situations, the Obert and Duvall (1967) equation has been proposed: 

oP= C1[0.778 + 0.222 - ] (El 
where op is the pillar strength in pounds per square inch, C, is the uniaxial compressive 
strength of a cubical specimen (w = h) in pounds per square inch, W is the pillar width in 
inches, and H is the pillar height in inches. In this case, the recommended safety factors are 
between 2 and 4, with the higher value being associated with long-term requirements. 

Pillars in hard-rock mines may also be evaluated using the extraction ratio: 

where R is the extraction ratio, F is the safety factor, S, is the average applied stress in 
pounds per square inch, and C, is the compressive strength of the pillar in pounds per 
square inch. 

In the United States, research into the design of coal-mine pillars has been con- 
ducted for several decades. It has included findings from observations in actual opera- 
tions, empirical design equations, and numerical design. No matter how precise the 
numerical design methods may be from a mathematical standpoint, practical coal-mine 
pillar design presently follows the empirical approach due to its ease of application. 

One of the first coal-pillar design equations to meet with acceptance in the United 
States is the Holland-Gaddy equation. It was developed for coal pillars with width-to- 
height ratios that vary from 1.0 to 10.0. The equation is as follows: 

K(W)0'5 
H 

0, = ~ 

where op is the average ultimate strength of the coal pillar in pounds per square inch, 
W is the least width of the pillar in inches, and H is the height of the pillar in inches. The 
recommended safety factor for use with the Holland-Gaddy equation is between 1.8 and 
2.2. This equation often results in a conservative estimate of pillar strength. 

Bieniawski (1992) proposed the following formula, with a safety factor of 2.0, based 
on large-scale in situ tests on coal pillars: 

oP = 01[0.64 + 0.36 - ] (3 (EQ 4.9) 
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where op is pillar strength, w is pillar width, h is pillar height, and o1 is the strength of a 
cubical specimen of critical size (23 ft). The following modification of Eq. 4.9 was 
recently proposed for rectangular pillars (Mark, 1999): 

oP = .,[0.64 + 0.54(w/h) - O.lS(W2/Lh)] (EQ 4.10) 

where: L = pillar length. 

ROOF-S PAN DES 10 N 

The design of opening widths is complex and a major concern because most mine fatali- 
ties result from falls of the immediate roof. Many different methods have been proposed 
for the design of opening widths, and all are constrained by federal and state safety reg- 
ulations. As a result, the design approach may incorporate a combination of concepts. 

Where opening widths are critical, such as those in coal mines, beam theories 
appear to be applicable because of the stratigraphic characteristics of the immediately 
overlying roof. A simple beam reflects the conditions found with shallow overburden, 
while a fixed-ends beam is applied to conditions with deep overburden. The opening 
width for shallow overburden is calculated as follows: 

where L is the opening width in feet, t is the beam thickness in feet, cse is the allowable 
working stress (modulus of rupture divided by the safety factor) in pounds per square 
foot, and W is the uniform load per unit length per unit width of the beam. For deep 
mines, the equation is modified as follows: 

(EQ 4.12) 

The following general equation has been developed for both of the preceding conditions: 

(EQ 4.13) 

where z, is the allowable working shear stress (shear strength divided by the safety fac- 
tor). For the given overburden conditions, if the latter equation yields a lower value of 
L than the corresponding equation developed by means of the allowable working stress, 
its value is selected as the maximum allowable roof span without any reinforcement. 

Since many operations reinforce the immediate roof of openings with roof bolts, the 
effects of this activity should be noted. The design of roof-bolting systems incorporates 
the selection of the roof bolts by diameter and length, spacing, capacity, and tension. 
Roof bolting aids the stability of the immediate roof by either bonding weak strata into 
one strong beam or suspending weak strata from a stronger overlying stratum. This, in 
essence, can alter the span equations that were stated earlier. 

When the suspension principle is used, the load per bolt can be determined as follows: 

(EQ 4.14) 
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where P is the load per bolt, w is the unit weight of the roof, t is the beam thickness, B is 
the span width, L is the depth of the cut, n1 is the number of rows of bolts, and n, is the 
number of bolts per row. 

A roof bolt’s yield capacity (C) is normally described in terms of its diameter (D) and 
the grade of steel (G) (Mark, 2000): 

(EQ 4.15) 

Rebar diameter is usually described by a number that represents the number of eighths 
of an inch; e.g., #5 rebar is 5/8 in. in diameter and #6 rebar is 98 in. (or 3/4 in.) in diame- 
ter. The grade of the steel in the bolt is given in thousands of pounds per square inch; 
e.g., a grade-60 steel is 60,000 psi. A bolt’s ultimate capacity is normally greater than the 
yield. For example, a #6 rebar grade-60 bolt may have a minimum yield of 26,400 lb and 
a minimum ultimate tensile strength of 39,600 lb (Mark, 2000). 

For coal mining applications, 30 CFR 75.300 provides several, important regula- 
tions for roof spans. It states that openings should neither exceed 20 ft in width where 
roof bolting is the sole means of support, nor should they exceed 30 ft when roof bolts 
and other support, such as timber posts, are used. 

It further stipulates that roof bolts should never be less than 30 in. in length and 
should be anchored at least 1 ft in the stronger strata to suspend the immediate roof. 
Further, the bolt spacing and the distance between the bolt and the rib or the face should 
never exceed 5 ft, mechanical bolts should be tensioned to 50% of the yield point of the 
bolt or the anchorage capacity, and miners may not work under an unsupported roof. 
Ordinarily, the spacing of roof bolts should satisfy the criterion that, under typical min- 
ing conditions, the ratio of bolt length to bolt spacing should be about 1.5, and 2.0 mini- 
mum in fractured rock (Bieniawski, 1992). 

Even though all of the complexities of roof bolt and ground interactions make it 
difficult to develop guidelines for roof bolt selection, Mark (2000) recently proposed 
the following: 

1. Evaluate the geology either through underground observation or examination of 
exploration drill cores. The coal mine roof rating (CMRR) can then be deter- 
mined. It has been shown that when the CMRR ranges from 65 to 100, roofs are 
considered strong; when the CMRR ranges from 45 to 65, roofs are considered 
moderate; and when the CMRR is less than 45, roofs are considered weak. In 
fact, when the rating is below 37, collapse occurs before a cut can be completed. 

2. Evaluate the stress level. 
3. Evaluate mining-induced stress. 
4. Evaluate the intersection span. The appropriate diagonal intersection span (Is), 

in feet, is 31 + (0.66 x CMRR). If the CMRR exceeds 65, then 65 should be used 
in the equation. 

5. Determine the bolt length. For beam building, use the following: 

(100 - CMRR) 
100 

L, = 0.12(Is)1~glo(H) (EQ 4.16) 

where LB is the length of the bolt in feet, I, is the diagonal intersection span in feet, and 
H is the depth of cover in feet. 
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SELECTION OF LONGWALL SHIELDS 

The longwall mining method currently accounts for more than 20% of the US annual 
coal production and approximately 50% of the nation’s underground output (Martin, 
2000). Its tremendous growth in production output over the past two decades, when the 
number of faces decreased from 118 faces in 1985 to 62 in 1999, can be attributed to the 
success of shield-type roof supports. The use of these roof supports introduces another 
consideration for the strata-control specialist: What is the proper way to select the units? 

Currently, the majority of longwall supports are two-leg shields. The average sup- 
port capacity at yield is 768 tons, with 12 installations employing shields with capacities 
in excess of 900 tons. Hydraulic setting pressures have remained constant, in the 4,000- 
to 4,200-psi range. Setting-to-yield ratios are approximately 0.6 (Barczak, 2000). 

When designing a shield for a particular application, the following geologic condi- 
tions must be understood: . Composition of the immediate strata, particularly the shelf thickness, that will be 

carried by the support 
Seamheight 
Seam inclination . Floor conditions 

Further, several features of the shield must be defined for a proper application, 

. Area of roof to be supported in square feet . Tonnage rating at which the shield will yield (This occurs when increasing load 
from the overlying strata increases the pressure in the shield’s legs. At this point, 
a yield valve set at a predetermined value spills hydraulic fluid to return, allow- 
ing the shield to maintain constant resistance against the roof.) . Tip load in tons (This is the force applied by the shield at the front tip of the canopy.) . Breakoff load . Setting-to-yield ratio 

To determine the appropriate shield capacity, the following are used to establish the 
area, volume, and weight of the strata to be supported: mining height (H), caving height 
(HD, for the worst-case situation), caving angle, roof overhang behind the canopy, web 
thickness, and shield centers (Figure 4.7). The shield capacity should provide for the 
worst-case loading situation without reaching yield load. Although shields on 5-ft cen- 
ters are the most common in current use, recent purchases of shields have been for units 
averaging 67 in. in width, with designs available for 80 in. (Martin, 2000). 

When calculating support resistance, the length of the supported area is the distance 
taken from the gob break-off line to the coal face to the width of one web thickness; in 
Figure 4.7, this is represented by W + LK + LS + LB + one web thickness. The width of the 
supported area is the shield width. Shield capacities provide densities between 8 and 10 
tons per sq ft  (Martin, 2000). 

particularly: 

SUBSIDENCE 

When coal is removed by underground mining, the surrounding rock strata tends to 
slump into the newly created void. Although narrow openings show little, if any, surface 
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FIGURE 4.7 Dimensions for the determination of shield ratings 
Source: Martin 2000. 

effect because the remaining coal pillars can support the redistributed pressures, a wid- 
ening of the opening can cause a weakening of the pillars and subsequent falls of the 
slumping roof rock. As this widening continues, subsidence goes through a stage of 
increasing vertical displacement of the surface (subcritical width), to a point where no 
additional vertical displacement occurs (critical width). Widening the opening beyond 
this point, usually 1.2 to 1.4 times the depth of overburden, merely increases the maxi- 
mum subsidence zone in a flattened, trough-like fashion (supercritical width). 

To estimate potential damage due to subsidence, a prediction model must be chosen 
for the evaluation and then strains, due to differential settling of the surface, must be 
predicted to determine the extent of surface structure damage. Recent work indicates 
that the hyperbolic tangent function is applicable to the Appalachian bituminous 
coalfields as a predictor for the subsidence profile: 

S(x) = (0.5)(Smax)(1 - t anhb  (EQ 4.17) 
cx) 

where S(x) is the surface subsidence for various distances from the rib of a given open- 
ing (for example, above a 1,000-ft longwall face when it is assumed that the point of 
inflection is directly above the rib of the opening, x equals 0 above the rib line, x equals 
-500 above the panel center, and x takes on positive values as you move away from the 
panel); S,, is the maximum subsidence observed over a given opening; b is the distance 
from the inflexion point, or point of maximum slope, to the location where the curve 
flattens out at maximum subsidence (if, for example, the point of inflexion is directly 
above the edge of the opening in a 1,000-ft longwall face, b becomes 500 because that is 
the distance from the rib of the opening to the middle of the face); and c is a constant 
representing a characteristic of the type of subsidence that occurred, such as subcritical 
(value of L4), critical, or supercritical (values of 1.8 to 2.0) (Peng, 1978). 
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FIGURE 4.8 Subsidence development curve 
Source: Peng, Coal Mine Ground Control, 1978. 

Although subsidence-control research has expanded in the United States during 
recent years, past references to damage control have been based on the findings of Euro- 
pean strata-control specialists. The United Kingdom, in particular, has been prominent 
in subsidence research. Its National Coal Board (NCB) published the Subsidence Engi- 
neer's Handbook in 1966 and revised it in 1975 (NCB, 1975). In a study of more than 150 
coal mines with depths of overburden ranging from 100 to 2,600 ft, seam thicknesses 
ranging from 2 to 18 ft, and opening widths ranging from 100 to 1,500 ft, the NCB found 
that if the ratio of the opening width (W) to the depth of cover (D) was maintained 
below 0.25, subsidence damage to any type of surface structure was negligible. A 
graphic portrayal of the NCB findings, with the width-to-depth ratio along the horizontal 
axis and the vertical surface displacement-to-seam thickness ratio along the vertical axis, 
is shown in Figure 4.8. 

The procedure for subsidence prediction, based on the NCB approach, is as follows: 
1. 

2. 

3. 
4. 

5. 

6. 

Calculate the width-to-depth ratio and determine the subsidence factor (S/H) 
using Figure 4.8. 
Calculate the maximum anticipated subsidence, which is equal to (S/H) (seam 
height). 
Determine the transverse subsidence profile using values from Table 4.2. 
Determine the transverse strain profile, indicated by S,,/D. 
Using Figure 4.9, determine the maximum extension and compression with 
respect to S,,/D. 
Assess the surface damage by locating the structure with respect to the subsid- 
ence profile, determine the maximum strain under the structure using the values 
from Table 4.3, compare the value with the ranges established by the NCB in 
Figure 4.10, and determine the subsidence conditions at the building. 

Note that the values from the NCB-derived approach assume a 35" angle of draw 
and that, in the United States, typical values for angles of draw are normally lower. 

Control of the damaging effects of subsidence on room-and-pillar mining in the 
United States has differed from the steps taken for longwall mining. Since room-and- 
pillar mining limits opening widths, the focus has been on controlling the angle of 
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TABLE 4.2 Relationship between W/D and d/D for various points on a subsidence profile 

s/S values 

W D  

0.0 0.10 

2.60 

2.40 

2.20 

2.00 

1.80 

1.60 

1.40 

1.30 

1.20 

1.10 

1.00 

0.90 

0.80 
0.70 

0.60 

0.50 

0.40 

0.30 

0.20 

2.00 1.39 

1.90 1.29 

1.80 1.19 

1.70 1.09 

1.60 1.00 

1.50 0.90 

1.40 0.80 
1.35 0.75 

1.30 0.70 

1.25 0.65 

1.20 0.61 

1.15 0.57 

1.10 0.52 

1.05 0.49 

1.00 0.47 

0.95 0.47 

0.90 0.47 

0.85 0.50 

0.80 0.57 

0.20 0.30 0.40 0.50 0.60 0.70 0.80 

1.29 1.24 1.19 1.16 1.12 1.08 1.03 

1.19 1.14 1.10 1.06 1.02 0.98 0.93 

1.09 1.04 1.00 0.96 0.92 0.88 0.83 

0.99 0.94 0.90 0.86 0.82 0.78 0.73 

0.90 0.84 0.80 0.76 0.72 0.68 0.63 

0.80 0.74 0.70 0.66 0.62 0.58 0.63 

0.70 0.64 0.60 0.56 0.52 0.48 0.43 

0.65 0.59 0.55 0.51 0.47 0.43 0.38 
0.60 0.54 0.50 0.46 0.42 0.38 0.33 

0.55 0.50 0.45 0.42 0.38 0.34 0.29 

Distances from Panel Center in Terms of Depth 

0.51 0.45 0.41 0.37 0.33 0.29 0.24 

0.46 0.40 0.36 0.32 0.29 0.25 0.20 

0.42 0.36 0.32 0.28 0.25 0.21 0.17 

0.39 0.33 0.29 0.25 0.21 0.18 0.14 

0.36 0.30 0.26 0.22 0.19 0.16 0.13 

0.34 0.2% 0.24 0.21 0.17 0.15 0.12 

0.34 0.28 0.24 0.21 0.18 0.15 0.12 

0.38 0.32 0.27 0.23 0.20 0.17 0.13 

0.48 0.41 0.37 0.32 0.28 0.23 0.19 

0.90 1.00 

0.95 0.41 

0.85 0.31 

0.75 0.23 

0.65 0.16 

0.55 0.10 

0.45 0.05 

0.35 0.01 

0.30 0.00 

0.25 0.00 

0.21 0.00 

0.18 0.00 
0.14 0.00 

0.11 0.00 

0.10 0.00 

0.09 0.00 

0.08 0.00 
0.08 0.00 
0.09 0.00 

0.13 0.00 

Source: Peng, Coal Mine Ground Control, 1978. 
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FIGURE 4.9 Graph for predicting maximum slope and strain for various width-to-depth ratios of 
a panel 
Source: from Peng, Coal Mine Ground Control, 1978. 
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TABLE 4.3 Relationship for various strain values In a subsidence profile 

Extension (+E) Compression (-E) 

e/E Values: 

0.00 0.20 0.40 0.60 0.80 1.00 0.80 0.00 0.20 0.40 0.60 0.80 1.00 0.80 0.60 0.40 0.20 0.00 

Distances from Panel Center in Terms of Depth W/D 

2.60 2.00 1.58 1.47 1.41 1.36 1.30 1.26 1.16 1.14 1.11 1.08 1.05 0.99 0.90 0.83 0.77 0.70 0.50 

2.20 1.80 1.38 1.27 1.21 1.15 1.10 1.06 0.96 0.94 0.91 0.88 0.85 0.79 0.70 0.63 0.57 0.50 0.30 

2.00 1.70 1.28 1.17 1.11 1.05 1.00 0.96 0.86 0.84 0.81 0.78 0.75 0.69 0.60 0.53 0.47 0.40 0.20 

1.80 1.60 1.17 1.07 1.01 0.95 0.90 0.86 0.76 0.73 0.71 0.68 0.65 0.59 0.50 0.43 0.37 0.30 0.10 

1.60 1.50 1.08 0.97 0.91 0.85 0.80 0.76 0.66 0.63 0.61 0.58 0.55 0.49 0.40 0.33 0.27 0.20 0.03 

1.40 1.40 0.98 0.87 0.81 0.75 0.70 0.66 0.56 0.53 0.51 0.48 0.45 0.39 0.30 0.23 0.17 0.10 0.00 

1.30 1.35 0.93 0.82 0.76 0.70 0.65 0.61 0.51 0.49 0.46 0.43 0.40 0.34 0.25 0.18 0.12 0.05 0.00 

1.20 1.30 0.88 0.77 0.71 0.66 0.61 0.56 0.46 0.44 0.41 0.38 0.35 0.29 0.20 0.13 0.07 0.02 0.00 

1.10 1.25 0.83 0.72 0.66 0.61 0.56 0.52 0.42 0.39 0.37 0.33 0.31 0.24 0.15 0.09 0.03 0.00 0.00 

1.00 1.20 0.79 0.68 0.62 0.57 0.51 0.47 0.37 0.35 0.32 0.29 0.26 0.20 0.10 0.05 0.00 0.00 0.00 

0.90 1.15 0.74 0.63 0.57 0.52 0.46 0.42 0.33 0.30 0.28 0.24 0.21 0.15 0.06 0.02 0.00 0.00 0.00 

0.80 1.10 0.69 0.58 0.53 0.48 0.42 0.37 0.29 0.26 0.24 0.20 0.17 0.11 0.02 0.00 0.00 0.00 0.00 

0.70 1.05 0.65 0.54 0.48 0.44 0.37 0.33 0.25 0.23 0.20 0.17 0.14 0.00 0.00 0.00 0.00 0.00 0.00 

0.60 1.00 0.62 0.52 0.45 0.40 0.34 0.29 0.22 0.20 0.18 0.14 0.11 0.00 0.00 0.00 0.00 0.00 0.00 

0.50 0.95 0.60 0.51 0.43 0.38 0.32 0.27 0.21 0.18 0.16 0.12 0.08 0.00 0.00 0.00 0.00 0.00 0.00 

0.40 0.90 0.61 0.52 0.45 0.40 0.32 0.28 0.21 0.18 0.15 0.11 0.07 0.00 0.00 0.00 0.00 0.00 0.00 

0.30 0.85 0.65 0.57 0.51 0.47 0.37 0.32 0.23 0.20 0.16 0.12 0.08 0.00 0.00 0.00 0.00 0.00 0.00 

0.20 0.80 0.74 0.69 0.66 0.61 0.49 0.42 0.32 0.27 0.23 0.18 0.12 0.00 0.00 0.00 0.00 0.00 0.00 

Source: Peng, Coal Mine Ground Control, 1978. 

50 100 150 200 250 

Length of Structure (m) 

FIGURE 4.10 Relationship of damage to length of structure and horizontal ground strain 
Source: Peng, Coal Mine Ground Control, 1978. 
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FIGURE 4.11 Protection practice of surface structures in Pennsylvania 
Source: Peng, Coal Mine Ground Control, 1978. 

draw. For example, the Pennsylvania Bituminous Mine Subsidence Act of 1966, the first 
comprehensive subsidence law passed by any state, provided protection for certain 
structures that were in place on the effective date of the act. In defining the support 
area, the angle of draw was assumed to be 15", thereby affecting the guidelines in the 
following manner: 

Where a structure is located on terrain that is level or slopes equal to or less 
than 5%, the lateral distance (LD) of the support area from each side of the 
structure is equal to the tangent of 15" (0.27), multiplied by the depth of cover 
(D), plus a safety factor of 15 ft, or: 

LD = (0.27D) + 15 (EQ 4.18) 

To find the total length or width of the support area, double the result found for 
LD and add the length or width of the structure. Structures located on terrain 
that slopes more than 5% on one or more sides require that additional lateral 
distance (ALD) be added to the downhill side or sides. This additional lateral 
distance is equal to the percent of slope multiplied by the depth of cover, or: 

ALD = (percent of slope) (D) (EQ 4.19) 

The above product is added to the downhill side of the support area. (Peng 1978) 

The Pennsylvania guidelines dealt solely with defining the support area. Within 
the area, 50% of the coal had to be left in place in uniformly distributed pillars, which 
could not be smaller than 20 by 30 ft. Further, no mining could be conducted where 
the overburden was less than 100 ft under a protected structure, and pillars could not 
be extracted between two support areas where the distance between them was less 
than the cover. Figure 4.1 1 provides a pictorial representation of the guidelines as they 
have been applied to the protection of a residential home on level terrain. Over the 
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Tension Crack in Uooer - Surface of Slope 
Slooe 

Geometry of Slope with Tension Crack in Upper Slope Surface 

Tension Crack in 

Failure Surface 

Geometry of Slope with Tension Crack in Slope Face 

FIGURE 4.12 Planar failure 
Source: Hoek and Bray 1977. 

years, Pennsylvania has modified the manner in which the guidelines have been 
enforced to reflect the changing nature of subsidence control, such as the protection of 
perennial streams. 

SLOPE S T A B I L I T Y  

A significant strata-control problem that an open-pit mine design engineer must eventu- 
ally confront deals with slope stability. Many factors, such as geology of the area and of 
the slope material, topography, climate, and hydrology, can influence slope stability. 
The only parameters that are controllable by the engineer are slope height and angle, 
standing time, and, to some extent, groundwater level in the pit wall. To determine the 
stability of a given pit wall, slide mechanics is often used. 

To conduct a slope-stability analysis, an attempt is usually made to find an expres- 
sion for the safety factor (F) of a given failure surface; usually a safety factor of 1.3 is con- 
sidered adequate for slopes that will remain standing for only a short time, whereas a 
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value of 1.5 is desirable for long-term stability. Although there are four common methods 
of slope failure (planar, wedge, circular, and toppling), the following discussion will use 
planar failure as an example because it is the most common form found in coal and hard- 
rock mining. 

Planar failure results when a competent block of rock lies along a planar discontinu- 
ity that dips with regard to the slope (Figure 4.12). When this dip angle is greater than 
the peak friction angle for the discontinuity surface, the block will tend to slide into the 
pit. Referring once again to Figure 4.12, there are often tension cracks that can fill with 
water. The presence of water in these cracks can be detrimental because of the buoyant 
effect that water can have on the potential failure surface. It reduces the effective normal 
force on the surface and, ultimately, the available friction to oppose sliding along the 
plane. As such, the safety factor for planar failure is approximately: 

[W( cosyr ) - U - V( sinyr )]tan$ 
W( sinyrp) + V( cosyrp) 

F = c A +  (EQ 4.20) 

where (with reference to Figure 4.12) c is the cohesion, A is the length of the slip surface 
and is equal to (H - z) cosec (yr,), U is the uplift due to water pressure and is equal to 0.5 
(y,) (z,) (H - z) (cosec vP), V is the force from the water in the tension crack and is 
equal to 0.5 (y,) (G~) (sin yrp), W is the weight of the block, yrp is the angle of the dis- 
continuity plane, 4 is the friction angle, and y, is the density of water (62.4 Ib per cu ft). 
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PROBLEMS 

Problem 4.1 

A 15-ft-wide entry is driven by a full-face boring-type continuous miner in a 5-ft seam at 
a depth of 500 ft. What is the maximum compressive stress created around the opening? 

Problem 4.2 

A circular tunnel is to be driven through a competent, homogeneous deposit of sand- 
stone (assume that p = 0). Assume that the vertical stress gradient in the rock mass is 
1.1 psi per ft of cover, the design requires long-term safety factors, and the rock has the 
following in situ properties: 

Compressive strength: 

Tensile strength: 

C, = 24,000 psi 

To = 1,500 psi 

What is the maximum depth possible? 

Problem 4.3 

Assume that a tunnel is to be constructed 600 ft below the surface, as shown. The prop- 
erties of the rock through which it is to be driven are tabulated as follows: 

. . . . . . . .  . . .  . . .  . . . . . . . . . .  . .  . . . . . . .  . . . . . . . . .  
. . . . .  
. . . . . . . . . .  . . .  
. . . . . . .  . .  . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . .  . . .  . . . . . . . . . . .  

. .  
. . . .  

. .  . .  

~~ 

Illustrates Problem 4.3 

Strata Specific Gravity P C, (psi) To (Psi) 

A 2.35 0.33 4,800 795 
0 2.59 0.25 13,150 1,225 

Calculate the stress concentration factors occurring at the center top, corner, and center 
sidewall for rectangular openings with width-to-height ratios of 2.0 and 4.0. Calculate 
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the vertical and horizontal stresses at the proposed tunnel site. Calculate the critical 
stresses associated with the various-shaped rectangular openings. Calculate the safety 
factors for the various critical stresses, and indicate which openings will have long-term 
stability and which will have short-term stability. 

Problem 4.4 

A 5-ft-thick coal seam occurs 400 ft below the surface. The rock overlying the coal is 
nearly horizontal and of such density that it may be assumed that the vertical stress gra- 
dient is approximately 1.2 psi per foot of depth. Laboratory tests on the coal indicate that 
its compressive strength is 3,000 psi. Assume that the laboratory strength data must be 
derated by a factor of 2 for use in underground pillar design. Assuming a safety factor of 
1.0, what is the maximum extraction ratio that can be achieved during development? 

Problem 4.5 

A coal mine's entry and breakthrough centers are set at 60 ft  with 20-ft-wide openings. 
The 6-ft coal seam lies 1,000 ft  below the surface, and the specific gravity of the overbur- 
den is 2.4. If the compressive strength of 4-in. cubic coal specimens is 5,000 psi, deter- 
mine the safety factor for compressive failure of the pillars utilizing the Holland-Gaddy 
relationship. 

Problem 4.6 

A lead-zinc mine is to be developed by a room-and-pillar layout. The mine is located at a 
depth of 500 ft, the overlying rock has an average specific gravity of 2.58, and the pillar 
rock was tested and found to have a uniaxial compressive strength of 15,000 psi. What 
safety factor will be necessary to allow an extraction ratio of 75%? 

Problem 4*7 

A 2-in. cube coal specimen, which was tested in a lab, failed at 8,000 Ib. A set of main 
entries is to be designed through the 5-ft seam from which the specimen was extracted. 
If there is 500 ft of overburden, and assuming a 50% recovery, what will be the least pil- 
lar dimension? 

Problem 4.8 

A 6-ft coal seam at a depth of 750 ft is to be mined by a room-and-pillar system incorpo- 
rating 1643 entries and pillars that are 50 ft square. The K value for the seam is 4,000. Uti- 
lizing the Bieniawski formula, determine if these dimensions provide adequate stability. 

Problem 4.9 

A 6-ft seam is located at a depth of 650 ft. In the preliminary stages of mine design, it is 
desired that the entries and crosscuts be driven equal to the maximum width allowed by 
federal law for one means of support. What is the minimum pillar width if uniformly dis- 
tributed square pillars are to be designed at a desired recovery of SO%? If the average 
compressive strength of a sufficiently large sampling of 4-in. cube coal specimens taken 
from the seam was determined to be 2,826 psi, will the proposed pillars be large enough 
for stability? Use the Holland-Gaddy formula to verify the pillar size and incorporate a 
safety factor of 2.0. 
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Problem 4.10 

A 12-ft-thick limestone bed is located 600 ft  below the surface. Testing of a specimen 
whose width-to-height ratio is 0.5 indicates that the limestone has a strength of 9,000 psi 
in compression. The density of the overburden is 160 lb per cu ft, and indications show 
that 20-ft wide entries may be driven. A pillar safety factor of 2.5 is to be incorporated. 
Calculate the pillar dimensions and the initial extraction ratio. 

Problem 4.11 

A coal mine operation is planning to use untensioned resin bolts to support 20-ft-wide 
entries driven 20 ft per cut in a 6-ft seam. Management would like to use the fewest 
number of bolts required by federal law. If beam theory leads management to believe 
that a competent 5-ft-thick beam can be created in the immediate roof, and the maxi- 
mum allowable load on the bolts is 80% of yield, would a #6 rebar grade-60 bolt 
(0.75 in. diameter, 60,000 psi yield strength) be sufficient? Assume that sedimentary 
rock weighs 160 lb per cu ft, and that bolting can get no closer than 2 ft  outby the face. 

Problem 4.12 

The immediate roof in a new coal-mining section under shallow cover has been found to be 
free of any major defects. Its thickness is 2 ft, its modulus of rupture is 625 psi, and its specific 
gravity is 2.4. Utilizing a safety factor of 8, what is the maximum safe roof span in feet? 

Problem 4.13 

Depicted below is a geologic column of the immediate roof for a coal seam located 600 ft  
below the surface that will be deep mined. Determine an appropriate bolt length if the roof 
is considered to have a CMRR of 45 and the entries and crosscuts will be driven 18 ft wide. 

..... .... ..... .... ..... 1 ..., 

_ _  
- 
._ -_ - _  -. . -  .... .... .... 
.... . . .. .... 
... , .... 

.... 

.... .. . . .... 

.... .... . . .. 

2 ft-6 in. Sandstone 

4 ft-8 in. Sandy Shale 

2 ft-0 in. Sandstone 
Average Density 150 Ib per c :U ft 

5 ft-3 in. Laminated Shales 
Average Density 150 Ib per cu fi 
Average Lamination Thickness 7 in 

Illustrates Problem 4.13 
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Problem 4.14 

A 4-ft-thick layer of moderately fractured shale lying beneath a massive bed of limestone is 
to be supported above a 16-ft-wide entry. Each lift will be 20 ft long, the unit weight of the 
shale is 160 lb per cu ft, and the bolts will be installed on 4-ft centers. Assuming a safety 
factor of 2.0, determine the bolt load and the diameter of the bolts if grade-40 steel is used. 

Problem 4.15 

A mine entry that has been exhibiting stability problems is to be monitored for roof sag, 
bed separation, and floor heave. A set of free-floating roof bolts is to be installed as shown 
below. After 1 week, the following measurements were made between bolt heads: 

Extensometer Readings T = O  T = 1 week 

LA,B 50.3 in. 46.1 in. 

‘C,D 52.3 in. 46.3 in. 

‘E,F 49.1 in. 46.5 in. 

Determine the sag of the immediate roof, the heave of the immediate floor, and the bed 
separation between the immediate roof and the main roof. 

. . . . . . . . . . . . . . .  . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . .  . . . .  . . . . . . . . . .  
. . . . . . . . .  Main Roof . . . . . . . . . . .  

. . . . . . . . . . .  . . . . . . . . . . .  . . . . .  . . . . . . .  . . . . . . . . . .  $,; :;,.,,,,;,.,;; ,;;,.,,;,;;j/,..;A I 
Immediate Roof 

F D B 

E C A 

Point 

Illustrates Problem 4.15 

Problem 4.16 

A two-leg shield support (unit width: 5 ft; roof-beam length: 11 ft; length of area to be 
supported: 14  ft) is designed for a support density of 10 tons per sq ft. If the immediate 
roof that it must handle weighs 160 lb per cu ft and the induced cleavage planes are ori- 
ented in a desirable direction at an angle of 30°, can it handle a shelf thickness (HD) of 
10 times its maximum unit height (7.17 ft)? 
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Problem 4.17 

Using the National Coal Board's subsidence development curve, what would be the max- 
imum anticipated subsidence (in feet) of the surface overlying a 6-ft coal seam at a depth 
of 1,000 ft? The face length is 800 ft and substantial chain pillars are to be left between 
the longwalls to act as barrier pillars. 

Problem 4.18 

A pipeline that must be protected lies below the surface and above a 5-ft coal seam 
located at a depth of 1,200 ft. Using the National Coal Board's subsidence development 
curve, determine the maximum permissible width of a longwall face if the maximum 
vertical movement permitted on the surface is 2 ft? 

Problem 4.19 

A 30- x 1004  church in southwestern Pennsylvania is located where the surface slopes 
3% parallel to the shorter side. Below it, at a depth of 600 ft, lies a 5-ft coal seam that is 
to be mined using the room-and-pillar technique with 18-ft-wide entries. Determine the 
dimensions of the support area to limit subsidence-induced damage that has been prac- 
ticed for many years in Pennsylvania. 

Problem 4.20 

Suppose that a mine in Pennsylvania owns the mineral rights under a building that has 
to be protected. The calculated support area is 350- x 450-ft. Mine management has a 
choice of buying the structure for $30,000, which will enable an extraction ratio of 0.8, 
or not purchasing the structure and mining only 50% of the 6-ft coal seam. If the com- 
pany averages a profit of $3.50 per ton of coal and the coal has an average density of 
80 lb per cu ft, should the mine buy the building? 

Problem 4.21 

A 6-ft coal seam is located at a depth of cover of approximately 1,000 ft. If the angle of 
draw for the overburden is assumed to be 25" and the critical width is estimated to be 
2[tan(angle of draw)] (depth of cover), determine the critical width of an opening in the 
seam with regard to subsidence. How does the calculated value compare to the pre- 
dicted value developed for the National Coal Board's Subsidence Engineers' Handbook? 

Problem 4.22 

A l,OOO-ft-wide, 20,000-ft-long longwall panel, at an average depth of 1,430 ft, is to be 
driven in a 6-ft coal seam. The surface terrain is fairly flat, but there is considerable con- 
cern for subsidence damage to a 50- x 1 0 0 4  structure located approximately midpanel 
directly over the edge of the projected opening. The 50-ft dimension of the structure is 
parallel to the direction of mining. 

Using the NCB approach, determine the maximum subsidence anticipated, the trans- 
verse subsidence profile, the transverse strain profile, and the maximum strain devel- 
oped across the structure. What kind of damage should be expected at the structure? 
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Problem 4.23 

Based on the calculations from problem 4.22, plot the points of the panel's subsidence 
profile on the diagram shown below. Note that it is arranged to show the right-hand side 
of the panel, with the units for the horizontal and vertical axes, as shown. 

0 250 500 750 1,000 1,250 1,500 

Distance from the  Panel Center, ft 

Illustrates Problem 4.23 

Problem 4.24 

As a basis for comparison, take the information provided in problem 4.22 and recalcu- 
late the points along the subsidence curve based on the hyperbolic tangent function. 
Assume that the maximum subsidence is the same. Plot this profile on the same diagram 
used for the NCB-derived profile. 

Problem 4.25 

A quarry face, cut to an angle of 60" with the horizontal, has been excavated to a depth 
of 100 ft, as shown in the figure on the next page. At this depth, the quarry floor inter- 
sects a well-developed joint that dips at an angle of 30" toward the quarry face. This 
joint is intersected by a vertical tension crack 20 ft  back from the quarry face. If the den- 
sity of the rock is 160 lb per cu ft, the friction angle is 25", and the cohesion along the 
joint plane is 1,000 psf, determine the existing factor of safety against sliding of the 
block. Assume that the situation is not influenced by water pressure. 

Problem 4.26 

What would be the factor of safety in the previous problem if water fills the vertical ten- 
sion crack within 20 ft of the top of the quarry bench? 
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100 R 

Illustrates Problem 4.25 

PROBLEM SOLUTIONS 

Solution 4.1 

The width-to-height ratio of the opening is 3.0(15/5). Using Figure 4.6 and noting that a 
boring machine drives an ovaloidal opening, the critical compressive-stress concentra- 
tion corresponding to a width-to-height ratio of 3.0 is about 4.0. If the vertical stress is 
assumed to be 1.1 psi per foot of overburden, the maximum compressive stress can be 
calculated as follows: 

0, = (4.0)(500)(1.1) = 2,200 psi 

Solution 4.2 

Utilizing Figure 4.3, the maximum stress concentration factor at the top of the opening is 
-1.0 (tension), while the maximum stress concentration factor at the side of the opening 
is +3.0 (compression). For long-term stability (safety factors: 8 for tension, 4 for com- 
pression), the maximum tensile stress is: 

o,,, = (1,500 psi)/8 = 187.5 psi 

and the maximum compressive stress is: 

oc = 24,000 psV4 = 6,000 psi 

Now, due to the stress concentration factor: 

tensile: S, = SCF(o,,,) = I - 1.0 (187.5) I = 187.5 psi 
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compressive: S, = SCF ((T, ,,,) = I 3(6,000) I = 18,000 psi 

Thus, the tensile critical depth is: 

S, = 1.1 h = 187.5 

h=170f t  

and the compressive critical depth is: 

S, = 1.1 h = 18,000 psi 

h = 16,364 ft 

Therefore, due to tensile considerations, the maximum depth possible is 170 ft. 

Solution 4.3 

Figure 4.5 can be used for determining the stress concentration factors: 

At the tunnel site, M = p/(l - p) = 0.25/(1 - 0.25) = 1/3 = 0.33. 

W H O  Center (top) Corner Center (side) 

2 

4 

-0.20 

-0.40 

4.00 

5.50 

2.00 

2.60 

S, = (y)(h) 

where y = (specific gravity) (62.4 lb per cu ft) 

Due to strata A: I 2.35 (62.4)(475)/144 I = 483.7 psi 

Due to strata B: I 2.59 (62.4)(125)/144 I = 140.3 psi 

S, = 624.0 psi 

Crftical Stresses 

4.00 l(0.40) (624)l = 250 psi I(-5.50) (-62411 = 3,432 Dsi 

Safety factors to be used: 

Short-term Long-term 

Compressive members 2 4 

Tensile members 4 8 



104 MINING ENGINEERING ANALYSIS I 

Stabilitv 

Compression Short- Long- Tension Short- Long- 
WdH, SF = l ~ o l / l ~ c l  term term SF = IT, l/IStl term term 

2 (13,150 / 2,496) = 5.27 Yes Yes (1,225 / 125) = 9.8 Yes Yes 

4 (13,150 / 3,432) = 3.83 Yes No (1,225 / 250) = 4.9 Yes No 

5 

> 3  r 
6 

1 

-1 

7 

5 

r 3  

1 

-1 

Illustrates Solution to Problem 4.3 

Solution 4.4 
The vertical stress, 0, , is: 

0, = 1.2D = (1.2 psi per foot of depth)(400 ft) = 480 psi 

Pillar strength, after derating of the cube coal specimen, is: 

To achieve stability, the pillar strength must be either greater than or equal to the pillar 
stress, or: 

1 
= 480 - 

( 1 - R )  spc ' 0, ( 1 - R )  

Equating S,, to [480/( 1 - R)], and rearranging: 
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Solution 4.5 

Utilizing the Holland-Gaddy relationship, the ultimate compressive strength of the pillar 
can be determined: 

K = O,(D)~.’ = 5,000(4) O.’ = 10,000 

3,043 psi 
average pillar stress 

F =  

average pillar stress = (premining stress) (tributary area/pillar area) 

Therefore, F = (3,043 ~$2,340 psi) = 1.3 

As the recommended range for the safety factors to be used with the Holland-Gaddy 
relationship are 1.8 to 2.2, the calculated safety factor is low. 

Solution 4.6 

Rearranging Eq. 4.7 yields the following relationship in terms of the safety factor: 

F = (1 - R) (Cp /SJ 

Since the vertical compressive stress is 559 psi, [(500 ft)(2.58)(62.4 lb per cu ft)/ 
144 psfl, the safety factor will have to be: 

F = (1 - 0.75) ( l ~ ~ ~ ~ ~ i )  = 6.7 

Solution 4.7 

The compressive strength of the cube is: 

0, = L Oo0 lb = 2,000 psi 
4 sq in. 

K = o,(D) O.’ = 2,000(2)0.5 = 2,828 

1 oP=cv [-) 1 - R  = 5 0 0 ( 1 . 1 ) 1  0.5 = 1,lOOpsi 

K(W)O” - 2,228(W)0’5 
(5x12) OP=- H - 

47.13(W) O.’ = 1,100 

(W)’.’ = 23.34 

W = 544.74 in. = 45.4 ft 
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Solution 4.8 

First, calculate the average pillar stress: 

average pillar stress = (premining stress) (tributary areupillar area) 

= 750(1.1) [(662)/(502)] 

= 1,437 psi 

Next, calculate the pillar strength: 

K -  4,000 
(36)0'5 

O~ = - - - = 667 psi 

( T ~  = 0,[0.64 + 0.36 3 = (667) [0.64 + 0.36 

Finally, calculate the stability factor (SF): 

SF= p 1.69 illar strength - 2,428 - 
pillar stress 1,437 

The stability factor is less than 2.0, and therefore a larger pillar size should be investigated. 

Solution 4.9 

Federal law dictates that the maximum entry width in coal mines where only one means 
of roof support is used is 20 ft. 

2 2  
R-At-AP - 0 . 5 =  (w+z0) -w 

At (W - 20)2 

Solving, W = 48.28 ft. Is a 48.28-ft pillar sufficiently large? First, determine the pillar 
stress, taking into account the recovery: 

Pillar stress: (T, [-) 1 = ( 1 . 1 ) ( 6 5 0 ) ( 2 ]  = 1,430 psi 
1 - R  1 - 0.5 

Next, determine the pillar strength (remember that W and H are in inches): 

K = S,(D)0.5 = 2,826(4) = 5,652 

Because, the safety factor is 1.32 (1,889/1,430), and the recommended safety factor for 
use with the Holland-Gaddy equation is between 1.8 and 2.2, it appears that the pillar is 
undersized. 

Solution 4.10 

Premining stress = (600 ft) [(160 lb per cu ft)/(144 sq in. per sq ft)] = 667 psi 
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The total load on the pillar is equal to the premining stress multiplied by the tributary 
area: 

(667 psi)(L + 20)2 

Multiplying the above-mentioned value by the safety factor and dividing by the cross- 
sectional area of the pillar equals the strength in compression, from which L can be 
derived: 

Thus, L = 15 ft 

The pillar’s W/H ratio is 1.25(15/12), which differs from the specimen W/H ratio. 
Therefore, use Eq. 4.6 to determine C, for the specimen. 

oP= C1[0.778 + 0.222 - I (E) 
9,000 = C1[0.778 + 0.222(0.5)] 

C, = 10,124 psi 

For the pillar: 

op = 10,124 r0.778 + 0.222(180/144)1 

= 10,686 psi 

L should, therefore, be recalculated: 

2 
(L+20)  -6.4 

L2 

L = 1 3 f t  

Therefore, under these mining conditions, the pillar should be at least 13 ft x 13 ft. The 
initial extraction ratio is: 

= 1- (2.5)( 667) 
10,686 

= 0.84 
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Solution 4.11 
According to 30 CFR 75.222 (b), the maximum distance between roof bolts in a pattern 
is 5 ft x 5 ft. If a 20-ft-wide entry is advanced 20 ft, as shown in the following plan view, 
the minimum number of bolts required is 12. 

