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ABSTRACT

Selection of the optimum mine materials handling 
system is one of the most important yet difficult aspects 
of mine planning. The two major shortcomings of most 
equipment selection programs are: 1) inadequate analysis 
of major equipment types, and 2) lack of analysis of 
differences in componentry design for specific equipment 
types. This thesis work presents a comprehensive 
discussion of these preliminary equipment selection 
concerns for mining shovels and haulage trucks.

Favorable alternative mining systems and major 
equipment types were identified based on history of 
applications, operating advantages and limitations, and 
unit production cost estimates. Six alternative loading 
methods and eight haulage methods were analyzed. 
Preliminary selection factors and selection indicators were 
developed for the different major loader and hauler types.

An extensive analysis of five major shovel 
components and ten truck components was performed. Shovel 
and truck design optimization involves selection of the 
primary components and options which best match local 
operating requirements.
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CHAPTER 1 

INTRODUCTION

This introductory chapter presents the motivation 
for the thesis subject including an outline of the thesis 
objective and scope of work.

1.1 General Introduction
The engineering evaluation of mining operations has 

evolved into a very complex task where optimum mining 
systems are difficult to discern, and the margin between 
profit and loss is very small. A mining system refers to 
the primary equipment types used to perform specific 
earthmoving functions. A typical example would be a 
dragline operation moving overburden in a strip mine, or a 
shovel-truck operation in a deep-pit mine.

Unlike other basic industries, mining markets a 
wasting asset. As the richer ore deposits become 
exhausted, lower-grade ore deposits remain. Michaelson 
(1979, p. 12) stated that from the years 1910 to 1977, ore 
grades for major U.S. copper pits decreased on the average 
of 1.35 to 1.86 percent per annum.

In order to economically mine these low-grade 
deposits, mining operations have dramatically increased in 
size in order to benefit from the lower capital and
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operating costs per production unit and the higher 
productivity per man-shift. A study sponsored by the U.S. 
Bureau of Mines reported an increase in the average mine 
size of surface coal mines in the central U.S. from 
167,000 stpy in 1957 to 587,000 stpy in 1973 (MATHEMATICA, 
Inc. 1976, p. 3).

The mining industry has become extremely capital 
intensive due to the removal and beneficiation of larger 
volumes of low-grade material. During 1974, U.S. mining 
was second only to petroleum refining in assets per 
employee. These large capital investments are economically 
risky because of the inherent geologic uncertainty of ore 
grade and tonnage, and because of the long lead times 
before the start up of production.

In today's complex, everchanging world of 
international politics, world economics, ecological 
concerns, and technological innovations, mining engineers 
must be able to logically assess the most efficient mining 
system. Because of the huge capital investments and narrow 
profit margins associated with current large mining 
operations, there is little room for error.

But a number of major errors are commonly 
perpetrated during the equipment selection process. First, 
inadequate time is often assigned for the proper analysis 
of all viable major equipment types such as mining shovels, 
haulage trucks, draglines, bucket wheel excavators, etc.
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Second, a comprehensive analysis of the different designs 
and equipment options for specific types of mining 
equipment is very seldom undertaken. Typically, this "fine 
tuning" process is delayed until the final feasibility 
analysis and then unfortunately forgotten during the rush 
to establish project feasibility and start up.

Ideally, the equipment selection process should be 
planned in stages--updated as mine project feasibility 
progresses. The initial foundation work of comparing 
alternative equipment types and different equipment type 
designs must be judiciously performed. Like concrete, this 
initial foundation sets very quickly and hard, making any 
future changes very unlikely. Therefore, a well-planned 
foundation must be established prior to final equipment 
selection analysis. Once the equipment is purchased, 
opportunities for achieving the most efficient mining 
system are greatly diminished.

1.2 Study Objective
One of the most important aspects of a mining 

operation is the materials handling. Loading and haulage, 
in many cases, accounts for 25 to 75% of the total mining 
cost. The purpose of this thesis work is to present a 
comprehensive study of the early stages in the preliminary 
selection of mining shovels and haulage trucks. Mining 
shovels include the small capacity diesel-powered and large
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capacity electric-powered excavating machines used in 
surface mine operations. Haulage truck refers to the 
off-highway haulers manufactured specifically for the 
rugged working conditions in surface and underground mines. 
Figure 1.1 depicts a typical open pit mine shovel and truck 
operation.

Figrue 1.1 Open Pit Shovel and Truck Operation
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The objective of preliminary equipment selection 
analysis is determination of the most practical and 
economic mining system including identification of major 
mine equipment types and designs. The process can be 
performed in three progressive stages.

Stage 1 objective is the selection of one or more 
favorable mining systems and associated major equipment 
types. Each mining method (surface strip mining, open pit 
mining, underground room and pillar, etc.) has alternative 
viable materials handling systems. Each mining system, in 
turn, may be comprised of one or more major types of 
equipment. For example, a surface strip mine operation may 
be designed with tandem draglines. This represents one 
possible mining system. An alternative mining system might 
utilize shovels, haulage trucks, and belt conveyors. Stage 
1 analyses are generally based on the following 
considerations:

(1) History of mining methods, equipment 
applications, and technological developments.

(2) Basic equipment operating advantages and 
disadvantages.

(3) Major equipment operating limitations.
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(4) Knowledge of alternative methods.

(5) Comparison of general unit or total production 
costs obtained from similar mining operations.

Stage 2 involves selection of the most efficient 
equipment designs for each major equipment type chosen in 
stage 1. For example, a generic haulage truck as defined 
in stage 1 may be refined during stage 2 to a 120-st 
capacity, diesel-electric power, single rear-axle drive, 
unitized chassis, rear dump discharge vehicle. One or more 
equipment designs for each equipment type may be retained 
for further analysis during stage 3. A second objective of 
stage 2 analysis is elimination of mining systems and major 
equipment types which prove noncompetitive. Stage 2 
analyses are based on the following information:

(1) Knowledge of the specific design components of 
each major equipment type.

(2) Knowledge of the basic relationships between 
equipment design and performance; influence of 
design changes on vehicle performance and 
application.

(3) Computer vehicle simulation to determine
site-specific cycle times. Include
consideration of weight distribution on
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grades, vehicle traction, retarding effort, 
fuel consumption, and climate.

(4) Computer production and cost output to 
determine site-specific unit production costs. 
Include only direct owning and operating 
costs.