1 

1 
-5ft- 5f t  

1 rn 

I 
I Last Row of Roof Bolts 

Face of Next Cut 

Illustrates Solutlon to Problem 4.11 

The allowable load per bolt incorporating #6 rebar grade 60 is: 

AL = (cross-sectional area of the bolt)(60,000 psi) (yield factor) 

= (yr n(60,OOO) (0.8) 

= 21,206 lb 

The rock load of the cut is: 

L = (20 ft)(20 ft)(S ft)(160 lb per cu ft) 

= 320,000 lb 

The rock load per bolt is: 

Therefore, since 26,667 > 21,206, the proposed bolting pattern is inadequate. It is rec- 
ommended that the pattern be modified with a closer spacing of bolts and recalculated. 
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Solution 4.12 

Using Eq. 4.13, 

2 0.5 

L =  ( 4 2 4  

where: 

t = 2 f t  

oe = 625' (144 sq in. per sq ft) = 11,250 psf 
( 8 )  

W = (2.4)(62.4 lb per sq ft) = 150 lb per cu ft 

= (4)(2 ft)2(11,250 psf) [ 3( 150 lb per sq ft) 

= (400 sq ft) 0.5 = 20 ft 

Solution 4.13 

When the entries (A) and crosscuts (B) are driven 18 ft wide, the diagonal intersection 
span (I,) is Is2 = A' + B2 = 182 + 18' = 324 + 324 = 648; thus, I, = 25.5 ft. 

Substituting into Eq. 4.16 results in the following bolt length: 

roo To"o""") L,= 0.121,10g,oH 

= (0.12)(25.5)(2.78)(0.55) 

= 4.68 ft 
Evaluate a 5-ft bolt, but consider a 6-ft bolt because of the bed of sandstone just above 
the laminated shales. 

Solution 4.14 

Using Eq. 4.14: 

5 rows, therefore, n1 = 5 

3 bolts per row, therefore, n2 = 3 

wtBL P =  
("1 + l)(nz + 1) 

where w is 160 lb per cu ft, t is 4 ft, B is 16 ft, and L is 20 ft. 
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Therefore, 

Because grade-40 steel is rated at 40,000 psi, multiplying the load per bolt by the safety 
factor and dividing by 40,000 psi yields the cross-sectional area of the bolt: 

Thus, the bolt’s diameter is 2r = 2(0.369) = 0.738 in. A 0.75-in. bolt is recommended. 

Solution 4.15 

This problem illustrates convergence in mine openings. 

Sag of the immediate roof: Because the base of point A is considered the stable point, the 
closure between points A and B represents the sag of the immediate roof 

50.3 in. - 46.1 in. = 4.2 in. 

Heave of the immediatefloor: Because the sag of the immediate roof is 4.2 in. and the 
total closure between points D and C can be calculated as follows: 

52.3 in. - 46.3 in. = 6.0 in. 

the difference between the two values can be attributed to floor heave: 

6.0 in. - 4.2 in. = 1.8 in. 

Bed separation between the immediate and main roofs: Because the difference between 
the closure of points C and D (6.0 in.) and points E and F (2.6 in.) represents the separa- 
tion of the immediate roof from the main roof, the value can be calculated as follows: 

6.0 in. - 2.6 in. = 3.4 in. 

Solution 4.16 

The weight of the rock column to be supported is: 

(72 ft)(14 ft)(S ft)(0.08 tons per cu ft) = 403.2 tons 

At a support density of 10.0 tons per sq ft, the rating for the shield is: 

(10 tons per sq ft)(ll ftj(5 ft) = 550 tons 

Because 550 tons > 403.2 tons, the shields should be adequate. 
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Solution 4.17 

The width-to-depth ratio is 0.8(800/1000). By utilizing the curve shown below, the S/H 
ratio that corresponds to the above-mentioned value is 0.75. 

1.0 , , , , , , I , ,  , I , ,  

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
WidthlDepth 

Illustrates Solution to Problem 4.17 

If the height of the coal seam is 6 ft, the maximum anticipated subsidence would be 
4.5 ft [(6 )(0.75)1. 

Solution 4.18 

If the maximum allowable subsidence of the surface is 2 ft and the seam is 5-ft thick, the 
S/H ratio is 0.4. Using the NCB’s curve shown below, the corresponding W/D ratio is 
0.5. At a depth of 1,200 ft, therefore, the maximum allowable opening is 600 ft. Since 
this is considered an undesirably short longwall face length by today’s standards, addi- 
tional precautions must be taken to protect the pipeline. 

1 . 0 , , ,  , , , , , , , ,  I ,  

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
Width/Depth 

Illustrates Solution to Problem 4.18 
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Solution 4.19 

The surface slopes less than 5%; no downslope-stability requirements are necessary. 

The support-area dimensions are calculated as follows: 

Building Dimension + (2) (offset distance) + 2 (D) (tan 15") 

Shorter side: 30 + (2) (15) + 2 (600) (0.27) 

Longer side: 100 + (2) (15) + 2 (600) (0.27) 

Thus, the support area is 384 ft x 454 ft. 

Solution 4.20 

Since the support area is 350 ft  x 450 ft, the in-place tonnage is: 

The additional tonnage that can be extracted if the building is purchased is 
(37,800 tons)(0.30) = 11,340 tons. At a profit of $3.50 per ton, the additional coal is worth 
$39,690. Under these circumstances, the mine should consider purchasing the structure. 

Solution 4.21 

The critical width is defined as the opening width beyond which no additional vertical 
surface subsidence occurs. Expressed mathematically: 

Critical width = 2 [tan(angle of draw)] (depth of cover) 

= 2(tan2S0)(1,000 ft) 

= 933 ft 

If the opening width is 933 ft and the depth of cover is 1,000 ft, the W/D ratio is 0.933. 
This implies that no additional vertical subsidence occurs above this value, but, referring 
to the NCB's subsidence development curve, the curve does not level off until the W/D 
ratio exceeds approximately 1.2. Thus, it appears that the angle of draw in the areas ana- 
lyzed by the NCB was somewhat greater than 25 O .  

Solution 4.22 

1. Calculate the width-to-depth ratio. 



STRATACONTROL I 113 

2. Determine the subsidence factor (S/H) from the NCB graph showing the rela- 
tionship of subsidence to the width-to-depth ratio. From the graph shown below, 
the value for S/H is approximately 0.675. 

I . O r , ,  , , , , , , , , , I , ,  

Illustrates Solution to Problem 4.22 

3. Determine the maximum anticipated subsidence. 

Subsidence,, = (seam thickness) (subsidence factor) 

= (6 ft)(0.675) = 4.05 ft 

4. Using the values from Table 4.2, which indicate the relationship between W/D 
and distances from the panel center in terms of depth (d/D), tabulate the trans- 
verse subsidence profile. 

Distance from Panel Center Line Subsidence 

d/D (from chart) d (calculated) s/S (from chart) s (calculated) 

1.05 (1,430)(1.05) = 1,502 0.00 0.00 

0.49 701 0.10 0.41 
0.39 558 0.20 0.81 
0.33 472 0.30 1.22 
0.29 415 0.40 1.62 
0.25 358 0.50 2.03 
0.21 300 0.60 2.43 
0.18 257 0.70 2.84 
0.14 200 0.80 3.24 
0.10 143 0.90 3.65 
0.00 0 1.00 4.05 
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5. Using the values from Table 4.3, which indicate the relationship for various 
strain values in a subsidence profile and the graph for predicting maximum slope 
and strain for various width-to-depth ratios of the panel, determine the trans- 
verse strain profile, the maximum extension, the maximum compression, and 
the profile data. 

Transverse strain profile = (S/D) = (4.05/1,430) = 0.0028 

From the graph, the multiplier for extension is 0.69, and the multiplier for compression 
is 0.84. 

Maximum extension = (0.69)(0.0028) = 0.0019 f t  per ft 

Maximum compression = (0.84)(0.0028) = 0.0024 ft  per ft 

Strains 
Distance 

(from panel center line) Extension (+E) Compression (-E) 

d/D (calculated) (calculated) 
(from chart) d (calculated) (chart) ft per 1,000 ft (chart) ft per 1,000 ft 

1.05 

0.65 

0.54 

0.48 

0.44 

0.37 

0.33 

0.25 

0.23 

0.20 

0.17 

0.14 

0.08 

0.00 

(1,430) 

930 

772 

686 

629 

529 

472 

358 

329 

286 

243 

200 

114 

0 

(1.05) 

0.20 

0.40 

0.60 

0.80 

1.00 

0.80 

0.00 

= 1,502 

0.38 

0.76 

1.14 

1.52 

1.90 

1.52 

0.00 

0.00 

0.00 

0.20 

0.40 

0.60 

0.80 

1.00 

0.80 

0.00 

0.00 

0.48 

0.96 

1.44 

1.92 

2.40 

1.92 

At 500 ft  from the panel center line (the edge of the opening), the maximum strain 
across the structure is between 1.52 ft  per 1,000 ft (extension at 472 ft) and 1.90 ft per 
1,000 ft (extension at 529 ft). We shall use 1.7 ft  per 1,000 ft  or 0.0017 for the damage 
assessment. 

Using the damage classification chart shown above, a strain of approximately 0.0017 
would be in the slight range for a structure 30 m (= 100 ft) long. 
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Solution 4.23 

As calculated in problem 4.22, the various subsidence values associated with distances 
from the panel center line are indicated as shown. 

Plotting these pairs of points on the diagram results in the following: 

O 1  

* *  

6 1  
0 250 500 750 1,000 1,250 1,500 

Distance from the Panel Center, ft 

Illustrates Solution to Problem 4.23 

DistancefromPanel 0 143 200 257 300 358 415 472 558 701 1,502 
Center Line (R) 

Calculated 4.05 3.65 3.24 2.84 2.43 2.03 1.62 1.22 0.81 0.41 0 
Subsidence (ft) 

Solution 4.24 

The hyperbolic tangent function is: 

0.5 S(X) = 

where: 
1. S(x) is the surface subsidence for various distances from the rib (x) of a given 

panel. This will be calculated. 
2. S,,, is the maximum subsidence observed over a given panel. This will be 

assumed to be 4.05 ft. 
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3. b is the distance from the inflexion point, or point of maximum slope, to the 
location where the curve flattens out at maximum subsidence. Since the point of 
inflexion is assumed to be directly above the edge of the opening in the above 
equation, b = 500 ft. 

4. c is a constant representing a characteristic of the type of subsidence that 
occurred, such as subcritical, critical, or supercritical. Since this will obviously be 
in the supercritical range, its corresponding value (2.0) will be used. 

The values used to calculate the subsidence at the panel center are as follows: 

S,, = 4.05 ft 

c = 2.0 

x = -500 ft (since the center is 500 ft to the left of the rib) 

b=500f t  

S(x) = (0.5)((Sm,,)(l- tanh z) 
b 

= (0.5)((4.05)(1- tanh ((2.0)(=)) -500 

= (0.5)((4.05)(1 - (-0.96)) 

= (0.5)((4.05)(1.96)) 

= 4.0 ft 

The subsidence values for points located from the panel center to the right rib and 
beyond, at 1004 intervals, are as follows: 

S(pane1 center) = (0.5) ((4.05) (1 - tanh ((2.0)(-500)/(500))) = 4.0 

S(400 ft left of rib line) = (0.5) ((4.05) (1 - tanh ((2.0)(-400)/(500))) = 3.9 

S(300 ft left of rib line) = (0.5) ((4.05) (1 - tanh ((2.0)(-300)/(500))) = 3.7 

S(200 ft left of rib line) = (0.5) ((4.05) (1 - tanh ((2.0)(-200)/(500))) = 3.4 

S(100 ft left of rib line) = (0.5) ((4.05) (1 - tanh ((2.0)(-100)/(500))) = 2.8 

S(right rib line) = (0.5) ((4.05) (1 - tanh ((2.0)(0)/(500))) = 2.0 

S(100 ft right of rib line) = (0.5) ((4.05) (1 - tanh ((2.0)(100)/(500))) = 1.3 

S(200 ft right of rib line) = (0.5) ((4.05) (1 - tanh ((2.0)(200)/(500))) = 0.7 

S(300 ft right of rib line) = (0.5) ((4.05) (1 - tanh ((2.0)(300)/(500))) = 0.3 

S(400 ft right of rib line) = (0.5) ((4.05) (1 - tanh ((2.0)(400)/(500))) = 0.2 

S(500 ft right of rib line) = (0.5) ((4.05) (1 - tanh ((2.0)(500)/(500))) = 0.1 
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Plotting these points on the same diagram used for the NCB-derived profile results in the 
following: 

6 '  
0 250 500 750 1,000 1,250 1,500 

Distance from the Panel Center, ft 

-t NCB-derived profile 
- * - Hyperbolic tangent function profile 

Illustrates Solution to Problem 4.24 

Solution 4.25 

cA+(Wcosv - U - V s i n ~  )tang 
Wsinvp + Vcosvp 

F =  

This equation can be reduced to the following form if the influence of water pressure is 
ignored: 

cA+ (Wcosv )tan@ 
W sinvp 

F =  

The length of the slip surface, A, can be determined, through the geometry of the 
deposit, to be 90 ft: 

The weight of the block can be calculated based on a face length of 1 ft: 

Total volume = (78)(100)(1) = 

-Triangle A = (0.5)(58 )(100)(1) = 

-Triangle B = (0.5)(45)(78)(1) = 

7,800 cu ft 

-2,900 cu f t  

-1,755 cu f t  

3,145 cu ft 
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i o o  n 

100 n 

55 n 

45 n 

78 n 

Illustrates Solution to Problem 4.25 
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Therefore, 

W = (3,145 cu ft)(160 lb per cu ft) 

= 503,200 lb 

q, = 30" 

'p = 25" 

c = 1,000 psf 

cA + (Wcosvp)tan'p 
W sin y~, F =  

(503,200 lb)( cos3O0)tan25" 
(503,200 lb)(cos30") 

F = (1,000 psf)(90 sq ft) + 

- - 90,000 lb + 203,209 lb - - 1.17 
251,600 lb 

Solution 4.26 

The water would stand a vertical distance of 35 ft in the crack: 

100 ft  - [(sin 30")(90)1 - 20 f t  = 35 ft 

V = (0.5) (rw) (Zw2> (sin v) 
= (0.5)(62.4 lb per cu ft)(35 f@(l.O ft) 

= 38,220 lb 

U = (0.5) (yW) (Z,) (H - Z) (cosec v,) 
= (0.5)(62.4 lb per cu ft)(35 f t ) ( l O O  f t  - 35 ft)(2.0)(1.0 ft) 

= 141,960 lb 

Now, direct substitution into Eq. 4.20 is possible: 

90,000 lb + [435,611 lb - 141,960 lb - 38,220 lb( 0.5)](0.466) F =  
251,600 + (38,220)(0.866) 

= 0.77 

Thus, the presence of water in the tension crack creates a hazardous situation (F < 1.0). 
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CHAPTER 5 

Pumping and Drainage 

It is extremely important to control nuisance water in a mine; left uncontrolled, nuisance 
water can have a severe effect on haulage, ventilation, production, and the health and 
safety of miners. To control water in mines, a four-step process is followed: (1) prevention, 
(2) collection, (3)  transportation, and (4) treatment. This chapter discusses the collection 
and transportation of mine water, because prevention is usually dictated by premining 
conditions and initial planning, while treatment is variable and highly site specific. 

A mine drainage system is nothing more than a collection of gathering points (sumps), 
machines that impart energy to the fluid (pumps), transportation ducts (pipes), and control 
devices (fittings, valves, etc.). A pump does not pull the fluid up the suction pipe; instead, 
atmospheric or external pressure pushes the liquid up the suction pipe to the pump. 

All references in this chapter will be to centrifugal pumps, due to their popularity for 
mine drainage. 

P U M P  C H A R A C T E R I S T I C  C U R V E S  

Pump performance is plotted on a graph as an indication of its characteristic. To develop 
the data points, a test facility similar to the one shown in Figure 5.1 is established. The 
calibrated Venturi meter is used to measure quantity, the Bourdon gage measures pres- 
sure, and the wattmeter measures power input. Various discharge pressures are 
obtained by throttling with a gate valve in the discharge pipe. Quantity and power are 
measured at each of these pressure levels, giving the necessary data for plotting the char- 
acteristic curves. 

Figure 5.2 shows a typical characteristic curve for a centrifugal pump. Notice that 
pressure is measured as so many feet of vertical water column above the outlet level, 
or head. Knowing the quantity (in gallons per minute), head (in feet), and power input 
(as brake horsepower), the pump’s efficiency can be plotted based on the following 
relationship: 

QH( 8.33 lb of water per gal) 
(33,000 ft-lb per min)( brake horsepower) 

E =  

121 
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FIGURE 5.1 Centrifugal pump testing arrangement 
Source: Myers Co. 1981. 

P I P E  CHARACTERISTIC CURVES 

The total head against which a pump operates is based on the following equation: 

H = h, + h, + h, + h,, (EQ 5.2) 

where h, is the vertical distance, in feet, from the suction liquid level to the discharge liq- 
uid level (total static head); h, is the equivalent head, expressed as feet of liquid, required 
to overcome the friction caused by the flow through the pipe (friction head); 4 is the 
head, in feet, required to create velocity of flow (velocity head); and &h is the head, in feet, 
required to overcome the shock losses due to changes of water flow produced by fittings. 
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PUMPING AND DRAINAGE 

TABLE 5.1 Equivalent number of feet of straight pipe for different fittings 

Size of Fittings, in. 

1/2 1 2 3 4 5 6 

90" ell 1.5 2.7 5.5 8.0 11.0 14.0 16.0 

45" ell 0.8 1.3 2.5 3.8 5.0 6.3 7.5 

Long ell 1.0 1.7 3.5 5.2 7.0 9.0 11.0 

Tee straight 1.0 1.7 3.5 5.2 7.0 9.0 11.0 

Tee side 3.3 5.7 12.0 17.0 22.0 27.0 33.0 

Gate valve, open 0.4 0.6 1.2 1.7 2.3 2.9 3.5 

Check valve 4.0 8.0 19.0 32.0 43.0 58.0 100.0 

Note that, in most cases, this value is negligible and is often ignored. Table 5.1 shows the 
equivalent number of feet of straight pipe for different fittings. 

Frictional head is usually expressed using the following equation based on the num- 
ber of 100-ft lengths of pipe in the system: 

h, = 0.2083(100/c)'B5( 6) (EQ 5-31 

where C is a constant, usually 100, accounting for surface roughness; q is the flow, in 
gallons per minute; and d is the inside diameter of the pipe, in inches. The frictional- 
head values are often tabulated as shown in Table 5.2. 

Velocity head, though often ignored, can be calculated using the following formula: 

2 
V 4= zg (EQ 5-41 

where v is the velocity of the liquid, in feet per second, and g is the acceleration due to 
gravity, in feet per second per second (32.2 fpsps). 

It is generally considered good practice to keep the velocity in the pipeline below 
8 fps on the suction side and below 15 f p s  on the discharge side of the pump. This pre- 
vents the friction losses from becoming excessive. Figure 5.3 is a schematic showing the 
various head components. 

By selecting various quantities, the total head can be represented by a curve called 
the pipe characteristic curve. When plotted on the graph containing the pump character- 
istic curve, a point of intersection, known as the operating point, is determined. 

PUMP FLEXIBILITY 

A pump is often inappropriate for a given set of conditions (i.e., no point of intersection 
with the pipe curve, the operating point is at  a lower quantity than the inflow rate, etc.). 
In these instances, the pump can be altered by staging or by a speed change. 

Two or more pumps may be placed in series or a single pump may be equipped with 
more than one impeller on the same shaft (multistage operation) in order to operate at 
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TABLE 5.2 Friction loss, in feet, for old pipe (C  = 100) 

Pipe Size, in. 

Flow, 
Flow,gpm 1/2 1 2 3 4 5 6 gpm 

2 

4 

6 

8 

10 

15 

20 

30 

40 

50 

60 

80 

100 

150 

200 

250 

300 

350 

400 

450 

500 

600 

700 

800 

900 

1,000 

1.200 

7.4 

27.0 2.14 

57.0 4.55 

98.0 7.80 

147.0 11.70 

25.00 

42.00 

89.00 

152.00 

0.20 

0.33 

0.50 

1.08 

1.82 

3.84 

6.60 

9.90 

13.90 

23.70 

35.80 

76.00 

129.00 

0.07 

0.15 

0.25 

0.54 

0.91 

1.38 

1.94 

3.30 

4.98 

10.60 

18.00 

27.20 

38.00 

50.60 

64.70 

80.50 

97.80 

137.00 

0.06 

0.13 

0.22 

0.34 

0.47 

0.81 

1.23 

2.61 

4.43 

6.76 

9.30 

12.50 

16.00 

19.90 

24.10 

33.80 

45.00 

57.60 

71.60 

0.04 

0.08 

0.11 

0.16 

0.27 

0.41 

0.88 

1.50 

2.27 

3.17 

4.22 

5.40 

6.65 

8.15 

11.70 

15.20 

19.40 

24.20 

29.40 

0.05 

0.07 

0.11 

0.17 

0.37 

0.62 

0.94 

1.30 

1.74 

2.22 

2.76 

3.36 

4.70 

6.25 

8.00 

9.95 

12.10 

2 

4 

6 

8 

10 

15 

20 

30 

40 

50 

60 

80 

100 

150 

200 

250 

300 

350 

400 

450 

500 

600 

700 

800 

900 

1,000 

41.10 16.90 1,200 

higher heads. In these cases, the heads and horsepowers are additive at equivalent quan- 
tities, as shown in Figure 5.4. 

When the speed of a centrifugal pump is changed, the operation of the pump is 
changed in accordance with the following three fundamental laws: . Q varies directly as the speed. 

H varies as the square of the speed. . Brake horsepower varies as the cube of the speed. 
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-- _ _ _ _ _ _ _ _ _ _ _  
Additional Head to 
Overcome Friction Loss 

-ID-- - - 

. Delivery Piping 
(Total Length = DP) 

I I Delivery 

1 I Sf Any) 
PT I Counterpressure Head 1 Head 

I 

FIGURE 5.3 Components of head 
Source: Hayward Tyler, Inc. 1985. 

There is a limit to the amount that the speed of a pump can be increased, however. To 
avoid pump damage, the limit recommended by the manufacturer should always be 
observed. 

PUMPING APPLICATIONS 

Pumps are basically used in two ways in mine drainage situations: (1) station duty and 
(2) dewatering. 

A typical station-duty application consists of a pump with a short suction line (less 
than 20 ft) that removes water from a large sump and discharges it against a constant 
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a 
I 

I 

Q: Output, in gpm - 
FIGURE 5.4 Combined characteristic for two pumps in series 

static head. The discussion, up to now, has focused on determining the operating points 
for station-duty pumps. 

A dewatering system is much more complex than a station-duty system. An example 
of a dewatering application is the removal of water from a flooded air shaft or mine with 
a submersible pump. Assuming that the pumping rate always exceeds the inflow rate, 
the pump must operate over a wide and varying range of static heads, i.e., from a mini- 
mum static head when pumping commences, to a maximum static head when pumping 
terminates. Furthermore, during pumping, an inflow can keep recharging the standing- 
water capacity to some degree. To solve problems of this nature, the “method of horizon- 
tal slices” is recommended. Basically, the method consists of the following steps: 

1. Secure the curves of a multistage pump to be analyzed. 
2. Plot pipe curves at the following locations: 

a. The elevation of the standing water level, which represents the initial 
conditions. 

b. The elevation when the mine or shaft is dry, which represents the final 
conditions. 

c. Each elevation between the two aforementioned extremes (2a and 2b) where 
the geometry of the water column’s plan view changes. 

d. Any other elevation in between the two extremes if increased accuracy is 
desired. 
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3. 

4. 

5. 

6. 

7. 

8. 

Determine if the curve representing the final conditions intersects the pumping 
curve at a value greater than the inflow rate. 
a. If yes, move to step 4. 
b. If no, increase the pumping curve in step 1 by one stage and reevaluate the 

question posed in step 3. 
Determine the quantity that corresponds to each of the pipe/pump curve inter- 
sections. 
Evaluate steps 5a, Sb, and 5c, in order, for as many instances as there are intervals. 
a. Determine the average quantity (Qavg) for each interval starting at water 

level and going downward until the mine or shaft is pumped dry. 
b. Multiply each interval’s cross-sectional area (in square feet) by its corre- 

sponding height to get the cubic feet of water in each interval. Multiplying 
by 7.48 converts the cubic feet into gallons of water. 

c. To calculate the time to pump the water from each interval, divide the 
total gallons in each interval by the difference between the interval’s aver- 
age pumping quantity and the inflow rate. Be careful that the inflow rate is 
given in gallons per minute. 

Sum up all the values for the pumping times in each interval to come up with the 
time (in minutes) it would take to pump all the water. 
Sum up the quantities in all of the intervals, in gallons. This summation repre- 
sents the standing water (i.e., does not include the inflow). 
To calculate the representative gallons per minute, substitute into the following 
equation: 

(standing water) + (total time)( inflow rate) 
(total time) gpm = (EQ 5.5) 

REFERENCES 

F.E. Myers Co. 1981. Centrifugal Pump Manual. Ashland, OH: F.E. Myers Company. 
Goulds Pumps, Inc. 1982. GPM (Goulds Pump Manual). Seneca Falls, Ny: Goulds Pumps, Inc. 
Hayward Tyler, Inc. 1985. Total Pumping Head and Pump Selection, Technical Notes No. 1. 

Westaway, C.R., and A.W. Loomis. 1979. Cameron Hydraulic Data. Woodcliff Lake, NJ: 
Norwalk, CT: Hayward Tyler, Inc. 

Ingersoll-Rand Company. 

PROBLEMS 

Problem 5.1 
If atmospheric pressure “pushes” mine water up a suction line due to the vacuum created 
by a pump, is there a limitation to the maximum length of suction line? If so, what is the 
length, in feet? 

Problem 5.2 

What is the brake horsepower required to pump 150 gpm against a total dynamic head 
of 370 ft  if the pump operates at 70% efficiency? 
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Problem 5.3 

If a 1,500-ft-long 5411. pipe carries 150 gpm of mine water, what is the head loss due to 
friction? 

Problem 5.4 

If the velocity of water flowing through a pipe is 900 fpm, what is the velocity head? 

Problem 5.5 

What is the equivalent number of feet of straight pipe for two 5-in. check valves? 

Problem 5.6 

Given the station-duty pumping system shown in the following figure, and noting that 
there is one 90" ell on the suction line and three 90" ells on the discharge line, deter- 
mine the total dynamic head that the pump must be able to overcome. Assume that the 
water level in the sump remains constant. 

Discharge = 150 gprn . 
c ...... ........... .... ...... 

3-in. Pipe 

*.' 

............................. ...: . . . . . . . . . .  - (500 n) 4 4 .  Pipe 

(25 fi) f' 

\ 

------l- ~~:.:.~.:.:.:.:.~.:.:.~~-~ :.:.-..:.I.::.: ----- - 
T 
i o n  

Illustrates Problem 5.6 

Problem 5.7 

If the efficiency of a pump is determined to be 78% and the efficiency of the motor that 
drives the pump (motor drive efficiency) is 84%, what is the overall efficiency of the 
pumping system? 

Problem 5.8 

A pump, operating at 200 gpm and 168 ft of head, has the pumping and motor drive efficien- 
cies noted in problem 5.7. Compute the power consumption, in kilowatts, for this situation. 
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Problem 5.9 

The characteristic curves shown in Figure 5.2 are based on a pump that operates at 
3,450 rpm. What would the curves look like in the interval between 280 and 360 gpm if 
the pump’s speed were increased to 3,900 rpm? What is the speed ratio? 

Problem 5.10 

The centrifugal pump, whose characteristic curves are shown in Figure 5.2, operates 
against a static head of 80 ft  in connection with a 1,000-ft 5-in. discharge line. Neglect- 
ing shock losses, velocity head, and friction head in the suction line, determine the oper- 
ating point of the pump. 

Problem 5.11 

If the inflow rate into the sump for problem 5.10 were in excess of 250 gpm, it should be 
obvious that the pumping system is insufficient. Suppose, for example, that the inflow 
rate is 320 gpm and the pump’s speed is to be adjusted to accommodate the new situa- 
tion. What must be the new speed ratio to pump this amount? 

Problem 5.12 

A 22-ft-diameter air shaft was sunk 300 ft to the bottom of a coal seam. It was subse- 
quently abandoned and allowed to fill with water to within 25ft of the collar at an 
inflow rate of 400 gpm. The company 
owns a multistage centrifugal pump 
and a considerable amount of 5-in. 
pipe. The single-stage characteristic 
of the multistage submersible pump 
is shown. 

Determine how long it will take to 
dewater the shaft with this combina- 
tion using the method of horizontal 
slices. Pass slices through the shaft as 
established in the criteria in this chap- 
ter, as well as at static heads of 100 ft  
and 200 ft. Neglect shock losses and 
velocity head. What is the minimum 
number of stages required? If the 
motor drive efficiency is 80% and 
power costs are $0.08 per kW-hr, 
what will be the operating cost to 
dewater the shaft? 

Problem 5.13 

The flooded limestone mine shown in 
the following figure is to be dewatered 

500 I 
400 

300 
d= 
d 
0) 
I 

200 

100 

0 500 1,000 1,500 

Quantity, gprn 

80 

60 

40 .O = w 
20 

8 

C 
._ 

Illustrates Problem 5.12 and 5.13-Slngle-stage 
characteristic of the multistage submersible DUmD by a multistagesubmersible pump. - . .  
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Illustrates Problem 5.13-Flooded limestone mine 

The single-stage characteristic of the multistage submersible pump is shown. 

An overflow of 380 gpm is measured at the shaft collar (inflow rate). If power costs $0.08 
per kW-hr, the mine has a sufficient quantity of 5-in. pipe, and the motor drive efficiency is 
82%, determine the minimum number of stages, the time it would take to pump out the 
mine, and the total operating costs using the method of horizontal slices. Use the mini- 
mum number of slices recommended by the criteria established in this chapter and recall 
that there are 7.48 gal of water per cubic foot. 

Problem 5.14 

A pumping system has an operating point of 200 gpm at 164 ft and an efficiency of 78%. 
If the inflow rate is 105 gpm, determine the daily pumping hours required. 

Problem 5.15 

To take advantage of reduced power costs passed on to the mine by the utility, manage- 
ment would like to perform all pumping during the 8-hr off-peak period. What would 
the pumping rate for the installation in problem 5.14 need to be in order to handle the 
daily inflow in 8 hours? 

Problem 5.16 

After a speed change, the operating point for problem 5.15 was determined to be 
315 gpm at 178 ft and an efficiency of 63%. Was it economically advantageous to 
increase the pump speed, over the situation in problem 5.14, if the 16-hr on-peak cost is 
$0.10, the 8-hr off-peak cost is $0.08, and the motor drive efficiency is 80%? 

Problem 5.17 

A main sump is being planned for the bottom area of a coal mine. It is projected to be 
20 ft wide and 220 ft long and it will be installed as rapidly as possible after the slope 
reaches the coal seam. While the bottom area is under development, a single-action pis- 
ton pump will be connected to the sump, to be permanently replaced at a later date. The 
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pump’s piston is 6 in. in diameter, and the length of its stroke is 14 in.; normally it oper- 
ates at 30 strokes per minute. The sump will be designed for a depth of 6 ft, but it is felt 
that the standing water level should be kept as close to 3 ft  as possible. If, after a heavy 
inflow, the sump has a standing water level of 4.5 ft and the current inflow has reduced 
to a 30-gpm level, determine how many days the pump will have to operate (if it nor- 
mally will run 16 hr per day) to lower the water level in the sump to the designed stand- 
ing water level. 

PROBLEM SOLUTIONS 

Solution 5.1 

At sea level, atmospheric pressure is equal to 14.7 psi. If a perfect vacuum were to be 
created in a suction line, atmospheric pressure could push a 1-in. column of water to a 
height of 

pressure =weight of water column 

(1,E:c;in.) 
14.7 lb per sq in. = (1 in.) (1 in.) (H in.) 

H = 407 in. = 33.9 ft  

This shows that the maximum total suction lift, when pumping water at sea level, is 
approximately 34 ft. This figure is theoretical and can never be obtained in practice. That is 
why good mining practice dictates that the total dynamic suction lift should never exceed a 
value of approximately 20 ft  for trouble-free operation. For a more accurate treatment of 
this situation, consult a pump manufacturer’s catalog with reference to a particular pump’s 
net positive suction head (NPSH). 

Solution 5.2 

QH(8.33) 
( 33,000) (El  

HP, = 

- (150)(370)(8.33) 
(33,000)(0.7) 

= 20.01 hp 

Solution 5.3 
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= 0.2083(1) (4.22) (15) 

= 13.19 ft 

Also, using Table 5.2: 

h, = 0.88( s) = 13.2 ft  

Solution 5.4 

= 3.50 ft 

Note: Because 900 fpm is equivalent to the maximum recommended design velocity 
(15 f p s ) ,  it should be readily apparent from the above calculation why velocity head is 
often ignored, due to its low value when compared to the other head components. 

Solution 5.5 

Table 5.1 reveals 58.0 ft for one check valve, so two check valves are equivalent to 
116.0 ft. 

Solution 5.6 

Static lift: 10.00 ft 
Vertical discharge elevation: 300.00 ft 
Shock losses (suction) [(11.0)(2.61)j/lOO: 0.29 ft  
Shock losses (discharge) [(10.6)(3) (8.0)]/100: 2.54 ft 
Friction losses (suction) [(25.0) (2.61)]/100: 0.65 ft 
Friction losses (discharge)[(500)(10.6)]/100: 53.00 ft 
Total dynamic head: 366.48 ft 

Solution 5.7 

E - (Output) 
(input) 

= (")(") 
100 100 
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- 6,552 
10,000 

= 65.5% 

-- 

Solution 5.8 

(200)(168)(8.33) 
(33,000)(0.78)(0.84) 

HP, = 

= 12.94 hp 

Since 1 hp = 746 W = 0.746 kW (kilowatts), kW = (HP, )(0.746) = 9.65 kW. 

Solution 5.9 

To begin, the speed ratio, 

To redraw the curves, the first step is to arbitrarily choose a few points on the pump's 
head-capacity curve. In this case, the selected points are: (1) Q = 255 gpm, H = 100 ft; 
(2) Q = 290 gpm, H = 87 ft; and (3) Q = 320 gpm, H = 74 ft. 

By reading the corresponding points that are directly beneath (or, sometimes, above) the 
aforementioned points on the efficiency curve, the values for efficiency and brake horse- 
power can be determined: (1) E = 77%, HPB = 8.5; (2) E = 74%, HP, = 8.9; and (3) E = 
66%, HP, = 9.1. 

Original Conditions (3,450 rpm) New Conditions (3,900 rpm) 

Q H HPB E (Q) (SR) (H) (SR') WE (SR') 

255 100 8.5 0.77 288 128 12.3 

290 a7 8.9 0.74 328 111 12.8 

320 74 9.1 0.66 362 94 13.1 

The new head-capacity and brake horsepower curves are plotted on the graph on the next 
page- 

To plot the new efficiency curve, as in the preceding graph, the efficiency equation must be 
reexamined: 

E =  QH(8.33) 
HP,(33,000) 

If the efficiency equation for the original conditions is as shown here, it follows that the 
efficiency equation for the new conditions is: 

(Q x SR)(H x SR2)(8.33) 

(HP, x SR3)(33,000) 
ENew = 
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100- $ 

u- Q g 80- % 
I 

c - 2  8 

I - 5  ._ 

k 
C 

- 

40 

20 

Illustrates Solution to Problem 5.9 

Cancellation of the speed ratios in this equation reduces the efficiency equation for the 
new conditions to the same form as the original equation. This introduces an important 
concept: The efficiency does not change for a transposed point! Thus, the original effi- 
ciency values are merely shifted horizontally and aligned with the new head-capacity val- 
ues, as shown. 

Solution 5.10 

First, determine the total head losses in the system. Table 5.2 shows the friction-head-loss 
values for 100 ft of 5-in. pipe at various quantities. Select values at the different quantities, 
multiply them by 10 (1,000 f t / l O O  ft), and add 80 (static head) to get the total head losses 
in the system: 

140 - 
- 

120 - - 
100 - & 

3= - 2  s 

I - b  ._ 

s; 
C 

Q 3 80- % 
- I 

80 160 240 320 
Gallons per Minute 

40 

20 

Illustrates Solution to Problem 5.10 
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Q h,/ 100 x (1000/100) = h, + hs = H  

100 0.41 10 4.1 80 84.1 

150 0.88 10 8.8 80 88.8 

200 1.50 10 15.0 80 95.0 
250 2.27 10 22.7 80 102.7 

300 3.17 10 31.7 80 111.7 

350 4.22 10 42.2 80 122.2 

400 5.40 10 54.0 80 134.0 

Plotting quantity versus total head yields the pipe characteristic curve. The operating point 
becomes the intersection of the pump and pipe curves, approximately 250 gpm at 103 ft. 

Solution 5.11 

A common mistake made in a situation such as this is to call the speed ratio Qnew/Qoriand. 
This tendency is wrong because the total head is composed of a variable term (friction 
head) and a constant term (static head). In situations where a static head is present, the 
following trial-and-error procedure is recommended: 

1. Noting that the present head-capacity curve has a speed ratio of 1.00 and that, 
because of the aforementioned reason, the speed ratio cannot exceed 1.28 
(320 gpm/250 gprn), an arbitrarily chosen speed ratio between these two 
extremes is selected: 1.20. 

2. Because the approximate form of the head-capacity curve is known, only one 
point, less than Q,,,, needs to be chosen to initiate the transposition process, for 
example, 280 gpm at 92 ft. 

Qoriginal Horiginal 
280 92 

If SR = 1.2, then 

2 
Qoriginal X 1.2 

336 
'original X 1.2 

132.5 Hnew = Qnew = 

3. Plotting the approximate curve through the point calculated previously indicates 
that the new operating point would exceed the target of 320 gpm. A smaller 
speed ratio, 1.1, is then tried. 

If SR = 1.1, 

Q,,, = 308, and H,,, = 111.3 
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Illustrates Solutlon to 5.11 

Plotting the curve through the point calculated previously indicates that the 
new operating point falls short of the 320-gpm target. Interpolating between 
the two approximate curves seems to indicate that the desired speed ratio is 
approximately 1.13. This time, for accuracy, choose three points on the origi- 
nal curve, including their efficiency values: 

SR = 1.13 

Q o  HO E O  Q" H" E" 

280 92 0.75 316.4 117.5 0.75 

300 a3 0.72 339.0 106.0 0.72 

240 105 0.78 271.2 134.1 0.78 

It should be obvious from the graph that the desired speed ratio is indeed 1.13, the quan- 
tity is 320 gpm, the head is 116 ft, and the efficiency, determined from the transposed 
curve, is 74%. 

Solution 5.12 

Step 1: Since this is a uniform volume, only four slices need to be passed: 
1. Initial water level (h, = 25 ft) 
2. h, = 100 ft (required by the problem) 
3. h, = 200 ft (required by the problem) 
4. Base of the air shaft (h, = 300 ft) 



The four slices 

- 
25 ft - 

PUMPING AND 

Slice No. 1 

Interval No. 1 
t -  

Slice No. 2 

Interval No. 2 

Slice No. 3 

Interval No. 3 

Slice No. 4 

produce three intervals, as shown in the following figure: 

- 
25 ft - Slice No. 1 

Interval No. 1 
t -  

Slice No. 2 

Interval No. 2 

Slice No. 3 

Interval No. 3 

Slice No. 4 
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Illustrates Solution to Problem 5.12, Step 1 

The quantity of water in each interval can be calculated as follows: 

_ _ _ _ _ _ _ _ _ _ _ _  ~~ ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~ 

Gallons of 
Water per Volume - Interval h x  7cX 9 X  Cubic Foot (gal) 

- 1 75 3.1416 121 7.48 - 213,255 

2 100 3.1416 121 7.48 - 284,339 

3 100 3.1416 121 7.48 - 284,339 

Total: 781.933 

- 

- 

Step 2: Plot the 5-in. pipe curves onto the pump curves. Because the values required 
for the gallons per minute exceed those listed in Table 5.2,  use Eq. 5.2 and 5.3 to gener- 
ate the total head (H): 

H =  [ - ) (0.2083) ( 1 ~ ) 1 ~ 8 s (  - d.?] + h, 100 d4.a6ss 

where C is 100, q varies from 0 gpm to 1,500 gpm, d is 5 in., h, represents the static head 
at each slice, and L is the pipe length (300 ft). 

Hstart Hend 

h, = 25 ft h, = 100 ft h, = 200 it h, = 300 ft gpm 

300 34 109 209 309 

600 59 134 234 334 

900 97 172 272 373 

1,200 148 223 323 423 

1,500 212 287 387 487 
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400 

300 
z 
d 
I" 
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0 500 1,000 1,500 
Quantity, gprn 

80 
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20 
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.- 
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lllustates Solution to Problem 5.12, Step 2 

Step 3: Because the pipe curve corresponding to 300 ft of static head does not inter- 
sect with the one-stage pump curve, the next step is to see if it intersects with a two- 
stage curve. It does intersect the two-stage curve, as shown in the following graph. 
Because the intersection between the pipe curve at the maximum static head value 
(300 ft) and the two-stage curve also exceeds the inflow rate (400 gpm), it becomes 
obvious that the two-stage pump can dewater the air shaft. 

Step 4: 
1. (1,360 + 1,240)/2 = 1,300 gpm 
2. (1,240 + 1,040)/2 = 1,140 gpm 
3. (1,040 + 775)/2 = 908 gpm 

By inspection, the Qavg for each interval is: 

Step 5: Calculate the time required to pump the water from each interval. (Do not 
neglect the inflow!) Sum the results to obtain the time that it would take to pump out 
the air shaft. 

Interval 1: 213,255 + 400T = 1,30OT, thus T = 237 min 
Interval 2: 284,339 + 400T = 1,14OT, thus T = 384 min 
Interval 3: 284,339 + 400T = 908T, thus T = 560 min 

Total: 1,181 minor 19.7 hr 
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500 I I 

400 

300 

200 

100 

80 
s 

60 8 

40 :E a= 
W 

20 

c 

I 

0 500 1,000 1,500 
Quantity, gpm 

Illustrates Solutlon to P r o b l e m  5.12, Step 3 

Step 6: Calculate the representative value for the system’s pumping rate. 

Q (in gallons per minute) = 

(standing water) + (time in minutes)(inflow rate in gallons per minute) = 

(time in minutes) 

1,062 gpm 

Step 7: 
correspond to the quantity calculated in step 6. 

Reenter the pumping curves to determine the head and efficiency values that 

Entering the curves on the graph on the following page reveals that H = 286 ft and % = .70 
(see dashed lines). 

Step 8: Calculate kilowatts and total operating costs. 

(1,062)(8.33)(286)(0.746) = 
(33,000)(0.70)(0.80) 

102 kW 

Total cost = (kW)(hr)(cost per kW-hr) = (102)(19.7)($0.08) = $160.75 
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Interval No. 1 

Interval No. 2 

Interval No. 3 

400 

Slice No. 2 
Slice No. 3 

Slice No. 4 

300 

Interval NO. I 

200 

I I 

100 

Interval No. 2 

0 500 1,000 1,500 
Quantity, gpm 

I Slice No. 2 
I Slice No. 3 
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Interval No. 4 

20 

Slice No. 5 

Illustrates Solution to Problem 5.12, Step 7 

Solution 5.13 

Step 1: Determine the minimum number of slices required. 

The minimum number of horizontal slices is five: 
I. At the shaft collar 
2. At the roof level of the upper drift (h, = 92 ft) 
3. At the floor level of the upper drift (h, = 100 ft) 
4. At the roof level of the lower drift (h, = 172 ft) 
5. At the floor level of the lower drift (h, = 180 ft) 

Five slices produce four intervals, as shown in the following figure. 

Slice No. 1 
I I  

Interval No. 3 

Slice No. 4 

Illustrates Solution to Problem 5.13, Step 1 
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Step 2: Calculate the volume of the water in each interval. 

Interval Volume (gal) 
1 132,127 
2 1,806,689 
3 133,024 
4 1,806,689 

Total: 3,878,529 

Step 3: Determine the values for the pipe curves (neglect shock losses and velocity head). 

Because the values required for the gallons per minute exceed those listed in Table 5.2, use 
Eq. 5.2 and 5.3 to generate the total head (H): 

where C is 100, q varies from 0 gpm to 1,500 gpm, d is 5 in., h, represents the static head 
at each slice, and L is the pipe length (180 ft). 

Hend 

m m  h,-Oft h , = 9 2 f t  h, = 100 ft h, = 172 ft h, = 180 ft 
~ ~ 

300 6 98 106 ‘ 178 186 

600 21 113 121 193 201 

900 43 135 143 215 223 

1,200 74 166 174 246 254 

1.500 112 204 212 284 292 

Step 4: Plot the pipe curves (shown on the graph on the next page). 

Because the curve that represents the minimum rate at the maximum head (550 gpm at 
197 ft) exceeds the inflow rate and because all of the curves intersect the single-stage 
curve, the single-stage pump is adequate. 

Step 5: 

Interval 1: Q,, = (1,350 + 1,035)/2 = 1,193 gpm 
Interval 2: Q,, = (1,035 + 1,000)/2 = 1,018 gpm 
Interval 3: Q,, = (1,000 + 620)/2 = 810 gpm 
Interval 4: Qa, = (620 + 550)/2 = 585 gpm 

Determine Q, for each interval. 
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Illustrates Solutlon to Problem 5.13, Step 4 

Step 6: Determine the time it takes to dewater the mine. 

Interval 1: 132,127 + 380T = 1,193T, thus T = 163 min 
Interval 2: 1,806,689 + 380T = 1,018T, thus T = 2,832 min 
Interval 3: 133,024 + 380T = 810T, thus T = 309 rnin 
Interval 4: 1,806,689 + 380 T = 585 T, thus T = 8,813 rnin 
Total: 12,117 min or 8.4 days 

Step 7: 
the time calculated in step 6. 

Determine the representative pumping rate that would dewater the mine in 

Step 8: 
700 gpm. 

Enter the pumping curves to determine the head and efficiency that relate to 

Enter the curves (as shown by the dashed lines): H = 190 ft, E = 0.78. 

Step 9: Determine the total operating cost. 

Operating cost = (39.16)(8.4)(24)($0.08) = $631.57 
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Illustrates Solution to Problem 5.13, Step 8 

Solution 5.14 

Pumping hours required = (105)(24) = 12.60 hr 
(200) 

Solution 5.15 

(24 hr per day)(60 min per hr)( 105 gpm) = 315 gpm 
(8 pumping hr per day) (60 min per hr) 

Solution 5.16 

Original situation: 

Daily costs 
Pumping 

Q H E Hours kW Off-peak On-peak Daily 

200 164 0.78 12.6 9.902 $6.337 $4.555 $10.892 

where: 

On-peak cost = (12.6 - 8)(kW)($0.10) 

Off-peak cost = (8) (kW) ($0.08) 
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Speed-change situation: 

Daily costs 
Pumping 

Q H E Hours kW Off-peak On-peak Daily 

315 167 0.63 8.0 20.949 $13.407 $0 $13.407 

Since $10.892 is less than $13.407, it would be economicalIy advantageous to operate 
under the conditions existing prior to the speed change. 

Solution 5.17 

1. Gallons per minute output for the pump: 

n(0.25ft)’( l4 in’ )(30)(7.48 gal per cu ft) = 51.4 gpm 
12 in. per ft 

2. Gallons to be removed: (1.5 ft)(20 ft)(220 ft)(7.48 gal per cu fi) = 49,368 gal 
3. Daily inflow: (30 gpm)(60 min per hr)(24 hr per day) = 43,200 gal 

Daily outflow: (51.4 gpm)(60 min per hr)(16 hr per day) = 49,344 gal 
Balance: 49,344 - 43,200 = 6,144 gal per day 

4. Days: 49,368/6,144 = 8.04 days 
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CHAPTER 6 

Mine Power Systems 

A mine’s power system is the driving force behind all extraction and auxiliary operations, 
because the production and transportation of mined material and the operation of 
equipment, such as fans and pumps, all depend on a power source. At one time, com- 
pressed air was the primary power source in mining; today, electrical power dominates. 

This chapter provides a review of the basic theories of compressed-air and electrical 
power and gives several examples of applications of power distribution in each system. 

C O M P R E S S E D - A I R  POWER 

Compressed air has been, and should continue to be, an important source of power in 
mining operations. It has been used to blast coal in conventional mining and is widely 
used to operate stopers, mucking machines, and other air tools in both coal and hard- 
rock mines. Such applications demonstrate the suitability of compressed air for applica- 
tions that require linear motion. Compressed air is also used for its reliability and safety. 
A compressed-air system is composed of a compressor, a receiver, a distribution net- 
work, and the air-operated machines. 

The compressor takes in air at normal atmospheric pressure (free air) and com- 
presses it to a higher discharge pressure. The discharge pressure must be high enough to 
overcome the friction in the distribution system of pipes and hoses and deliver the com- 
pressed air to the machines at the pressure recommended by the manufacturer. The 
most common type of compressor used in mines is the reciprocating compressor in 
which air is compressed by a piston in a cylinder. 

The air receiver is a container or storage tank located in the distribution system 
between the compressor and the machines. It stores compressed air when the full capac- 
ity of the compressor is not being used and gives a more steady flow of air to the 
machines. 

The distribution network consists of pipes, valves, elbows, tees, and hoses that 
transmit the compressed air from the receiver to the machines in the mine. It is essential 
that the distribution system be designed with the proper sizes and lengths of pipe, hose, 
and other components to keep pressure losses well within allowable limits. 

The air-operated machines consist primarily of drifters, stopers, pluggers (sinkers), 
slushers, and several other pieces of equipment. 

145 
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Compressor Operation 

Every compressor is made up of one or more basic elements; a single element, or a group 
of elements in parallel, comprises a single-stage compressor. Many compression prob- 
lems involve conditions beyond the practical capability of a single compression stage. 
Too great a compression ratio (absolute discharge pressure divided by absolute intake 
pressure) may cause excessive discharge temperatures or other design problems. Conse- 
quently, it may become necessary to combine elements or groups of elements in series to 
form a multistage unit, in which there will be two or more steps of compression. The 
number of stages commonly used in reciprocating compressors is as follows: 

Pressure, psig Number of Stages 

0-150 
80-500 

500-2,500 
2.500-5.000 

Pressure is frequently measured in pounds per square inch gage (psig), which 
means the pressure (in pounds per square inch) above barometric pressure as measured 
by a gage. The sum of barometric pressure and gage pressure is the absolute pressure (in 
pounds per square inch). The gas is frequently cooled between stages to reduce the tem- 
perature and volume entering the subsequent stages, thereby reducing the work 
required for compression. 

The basic reciprocating compression element is a single cylinder that compresses on 
only one side of the piston (single-acting). A unit that compresses on both sides of the 
piston (double-acting) consists of two basic single-acting elements operating in parallel 
in one casing. 

The reciprocating compressor uses automatic spring-loaded valves that open only 
when the proper differential pressure exists across the valves. Intake valves open when 
the pressure in the cylinder is slightly below the intake pressure. Discharge valves open 
when the pressure in the cylinder is slightly above the discharge pressure. 

Figure 6 . 1 ~  shows the basic element with the cylinder filled with air at atmospheric 
pressure. On the corresponding theoretical pressure-volume (pv) diagram, point 1 is the 
start of compression and both valves are closed. 

Figure 6 . 1 ~  shows the compression stroke during which the piston has moved to the 
left, thereby reducing the original volume of air with an accompanying rise in pressure. 
The valves remain closed. The pV diagram shows compression from point 1 to point 2, 
when the pressure inside the cylinder has reached that in the receiver. 

Figure 6. l c  shows the piston completing the delivery stroke. The discharge valves 
are opened just beyond point 2. Compressed air flows out through the discharge valves 
to the receiver. 

After the piston reaches point 3, the discharge valves will close, leaving the clear- 
ance space filled with air at discharge pressure. The clearance space is not swept by the 
piston’s movement to protect the valves from damage. During the expansion stroke (Fig- 
ure 6 .1~) ,  both the inlet and discharge valves remain closed and the air trapped in the 
clearance space increases in volume, causing a reduction in pressure. Pressure continues 
to fall as the piston moves to the right, until the cylinder pressure drops below the inlet 
pressure at point 4. The inlet valves then open, allowing air to flow into the cylinder 
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FIGURE 6.1 The various steps in a reciprocating compressor cycle 

until the end of the reverse stroke at point 1. This is the intake or suction stroke, which is 
illustrated in Figure 6 .1~.  At point 1 on the pV diagram, the inlet valves will close, and 
the cycle will repeat on the next revolution of the crank. 

In a simple two-stage reciprocating compressor, the cylinders are proportioned 
according to the total compression ratio, P,:P, (the ratio of the absolute discharge pres- 
sure to the absolute intake pressure), the second stage being smaller because the gas 
that has already been partially compressed and cooled occupies less volume than at the 
first stage inlet. Notice in Figure 6.2 that the conditions before the start of compression 
are points 1 and 5 for the first and second stages, respectively. After compression, the 
points are 2 and 6; after delivery, they are points 3 and 7. Expansion of air trapped in the 
clearance spaces as the pistons reverse establishes points 4 and 8. On the intake stroke, 
the cylinders are again filled at points 1 and 5 as the next cycle commences. 
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FIGURE 6.2 Combined theoretical Indicator card for a twctstage twoelement 100-pslg 
positive-dlsplacement compressor 

Volume 

FIGURE 6.3 Adiabatic and isothermal compresslon chart 
Source: Gibbs 1971. 

Compressed-Air Theory 

Until now, the discussion of compressor operation has dealt primarily with the functions of 
the components. However, the laws of thermodynamics must be understood to fully 
appreciate the capabilities of compressors. Thus, it will be necessary to review compressed- 
air theory before demonstrating applications. 

Figure 6.3 shows the relationship between the two theoretical standards and the 
approximation of the actual compression process on a pV diagram. Note that, without 
clearance, the volume of free air taken into the piston is equal to the volume displaced 
by the piston. Compression conforms to the following equation: 

P,V,k = P,V,k (EQ 6.1) 

where k is the ratio of specific heats. 
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FIGURE 6.4 Effect of cylinder clearance on volumetric efflciency 
Source: Gibbs 1971. 

However, in theory, compression can follow a number of paths. In the isothermal 
process (when there is no change in temperature), k in Eq. 6.1 becomes 1.0; in the adia- 
batic process (when there is no heat added or removed from the system), k becomes 
1.395. Neither of these two basic processes is commercially attainable; the actual curve 
lies somewhere between these two extremes, although it is closer to the adiabatic process. 

To calculate the actual work (indicated horsepower) required to compress and 
deliver a given quantity of gas, it must be remembered that the compression ratio is 
the ratio of the absolute discharge to the absolute intake pressure (r = P2:P1). Further, 
positive-displacement compressors are usually compared to the adiabatic cycle. Thus, 
for a single-stage compressor, the indicated horsepower (ihp) per 100 cfm is calcu- 
lated using the following equation: 

ihp = 1.542 Pl(r0.283 - 1) (EQ 6-21 

The general equation for calculating indicated horsepower per 100 cfm for multi- 
stage compressors with intercooling requires a slight alteration of Eq. 6.2: 

ihp = X(Pl)1.542(ro~283’x - 1) (EQ 6-31 

where X is the number of stages. 

Compressed-Air System Design 

Compressors are used in many real-life situations that have been overlooked in the ini- 
tial discussions of theory. First, there is cylinder clearance (Figure 6.4), which was also 
noted in Figure 6.1. Normal clearance, which is the minimum obtainable in a given cyl- 
inder, will vary between 4% and 16% for most standard cylinders. Although clearance is 
of little importance to the average user, because performance is rated on the capacity 
actually delivered, its effect on capacity should be understood because variation in clear- 
ance is used for control and other purposes. 

The quantity of air required to operate various tools is rated at sea level; however, 
the quantity of air actually contained in a cubic foot of free air decreases with increased 
elevation above sea level. Consequently, corrections for elevations above sea level must 
be made to capacities. As the quantity of compressed air required to operate the 
machines remains the same, the cubic feet per minute of free air required increases with 
increased elevation. Table 6.1 lists the various multipliers for elevations greater than sea 
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TABLE 6.1 Alr consumption multipliers for altitude operation of rock drills based on 80 to 100 
pslg air pressure 

Altitude 0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000 12,500 15,000 
in feet 

MultiDlier 1.0 1.02 1.05 1.08 1.11 1.14 1.18 1.22 1.26 1.30 1.34 1.46 1.58 

Source: Gibbs 1971. 

TABLE 6.2 Multipliers for air consumption of rock drills 

Numberofdrills 1 2 3 4 5 6 7 8 - 9  10 12 15 20 30 40 50 70 

Multiplier 1.0 2.0 3.0 4.0 5.0 6.0 6.8 7.5 8.2 9.0 10.5 12.6 16.0 23.5 31.0 38.0 52.5 

Source: Gibbs 1971. 

TABLE 6.3 Factors for correcting the actual capacity of singlestage compressors at sea level 
when they are used at higher altitudes (based on 7% cylinder clearance) 

Altitude, f t  90 psig Factor 100 psig Factor 

Sea level 1.000 1.000 
1,000 0.988 0.987 
2,000 0.972 0.972 
3,000 0.959 0.957 
4,000 0.944 0.942 
5,000 0.931 0.925 
6,000 0.917 0.908 
7,000 0.902 0.890 
8,000 0.886 0.873 
9,000 0.868 0.857 

10,000 0.853 0.840 
11,000 0.837 - 
12,000 0.818 - 

Source: Staley 1949. 

level; these multipliers yield the necessary capacities when multiplied by the sea-level 
free-air volumes. Experience shows that all available air-operated tools are very rarely 
operated simultaneously. Table 6.2 represents the latest consensus with regard to the 
factors needed to determine the relative air capacity required for operating a number of 
rock drills from a single compressor system. Because catalog ratings of compressors are 
based on sea-level conditions, compressor capacities at higher altitudes must be related 
to sea level. Use the factors in Table 6.3 to make this adjustment; divide the air require- 
ment at the given altitude by the corresponding factor. 

Corrections must also be made to pressures at different elevations. Table 6.4 lists 
the atmospheric pressures at different altitudes. To correct for the effects of altitude on 
pressure, Eq. 6.4 is used: 
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TABLE 6.4 Atmospheric pressure at different altitudes 

Altitude Above Atmospheric Altitude Above Atmospheric 
Sea Level, ft Pressure, psi Sea Level, ft Pressure, psi 

0 14.69 8,000 10.91 
500 

1,000 
1,500 
2,000 
2,500 
3,000 
3,500 
4,000 
4,500 
5,000 
5,500 
6,000 
6,500 
7,000 
7.500 

14.42 
14.16 
13.91 
13.66 
13.41 
13.16 
12.92 
12.68 
12.45 
12.22 
11.99 
11.77 
11.55 
11.33 
11.12 

8,500 
9,000 
9,500 
10,000 
10,500 
11,000 
11,500 
12,000 
12,500 
13,000 
13.500 
14,000 
14,500 
15,000 

10.70 
10.50 
10.30 
10.10 
9.90 
9.71 
9.52 
9.34 
9.15 
8.97 
8.80 
8.62 
8.45 
8.28 

Source: Staley 1949. 

TABLE 6.5 Air requirements of representative drliiing machines 

Type Hammer Diameter (in.) Free Air Required (dm) 
Sinker 298 70 
Sinker 2 1/2 95 
Sinker 2518 110 
Sinker 294 115 
Stoper 29/16 140 
Stoper 23/4 160 
Drifter 23/4 130 
Drifter 3 140 
Drifter 392 180 
Drifter 4'/2 200 

Source: Staley 1949. 

(+ or -)h 
122.4( "F + 461) 

log P, = log P, - 

where P, is the unknown absolute pressure; P, is the known absolute pressure; h is the 
difference in elevation between the two points (+h if increasing in altitude, -h if decreas- 
ing in altitude); and OF is the temperature in degrees Fahrenheit (usually 60°F). 
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Most drilling machines are designed to operate at approximately 90 psig at the tool. 
Table 6.5 shows the free air required at sea level for various sizes and types of drilling 
machines. Since most air-operated mining equipment performs best at 90 psig, care 
must be taken to select a compressor that is capable of delivering air to the receiver at 
approximately 100 psig, to account for line losses. For example, air-operated tools that 
work at the design value of 90 psig have a 41% increase in drilling speed over the same 
tools operated at 70 psig. 

To guarantee that the air-operated tools are provided with the correct volume and 
pressure of air, the distribution system (pipes and flexible hoses) must be properly 
designed. Normally, line loss should not exceed 5 to 6 psig throughout the entire main 
line and branch mains. Feed lines (hose) should, therefore, be limited to a 4- to 5-psig 
line loss if the entire system is to be maintained within the 10-psig guideline. Although 
tables can be referenced for line loss in pipes, the following equation can be used to 
determine the pipe diameter that will adequately minimize the line loss: 

D = [ v2k 
2,00O(P, - P2) 

where D is the pipe diameter in inches; V is the volume of free air, in cubic feet per 
minute, that passes through the pipe; L is the pipe length in feet; P, is the absolute pres- 
sure at the beginning of the pipe; and P, is the absolute pressure at the end of the pipe. 
Table 6.6 shows the various recommended hose lengths and sizes for air-operated tools. 

TABLE 6.6 Pressure loss in hose 

50 ft; 3/4 in. 

50 ft; 1 in. 

Line Pressure, psig 
Hose Length; Free Air, 

Inside Diameter cfm 60 80 100 120 150 200 300 
60 3.1 2.4 2.0 

80 

100 

120 

140 

160 

180 

200 

220 

120 

150 

180 

210 

240 

270 

300 

330 

360 

390 

420 

450 

5.3 4.2 3.5 2.9 2.4 1.8 1.2 

8.1 6.4 5.2 4.5 3.6 2.8 1.9 

9.0 7.4 6.3 5.1 3.9 2.7 

12.0 9.9 8.4 6.9 5.3 3.6 

12.7 10.8 8.9 6.8 4.6 

13.6 11.1 8.5 5.8 

16.6 13.5 10.4 7.1 

16.2 12.4 8.4 

2.7 2.1 

4.1 3.2 2.7 2.3 

5.8 4.6 3.8 3.2 2.6 2.0 1.3 

7.7 6.1 5.0 4.3 3.5 2.7 1.8 

7.9 6.5 5.5 4.5 3.4 2.3 

9.8 8.1 6.9 5.6 4.3 2.9 

12.0 9.9 8.4 6.9 5.3 3.6 

11.8 10.0 8.2 6.3 4.3 

13.9 11.9 9.7 7.4 5.0 

13.8 11.3 8.7 5.9 

15.9 13.0 10.0 6.8 

14.8 11.4 7.7 

(table continues on next page) 
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TABLE 6.6 Pressure loss in hose (continued) 

Line Pressure, psig 
Hose Length; Free Air, 

Inside Diameter cfm 60 80 100 120 150 200 300 

50 ft; 11/4 in. 200 
250 
300 
350 
400 
450 
500 
550 
600 
650 
700 
750 
800 

50 ft; 1% in. 300 
400 
500 
600 
700 
800 
900 

1,000 
1,100 
1,200 
1,300 

2.4 

3.7 2.9 2.4 
5.2 4.1 3.4 
7.0 5.5 4.5 
8.9 7.0 5.8 

8.8 7.3 
10.8 8.9 

10.7 
12.6 
14.6 

2.1 

3.7 2.9 2.4 
5.6 4.4 3.7 
8.0 6.3 5.2 

8.5 7.0 
10.9 9.0 

11.2 
13.6 

2.0 
2.9 2.3 1.8 1.2 
3.8 3.1 2.4 1.6 
4.9 4.0 3.1 2.1 
6.2 5 .O 3.9 2.6 
7.6 6.2 4.7 3.2 
9.1 7.4 5.7 3.9 
10.7 8.7 6.7 4.6 
12.4 10.2 7.8 5.3 
14.3 11.7 9.0 6.1 

13.3 10.2 6.9 
15.0 11.5 7.8 

2.0 
3.1 2.5 1.9 1.3 
4.4 3.6 2.8 1.9 
5.9 4.9 3.7 2.5 
7.7 6.3 4.8 3.2 
9.5 7.8 6.0 4.1 
11.6 9.5 7.3 4.9 
14.0 11.4 8.8 6.0 

13.6 10.4 7.1 
15.8 12.1 8.3 

Source: Gibbs 1971. 

E L E C T R I C A L  P O W E R  

The tremendous growth in mine mechanization over the past several decades has been 
facilitated by the increased use of electrical power. Ironically, the design of mine electri- 
cal power systems is one area that has been slighted by mining engineers over the years. 
This is due, perhaps, to a general dislike of electrical theory, the lack of suitable texts 
dealing with the subject, or a combination of the two factors. However, this situation no 
longer needs to exist because greater emphasis has been placed on applied research and 
textbook preparation in the area of mine power systems during the past several years. 

For mine-planning purposes, load-flow calculations should be conducted with the 
four important parameters of voltage 0, current (I), power (P), and power factor (PF) 
figuring into the output. Fault analysis, which would be treated in a more detailed study, 
is not covered in this text. The classical approach to load-flow analysis-mathematical 
solution-is emphasized in the following sections. 

Most mine electrical power systems consist of the following seven important compo- 
nents: (1) a-c loads, (2) d-c loads, (3) transmission lines, (4) transformers, (5) rectifiers, 
(6) power-factor-correction capacitors, and (7) surge capacitors. Figure 6.5 shows a gen- 
eral schematic of a mine electrical power system that indicates (1) the power company’s 
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FIGURE 6.5 A radially distrlbuted underground power system 
Source: Morley and Novak 1992. 
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FIGURE 6.6 Utilization In a continuous-miner system 
Source: Morley and Novak 1992. 

connection at the main mine transformer, (2) the main feeder cable, (3) transmission 
lines, and (4) panels. The panels contain load centers for transforming the distribution 
voltage to utilization voltage and rectifymg AC to DC. Figure 6.6 illustrates a typical 
continuous-miner section layout that includes the power center and the loads. The loads 
are defined in terms of power, voltage, and, in the case of a-c loads, phase angle. Also, 
the feeder and trailing cables have resistance (R), inductive reactance (L), and capacitive 
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reactance (C); in actual calculations, these three quantities are combined to form an 
impedance (Z). 

This text does not provide a review of the fundamentals of electricity, although 
knowledge of d-c circuits, steady alternating current, and power is required to complete 
several problems at the end of the chapter. A standard textbook on electrical engineering 
fundamentals can provide the reader with the required background, if necessary. 

The following sections outline the necessary procedures for designing a preliminary 
mine electrical power system. Details on selecting power cables and steps to improve 
power factors are included. The chapter concludes with a discussion of load-flow analysis 
and a summary of how utilities charge mines for power, emphasizing the need for an effi- 
ciently designed mine electrical power system. 

Selection of Power Cables 

Cables are the connecting link between the various components of the mine electrical 
power system and the loads. Many properties must be determined for mining cables 
before a suitable cable can be specified. These include stranding, shielding, breaking 
strength, weight, insulation, jacket stability, etc. The two most important considerations 
for mine planning are ampacity and voltage drop. 

Ampacity is the current-carrying capacity of a power cable; it is a function of current, 
ambient temperature, voltage, number of conductors, stranding, duty cycle, and cable 
geometry. Current (I) requirements can be calculated with the following equation: 

HP( 746) 
(V)( Efficiency)( 3°'5)( PF) 

I =  

where V is the phase-to-phase voltage, HP is the motor horsepower, and PF is the power 
factor. 

The conductor size is then selected from the ampacity tables (Tables 6.7 and 6.8). 
These ratings are calculated for cables suspended in still air and operating in an ambient 
temperature of 40°C with a conductor temperature of 90°C. When the ambient temper- 
ature differs from 40°C, the values shown in Tables 6.7 and 6.8 should be multiplied by 
the correction factors listed in Table 6.9. If the cables are to be wound on a reel, the val- 
ues shown in the ampacity tables should be multiplied by the correction factors shown in 
Table 6.10. Because the cables are rated under continuous-current conditions, the actual 
current drawn by mining machinery may be less due to cyclic operation. In these 
instances, the load factor of the mining equipment should be taken into account. 

Voltage drop is the line loss caused by the resistance of the cable to the flow of elec- 
tricity; it can be likened to the pressure loss in compressed-air systems or the head loss in 
drainage pipes. The phase-to-phase voltage drop 0 can be calculated using the follow- 
ing equation: 

v = (310.5 (I) (Z) [COS(9 - +)I 1EQ 6.7) 

where I is the load current in amperes; Z is the single conductor impedance in ohms, 
which equals (R2 + X,2)0.5; 8 is the power factor angle; and @ is the impedance angle. 

Values for Rand X, can be taken from Tables 6.11 and 6.12. Minimization of voltage 
drop can improve motor life and motor efficiency and can give more efficient utilization 
of purchased power, making it apparent that voltage drop plays a key role in selecting 



TABLE 6.7 Ampacities (conductor temperature: 90%) for portable power cables in amperes per conductor 

Three 
Single Conductor Two Conductor, Three Conductor, Round 

Power Conductor, Round and 
Conductor 2,001 to 8,001 to 15,001 to Round and Flat 8,001 to 15,001 to Four 

Size, AWG or 0 to 2,000 V 8,000 V* 15,000 V* 25,000 V* Flat 0 to 5,000 V 0 to 8,000 V 15,000 V 25,000 V Conductor 
MCM Unshielded Shielded Shielded Shielded 0 to 2.000 V Unshielded Shielded Shielded Shielded 0 to 2.000 V 

54 8 83 
72 6 109 112 - - 95 79 93 
93 4 145 148 - - 127 104 122 

106 3 167 1 7 1  - - 145 120 140 
2 192 195 195 - 167 138 159 164 178 122 
1 223 225 225 222 191 161 184 187 191 143 

1/ 0 258 260 259 255 217 186 211 215 218 165 

- - - - 72 59 - - 

- - 

- - 

- - 

2/ 0 
3/0 

250 
300 
350 
400 
450 
500 
550 
600 

410 

298 
345 
400 
445 
500 
552 
600 
650 
695 
737 
780 

299 
345 
400 
444 
496 
549 
596 
640 
688 
732 
779 

298 
343 
397 
440 
491 
543 
590 
633 
678 
- 

- 

293 
337 
389 
430 
480 
529 
572 
615 
659 
- 

250 
286 
328 
363 
400 
436 
470 
497 
524 
- 

- 

215 
249 
287 
320 
357 
394 
430 
460 
487 
- 

243 
279 
321 
355 
398 
435 
470 
503 
536 
- 

246 
283 
325 
359 

249 
286 
327 
360 

192 
221 
255 
280 
310 
335 
356 
377 
395 
- 

Five 

0 to 2.000 v 
Conductor Six Conductor 

0 to 2,000 v 
50 48 
68 64 
88 83 

100 95 
116 110 
136 129 
- - 

~~ 

Source Insulated Power Cable Association, 1964; Anaconda Company, 1977. 
* These ampacities are based on single isolated cable in air, operated with opencircuit shield. 
Note. These ampacities are based on a conductor temperature of 90'C and an ambient air temperature of 40°C. 
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TABLE 6.8 Ampacities (conductor temperature: 90OC) for threeconductor mine power cables 

Ampacities* Conductor Size, 
AWG or MCM 2,001 to 8,000 V 

Copper Aluminum Copper Aluminum Copper Aluminum 

6 4 95 95 
4 2 122 124 125 128 
2 1/0 159 165 164 168 
1 2/0 184 189 187 192 

1/0 310 211 218 215 221 
2/0 4/0 243 251 246 254 
310 250 279 278 283 281 
4/0 350 321 342 325 344 
250 400 355 360 359 367 
300 450 398 395 401 393 
350 500 435 425 438 424 
400 - 470 - 
450 - 502 - 504 - 
500 - 536 - 536 - 

8,001 to 15,000 V 

- - 

- 473 

Source: Insulated Power Cable Engineering Association Publication 1964; Anaconda Company, 1977. 
*Ampacities are based on an ambient temperature of 40°C and a conductor temperature of 90°C. 

TABLE 6.9 Correction factors for Insulations rated at 90°C for various ambient temperatures 

Ambient Temperature, "C Corrector Factors 

10 
20 
30 
40 
50 

1.26 
1.18 
1.10 
1.00 
0.90 

Source: Insulated Power Cable Engineering Association Publication 1964; Anaconda Company, 1977. 

TABLE 6.10 Correction factors for cables used with one or more layers wound on a reel 

Number of Layers Multiplying Correction Factors 

1 0.85 

2 0.65 

3 0.45 

4 0.35 

Source: Insulated Power Cable Engineering Association Publication 1964; Anaconda Company, 1977. 
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TABLE 6.11 Resistance and reactance of portable power cables 

Resistance 
n/1,000 ft Reactance at 60 Hz Q/l,OOO ft 

Conductor 2 kv* 
Size, G-GC 2 k v  5 kv 8 kv 15 kv 25 kv 

AWGorMCM 75°C 90°C G + G C  SHD-GC SHD-GC SHD-GC SHD-GC SHD-GC 

8 

7 

6 

5 

4 

3 

2 

1 

1/0 

2/0 

3/0 

410 
250 

300 

350 

400 

500 

600 

700 

800 

900 

1,000 

0.838 

0.665 

0.528 

0.418 

0.332 

0.263 

0.209 

0.165 

0.128 

0.102 

0.081 

0.065 

0.055 

0.046 

0.039 

0.035 

0.028 

0.023 

0.020 

0.018 

0.016 

0.014 

0.878 

0.696 

0.552 

0.438 

0.347 

0.275 

0.218 

0.173 

0.134 

0.107 

0.085 

0.068 

0.057 

0.048 

0.041 

0.036 

0.029 

0.024 

0.021 

0.019 

0.017 

0.015 

0.034 

0.033 

0.032 

0.031 

0.031 

0.031 

0.029 

0.030 

0.029 

0.029 

0.028 

0.027 

0.028 

0.027 

0.027 

0.027 

0.026 

0.026 

0.026 

0.025 

0.025 

0.025 

0.038 

0.036 

0.035 

0.034 

0.033 

0.033 

0.032 

0.031 

0.030 

0.029 

0.030 

0.029 

0.029 

0.028 

0.028 

0.027 

0.027 

0.026 

0.026 

0.026 

0.043 

0.042 

0.040 

0.039 

0.038 

0.036 

0.035 

0.034 

0.033 

0.032 

0.031 

0.031 

0.030 

0.030 

0.029 

0.028 

0.028 

0.028 

0.027 

0.027 

0.043 

0.042 

0.040 

0.039 

0.037 

0.036 

0.035 

0.034 

0.033 

0.032 

0.032 

0.031 

0.030 

0.030 

0.029 

0.029 

0.028 

0.028 

0.044 

0.042 

0.040 

0.039 

0.038 

0.036 

0.036 

0.035 

0.034 

0.033 

0.032 

0.032 

0.031 

0.030 

0.030 

0.030 

0.046 

0.044 

0.043 

0.041 

0.040 

0.039 

0.038 

0.037 

0.036 

0.035 

0.034 

0.033 

0.033 

0.032 

0.032 

Source: Anaconda Company 1977. 
* kv (kilovolt). 

cables for use in surface and underground mines. In fact, it is recommended that voltage 
drop be limited to no more than 10% for mine feeder cables. 

Power-Factor Correction 

As previously mentioned, the power factor is one of the four important parameters of a 
mine power system. Since it represents the ratio of real power (kilowatt) to apparent 
power (kilovolt-ampere), it affects the capacity of generating equipment and transform- 
ers as well as the required wire sizes and losses in all a-c circuits. 

Generally, mine power systems have lagging power factors (I lags V) because of the 
motors employed, though a leading power factor is just as inefficient. Thus, it is always 
desirable to raise or correct a low power factor to approach the limiting value of 1.0. For 
example, if a 500-kW load at 4,160 V and 0.7 PF is corrected to a 0.9 PF, the required 
current would be reduced by 22%: 
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TABLE 6.12 Resistance and reactance of mine power feeder cable 

Resistance Q/ Reactance at 60 Hz 
1,000 ft n/i.ooo ft 

Conductor Size, 5 kv 8 kv 15 kv 
AWG or MCM 90°C MP-GC MP - GC MP - GC 

6 0.510 0.041 0.044 
5 0.404 0.040 0.042 
4 0.321 0.038 0.041 
3 0.254 0.037 0.039 
2 0.201 0.036 0.038 0.042 
1 0.160 0.035 0.037 0.041 

1/0 0.127 0.034 0.035 0.039 
2/0 0.101 0.033 0.034 0.038 
310 0.080 0.032 0.033 0.036 
4/0 0.063 0.031 0.032 0.035 
250 0.054 0.030 0.031 0.034 
300 0.045 0.029 0.031 0.034 
350 0.039 0.029 0.030 0.033 
400 0.034 0.029 0.030 0.032 
500 0.027 0.028 0.029 0.031 
600 0.023 0.028 0.029 0.031 
700 0.020 0.027 0.028 0.030 
800 0.017 0.027 0.028 0.030 
900 0.016 0.027 0.027 0.029 

1,000 0.014 0.026 0.027 0.029 

Source: Anaconda Company 1977. 

at 0.9 PF, 

at 0.7 PF, 

A low power factor can be harmful for a variety of reasons: . It reduces the capacity of the power supply system to transmit real power. . Each kilowatt of power carries a higher burden of line losses. 
' It may depress the voltage, causing a reduction in efficiency. 

It may affect the power bill because many utilities have a penalty for a low power 
factor. 
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TABLE 6.13 Power factors of typical a-c loads 

Near Unity Power Factor 

Load Approximate Power Factor 

Incandescent lamps 1.0 

Fluorescent lamps (with built-in capacitor) 0.95 to 0.97 

Resistor heating apparatus 

Synchronous motors (also built for leading power 
factor operation) 

1.0 

1.0 

Rotary converters 1.0 

Lagging Power Factor 

Load Approximate Power Factor 

Induction motors (at rated load) 

Split-phase. below 1 hp 

Split-phase, 1 to 10  hp 

Polyphase, squirrel-cage 

High-speed, 1 to 10 hp 

High-speed, 10 hp and larger 

Low-speed 

Wound rotor 

Groups of induction motors 

Welders 

Motor-generator type 

Transformer type 

Arc furnaces 

Induction furnaces 

0.55 to 0.75 

0.75 to 0.85 

0.75 to 0.90 

0.85 to 0.92 

0.70 to 0.85 

0.80 to 0.90 

0.50 to 0.85 

0.50 to 0.60 

0.50 to 0.70 

0.80 to 0.90 

0.60 to 0.70 

Leading Power Factor 

Load Approximate Power Factor 

Synchronous motors 

Synchronous condensers 

0.9, 0.8, 0.7,0.6, etc. Leading power factors 
depending on the rated leading power factor for 
which they are built. 

Nearly zero leading power factor. (Output practically 
ail leading reactive kva.) 

Capacitors Zero leading power factor. (Output practically all 
leading reactive kva.) 

Source: Gibbs 1971. 

Table 6.13 lists typical power factors for various loads. In mine power systems, it is 
often difficult to correct power factors by loading all induction motors as fully as possible. 
Thus, if this is inconvenient, try installing capacitors on each feeder circuit, a procedure 
followed in most mine power systems. 

Calculating the power factor correction value can be simplified by using a tangent 
table (Table 6.14). The table gets its name from the fact that the ratio of kilovolt- 
amperes reactive to kilowatts is the tangent of the angle 8 (Figure 6.7). Notice that the 
ratio of kilowatts to kilovolt-amperes, the power factor, is the cosine of the angle 8. Con- 
vention dictates that lagging power factors are portrayed by the triangle on the left of 
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TABLE 6.14 kVAR table 

Power Factor Ratio kvar/kw Power Factor Ratio kvar/kw Power Factor Ratio kvar/kw 

1.00 0.000 0.80 0.750 0.60 1.333 

0.99 0.143 0.79 0.776 0.59 1.369 

0.98 0.203 0.78 0.802 0.58 1.405 

0.97 0.251 0.77 0.829 0.57 1.442 

0.96 0.292 0.76 0.855 0.56 1.480 

0.95 0.329 0.75 0.882 0.55 1.518 

0.94 0.363 0.74 0.909 0.54 1.559 

0.93 0.395 0.73 0.936 0.53 1.600 

0.92 0.426 0.72 0.964 0.52 1.643 

0.91 0.456 0.71 0.992 0.51 1.687 

0.90 0.484 0.70 1.020 0.50 1.732 

0.89 0.512 0.69 1.049 0.49 1.779 

0.88 0.540 0.68 1.078 0.48 1.828 

0.87 0.567 0.67 1.108 0.47 1.878 

0.86 0.593 0.66 1.138 0.46 1.930 

0.85 0.620 0.65 1.169 0.45 1.985 

0.84 0.646 0.64 1.201 0.44 2.041 

0.83 0.672 0.63 1.233 0.43 2.100 

0.82 0.698 0.62 1.266 0.42 2.161 

0.81 0.724 0.61 1.299 0.41 2.225 

Source: Gibbs 1971. 

QkVAR Lagging A kVAR Leading 

kW 

FIGURE 6.7 Power factor triangles 
Source: Gibbs 1971. 

Figure 6.7, while leading power factors are portrayed by the triangle on the right. Recog- 
nizing these relationships, all loads can be broken down into their kilowatt and kilovolt- 
ampere reactive components. For calculations that involve motors, it is often assumed 
that 1 hp is approximately equal to 1 kW. The hlowatt and kilovolt-ampere reactive 
components of two or more loads can be added to determine the overall power factor of 
the system. To correct lagging power factors, capacitors with their leading power factors 
can be added to effectively reduce the angle 8, thereby increasing the cosine of 8. 
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Load-Flow Analysis 

Although computer-aided solutions to complex load-flow problems in mine electrical 
power systems are often warranted, the logic behind the calculations is straightforward 
and the procedures are not as difficult as they may first appear. This is due to the fact 
that most mine power systems, no matter how complex, share similarities in design. In 
general, the procedure is to reduce each panel to an equivalent load. Parallel panel loads 
are combined to produce an equivalent feeder load, and parallel feeder loads are com- 
bined to produce a single equivalent load inby the main mine transformer. 

A few of the terms used to discuss load-flow analysis are defined here. The load factor 
is the ratio of the average load to the peak load, both of which occur during the same des- 
ignated time period. The demand is the electrical load for an entire complex averaged 
over a specific time interval such as 15,30, or 60 min. Finally, demand factor is the ratio 
of the maximum demand to the total connected load. 

Inby the Load Center. Several methods are used to determine the current require- 
ments of a mine power system, but the simplest approach is to use the information pro- 
vided in a default data table (Table 6.15). This table lists various typical parameters, 
such as power, effective current, voltage, and power factor, for different models of elec- 
trically powered mine equipment. This information greatly simplifies the calculations 
because mining equipment usually has a cyclic operating nature and does not place a 
continuous demand on the mine power system. 

The first step is to sum the effective currents for section equipment having similar 
voltages. These total current values will represent the secondary-side requirements of 
the load center’s transformer. 

Mine Load Center. The problem at the mine load center is to find the equivalent 
current on the primary side of the transformer. To do this, the voltage drop inby the sec- 
ondary side of the transformer is assumed to be less than 10%. In typical practice, volt- 
ages of 480 V, 600 V, and 995 V are assumed for the transformer secondary when the 
loads are 440 V, 550 V, and 950 V, respectively. To cross the transformer, set up the fol- 
lowing relationship: 

I/a = (distribution voltage)/ (secondary voltage) 1EQ 6.8) 

where a is the turns ratio of the secondary. After calculating a, divide it into the required 
inby current to determine the current on the outby side of the transformer. When com- 
pleted, the currents from mine equipment of different operating voltages, such as a 
950-V continuous miner and a 550-V roof bolter, can be added directly to determine the 
total current demand on the load center’s primary side. 

Outby the Mine Load Center. Once the primary-side current requirements have 
been determined for each operating section, belt drive, etc., they can be added directly 
to each other in accordance with Kirchhoff’s laws, as in any other network. The total cur- 
rent demand of the entire mine can then be expressed all the way back to the secondary 
of the surface substation. 