Stage 3 of the preliminary equipment selection 
process involves detailed production and cost studies of 
each mining system and associated equipment designs chosen 
in stage 2. The objective during stage 3 is to select the 
best mining system and to identify the most favorable 
equipment type, design, size, and number. Stochastic 
simulation should be utilized to study the impact of 
equipment queueing on productivity and required fleet size. 
Cost analyses should include: all ancillary and support
equipment, current manufacturer's list prices, taxes and 
royalties, time value of money, and complete owning and 
operating cost spread sheets.

In contrast, the objective of final equipment 
selection analysis is the finalization of equipment size, 
options, manufacturer, and the exact number over time--all 
the details necessary prior to actual equipment purchasing. 
Final equipment selection requires consideration of more 
detailed (annual or semi-annual) production periods and 
accurate equipment price quotations.
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1.3 Study Scope
The first two stages of preliminary equipment 

selection (especially stage 2) often receive little 
attention and are thus usually poorly executed. This 
thesis material is designed to help mining engineers 
perform the stage 1 and stage 2 preliminary selection 
process more efficiently.

Chapters 2 and 3 contain information relative to a 
stage 1 analysis of surface mine loading and haulage 
equipment, respectively. A complete historical and 
technological review of the mining applications, 
productivity, and selection of mining shovels and 
off-highway haulage trucks is presented. Operating 
advantages and mining applications of all major alternative 
equipment types are also cited. Chapter 4 discusses the 
important design considerations and associated field 
applications of the various types of mining shovels. 
Chapter 5 provides a similar detailed design analysis of 
mine haulage trucks.

Although the thesis work refers specifically to the 
selection analysis of mining shovels and haulage trucks 
(see figure 1.2), many of the concepts discussed in 
chapters 4 and 5 can be applied to the selection of other 
equipment types such as hydraulic shovels, backhoes, 
front-end loaders, and scrapers. The content of each 
chapter and major section is distinctly outlined within the
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thesis. Numerous literature references are cited to 
support the thesis work and to supplement the reader's 
interests.

Figure 1.2 Mining Shovel and Off-Highway Truck
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CHAPTER 2

MINING SHOVELS IN REVIEW

Mining shovel design and technology has slowly 
improved over the last two centuries to where today, mining 
shovels are one of the most versatile and most often used 
types of loading equipment. Major improvements have also 
been made in the design of alternative loading equipment. 
Mining engineers must be knowledgeable of the specific 
advantages of each type of loading equipment and choose the 
optimum loader type based upon on-site job application 
factors.

2.1 History of Mining Shovel Technology 
The first steam excavator was apparently developed 

in 1796 by Grimshaw in Sunderland, England. It 
incorporated a 4-hp steam engine in a scow used to operate 
a spoon dredge. In 1805, Oliver Evans designed the first 
American steam-powered dredge. Not until the growth of 
canals and the construction of railroads during the 1830's 
were demands for dry-land excavating equipment initiated.

In 1835, William Otis developed the first 
steam-powered shovel. In 1877, H. T. Stock introduced a 
power shovel mounted on a standard railroad flat car called 
the "railroad-type" shovel. Stock later introduced the use
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of independent engines for the three basic shovel motions. 
Mining emerged as a major market for power shovels by the 
middle of the 1890's.

The first major improvement in power shovel design 
was the full-revolving shovel, developed by John Howe in 
1886. A second major improvement in shovel design was the 
development of crawler-type mounting for greater mobility. 
Crawler-mounted steam shovels became commercially available 
in 1912. The last major improvement was the introduction 
of electric power. By 1917, electric shovels were 
commercially available, but steam continued to be the 
dominant power source until 1923 when the Ward-Leonard 
electric control system was introduced. This system 
allowed the drive motors to operate with nearly constant 
torque regardless of their speed, and they automatically 
adjusted their speed to the resistance. Once introduced, 
the Ward-Leonard system quickly replaced the steam engine 
as the major source of power for all power shovels.

The first full-revolving, electric-powered, 
crawler-mounted, heavy-duty quarry and mine shovel was 
introduced in 1925 (Bulin 1973, p. 91). It's performance, 
mobility, and economy made the steam-powered railroad-type 
shovel obsolete practically overnight.

During the period from 1930 to 1950, no major 
innovations were made in shovel design; and the largest 
mining shovel was between 5 and 6 1/2 yds. Throughout the
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last three decades, shovels have increased in size, 
capacity, and performance, to keep pace with the increasing 
production demands of larger mines, and to provide a better 
shovel-truck match with the larger haulage trucks. Table
2.1 illustrates how the maximum capacity of mining shovels 
increased from 21 yds during 1970 to over 40 yds by the end 
of 1979. Much of the above historical information was 
taken from Bulin (1973) who presented an excellent review 
of the development of the electric mining shovel, including 
some very interesting photographs of early steam shovels.



Table 2,1 Mining Shovel Shipments» —  Sources Chironis 1980, p<>99. Table 1

Size Total
(yds) 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 Units

8-11 11 10 11 2 18 8 7 12 11 13 103

12-15 20 13 24 25 23 35 67 17 23 15 262
16-21 34 38 24 25 32 42 42 36 31 21 325
22-27 0 1 3 3 4 16 34 . 38 22 19 140
28-39 0 0 0 1 1 2 5 9 8 9 35
40+ 0 0 0 0 0 0 0 0 1 0 1

Total Units 65 62 62 56 78 103 155 112 96 77 866

Note: Total industry shipments include United Kingdom and Japanese machines.

K>
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2.2 Present Role of Mining Shovels 
Mining shovels and haulage trucks are typically 

referred to as the "workhorses" of the surface mining 
industry. Electric mining shovels are often selected as 
the primary loading equipment because of various operating 
advantages. Basic considerations with respect to operating 
advantages and disadvantages are presented below. These 
basic equipment considerations must be analyzed in 
conjunction with the actual mine practices in order to 
determine favorable mining applications.

2.2.1 Basic Considerations
This section outlines the basic operating 

advantages and disadvantages of electric mining shovels. 
The information is very general in nature and is intended 
to be used solely in the preliminary evaluation of loader 
types.