Power Billing 

It cannot be overemphasized that a poorly designed mine electrical power system can be 
costly in terms of equipment life and efficiency. However, another penalty a poorly 
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TABLE 6.15 Examples of default data for mining equipment 

Equipment HP P (kW) 1% (amp) V PF 

Continuous 405 181 316.7 550 0.60 
miner 

405 181 395.8 440 0.60 
350 147 342.9 550 0.45 
350 147 428.6 440 0.45 
530 214 216.8 950 0.60 
530 214 374.4 550 0.60 
530 214 468.0 440 0.60 

Belt drives 75 39 58.5 550 0.70 
75 39 73.1 440 0.70 

150 78 116.9 550 0.70 
150 78 146.2 440 0.70 

Feeder 

breakers 125 65 97.5 550 0.70 
125 65 121.8 440 0.70 

Roof bolters 
Single boom 40 15 26.2 550 0.60 

40 15 32.8 440 0.60 
Twin boom 80 30 52.5 550 0.60 

80 30 65.6 440 0.60 
Section fans 25 11.2 19.6 550 0.60 

25 11.2 24.5 440 0.60 
Shuttle cars 135 15 26.2 550 0.60 

135 15 32.8 440 0.60 

Source: Morley 1982. 

designed system is realized in the form of power costs. Utility companies charge large 
industrial consumers for more than just the power they used. Table 6.16 shows a typical 
utility's billing schedule for power service to a mine having a total billing in excess of 
5,000 kW per month. Three items in the billing schedule should be noted. 

1. The consumer must pay a penalty for reactive kilovolt-ampere demand. 
2. The consumer's kilowatt billing is based on the highest capacity demanded. 
3. Before power service is provided, an electric service agreement that contains a 

kilowatt-capacity clause must be signed by all customers. This agreement estab- 
lishes the minimum monthly bill as well as the size of the utility's service equip- 
ment. Thus, it is imperative that the estimation of kilowatt capacity be as 
accurate as possible; if it is too low, the mine may not have the reliable supply of 
power it needs, and if it is too high, it can cost the mine a considerable amount 
of money. 

As such, it becomes obvious that a mine power system with a poor power factor or an 
operating schedule that allows for peaks in the demand rather than scheduling non- 
time-dependent power consumption during the off-peak period incurs a high penalty. 
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TABLE 6.16 Typical power billing schedule 
~ ~~ ~ ~~ 

Availability 

Available to Customers with monthly capacity requirements of 5.000 kilowatts or more that can be served 
from a 138,000/34,500-V Load Center Substation located within 5 miles of the point of delivery to the 
Customer. Also available at 12,470 V where the Company elects, at its sole option, to supply Service 
direct from an adjacent 138.000-V transmission line by a single transformation. Also available to 
Customers with monthly capacity requirements of 10,000 kilowatts and over, located adjacent to 
138,000-V transmission lines. Service shall not be available for Standby or Maintenance Service such as 
that required for Alternative Generation Facilities. Service will be delivered and metered at 34,500 V or 
over. An Electric Service Agreement shall be executed. 

Monthly Rate 

Customer Charge 

$124.95 

Capacity Charge 

$7.42 per kilowatt measured as set forth below under “Determination of Capacity.” 

Reactive Kilovolt-ampere Charge 

$0.40 per reactive kilovolt-ampere of the Customer’s reactive kilovolt-ampere capacity requirement in 
excess of 25% of the Customer’s kilowatt capacity. 

Energy Charge 

All kilowatt-hours at $0.01100 per kilowatt-hour. 

Levelized Fuel Rate 

Applies to all kilowatt-hours served under this Rate Schedule. 

Minimum Charge 

Rate Schedule billing. 

Determination of Capacity 

Kilowatt Capacity 

Kilowatt billing capacity (billing demand) during a billing period shall be the highest of: 

1. 
2. 

3. 

a. 

b. 

C. 

The maximum 30-minute metered kilowatt capacity or 

For Customers contracting for “off-peak” Service, the billing capacity for any Month shall be the 
maximum capacity measured during “on-peak” hours plus 25% of the amount that the maximum 
capacity measured during “off-peak” hours exceeds the maximum “on-peak’’ capacity subject to 
provisions set forth below. 
“Off-peak” hours shall be from 1O:OO P.M. to 7:OO A.M. daily plus all hours of Sunday. 

Sixty percent of the maximum instantaneous kilowatt capacity. 
However, the “Billing Capacity” for any Month shall not be less than the highest of: 

5,000 kilowatts, or, 

75% of the kilowatt capacity specified in the Electric Service Agreement, or 

75% of the highest ”Billing Capacity” established during the preceding 11 months. 

Reactive Kilovolt-ampere Capacity 

Reactive kilovolt-ampere capacity is the highest metered demand in reactive kilovolt-amperes established 
over a 30-minute interval during a billing period. 

Kilowatts and reactive kilovolt-amperes will be computed to the nearest whole number. 

(table continues on next page) 
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TABLE 6.16 Typical power billing schedule (continued) 
~~ ~ ~~ 

Late Payment Charge 

Applies to this Rate Schedule as set forth in Company Rule No. 12 of this tariff. 

Electric Service Agreement and Term 

An Electric Service Agreement is required for a minimum of 5 years. A new agreement may be required 
when the Customer increases capacity requirement. 

General 

Service supplied is subject to the Rules and Regulations Covering the Supply of Electric Service and Rules 
and Regulations for Meter and Service Installations of the Company as filed with the Commission. 

The Company may, at its option, extend Service to the "Point of Service" of a Customer's plant located 
beyond 5 miles from a Load Center Substation, provided the Customer will pay an additional charge for 
transmission line facilities in excess of 5 miles. Distances will be computed in poles miles to the nearest 
tenth of a mile. 

Source: Locke 2000. 
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PROBLEMS 

Problem 6.1 

If each working place of a mine requires four air drills, each with a cylinder diameter of 
3 in., that are designed to operate at  90 psig, compute the free-air requirements at  an 
elevation of 4,000 ft  if there are five working places. 

Problem 6.2 

Refer to Problem 6.1. If the working level is 2,000 ft  below the surface, compute the 
compressor rating (single stage) for a surface location. 



166 MINING ENGINEERING ANALYSIS I 

Problem 6.3 

A two-stage compressor with a low-pressure piston displacement of 2,200 cfm is tested 
by a compressed-air meter that shows a discharge of 220 cfm of compressed air at 
90 psig at a temperature of 150°F. The air intake is 60"F, and the compressor is located 
at an elevation of 3,000 ft. The indicated horsepower of the air cylinders totals 255. 
What is the volumetric efficiency and adiabatic compression efficiency? 

Problem 6.4 

Provide a single-stage compressor that will operate a 3-in. drill with a catalog rating of 
90 psig when both are at an elevation of 5,000 ft. List all pertinent rating values. 

Problem 6.5 

Compute the displacement and rating of a single-stage compressor to supply 2,400 cfm 
of free air at 90 psig at 3,000 ft above sea level. Determine the motor rating needed if the 
compression efficiency is 88% and the mechanical efficiency is 95%. If the overall motor 
drive efficiency is 82%, the power cost is $0.045 per kW-hr, and the compressor is oper- 
ated for 280 days (at 16 hr per day) per year, compute the annual power cost. 

Problem 6.6 

Determine the gage pressure required of the compressor on the surface (elevation = 

2,000 ft) if air is to be delivered to the 1,000-ft level of a mine (disregard friction losses 
in the pipe) at a gage pressure of 90 psig. 

Problem 6.7 

If the gage pressure of compressed air delivered to a 2.75-in. stoper drill through three 
lengths (150 ft) of 1-in. hose is 90 psig, what must be the rated operating pressure of a 
portable compressor supplying the drill? 

Problem 6.8 

Calculate the indicated horsepower required to compress 1,600 cfm to 90 psig at an ele- 
vation of 1,000 ft. Also determine whether or not a two-stage installation can reduce the 
indicated horsepower (ihp) . 

Problem 6.9 

A 1,600-ft-long, 10- x 12-ft tunnel is to be driven in hard limestone using a 3-in. drifter 
operating at 90 psig. Rounds of 8 ft  with 24-in. steel changes will be used at an elevation 
of 4,000 ft. Experience shows that the area of influence for each blasted hole is 5.5 sq ft. 
Further, time studies indicate that the relationship between hours of drilling and total 
footage drilled is as follows: 

Hours = 0.052 x (total footage drilled) 

If each round is to be drilled in 3 hr and a single length of 1-in. hose is to be used, specify 
the pipe size required and the catalog rating of the compressor. 
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Illustrates Problem 6.9 

Problem 6.10 

At the furthest extent of operation, two production sections each with seven 3-in. drills 
are to operate at a minimum gage pressure of 90 psig, as shown in the following dia- 
gram. If one length of l-in. hose is to be used on each drill, what two minimum sizes of 
pipe will be required to permit a maximum drop of 10 psig in the system? Use a “middle 
of the road” approach to the compressor rating. Calculate the pressure drops in the 
entire system. The mine is located at an elevation of 1,000 ft. 

Illustrates Problem 6.10 

Problem 6.11 

In driving a tunnel, at an elevation of 5,000 ft, that is to eventually reach a distance of 
2,000 ft, a contractor must produce 8-ft rounds when the tunnel’s cross section is 15 ft x 
25 ft  in hard limestone. Assuming that he uses 3-in. drifters with two lengths of 1-in. 
hose and wishes to maintain gage pressures at 90 psig, what size pipe must be used 
from the compressor station on the surface if a maximum drop of 10 psi can be toler- 
ated between the compressor and drills? He wishes to accomplish drilling of a round in 
3 hr. Also, determine the exact compressor rating at the 5,000-ft elevation. Assume that 
experience has shown that the area of influence of each drill hole in hard limestone is 
10.8 sq ft and that one drifter can drill 60 ft of hole in 3 hr. 

Problem 6.12 

If the gage pressure of a drill jumbo requiring 1,100 cfm of compressed air at the end of 
3,000 ft of 4-in. pipe is to be kept at 100 psig, at what pressure must the compressor 
operate? 

Problem 6.13 

An exploration tunnel is located 6,000 ft above sea level. Eventually, it will be driven 
4,000 ft through hard granite. The tunnel will have a cross section of 9 ft x 10 ft. Assum- 
ing that 6-ft rounds will be driven, 3-in. drifters will be used with one length of 1-in. 
hose, and the gage pressure must be maintained at 90 psig, what minimum pipe size 
must be used from the compressor on the surface if a maximum drop of 10 psi can be 
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permitted between the compressor and drills? The driller wishes to complete drilling of a 
round in 4.5 hr. Also, determine the exact compressor rating at the 4,000-ft elevation. 
Assume that the area of influence for each hole in hard granite is 4.4 sq ft and one drifter 
can drill 63 ft during 4.5 hr. 

Problem 6.14 

What is the terminal voltage of a battery when it is connected to a 1-ohm load if the bat- 
tery‘s internal voltage is 20 V and the battery’s internal resistance is 0.1 ohm? 

Problem 6.15 

A 300-V d-c shuttle car draws a maximum current of 150 amp. If the resistance of the 
shuttle car’s trailing cable is 0.4 ohms per 1,000 ft, determine the maximum cable length 
if the rectifier voltage is 300 V and the shuttle car voltage must not fall more than 10% 
below its rated value. 

Problem 6.16 

If a mine transformer operates under the conditions shown in the following figure, 
determine the transformer’s secondary voltage and current, the power delivered to the 
load, the system power factor, and the required kilovolt-amperes of the transformer. 

16:l 

7.200 V 

Illustrates Problem 6.16 

Problem 6.17 

A 250-kVA transformer is at full load with a 0.8 lagging power factor. To correct the 
power factor to 0.9, a capacitor pack will be added in parallel to the secondary. What are 
the required kilovolt-amperes reactive of the capacitor pack and how many kilovolt- 
amperes is the transformer providing at the new power factor? 

Problem 6.18 

A motor that draws 100 kW at a 0.8 lagging power factor is placed in parallel with 
another that draws 50 kW at a 0.6 leading power factor. What is their combined power 
factor? 
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Problem 6.19 

A continuous miner has two lOO-hp, 440-V, 60-cps (cycles per second), three-phase 
squirrel cage induction motors. Calculate the current drawn from the line and the total 
power factors when: 

a. The first motor is being started. 

b. The second motor is being started and the first motor is running at full speed. 

c. Both motors are being started simultaneously. 

d. Both motors are running at full speed. 

The motors have a power factor of 80% lagging at normal full speed and 20% lagging at 
the time of starting. The motors are started directly on line with full load. 

Problem 6.20 

A three-phase, 440-V, a-c substation supplies power to the following loads: (1) 60 kVA at 
80% power factor lagging and (2) 12 kW at 100% power factor. Calculate the operating 
power factor of the substation. 

Also, a 40-kW synchronous motor will be installed at the substation to improve the sta- 
tion power factor to 95% lagging. Calculate the power factor at which the synchronous 
motor must operate. 

Problem 6.21 

A 75O-kVA, three-phase, a-c substation operates at 80% lagging power factor. If a syn- 
chronous motor is added to the loads, find the power factor at which the motor must 
operate to improve the station power factor to 95% lagging. Assuming an efficiency of 
90%, calculate the horsepower of the largest mechanical load that the synchronous 
motor can drive in addition to supplying the necessary reactive power. 

Problem 6.22 

A 530-hp, 950-V a-c continuous miner will be used with a 2/0 type SHD-GC drag cable. 
Does this cable have adequate ampacity if efficiency is assumed to be 85%? Assume 
unity power factor. 

Problem 6.23 

If the cable from the previous problem is 800-ft long and must carry 217 amp, what is 
the voltage drop? 

Problem 6.24 

A 135-hp, 550-V a-c shuttle car will be used with a No. 4 three-conductor flat cable. Two 
layers of the cable will remain on the shuttle car’s reel at all times. Does this cable have 
adequate ampacity if efficiency is assumed to be 80%? Assume unity power factor. 
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Problem 6.25 

Three locomotives, each drawing 300 amp, operate in a system like the one shown in the 
following figure. In the position depicted, what voltage will be supplied to each locomo- 
tive if the trolley wire has a resistance of 0.01 ohms per 1,000 ft and the track has a resis- 
tance of 0.015 ohms per 1,000 linear ft? What is the system’s efficiency? 

I‘ 1 \ 
I-1,000 ft-l- 2,000 ft-~-1,500 ft-1 

Illustrates Problem 6.25 

Problem 6.26 

To improve the transmission efficiency in the previous problem, a second conversion 
unit is placed as shown in the following diagram. If this unit also maintains a constant 
270 V, what will the voltages be at each locomotive and what will be the system’s trans- 
mission efficiency? 

I--1,000 ft-l- 2,000 ft-l-1,500 ft 

Illustrates Problem 6.26 

Problem 6.27 

Three locomotives operate between two d-c conversion units that are 3,000 ft apart and 
maintain a constant voltage of 300 V under all loads. The trolley wire has a resistance of 
0.007 ohms per 1,000 ft and the track has a resistance of 0.006 ohms per 1,000 linear ft. 
Determine the lowest voltage at any locomotive if locomotive A is located midway 
between the two conversion units and is drawing 1,200 amp, locomotive B is located 
1,000 ft from conversion unit B and is drawing 1,000 amp, and locomotive C is located 
1,200 ft from conversion unit A and is drawing 800 amp. 

Problem 6.28 

A continuous-miner section is being planned with the following equipment (including 
their horsepowers, voltages, and currents) : 

Equipment HP V I 
Continuous miner 530 950 216.8 
Shuttle car 1 135 550 26.2 
Shuttle car 2 135 550 26.2 

Roof bolter 40 550 26.2 

Auxiliary fan 25 550 19.6 

Feeder 125 550 97.5 
Auxiliary load 10 550 10.0 
Charger 50 550 32.0 
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CM2 I I LW CM1 Panel 

5 A  
Belt 56,44A 64A 

Determine the current to be supplied to the high side of the load center’s transformer. 
The distribution voltage is 7,200 V. 

Main Main Main 
Belt Belt Belt 
Drive Drive Drive 

Problem 6.29 

A longwall section is being planned with the following equipment (including their horse- 
powers and voltages) : 

Equipment motors HP V 
Shearer 400 950 

Pump pack 1 50 550 
Pump pack 2 50 550 

Face conveyor 1 150 550 

Face conveyor 2 150 550 

Stage loader 50 550 

Although the currents are unknown, it is assumed that all motors have load factors of 
0.7, except for the motors of the pump pack that are assumed to have load factors of 0.8. 

Determine the current to be supplied to the high side of the load center’s transformer. 
The distribution voltage is 7,200 V. 

Problem 6.30 

In order to determine the voltage drop in the mine power system, the mine planning 
engineer drew the following electrical schematic, assuming that the “worst-case” situa- 
tion would occur when both continuous-miner sections and the longwall section were at 
the farthest point from the portal. With continuous miner section no. 1 being at the most 
inby point, the voltage drop would be calculated to its load center. If 1/0 cable is pro- 
jected for use in the panels and 4/0 cable is projected for use in the mains (as shown in 
the schematic), calculate the voltage drop if the distribution voltage is 7,200 V. 

Illustrates Problem 6.30 
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Problem 6.31 

A large coal mine with a power factor of 80%, consumes 3,500,000 kW-hr during a 
month with a demand of 9,500 kW. If the current-levelized fuel rate is $0.01013 per 
kW-hr, calculate the total monthly bill, cost per kilowatt-hour, and monthly load factor 
using the schedule in Table 6.16. 

Problem 6.32 

Suppose mine management in the preceding problem signed an electric service agree- 
ment with a kilowatt capacity clause of 15,000 kW. If the term of the initial contract is 
5 years, determine the excess charges over the entire life of the contract if the power bill- 
ing schedule in Table 6.16 is used. 

PROBLEM SOLUTIONS 

Solution 6.1 

One drill requires 140 cfm at sea level (see Table 6.5). If there are four drills per working 
place and five working places, 20 drills will be operating at 4,000 ft. Using Tables 6.1 
and 6.2, the free-air requirements can be determined: 

Free air required = 140(1.11)(16.0) = 2,486 cfm 

Solution 6.2 

For 20 drills at 4,000-ft elevation, V, = 2,486 cfm at 90 psig, where Pa = 12.68 psi. 

But now the compressor must sit at an elevation of 6,000 ft. 

log P, = log PI - [(+ h)/(122.4(60" + 461"))l 

log P, = log 102.68 - [(+2,000)/(122.4 (521"))l 

= 2.0115 - 0.0314 

=1.9801 

P, = 95.52, and since Pa at 6,000 ft = 11.77, the compressor's gage pressure is 83.75 psi. 
The volume of air required is now based on 6,000 ft  of elevation: 

Free air required = 140(1.18)(16) = 2,643 cfm 

Solution 6.3 

Recalling the general gas law (refer to Eq. 1.11 in chapter 1): 

(PlV,)/T, = (p,V,)/T, 

where p1 = 13.16; p, = 90 + 13.16 = 103.16; T, = 60" + 461" = 521"; T, = 150" + 461" = 

610"; and V, = 220 cfm. V, becomes 1,470 cfm 

'1 - 1470 = 0.67 Volumetric efficiency = - - - 
PD 2,200 
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ihp = 2 (13.16)(1.542)[7.84°.283'2 - 11 = 13.73 

202 - 
255 

Adiabatic compression efficiency = - - 0.79 

Solution 6.4 

Table 6.5 reveals that a 3-in. drill requires 140 cfm at sea level. To determine the neces- 
sary capacity at an elevation of 5,000 ft, Table 6.1 is used to reveal a multiplier of 1.14. 
Thus, the required free air for the drill at 5,000 ft is 159.6 cfm: 

140 cfm (1.14) = 159.6 cfm 

Because the catalog rating of a compressor is based on operation at sea level, 159.6 cfm 
at 5,000 ft  must be related to sea level, using Table 6.3, as follows: 

159.6 cfm + 0.931 = 171.43 cfm 

To determine the required gage pressure for the compressor, Eq. 6.4 is used in conjunc- 
tion with Table 6.4: 

-h 
[(122.4)(60" + 461") 

log P, = log P, - 

log P, = 2.0095 + 0.0784 = 2.0879 

P, = 122.46 psi (absolute) 

Gage pressure at sea level = 122.46 - 14.69 = 107.77 psig 

Thus, a compressor with a catalog rating of at least 171.43 c h  and 107.77 psig is required. 

Solution 6.5 

V, = 2,400 cfm at an elevation of 3,000 ft  

Using Table 6.3, the correction factor to refer V, to sea level is 0.959, so: 

PD (at sea level) = - vc 2,400 = 2,503 cfm 
0.959 = (E) 

PI = 13.16 psi 

P, = 13.16 + 90 psig = 103.16 
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ihp = 1.542(P,)(1-~.~~~ - 1) 

= 1.542(13.16)(7.84°.283 - 1) 

= 16.06 

IHP = (16.06) i2$:) = 385 hp 

= 562 hp - 385 Motor rating = IHP - 
Emech x Ecompr x E,d 0.88 x 0.95 X 0.82 

Annual cost = 562 hp x 0.746 kW per hp x 280 x 16 x $0.045 = $84,521 

Solution 6.6 

+h 
122.4( 60 O + 461 ") 

log P, = log P, - 

+1,000 log P, = log 104.16 - 
122.4(521") 

= 2.018 - 0.016 = 2.002 

Therefore, P, = 100.46, and since the atmospheric pressure at 2,000 ft equals 13.66 psi, 
the gage pressure is 86.80 psig. 

Solution 6.7 

The volume of air required to operate this drill is 160 cfm (Table 6.5). Refer to Table 6.6. 
The line loss for a 90-psig drill requiring 160 cfm can be determined as follows: 

150 lt of 1-in. hose 

Line Pressure, psig 

Free Air, cfm 80 90 100 
150 9.6 8.1 
160 11.0 10.1 9.2 
180 13.8 11.4 

Note: Since hose is usually comes in 50-ft lengths, the values in Table 6.6 must be tripled. 

Therefore, the line loss is 10 psi, which is just marginally acceptable if attempting to 
keep line losses within 10% of the drill's gage pressure. 
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Solution 6.8 

P, = atmospheric pressure at 1,000 ft = 14.16 psi 

P, = delivery pressure = 90 + 14.16 = 104.16 psi 

Recalling Eq. 6.2, 

ihp = 1.542 PI (r0.283 - 1) = 1.542(14.16)(7.36°.283/2 - 1) = 16.58 

IHP = (16.58)(1,600/100) = 265 hp 

Use Eq. 6.3 to determine the indicated horsepower for a two-stage configuration: 

ihp = X(P,) 1.542(r0.283/x - 1) = 2(14.16) 1.542(7.36°.283/2 - 1) = 14.25 

IHP = (14.25) (E) = 228 hp 
100 

Percent savings with two stages: 

Solution 6.9 

1. Determine the cross-sectional area of the drift: 

10 x 12 = 120 sq ft 

2. If the area of influence of each hole is 5.5 sq ft, the number of holes required is: 

120 = 22 holes 5.5 

3. The total length of drilling per round is: 

22x 8 = 176 ft 

4. If drilling will be conducted for 3 hr per shift, the total footage that one drill can 
produce is: 

Footage = 3.0 = 58 ft  
0.052 

Therefore, three drilling units will be required: 

17' ft 

58 ft  per unit 
= 3 drilling units 
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5. Determine the capacity requirements of the drills at 4,000 ft. A 3-in. drifter at 
90 psig requires 140 cfm at sea level (Table 6.5). One drill at 4,000 ft  has the fol- 
lowing volume requirement: 

Total cfm = (cfm for 1 drill) x (multiplier from Table 6.1) x (multiplier from 
Table 6.2) = 140 x 1.11 x 1.0 = 155 cfm 

6. Because all three hoses are in parallel, the line loss in one is equal to the loss in 
all three. Therefore, for one 50-ft length of 1-in. hose, Table 6.6 can be used. 
Using interpolation, it can be shown that the line loss in the hose is approxi- 
mately 3.0, well within the established guidelines: 

cfm 80 psig 90 psig 100 psig 
150 3.2 2.7 
155 3.4 3.1 2.8 
180 4.6 3.8 

7. Equation 6.5 can now be used to determine the pipe diameter: 

2,00O(P? v2L - Pi)  !,,, D=[ 

I,,, (4652)( 1,600) 

= [2,000( 112.68, - 1 0 5 ~ 3 8 ~ )  

= 3 in. 

where P, is the gage pressure at the drill + acceptable system line loss + atmo- 
spheric pressure (90 + 10 + 12.68 = 112.68 psi) and P, is the gage pressure at the 
drill + line loss in the hose + atmospheric pressure. 

90 + 3 + 12.68 = 105.68 psi 

8. The last step is to take the compressor down to sea level using Eq. 6.4 and 
Table 6.3: 

-h 
122.4(60° + 461") log P, = log P, - 

-4,000 =log 112.68 - 
122.4(521") 

= 2.115 

Therefore, P2 = 130.32, and the compressor's rating is 130.32 - 14.69 = 

115.63 psig. 

465 2 
0.942 

Volume of the compressor = - = 495 cfm 
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Solution 6.10 

A 3-in. drill requires 140 cfm at sea level. Consequently, at an elevation of 1,000 ft, each 
drill requires: 

(140)(1.02)(1.0) = 142.8 cfm 

and each section requires 971 cfm (142.8 x 6.6) and both sections taken together 
require 1,942 cfm. 

To determine the line loss for the mine, start at one drill and move outby along its hose 
to the junction of the seven section hoses, then along the section pipe to the junction 
with the other section’s pipe, then along the main pipeline. 

Hose: Since the line loss is close to 3 psi according to Table 6.6, that value will be used. 

Pipes: Assuming that a pressure of 93 psig must be delivered to the hose, 7 psi is left to 
apportion to the 2,000-ft section line and the 4,000-ft main line. 

One approach that can be taken is to assess a 3-psi drop in the section pipe and a 4-psi 
drop in the main-line pipe, as follows: 

Section: 

= 4.29 in. I,,, D =  [ 9712 (2,000) 

2,000( 110.16’- 107.16’) 

Mainline: 

D = [ 1,9422(4,000) = 6.45 in. 
2,000(114.162- 111.16’) 

Thus, it appears that a 5-in. line in the panels can be used with a 7-in. line in the mains to 
handle the requirements for this layout. 

Solution 6.11 
The cross-sectional area of the tunnel is 375 sq ft. If the area of influence for each hole is 
10.8 sq ft, 35 drill holes are required per round. The total amount of drilhng per round is 280 ft. 

If one drifter can drill 60 ft  in 3 hr, five drifters will be required. 
One drill at 5,000 ft  requires: 140(1.14) = 160 cfm. 
Five drills at  5,000 ft require: 140(1.14)(5.0) = 800 cfm. 

Line Loss in the Hose 

cf m 80 psig 90 psig 100 psig 
150 6.4 5.4 

160 
180 

7.3 
9.2 

6.7 6.1 
7.6 

Note: The values are twice those shown in Table 6.6 because two lengths of hose are needed per drill. 
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The line loss in the hose is quite high (6.7 psi). That only leaves 3.3 psi for the line loss in 
the pipe if the 10-psi maximum drop is to be maintained. Thus, Eq. 6.5 is used: 

= 3.88 in. I,,, D =  [ (800)2(2,000) 
2,000( 112.22' - 108.922) 

Therefore, it appears that a 4-in. pipe will be sufficient. 

In turn, the compressor should be rated at 100 psig and 800 cfm at an elevation of 5,000 ft. 

ihp = 1.542 (12.22)(9.18°.283 - 1) = 16.45 

Thus, IHP = (16.45)(800/100) = 132 hp 

Solution 6.12 

Rearranging Eq. 6.5, 

P I =  [(+]+P:]0.5 
200D 

where V is 1,100 cfm; L is 3,000 ft; D is 4 in.; and P2 is 100 psig + 14.69 psi = 114.69 psi. 

P, becomes 122 psi and the gage pressure is: 

122 - 14.69 = 107.31 psig 

Solution 6.13 

The cross-sectional area of the tunnel is 90 sq ft. 

The number of drill holes required: 90/4.4 = 20.45, or 21 holes. 
The footage drilled per round: 21 x 6 = 126 ft. 
Thus, two drifters are required. 
At sea level, one drifter requires 140 cfm. 
At 6,000 ft, one drifter requires 140(1.18) = 165 cfm; two drifters require 330 cfm. 

Line Loss in the Hose: 

cfrn 80 psig 90 psig 100 psig 

150 3.2 2.7 
165 3.9 3.6 3.3 
180 4.6 3.8 

A line loss of 3.6 psi leaves 6.4 psi for the line loss in the pipe. 
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Pipe diameter: 

D=[ 3302(4,000) = 2.75 in. 
2,000( 111.77'- 105.37,) 

Thus, a 3-in. pipe should be sufficient. 

Because the atmospheric pressure at 6,000 ft is 11.77 psi, 

ihp = (1.542)(11.77)(9.5°283 - 1) = 16.17 

IHP = (16.17)(330/100) = 53.4 hp 

Solution 6.14 

A battery can be modeled as an ideal d-c source in series with a resistor to represent 
internal battery resistance. 

= 20 (la') = 18.18 V v, = v, RLoad 

Rs + RLoad (0.1 + 1.0) 

Solution 6.15 

R=--' v2 - 0 9 x 3 0 0  =1.8R 
I, 150 2 

V = I(R, + R,) 

300 = lSO(1.8 + R,) = 270 + lSOR, 

R, = 0.2 R 

At 0.4 52 per 1,000 ft, 500 ft of cable is the maximum length allowable. 

Solution 6.16 

a. V, = N A V ,  = -( 1 7,200) = 450 V 
N, 16 

b. I,= '' - - - 450L0" = 40.2 L -26.6' amp 
Z, 11.2L26.6" 

C. P = VI cos 0 = 450(40.2)(cos 26.6') = 16.2 kW 

Q = VI sin 0 = 8.1 kVAR 

S = VI" = 18.1 L + 26.6" kVAR 

d. cos 26.6" = .89 lagging 
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2 e. S = I,Z 

= (40.2)2(11.2) = 18.1 kVA 

Solution 6.17 

P = VI cos 0 = 250(0.8) = 200 kW 

Q = VI sin 0 = ZSO(0.6) = 150 kVAR lagging 

At 0.9 lagging, 0 = 26". 

S' = (200/0.9) = 222 kVA 

The transformer is now providing 222 kVA. 

Q' = 222 sin 26" = 97.3 kVAR lagging 

Hence, the capacitor pack's kVAR: 
= Q - Q '  

= 150 - 97.3 

= 52.7 kVAR 

P = 200 kW 

97.3 

150 kVAR 

Illustrates Solution to 6.17 

Solution 6.18 

Motor A 

PA = VI cos 0= 100 kW 

100 
0.8 

I S A [ = -  =125kVA 

QA = VI sin 0 = 125 (0.6) = 75 kVAR 

Motor B 

P, = 50 kW 

IS,1== =83.3kVA 
0.6 

Q, = (83.3)(0.8) = 67 kVAR 
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P 

M,: 50 
MA: 100 

150 kW 

S = P + j Q  

= 150 + j8 = 150.2 L +3.05" 

pf = cos 6 = 0.999 lagging 

Q 
75 
-67 

8 kVAR 

Solution 6.19 

a. First motor is starting: 
Motor is starting, hence PF = 20%; we know, 

Power, watts = (3>0.5 VI cos 8 

substituting the given values, 

100 hp x 746 = (3)0.5 x 440 x I x 0.20 

or 

100 hp X 746 
= 489 amp I =  

(3)0.5 x 440 x 0.20 

Total power factor in this case is 20% lagging. 

First motor is running, hence its PF = 80%; current taken by this motor: 
b. Second motor is starting and first motor is running: 

100 hp x 746 
= 122 amp I, = 

(3)0.5 x 440 x 0.80 

Second motor is starting, hence its PF = 20%; current taken by second motor: 

100 hp X 746 = 489 amp I, = 
(3)0.5 x 440 x 0.20 

Total current taken by the motors is the vectorial sum of I, and I,. Vectorial sum 
of I, and I,: 

First motor takes I,, 122 amp. This current lags behind the voltage by c0s-~0.80 = 

36'54'. Hence, 

Useful current of first motor = 122 x cos 36'54' 

= 122 x 0.80 

= 97.6 amp 

Useless current of first motor = 122 x sin 36'54' 
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= 122 x 0.6 

= 73.2 amp 

Second motor takes I,, 489 amp. This current lags behind the voltage by c0s-l 
0.20 = 78'30'. Hence, 

Useful current of second motor = 489 x cos 78'30' 

= 489 x 0.2 

= 97.8 amp 

Useless current of second motor = 489 x sin 78'30' 

= 489 x 0.98 

= 479.2 amp 

(Note: The useful current of both motors in this case should be the same, as they 
are of the same rating, 100 hp each.) 

Total current drawn from the line I,, 

I,, = [(total useful current), + (total useless currentI2 1 0.5 

= [(97.6 + 97.8)' + (73.2 + 479.2)2] 

= [(195.4)'+ (552.4)'] 0.5 

= (38,181 + 305,146)0.5 

= (343,327)O.' 

= 586 amps 

total useful current 
total current 

Total PF = 

- 195.4 -~ 
586 

= 0.333, or 33.3% lagging 

c. Both motors are being started: 

Hence, (from a) each motor takes 424 amp at 20% lagging power factor. Because 
both currents lag behind the voltage by the same angle, 

c0s-~0.20 = 78'30' 

Total current = 489 + 489 = 978 amp 

Total power factor is 0.20, or 20% lagging. 

d. Both motors are running at normal speed: 

Each motor operates at 80% lagging power factor. Hence, 
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Total power = 2 x 100 hp = 200 hp 

200 hp x 746 
= 245 amp Total current = 

( 3)0'5 x 440 x 0.8 

Solution 6.20 

In the accompanying figure, AB represents the 12-kW load unity power factor; triangle 
BCD represents the 60-kVA load at 80% PF lag; triangle ACD is the resultant of these two 
loads, hence it represents the 40-kW synchronous motor; and triangle AEF represents 
the power triangle for the station after power factor correction. 

~ ~ ~ 

Illustrates Solution to Problem 6.20 

With respect to triangle BCD, 

Load PF, cos 8 = 0.80; 8 = 36'54' 

Useful power of 60-kVA load, 

BD = 60 kVA x PF 

= 60 x 0.80 

= 48 kW 

Reactive power of 60-kVA load, 

CD = 60 kVA x sin 36'54' 

= 60 x 0.6 

= 36 kVAR lagging 

In the substation power triangle before power factor correction, triangle ACD: 

Total useful power supplied by the substation = AB + BD 

=12+48 

= 60 kW 

Total reactive power supplied by the substation, 

CD = 36 kVAR 
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Total apparent power supplied by the substation, 

AC = [(total useful powerI2 + (total kVAR)2]o.5 

= [(60)2 + (36>2]0.5 

= 70 kVA 

Substation power factor before correction = (total useful power)/(apparent power) 

= (60/70) or 85.7% lagging 

After the synchronous motor is installed, triangle AEF: 

Total useful power = 

useful power of loads + useful power supplied by the synchronous motor 

or 

AF = AE3 + BD + DF 

= 12 +48 + 40 

= 100 kW 

Desired power factor after improvement. 

C O S ~  = 0.95; e = 180121 

Total reactive power supplied by the station, 

EF = total useful power x tan 18" 12' 

= 100 x 0.33 

= 33 kVAR 

Reactive power supplied by synchronous motor = 
substation kVAR before PF correction - substation kVAR after PF correction 

or 

GE = GF - EF 

= 36 - 33 [GF = CD] 

= 3 kVAR leading 

In triangle GCE, 

Tan q+,, = 
motor reactive power, GE 
motor useful power, CG 

- 3  
40 

= 0.075 

Cp, = 4" 18' 

- -  
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Motor operating power factor, 

Cos 4"18' = 0.997 leading or 99.7% leading 

Solution 6.21 
In the accompanying figure, triangle AEB and triangle AFC represent the power triangles 
for the substation before and after the power factor correction, respectively. Triangle 
BDC represents the synchronous motor. 

A E F 

0 D 

Illustrates Solution to Problem 6.21 

With respect to triangle AEB, before power factor correction at 80% lagging: 

Substation PF, cose = 0.80; 0 = 36"54' 

Useful power supplied by the substation, 

AE = 750 kVAx cos 36"54 

= 750 x 0.8 

= 600 kW 

Reactive power supplied by the substation, 

EB = 750 kVAx sin 36"54' 

= 750 x 0.6 

= 450 kVAR lagging 

With respect to triangle AFC, after power factor correction to 95% lagging: 

Station PF, cos0 = 0.95; 8 = 18"12' 

Useful power supplied by the substation, 

AF = 750 kVAx cos 18"12' 

= 750 x 0.95 

= 712.5 kW 
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Reactive power supplied by the substation, 

FC = 750 kVAx sin 18"12' 

= 750 x 0.312 

= 234 kVAR lagging 

With respect to triangle BDC (representing the synchronous motor), the increase in use- 
ful power after the power factor correction, 

B D = A F - A E  

= 712.5 - 600 

= 112.5 kW 

Reactive power supplied by the synchronous motor, 

CD = FD - FC 

= 450 - 234 [FD = EB] 

= 216 kVAR leading 

Motor phase angle, 

8, = tan-l [(216)/(112.5)1 

=tan-' 1.92 

= 62"30' 

Operating power factor of the motor, 

CosO = cos 62'30' leading 

= 0.4618 leading or 46.18% leading 

Maximum horsepower of the mechanical load, 

Maximum load hp = [ ( m a .  useful power of motor)/7461 x efficiency 

- - 112.5 kW x 1,000 

= 135.2 hp 

o.90 
746 

Note that when the station power factor has improved from 80% to 95% lagging, the 
substation is capable of supplying power to an additional load of 135.2 hp. 

Solution 6.22 

hp( 746) 
(3  (~)(efficiency)(pf) 

I =  

- - (530)( 746) 
(3)0'5(950)(0.85)(l.0) 

= 283 amp 
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1,000 n 270 V 

At 20"C, assuming typical in-mine conditions, the cable ampacity from Table 6.7 
(243 amp) multiplied by the correction factor from Table 6.9 (1.18) yields a corrected 
ampacity of 287 amp. This value would, therefore, be adequate since the calculated 
value assumes continuous cutting and loading. The actual current value would be less 
due to the cyclic nature of the operation of the machine. If the continuous miner's load 
factor is taken into account (typically, 0.5), the average value of cable current will be 
much less (0.5 x 283 = 142 amp). 

2,000 n 1,500 n 

Solution 6.23 

Using Table 6.11, 

Z,,o = (R2 + XL2)0.5 = [(0.107)' + (0.031)2]0.5 = 0.11 

VD = I (Z)(3)0.5(L/1,000) = 217(0.11)(1.732)(0.8) = 33.07V 

Solution 6.24 

I =  hp( 746) 
(3 ) 0 . 5 ( ~ )  (efficiency)(pf) 

- (135)(746) 
( 3)0'5( S O ) (  0.8)( 1.0) 

= 132.15 amp 

Correcting the cable ampacity (Table 6.8) for 20" ambient temperature (Table 6.9) and 
derating this value for two layers on a reel (Table 6.10) yields: 

104 amp (1.18)(0.65) = 80 amp 

Although it appears that this cable will not work, the cyclic nature of shuttle car opera- 
tion results in a load factor of approximately 0.4. This means that, on a long-term basis, 
the cable current averages much less (0.4 x 132.15 = 53 amp). Therefore, this cable 
should be adequate. 

Solution 6.25 

The system can be represented by the circuit shown here: 

300 a 300 a 300 a 

Illustrates Solutlon to Problem 6.25 

The voltages supplied to the three locomotives (L,, L,, L,, as read from left to right) are: 

L,: V= 270V - (900 amp>(O.O25Q)(l) = 247.5 V 

L,: V = 247.5 V - (600 arnp)(O.O25Q)(2) = 217.5 V 



188 I MINING ENGINEERING ANALYSIS 

1,000 R 

L,: V = 217.5 V - (300 amp)(0.025Q)(1.5) = 206.25 V 

2,000 ft 1,500 ft 500 f l  

- - (300)(247.5) + (300)(217.5) + (300)(206.25) 
(900) (270) 

= 82.9% 

Solution 6.26 

Recalling Kirchhoffs laws for currents and voltages, the system can be represented by 
the circuit shown here: 

Illustrates Solution to Problem 6.26 

I, = 300 + I, 
I, = 300 + I, 
I, = 300 - I, 

(0.025)(1,) + 2(0.025)(14) = (0.025)(0.5)(1,) + (l.S)(0.025)(13) 

Substituting so that a11 of the unknowns are in terms of I,: 

(0.025)(300 + 300 - I,) + (0.05)(300 - I,) = (0.0125)(300 + I,) + (0.0375)(1,) 

Thus, 

I, = 210 amp 

Further: 

I, = 300 - I, = 90 amp 

I, = 300 + I, = 510 amp 

I, = 300 + I, = 390 amp 

L,: V = 270 - (0.025) (390) = 260.25 V 

L,: V = 260.25 - (0.05)(90) = 255.75 V 

L,: V = 255.75 + (0.0375)(210) = 263.63 V 

As a check, note that the voltage at the right-hand conversion unit is 270 V 
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1,200 ft 

V =  263.63 + (0.0125)(510) = 270 V 

1,000 ft 
300 V 

! 

- - (300)(260.25 + 255.75 + 263.63) 
(270)(390 + 510) 

= 96% 

Solution 6.27 

The described situation can be represented by the circuit shown here: 

~~~ ~ ~ 

Illustrates Solution to Problem 6.27 

Recalling Kirchhoff s laws, the following relationships can be established for currents 
and voltages: 

I, = I, + 800 

1, = 1,000 + Id 

I, = 1,200 - Id 

I, (0.007 + 0.006)(1.2) + 1,(0.013)(0.3) = Id (0.013)(0.5) + 1, (0.013)(1.0) 

Dividing through by 0.013 and substituting an equivalent term containing I, for the 
unknown terms produces the following relationship: 

(I, + 800)(1.2) + I,(0.3) = (1,200 - IC)(0.5) + (1,000 + 1,200 - I,)(l.O) 

I, = 1,840/3 = 613 amp 

Id, I,, and I, then become: 

I, = 1,200 amp - 613 amp = 587 amp 

I, = 613 amp + 800 amp = 1,413 amp 

1, = 1,000 amp + 587 amp = 1,587 amp 

Because locomotive A is the farthest vehicle from the two conversion units, it should 
have the lowest voltage supplied to any locomotive. 

(1,413)(0.013)(1.2) + (613)(0.013)(0.3) = (587)(0.013)(0.5) + (1,587)(0.013)(1.0) 

22.05 + 2.39 = 3.82 -+ 20.62 

24.44 = 24.44 
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Therefore, the lowest voltage is 

300 - 24.44 = 275.56 V 

Solution 6.28 

Because the voltages and the currents are provided, the first step is to sum the currents 
of similar voltages: 

950 V: CI = 216.8 amp 

550 V: CI = 237.7 amp 

Assume that the two secondary windings are set at 995 V and 600 V and determine the 
turns ratios of the load center’s transformer: 

a,,, = - 2oo = 7.24 
995 

Thus, the high-side current is calculated as follows: 

1600 = (237.7)/(12.0) = 19.8 amp 

I,,, = (216.8)/(7.24) = 29.94 amp 

Total: 49.74 amp 

Solution 6.29 

When the power factors of the motors are unknown, they are often assumed to be equal 
to the load factors (up to approximately 0.85). Line currents can then be predicted with 
the following formula: 

I = (load factor) (hp) ( 746) 
(power factor)(3)’.’(~) 

Thus, the currents can be estimated as follows: 

Shearer I = (0.7)(400)(746) = 181.4 amp 
(0.7)( 3)’”(950) 

Pump pack (each motor) = (0.8)(50)(746) = 39.2 amp 
(0.8)(3)0‘5(550) 

Face conveyor (each motor) = (0.7)(150)(746) = 117.5 amp 
(0.7)(3)0.5( 550) 

Stage loader = (0.7)(50)(746) = 39.2 amp 
(0.7)(3)0’5( 550) 
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950 V: CI = 181.4 amp 

550 V X I  = 352.6 amp 

Turns ratios: 

Thus, the high-side current is calculated as follows: 

16,, = (352.6)/(12.0) = 29.38 amp 

1995 = (181.4)/(7.24) = 25.06 amp 

Total: 54.44 amp 

Solution 6.30 

The currents to each panel were calculated in the same manner as in the two preceding 
problems and are given in the schematic. The next step is to determine the impedance 
(Z) of the feeder cables. Using Table 6.12: 

Z = (R2 + XLz)0.5 

Z1,, = [(0.127)’ + (0.035)2]0-5 = 0.132 

Z,, = [(0.063)’ + (0.032)2]0.5 = 0.071 

The magnitude of the voltage drop can be calculated with the following formula: 

I VD I = I I I I Z I (3>0.5(Wl,000> 

where L is the cable length in feet. 

Breaking the electrical schematic into segments (as indicated by the circled numbers in 
the figure on the next page), the voltage drops of the segments can be calculated, then 
added together: 

Segment number 

7 

6 
5 

4 

3 

2 

1 

Voltage Drop 

(51.44)(0.132)(1.732)(3) = 35.28 V 

(56.44)(1.32)(1.732)(0.2) = 2.58 V 

(112.88)(0.071)(1.732)(1) = 13.88 V 

(176.88)(0.071)(1.732)(3) = 65.25 V 

(190.28)(0.071)(1.732)(3) = 70.20 V 

(203.68)(0.071)(1.732)(3) = 75.14V 

(217.08)(0.071)(1.732)(0.5) = 13.35 V 

C voltage drops = 275.68 V 
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CMI Panel 
Belt 

If a maximum voltage drop of 10% is allowable, this configuration, which represents a 
voltage drop of only 3.8% (275.68/7,200 V), is acceptable. 

CM2 I I LW Main Main Main 

56,44A 64A Belt Belt Belt 
Drive 5 A  

Illustrates Solutlon to Problem 6.30 

Drive Drive 

Solution 6.31 

Customer charge: $124.95 
Capacity charge: 9500 kW @ $7.42 = $70,490.00 
Energy charge: 3,500,000 kW-hr @ $0.01100 = $38,500.00 
Reactive charge: 

kW Cos 8= power factor = 0.8 = - 
kVA 

Therefore, 

0 = 36.87' 

Tan€)= kvAR - =0.75 
kW 

kVAR = kW tan 8 = 9,500(0.75) = 7,125 kVAR 

Customer's kilowatt demand is 9,500 kW: 

(9,500 kW)(0.25) = 2,375 

7,125 - 2,375 = 4,750 

4,750($0.40) = $1,900.00 

Levelized fuel rate: 3,500,000 kW-hr x $0.01013 per kW-hr = $35,455.00 
Total monthly bill: $146,469.95 
Cost per kilowatt-hour: $146,469.95/(3,500,000 kW-hr) = $0.0418 per kW-hr 
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Load factor: 

kW-hr - - 3,500,000 = 0.50 
kW x hr per month (9,500)( 730) 

A 50% load factor, though seemingly low, is typical for an average coal mine because of 
widely fluctuating loads. In fact, mine load factors are typically between 20% and 50%. 

Solutlon 6.32 

Agreement: 15,000 kW 
Billing demand: 15,000 kW x 0.75 = 11,250 kW 

Because the mine used only 9,500 kW, it would have to pay for the additional 750 kW as 
a penalty. Thus, the new kilowatt charge would be calculated as follows: 

Kilowatt charge: 11,250 kW @ $7.42 = $83,475.00 
Customer charge: $124.95 
Energy charge: 3,500,000 kwh @ $0.01100 = $38,500.00 
Reactive charge: 

kW Cos 8= power factor = 0.8 = - 
kVA 

Therefore, 

e = 36.870 

Tan€)= - =0.75 
kW 

kVAR = kW tan 8 = 9,500 (0.75) = 7,125 kVAR 

Customer’s kilowatt demand is 11,250 kW: 

(11,250 kW)(0.25) = 2,813 

7,125 - 2,813 = 4,312 

4,312($0.40) = $1,724.80 

Levelized fuel rate: 3,500,000 kW-hr x $0.01013 per kW-hr = $35,455.00 
Total monthly bill: $159,179.75 
Excess charges: (60 months) ($159,179.75 - $146,469.95) = $762,588.00 
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CHAPTER 7 

Hoisting Systems 

The transportation of miners, supplies, and mined material from an underground opera- 
tion is the connecting link between the mine plant and the surface plant. Unless the mine is 
accessible by a drift or adit, some type of hoisting system is necessary for slopes or shafts. 

This chapter deals with the selection of wire ropes and hoists, two of the most 
important considerations when designing a hoisting system for an underground mine. 

W I R E  ROPES 

A wire rope is designed to transmit forces longitudinally along its axis. It is used in a van- 
ety of mining applications because of its flexibility, high tensile strength, and dependabil- 
ity. Shaft hoisting ropes and principal slope haulage ropes are usually custom built; 
however, proper rope selection for slushers, car spotters, etc., should not be overlooked. 
Because wire ropes for shafts and slopes represent the lifeline for a mine, they should be 
made of the highest-quality improved plow steel. Such quality is necessary to deal with the 
conditions of loading, winding, vibration, abrasion, and corrosion. Tables 7.1 and 7.2 list 
the specifications for the types of wire ropes typically used for mine haulage applications. 
The 6 x 19-class haulage rope is used where abrasion is not critical. Where abrasion is crit- 
ical, such as a slope application, 6 x 7-class haulage ropes are preferred. For other mining 
applications, manufacturers’ handbooks should be consulted. 

Selection 

A wire rope for a mining situation is selected by simply applying appropriate safety fac- 
tors to a calculated maximum rope pull and comparing the result to the listed breaking 
strength of the rope under consideration. Table 7.3 can be used to determine the mini- 
mum safety factors for wire ropes. 

To determine the maximum rope pull, the following quantities must be known: the 
rope weight in pounds (x), the conveyance weight in pounds (y), and the weight of the 
load in the conveyance in pounds (z). These values are used to calculate the load due to 
gravity, the load due to conveyance friction, and the load due to rope friction. When 
these loads are added together, as shown in Eq. 7.1, the maximum (static) rope pull 
(RPS) can be derived: 

RPS = [(x + y + z) sin 01 + [(y + z)(cos 8)(0.025)1 + [(O.l)(x)(cos 8)l (EQ 7.1) 

195 
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TABLE 7.1 Specifications for 6 x 19class haulage ropes 

Breaking Strength, tons 

Rope Diameter, Approximate Weight, Extra Improved 
in. per ft in Ibs Plow Steel Improved Plow Steel 

5/a 0.66 18.3 16.7 

3/4 0.95 26.2 23.8 

7/a 1.29 35.4 32.2 

1 1.68 46.0 41.8 

198 2.13 57.9 52.6 

1?'4 2.63 71.0 64.6 

1% 

1 9 2  

3.18 

3.78 

85.4 

101.0 

77.7 

92.0 

1% 4.44 118.0 108.0 

1 7 4  5.15 136.0 124.0 

1Va 5.91 155.0 141.0 

2 

2Va 

6.72 

7.59 

176.0 

197.0 

160.0 

179.0 

21/4 8.51 220.0 200.0 

2 V2 10.5 269.0 244.0 

Source: US Steel Supply, 1976, Wire Rope Engineering Handbook, US Steel Corporation, Pittsburgh, PA. 

TABLE 7.2 Speclflcatlons for 6 x 7class haulage ropes 

Rope Diameter, Approximate Weight, 
in. Der ft in Ibs 
5/s 0.59 

3/4 0.84 

Va 1.15 

1 

1 9 8  

1?'4 

1.50 

1.90 

2.34 

178 2.84 

1 9 2  3.38 

Breaking Strength, tons 

Extra Improved Plow Steel Improved Plow Steel 

17.5 15.9 

25.0 22.7 

33.8 30.7 

43.7 

54.8 

67.1 

80.4 

39.7 

49.8 

61.0 

73.1 

94.8 86.2 

Source: US Steel Supply, 1976, Wire Rope Engineering Handbook, US Steel Corporation, Pittsburgh, PA. 

TABLE 7.3 Minimum factors of safety (SF) for wire ropes 

Vertical Hoist 

Slope Hoist 
SF = 7 - (0.001 1) 

KoeDe Hoist SF = 7 - (0.0005 1) 

Source: US Steel Supply, 1976, Wire Rope Engineering Handbook, US Steel Corporation, Pittsburgh, PA. 
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where 8 is the angle of incline and 0.025 and 0.1 are constants determined from experi- 
ence and used universally. 

HOISTS 

A mining engineer's concern regarding mine hoist design is to ensure that the motor 
horsepower of the hoist is sufficient to do its assigned tasks. Obviously, any extended 
interruption of hoisting service due to improper design can greatly curtail production. To 
properly size a hoist motor, complete information on the service for which the hoist is 
intended is needed. The following sections detail the information required for most 
calculations. 

Shaf&/Slope Parameters 

The following information is necessary for a thorough analysis of hoist-motor design: 
(1) hoisting layout; (2) shaft/slope inclination; (3) net weight of the loads; (4) weight of 
skips, cages, and cars; ( 5 )  rope size and weight; (6) hoisting distances; (7) drum dimen- 
sions; (8) the effective weight of the drums, gears, and sheaves at a given radius from 
the drum equivalent effective weight (EEW); (9) rope speed; (10) production required; 
(11) load and dump/caging times; and (12) acceleration and deceleration rates. 
Although the need for many of these parameters is obvious, those that require further 
description are clarified in the ensuing paragraphs. 

Hoisting Layouts. With each hoisting application, the engineer must determine 
whether a drum or a Koepe hoist is the better choice; this is not as straightforward as one 
might expect. One hoist manufacturer has recommended an initial analysis as summa- 
rized by Figure 7.1. The hoists can be either single-drum, divided single-drum, double- 
drum, divided differential-diameter single-drum, single-rope Koepe, or multi-rope 
Koepe, each with its own advantages and disadvantages. The manufacturer's specifica- 
tions should be matched to the mining conditions when there is any doubt as to which 
hoisting layout to choose. 

Net Weight of the Loads. When in doubt, the following equation can be used to 
determine the tonnage of ore that can be handled with each skip: 

(D/V) + 0.4V + 12 
(3,60O/TPH) 

SL = (EQ 7.2) 

where SL is the tonnage of ore that can be handled with each skip, D is the depth in feet, 
V is the velocity in feet per second, and TPH is the capacity in tons per hour. 

Equation 7.2 is based on the assumptions that the sum of the creep and rest times is 
12 sec and the acceleration and deceleration rates are each 2.5 fpsps. 

Rope Size and Weight. An alternative method for selecting the proper rope size 
incorporates the following equation and Figure 7.2: 

(EQ 7.3) 

where d is the rope diameter in inches, SL is the skip load in tons, SW is the skip weight 
in tons, D is the depth in feet, and N is the number of ropes. 
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TPH 

0 500 1,000 1,500 2,000 

~ ~ 

FIGURE 7.1 Areas of applicatlons of drum or Koepe hoists 
Source: Gronseth and Hardie 1965. 

The values for K,, K2, and SF, which is the factor of safety, can be secured from 
Figure 7.2. A manufacturer’s catalog will show the rope weight per foot for the selected 
diameter. 

Drum Dimensions. To find the drum diameter, refer to Figure 7.3 to determine the 
proper D/d ratio for the hoisting depth. This number, when multiplied by the rope diam- 
eter, yields the drum diameter. To find the face width of the drum, substitute the rope 
diameter into one of the following equations: 

Single-drum (single layer of rope, balanced hoisting) = S ( d e ~ h )  +15s 
.n(drum diameter) 

Double-drum (single layer of rope, balanced hoisting) = S(depth) +7s 
.n(drum diameter) 

(EQ 7.4) 

(EQ 7.5) 

where S is the groove pitch (approximately 1.05d). 
If the rope is to be layered onto the drums, eliminate the dead-turns values (15s or 

7s) and increase the drum diameter by 1.7d for each additional layer of rope. 
Effective Weight. The EEW of all rotating parts of the hoist, such as the drums, 

gears, and sheaves, at a given radius from the drum, must be specified to determine the 
required horsepower for their acceleration. Such information is often difficult to obtain, 
but the values shown in Figure 7.4 are recommended by Rexnord, Inc., and are good 
approximations. 

Motor Horsepower for a Drum Hoist 

Several variables go into the horsepower calculations for a mine hoist. They are as follows: 

D = depth of shaft in feet 

RW = rope weight in pounds per foot 
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6 

Locked Coil- 

Round Strand and 
Flattened Strand-Koepe 

Round Strand and 
Flattened Strand-Drum 

5 I 
Rope Type K1 K2 r U.S.A. Drum 
Round Strand 41.8 0.00084 
Flattened Strand 46.0 0.00090 

LL 

Locked Coil 61.6 0.00122 

31 

0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 4,500 5,000 

Depth, n 

FIGURE 7.2 Minimum factors of safety for wire rope 
Source: Gronseth and Hardie 1965. 

V = velocity in feet per second 

DT = deceleration time in seconds 

SL = skip load in pounds 

SW = weight of the skips, cages, and cars in pounds 

R = total rope weight in pounds (D x RW) 
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0' 
6 8 10 12 14 

Drum Diameter, R 

FIGURE 7.4 Approximate equivalent effective weight reduced to rope center for different 
diameter drums 
Source: Gronseth and Hardie 1965. 

E = efficiency expressed as a decimal 

AT = acceleration time in seconds 

EEW = equivalent effective weight in pounds 

TSL = total suspended load (EEW + SL + 2SW + 2R) 

SLB = suspended load at the bottom of the shaft [ (SL + R) - (V x AT x RW)] 

SLT = suspended load at the top of the shaft [ (SL - R) + (V x DT x RW)] 

TFS = full-speed time in seconds 

RT = rest time in seconds 

Drum Hoist (Root Mean Square) Horsepower Calculations. There are several sepa- 
rate horsepower calculations that are used to develop the horsepower/time cycle dia- 
gram shown in Figure 7.5. They are as follows: 

TSL x V2 
32.2 x AT x 550 

HP, = 

TSL x V2 
32.2 x DT x 550 

HP, = - 

(SL+R)xV 
550 

HP, = 

SLB x v HP,= ~ 

550 
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-i---- -A E 

FIGURE 7.5 Horsepower per time cycle for a drum hoist 
Source: Gronseth and Hardie 1965. 

S L T x V  HP,= ~ 

550 

(SL - R) x V HP, = 
550 

S L x V x  1 .0 -E  
550 E 

HP,=- - 

The horsepower values can be related to give the points that are indicated by letters in 
Figure 7.5: 

A (peak accelerating horsepower) = HP, + HP, + (HP, + 2HP3)/3 

B (full-speed horsepower at the end of the acceleration period) = HP, + HP, 

C (full-speed horsepower at the start of the deceleration period) = HP, + HP, 

D (deceleration horsepower) = HP, + HP, + (HP, + 2HP6)/3 

Utilizing the peak accelerating horsepower calculated previously, the following two 
horsepowers can be determined: 

HP, (horsepower required to accelerate the motor rotor) = (0.6A x 1.2)/AT 

HP, (horsepower required to decelerate the motor rotor) = - (0.6A x 1.2)/DT 

Now, points E and F can be determined: 

E (total horsepower required to accelerate the hoist and motor) = A + HP, 

F (total horsepower required to decelerate the hoist and motor) = D + HP, 
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If the drum hoist has a self-ventilated d-c motor, its root mean square (rms) horsepower 
will be: 

DH O.’ rms HP = (*) 
where: 

2 2  

3 
DH = ( ~ 2  x AT) +(B + + B C ) ( ~ ~ ~ )  + ( ~ 2  x DT) 

and 

SV = (0.75 x AT) + (TFS) + (0.75 x DT) + (0.5 x RT) 

If a forced ventilated d-c motor is used, the denominator in the previous equation is 
replaced by the total cycle time, which includes rest. 

If it has an induction motor, its rms horsepower will be: 

DH O.’ rms HP = (IMj (EQ 7.7) 

where: 

IM = (0.5 x AT) + (TFS) + (0.5 x DT) + (0.25 x RT) 

Friction Hoist rms Horsepower Calculations. For a friction (Koepe) hoist, the horse- 
power calculations are quite similar, except that: 

R = D x RW x 2 x (number of ropes) 

and 

TSL= EEW + SL+ 2SW + R 

With this in mind, the horsepower calculations for Figure 7.6 can be made: 

TSL x V L  
32.2 x AT x 550 

HP, = 

TSL x V2 
32.2 x DT x 550 

HP2 = - 

SLxV HP,= - 
550 
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FIGURE 7.6 Horsepower per time cycle for a friction hoist or a drum hoist with a tail rope 
Source: Gronseth and Hardie 1965. 

The horsepower value can be related to give the points that are indicated by letters in 
Figure 7.6: 

A (peak accelerating horsepower) = HP, + HP, + HP, 

B (full-speed horsepower) = HP, + HP, 

C (total deceleration horsepower) = HP, + HP, + HP, 

Utilizing the peak accelerating horsepower calculated in the foregoing, the following 
two horsepowers can be determined: 

0.75 x A x  1.2 
AT 

HP, (horsepower required to accelerate the motor rotor) = 

0.75 x A x  1.2 
DT 

HP, (horsepower required to decelerate the motor rotor) = - 

Now, points D and E can be determined: 

D (total horsepower required to accelerate the hoist and motor) = A + HP, 

E (total horsepower required to decelerate the hoist and motor) = C + HP, 

If the friction hoist has a self-ventilated d-c motor, its rms horsepower will be: 

rms HP = (=) FH O.’ 

where: 

FH = (D2 x AT) + (€3’ x TFS) + (E2 x DT) 
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If it has an induction motor, its horsepower will be: 

FH 0.5 rms HP = ( IM) (EQ 7.9) 
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PROBLEMS 

Problem 7.1 

A 1.25-in. 6 x 7-class improved plow-steel haulage rope is to be selected for use with a 
slope hoist. Mineworkers will not be transported by this hoist. From the slope bottom to 
the top of the headframe, the profile is as follows: 

2,150 ft @ + 18" 

If the maximum anticipated load is 40,000 lb, determine the maximum rope pull and 
whether or not this rope should be selected. 

Problem 7.2 

An evacuation hoist is to be installed for an underground coal mine. The vertical hoist 
will evacuate six miners (at one time) every 4 minutes. The depth of overburden is 
550 ft. Would a 0.625-in. 6 x 19-class haulage rope be adequate for this application? 
Assume that the escape capsule weighs 2,000 lb, the total weight of the miners is 
1,500 lb, and the maximum rope velocity is 300 fpm. 

Problem 7.3 

A vertical hoist is to be designed to haul ore at a rate of 500 tph from a depth of 600 ft at 
an average skip velocity of 1,200 fpm. Determine the required skip load in tons. 

Problem 7.4 

Use Equation 7.3 to check the rope diameter determined for Problem 7.2. 

Problem 7.5 

Design a double-drum hoist for a 1,050-ft vertical shaft based on the following conditions: 
1. Balanced operation 
2. Weight of load = 5.75 tons 
3. Weight of skip = 8.25 tons 
4. Desired capacity = 400 tph 
5. Acceleration time = 10 sec 
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6. Deceleration time = 10 sec 
7. Rest time per trip = 8 sec 
8. Efficiency = 0.85 
9. An induction motor to be used 
10. A round strand rope to be used 

Problem 7.6 

What would be the rms horsepower for the hoist in Problem 7.5 if a self-ventilated d-c 
motor were used? 

Problem 7.7 

Design a Nordberg Koepe hoist for a 2,000-ft vertical shaft based on the following 
conditions: 
1. Desired capacity = 300 tph 
2. Weight of load = 13 tons 
3. Weight of skip = 13 tons 
4. Number of hoisting ropes = 4 
5. Flattened strand ropes used for both hoisting and tail ropes 
6. An induction motor used 
7. Efficiency = 90% 
8. velocity = 12 fps  
9. Acceleration/deceleration rates = 2.5 ft  per sec? 
10. Rest time per trip = 12 sec 

Problem 7.8 

What would the rms horsepower for the hoist in Problem 7.7 if a self-ventilated d-c 
motor were used? 

Problem 7.9 

Design a single-drum hoist for a 1,780-ft long 18" slope based on the following conditions: 
1, 
2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 
11. 
12. 

Unbalanced operation 
Neglect added rope turns around the drum for attachment 
Maximum weight of a trip that carries mineworkers = 7.5 tons 
Weight of car = 2.5 tons 
Acceleration/deceleration times = 20 sec, each 
Efficiency = 85% 
An induction motor is to be used 
A 6 x 7 round strand rope is to be used 
Weight of the maximum load = 20 tons 
Full-speed time = 110 sec 
The hoist drum with two layers of rope 
Rest time at the top and bottom = 10 min, each 
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PROBLEM S O L U T I O N S  

Solution 7.1 

From Table 7.2, the approximate rope weight per foot is 2.34 Ib. The maximum pull on 
the rope must be determined at these two points using information derived from the 
most inby point of the 18" grade: 

RPS= {[(2,150)(2.34)] +40,000} (sin 18") + 
[(40,OOO)(cos 18")(0.025)1 + 
((0.1) [(2,150)(2.34)] (cos 18")) 

= 13,915 + 951 + 479 

= 15,345 lb (static) 

Turning to Table 7.2, the minimum breaking strength for the 1.25-in. plow-steel rope is 
122,000 Ib. Dividing this value by 15,345 yields the following safety factor: 

122 000 
15,345 

Plow steel: A = 7.95 

Because the fully suspended rope length is 2,150 ft, Table 7.3 indicates that the mini- 
mum factor of safety in this situation should be 5.0. Therefore, if 1.25-in. rope is to be 
selected, improved plow steel exceeds the recommended minimum safety factor. 

Solution 7.2 

The greatest load on the rope will occur at a depth of 550 ft. Using Tables 7.1 and 7.3, 
the gravity, conveyance-friction, and rope-friction loads can be determined. 

Approximate weight per foot of 0.625-in. 6 x 19-class rope is 0.66 Ib. 

RPS = [(550)(0.66) + (1,500 + 2,OOO)l sin 90" + 0 + 0 = 3,863 Ib 

Table 7.3 indicates that the minimum factor of safety should be 6.45. Thus, the selected 
rope should have a breaking strength in excess of 24,916 lb. According to Table 7.1, an 
improved plow-steel (33,400 Ib) 0.625-in. 6 x 19-class rope exceeds the desired break- 
ing strength. 

Solution 7.3 

Using Equation 7.2, 

(D/V) + 0.4V + 12 
(3,60O/TPH) 

SL = 

- (600/( 1,200/60)) + 0.4( 1,200/60) + 12 
(3,600/500) 

= 7 tons 
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Solution 7.4 

1.75 
= [((41.8/7) - (0.00084)(550))/1 

= 0.564 in. = 9/16 in. 

This answer compares quite favorably with the size used for Problem 7.2: %3 in. 

Solution 7.5 

Trips per hr = 
400 tph 

5.75 tons per trip 

= 70 tph 

Total time per trip =3j600 seconds per hour = 51.5 seconds per trip 
70 trips per hour 

Full-speed time = 51.5 - 10 - 10 - 8 = 23.5 sec 

Assuming constant rates of acceleration and deceleration, the maximum rope speed is: 

1,050/[(10/2) + 23.5 + (10/2)1 = 31.34 f p s  

d = ((SL + SW)/{[(K,/SF) - (K2D)1/N})0.5 

= ((5.75 + 8.25)/{ [(41.8/6) - (0.00084)(1,050)]/1})0~5 

= 1.5 in. 

Drum dimensions: From Figure 7.3, D/d = 62; therefore, the drum diameter equals 8 ft  
([ (1.5) (62)/121 1. 

Face width of the drum (Eq. 7.4): 

S(depth) + 7 s  = (1-05d)(1,050) + 7(1.05d) 
R (  drum diameter) x(8) 

where d is the rope diameter in inches. Thus, the face width is 6.5 ft  (76.825/12). 

EEW: From Figure 7.4, EEW is approximately 53,000 Ib. 

Horsepower calculations: The variables for this problem are as follows: 

D = 1,050 ft 

RW = 3.78 lb (Table 7.1) 

V = 31.34 f p s  

DT = 10 sec 

SL = 11,500 lb 
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SW = 16,500 lb 

R = 3,969 lb 

E = 0.85 

AT = 10 sec 

EEW = 53,000 lb 

TSL = 105,438 lb 

SLB = 14,284 lb 

SLT = 8,716 lb 

TFS = 23.5 sec 

RT = 8 sec 

HP, = (105,438)(31.34)2 = 585 
(32.20)( 10)(550) 

2 
-(105,438)(31.34) = -585 HP, = 

(32.2)(10)(550) 

(11,500 - 3,969)(31.34) = 429 HP, = 
550 

(11,500)(31.34) (1.0-0.85) = 115 
HP,= [ 550 1 0.85 

A = 585 + 115 + ( 814 +31.764) = 1,560 

B =814 + 115 = 929 

C = 497 + 115 = 612 

D = -585 + 115 + 497 + 858 = -19 
3 
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E = 1,560 i- 113 = 1,673 

F = -19 - 113 = -132 

0.5 
rms HP = rg) (Note: DH is obtained from Eq. 7.6.) 

= ( 42,;lli572)*.’ 

= 1,100 hp 

Solution 7.6 

Using Eq. 7.6: 

Solution 7.7 

Rope diameter: 

0.5 ] = 1.2 in. 13 + 13 d =  [ 
(46/7.25) - ((0.00090)(2,000)/4) 

Thus, select a 1.25-in. rope. 

Check T,/T, ratio, safety factor, and tread pressure: Because of its mode of operation, a 
Koepe hoist should be checked for proper tension (T,/T,) and tread pressure at the hoist 
drum. T,/T, should be kept at 1.5 or below, while the tread pressure should be in the 
range of 250 to 270 psi. Thus, 

5 = SL + SW + (total rope weight/2) 
T, SW + (total rope weight/2) 

where the total rope weight (assuming the weight of flattened strand rope is approxi- 
mately equal to that of round strand rope) is equal to the following: shaft depth (in feet) 
x rope weight (in pounds) x number of hoisting ropes x 2 (due to the weight of the tail 
rope for balance). Although this ratio is slightly high, we will assume that it is sufficient 
for the purposes of this problem. The ratio could be improved by changing the weight of 
the skips. Next, check the safety factor. The breaking strength of a 1.25-in. flattened 
strand rope is assumed to be equal to the 6 x 19 high-strength steel rope of Table 7.1: 
64.6 tons. In reality, it may be higher, so a manufacturer’s catalog should be consulted. 
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(breaking strength)(number of ropes) - 64.6(4) = 7.07 safety factor = --  
(TI in tons) 36.52 

When compared to Figure 7.2, this situation appears to be marginally acceptable, espe- 
cially if the assumed breaking strength of the rope is a conservative value. 

Next, use Figure 7.3 to pick the wheel diameter: 

D/d = 80; 80(1.25) = 100-in. wheel 

The tread pressure (tp) is: 

tp = T1 - +T’(d)(number of ropes) = 120,080 = 240 psi 
D (100)(1.25)(4) 

Horsepower calculations: From Figure 7.4, EEW = 25,000 lb. 

The acceleration and deceleration times are: 

l2 f p s  =4.8 sec v 
a 2.5 ft per sec’ 

AT=DT= - = 

R = D x RW x 2 x (number of ropes) = 2,000(2.63) (2) (4) = 42,080 lb 

TSL = EEW + SL + 2SW + R = 25,000 + 26,000 + 52,000 + 42,080 = 145,080 lb 

HP, = ( 145,080 12’ ) = 246 
32.2 x 4.8 x 550 

145,080 x 12’ ) = -246 
HP’ = -(32.2 x 4.8 x 550 

26,000 x 12 = 567 
550 

HP, = 

26,000 x 12 1.0 - 0.9 - 63 HP, = 
550 0.9 

A=567+63+246=876  

B = 567 + 63 = 630 

C = 567 + 63 - 246 = 384 

0.75 x 876 x 1.2 = 164 HP, = 
4.8 

0.75 X 876 X 1.2 = -164 
HP6= - 4.8 

D = 876 + 164 = 1,040 

E=384-  164=220 

To calculate the induction motor’s rms horsepower, the full-speed time (TFS) must first 
be determined: 
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Distance traveled during acceleration = (0.5) (V) (AT) 

= (0.5)(12)(4.8) 

= 28.8 ft 

Distance traveled during deceleration = (0.5) (V) (DT) = 28.8 ft 

Total distance traveled (TDT) during AT and DT = 57.6 ft 

de th - TDT - 2,000 - 57.6 = 162 - 
12 TFs= p 

FH 0.5 rms HP = ( G) 

- - ( 69,745,502.4)0.5 
169.8 

= 641 hp 

Solution 7.8 

Using Eq. 7.8: 

FH 0.5 rms HP = (=) 
- - (69,745,502.4)0.5 

175.2 

= 631 hp 

Solution 7.9 

Rope size: Determine the rope size in the manner outlined at the beginning of this chap- 
ter; because this slope will probably be used for haulage of workers and materials into 
and out of the mine but not for mined material, the rope size should be based on the 
maximum anticipated load (20 + 2.5 = 22.5 tons). Assume that a 1.25411. 6 x 7-class 
improved plow-steel rope will be used. 

RPS = {[(45,000) + (1,780 x 2.34)l(sin 18')) 
+ [(45,000) (cos 18") (0.025)] 
+ [(0.1)(4,165)(cos 18")l 

= 16,659 lb 

Turning to Table 7.2, the minimum breaking strength for the rope is 122,000 lb. Divid- 
ing this value by 16,659 yields the following safety factor: 
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This safety factor exceeds the recommended value, which can be determined using Table 
7.3. Because the maximum load will only be encountered on rare occasions (dropping 
raising heavy equipment, etc.), it appears that this rope will be more than adequate. 

Because the acceleration/deceleration times are 20 sec, each, and the full-speed time is 
110 sec, the maximum rope speed is: 

= 13.7 fps 1,780 
(2012) + 110 + (20/2) 

Drum dimensions: From Figure 7.3, D/d = 68; therefore, the drum diameter is approxi- 
mately 7 ft  ([(1.25)(68)/(12)1). 

The face width of the drum can be determined with Eq. 7.4, and recognizing that the 
equation must be altered to accommodate layering: 

(1.05 d)(rope length) 
nD( 1.7 d)  

Face width in inches = 

- (1.31)( 1,780) 
n(7)(2.13) 

= 50 in. 

Use a 5-ft-wide face with this drum to accommodate any additional required capacity. 

EEW: From Figure 7.4, EEW is approximately 30,000 Ib. 

Critical points: For the horsepower calculations, the static forces encountered at the top 
and bottom must be determined: 

Point Loads 

Bottom Gravity load = [20,000 + (1,780 x 2.34)1(0.3090) = 7,467 
Car friction load = (20,000)(0.95)(0.025) = 475 

Rope friction load = (1,780)(2.34)(0.95)(0.1) = 396 
Total: SLB = 8,338 lb 

TOP Gravity load = (20,000 x 0.3090) = 6,180 
Car friction load = (20,000)(0.95)(0.025) = 475 

Rope friction load = 0 
Total: SLT = 6,655 lb 

TSL (total suspended load) : 

TSL = EEW + SL + SW + R = EEW + SLB = 30,000 + 8,338 = 38,338 lb 
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RMS HP for a drum hoist-variables: 

TSL = 38,338 lb 

V = 13.7 fps 

AT = 20 sec 

DT = 20 sec 

SL = (15,000 lb)(0.3090) = 4,635 lb 

R = (1,780 ft) (2.34 lb per ft) (0.3090) = 1,287 lb 

SLB = 8,338 lb 

SLT = 6,655 lb 

(SL + R) X V  = (4,635 + 1,287H13.7) = 147.51 
HP3= 550 550 

HP, + 2HP3 - 
- 20.32 + 20.37 + 167.57 = 208.26 

3 A=HPl+HP7+ 

B = HP4 + HP, = 207.7 + 20.37 = 228.07 

C = HP, + HP, = 165.77 + 20.37 = 186.14 

HP5 + 2HP6 = -20.32 + 20.37 + 110.86 = 110.91 D = HP, + HP, + 3 

HP, = [(0.6A)(1.2)]/AT = 149.9/20 = 7.5 

HP, = [(- 0.6A)(1.2)]/DT= -149.9/20 = - 7.5 
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E = A + HP, = 208.26 + 7.5 = 215.8 

F = D + HP, = 110.91 + (-7.5) = 103.41 

rms HP = {DH/[(0.5 x AT) + (TFS) + (0.5 x DT)]}0.5 

Note: Because the rest time for this operation is not truly a part of the hoist’s cycle time, 
it is neglected in the foregoing equation. 

rms HP = (45,201)0.5 

= 213 hp 

The next largest standard hoist motor with an rms HP in excess of 213 would be selected. 



. . . . . . . . . . . . . .  
CHAPTER 8 

Rail and Belt 
Haulage Systems 

Rail systems, conveyor belt systems, or a combination of the two are commonly used to 
transport personnel, supplies, and mined material in an underground or surface mine. 
Typically, large underground mines use rail haulage from the mining sections to the 
hoist for supply and personnel transport are used with conveyor belts to transport mined 
material. Small underground mines use conveyor belts throughout. The size and layout 
of surface mines also contribute to variations in the way these haulage systems are 
applied. 

The following sections address the typical components mining engineers must con- 
sider when designing these haulage systems. For rail, these include rail selection and 
turnout design, locomotive tractive-effort calculation, and motor sizing. Belt haulage 
calculations include belt width and speed specifications, tension and takeup require- 
ments, idler spacings, and motor sizing. 

TRACK LAYOUTS 

The adequacy of mine track layouts depends on such factors as rail weight (Table 8.1); 
suitable ties; a well-drained roadbed; and properly designed curves, grades, and track 
alignment. As long as the installation conforms to the manufacturer’s recommendations, 
good service can be expected from the rail system. Invariably, mining engineering calcu- 
lations for track layouts deal almost exclusively with the design of turnouts. As such, the 
following section provides the necessary information for computing the theoretically 
correct dimensions of turnouts. 

Turnout Design 

Figure 8.1 shows a typical turnout with components identified; Figure 8.2 identifies the 
variables used to determine the turnout dimensions. 

The variables shown in Figure 8.2 are as follows: 

A: distance from the actual point of a frog to its toe 
B: thickness of the frog point 
C: length of the curved closure rail 
D: length of the straight closure rail 

215 
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TABLE 8.1 Suggested rail Weigh& 

Weight of Rail, Ib per yard 

Four-wheel Locomotive Six-wheel Locomotive Weight of Locomotive, tons 
- 6 30 
- 8 30 

10 40 30 
13 60 40 
15 60 40 
20 60 60 
25 70 60 
30 80 70 
35 85 80 
40 90 85 
50 100 90 

Source: Bethlehem Steel Company 1958. 

F -. Switch Stand 

Distance Outside Radius 

Curved Stock Rail 

FIGURE 8.1 Typical rail turnout wlth components indicated 
Source: Bethlehem Steel Company 1958. 

Heel Spread “H” Thickness of 
Switch Pt “P” L 

EL 
Frog Angle “ F  
\ 

:alto 
I ’. I I Actual roint “BN 

x -Theoretical Point 
L Theoretical Lead “ 

b- Actual Lead “Y” AACtUal Point 

FIGURE 8.2 Variables in turnout calculations 
Source: Bethlehem Steel Company 1958. 
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E: 
F: 
G: 
H: 
L: 

MO: 
N: 
P: 
R: 
S: 
X: 
Y: 

distance from the theoretical point of the frog to its toe 
frog angle 
gage 
heel spread of the switch 
length of switch 
middle ordinate 
frog number 
thickness of switch point 
radius of curved closure rails 
switch angle 
theoretical lead 
actual lead 

The formulas used by the mining engineer include: 

Switch angle (S) = arc sin (EQ 8.11 

Theoretical toe distance (E) = A - (B x N) 

(Note: If a cast frog is used, add 10 in. to the value of E.) 

Theoretical lead (X) = (L cos S) + [t:i:::;j: iJ + E cos F 

(EQ 8.21 

Actual lead 0 = X + BN (EQ 8-41 

G-H-E sin F 
2 sin 0.5(F + S) sin 0.5(F- S) 

Radius (R) = 

Length of straight closure rail (D) = X-L-E (EQ 8.61 

(Note: If a cast frog is used, add 10 in. to the value of D.) 

Length of curved closure rail (C) = R(F - S) (EQ 8-71 

(Note: F and S must be converted to radians for this formula. Also, if a cast frog is used, 
add 10 in. to the value of C.) 

Middle ordinate (MO) = R - R cos 0.5 (F - S )  (EQ 8.81 

L O C O M O T I V E  TRACTIVE-EFFORT C A L C U L A T I O N S  

Mine locomotives for rail haulage are selected based on the weight of the prime mover’s 
horsepower. Figure 8.3 shows the relationship between a mine locomotive and its trail- 
ing loads. The tractive effort, which is exerted by the locomotive at the rim of its driving 
wheels, is a function of its weight and its ability to adhere to the track. Table 8.2 shows 
adhesive values for locomotives under various conditions; these decimals represent the 
portions of the prime mover’s weight available to haul the trip. Drawbar pull is the por- 
tion of the locomotive’s tractive effort, in pounds, that remains after the locomotive’s 
resistance has been subtracted. 

The locomotive’s horsepower can be determined from the following relationship: 
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Ore Locomotive 

Grade Resistance 
Curve Resistance 

(Trailing Rolling Resistance 
Acceleration Force 

Tractive ~ I :air) 1 
Effort Resistance 

I 
FIGURE 8.3 Relationship between a locomotive and its tralllng load 
Source: Brauns and Orr 1968. 

TABLE 8.2 Adhesive values for locomotives 

Unsanded Rails Sanded Rails 

Clear dry rails, starting and accelerating 0.30 0.40 

Clear dry rails, continuous running 0.25 0.35 

Clear dry rails, locomotive braking 0.20 0.30 

Wet rails 0.15 0.25 

Source: Bethlehem Steel Company 1958. 

where TE is the available tractive effort in pounds, V is the velocity in miles per hour, 
and E is the transmission efficiency. 

Forces Needed to Move the Rolling Stock 

To move a trip, a mine locomotive must be capable of overcoming the following resis- 
tances for both itself and the mine cars: (1) rolling resistance, (2) curve resistance, 
(3) grade resistance, and (4) acceleration or deceleration. 

The rolling resistance of the entire train is equal to the weight, in tons, of the loco- 
motive and mine cars (including the payload, if any) multiplied by a frictional coeffi- 
cient, in pounds per ton. When roller bearings are used, the coefficient is 20 lb per ton of 
weight; the coefficient for plain bearings is 30 lb per ton of weight. 

Curve resistance is a function of the radius of curvature and gage of the track, 
wheelbase and diameter, speed, and load. It is often ignored because, in a properly 
installed system, it accounts for less than 1 lb per ton per degree of curve for that part of 
the train on the curve. 

On a 1% grade, a ton (2,000 lb) must be raised 1 ft  for every 100 ft  that the train 
advances, making the grade resistance 20 lb per ton for each 1% of grade. For example, 
the pull required to overcome a grade of 3% for a 10-ton car is 600 lb (20 lb per ton for 
each 1% of grade x 3% grade x 10 tons). 

Tractive effort is also required to accelerate or decelerate. Therefore, because force is 
equal to mass multiplied by acceleration, and an acceleration rate of 1 mphps is equiva- 
lent to 1.46 fpsps, approximately 100 lb per ton is required to accelerate 1 ton, as follows: 

= 91.0 lb 2,000 lb 
(32.2 fpsps)( 1.46 fpsps) 

Force = F = ma = 
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which is approximately 100 lb. Thus, in mine locomotive calculations, it is assumed that 
it takes 100 lb to accelerate each ton of the train’s weight to achieve an acceleration rate 
of 1 mphps. Normally, mine locomotives accelerate between 0.1 and 0.2 mphps; there- 
fore, the acceleration resistance is usually between 10 and 20 lb per ton. Naturally, when 
the trip is decelerating, it can be analyzed in a similar manner. 

General Equations 

The following equations relate the tractive effort that can be exerted by a locomotive to 
the forces that must be overcome. 

Tractive Effort Required for Hauling on Grade Against Loads 

TE = WL(FL + 20g + 100a) + WT(FT + 20g + 100a) (EQ 8.10) 

Braking conditions: 

TE = WL(-F, - 20g + 1OOa) + WT(-FT - 20g + 100a) (EQ 8.11) 

Tractive Effort Required for Hauling When Grades Are in Favor of Loads 

TE = W, (FL - 20g + 100a) + W, (FT - 20g + 100a) (EQ 8.12) 

Braking conditions: 

TE = W, (-FL + 20g + 100a) + WT (-FT + 20g + 100a) (EQ 8.13) 

where TE is the locomotive weight, in pounds, multiplied by adhesion; W, is the locomo- 
tive weight in tons; WT is the train weight in tons; FL is the locomotive rolling resistance 
in pounds per ton; FT is the train rolling resistance in pounds per ton; g is the percent 
grade; and a is the acceleration/deceleration rate in miles per hour per second. 

L O C O M O T I V E  M O T O R  D U T Y  C Y C L E  

Occasionally, mining engineers must determine whether or not the motor capacity of the 
selected locomotive is sufficient to operate without overheating. To calculate this, a duty 
cycle for a round trip under operating conditions is determined; this, in turn, is related 
to the characteristic curves of the motors in the proposed locomotive. The procedure for 
the analysis is to determine the track profile and calculate the following values: 

I. Tractive effort due to friction and grade resistances, from equations 
2. Velocity and amperage from characteristic curves. (Note: If the curve’s velocity 

3. Time to travel the track-profile segment at the velocity determined in number 2 
exceeds the allowable velocity, on-off times must be determined.) 



220 MINING ENGINEERING ANALYSIS I 

When all individual times and amperages are calculated for each segment, a special form 
of the rms (root mean square) method used for mine-hoist motors is applied: 

2 2 2  I = I,t, + 12t2 + 13t3 + ... 
total cycle time 

(EQ 8.14) 

Taking the square root of this value yields the I,, for each locomotive motor. This value 
(required amperage) is then compared with the allowable amperage based on the tem- 
perature curves. 

Corrections may be required for high-altitude operation or where the ambient tem- 
perature varies from that assumed for the development of the curves. In these cases, the 
allowable amperage can be calculated using the following equation: 

(EQ 8.15) 

where: 

HT = total operation time for the motors in hours 

‘2 

If 

T, = the rated allowable temperature rise in degrees Celsius 

T, = the corrected allowable temperature rise due to elevation or ambient 

HI, I, = a point taken off of the manufacturer’s time-to-rise temperature curve in 

H,, I, = a second point taken from the curve in hours, amp 

temperature in degrees Celsius 

hours, amp 

I = allowed rms current for the total operation time HT in amp 

To correct for elevation and ambient temperatures, these procedures must be followed: 
1. The allowable temperature rise is applicable up to an elevation of 3,300 ft. Above 

this value, the allowable temperature rise is reduced 1% for every 330 ft, or: 

elevation - 3,300 
330 

YO reduction = (EQ 8.16) 

2. When the ambient temperature exceeds 25”C, the allowable rise must be 
reduced by the difference between the ambient temperature and 25°C. 
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BELT CONVEYORS 

Belt conveyors are high-capacity, reliable transportation systems for mined material. 
They represent the primary means of intermediate haulage in most of today's under- 
ground mines and have gained acceptance for main-line haulage. Developments in over- 
land belt systems have also extended their influence to surface facilities. The major 
components of a belt-conveyor system are the belt, terminal pulleys, idlers (the cylindri- 
cal metal rollers that support the belt), support structure, takeup (tensioning) device, 
motor and drive assemblies, and numerous protection devices. 

When designing belt-conveyor systems, mining engineers are concerned primarily 
with calculating the necessary belt tensions, takeup force (if necessary), idler spacings, 
and required motor horsepower. More detailed design information, such as belt width, 
speed, and construction, can be determined from manufacturers' handbooks, of which 
there are many. The following sections outline the design procedure for the calculations 
mentioned previously. 

Belt Width and Speed 

The acceptable operating ranges for the widths and speeds of conveyor belts are often 
interrelated; this relationship is due to the fact that an increase in belt speed can permit a 
reduction in belt width for any given mined material to be conveyed. To determine the 
minimum belt width required, information must be provided on the maximum size of the 
lumps to be conveyed and whether or not the lumps are uniform in size. For example, if 
run-of-mine coal (lumps and fines together) is to be conveyed at a rate of 1,200 tph, 
Table 8.3 can be used to indicate a minimum belt width of 36 in. when the maximum 
lump size is 12 in. Note that a 60-in. belt would be required if the lumps were uniformly 
sized at 12 in. 

Once a minimum belt width (based on maximum lump size) has been determined, 
the speed of the belt can be established. Industry experience shows that the most eco- 
nomical selection usually means using maximum belt speeds. Using Table 8.4, the maxi- 
mum belt speed in the case given is 650 fpm. To see if that speed is adequate, Table 8.5 
should be consulted. If, as in this example, 35" troughing idlers are to be used and 
mined coal weighs 50 lb per cu ft, a 36-in.-wide belt can accommodate 159 tph of coal 
for each 100 fpm of belt speed. If the belt operates at 650 fpm, the maximum capacity is 
rather low: 1,033.5 tons. Thus, the next widest belt (42 in.), and its accompanying max- 
imum speed (700 fpm), should be analyzed. In this instance, it is adequate (7 x 220 = 

1,540 tph; 1,540 tph > 1,200 tph). 

Belt Tension 

A belt conveyor can be used to transport mined material not only along the horizontal 
but also along a change in grade (Figure 8.4). The power to move the belt is supplied by 
the motor through a drive pulley. The maximum tension developed in the belt is the 
sum of the following: (1) tension to overcome the friction of the empty belt and the 
conveyor components that come in contact with the empty belt, (2) tension to over- 
come the friction of the load, and (3) tension to raise or lower the load and belt through 
elevation changes. 
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TABLE 8.3 Maximum recommended lump size for various belt widths 

Lump Size, in. 

Belt Width, in. If Uniform If Mixed with 90% Fines 

12 2 4 

18 4 6 

24 5 8 

30 6 10 

36 7 12 

42 8 14 

48 10 16 

54 11 20 

60 and over 12 24 
~~~ 

Source: Goodyear Tire and Rubber Company 1975. 