2.2.1.1 Advantages. Electric mining shovels
exhibit the following general operating advantages:

(1) Excellent digging capability. Mining shovels 
are able to handle all types of material, 
including large blocky material within 
practical dipper capacity limits.
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(2) Excellent reach and height capability. Mining 
shovels can work banks up to 60 ft, and are 
capable of loading all sizes and types of haul 
trucks.

(3) Fast cycle times. Compared with other cyclic 
loading machines, mining shovels have, for the 
same capacity, the lowest cycle times (20 to 
25 sec).

(4) High productive capacity. The excellent 
digging capabilities along with fast cycle 
times and large dipper capacities enable high 
production rates to be achieved.

(5) Safe working conditions. The excellent reach 
allows the shovel to work at a safe distance 
from the bank face.

(6) High mechanical availability. Even under
severe job conditions, electrical mining 
shovels experience good mechanical
availability (general range is 75 to 90%).

(7) Low unit production operating cost. Low, 
operating costs result from the simple machine 
design, use of electric power, and the high 
production and availability factors.
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(8) Long life expectancy (15 to 20 yrs). Mining 
shovels can often be utilized the entire life 
of a long-term project.

2.2.1.2 Pisadvantages. Electric mining shovels
have the following general operating disadvantages:

(1) Poor mobility. Electric mining shovels have 
very slow propel speeds and require the 
constant handling of trail cables.

(2) Poor dipper fill when working low banks. The
dipper action of the shovel requires an
adequate bank height in order to completely 
fill the dipper.

(3) Usually requires some type of support 
equipment for cleanup.

(4) High initial capital cost.

2.2.2 Mining Applications
Mining shovels have been used almost exclusively in 

large hard rock mines where the digging conditions are 
severe. They have also been used extensively for years as 
"loading shovels" in the U.S. coal industry. A 1975 survey 
estimated that 86% of the total coal tonnage in the U.S. 
central region was produced by loading shovels (MATHEMATICA
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1976, p. 42). A typical coal loading shovel is illustrated 
in figure 2.1 below.
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Shovels are also being applied to new mining 
techniques. From 1970 to 1980, most overburden coal 
stripping was performed by draglines. But during the 
1980's, both in Appalachia and in western operations, coal 
mines are increasingly using shovel-truck haulback 
operations for stripping as well as for removal of coal. 
Another increasing trend has been the use of shovels and 
trucks to strip the upper portion of the overburden in 
front of dragline operations. Shove1-truck prebenching 
operations reduce the height of the overburden so that the 
dragline can operate at an optimum uniform digging height.

Mining shovels have been the most popular type of 
truck loading machine in the U.S. for the past 60 years. 
The obvious major advantage of the mining shovel is it's 
ability to load any type of material in almost any type of 
mine conditions at a favorable operating cost. This 
versatility combined with it's excellent ability to load 
haulage trucks has made mining shovels the "standard" among 
loading machines.

2.3 Alternative Methods of Loading Trucks
There exist many mining conditions wherin the 

choice of mining shovels as the loading unit is less than 
optimum. Therefore, part of the proper application of 
mining shovels involves the study of viable alternative 
loading methods. Sometimes a major mining factor such as
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severe digging conditions governs the unchallenged 
selection of a specific type of loading equipment. But in 
many situations, the most economic loading method can be 
determined only after detailed production and cost 
analyses.

This section presents a synopsis of six alternative 
types of loading equipment capable of working with trucks: 
hydraulic shovels, backhoes, front-end loaders, stationary 
belt loaders, blade belt loaders, and bucket wheel loaders. 
The potential application of each loading method is 
acknowledged and references to supporting technical 
information are cited. Other alternative methods of 
loading trucks exist but their application in mining has 
been too insignificant to merit discussion here.

2.3.1 Hydraulic Shovels
There are two basic types of "hydraulic excavators" 

characterized by major differences in the front-end 
configuration: shovels and backhoes. Hydraulic shovels 
(also called front shovels) closely resemble mining shovels 
in machine design and operating functions. A typical 
hydraulic shovel design is shown in figure 2.2.

In place of electric or diesel-electric drive 
systems, hydraulic shovels utilize diesel engines to power 
an all-hydraulic drive system. Swing and propel motion is 
provided for by hydraulic motors with mechanical drives.
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Figure 2.2 Hydraulic Shovel 
(Demag H241)

Figure 2.3 Backhoe
(Demag H241)
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The front end consists of independent hydraulically 
controlled boom, stick (also called arm or jib), and bucket 
attachments.

Hydraulic shovel manufacturers usually provide a 
choice between two types of buckets: front dump or bottom 
dump. Front dump buckets are simpler in design, allowing 
for lower initial costs and lighter weight; which enables 
approximately 25% greater carrying capacity over the 
heavier bottom dump buckets. The bottom dump bucket, 
although more expensive and heavier, provides up to 17% 
more reach and 35% more dump clearance; making truck 
positioning easier and allowing for 10 to 15% faster loader 
cycle times.

Hydraulic shovels have certain operating advantages 
over mining shovels. Some of the advantages are:

(1) Excellent digging selectivity and precision.
The articulation and hydraulic controls of the 
front-end assembly enables the hydraulic 
shovel to dig effectively, at any point in the 
bank within the shovel's range. Hydraulic 
shovels can be worked in low banks, achieving 
better bucket fill factors than mining
shovels.
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(2) Capable of digging (without any previous 
ground preparation) compact layered materials 
such as sandstone, medium-hard limestone, and 
bedded sedimentary soils.

(3) Better mobility than electric mining shovels. 
Hydraulic shovels have no trail cable, weigh 
much less, have tractor-type undercarriages, 
and can counter-rotate their tracks.

(4) Performs pit floor cleanup better than mining 
shovels. But in most operations, larger 
hydraulic shovels should be supported by 
wheel-mounted or track-mounted dozers.

(5) Certain hydraulic shovel models can be 
temporarily converted to a backhoe 
arrangement, which may be efficient for some 
applications.

Operating disadvantages of hydraulic shovels 
compared with mining shovels include:

(1) Dependency on diesel fuel. Industrial 
electric power is generally cheaper and more 
reliable than diesel fuel.
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(2) Higher operating costs. Hydraulic shovels 
have relatively higher power costs and also 
higher repair and maintenance costs.

(3) Shorter life expectancy (6 to 12 yrs). 
Lighter weight design and diesel-electric 
components are the major reasons for shorter 
life expectancy.

(4) Crowd and breakout forces slightly less than 
mining shovels of equivalent dipper capacity.

(5) Less safe working conditions. The design of 
the front end requires the hydraulic shovel to 
work slightly closer to the bank face.

(6) Currently limited in capacity. Manufacturers 
indicate that the possibility of designing 
larger capacity hydraulic shovels (over 
40 yds) is limited by the massive size and 
weight of hydraulic pumps, motors, valves, 
etc.

Hydraulic shovels are medium-to-large-capacity 
excavating machines able to work in any type of digging 
conditions with the special ability to selectively load 
thin veins or small mining pockets. Used extensively in 
European open pit mines, these machines have become more



35

popular in recent years in U.S. mining operations. 
Hydraulic shovels are competing especially well with 
small-capacity diesel-electric shovels and front-end 
loaders. Recommended literature references on hydraulic 
shovels include: Caterpillar Performance Handbook (1980,
pp. 125-136), Hayes (1980, pp. 250-338), and "Hydraulic 
Excavators: Carving Their Niche" (1979, pp. 79-83).

2.3.2 Backhoes
Hydraulic backhoes (also known as dragshovels and 

pull-shovels) are identical to hydraulic shovels except for 
one major point: the front attachment consists of a
smaller dipper operating in a digging action that is 
towards the machine. Figure 2.3 presented in section 2.3.1 
illustrates the backhoe design. Backhoes work below rather 
than above grade, and have been used in mining primarily 
for trenching and ditching. Units with bucket capacities 
of up to 27 yds are manufactured today--the larger units 
capable of loading 100-st capacity trucks and over.

Backhoes have distinct operating applications due 
to their unusual design and digging action. Operating 
advantages of backhoes are:

(1) Best digging selectivity of any loading 
equipment. Excellent machine selectivity 
achieved by the narrow bucket design, operator



visibility during loading, and hydraulically 
controlled digging action.
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(2) Designed to work below grade. Below-grade 
digging action of backhoes makes them ideal 
for secondary recovery of near-vertical ore 
seams by trenching. Also ideal for working 
wet mine bottoms.

The backhoe shares the same operating disadvantages 
of hydraulic shovels when compared with mining shovels. 
Some additional disadvantages are:

(1) Decreased bucket capacity. The longer reach 
of the backhoe attachment decreases the 
allowable bucket capacity 30 to 40% compared 
to hydraulic shovels of the same machine size.

(2) Decreased digging force. The longer reach 
also reduces the allowable digging forces at 
the bucket. Backhoes generally have 40% less 
stick crowd force and 45% less bucket curl 
force than hydraulic shovels of the same 
machine size.

(3) Increased loader cycle time. Backhoe swing 
speeds are similar to that of mining shovels, 
while their hoist speeds (60 fpm) are about



only half that of shovels. For the same 
hoisting distance and swing angle, backhoes 
have approximately 10 to 15% longer loading 
times than mining or hydraulic shovels. 
Usually the backhoe total hoist distance, 
which is the sum of the digging depth and 
loading height, is 2 to 3 times greater than 
the shovel hoist distance. Backhoe loader 
cycle times therefore vary greatly with the 
total hoist distance, and may be as much as 
100 to 150% greater than shovels given the 
same material and swing angle.

(4) High unit production operating cost. A
combination of higher operating costs,
decreased bucket capacity, and increased cycle 
times results in higher unit production
operating costs for backhoes than mining
shovels.

(5) Requires support equipment for cleanup around 
loading area. Spillage is more common as the 
bucket is lifted towards the dumping position. 
The narrow bucket and long arms are not well 
suited for cleanup work.
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The major advantages of a backhoe as a loading unit 
are it's high degree of selectivity and it's ability to 
work above a mine bottom which may be flooded or in poor 
operating condition. Backhoes have been successfully used 
for many years in western uranium operations to separate 
and load thin material zones. They are also finding hew 
uses in the mining of thin, multiple, steeply dipping coal 
seams. Suggested references on backhoes include: Church 
(1981, pp. 12.32-12.41), Rumfelt (1968), Wood (1977, 
pp. 103-105), and Caterpillar Performance Handbook (1980, 
pp. 94-98).

2.3.3 Front-End Loaders
There are two types of front-end loaders, depending 

upon the type of tractor mounting, used in mining: 
crawler-mounted and wheel-mounted loaders. Crawler-mounted 
front-end loaders (also referred to as crawler loaders or 
track loaders) are basically crawler tractor dozers with a 
special bucket and lifting attachment replacing the 
bulldozer. Crawler-mounted units are limited to about 
6 yds in capacity and have average loading cycles of 30 to 
40 seconds. Use of crawler loaders in mining is limited in 
most areas of the world, except for small European and 
Japanese nonmetal mines where weather and ground conditions 
make them desirable tools (Haley 1973, p. 59). Crawler 
loaders are also popular with small mining contractors who
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are able to use the tractor-bulldozer-ripper-loader 
capabilities to the maximum. Because of the very limited 
use of crawler loaders in U.S. mining operations, the 
remaining section is a discussion on wheel-mounted 
front-end loaders. For simplicity, the term front-end 
loader or simply loader will be used in place of 
wheel-mounted front-end loader.

The first front-end loader (also commonly called 
bucket loader, wheel loader, or front loader) was 
introduced by Hough in 1939; resembling a fork-lift with a 
front bucket attachment (Ressinger 1972). Four-wheel-drive 
was introduced in 1948. By the mid-1950's, power shift 
units with torque converters were available. During the 
early 1960's, articulated steering increased the loader 
speed and maneuverability. By 1965, the front-end loader 
had evolved into the basic machine of today (see figure 
2.4), with full hydraulic bucket actuation, articulated 
steering, and four-wheel drive.

A standard loading operation consists of the bucket 
being lowered and forced into the bank. The bucket is then 
rotated and lifted upwards, breaking loose the material 
being worked. When full, the machine backs away from the 
bank, turning as it backs; then moves forward to the 
spotted truck. To dump, the bucket is simply rotated 
forward. The loader returns to the bank and the cycle is 
repeated.
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Figure 2.4 Front-End Loader 
(Dart 6000
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The front-end loader is a very popular loading 
machine and general-purpose type of equipment used in many 
U.S. mining operations. Advantages of front-end loaders 
include:

(1) High degree of mobility. Rubber-tire-mounted 
front-end loaders have high tramming speeds 
enabling them to move rapidly from one work 
area to another.