TABLE 8.4 Typical maxlmum belt speeds in feet per minute 

Grain or Other Free Run of Mine Coal Hard Ores and Stone, 
Belt Width, in. flowing Material and Earth* Primary Crushedt 

14 400 300 300 

16 500 300 300 

18 500 400 350 

20 600 400 350 

24 600 500 450 

30 700 600 550 

36 800 650 600 

42 800 700 600 

48 900 700 650 

54 1,000 700 650 

60 1,000 700 650 

66 - 800 750 

72 - 800 750 

Source: Goodyear Tire and Rubber Company 1975. 
Note: These speeds are intended as guides to general practice and are not absolute. 
*Moderately abrasive materials. 
?Very abrasive materials. 

The empty conveyor friction force consists of the sum of the return-side friction 
force (CQL/2) and the carrying-side friction force when empty {CQ [(W2) + &I}, where 
C is the idler friction factor, Q is the weight of the moving parts of the conveyor system 
expressed as pounds per foot of the conveyor’s center-to-center distance, L is the hori- 
zontal projected length of the conveyor, and Lo is the friction equivalent. The idler fric- 
tion factor depends on the type of idler, the structure, and the quality of the 
maintenance. The friction equivalent is used as a means of including the constant fric- 
tional losses of the terminal pulleys, which are independent of belt length. Table 8.6 pro- 
vides values for C and Lo. Table 8.7 provides values for Q. 



TABLE 8.5 Normal bulk material capacity of troughed conveyor belts in tons per hour for each 100 fpm of belt speed 

Idler Width, in. 
Roll Material 

Angle, Density, 
Material degrees percuf t  14 16 18 20 24 30 36 42 48 54 60 66 72 78 84 90 96 102 108 114 120 

Most bulk 
materials 

Surcharge 
angle: 25" 

Edge 
distance 
of load: 
(0.055W 
+ 0.91 in. 

20 30 

50 

75 

100 

125 

150 

10 13 17 22 33 53 

16 22 28 36 55 88 

24 32 42 54 83 132 

32 43 56 72 110 176 

40 54 70 90 138 220 

48 65 84 108 165 264 

78 108 144 183 228 279 335 396 462 533 608 688 774 864 959 

130 180 240 305 380 465 557 661 770 887 1,013 1,147 1,289 1,440 1,599 

195 270 360 458 570 697 837 992 1,153 1,330 1,519 1,722 1,933 2,160 2,400 

260 360 480 610 760 930 1,115 1,321 1,539 1,774 2,026 2,294 2,579 2,880 3,198 

325 450 600 762 950 1,163 1.395 1,653 1,923 2,217 2,532 2,869 3,222 3,600 3,999 

390 540 720 915 1,140 1,395 1,672 1,982 2,309 2,661 3,039 3,441 3,868 4,320 4,797 

35 30 

50 

75 

100 

125 

150 

12 16 20 26 40 65 

19 27 34 44 67 108 

29 40 51 66 100 161 

39 53 68 88 134 215 

49 66 85 110 168 269 

59 80 102 132 201 322 

95 132 176 224 278 341 408 485 565 652 745 842 948 1,058 1,172 

159 220 293 373 464 568 680 809 943 1,086 1,240 1404 1,580 1,763 1,958 

238 329 439 558 696 852 1,020 1,214 1,412 1,628 1,860 2,105 2,370 2,645 2,935 

317 439 585 745 928 1,135 1,360 1,618 1,885 2,172 2,480 2,808 3,160 3,526 3,915 

396 549 732 932 1,160 1,420 1,700 2,023 2,355 2.714 3,100 3,509 3.950 4,408 4,893 

476 660 878 1.118 1,392 1,703 2,040 2,427 2,828 3,258 3,720 4,212 4,740 5,289 5,873 

45 30 

50 

75 

100 

125 

150 

13 17 22 28 43 69 

21 28 37 47 72 115 

32 42 55 71 107 172 

42 56 73 94 143 229 

53 70 91 117 179 286 

63 84 110 141 214 344 

101 

169 

244 

338 

422 

507 

141 

234 

352 

468 

586 

702 

Maximum Uniform size 
recommended 
lump size* Mixed with fines 

2 3 4 4 5 6  

4 5 6 6 8 1 0  

7 

12 

8 

14 

W 187 238 296 363 435 514 599 692 789 893 1,003 1,121 1,242 

312 397 494 605 725 857 999 1,151 1,314 1,488 1,672 1,868 2,073 5 
468 595 741 908 1,088 1.287 1,499 1,725 1.973 2,240 2,510 2,800 3,110 z 

? 

10 11 12 12 12 12 12 12 12 12 12 12 12 1 

0 
624 793 988 1,210 1,450 1,715 1,998 2,302 2,628 2,976 3,344 3,735 4,146 m 
780 990 1,235 1,512 1,810 2,144 2,498 2,876 3,287 3,738 4,182 4,668 5,183 

936 1,190 1,482 1.815 2,175 2,572 2,997 3,453 3,942 4,464 5,016 5,603 6.219 B 

4;: 

1 

4 16 20 24 24 24 24 24 24 24 24 24 24 24 

Note: Obtain capacities of their material densities and belt speeds by direct interpolation. 
*Larger lumps can often be considered with special impact constructions and loading point designs. 

h) 
h) w 
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0 

1 

A 

FIGURE 8.4 Conveyor belt arrangements 
Source: Goodyear Tire and Rubber Company 1975. 

The load friction force is equal to: 

lOOT 
3s 

c (L + Lo) - (EQ 8.17) 

where T is the peak capacity in tons per hour and S is the belt speed in feet per minute. 
The force required to overcome the load on an incline is: 

(EQ 8.18) 

where H is the elevation change in feet. This component of the tension equation takes on 
the negative sign when the discharge point is lower in elevation than the loading point. 

The force required to overcome the belt weight on an incline is: 

(B) (HI (EQ 8.19) 

where B is the belt weight in pounds per foot of the conveyor’s center-to-center distance. 
The maximum calculated tension (T,) represents the tight-side tension on one side 

of the drive pulley. To prevent slipping, a slack-side tension (T,) is developed on the 
other side of the drive pulley. The difference between the two is called the effective ten- 
sion (T,) and is equal to: 

Ti - [(B)(H)I (EQ 8.20) 

The minimum slack-side tension required becomes: 

(T,) (K) (EQ 8.W 

where K is the drive factor, which is a measure of the drive pulley’s ability to transmit its 
torque without slippage. Values of K depend on the arc of contact between the belt and 
drive pulley(s), type of takeup, and whether the drive pulleys are bare or lagged. 
Table 8.8 provides values for K. 

If the minimum slack-side tension is less than BH, no additional takeup tension 
force is required. Since any additional force will be divided evenly between the tight side 
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TABLE 8.6 Friction and length factors for conveyor belts 
~ ~ ~ ~ ~ ~~ ~ ~ ~ 

Friction Factor Length Factor 
Class of Conveyor (C) (LJ, ft 

For conveyors with permanent or other well aligned structures and with 0.022 200 
normal maintenance 

For temporary, portable, or poorly aligned conveyors. Also for conveyors 
in extremely cold weather that either are Subject to frequent stops and 
starts or are operating for extended periods at -40°F or below 

0.03 150 

For conveyors requiring restraint of the belt when loaded 0.012 47 5 

Source: Goodyear Tire and Rubber Company 1975. 

TABLE 8.7 B and Q for conveyor belts 

Medium-service Material 
Over 50 But Not Exceeding 

100 Ib per cu ft 
Light-service Material to 

50 Ib per cu ft 
Heavy-service Material over 

100 Ib per cu ft 

Width, in. B Q B Q B Q 
14 

16 

18 

20 

24 

30 

36 

42 

48 

54 

60 

66 

72 

1 

2 

3 

4 

5 

6 

7 

9 

12 

14 

17 

20 

22 

7 

8 

9 

10 

14 

19 

26 

33 

40 

50 

62 

75 

88 

2 

3 

4 

5 

6 

7 

9 

11 

15 

18 

21 

24 

28 

13 

14 

16 

18 

21 

28 

38 

50 

60 

7 1  

85 

103 

121 

3 

4 

5 

6 

7 

8 

11 

14 

18 

22 

27 

32 

36 

19 

21 

23 

25 

29 

38 

52 

66 

82 

97 

115 

135 

155 
~ ~ 

Source: Goodyear Tire and Rubber Company 1975. 

and slack side of the drive pulley, the takeup force must be twice as large as the differ- 
ence between T, and BH: 

takeup tension force = 2(T2 - BH) (EQ 8.22) 

A belt must be capable of withstanding the maximum tension to be applied: 

T,,, = T, + 0.5 (takeup tension force) (EQ 8.23) 

Idler Spacing 

Table 8.9 lists typical spacing recommendations for conveyor carrying and return idlers. 
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TABLE 8.8 K values for conveyor belts 
~ ~~ ~ 

Manual Takeup Automatic Takeup 
Arc of Contact, 

degrees Bare Pulley Lagged Pulley Bare Pulley Lagged Pulley 

150 1.20 1.00 0.84 0.67 
180 0.97 0.80 0.64 0.50 
190 0.91 0.75 0.59 0.46 
200 0.85 0.71 0.54 0.42 
210 0.80 0.66 0.50 0.38 
220 0.75 0.62 0.46 0.35 
230 0.72 0.59 0.43 0.33 
240 0.68 0.56 0.40 0.30 
270 0.58 0.49 0.32 0.24 
300 0.51 0.43 0.26 0.19 
330 0.46 0.40 0.22 0.16 
360 0.42 0.36 0.18 0.13 
390 0.39 0.33 0.15 0.11 
420 0.36 0.31 0.13 0.09 
450 0.33 0.29 0.11 0.07 
480 0.31 0.27 0.09 0.06 

Source: Goodyear Tire and Rubber Company 1975. 

TABLE 8.9 Idler spacing for conveyor belts 

Carrying Idler Spacings, ft 

Material Weight, ft 
Return Idler 

Belt Width, in. up to 50 ib/ft3 To 100 Ib/ft3 100 lb/ft3 or More Spacings, ft 

14, 16, 18 5% 5 5 10 

24.30 5’/2 4 3% 10 

36,42 5 3% 3 10 

48 41/2 31/2 2v2 10 
54 4?”2 3 21/2 10 
60 41/2 3 21/2 8 to 10 
72 4l.2 3 21/2 8 to 10 

Source: Goodyear Tire and Rubber Company 1975. 

Motor Horsepower 

The required motor horsepower can be calculated using the following equation: 

(EQ 8.24) 

where S is the belt speed in feet per minute, T, is the effective tension in pounds, and E is 
the motor drive efficiency expressed as a decimal. 
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PROBLEMS 

Problem 8.1 

Given the following information, determine the specifications for a switch to be used 
with 85-lb rail in an underground mine: 

1. Cast frog used 
2. Frog No. (N) = 5 
3. Angle (F) = 11'25'16" = 11.421" 
4. Length (L) = 120 in. 
5. Gage (G) = 42 in. 
6. Thickness of the frog point (B) = 0.5 in. 
7. Thickness of the switch point (P) = 0.375 in. 
8. Heel spread of switch (H) = 6.25 in. 
9. Distance from the actual point of a frog to its toe (A) = 18.1875 in. 

Problem 8.2 

A 50-ton locomotive is to be used to haul coal from a very large loaded sidetrack 8,000 ft 
to the outside. Trips are to be designed to accelerate at a rate of 0.2 mphps up a 1% 
grade. If 10-ton capacity cars with a tare weight of 5 tons are used, how many locomo- 
tives will be required to haul a shift tonnage of 6,000 if the locomotives average 10 mph 
with 5-min turnaround time at each end (total of 10 min delay per trip)? Roller bearings 
are employed throughout and an adhesive factor of 25% is to be used. The operating 
time per shift is approximately 6 hr. 

Problem 8.3 

As the locomotive in Problem 8.2 was pulling up a 2% grade, the power went off when 
the locomotive was 1,000 ft from the top of the grade. When the power returned, the 
trip was accelerated to maximum design capacity on unsanded rails. How many miles 
per hour was the locomotive traveling when it reached the top of the hill and how long 
did this take? 
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Problem 8.4 

As the locomotive in Problem 8.2 was descending a 1.5% grade at a speed of 10 mph, the 
motorman saw a fall of rock on the track 120 ft  ahead. With sanding, he was able to apply 
an adhesive force of 0.30. Was he able to stop the trip in time and if so by how much? 

Problem 8.5 

Determine the size of locomotive required to pull a 300-ton train from a level siding at a 
maximum acceleration of 0.3 mphps if antifriction bearings with an F = 15 lb per ton are 
employed on all equipment. Use an adhesive factor of 30%. 

Problem 8.6 

Using the same size of locomotive and trip calculated in problem 8.5, determine the 
maximum grade against which this locomotive can pull the train without decelerating. 
Assume that the adhesive value is still 0.3. 

Problem 8.7 

Using the same size of locomotive and trip calculated in problem 8.5, determine the 
downgrade at which braking is impossible at any distance. Assume that braking will be 
attempted on sanded rails. 

Problem 8.8 

What motor horsepower must the locomotive used in problem 8.5 have if it is expected 
to operate at rated tractive effort (transmission efficiency: 95%, adhesive coefficient: 
35%) at a speed of 8 mph? 

Problem 8.9 

What weight of rail should be used for main-line haulage if the mine uses 35-ton four- 
wheel haulage locomotives? 

Problem 8.10 

An 8-ton locomotive is to be used to haul nine 2-ton cars with a 4-ton load in each car. 
Using the characteristic curves shown, determine the rms amperage and whether or not 
the locomotive is suitably designed to run continuously for 6 hr per shift. The following 
information also applies: 

1. Track profile (from panel to shaft bottom): 
a. 600 ft  of level track 
b. 2,000 ft at -0.5% 

2. Maximum speed: 8 mph 
3. Roller bearings used throughout 
4. Two motors on the locomotive 
5. Loading requirements: 2 min at 60 amp 
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Illustrates Problem 8.10 

6. Unloading requirements: 2 min at 40 amp 
7. Elevation of the haulage entry: 5,000 ft 
8. Temperature of the haulage entry: 30°C 
9. Shift tonnage to be transported: 500 tons 

Problem 8.11 

Design a 4241-1. conveyor belt to haul coal (55 Ib per loose cubic ft) 3,000 ft at a level 
grade in an underground mine. The peak capacity should be 500 tph, and the belt speed 
is projected to be 600 fpm. The drive has an automatic takeup, lagged pulley, and a 240" 
arc of contact; the motor drive efficiency is 0.85. 

Problem 8.12 

A 60-in. wide conveyor belt is to be designed for coal haulage up an 1,857-ft-long 18" 
slope. The peak capacity is estimated to be 1,000 tph, and the belt speed will be set at 
700 fpm. The belt drive will have an automatic takeup, lagged pulley, and a 180" arc of 
contact. If motor drive efficiency is assumed to be 90%, determine the various belt ten- 
sions and the required motor horsepower. Assume that the coal weighs 60 lb per loose 
cubic foot. 
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PROBLEM SOLUTIONS 

Solution 8.1 

H - P  
L 

Switch angle (S) = arc sin - 

6.25 - 0.375 
120 

= arc sin 

= 2.806” = 2’48’22” 

Theoretical toe distance (E) = A - (B) (N) 

= 18.1875 - (0.5)(5) 

= 15.6875 

15.6875 + lO(due to cast frog) = 25.6875 in. 

G - H - EsinF 
tan0.5(F + S) 

Theoretical lead (X) = (L cos S) + 

42 - 6.25 - (25.6875)(0.198) + 

= (120)(0.9988) + 
0.125 

+ E cos F 

25.6875(0.98) 

= 119.856 + 245.311 + 25.174 = 390.34 in. 

Actual lead (Y) = X + BN = 390.34 + (0.5)(5) = 392.84 in. 

G - H - E sinF 
2sin0.5(F + S)sinOS(F- S) 

Radius (R) = 

- - (25.6875)( 0.198) 

= 1,649 in. = 137.4 ft 

42-6.25 - (2)(0.124)(0.075) 

Length of straight closure rail (D) = X - L - E + 10 

= 390.34 - 120 - 25.6875 + 10 

= 254.65 in. = 21.22 ft 

Length of curved closure rail (C) = R (F - S) + 10 

= 257.9 in. = 21.50 ft 

Middle ordinate (MO) = R - [R cos 0.5 (F - S)] 

= 1,649 - [1,649 (0.9972)] = 4.62 in. 
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Solution 8.2 

TE (lb) = WL (FL + Gg + Aa) + WT (FT + Gg + Aa) 

50 (2,000)(0.25) = 50 (20 + 20 + 20) + W, (20 + 20 + 20) 

W, = (25,000 - 3,000)/60 = 366 tons 

Number of cars = 366 = 24.4 or 24 cars 
(10 -I- 5 )  

(24)(10) = 240 tons per trip 

(10 mph)(5,280 ft per mile)(l hr per 60 min) = 880 fpm 

16,000 = 18.2 min (round trip) 
880 

In 6 hr: 

(6)(60) = 360 = 12.76 trips per shift 
(18.2 + 10) 28.2 

It will be assumed that over the long run, because the operating time per shift is approx- 
imately 6 hr, 12.76 trips per shift will be averaged. This number is used for calculations 
rather than rounding down to 12 trips per shift or up to 13 trips per shift. It follows that 
the tons per shift will be 3,062[12.76(240)]. Two locomotives are required for 6,000 
tons per shift. 

Solution 8.3 

TE (lb) = WL (FL + Gg +Aa) + WT (FT + Gg +Aa) 

50 (2,000)(0.3) = 50 (20 + 40 + 100a) + 360 (20 + 40 + 100a) 

a = 5,400 = 0.1317 mphps 
41,000 

(0.1317 mphps)(1.46) = 0.1923 fpsps 

S = v,t + 0.5at2 = 0 + 0.5at2 

v = v, + at = 0 + at = 0.1923 (101.98 sec) = 19.61 f p s  

(19.61 fps)(l mile per 5,280 ft)(3,600 sec per hr) = 13.37 mph 
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Solution 8.4 

TE (lb) = W, (-F, + Gg + Aa) + WT (-FT + Gg +Aa) 

(50) (2,000) (0.3) = 50 (-20 + 30 + 100a) + 360 (-20 + 30 + 100a) 

a = 25,900 = 0.632 mphps 
41,000 

(0.632 mphps)(1.46) = 0.9227 fpsps 

v = 0 = v,, + at = 14.67 f p s  - 0.9227 fpsps (t) 

t =  l4 67 = 15.90 sec 
0.9227 

S = v,t + 0.5at2 

= 14.67 f p s  (15.9 sec) + (0.5)(-0.9227 fpsps)(15.9 set)' = 116.63 ft  

Yes, he was able to stop 3.36 ft short of the rock. 

Solution 8.5 

TE = W, (FL + 2Og + 100a) + WT (FT + 2Og + 100a) 

W, (2,000)(0.3) = WL (15 + 0 + 30) + 300 (15 + 0 + 30) 

w, = 13,500 = 24.32 tons 
(600 - 45) 

Solution 8.6 

TE = (W, + W,) (F + 2Og) 

(24.32)(2,000)(0.3) = (324.32)(15 + 2Og) 
g = 1.5% 

Solution 8.7 

TE = (WL + WT) (-F + 20g + 100a) 

Since braking is impossible, the value of a in the preceding equation is 0.0. 

(24.32)(2,000)(0.3) = (324.32)( - 15 + 2Og) 

Therefore, g is greater than 3.0%. 

Solution 8.8 

TE = 24.32 (2,000)(0.35) = 17,024 
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Solution 8.9 

Using Table 8.1, 85-lb rail appears to be adequate. 

Solution 8.10 

To solve a problem of this nature, take the total train weight for each track-section profile, 
consider the effects of grade and friction resistance on the locomotive’s tractive effort 
requirements, and calculate the tractive effort required per motor for the locomotive. 

Section 1 (Loaded, Level Track) : 

TE = (WL + WT) (F + 20g) 

= (8 + 54)(20 + 0) = 1,240 lb 

Since the locomotive has two motors, the TE per motor is 620 lb. From the characteristic 
curves (-----) shown in the illustration, I = 55 amp, speed = 10 mph. However, the 
maximum allowable speed is 8 mph. In this situation, the locomotive would commonly be 
operated on-off, on-off, etc., to maintain but not exceed 8 mph throughout this position of 
the track profile. To determine the time that the motors are on and off, find the time 
required to travel the distance at the maximum allowed speed and determine the time it 
would take at the curve speed; the difference between the two times represents the time at 
zero current. 

6 

5 

4 c  
I 2  
3 2  

I 
2 

I F  
I 

1 

Illustrates Solution to Problem 8.10 
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At 10.0 mph: 

t = (600 ft)/[(88 fpm/mph)(lO mph)] = 0.68 min 

At 8.0 mph: 

t = (600 ft)/[(88 fpm/mph)(8 mph)] = 0.85 min 

Thus, the zero I time = 0.85 - 0.68 = 0.17 min 

The duty cycle for this section is: 

0.68 rnin at 55 amp 
0.17 rnin at 0 amp 
Section 2 (Loaded, - 0.5% Grade): 

TE=(WL+WT)(F-20g) 

= (62)(20 - 10) = 620 lb 

Since the locomotive has two motors, the TE per motor is 310 lb. From the characteristic 
curves (............ ) shown earlier, I = 35 amp, speed = 14.3 mph. Again, the maximum 
allowable speed is exceeded. 

At 14.3 mph: 

t = (2000 ft)/[(88 fpm/mph)(l4.3 rnph)] = 1.59 min 

At 8.0 mph: 

t = (2000 ft)/[(88 fpm/mph)(8.0 mph)] = 2.84 rnin 

Thus, the zero I time = 2.84 - 1.59 = 1.25 rnin 

The duty cycle for this section is: 

1.59 rnin at 35 amp 
1.25 rnin at 0 amp 

Section 2 (Unloaded, +0.5% Grade): 

TE = (W, + W,) (F + 20g) 

= (8 + 18)(20 + 10) = 780 lb 

Since the locomotive has two motors, the TE per motor is 390 lb. From the characteristic 
curves (-.-.-.-. ) shown earlier, I = 44 amp, speed = 12.1 mph. Again, the maximum 
allowable speed is exceeded. 

At 12.1 mph: 

= 1.88 rnin 2,000 f t  
(88 fpm/mph)( 12.1 mph) 

t =  
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At 8 mph: 

t =  2,000 ft = 2.84 rnin 
(88 fpm/mph)( 8.0 mph) 

Thus, the zero I time = 2.84 - 1.88 = 0.96 min 

The duty cycle for this section is: 

1.88 rnin at 44 amp 
0.96 rnin at 0 amp 

Section 1 (Unloaded, Level Track) : 

TE = (W, + W,)(F + 20g) = (26)(20 + 0) = 520 lb 

Since the locomotive has two motors, the TE per motor is 260 lb. From the characteristic 
curves (- ) shown earlier, I = 30 amp, speed = 16.6 mph. Again, the maximum 
allowable speed is exceeded. 

At 16.6 mph: 

= 0.41 rnin 600 ft 
(88 fpm/mph)( 16.6 mph) 

t =  

At 8 mph: 

= 0.85 rnin 600 ft 
(88 fpm/mph)(8.0 mph) 

t =  

Thus, the zero I time = 0.85 - 0.41 = 0.44 rnin 

The duty cycle for this section is: 

0.41 rnin at 30 amp 
0.44 rnin at 0 amp 

Total Trip Time: 

Round-trip time = running time + loading time + unloading time 

=0.68+0.17+ 1.59+1.25+1.88+0.96+0.41+0.44+2.0+2.0 

= 11.38 rnin 

Trips per shift = shift tonnage/tons per trip = 500/36 = 13.89 = 14 trips 

Time per trip (allowable) = [(6 hr)(60 rnin per hr)]/14 trips = 25.7 rnin 

This allows 14.33 min of delay time per trip (25.5 - 11.38 rnin). Zero current is drawn 
during this delay period. 
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Therefore, the rms current needed is: 

2 0.5 
Total I t, [ Total t, ] = 40.2 amp 

To find the allowable rms current, the following formula is used: 

(lnH, - W)( lnI, - lnI,) 
ln(1) = + lnI, z -w 

Using the characteristic curves shown previously, the following two points (denoted by 
Xs) will be taken off of the Time to Rise 75°C Curve: 

H,, I, : 6 hr, 70 amp 

H,, I, : 2 hr, 110 amp 

Corrections must now be made for elevation and ambient temperatures: 

percent decrease due to elevation = 5y000 - 3j300 = 5.15% 

and the maximum allowable motor temperature rise = 75 - 75 (0.0515) - 5 = 66.1"C 

330 

Wand Z become: 

2 
[ln(12,100 x 2)0'5(66.1/75)] = o.44 W =  

12,100 

2 
[ln(4,900 x 6)0'5(66.1/75)1 = Z =  

4,900 

and: 

[ ln(6) - 0.441 [In( 70 - In( 1 l O ) ) l  
1.54 - 0.44 + In( 110) 

ln(1) = 

- - (1.79 - 0.44)(4.25 - 4.70) + 4.7 
1.10 

= 4.15 

Thus, Iallowable = 63.5 amp and the locomotive/motor combination will work (40.2 amp 
< 63.5 amp). 
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Cycle-Time Tabulation: 

Actual Time, EffectiveTime 
Cycle Section TE per Motor min min I Pt, 

Loaded 1 620 0.68 0.68 55 2,057 

0.17 

2 310 1.59 

1.25 

Unloaded 2 390 1.88 

0.96 

1 260 0.41 

0.44 

Delay time 14.33 

Loading time 2.00 

Unloading time 2.00 

Totals: 

0.17 

1.59 

1.25 

1.88 

0.96 

0.41 

0.44 

0 

2.00 

2.00 

11.38 

0 0 

35 1,948 

0 0 

44 3,640 

0 0 

30 369 

0 0 

0 0 

60 7,200 

40 3,200 

18,414 

Solution 8.11 

Empty conveyor friction force: 

CQ(i  + Lo) = ( 0 . 0 2 2 ) ( 5 0 ) [ ~ ) +  200 = 1,870 lb 

Total: = 3,520 lb 

Load friction force: 

C (L + Lo)(%) = (0.022)(3,000 + 200)(100)(500) = 1,956 lb 
(3  )(600) 

T, = 3,520 + 1,956 = 5,476 lb 

T, - T, =T,=T, - BH 

T, = T, - 0.0 = 5,476 lb 

Thus, the minimum slack-side tension = T, (K) 

= 5,476(0.3) 

= 1,643 lb 
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Takeup tension force = 2(T2 - BH) 

= 2(1,643 - 0) 

= 3,286 lb 

Maximum applied tension = T, + 0.5(takeup tension force) 

= 5,476 + (3,286/2) = 7,119 lb 

Idler spacing: From Table 8.9, the carrying-idler spacing is approximately 5 ft, while the 
return idlers can be spaced on 1 0 4  centers. 

Motor horsepower: 

HP = STJ33,OOO E 

= 600 (5,476)/[33,000 (0.85)l 

= 117 hp 

Typically, two 75-hp motors would be placed in tandem in this situation. 

Solution 8.12 

Empty conveyor friction force: 

where L = 1,857 (cos 18") 

CQ[($ + Lo] = (0.022)(85)(? + 200 ) = 2.025 lb 

Total = 3,676 lb 

Load friction force: 

C (L + Lo)(%) = (0.022)(1,766 + 200) 1034(:60d(o) = 2,060 lb 

Inclined load force: 

+100TH = +100(1,000)(574) = 27,333 lb 
3s 3 ( 700) 

where H = 1,857(sin IS0) = 574 ft 

Inclined belt force: 

BH = 21(574) = 12,054 lb 

T, = 3,676 + 2,060 + 27,333 + 12,054 = 45,123 lb 

T, = TI - T, = TI - BH = 45,123 - 12,054 = 33,069 lb 
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Minimum slack-side tension: 

T, = T,(K) = 33,069(0.50) = 16,535 lb 

Because the minimum slack-side tension is greater than BH (12,054 lb), an additional 
takeup force is required: 

Takeup force required = 2(16,535 - 12,054) = 8,962 lb 

T,,, = TI + OS(takeup force required) = 45,123 + 0.5(8,962) = 49,604 lb 

An 800-hp motor would probably be selected. 



. . . . . . . . . . . . . .  
CHAPTER 9 

Rub ber-Tired 
Haulage Systems 

Face haulage in underground mines and pit haulage in surface mines are the principal 
domains of rubber-tired haulage vehicles. In underground mines, cable-reeled, battery- 
powered, or diesel-powered haulage vehicles are used; trucks are primarily used in sur- 
face mines. 

Although many factors are considered when selecting rubber-tired haulage vehicles, 
such as clearance and tire life, the most important factor from a mine-planning stand- 
point is the production capability of the vehicle in the mine environment. This chapter 
addresses this topic. 

UNDERGROUND FACE-HAULAGE VEHICLES 

The selection of underground face-haulage vehicles is, in some respects, much simpler 
than that of the other haulage systems previously discussed. It is simpler because these 
vehicles, which transfer the mined material from the face to the intermediate haulage 
system, are manufactured in various sizes to cope with the confinement of underground- 
opening widths and heights. However, because these vehicles operate intermittently in 
conjunction with a constantly advancing face, the system’s lack of permanence and over- 
all dynamic nature create a more difficult situation for predicting productivity. The 
emphasis in this section is on modeling of productivity. 

Three fundamental steps must be taken to analyze the productivity potential of any 
face-haulage system: 

1. Recognize the geologic (seam thickness, etc.) and mining (opening widths, etc.) 
constraints that affect the velocity/clearance aspects of the haulage equipment 
and select equipment from manufacturers’ specifications with these constraints in 
mind. 

2. Secure the elemental times of the face-haulage system. 
3. Incorporate the elemental times into an acceptable mine plan. 

By recognizing the geologic and mining constraints that affect the system layout, param- 
eters, such as vehicle payload, tonnage to be hauled per cut, and haulage distances, can 
easily be determined. 

241 
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: a : : 
FIGURE 9.1 Sample cut sequence in an underground coal mine 

Elemental times can be developed in two ways: 
I. In an existing operation, a time study of the dynamic system can be conducted by 

placing three time-study engineers at the following static locations: (1) near the 
loading machine, (2) near the change point (CP) outby the face, and (3) near the 
dump. By synchronizing their watches and recording the actions of the haulage 
vehicles at these three locations, their time studies can be reduced to provide ele- 
mental times, such as vehicle tram rates (empty or loaded), vehicle discharge 
times, and loading rates. 

2. In the absence of an existing operation, average values for the elemental times 
can be provided from other mines operating in similar conditions or by the man- 
ufacturers themselves. 

Once the mining and geologic constraints are understood and the elemental times are 
secured, a typical layout, such as the one shown in Figure 9.1, can be analyzed. To do 
this, a cycle-time analysis is usually performed by either computer simulation or mathe- 
matical modeling. In this text, only mathematical modeling is considered. A spreadsheet 
incorporating the necessary equations can easily be constructed. 

The mathematical model that is most frequently used for face-haulage studies is: 

LCT = LT + COT + WSC + MISC + 'IT (EQ 9-11 
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FIGURE 9.2 Haulage vehicles at the intersection containing the change polnt 

where LCT is the loader cycle time for the cut in minutes; LT is the time that the load- 
ing machine actually spends loading the cut in minutes; COT is the time, in minutes, 
that the haulage vehicles tram inby the change point, which is located in the outby 
intersection where the empty haulage vehicle(s) waits for the loaded vehicle to clear 
the haulage path; and WSC is the time, in minutes, that the loader spends waiting for 
an empty face-haulage vehicle to arrive at the intersection containing the change point 
once the loaded vehicle clears the route inby. Figure 9.2 shows the situation when 
WSC equals zero; the empty vehicle has returned in time to advance inby the change- 
out point along a clear roadway. 
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MISC is the time, in minutes, resulting from a delay of the cycle to conduct miscella- 
neous operations, such as a methane check or advancement of ventilation tubing, and 
tramming the loader to the face of the next cut when an empty haulage vehicle is avail- 
able at the loader. 

TT is the time, in minutes, required to tram the loading machine from the completed 
cut to the face of the next cut. When a single-crew super section-a concept where two 
continuous miners are in the same section but only one is mining at any given time-is 
used, TT becomes the miner operator’s time to walk from the recently completed cut to 
the continuous miner, which is set up to mine the next cut. 

It is ironic that the haulage cycle-time analysis has the loader as its reference point; 
this merely proves the interrelationship between the loading and hauling operations. 
Three of the five components on the right-hand side of the equation can be further 
defined with the aid of the elemental times, rates, and capacities: 

T LT= - 
LR 

wsc= ( N -  - * { [ (2 HD/SPD) + DT] - 
2 

+ [2 (COD/SPD)I)l 

(EQ 9.21 

where T is the tons in the cut; LR is the average loading rate in tons per minute; CAP is 
the average shuttle-car payload in tons; N, which is (T/CAP)*, is the number of shuttle- 
car loads in the cut [( )* means raise the calculated value within the parentheses to the 
next highest integer and ( )* means lower the calculated value within the parentheses to 
the next lowest integer]; COD is the one-way distance, in feet, traveled between the 
loader and the intersection containing the change point; SPD is the average shuttle-car 
speed in feet per minute; HD is the one-way distance traveled between the dump and the 
intersection containing the change point in feet; DT is the average discharge time of the 
haulage vehicle in minutes; and NO is the number of haulage vehicles in use. 

An effective way to ensure that the COD and HD are measured correctly is to place a 
“dot” on the inby end of the haulage vehicles. The distance traveled by the “dot” from 
the loader to the point where it clears the intersection containing the change point 
(shown in Figure 9.2) is the COD. HD is measured from the point where the dot clears 
the change-point intersection to the dump. Since the “dot” is placed on the inby end of 
the vehicle, the vehicle length is automatically considered. 

One technique that has been used to accommodate two shuttle cars sharing the same 
haulage path is called “switch-in/switch-out.” In this situation, the empty standard shuttle 
car will “switch-in” into a left-side crosscut until the loaded opposite-standard shuttle car 
clears the intersection containing the change point. In this way, the loaded vehicle will not 
run over the cable of the empty vehicle. When clear, the standard shuttle car will “switch- 
out” or back out into the entry to proceed inby toward the awaiting loading machine or 
continuous miner. Obviously, when the empty opposite-standard shuttle car approaches 
the change point, it will “switch-in” and “switch-out’’ of the right-side crosscut. 

Operationally, battery-powered or diesel-powered haulage vehicles are not con- 
strained, as are cable-reel shuttle cars, because of the absence of the power cables. As a 
result, these untethered vehicles follow a cycle in which all loaded vehicles follow a 
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TABLE 9.1 Industry-accepted standards of rolling resistance factors (20 Ib per ton 1%) 

Ib per ton (Wt) 
A hard, smooth, stabilized, surfaced roadway without 40 (20) 

A firm, smooth, rolling roadway with dirt or light surfacing; (35) 

penetration under load; watered; maintained 

flexing slightly under load or undulating; maintained fairly 
regularly; watered 

Snow, loose 90 (45) 

65  

Snow, packed 50 (25) 

A dirt roadway; rutted; flexing under load; little if any 100 
maintenance; no water; 1 in. (25 mm) or 2 in. (50 mm) 
tire penetration 

Rutted dirt roadway; soft under travel; no maintenance; 
no stabilization; 4 in. (100 mm) to 6 in. (150 mm) tire 
penetration 

150 

Loose sand or gravel 

Soft, muddy, rutted roadway; no maintenance 
200 (100) 

200 to 400 (100 to 200) 

Source: CaterDillar 1975. 

common path to the dump and all empty vehicles follow a common path back to the 
loader. Therefore, it is much easier to add more vehicles to the haulage plan. However, 
two additional times must be added: a turn time so that the empty hopper can be 
pointed toward the loader and a turn time so that the loaded hopper can be pointed 
toward the dump. Since these two times occur outby the change point, they can be eas- 
ily accommodated by the equations. To do this, merely add both times to the discharge 
time (DT) per vehicle. 

When these equations are applied to a mining plan, the time required to load out a 
particular cut can be determined. Slight alterations in the mining plan (cut sequence, pil- 
lar dimensions, etc.) can be analyzed in the same way to evaluate their effect on overall 
productivity. 

S U R F A C E  HAULAGE V E H I C L E S  

Trucks are the most widely used surface haulage vehicles. Although the selection proce- 
dure for haulage trucks is similar to that used to select other forms of wheeled mine- 
haulage vehicles, there are some differences that must be mentioned at the outset. 

Trucks are rated in gross vehicle weight (GVW), which is equal to the weight of the 
empty vehicle plus the weight of the load. For a properly maintained truck, rolling resis- 
tance factors can be tabulated as shown in Table 9.1. Grade resistance (assistance) is 
equal to the GVW multiplied by the percent grade multiplied by 20 lb per ton, identical 
to the procedure followed for mine locomotives. Thus, the total resistance can be 
expressed as the sum of the rolling resistance and the grade resistance. This total resis- 
tance is referred to as effective grade; when multiplied by GVW, this is identical to the 
power required to move the vehicle. 

Once the required power is determined, the amount of power available to move the 
truck is considered; the two factors that govern this are horsepower and speed. Trucks 
have transmissions, which provide speed and pull combinations that are designed to meet 
the requirements dictated by various situations. For example, assume that a certain off- 
highway truck has the characteristics shown in Figure 9.3, with a GVW of 150,000 lb and 
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I I I " 1  

Gross Weight 

20 30 40 50 60 80 100 150 200 kg x 1,000 
I I  I 1 I I I I I t I ' i l l l l l  ' 

I I 

I- & 

3 

2 t  

0.50 

0.30 1 
-.- 

0 5 10 15 20 25 30 35 40 45 50 
1 1 1  I I I I I I I I I ' I I I L  
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 

Speed 
Key Key 
IA-1st Gear (Torque Converter) 

2-2nd Gear 
3-3rd Gear 
4-4th Gear 
5 4 t h  Gear 
6-6th Gear 
7-7th Gear 

A-Empty 31 250 kg (68,900 Ib) 
16-1st Gear B-Mm GMW 68 182 kg (150,000 

mPh 

kmh 

FIGURE 9.3 Typlcal rlmpuiCspee&gradablllty curves for an off-highway truck 
Source: Caterpillar 1997. 

a total resistance of 6%. To determine the available power, find the 6% total resistance 
line and locate its point of intersection with a line dropped down from 150,000 lb of 
GVW. Moving to the left from this point, the rim pull (8,000 lb) can be read directly from 
the vertical axis. Notice that in moving to the rim-pull axis, a curve listed as fourth gear is 
also intersected. Dropping down from this point to the horizontal axis indicates that the 
power required is available when the truck is in fourth gear at a speed of 17 mph. 