(2) High level of versatility. Because of their 
mobility and hydraulically controlled digging 
action, front-end loaders can perform many 
other mining functions such as stock pile 
loading, road construction, etc.

(3) Low initial capital cost. Capital cost of a 
front-end loader is about 30% that of a mining 
shovel of equivalent dipper capacity.

(4) Slightly lower hourly operating cost. The 
operating cost per hour is approximately 75% 
that of a mining shovel of equal dipper 
capacity. Labor costs are usually lower 
because no oiler or pitman is required.

(5) Ability to work low banks. The loader's 
mobility and precise bucket control enables it
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to work efficiently in low banks but only when 
the material is loose and easy to load.

(6) Needs no support equipment for cleanup at the 
digging face. Maintains its own work area and 
may even contribute to haul road maintenance.

(7) Ability to load and haul over short distances. 
Popular advantage in small operations where 
there may be a shortage of expensive haul 
equipment.

Following are operating disadvantages which have 
limited the use of front-end loaders as the main production 
unit for many surface mining operations:

(1) Inability to operate in very hard digging 
conditions. Front-end loaders normally do not 
have the digging power and traction required 
to efficiently work in very hard digging 
conditions.

(2) Increased loader cycle time. Cycle time is 
about 100% greater than mining shovels of 
equal dipper capacity mainly because of the 
greater time required to maneuver the 
front-end loader between the digging face and 
the truck. Front-end loaders exhibit a much
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greater increase in cycle time as loader 
machine size increases.

(3) Poor bucket fill factors in hard digging 
conditions. Typical fill factors in easy to 
medium digging are similar, but in hard and 
very hard digging, front-end loaders have 
substantially reduced fill factors compared 
with mining shovels. A mining shovel of 
similar capacity normally has 1.5 to 2.0 times 
the digging power of a front-end loader; and a 
front-end loader also has a much wider bucket 
lip.

(4) Reduced mechanical availability. The
mechanical availability is approximately 25% 
less than a mining shovel of similar capacity.

(5) Lower productivity. Because of increased 
cycle times, decreased fill factors and lower 
mechanical availability, production from 
front-end loaders is approximately 50% less 
than mining shovels of equivalent dipper 
capacity for digging well-fragmented rock, and 
as much as 67% less for extremely hard 
diggging.
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(6) Higher unit production costs. For average 
mining conditions (medium to hard digging), on 
a non-discounted operating cost per ton basis, 
front-end loader costs are about 80 to 100% 
higher than mining shovels of equal dipper 
capacity. On a discounted total owning and 
operating cost per ton basis, front-end loader 
costs are still about 50 to 60% higher than 
mining shovels.

( 7 ) Limited bench height. Maximum controllable 
bench height is approximately 25% less than 
mining shovels of similar capacity.

(8) Limited dumping height. Maximum dumping 
height is about 40% less than mining shovels 
of similar capacity. To make possible the 
loading of very large capacity trucks, 
front-end loaders with extended-reach 
capacities have been developed, but this 
design change decreases the loader's digging 
and lifting capacity.

(9) Limited dumping reach. Dumping reach with the 
bucket positioned at maximum dumping height as 
measured from discharge point to the front of 
the lower assembly is typically 75% less than



a mining shovel of similar capacity. For 
trucks with wide bodies, loaders may be unable 
to spot the bucket along the center of the 
truck bed, and in order to provide a balanced 
load, may need to load from both sides or from 
the rear. With a shorter dumping reach, a 
front-end loader is also more likely to cause 
structural damage to the side of the truck 
body. This problem can be modified by either 
reinforcing the truck body sides, or by 
changing to rear-end loading.

(10) Loader operates very close to bank face.' When 
digging high bank faces with bucket fully 
raised, the front of the loader is typically 3 
to 5 times closer to the working bank than a 
mining shovel of similar capacity. This very 
short digging reach places the operator much 
closer to a potentially unstable working face.

(11) Wider working area to maneuver. When trucks 
are spotted parallel to the workin'g face, the 
perpendicular loading method must be employed. 
For large front-end loaders, turning to dump 
may require a very wide mine working area. 
The "V" swing is always preferable to the 
perpendicular turning method.
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Due to the main advantages of mobility, job 
flexibility, and low initial capital cost, front-end 
loaders have been widely accepted by mining contractors and 
small mine operators where the jobs are of shorter duration 
and high mobility is required. Loaders are initially more 
affordable for small operators and can be used to perform 
more "odd jobs" than mining shovels. Front-end loaders 
have become an important earthmoving tool in the coal mines 
of Appalachia (Ressinger 1972). In these eastern coal 
fields, front-end loaders are used to perform mutiple 
functions including: overburden removal, coal loading and
pit cleaning, as well as much of the reclamation work and 
some of the pioneering and road repair. Many mines have 
one or more front-end loaders available for non-primary 
loading functions such as:

(1) Land clearing and preparation of work sites.

(2) Construction and maintenance of haul roads.

(3) Cleanup machine for shovels and draglines.

(4) Dig and load overburden where there is a very 
low face.

(5) Load ore from pockets left by large loading
machines.
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(6) General mine service such as boosting trucks 
from pit, towing disabled vehicles, moving 
electric cable skids, and relocating pumps.

(7) Assist in shovel production whenever the 
shovel is down for major repairs, being moved 
to another distant loading area, or during the 
initial development period of a working bench.

Large front-end loaders are directly competing with 
mining shovels as primary production units in areas where 
the material is either unconsolidated or well fragmented. 
But wherever hard to severe digging conditions exist, 
front-end loaders are usually used in backup and mine 
service roles. References on front-end loaders include 
Hagood (1975, pp. 113-116) who provided preliminary 
production and cost curves, and Caterpillar Performance 
Handbook (1980, pp. 279-316) which contained production 
tables and haul time versus distance charts. A company 
publication by Bucyrus-Erie entitled Surface Mining
Supervisory Training Program--Shovel/Truck (1979, pp. 
10.1-10.13) gave an excellent comparison of mining shovels 
and front-end loaders. Other general references include 
Church (1981, pp. 12.12-12.21), KiHebrew (1968,
pp. 463-468), Nutter (1970), and Keevan (1972).
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2.3.4 Stationary Belt Loaders
A stationary belt loader (other common names are 

moveable belt loader, stub loader, and trap belt loader) is 
simply an inclined section of belt conveyor, usually 
equipped with a feeder or crusher/feeder at the front of 
the conveyor. In practice, the loader is usually set into 
a hillside cut and material from above is bulldozed into 
the receiving hopper, from where the conveyor elevates it 
and discharges it into hauling units or onto conveyors. 
After the cut is finished, the belt loader is moved and set 
up in the next prepared location; the move requiring about 
6 to 8 hours.

A typical stationary belt loader with a 60-inch 
wide belt and a working weight of approximately 60,000 lbs 
would have an average conveyor length of 50 to 60 ft, a 
loading height of 13 to 16 ft, and a belt drive horsepower 
of 165 to 185 bhp (Church 1981, pp. 12.72-12.78). 
Estimated production at 100% efficiency, ranges from 1,600

i
to 2,300 bcy/hr for belt speeds of 400 to 600 fpm 
respectively.

Some general operating advantages of stationary 
belt loaders are:

(1) Extends the operating application of 
bulldozing. Stationary belt loaders are 
loaded almost exclusively by crawler tractor
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dozers; permit the continued use of existing 
dozer fleet by providing an economic means of 
loading trucks with dozers.

(2) Low initial capital cost. A stationary belt 
loader with an actual production rate of 1,000 
to 1,200 bcy/hr costs approximately $256,000.

(3) High production machines. Typical ideal 
production rates range from 1,400 to 
4,250 bcy/hr.

(4) Ability to handle all types of material 
including well-blasted rock.

Disadvantages of stationary belt loaders include:

(1) Material must be economically amenable to 
dozing.

(2) Large blocky material usually must be crushed 
prior to loading.

(3) Loader must be periodically moved to new 
locations, causing production downtime.

(4) Inherent inefficiency of matching a continuous 
production machine with cyclic truck haulage.
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(5) Although the operating cost of stationary belt 
loaders is minimal, the cost of associated 
loading equipment, especially crawler tractor 
dozers, may be prohibitive.

Stationary belt loaders have been used very 
sparingly in U.S. mining operations. But where favorable 
operating conditions exist, they are capable of providing 
high production rates at relatively low costs. The ideal 
application for stationary belt loaders is in hilly 
mountainous terrain where dozing by crawler-tractors is 
economical and the truck hauls are short. Typical mining 
applications have been in contour mines or small mining 
operations which started mining by dozing, but as distances 
increased to the point where haulers were more economical, 
belt loaders were employed to load trucks. Stationary belt 
loaders have also been used successfully by large mines for 
preproduction stripping of alluvial and unconsolidated 
overburden material.

2.3.5 Blade Belt Loaders
Blade belt loader (elevating grader or plow loader) 

refers to a mobile belt loader that digs by means of a 
stationary vertical or horizontal "blade" and elevates the 
material by means of a belt conveyor for loading or side 
casting. Blade belt loaders are usually pulled by one or 
two independent crawler-tractor units, mounted on
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self-contained crawlers, or in certain cases suspended 
between two crawler tractors.

Production of blade belt loaders is directly 
related to the rated engine horsepower of the
crawler-tractors and to the type of material being 
excavated (Church 1981, p. 12.70). Conveyors are designed 
with sufficient capacities to accommodate the maximum 
digging capacities of the machines. For example, a
standard blade belt loader with a 60-inch wide belt and 
powered by a 410-hp tractor has a rated ideal production 
capacity of about 1,760 bcy/hr (Church 1981, p. 12.69).

The major attraction of blade belt loaders is the 
potential for very high production rates. In easy-loading 
material such as alluvium, blade belt loaders can average 
from 1,580 to 4,750 bcy/hr continuous productivity. Other 
advantages of blade belt loaders are:

(1) Simple construction; very little maintenance 
required.

(2) Low unit production operating costs when 
digging unconsolidated material.

(3) Crawler tractors can be used for other duties 
on off-production shifts.
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A major disadvantage of blade belt loaders has been 
their ability to handle only relatively unconsolidated 
material. This limits their application to easy-digging 
material such as alluvium, weathered sandstone, and 
weathered sedimentary rock. Other operating disadvantages 
include:

(1) Tendency to overload trucks. A result of the 
continuous high production rate.

(2) Greater material spillage. Trucks must move 
alongside the belt loader while loading is in 
progress.

(3) Queueing problems at the loader. High 
production rates generate very small loading 
times (1 to 2 min). On medium to long hauls, 
the great difference between loading and 
travel times may create queueing problems at 
the loader.

Blade belt loaders are best suited for long, level, 
massive earthmoving of relatively unconsolidated material. 
Quite popular for some time in large civil earthmoving 
projects, blade belt loaders are now being manufactured to 
handle the rugged and abusive conditions of mining. 
Although their economic capabilities in most mining areas 
is still unproven, one of the attractive markets is the
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mining of thick seams of western U.S. coal. Another future 
market may develop in the mining of U.S. gulf coast 
lignites. Literature references on blade belt loaders 
include: Church (1981, pp. 12.67-12.78) and Dhami (1967,
pp. 20-22).

2.3.6 Bucket Wheel Loaders
Bucket wheel loader (BWL) refers to a 

self-propelled continuous excavating machine that has a 
front rotating digging wheel (usually of bucket type) and a 
general production capacity range of 200 to 3,500 bcy/hr. 
Material is collected onto a system of transfer and final 
elevating belt conveyors which enable the continuous 
loading of haulage units or other conveyors. There are two 
basic designs of bucket wheel loaders, identified here 
simply as the European and American BWL.

European bucket wheel loaders (also called compact 
bucket wheel excavators) are basically bucket wheel 
excavators (BWEs) which, because of their smaller size, are 
capable of efficiently loading haulage units; thus the term 
"loaders". Church (1981, p. 12.78) refers to the European 
BWL as a "circular-digging-linear-traveling excavator". 
The basic design for small European BWLs is diesel power 
and dual tracks, with the bucket wheel, wheel boom, and 
discharge boom assembly design very much resembling the 
larger BWEs. An example of such a machine is the Fried
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Krupp SchRs[250/0.5]-10 shown in figure 2.5. This machine 
weighs 2 2 0 short tons, has a digging wheel diameter of 16 
feet, and a theoretical capacity of 940 to 1,280 bcy/hr 
(Rasper 1975, p. 356). The largest European BWLs are 
actually medium-sized electric powered BWEs with capacity 
outputs as high as 5,000 bcy/hr.