So far, the adhesion of the haulage truck has been considered to be 100% of the 
weight on the drive wheels. However, similar to the situation with locomotive haulage, 
this is never the case. Table 9.2 shows the approximate coefficients of traction for 
rubber-tired haulage trucks. Thus, if a truck has 80,000 lb on its rear wheels when 
loaded at its rated capacity on a concrete roadbed, its usable power would be 72,000 lb 
[80,000 lb (0.90)]. 
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TABLE 9.2 Approximate coefflcient of traction factors 

Rubber Tires Tracks 

Concrete 0.90 0.45 

Clay loam, dry 0.55 0.90 

Clay loam, wet 0.45 0.70 

Rutted clay loam 0.40 0.70 

Dly sand 0.20 0.30 

Wet sand 0.40 0.50 

Quarry pit 0.65 0.55 

Gravel road (loose, not hard) 0.36 0.50 

Packed snow 0.20 0.25 

Ice 0.12 0.12 

Semi-skeleton shoes - 0.27 

Firm earth 0.55 0.90 

Loose earth 0.45 0.60 

Coal, stockpiled 0.45 0.60 

Source: Caterpillar 1997. 

Loaded 

0 0.4 0.8 1.2 1.6 2 2.4 2.8 3.2 3.6 4 4.4 4.8 5.2 

Time, Minutes 

FIGURE 9.4 Travel time (loaded) for a typical off-highway truck 
Source: Caterpillar 1997. 

Performance Calculation 

To determine the performance of a haulage truck, the following four items must be 
considered: 

1. Haulage capacity in tons carried 
2. Cycle time: The sum of loading, hauling, dumping, and return times for the 

truck (typical estimates for the travel times (loaded and empty) for a 138,000-lb 
GVW haulage truck are provided in Figures 9.4 and 9.5) 
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~ 

FIGURE 9.5 Travel time (empty) for a typical off-highway truck 
Source: Caterpillar 1997. 

3. Hourly production: the product of the cycles per hour, the load per cycle, and 
the job efficiency factor 

4. Correction factors based on job conditions 
When operating on steep downgrades, trucks may have to limit their operating speeds for 
safety. The maximum safe sustainable speed can be obtained by using performance curves, 
such as the ones shown in Figures 9.6 to 9.10, which relate to a 150,000-lb GVW truck. To 
determine the maximum safe speed, read from gross weight down to the percent effective 
grade. From that point, read horizontally to the curve with the highest obtainable speed 
range, then down to the maximum descent speed that the brakes can safely handle with- 
out exceeding their cooling capacity. Once the maximum safe speed is determined, the 
travel time for the segment can be determined using the following equation: 

(EQ 9.5) Time (in minutes) = (distance in feet)/[(88)(speed in miles per hour)] 
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Gross Weight 
0 25 50 75 1W 125 150 175 Ibrl.WO 
I , , , , , , ,  

I 1  I I 1 1  1 I I I I L  

Speed 
Continuous Grade Length 

0 5 10 15 20 25 30 35 40 45 Yl 55 mph 

Key Key 
2-2nd Gear A-ErnDtv 31 350 ka (68,900 Ib) 
3 3 r d  Gear 
U t h  Gear 
5-5th Gear 
6 6 t h  Gear 
7-7th Gear 

&Max GMW 68 l i i  kg (150,000 Ib) 

FIGURE 9.6 Typical brake performance (continuous grade retardlng) for an off-hlghway truck 
Source: Caterpillar 1997. 

Gross Weight 
0 25 50 75 1W 125 153 175 1bXl.WO 
l I I , , I i ,  
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0 5 10 15 20 25 30 35 40 45 50 55 mph 

Speed 
Grade D i s t a n c e 5 0  rn (1,500 ft) 

Key Key 
2-2nd Gear 
3--3rd Gear 
W t h  Gear 
5 4 t h  Gear 
6 4 t h  Gear 
7-7th Gear 

A-Empty 31 350 kg (68,900 Ib) 
B-Max GMW 68 182 kg (150,000 Ib) 

FIGURE 9.7 Typical brake performance (1,500 ft) for an off-highway truck 
Source: Caterpillar 1997. 
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FIGURE 9.8 Typical brake performance (2,000 ft) for an off-highway truck 
Source: Caterpillar 1997. 
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B-Max GMW 68 182 kg (150.000 Ib) 

FIGURE 9.9 Typical brake performance (3,000 ft) for an off-highway truck 
Source: Caterpillar 1997. 
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FIGURE 9.10 Typical brake performance (5,000 ft) for an off-highway truck 
Source: Caterpillar 1997. 

PROBLEMS 

Problem 9.1 

Shown next is a portion of a section layout in an underground coal mine. The cut to be 
mined is in the belt entry. Because of this, a “switch-in/switch-out” haulage system is to 
be tried, with the two cable-reel shuttle cars switching in the first crosscut outby the face. 
The face is located 70 ft  inby the change point, and the cut will be driven 20 ft deep. For 
tram-distance calculations, measure from the midpoint of the cut. Based on the pertinent 
information shown below, determine the cycle time for the cut. List operating times for 
each shuttle car (one column for car A, which switches into the left crosscut, and one col- 
umn for car B, which switches into the right crosscut). Check your answer with the math- 
ematical model for face haulage operations. Start the cycle when the first ton of coal is 
loaded into the first shuttle car and end the cycle when the last ton is discharged at the 
dump. Neglect the time it takes to tram the continuous miner to the next cut. 
Pertinent information: 

Seam thickness = 6 ft 
Entry and crosscut widths = 20 ft 
Pillar size = 60 ft x 60 ft  
Shuttle-car tram rate = 300 fpm 
Shuttle-car payload = 8 tons 
Continuous miner = 25 ft long 
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Illustrates Problem 9.1 

Loading rate = 10 tons per min 
Coal density = 0.04 tons per cu ft 
Shuttle-car discharge time = 0.5 min 
Shuttle cars = 25-ft long 
Belt feeder (dump) located 110 ft  outby the change point 
Switch-in time = 0.15 min 
Switch-out time = 0.15 min 

Problem 9.2 

Assume that shuttle car B was in need of repair at the start of the cycle of the previous 
problem and the decision was made to load out the cut with only shuttle car A. Deter- 
mine how long it would take to load out the cut. 

Problem 9.3 

For the conventional-mining plan shown, determine the time required to load out cut 
no. 80 (i.e., put all of the coal on the panel belt). For tram-distance calculations, mea- 
sure from the midpoint of the cut. List the operating times for each shuttle car (one col- 
umn for car B and one column for car C). Neglect the time it takes to tram the loader to 
cut no. 81. Pertinent information: 

Shuttle-car tram rate (empty) = 250 fpm 
Shuttle-car tram rate (loaded) = 225 fpm 
Shuttle-car payload = 6 tons 
Loading machine = 2 0 4  long 
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Point 
0 

, . . . . . . . . . . . . . . . c . . . . . . . . . . . . . . . . .  I-----70 ft+ 

I 2 3 4 5 6 ? 

Illustrates Problem 9.3 

Loading rate = 4 tons per min 
Coal density = 0.04 tons per cu ft  
Seam thickness = 6 ft 
Shuttle-car discharge time = 0.5 min 
Shuttle cars = 25-ft long 

Problem 9.4 

Pictorially describe the answer to Problem 9.3 with bar graphs representing the cycle 
times for cars B and C. 

Problem 9.5 

Verify the answers to Problems 9.3 and 9.4 with the equations provided for the mathe- 
matical modeling of face-haulage systems. 

Problem 9.6 

Two battery-powered haulage vehicles are projected to replace the shuttle cars in the 
section layout shown in problem 9.3. Within which cut in entry 7 will WSC time be 
encountered because no empty vehicle is available at the cleared change point? Assume 
the following: 

Change point remains as shown. 
Loader length is 20 ft. 
Neglect the length of the battery-operated haulage vehicles. 
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Turn time at the change point and the dump is 0.25 min per occurrence. 
Loading time is 1.75 min. 
Tram rate (loaded) is 250 fpm. 
Tram rate (empty) is 325 fpm. 
Discharge time is 0.25 min. 

Problem 9.7 

Utilizing the same change point as shown in the layout for problem 9.3, what would be 
the minimum loading rate of the loader to maintain a shuttle-car zero wait time (i.e., no 
WSC time) for cut no. 80 if the shuttle-car speeds are 325 fpm and each car has a 10-ton 
capacity? Assume that the mean dump time is 0.5 min. and the loader is 20 ft long. 

Problem 9.8 

A boring-type continuous miner is to be used to advance an entry in a 6-ft seam of potash 
under a self-supporting roof. The distance from the change point to the dump is 280 ft 
for both of the 5-ton capacity shuttle cars, which travel at an average speed of 300 fpm. 
The loading rate is 3.2 tons per min, and the shuttle car dump time is 30 sec. If each foot 
of miner advance produces 4 tons of potash, determine how far the continuous miner 
can advance the entry beyond the change point before the additional wait time (WSC) is 
eliminated. Assume that the breakthroughs and entries are driven 18-ft wide and that 
neither shuttle car can enter the intersection containing the change point until it is 
cleared by the other car (as shown in Figure 9.2). The lengths of the continuous miner 
and shuttle cars are 23 ft and 25 ft, respectively. 

Problem 9.9 

(Figures 9.3 to 9.10 and Tables 9.1 and 9.2 should be used for Problems 9.9 through 9.11.) 

Estimate the cycle time and production of a 150,000-lb GVW off-highway truck with 
80,000 lb on its rear wheels when loaded to its rated capacity, if it operates on a 5,000-ft 
level haul road. The road flexes under load, is rutted, and has little maintenance. 
Assume the following: 

Loading time: 1.30 rnin 
Maneuver and dumping time: 0.75 rnin 
Job efficiency: 50 min. of operating time per scheduled hour (0.83) 

Problem 9.10 

The surface-mine engineer for the operation described in problem 9.9 is considering the 
use of an alternate haul road for the off-highway trucks. Although the alternative is 
shorter (3,000 ft), it has a 5% adverse grade on the haul. Assume that all other concerns 
(loading time, maneuver and dumping time, job efficiency, coefficient of traction, rolling 
resistance, etc.) are identical to those of problem 9.9. Which haul route (the one in the 
previous problem or the one in this problem) should be selected based on lowest cycle 
times? What are the cycle times and hourly productions? 
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Problem 9.11 

If the truck described in problem 9.10 encounters a 1500-ft 20% downgrade while on 
the haul, what is its maximum safe sustainable speed so that its brakes can function 
without exceeding their cooling capacity? How long will it take for the vehicle to travel 
this distance? 

Problem 9.12 

The 150,000-lb GVW off-highway truck described in the previous problems is rated at 
450 hp (flywheel power). What percent of this flywheel power is available at an eleva- 
tion of 7,500 ft? 

PROBLEM SOLUTIONS 

Solution 9.1 

Tons in cut no. 80: 6 x 20 x 20 x 0.04 = 96 tons 
Number of shuttle-car loads: 96 t 8 = 12 
Loading time: 8 t 10 = 0.8 min per car 
Change-out distance (COD) = [(OS)(entry width)] + (change point to midpoint of cut) - 

(miner length) = (10 ft) + (80 ft) - (25 ft) = 65 ft 
Haul distance (HD) to the dump = [(distance from the point where the “imaginary dot” 

on the inby end of the shuttle car clears the intersection containing the change point 
to the dump) - (shuttle car length) = 100 ft  - 25 ft = 75 ft 

Dump time: 0.5 rnin 
Travel time (loaded and empty): COD = 65/300 = 0.22 min 
HD = 75/300 = 0.25 rnin 
The inby cycle times are greater than the outby cycle times: 

SW-OUT + COD + LOAD + COD > HD + DUMP + HD + SW-IN 

0.15 + 0.22 + 0.80 + 0.22 > 0.25 + 0.50 + 0.25 + 0.15 

1.39 z 1.15 

Therefore, there will always be an empty shuttle car waiting for 0.24 min at the change 
point and WSC will equal zero for the entire cycle. 

Cycle Times 

Car A Car B 
0.80 Load No. 1 0.80 WAIT 
0.22 COD 0.22 WAIT 

0.15 SWITCH-OUT 
0.25 HD 0.22 COD 
0.50 Dump No. 1 0.80 Load No. 2 
0.25 HD 0.22 COD 
0.15 SWITCH-IN 0.25 HD 
0.24 WAIT 0.50 Dump No. 2 
0.15 SW ITC H-0 UT 0.25 HD 

(table continues on next page) 
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Cycle Times (continued) 

Car A Car B 

0.22 COD 0.15 SWITCH-IN 
0.80 Load No. 3 0.24 WAIT 
0.22 COD 0.15 SW ITC H-0 UT 
0.25 HD 0.22 COD 
0.50 Dump No. 3 0.80 Load No. 4 
0.25 HD 0.22 COD 
0.15 SWITCH-IN 0.25 HD 
0.24 WAIT 0.50 Dump No. 4 
0.15 SWITCH-OUT 0.25 HD 
0.22 COD 0.15 SWITCH-IN 
0.80 Load No. 5 0.24 WAIT 

0.22 COD 0.15 SWITCH-OUT 

0.25 HD 0.22 COD 
0.50 Dump No. 5 0.80 Load No. 6 
0.25 HD 0.22 COD 
0.15 SWITCH-IN 0.25 HD 
0.24 WAIT 0.50 Dump No. 6 
0.15 SWITCH-OUT 0.25 HD 
0.22 COD 0.15 SWITCH-IN 

0.80 Load No. 7 0.24 WAIT 

0.22 COD 0.15 SWITCH-OUT 
0.25 HD 0.22 COD 

0.50 Dump No. 7 0.80 Load No. 8 

0.25 HD 0.22 COD 
0.15 SWITCH-IN 0.25 HD 

0.24 WAIT 0.50 Dump No. 8 
0.15 SWITCH-OUT 0.25 HD 
0.22 COD 0.15 SWITCH-IN 

0.80 Load No. 9 0.24 WAIT 
0.22 COD 0.15 SWITCH-OUT 

0.25 HD 0.22 COD 
0.50 Dump No. 9 0.80 Load No. 10 
0.25 HD 0.22 COD 
0.15 SWITCH-IN 0.25 HD 
0.24 WAIT 0.50 Dump No. 10 
0.15 SWITCH-OUT 0.25 HD 

0.22 COD 0.15 SWITCH-IN 

0.80 Load No. 11 0.24 WAIT 
0.22 COD 0.15 SW ITC H-0 UT 

0.25 HD 0.22 COD 
0.50 Dump No. 11 0.80 Load No. 12 

0.22 COD 
0.25 HD 
0.50 Dump No. 12 (contains 

the last ton of coal) 
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Cycle Time for Car B: 

0.80+0.22+0.15+0.22+0.80+0.22+0.25+0.50+ [5 (0.25+0.15+0.24+0.15 

+ 0.22 + 0.80 + 0.22 + 0.25 + 0.50)] = 17.06 rnin 

Check with the Mathematical Model: 

The mathematical model to be used, with the continuous miner tram time ignored, is: 

LCT = LT + COT + WSC 

Further: 

LT = (T/LR) = (96/10) = 9.6 rnin 

Because N = (T/CAP)* = (96/8) * = (12)* = 13, COT becomes: 

COT = (13 - 1)(2 COD/SPD) = (13-1)(2 (65/300)) = 5.2 rnin 

This equation for COT assumes that the first haulage vehicle must tram inby the change 
point, and this time (0.22 min) is included in the 5.2 min. Since this problem assumes that 
the cycle begins with the haulage vehicle already at the miner, the true value of COT is 4.98. 

Finally, WSC has already been shown to equal zero. However, because of the “switch- 
out” cycle, the model has to accommodate a time of 0.15 min per occurrence (12 in all). 
We can include these 1.80 min and treat them as WSC time because the miner is ready, 
but a shuttle car is not available until the “switch-out’’ operation takes place. Therefore, 

LCT = 9.6 + 4.98 + 1.80 = 16.38 rnin 

Since the mathematical model assumes that the cycle ends when the last loaded haulage 
vehicle clears the change point, the time for haulage from the change point to the dump 
(0.25) and the time to dump the last load (0.5) must be added to 14.80 min. The net 
result is 16.38 + 0.25 + 0.5 = 17.13 min, which, with round-off error, is close to the 
answer determined earlier. 

Solution 9.2 

Unconstrained by the presence of another shuttle car, the cycle for car A begins as: 

Cycle l i m e s  

0.80 
0.22 
0.25 
0.50 

0.25 
0.22 
0.80 
0.22 
0.25 
0.50 

Car A 
Load No. 1 
COD 
HD 

Dump No. 1 

HD 
COD 

Load No. 2 
COD 

HD 

Dump No. 2 
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It should be readily apparent that one cycle (from the completion of dump no. 1 to the 
completion of dump no. 2) takes 2.24 min (0.25 + 0.22 + 0.80 + 0.22 + 0.25 + 0.50). 
Therefore, we can revise the cycle times to the following format: 

Cycle Times 

0.80 
0.22 
0.25 
0.50 
2.24 
2.24 
2.24 
2.24 

2.24 
2.24 
2.24 
2.24 

2.24 
2.24 
2.24 

Car A 
Load No. 1 

COD 
HD 
Dump No. 1 

Complete Cycle to Dump No. 2 
Complete Cycle to Dump No. 3 
Complete Cycle to Dump No. 4 
Complete Cycle to Dump No. 5 

Complete Cycle to Dump No. 6 

Complete Cycle to Dump No. 7 

Complete Cycle to Dump No. 8 

Complete Cycle to Dump No. 9 

Complete Cycle to Dump No. 10 

Complete Cycle to Dump No. 11 

Complete Cycle to Dump No. 12 

Cycle Time for Car A: 

0.80 + 0.22 + 0.25 + 0.50 + [ll (2.24))] = 26.41 rnin 

In other words, one car working alone can load out this cut at approximately 65% of the 
two-car rate. 

Solution 9.3 
Tons in cut no. 80: 6 x 20 x 10 x 0.04 = 48 
Number of cars: 48 i 6 = 8 
Loading time: 6 i 4 = 1.5 min per car 
COD = CfOS)(entry width)] + (change point to midpoint of cut) - (loader length) = 

HD to the dump = 70 f t +  70 f t +  70 f t +  70 f t +  50 f t -  25 f t =  305 ft  
Dump time: 0.5 rnin 
Travel time (loaded): COD = 115/225 = 0.51 min 
HD = 305/225 = 1.36 rnin 
Travel time (empty): HD = 305/250 = 1.22 rnin 
COD = 115/250 = 0.46 rnin 

(10 ft) + (10 ft  +40  f t +  70 f t +  5 ft) - (20 ft) = 115 ft  

The outby cycle times are greater than the inby cycle times: 

COD + LOAD + COD < HD + DUMP + HD 

0.46 + 1.50 + 0.51 < 1.36 + 0.50 + 1.22 

2.47 < 3.08 

Therefore, a WSC time will be observed. 
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Cycle Times 

Car B Car C 

1.50 Load No. 1 1.50 WAIT 
0.51 COD 0.51 WAIT 
1.36 HD 0.46 COD 
0.50 Dump No. 1 1.50 Load No. 2 
1.22 HD 0.51 COD 
0.46 COD 1.36 HD 
1.50 Load No. 3 0.50 Dump No. 2 

0.51 COD 1.22 HD 

1.36 HD 0.46 COD 

0.50 Dump No. 3 1.50 Load No. 4 
1.22 HD 0.51 COD 
0.46 COD 1.36 HD 
1.50 Load No. 5 0.50 Dump No. 4 
0.51 COD 1.22 HD 

1.36 HD 0.46 COD 
0.50 Dump No. 5 1.50 Load No. 6 
1.22 HD 0.51 COD 

0.46 COD 1.36 HD 
1.50 Load No. 7 0.50 Dump No. 6 
0.51 COD 1.22 HD 
1.36 HD 0.46 COD 
0.50 Dump No. 7 1.50 Load No. 8 

0.51 COD 

1.36 HD 
0.50 Dump No. 8 (contains 

the last ton of coal) 

Cycle Times for Car C: 

1.5 + 0.51 + 3 (5.55) + 0.46 + 1.5 + 0.51 + 1.36 + 0.50 = 22.99 min 

Solution 9.4 

The following shadings will represent the various cycle times for the haulage vehicles: 

Loading Time (1.5 min) 

Change-Out TimelLoaded (0.51 min) 

Haul TimelLoaded (1.36 min) 

Dump (0.50 min) 

Haul TimelEmpty (1.22 min) 

Change-Out TimelEmpty (0.46 min) 

Wait at Change Point (varies) 

Illustrates Solution to Problem 9.4 
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Car B: 

Car c: 

Car B " \Y "\\\\\\\V 

...................... .... 
iii ... Dump #8 pi 
I 

Car C: 

0.0, 0.5 1 .o 1.5 2.0 2.5 

Car B 

Car C. 

2.5 3.0 3.5 4.0 4.5 5.0 

Car B: 

Car C: 

5.u 5.5 6.0 /.U 1.5 

Car B: 

Car C: 

7.5 8.0 8.5 9.0 9.5 10.0 

Car B 

Car C. 

10.0 10.5 1 1  .o 11.5 12.0 12.5 

Car B: 

12.5 13.0 13.5 14.0 14.5 15.0 

..................... 
Car C: 

15.0 15.5 16.0 16.5 17.0 17.5 

Car B. \' '\\ 

\ 

Car C: 

17.5 18.0 18.5 19.0 19.5 20.0 
Car B: ..................... 

Car C: 

20.0 20.5 21.0 21.5 22.0 22.5 

22.5 23.0 23.5 24.0 24.5 25.0 

4 
22.99 min 

~ 

Illustrates Solution to Problem 9.4 
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Solution 9.5 

The mathematical model to be used, with loader tram time ignored, is: 

LCT = LT + COT + WSC 

Further: 

Because this problem has two shuttle-car speeds, an empty speed of 250 fpm, and a 
loaded speed of 225 fpm, it is appropriate to substitute the average speed, 237.5 fpm, for 
SPD in the model. Further, because N = (T/CAP)* = (48/6) * = (8)* = 9, COT becomes: 

COT = (N - 1) 2COD = (9 - 1)2("5) = 7.75 min ( SPD 237.5 

This equation for COT assumes that the first haulage vehicle must tram inby the change 
point, and this time (0.46 min) is included in the 7.75 min. Since this problem assumes 
that the cycle begins with the haulage vehicle already at the loader, the true value of 
COT is 7.29. 

Finally, WSC is calculated as follows: 

= [y]  [2.568+0.5]- 
* 

= (3)(2.568 + 0.5) - (2.468) 

= (3)(0.6) 

= 1.80 min 

Therefore, 

LCT = 12 + 7.29 + 1.80 = 21.09 min 

Because the mathematical model assumes that the cycle ends when the last loaded haul- 
age vehicle clears the change point, the time for haulage from the change point to the 
dump (1.36) and the time to dump the last load (0.5) must be added to 21.09 min. 
The net result is 21.09 + 1.36 + 0.5 = 22.95 min, which, with round-off error, is close to 
the answer determined in the previous two problems. 
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Solution 9.6 

Cleared change point to dump: 70 ft + 70 ft + 70 ft + 70 f t  + 40 ft = 320 ft 
Outby cycle time: (320/250) + 0.25 + 0.25 + 0.25 + (320/325) = 3.01 min 
Inby cycle time: cleared change point to loader (empty) + loading + loader to cleared 

change point (loaded) = [X ft (0.003 min per ft)] + (1.75 min) + [X ft (0.004 min 
per ft)l 

Therefore, the break-even point is: 

3.01 rnin = [X ft (0.003 rnin per ft)] + (1.75 min) + [X ft (0.004 rnin per ft)] 

1.26 rnin = X(0.004 + 0.003) 

X=180ft  

A tram distance of 180 f t  inby the cleared change point, plus an additional 20 f t  due to 
the length of the loader, represents the start of cut no. 159. Thus, WSC time should be 
eliminated during the mining of cut no. 159. 

Solution 9.7 

The easiest way to solve this problem is to equate the inby-the-cleared-change-point and 
outby-the-cleared-change-point haulage times: 

COT = 2 (COD/SPD) = 2 [(140 - 20)/325] = 0.7385 rnin 

COT + LT = tram time to the dump + dump time + travel time from the dump 

LT = 1.73 rnin 

CAP 
LR 

LT= - 

Thus, 

CAP LR = - = 10 = 5.78 tons per rnin 
LT 1.73 
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Solution 9.8 

Outby tram time: 

280ft-  - f t -25f t=246f t  (‘2”) 
(2) (g) + 0.5 = 2.14 rnin 

Inby tram time: 

) = 2.14min 5 tons 
3.2 tons per rnin 

(9+9+(X-23)f t )  + 

(2) 300 fpm 

( 2 ) ( - s ) m i n  + 1.56 min = 2.14 min 

X = 92 ft from inby rib to face 

CP to face = 92 + 9 = 101 ft 

Solution 9.9 

At full load, truck haul: 81,000 lb (150,000 lb - 68,900 lb) or 40.55 tons 
Grade: 0% because it is a level haul road 
Rolling resistance: 100/20 = 5% (Table 9.1) 
Total effective grade: 5% + 0% = 5% 
Cycle time (5,000 ft = 1524 m): 

Load time: 1.30 rnin 
Dump, maneuver time: 0.75 rnin 
Haul time: 
Return time: 

2.80 rnin (Figure 9.4) 
1.60 rnin (Figure 9.5) 
6.45 rnin per cycle 

Cycles per hour = [60 min per hr (0.83)]/6.45 min per cycle = 7.72 

Tonnage hauled per hour = (7.72)(40.55) = 313 tons 
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Loaded 

e 
c 

r" 
2 
6 
8 

a 

x 

m c 

8% 

0 0.4 0.8 1.2 1.6 2 2.4 2.8 3.2 3.6 4 4.4 4.8 5.2 
Time, Minutes 

5% 

Time, Minutes 

Illustrates Solution to Problem 9.9 
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Solution 9.10 

Problem 9.9 established the cycle time of 7.72 min. What was not determined was 
whether or not the vehicle could operate under the given conditions: 

Rolling resistance factor: 5% 
Grade resistance on haul: 5% 
Grade resistance on return: -5% 
Effective grade on haul: 10% 
Effective grade on return: 0% 
Gross vehicle weight on haul: 150,000 lb 
Gross vehicle weight on return: 150,000 - 81,100 = 68,900 lb 
Power required on the haul: 150,000 x 0.10 = 15,000 lb 
Power required on the return: 68,900 x (0.00) = 0.0 lb 
The available power can be determined using Figure 9.3: 15,000 lb 
@ 8.0 mph. 

Thus, the vehicle should be able to operate under the given conditions. 
Cycle time (3,000 ft = 914.4 m): 

Load time: 1.30 min 
Dump, maneuver time: 0.75 min 
Haul time: 
Return time: 

3.35 rnin (Figure 9.4) 
0.75 rnin (Figure 9.5) 
6.15 min per cycle 

Cycles per hour = 160 rnin per hr (0.83)1/[6.15 rnin per cycle] = 8.10 

Tonnage hauled per hour = (8.10)(40.55) = 329 tons 

In summary, the new situation should be selected, because the cycle time is faster (6.15 
min versus 6.45 min) and the hourly production is higher (329 tons versus 313 tons) 
than the situation described in problem 9.9. 
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Illustrates Solution to Problem 9.10 
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Loaded 
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Illustrates Solution to Problem 9.10 
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Solution 9.11 
Using Figure 9.7 and remembering that the truck's GVW is 150,000 lb and the effective 
grade is 15% (total grade minus the rolling resistance): 

Thus, V = 15 mph 

Using Eq. 9.5: 

(distance in feet) 
(88)(  speed in miles per hour) 

Time (in minutes) = 

1,500 
= - = 1.14min 

(88)( 15 1 

Gross Weight 

0 25 50 75 100 125 150 175 lbx1,000 
I I I I I I I t  

0 10 20 30 40 50 60 70 80 I 

0 10 20 30 40 50 60 70 80 90 kmh 

<g x 1 ,MxI 

J ~ ~ ~ ~ ~ ~ I I f i I I  
0 5 10 15 20 25 30 35 40 45 55 55 rnph 

Speed 
Grade Distance-450 m (1,500 ft) 

Gross Weight 
0 25 50 75 100 125 150 175 lbx1.000 
I I I I I I L I  

0 10 20 30 40 50 60 ?O 80 

kmh 

kgxl.000 

0 5 10 15 20 25 30 35 40 45 55 55 mph 

Speed 
Grade Distance-900 m (3,000 ft) 

Key 
2-2nd Gear 
3-3rd Gear 
4 -4 th  Gear 
6 5 t h  Gear 
H t h  Gear 
7-7th Gear 

Gross Weight 

0 25 50 75 100 125 150 175 lbx1.000 

0 10 20 30 40 50 60 70 80 90 
I I I I I I I ~ I L ~ I  

0 5 10 15 20 25 30 35 40 45 55 55 

kgxl.000 

Speed 
Grade D is tancH00 m (2,000 ft) 

kmh 

mph 

Gross Weight 
0 25 50 75 100 125 150 175 lbx1.000 
I I I I I I I I  

0 10 20 30 40 50 €4 70 80 I 

0 10 20 30 40 50 60 70 80 90 kmh 

<g x 1,000 

J I I I ( I ' ~ ~ ~ ~ I  
0 5 10 15 20 25 30 35 40 45 55 55 mph 

Speed 
Grade Distance-l,500 m (5,000 ft) 

Key 
A-Empty 31 350 kg (68,900 Ib) 
6-Max GMW 68 182 kg (150,000 Ib) 

Illustrates Solution to Problem 9.11 
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Solution 9.12 
To correct for altitude, the procedure followed for the mine locomotive in chapter 8, Eq. 
8.15, is used: 

elevation - 3,300 
330 

Percent reduction = 

- - 7,500 - 3,300 

= 12.73 

330 

Thus, the flywheel power for this truck is estimated to be 393 hp [450 - (450)(0.1273)] 
at this altitude. 
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CHAPTER 10 

Surface Extraction 

The level of analysis when selecting extraction practices and equipment for surface min- 
ing differs significantly from that used in underground mining. Manufacturers of under- 
ground mining equipment establish the operating ranges of the equipment, such as 
continuous miners, loaders, and boring machines, based on required clearances. Even in 
conventional mining, the drilling and blasting operation is usually based on experience. 

The selection of extraction methods and equipment for surface mining is more com- 
plex. Because the equipment is not as confined as in deep mining and the topography 
tends to be highly variable over the limits of the mining property, primary extraction 
equipment must be sized according to reach and capacity. In addition, due to the deposi- 
tional characteristics of the overburden, drilling and blasting patterns must be well 
designed to provide proper fragmentation. 

The following sections provide general guidelines for selecting surface excavation 
practices and equipment. The topics covered include drilling and blasting and the selec- 
tion of both primary extraction equipment (draglines and stripping shovels) and second- 
ary extraction equipment (bulldozers, scrapers, and front-end loaders). 

F R A G M E N T A T I O N  P R O C E D U R E S  

Drilling 

Where the strength of overburden material is such that blasting is required prior to exca- 
vation, drilling is conducted before using explosives. Drilling methods are classified 
based on the manner in which the rock is “attacked.” Mechanical attack, by percussive or 
rotary action, or a hybrid method, such as roller-bit rotary or rotary-percussion drilling, 
represents the vast majority of rock penetration applications today (Hartman 1990). 

In percussion drilling, a chisel-shaped or button-studded bit impacts the rock with a 
hammerlike blow. The rock is deformed and crushed, forming large chips that are 
ejected by the bit rebound and the cleaning action of any circulating fluid. Rotation 
enables the bit to strike the rock in a different spot on subsequent blows; this is called 
blow indexing. 

Rotary drilling is performed by rotating a rigid string of tubular rods to which a 
rock-cutting bit is attached. The drilling energy is supplied by rotation as well as thrust, 
and the cutting action consists of abrasion, scraping, spalling, or chipping. The size range 
for rotary-drilled blast holes is from 4 in. to 15 in., with 9 in. and 12 in. being common 
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sizes. Two types of bits are used for rotary drilling-drag and rolling cutter. Drag bits are 
applicable in soft to medium-soft shale or similar rock. Because the effectiveness of drag 
bits depends on a successful scraping action, drilling thrust is lower than for rolling cutter 
bits; the opposite is true for torque requirements. The bits are usually fitted with replace- 
able tungsten-carbide cutters. Rolling cutter bits, though available in a two-cone configu- 
ration, are usually of the three-cone style. The rolling cones have either large steel teeth 
for drilling through soft formations or small tungsten-carbide inserts for drilling through 
hard formations. The major advantage of rotary drilling is its rapid drilling rate. 

Blasting 

Effective bank preparation deals not only with the fragmentation of overburden but also 
with the minimization of incurred costs. The target for proper overburden preparation is 
efficiency with regard to the number of holes drilled and the amount of explosives used. 
Operators must continually evaluate their fragmentation procedures; the amount of 
explosives used must be adequate for fracturing the rock to a size easily removed by the 
equipment. Since the character of the overburden in a large surface mine can vary con- 
siderably, the importance of economics is sufficient reason for studying and selecting 
good fragmentation practices. 

Just as rock properties such as density, porosity, strength, and energy absorption 
affect fragmentation, various explosive properties affect the outcome of the fragmenta- 
tion process. Among these are detonation velocity, density, detonation pressure, bore- 
hole pressure, and water resistance. 

Detonation velocity is the speed at which the reaction front moves forward through 
a cylindrical charge. The velocity ranges between 5,500 f p s  and 25,000 fps. Faster veloc- 
ities are appropriate in strong rock where a shattering effect is required. Slower veloci- 
ties are applicable where a heaving effect is more desirable than a rock-shattering effect. 

Density refers to the ratio of explosive density to the density of water (specific grav- 
ity). The ratio for commercial products varies between 0.5 and 1.7. By relating the spe- 
cific gravity of the explosive to the borehole diameter, the amount of explosives needed 
per foot of borehole can be determined. This is particularly useful when matching blast- 
ing requirements to the economics of blasting. Equation 10.1 can be used to calculate 
explosive loading density (LD), in pounds per foot (Dowding and Aimone 1992). 
Figure 10.1 can also be used to aid in this calculation. 

LD, in pounds per foot = (hole diameter, in inches)2 (density)(0.3405) (EQ 10.1) 

Detonation pressure is the pressure of the detonation wave propagating through the 
explosive column. It is measured at the rear of the reaction zone (Chapman-Jouget 
plane). Detonation pressure can be determined by use of the nomograph in Figure 10.2. 
Although the detonation pressure range for commercial explosives varies between 5 and 
150 kb (kilobars), the higher pressures are applicable where a greater shock wave is 
needed, such as in competent rock. 

Borehole pressure is exerted perpendicular to the detonation pressure. Because it is 
exerted on the borehole walls, it is important in displacing as well as breaking the rock. 
Commercial explosives cause borehole pressures ranging from 10 to 60 kb and, with 
ammonium nitrate/fuel oil (ANFO), the borehole pressure is greater than the detonation 
pressure. With high explosives, however, the converse usually holds true. 

There are various types of explosives on the market for surface mining applications: 
(1) high explosives, (2) dry blasting agents, and (3) slurries or water gels. Of these, dry 
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FIGURE 10.1 Nomograph for determining FIGURE 10.2 Nomograph for determining 
loading density 
Source: Dick 1973. 

detonation pressure 
Source: Dick 1973. 

blasting agents are the most common in coal mining because they are safe to use, due to 
the fact that they need a primer for detonation and are relatively inexpensive. Ammo- 
nium nitrate/fuel oil has become the most common dry blasting agent. 

D E S I G N  OF B L A S T I N G  R O U N D S  

The proper design of a blasting round for a surface mine or quarry requires a balance 
among overburden characteristics, regulatory requirements, explosive technology, and 
overall economics. Figure 10.3 shows the various parameters of a blasting round. 

Two common approaches are used to design blasting rounds. One approach is 
driven by legal requirements and concern for ground vibration, while the other reflects 
empirical data taken from successful midwestern quarries. 
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*Note: True burden and spacing may be different than the apparent burden and spacing due to delay pattern 

FIGURE 10.3 Parameters of a blasting round 
Source: Dyno Nobel 1997. 

The equation that drives the ground-vibration approach is: 

D = (Ds) Cfi> (EQ 10.2) 

where: D is the distance (in feet) to the structure to be protected, Ds is the scaled dis- 
tance, and W is the weight of explosives allowed per 8 m-sec (millisecond) delay (Austin 
Powder 2002). Figure 10.4 shows the federal standards (30 CFR 816.67(d)(4)) relating 
maximum allowable particle velocity (V) to blast vibration frequency. 

Figures 10.5 and 10.6 show some of the characteristics and parameters used in the 
design of blasting rounds by the empirical method. 

Figure 10.5 shows those dimensions that are considered for a single hole, while 
Figure 10.6 gives dimensions for a total round, including: 

D, = diameter of the explosive in the borehole 
B = burden, or the distance between the rows of holes running parallel to the free 

S = spacing, or distance between two holes in each row 
H = length of the hole 
J = subdrilling length, or the length the hole is drilled below the floor of the 

working pit 
T = the portion of the hole that does not contain explosive, or collar length 
L = bench height 
b = spacing between rows of holes as measured perpendicular to the free face 
s = separation between adjacent holes in a given row 

vertical surface of the rock 
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Blast Vibration Frequency, Hz 

FIGURE 10.4 Federal standards for blast vlbration 
Source: Office of Surface Mining 2001. 

FIGURE 10.5 Bench cross section view showing D,, B, H, J, 1, and L 
Source: Ash 1990. 

It should be pointed out that b and s are terms used by operators when referring to the 
drilling grid; they should not be confused with B and S ,  the burden and spacing that are 
measured with reference to free faces. 

The following five ratios should be used in the design of rounds. Assuming that all 
measurements of length and diameter are expressed in the same units (inches, feet, etc.), 
the ratios relate the dimensions to be designed through the following set of equations: 
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FIGURE 10.6 Generalized blasting patterns showing B, S, b, and s (numbers indicate Rring 
sequence) 
Source: Pugliese 1972. 

B = KBD,; KB = burden ratio 

S = K,B; Ks = spacing ratio 

H = KHB; KH = hole length ratio 

J = KJ B; KJ = subdrilling ratio 

T = KTB; KT = collar distance ratio 

(EQ 10.3) 

(EQ 10.4) 

(EQ 10.5) 

(EQ 10.6) 

(EQ 10.7) 
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From these relationships, all the critical dimensions of blasting-round design can be 
calculated if appropriate values for the various K ratios are selected. Although these rela- 
tionships were developed in studies of limestone quarrying, the relationships still hold 
for surface coal and other open-pit operations, and the K values that have been devel- 
oped are valid for first assumptions. As is the case with any empirically based design cri- 
teria, empirical relationships from the literature are usually accepted as only a first 
approximation. Subsequent iterations resulting in more exact relationships can be devel- 
oped as actual practice of these design steps is followed. 

For calculating the burden, given a particular D,, the following ratios are considered 
to be appropriate for limestone and dolomite: 

KB = 30, under average conditions 
KB = 25, for low-density explosives such as ANFO 
KB = 35, for high-density slurry explosives and gelatins 

The actual KB ratios are also related to the density of the rock. Limestone and dolo- 
mite have a density of approximately 2.7 g/cm3. Different values of K, should be used 
for rocks with densities greater than 2.7 (e.g., 2.85 and above) or for low densities (e.g., 
2.55 and below). 

The calculation of spacing is based on K, values between 1.8 and 2.0 for simulta- 
neously initiated holes in a given row. The most favorable conditions are found with 
staggered drill patterns and rows in which all charges are not detonated simultaneously. 
If exact timing is achieved, simultaneously fired holes can be designed using K, values of 
3 to 5. These charges must be sufficiently long and exactly timed to allow correct 
enhancement of stress effects. 

Spacing is also determined with respect to height and burden relationships, specifi- 
cally the ratio H/B. The following relationships are recommended: 

S = (BH)0.5 for 2B I H < 4B (EQ 10.8) 

S=2B for4BSH (EQ 10.9) 
In this situation, the K, of 1.8 to 2.0 is satisfactory, although lower K values can be 
assigned with H/B less than 3.0. 

If delays are sequenced in a given row, the K, should range between 1.0 and 1.2. 
Square drilling patterns are preferred and will cause the rock to expand in a wedge or 
pattern aligned at 45" from the original open face. Considering the ratio of s and b, 
where b = 1.4B for the regular case, the design relationship, 

S = Ks(b) = K,(1.4B) (EQ 10.10) 

is appropriate where Ks = 1.0 to 1.2. 
The values of the ratio K, may be adjusted between 1 and 2 to meet local conditions, 

particularly the period of delay between charges. Large ratios create spacing so much 
greater than the burden that the vertical face craters and lumps are left on the pit floor. 
Small values of K,, less than 1, cause excessive breakage, premature breakage between 
holes, and progressive loss from the hole, creating slabs, boulders, and toe problems. 
The nature of these particular relationships is such that they assume ideal energy bal- 
ance between charges, so further experimentation with the balance of individual holes 
may be indicated if such problems are not resolved by varying the K, ratio. 
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TABLE 10.1 Worksheet for design of blasting rounds 

D, = in.; Cut ; Desired rock progression 

B = K,DJ12 = 

B = KBDJ12 = 

ft for K, = 30 (average) 

ft for K, = - (alternative) 

For staggered pattern, simultaneous timing 

S =  K,B = ft for K, = 2 (average) 

S =  K,B = ft for K, = 1.8 (alternative) 

For square pattern, sequence timing 

S = K, b = K, (1.4 B) = 

S = K s b = K s ( 1 . 4 B )  = ft for K, = 1.2 (alternative) 

ft for K, = 1 (average) 

H = K,B = ft for K, = 2.6 (average) 

H = K,B = ft for K, = - (alternative) 

H,,,=K,B = ft  for K, = 1.5 (minimum) 

H,,,= K,B = ft for K, = 4 (maximum) 

J =  K,B = ft for K, = 0.3 (average) 

J = K,B = ft for K, = - (alternative) 

T =  KTB = ft for KT = 0.7 (average) 

T =  K,B = ft for KT = - (alternative) 

L = H - J  = ft (average or alternative) 

L,,, = H,i, - J = ft (minimum) 

L,,, = H,,,- J = ft (maximum) 

Source: Pugliese 1972. 