American bucket Wheel loaders are mainly being 
designed and introduced by U.S. manufacturers. Church 
(1981, p. 12.78) refers to these machines as 
'' 1 inear-digging-linear-traveling excavators" , while Aiken 
(1973, p. 17.55) calls them "side-mounted wheel BWEs". The 
American BWL design encorporates a crawler- or 
wheel-mounted diesel-powered machine with a relatively 
fixed rotating wheel of approximately 12 to 16 feet in 
diameter and of greater width. The wheel is often composed 
of numerous buckets or cells. A typical American BWL is 
the Barber Greene WL50, which has a service weight of 200 
short tons, a wheel diameter of 16 feet, and a theoretical 
capacity of 3,600 bcy/hr (Rasper 1975, p. 370). Another 
commercially available American BWL, the Racho 512T, is 
shown in figures 2.6 and 2.7.

Operating advantages and disadvantages of bucket 
wheel loaders are very similar to blade-belt loaders as 
discussed in section 2.3.5, with the following exceptions. 
Use of a rotating cutting wheel increases the bank 
penetration and machine productivity, and expands the
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Figure 2.5 European Bucket Wheel Loader(Fried Krupp Sch Rs [250/0.5] - 10)
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Figure 2.6 American Bucket Wheel Loader--Front View 
(Racho 512T)

Figure 2.7 American Bucket Wheel Loader— Side View 
(Racho 512T)
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potential digging range of the machine to include weathered 
rock and certain semi-consolidated material. On the other 
hand, BWLs have a complicated mechanical design with more 
moving parts than blade belt loaders, resulting in lower 
mechanical availability and higher repair costs.

Applications of American bucket , wheel loaders in 
U.S. mining to date have been limited to the loading of 
relatively soft overburden or loose, free-flowing stock 
piles. But as larger, heavier, more reliable machines are 
built, the American BWL is increasingly becoming a viable 
alternative for the loading of shot coal and other loosened 
sedimentary formations, especially when combined with 
high-capacity belt conveyor mine transport systems.

While popular in overseas mining operations for 
many years, the European bucket wheel loader has been, 
until recently, almost completely ignored in U.S. mining. 
One primary reason has been a general lack of acceptance of 
continuous face conveyor haulage systems used successfully 
overseas. Today, a growing number of U.S. surface lignite 
and coal operations are seriously analyzing the feasibility 
of European BWLs matched with shiftable conveyors for 
overburden removal and ore loading (Chironis 1985). 
Although a limited number of mining operations have 
successfully used European bucket wheel loaders to load 
haulage trucks, e.g., Canadian tar sands, the great
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majority of new U.S. mining applications of European BWLs 
are being proposed with belt conveyor transportation.

2.4 Preliminary Selection of Loader Type
Alternative loading methods» including those 

presented in section 2.3, should be evaluated during the 
preliminary stages of the selection process of the optimum 
loader type. The purpose of any preliminary equipment 
selection process is early identification of potentially 
favorable equipment types which are later analyzed in much 
greater detail. Usually the preliminary selection, 
consisting of one or more equipment types, is made 
empirically without much detailed analysis (although 
specific equipment application programs using simplified 
program options and representative equipment models can 
greatly facilitate part of the preliminary selection 
process). This section presents an outline only of the 
important factors to consider during a preliminary 
equipment selection study.

General information regarding obvious machine 
operating parameters and limitations, general production 
and cost information, job site physical parameters, and 
planned or existing mining methods and equipment are some 
important preliminary selection factors. A list of main 
considerations for selecting the loader type (and size)
are:



(1) Total ore tonnage.

(2) Total waste tonnage.

(3) Required periodic ore production rates over 
mine life.

(4) Required periodic waste production rates over 
mine life.

(5) Mine life.

(6) Available initial capital.

(7) Rock type and physical characteristics.

(8) Rock fragmentation and average material size.

(9) Mine selectivity.

(10) Working bench height.

(11) Available working area (bench width).

(12) Mine mobility.

(13) Weather conditions.

(14) Material composition regarding stability of
work area.
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(15) Mine safety.

(16) Availability of experienced labor.

(17) Existing or planned power supply.

(18) Existing type and size of mining equipment 
(especially loading and transporting 
equipment).

(19) Available types and sizes from reliable
manufacturers.

(20) Proximity of parts and service facilities.

(21) Existing type of maintenance equipment,
structures, and personnel.

(22) Equipment standardization.

The significance of each of these factors varies 
from job to job depending upon local conditions. Hence, 
each job becomes a separate problem and each factor must be 
considered in light of existing conditions.

Table 2.2 contains a summary of certain general 
cost and production indicators for each of t%ie loader types 
discussed in section 2.3. Selection indicators in table
2.2 are based upon easy digging conditions such as lightly 
cemented alluvium. Unit production costs of mining and 
hydraulic shovels usually increase less rapidly than the



Table 2.2 Loader Type Selection Indicators

Loader Type

Initial
Capital
Cost
($1000)

Theoretical 
Hourly 

Production 
(bcy/hr)

Capital 
Produc

tion Ratio 
($1000/ 
bcy/hr)

Owning and 
Operating 
Unit Produc
tion Cost 
($/bcy)

Mining Shovel (8-yd dipper) 2,412 830 2.91 0.33
Hydraulic Shovel (8-yd dipper) 2,654 770 3.45 0.41
Backhoe (2-yd dipper) 507 120 4.23 1.36
Front-End Loader (11-yd bucket) 591 720 0.82 0.35
Stationary Belt Loader 

(60-in belt) 283 1,090 0.26 0.14
Blade Belt Loader (60-in belt) 860 1,760 0.49 0.19
European BWL (430,000-lb 

weight) 2,143 1,200 1.79 0.19
American BWL (235,000-lb 

weight) 1,246 2,500 0.50 0.14

Note: 1) Costs based on January 1986 average mine equipment costs.
2) Production based on loading lightly cemented alluvium material.
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other loader types as the digging conditions become more 
difficult. Unit production cost of the stationary belt 
loader is deceptively low because the owning and operating 
costs of the loading equipment (usually crawler dozers) are 
not included.