Hole length calculations are generally based on k ratios of 1.5 to 4.0, with 2.6 rep- 
resenting the typical KH value. The depth should almost always be greater than or equal 
to the burden to reduce overbreak and cratering tendencies. Conversely, high values, 
greater than 4.0, may create underbreak or bootlegging if the hole is single primed. 
Staged priming may allow lengths greater than those indicated by k values of 4.0. No 
definite limit to KH can be established without a definite examination of the cratering 
properties of the specific material being blasted. 

The subdrilling length, which is applicable only to quarries and not to coal mines, is 
generally indicated by KJ values greater than 0.2; a value of 0.3 is suggested as prefera- 
ble to ensure a full face and quarry floor. In the case of overburden drilling, however, 
care should be taken to limit fracturing of the coal seam and subsequent unnecessary 
removal of coal with the overburden. In some instances, negative KJ values may be 
applied. Common practice is to drill to the coal seam and then backfill by 3 to 5 ft. 

The collar distance can be calculated by using a KT value of 0.7. The uncharged por- 
tion of the hole is usually filled with stemming material and is left uncharged to prevent 
air blast and promote gas confinement within the borehole. In solid rock, it is suggested 
that values of KT less than 1.0 can lead to cratering, backbreak, and violence, particularly 
with collar priming. 
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The various calculations are presented in work sheet form in Table 10.1. Once the 
original face and the shape of the cut are selected, the required geometrical relationships 
can be determined from the plan layouts of the cuts. For any given explosive type, blast 
hole diameter, and rock density, the burden is calculated from Eq. 10.3. Equation 10.4 is 
then solved for the spacing. The hole length can be checked according to Eq. 10.5 and 
the timing, delay, and sequencing constraints that the operator has established. Finally, 
the subdrilling length (Eq. 10.6), if necessary, can be calculated, and the collar distance 
can be determined (Eq. 10.7). 

NUMBER OF DRILLS 

In surface mining, drilling and blasting is performed to remove overburden. The amount 
of drilling and blasting depends on the types of strata present in the area; hard rocks 
require more drilling and blasting. The number of drills needed for drilling can be calcu- 
lated as follows: 

SYE = square yards of bench to be exposed 

COB = cubic yards of overburden removed per month 

DS = spacing of the drill holes in feet 

DB = burden of the drill holes in feet 

DP = drilling pattern in square feet 

LDPM = length of drilling, in feet, required per month 

NH = number of drill holes 

DR = drilling rate in feet per hour 

HPS = hours scheduled per shift 

SPD = shifts per day 

DPW = drilling days per week 

SPM =weeks worked per month 

SMH = scheduled monthly hours 

DPM = number of drills required 

DP = (DS)(DB) (EQ 10.11) 

(EQ 10.12) 

SMH = (HPS) (SPD) (DPW) (SPM) 

(EQ 10.13) 

(EQ 10.14) 

(EQ 10.15) 
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A M O U N T  O F  E X P L O S I V E S  R E Q U I R E D  

Fundamental to effective blasting is the use of the correct amount of explosive for the vol- 
ume of overburden to be fragmented. This relationship is usually expressed as the powder 
factor (PF), defined as the pounds of explosives used per hole divided by the cubic yards 
of overburden fragmented per hole (Austin Powder 2002). A typical value would be 1.1 
for strong sandstones. 

To determine the PF, use the following equation: 

(EQ 10.16) 

where: 

W = pounds of explosive per hole 

B = burden (in feet) 

S = spacing (in feet) 

H = bench height (in feet) 

Therefore, knowing the number of holes drilled per month, the drilling pattern, and the 
overburden depth, the amount of explosive required per month can be easily calculated. 

Oftentimes, however, not all the overburden requires fragmentation before removal. 
This is particularly true for topsoil and soft soil. Therefore, actual consumption of explo- 
sives must be calculated on the basis of experience with the overburden; in other words, 
that fraction of the overburden that should be fragmented must be known. 

E X C A V A T I O N  F U N D A M E N T A L S  

The first step in excavation fundamentals is to determine bucket capacity. Calculations 
are conducted in bank volumes, in other words, the material to be excavated is in the 
solid or in situ state. Bucket capacity is determined as follows: 

(EQ 10.17) 

Since Eq. 10.17 contains a significant number of parameters that must be defined, 
refer to Table 10.2 for a thorough description of each. 

When using manufacturers’ or other tabled factors, be careful that you know the full 
meaning of each parameter. For example, propel time, P, is occasionally combined with 
0 or OA; to avoid double compensation in those instances, be sure to remove P from 
Eq. 10.17. Further, in those instances where 0 and A cannot be determined, their prod- 
uct (OA: operating efficiency) can be determined from Table 10.3. 

D R A G L I N E  S E L E C T I O N  

Draglines work on a bench on the highwall or on top of the highwall itself. An imaginary 
vertical plane passing through the edge of the highwall would contain the point D, 
shown to the left of the tub in Figure 10.7. The projection of a horizontal line from the 
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TABLE 10.2 Bucket-capacity parameters 
~~ ~ 

Parameter 

BC 

Q 
C 

A 

0 

Bf 

S 

P 

~ ~ ~ ~ ~ ~~~~~~ ~ ~ ~ 

Description 

Bucket capacity (bank volume) 

Production required (bank volume per hour) 

Theoretical cycles per hour for a 90" swing; C = 60/tc, where tc is the time, in 
minutes, it takes the shovel to swing 90". Values of C may also be obtained from 
manufacturers' literature or from time studies. 

Mechanical availability during the scheduled hours of work. 

Job operational factor. Since the shovel is part of a system, corrections must be made 
when there are delays due to management and labor deficiencies, job conditions, 
climate, etc. 

Bucket factor (Bf). Bf can also be described in the following manner: Bf = (fillability)/ 
(swell factor). Fillability is the loose volume of material excavated in an average load 
as a ratio of the bucket capacity, Bc; although fillability can be determined from field 
measurements, Table 10.4 can also provide an approximate guide. Swell factor is 
defined as follows: Swell factor = [weight per unit volume (bank)]/[weight per unit 
volume (loose)].The reciprocal of swell factor is the percent swell. 

Swing factor. Shovel cycle times are usually based on a 90" swing. Table 10.5 
provides corrections for other angles. 

Propel time factor. This factor takes into account the time it takes a shovel to 
maneuver and can usually be determined through time studies. Table 10.6 provides 
typical values for this factor. 

Source: Atkinson 1992. 

TABLE 10.3 Shovel operating efficiency 

Job Conditions Management Conditions 

Excellent Good Fair Poor 

Excellent 0.83 0.80 0.77 0.70 

Good 0.76 0.73 0.70 0.64 

Fair 0.72 0.69 0.66 0.60 

Poor 0.63 0.61 0.59 0.54 
~ ~ _ _ _ _ _  ~ 

Source: Atkinson 1992. 

imaginary vertical plane to the point of discharge of the bucket contents establishes the 
reach of the dragline. Using Figure 10.7, it can be shown that the reach of a dragline is: 

Rd=-+- [H(1+ s) + (ytan0)-T] 
tan+ tan0 

(EQ 10.188) 

where Rd is the reach of the dragline in feet, and SP is the swell in percent. If E$ is 
defined as the outside diameter of the dragline tub, and it is assumed that the dragline is 
offset from the highwall for a distance of three quarters of the tub diameter, the dump- 
ing radius (Rdd) is as follows: 



282 MINING ENGINEERING ANALYSIS I 
TABLE 10.4 Bank density, swell factor, and fillability of common materials 

Bank Density 
Fillability Rock (Ib per cu yd) Swell Factor 

Asbestos ore 

Basalt 

Bauxite 

Chalk 

Clay (dry) 
Clay (light) 

Clay (heavy) 

Clay and gravel (dry) 

Clay and gravel (wet) 

Coal (anthracite) 

Coal (bituminous) 

Coal (lignite) 

Copper ores (low-grade) 

Copper ores (high-grade) 

Earth (dry) 

Earth (wet) 

Granite 

Gravel (dry) 

Gravel (wet) 

Gypsum 

Limonite 

Iron ore (40% Fe) 

Iron ore (+40% Fe) 

Iron ore (+60% Fe) 

Iron ore (taconite) 

Limestone (hard) 

Limestone (soft) 

Manganese ore 

Phosphate rock 

Sand (dry) 

Sand (wet) 

Sand and gravel (dry) 

Sand and gravel (wet) 

Sandstone (porous) 

Sandstone (cemented) 

Shale 

3,200 
5,000 
3,200 
3,100 
2,400 
2,800 
3,600 
2,500 
3,000 
2,700 
2,100 
1,700 
4,300 
5,400 
2,800 
3,400 
4,000 
3,000 
3,600 
4,700 
5,400 
4,500 
5,000 
6,500 
8,000 
4,400 
3,700 
5,200 
3,400 
2,900 
3,400 
3,300 
3,800 
4,200 
4,500 

1.4 
1.6 
1.35 
1.3 
1.25 
1.3 
1.35 
1.3 
1.35 
1.35 
1.35 
1.3 
1.5 
1.6 
1.3 
1.3 
1.55 
1.25 
1.25 
1.5 
1.4 
1.4 
1.45 
1.55 
1.65 
1.6 
1.5 
1.45 
1.5 
1.15 
1.15 
1.15 
1.15 
1.6 
1.6 

0.85 
0.80 
0.90 
0.90 
0.85 
0.85 
0.80 
0.85 
0.80 
0.90 
0.90 
0.90 
0.85 
0.80 
0.95 
0.90 
0.80 
1.0 
1.0 
0.85 
0.85 
0.80 
0.80 
0.75 
0.75 
0.80 
0.85 
0.85 
0.85 
1.00 
1.00 
1.00 
1.00 
0.80 
0.80 

4.000 1.45 0.80 

Source: Atkinson 1992. 
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TABLE 10.5 Shovel swing factor 

Angle of swing, in degrees 45 60 75 90 120 150 180 

Swing factor 1.2 1.1 1.05 1.00 0.91 0.84 0.77 

Source: Atkinson 1992. 

TABLE 10.6 Propel time factor 

Strip mines 

Open pit mines 

Sand and gravel pits 

High-face quarries 

0.75 

0.85 

0.90 

0.95 

Source: Atkinson 1992. 
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FIGURE 10.7 Dragline pit 
Source: Ramani et al. 1980. 
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FIGURE 10.8 Dragline pit with a working bench 
Source: Ramani et al. 1980. 

Rdd = Rd + 0.75& (EQ 10.19) 

If the dragline works on a bench to increase its operating range (Figure 10.8), and 
the overburden to depth H1 is removed by some other piece of equipment, the reach 
equation becomes: 

(EQ 10.20) 

SHOVEL SELECTION 

The usual operating practice with a stripping shovel is to align one set of its crawlers on 
the rib of coal adjacent to the spoil. An imaginary plane passing through this location 
would contain the point D, shown above the front crawler in Figure 10.9. Projection of a 
horizontal line from the imaginary vertical plane to the point of discharge of the shovel 
dipper establishes the shovel's reach (Rs), which is calculated as follows: 

Rs = [.( 1 + E) + (y tan0) - T] tan0 
(EQ 10.21) 

If Fc is equal to the width across both crawlers (in feet), the shovel's dumping radius 
becomes: 

Rsd = Rs + 0.5 (Fc) (EQ 10.22) 

BULLDOZER SELECTION 

Bulldozers are used extensively in surface mining. They are extremely useful for dozing 
material for short distances under difficult conditions. Selection of a suitable bulldozer 
can be accomplished by determining the blade size (Bb) in cubic yards. The choice of 
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FIGURE 10.9 Shovel pit wlthout a coal fender 
Source: Ramani et al. 1980. 

blade types depends on job applications and soil conditions. The selection procedures 
are outlined as follows: 

FT = MT + LT (EQ 10.23) 

(EQ 10.24) 

(EQ 10.25) 

VT = TF + TE 
CT = TF + FT 

(EQ 10.26) 

(EQ 10.27) 

(EQ 10.28) 60 
CT 

NPH= - 

PPH = (NPH) (Bb) (EQ 10.29) 

MAXPH = (PPH) (LF) (BF) (AO) (any other applicable correction factor) (EQ 10.30) 

where FT is the fixed time in minutes; TF is the travel time, loaded, in minutes; TE is the 
travel time, empty, in minutes; VT is the variable time in minutes; MT is the maneuver 
time in minutes; CT is the cycle time in minutes; LT is the loading time in minutes; NPH 
is the number of passes per hour; PPH is the theoretical production per hour in cubic 
yards; MAXPH is the actual production per hour in cubic yards; HD is the haul distance 
in feet; S 1  is the loaded speed in miles per hour; S2 is the empty speed in miles per hour; 
Bb is the blade size of the bulldozer in cubic yards; LF is the load factor; BF is the blade 
factor; and A 0  is the operating factor. Among the many applicable correction factors 
available in manufacturers’ handbooks are material, grade, visibility, transmission, and 
dozing factors. 
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Empty Weight: 60 950 kg (134,370 Ib) 
Payload: 47 175 kg (1 04,000 Ib) 

FIGURE 10.10 Loaded scraper (distance vs. time) 
Source: Caterpillar 1997. 

S C R A P E R  S E L E C T I O N  

Scrapers may be elevating or conventional and powered by single or double engines, but 
the major distinction is between wheeled tractor scrapers and crawler tractor scrapers. 
Wheel scrapers, because of their mobility, are used in surface coal mining for topsoil 
removal, road building, etc. Shown in Figures 10.10 and 10.11 are typical scraper cycle 
times (loaded and empty) as functions of distance and grade. 

The following relationships can be established using the same parameters outlined 
in the section on bulldozers, calculating the cycle time and the number of cycles per 
hour, and denoting the bucket capacity (BS) in cubic yards: 

PPH = (NPN) (BS) (EQ 10.31) 

MAXPH = (PPH) (LF)(BF) (AO) (any other applicable correction factor) (EQ 10.32) 

For calculating the number of pusher tractors, the pusher cycle time must be known. 
The maximum number of scrapers that can be served by one pusher tractor is given by 
rounding the following ratio to the next lower integer: 
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Time 1,000 300 

5001 *O0 100 

0 0  o,25 o,5 o,75 Empty Weight: 60 950 kg (134,370 Ib) 

FIGURE 10.11 Empty scraper (distance vs. time) 
Source: CaterDillar 1997. 

(EQ 10.33) scraper cycle time 
pusher cycle time 

total number of scrapers 
number of scrapers per pusher 

Number of scrapers per pusher tractor = 

Number of pusher tractors = (EQ 10.34) 

FRONT-END LOADER SELECTION 

In selecting front-end loaders, care must be taken to avoid overestimating the bucket 
capacity because improper bucket sizing can lead to instability of the equipment. There 
are three Society of Automotive Engineers (SAE) ratings for front-end loader bucket 
capacities: (a) struck capacity (that volume contained in a bucket after a load is leveled 
by drawing a straight edge resting on the cutting edge and the back of the bucket), 
(b) heaped or rated capacity (struck capacity plus that additional material that would 
heap on the struck load at a 2:l angle of repose with the struck line parallel to the 
ground), and ( c )  static tipping load (the minimum weight at the center of gravity for the 
bucket which will rotate the rear of the machine). As in both the bulldozer and scraper 
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calculations, the bucket capacity (BL), in cubic yards, of a front-end loader can be used 
to determine the actual hourly production in cubic yards. 

(EQ 10.35) Theoretical production per hour in cubic yards (PPH) = (BL) (NPH) 

(EQ 10.36) PPH - MAXPH 
NPH 

(BL) = - - 
(NPH)(LF)(BF)(AO)( any other applicable correction factor) 

where MAXPH is the actual production per hour in cubic yards, NPH is equal to 60/CT, 
CT is the cycle time in minutes (dumping time in minutes + maneuvering time in min- 
utes + loading time in minutes), LF is the load factor, BF is the bucket factor, and A 0  is 
the operating factor. 
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PROBLEMS 

Problem 10.1 

A dragline is to be selected to remove overburden at a rate of 395,000 bank cubic yards 
per month. If it will be scheduled to operate 720 hours per month with an operating effi- 
ciency of 0.75, its bucket factor is 0.8, and its cycle time is 59 sec, what should be the 
size of its bucket? 
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Problem 10.2 

Management personnel at a surface mine needs to verify that the blasting rounds con- 
form to federal ground-vibration regulations. As shown in the figure below, a house that 
needs to be protected is located 1,500 ft due west of a proposed blast and 500 ft  beyond 
the permit boundary. 

i 500 ft 

Occupied 
House 

Permit 
Boundary 

Illustrates Problem 10.2 

The mine has an approved attenuation formula for the site as a result of data taken from 
50 monitored blasts at the site: 

V = 242.75(D~)-l.~O 

Determine the “modified scaled distance factor” and the maximum explosive charge 
weight per 8-m-sec delay period that are necessary to protect the home. 

Problem 10.3 

Suppose that the surface mining company mentioned in problem 10.2 did not have the 
necessary data for the Office of Surface Mining to approve the attenuation formula. How 
would that change your answer to problem 10.2? 

Problem 10.4 

Specify the blasting-pattern dimensions for a surface coal mine. The overburden strata 
are flat with little or no surface soil to consider in the blasting design. The generalized 
section of the overburden shows 42 ft of sandstone and shale overlying a 4-ft coal seam. 
A 6-in. drill is on site. For cost considerations, bulk-load ammonium nitrate/fuel oil 
should be used, if possible. 

Problem 10.5 

How many drilling units are required to meet the overburden-preparation requirements 
of a surface mine if the following information is provided? 
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Spacing of the drill holes: 22 ft 
Burden of the drill holes: 12 ft 
Cubic yards of overburden to be removed per month: 395,000 
Hours scheduled per shift: 6 
Shifts per day: 2 
Drilling days per week: 5 
Weeks worked per month: 4 
Drilling rate: 80 feet per hour 

Problem 10.6 

Based on the information provided in the previous problem, determine the amount of 
explosives required on a monthly basis if the powder factor is 1.0. 

Problem 10.7 

Determine the maximum height of highwall that a dragline can strip without rehandling 
in level terrain, using the following information: 

Dumping radius of the dragline: 154 ft 
Tub diameter: 36 ft 
Dragline is offset 0.75 (tub diameter) 
Spoil's angle of repose: 37" 
Highwall's angle of repose: 74" 
Pit width: 50 ft 
Coal thickness: 4 ft 
Swell: 30% 

Problem 10.8 

Given the same conditions as in problem 10.7, if another form of stripping equipment 
removes the top 8 ft of the overburden, determine the new maximum highwall height. 

Problem 10.9 

A coal company is considering the recovery of a 6-ft seam under an average of 100 ft of 
overburden using a dragline. The dragline will use a straight side-casting method. A con- 
tract to be signed requires 1.25 million tons of coal to be mined annually. 

Given the following information, determine the reach requirements and minimum 
bucket capacity for the dragline. 

Coal weight: 0.04 tons per cu ft 
Recovery: 90% 
Overburden swell: 35% 
Overburden density (in place): 3,400 lb per cu yd 
Highwall angle ($): 71.6" 
Spoil angle of repose (9): 38.7" 
Pit width: 100 ft 
Average dragline cycle time: 55 seconds per cycle 
Overall dragline efficiency: 0.81 
Bucket factor: 0.90 
Dragline schedule: 720 hours per month 
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Problem 10.10 

A small deep-mining company has decided to recover some of its strippable reserves. 
Instead of investing large amounts of capital into the venture, the decision was made to 
purchase used equipment. The company located a secondhand stripping shovel with a 
25-cu-yd bucket. With this shovel, the company intends to strip the overburden from a 
4-ft coal seam that outcrops with a 2-ft cover and then extends under a gentle hillside 
that has a slope of 1 in 12. The shovel will be scheduled 336 hr per month. Given the fol- 
lowing information, calculate the number of strip pits the company can develop and the 
strip ratio and monthly production of coal in the last pit. 

Bucket factor: 0.85 
Cycle time: 50 sec 
Monthly operating factor: 0.70 
Overburden swell: 0.30 
Pit width: 60 ft 
Dumping radius of the shovel: 100.25 ft 
Highwall angle of repose: 74" 
Spoil angle of repose: 37" 
Width across the shovel's crawlers: 38.75 ft 
Coal weight: 80 lb per cu ft 

Problem 10.11 

An interesting relationship known as the maximum usefulness factor (MUF), which 
relates a stripping machine's weight and its ability to do work, was developed during the 
early 1960s. In actuality, the MUF is equal to the product of the nominal bucket size, in 
cubic yards, multiplied by the machine's functional dumping reach, in feet. In this man- 
ner, two similar machines with different reaches or bucket sizes can be related. 

If the dumping radius of an 18-cu-yd dragline is 154 ft, the tub diameter of the machine 
is 36 ft, and normal operation requires the machine to be offset a distance of three quar- 
ters of the tub diameter from the edge of the highwall. Determine the potential effective 
reach of the machine if it is to be refitted with a new boom and a 15-cu-yd bucket. 

Problem 10.12 

The owner of the company mentioned in problem 10.10 decided that a secondhand 
dragline might be a better choice than the stripping shovel. A dragline identical to the 
one described in problem 10.11 was located. If the dragline operation is to differ from 
the shovel operation only in terms of bucket factor (0.80), cycle time (59 sec), and 
monthly operating factor (0.75), determine the maximum number of pits that the drag- 
line can develop and the strip ratio and monthly production in the last pit. 

Problem 10.13 

Using the following production and correction charts supplied by a bulldozer manufac- 
turer, determine the actual production per hour (in cubic yards) for a D9R-9U machine 
moving loose stockpile material (2,500 lb per loose cubic yard) 150 ft down a 10% grade 
using a slot-dozing technique. The operator is considered average, and his job efficiency 
is estimated to be 50 min per hr. 
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Note: This chart is based on numerous field studies 
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Illustrates Problem 10.13 
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GRADES - i w  following graph. 
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Example problem: 

Determine average hourly production of a D8R/8SU 
(with tilt cylinder) moving hard-packed clay an aver- 
age distance of 45 m (150 feet) down a 15% grade, 
using a slot dozing technique. 

Estimated material weight is 1600 kglLm3 
(2650 1bILCY). Operator is average. Job efficiency 
is estimated at 50 minlhr. 

Uncorrected Maximum Production - 458 LmVk 
(600 LCYlhr) (example only) 

Applicable Correction Factors: 
Hard-packed clay is "hard to cut" material -0.80 
Grade correction (from graph) . . . . . . . . .  .-1.30 

Average,operator .................... ,475 
Job efficiency (50 m i f i r )  . . . . . . . . . . . . .  .-0.83 
Weight correction . . . . . . . . . .  .(2300/2650)-0.87 

Slot dozing ......................... .-1.20 

Production = Maximum Production X Correction 
Factors 

(0.75) (0.83) (0.87) 
= (600 LCY/hr) (0.80) (1.30) (1.20) 

= 405.5 LCYfhr 
To obtain production in metric units, the same 

procedure is used substituting maximum uncor- 
rected production in LmS. 

= 458 Lm3h X Factors 
= 309.6 Lm3h 

Illustrates Problem 10.13 
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Problem 10.14 

For a 30.6-bank-cu-yd capacity scraper, whose loaded and empty tram times are shown 
in the following figures, estimate the production and cycle time carrying its rated capac- 
ity. The 5,000-ft-long level haul road is firm, smooth, and maintained fairly regularly. 
Load time is assumed to be 0.65 min, and the dump and maneuver time is estimated to 
be 0.75 min. Assume 90% job efficiency. 

Loaded 
0% 2% 4% feet meters 

1,000 300 

500[ *O0 100 

o n  
0 0.25 0.5 0.75 

Time 

Empty Weight: 60 950 kg (134,370 Ib) 
Payload: 47 175 kg (104,000 Ib) 

Illustrates Problem 10.14 
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Illustrates Problem 10.14 

Problem 10.15 

A surface coal mine operator needs to purchase a front-end loader that will be used to 
load ripped coal onto on-highway dump trucks, The mine operates two 7-hour shifts per 
day, 5 days per week, 50 weeks per year. The daily production of coal is 1,500 tons. The 
desired cycle time is 1.0 min or less. The density of loose coal is approximately 1,400 lb 
per cu yd. Assume that the load factor is 0.65, the bucket factor is 1.23, and the operat- 
ing factor is 0.75. What bucket size is required? 
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PROBLEM SOLUTIONS 

Solution 10.1 

The number of theoretical cycles per month: 

NTCPM = (SMH)(3,600) = (720)(3,600) = 43,932 
CT 59 

Actual cycles per month: 

ACM = NTCPM(0F) = 43,932(0.75) = 32,949 

Bank cubic yards to be handled per cycle: 

Bm = monthly requirement - 395,000 - 12 cu yd 
ACM 32,949 

Bucket capacity (loose volume): 

Solution 10.2 

According to 30 CFR (Code of Federal Regulations) 816.67(d), the maximum allowable 
peak particle velocity for ground vibration or> for a structure to be protected that is 
located 1,500 ft from a blast is 1.00 in. per sec. If you take the approved attenuation for- 
mula for the site and make the above substitution, you get: 

V = 242.75(D~)-'.~' 

(1.00) = 242.75(D~)-'.~' 

Ds = 25.54 

Next, by rearranging Eq. 10.2, the charge weight per delay becomes: 

where: 

W = maximum weight of explosives per 8-m-sec delay (in pounds) 

D = distance from the home (in feet) 

Thus, 



SURFACE EXTRACTION 1 297 

Solution 10.3 
According to 30 CFR (Code of Federal Regulations) 816.67(d), the scaled distance factor 
(Ds) necessary in the absence of data for a structure to be protected that is located 1,500 
ft from a blast is 55. Therefore, the charge weight per delay becomes: 

D = (Ds) (fi) 
1,500 = (55) (f i) 

27.27 = (f i) 
744 lb = W 

Solution 10.4 

Utilizing the empirical relationships presented in this chapter, the first step is to deter- 
mine the burden (B): 

K ~ D ~  = 25(6in.) 
= 12.5 ft B (ft) = - 

12 12in.perft 

A practical layout in the field is 12.0 ft. 

Next, determine the spacing (S): 

S (ft) = Ks B = 1.8(12) = 21.6 ft 

To keep K, within the range of 1.8 to 2.0, use S = 22 ft. 

Next, determine the subdrilling (J). Since there is no subdrilling when benching to coal 
(the powder column is terminated 3 to 5 ft above the coal), a -J of 5 ft is used. 

Next, determine the hole-length ratio (KH): 

Because KH is greater than 1 and less than 4, this is acceptable. However, if it is not per- 
forming well, thought should be given to raising the ammonium nitrate/fuel oil density, 
increasing the drilling diameter, or changing the mining plan. 

Finally, determine the stemming (T): 

T = K,B = (0.7) (12) = 8.4 ft 

For practicality, use a stemming of 9 ft. 

A typical layout for the situation analyzed here would be plan C in Figure 10.6. 
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Solution 10.5 

Length of drilling in feet per month = E ( 2 7 )  
DP 

= 40,398 ft 
Scheduled monthly hours = (HPS) (SPD) (DPW) (SPM) 

= (6) (2) (5) (4) 

= 240 hr 

LDPM 
(SMH)(DR) 

Number of drills required = 

= 2.1 drills 

Thus, two drills would probably be used, and any additional required drilling will be 
accomplished during an extra shift or on weekends. 

Solution 10.6 

COB Amount of explosives, in pounds, required per month = - PK 

- 395,000 -~ 
1.0 

= 395,000 lb 

Solution 10.7 

Using Eq. 10.19 and 10.18: 

Rdd = Rd + 0.75(%) 

154 = Rd + 0.75(36) 

Rd = 127 ft 

1 
127 = 0.287(H) + 1.326(1.3H + 9.425 - 4) 

119.8 = 2.01H 

Thus, the maximum highwall height is 59.6 ft. 
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Solution 10.8 

Using Eq. 10.20: 

Rd = (2) + --&[ (H - H1)( 1 + G) + (y)  tan0 - T] 

1 H - 8  +L 
127= (z) 0.754[ 

127 = (0.287)(H) - (2.29) + (1.724)(H) - (13.79) + (12.5) - (5.304) 

127 = 2.01H - 8.88 

135.88 = 2.01H 

Thus, the maximum highwall height is now 67.6 ft. 

Solution 10.9 

From Eq. 10.18, the reach of the dragline (Rd) is: 

= ~ + ~ [ ( 1 0 0 ) ( 1 + ~ ) + ( ~ ) ( 0 . 8 ) - 6 ]  3 0.8 

=33.33 + (1.25)[(135) + (20) - 61 

= 220 ft 

In a 6-ft seam, 1 sq ft of exposed coal is equal to 0.24 tons of coal; therefore, to produce 
1.25 million tons annually, 5,200,000 sq ft of coal must be exposed, which is equivalent 
to 578,700 sq yd. 

With an average of 100 ft of cover (equivalent to 33.33 yd), a total of 19,265,000 cu yd 
must be moved annually. This is equivalent to 1,605,395 yd per month. Assuming 90% 
recovery, the necessary monthly yardage is: 

1,605,395/0.9 = 1,783,772 cu yd per month 

Because the dragline is scheduled 720 hours per month, the necessary hourly yardage 
(Q) is 1,783,772/720 = 2,478 cu yd. Now, to determine the necessary bucket size, refer 
to Eq. 10.17. 

3,600 seconds per hour = 65.45 C = theoretical cycles per hour = 
55 seconds per cycle 

S = swing factor = 1.00 (from Table 10.4) 
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(A)(O)(P) = 0.81 

B,= 0.90 

2,478 
(65.45)( 1.00)( 0.81)( 0.90) 

= 51.9 cu yd (bank volume) 

B, = 

When swell is taken into account, the bucket size based on loose volume is (51.9)(1.35) 
= 70 cu yd. 

Solution 10.10 
The first step in solving this type of problem is to determine the bank cubic yards that the 
shovel can move in 1 month: 

Bucket size in cubic yards: 25 
Bucket factor: 0.85 
Bucket load in bank cubic yards: (25)(0.85) = 21.25 
Cycle time in seconds: 50 
Passes per hour: (3,600 sec per hour)/(50 sec) = 72 
Theoretical bank cubic yards per hour: (72)/(21.25) = 1,530 
Monthly operating hours: 336 
Theoretical bank cubic yards per month: 514,080 
Monthly operating factor: 0.70 
Bank cubic yards per month: (514,080)(0.70) = 359,856 

The maximum highwall height can be determined using Eq. 10.21 and 10.22: 

Rs = Rsd - [O.S(Fc)] = 100.25 - [0.5(38.75)] = 81.0 

RS = '[H( 1 + g) + (?)tan0 - T] 
tan 0 

81.0= 0.754 L F ( 1 . 3 ) + ( ? ) 0 . 7 5 4 - 4 ]  

8 1 . 0 ~  (1.326)[(1.3H) + (11.31) - (4)] 

81.0 = (1.326)[(1.3H) + (7.31)] 

81.0 = (1.72H) + (9.69) 

71.3 = 1.72H 

H = 41.5 ft 

Therefore, H is 41.5 ft. To determine the number of strip pits that the company can 
develop, it must be realized that the shovel is constrained by its ability to spoil into the 
previously mined pit. Thus, under gradually increasing overburden, the average height 
of the overburden for a particular pit must not exceed 41.5 ft. The number of pits can be 
determined as follows: 
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Pit Number Average Overburden Depth Is it minable? 

(2 + 7)/2 = 4.5 
(7 + 12)/2 = 9.5 
(12 + 17)/2 = 14.5 
(17 + 22)/2 = 19.5 
(22 + 27)/2 = 24.5 
(27 + 32)/2 = 29.5 
(32 + 37)/2 = 34.5 
(37 + 42)/2 = 39.5 
(42 + 47)/2 = 44.5 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 

Therefore, eight pits can be developed. 

In the eighth pit, each linear foot of advance requires the removal of the following bank 
cubic yards: 

(39*5 ft)(60 = 87.8 cu yd per ft  of advance 
27 cu ft per cu yd 

Through this same distance, the following coal tonnage is exposed: 

Because the stripping ratio is defined as the yardage of overburden divided by the ton- 
nage of coal exposed, it is as follows for this situation: 

87*g cuyd = 9.2 cu yd per ton 
9.6 tons 

The monthly production in the eighth pit is as follows: 

3597856 yd = 39,115 tons of coal 9.2 cu yd per ton 

Solution 10.11 

Rdd for the 18-cu yd machine = 154 ft 

Rd for the 18-cu yd machine = 154 - [(0.75)(36)1 

= 154 - 27= 127 ft 

(Rd1,)(18 cu yd) = (Rd1,)(15 cu yd) 

Thus, 

Rd for the 15-cu yd machine = 1270 = 152.4 ft  15 
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Solution 10.12 

The bank cubic yards handled per month by the dragline are as follows: 

Bucket size: 15 
Bucket factor: 0.80 
Bucket load in bank cubic yards: 12 
Cycle time in seconds: 59 
Passes per hour: 61 
Theoretical bank cubic yards per hour: 732 
Monthly operating hours: 336 
Theoretical bank cubic yards per month: 245,952 
Monthly operating factor: 0.75 
Bank cubic yards per month: 184,464 
The dragline’s reach is as follows: 

+ L [ H ( 1 . 3 ) + ( T ) t a n 3 7 0 - 4  1 H 
tan 74 O 

152.4 = - 
tan 37 ’ 

152.4= (0.287H) + (1.33)(1.3H + 11.3 - 4 )  

152.4 = (0.287H) + [(1.73 H + 9.71)] 

142.7 = 2.02H 

H = 70.64 

Therefore, H is 71 ft. 

The number of strip pits that the company can now develop is as follows: 

Pit Number Average Overburden Depth 

10 
11 
12 
13 
14 
15 

(47 + 52)/2 = 39.5 
(52 + 57)/2 = 54.5 
(57 + 62)/2 = 59.5 
(62 + 67)/2 = 64.5 
(67 + 72)/2 = 69.5 
(72 + 77)/2 = 74.5 

Is it minable? 

Yes 
Yes 
Yes 
Yes 
Yes 
No 

Therefore, 14 pits are now possible. 

Strip ratio in the fourteenth pit: 

= 16.1 cu yd per ton (69.5 ft)(60 ft) 
(27 cu ft per cu yd)(9.6 tons) 

Monthly production in the fourteenth pit: 

184j464 “Yd 
16.1 cu yd per ton 

= 11,457 tons of coal 
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NOTE: This chart is based on numerous field studies 
made under varying job conditions. Refer to correction 
factors following these charts. 

Illustrates Solution to Problem 10.13 

Solution 10.13 

From the production chart provided, the uncorrected maximum production is 950 loose 
cu yd per hr. 

The applicable correction factors are as follows: 

Loose stockpile material (from table): 1.20 
Grade correction (from diagram): 1.2 
Slot dozing (from table): 1.20 
Average operator (from table): 0.75 
Job efficiency (from table): 0.83 

Weight correction: The bulldozer production curves are based on a soil density of 2,300 
lb per loose cubic yard. Since the material handled in this problem weighs 2,500 lb per 
loose cubic yard, a weight correction of 0.92 must be incorporated. 
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Loaded 

200 

100 

0 0.25 0.5 0.75 

Time 

Empty Weight: 60,950 kg (134,370 Ib) 
Payload: 47,175 kg (104,000 Ib) 

Illustrates Solution to Problem 10.14 

Actual hourly production = (maximum hourly production) (correction factors) 

= 950(1.20)(1.2) (1.20) (0.75) (0.83) (0.92) 

= 940 loose cu yd per hr 

Solution 10.14 

Since the capacity of the machine is already given in bank cubic yards, all that needs to 
be determined is the cycle time. 

Grade: 0% for a level haul road 
Rolling resistance: 65 lb per ton = 3.25% (see Table 9.1) 
Total effective grade: 3.25% 

Cycle time 
Load time: 0.65 rnin 
Dump and maneuver time: 0.75 rnin 
Haul time (5,000 ft): 3.00 rnin (see figure) 
Return time (5,000 ft): 2.10 min (see figure) 

TOTAL: 6.50 rnin 
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Empty Weight: 60,950 kg (134,370 Ib) 
Payload: 47,175 kg (104,000 Ib) 

Illustrates Solution to Problem 10.14 

= 8.31 cycles per hr 60 min per hr 
(6.5 min per cycle)(0.90) 

(8.31 cycles per hr)(30.6 bank cu yd) = 254 bank cu yd per hr 

Solution 10.15 

Recalling that NPH = 60/CT, CT = DP + MS + LT, and that it is desired to maintain CT 
equal to or less than 1.0 min, the worst case situation would occur when CT = 1.0 min. 
Thus, use NPH = 60. 

The required MAXPH is: 

1,500 tons 2,000 lb 1 cu yd coal 
= [ day )( 14hr I(%)( 1,400 lb 

= 153 cu yd per hr 
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From Eq. 10.36: 

PPH 
NPH 

(BL) = - 

MAXPH 153 
= { (NPH)[(LF)(BF)(AO)(any other applicable correction factor)] 60[(0.65)( 1.23)(0.75)] 

= 4.25 cu yd 

Thus, select a machine with a bucket in excess of 4.25 cu yd. 
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 and Koepe hoists 202 203f 

 and locomotives 219 

RPS. See Maximum (static) rope pull (RPS) 

Rubber-tired haulage systems. See Trucks, 

  Underground face-hauling vehicles 

Rubbing surface 5 

S 

Safety and health. See also Mine Safety and 

  Health Administration (MSHA), Ventilation 

 airborne contaminants 28 

 coal mine regulations 28 29t 30t 

 incidence rate 28 

 MSHA indices 27 

 noise control 28 31t 

 severity measure 28 

Safety factor 

 strata control 82 94 

 wire ropes  195 196t 198 199f 

Sample variance 8 
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Scrapers 

 calculating number of pusher tractors 286 

 crawler tractors 286 

 cycle times (empty) 286 287f 

 cycle times (loaded) 286 286f 

 wheeled tractors 286 

Service support system 1 2f 

Severity measure (SM) 28 

Shovels 

 dumping radius 284 

 operating efficiency 280 281t 

 reach   284 

 shovel pit without coal fender 285f 

 swing factor 281 283t 

skip    5 

Skip load (SL) 197 

Skip weight (SW) 197 

Slope stability  94 94f 

Spacing 

 between rows of holes (b) 274 

 calculating 277 279 

 defined  5 

 ratio   276 

Specific gravity (s.g.) 6 

Split    5 

Staff planning  24 24t 

Standard deviation 9 

 and control charts 32 33f 

Standardized units 2 3t 

Statistics   8 

 variation  8 

Strain    6 
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Strata control  1 2f 79 

 boundary stress concentration around 

  openings 79 82f 83f 

 compressive stress concentrations around 

  openings of various shapes 80 84f 

 longwall shield-type roof supports and 

  capacity 88 89f 

 M (ratio of horizontal to vertical stress) 79 

 pillar design and strength equations 82 

 rock and coal strength and other 

  properties 79 81t 

 roof-span design 86 

 safety factors 82 

 slope-stability analysis 94 94f 

 stresses around mine openings 79 80f 

 and subsidence 88 90f 91f 91t

     92f 92t 93f 

Stress    6 

 compressive 79 84f 

 lateral   79 

 M (ratio of horizontal to vertical stress) 79 

 and safety factor 82 

 tangential  80 

 working  86 

 working shear 86 

Subdrilling 

 length (J)  274 278 279 

 ratio   276 

Subsidence  88 

 control in room-and-pillar mining 90 93f 

 defined  5 

 development curve 90 90f 
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Subsidence (Cont.) 

 hyperbolic tangent function 89 

 prediction  90 91f 91t 92f

     92t 

Surface extraction 271 

  See also Blasting Drilling, Excavation 

Surface haulage vehicles. See Trucks 

Surge capacitors 153 

Swell factor  7 281 282t 

Systeme International d’unites (SI) 2 3t 

T 

Terminology  2 

Threshold limit values (TLVs) 28 

Total resistance (effective grade) 245 

Tractive effort 7 

 See also Locomotives 

Transformers  153 

Transmission lines 153 

Trip, defined  5 

Trucks    241 245 

 adhesion  246 

 approximate coefficients of traction 246 247t 

 available power 245 246f 

 brake performance curves (safe speed) 248 249f 

 cycle time  247 247f 248f 

 effective grade (total resistance) 245 

 grade resistance 245 

 gross vehicle weight (GVW) 245 

 horsepower 245 

 performance calculation 247 

 rim pull  246 246f 
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Trucks (Cont.) 

 rolling resistance factors 245 245t 

 typical travel time (empty) 247 248f 

 typical travel time (loaded) 247 247f 

Turnouts   215 216f 

 actual lead  217 

 components 215 216f 

 formulas  217 

 length of curved closure rail 217 

 length of straight closure rail 217 

 middle ordinate 217 

 radius   217 

 switch angle 217 

 theoretical lead 217 

 theoretical toe distance 217 

 variables used to determine dimensions 215 216f 

U 

Undernround face-haulinn vehicles 241 245 

 analyzing productivity potential of 241 

 cable-reeled 241 244 

 change point 243 243f 244 

 cycle-time analysis and formula 242 

 elemental times 241 

 LCT (loader cycle time) 242 

 LT (loading time) 242 

 and mine layout 242 242f 

 switch-in/switch-out 244 

 untethered (battery- or diesel-powered) 241 244 

 WSC (loader waiting time) 242 

Units of measure 2 3t 

Upper control limit 32 
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US Bureau of Mines table of airway friction 

  factors  52 53t 

US Department of Labor. See Mine Safety and 

  Health Administration (MSHA) 

V 

Valves    121 

Velocity   5 

 and acceleration 6 

 and displacement 6 

Ventilation  51 

 aidow principles 52 52t 

 airway friction factors 52 53t 54t 

 ample airway capacity 51 

 fan adjustments and mine resistance 57 57f 

 fans and fan laws 56 56t 

 and fugitive air 51 

 multiple parallel airways 54 54f 

 pressure loss 52 

 pressures in inches of water gage 52 

 resistance factor 52 55 

 split airflow (splits) 55 55f 

 system design process for new mines 58 59f 

Venturi meters 121 

Voltage (V)  153 

Voltage drop  155 

W 

Water control  121 

  See also Pipes, Pumps and pumping 

Water gage  52 
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Wattmeters  121 

Wire ropes  195 

 See also Hoists 

 maximum (static) rope pull (RPS) 195 

 safety factors 195 196t 198 199f 

 selecting  195 

 size selection 197 199f 

 specifications for 6 × 7-class 195 196t 

 specifications for 6 × 19-class 195 196t 

Work    6 

Working shear stress 86 

Working stress 86 
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