Table 2.2 presents only example values of some 
important selection indicators. Local costs, mining 
practices, and operating conditions must always be 
considered when estimating these values during the 
preliminary equipment selection process.
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CHAPTER 3

MINE TRUCK HAULAGE IN REVIEW

Truck haulage has played a major role in the 
development of large low-grade U.S. surface mining 
operations. Technological advances in mine truck design 
and their effect upon mine design and material 
transportation are reviewed from the early mining days 
during the 1930's to the current 1980's. General operating 
advantages, disadvantages, and practical mining 
applications of trucks and alternative methods are 
important considerations during the preliminary selection 
of mine haluage equipment.

Fleets of mine haulage trucks remain an important 
viable method of material transportation primarily because 
of the operational flexibility and versatility inherent to 
truck haulage. But the future growth of truck haulage will 
also depend upon the ability of current technological 
innovations to limit the inflationary impact of variable 
fuel, parts, and labor costs.
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3.1 History of Mine Truck Technology 
Mine truck haulage has undergone some tremendous 

technological changes in the past 50 years; changes which 
have assured truck haulage a continuing major role in 
surface mine material transportation. This section
presents a historical review of the technological changes 
and associated growth of truck haulage in U.S. mining.

3.1.1 Pioneer Days
Off-highway trucks made their first appearance in 

U.S. mining on the Minnesota Mesabi Range in 1937. These 
first mining trucks had a rated payload capacity of only
15 st and an empty vehicle weight of 16 st. They were
powered by a 150-bhp diesel engine with a five-speed
sliding gear manual transmission and a differential rear 
drive. Power steering and body springs were nonexistent. 
Maximum speed on a 7% grade was about 4 mph. Yet these 
initial mining trucks were more flexible, faster, and more 
maneuverable than existing train haulage; thus the trend 
towards truck haulage had begun (Carlson 1968).

During the 1940's and 1950's, mining trucks were 
being used almost exclusively to haul ore and waste. With 
an abundant source of cheap fuel, relatively cheap labor, 
and with a high degree of operating flexibility, there was 
no real competition (Burton 1975a). Conveyor technology 
was in its infancy; trains were too restrictive and capital
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intensive; and skip haulage, although revived in the 
1950's, could not compete with the oncoming generation of 
larger trucks. The most popular size range during this 
period was 25 to 30 st.

Until 1953, mine truck design changed very little 
except to increase slightly in capacity. The major 
drawback to larger trucks was the unavailability of more 
powerful diesel engines and mechanical transmissions. To 
overcome this obstacle, in 1953 a 34-st capacity truck was 
constructed with two 200-bhp engines side by side each 
driving its own transmission and rear axle. By 1955, 50-st 
capacity mining trucks were common. These tandem rear axle 
drive trucks remained very popular up through the 
mid-1950's.

In 1958, the development of larger engines, 
mechanical transmissions, and tires allowed for the 
introduction of a single rear axle truck design with a 
shorter wheel base and a more favorable horsepower to 
weight ratio than tandem rear-axle drive units. The mining 
industry has, with only a few exceptions, accepted the 
single rear axle drive principle as the "standard" drive 
design for unified rear dump trucks.

The last major innovation during the late 1950's 
was the application of the torque converter in place of the 
straight clutch transmission. Increased fuel costs were 
offset by a 30% reduction in drive train maintenance.
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Performance and production were increased 28% by the more 
even and constant application of power (Carlson 1968). In 
spite of a 10% increase in ownership costs, the torque 
converter was economically justified.

3.1.2 Rapid Growth During the I960's
Improvements during the 1940's and 1950's occurred 

through technological evolution, but the improvements of 
the early 1960's brought about a technological revolution 
in mine truck haulage. Significant progress was made in 
four major areas: tires, high-strength steels, increased 
engine power, and diesel-electrie drive.

The introduction of nylon enabled tires to run 
cooler and allowed a 30% reduction in tire weight while 
maintaining the same carcass strength. At the same time, 
the perfection of weldable steels of 45,000 to 50,000 psi 
instead of originally 30,000 to 35,000 psi allowed for a 15 
to 20% reduction in truck weight. Next, turbo-charged 
engines became available, making it possible to increase 
flywheel horsepower 10 to 15% without increasing the work 
load on the engine. The final step along the development 
of larger mining trucks was made with the introduction of 
diesel engines with 650 to 700 bhp. With these 
improvements, it was possible to build trucks with rated 
capacities of 65 to 85 st.
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Although these larger units increased productivity 
and lowered unit production costs, a strong enough 
mechanical transmission and rear-end assembly was not 
available to prevent the occurrence of high drive train 
maintenance costs. These shortcomings brought about the 
development of the diesel-electrie truck.

Diesel-electrie trucks, or simply electric trucks, 
have some portion of the conventional (mechanical) drive 
train replaced by electrical components. A semi-electric 
drive design was first introduced briefly by Anaconda at 
their Berkeley pit in Butte, Montana. Conventional 65-st 
units were modified whereby a DC generator transmitted 
power from a 700-bhp diesel engine to a single DC motor 
mounted directly behind the generator. The DC motor was 
connected to a conventional differential and rear-end by a 
drive line. The semi-electric drive design was eventually 
replaced by the electric wheel design which today is used 
almost universally in all diesel-electric trucks.

The first commercially available diesel-electric 
truck with electric wheel drive was the Unit Rig M85 model 
introduced in 1963. This unit was powered by a 700-bhp 
diesel engine and had a rated capacity of 85 st. The 
entire drive train, excluding the engine, was replaced by a 
directly coupled DC generator which transmitted electrical 
power to two 600-hp electric traction motors located within 
the rear drive wheels.
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During the mid-1960s, both Cummins and Detroit 
Diesel engine manufacturers introduced a series of larger 
off-highway engines rated from 1,200 to 1,600 bhp. By 
1965, 120-st capacity diesel-electric rear dump trucks were 
being manufactured. The truck size most popular in mining 
operations had increased from 50 to 60 st during 1960 to a 
range of 85 to 100 st within 5 years. Mechanical drive 
trucks were still limited to 85 st, while much larger 
electric drive trucks were on the horizon because of 
continued improvements in engine and tire design.

3.1.3 Giant Haulers of the 1970's
By 1968, the availability of 1,600-bhp diesel 

engines and tire sizes up to 36.00-51 encouraged the 
development of 200-st capacity and larger rear dump trucks. 
The early 1970's was described by White (1972) as "the 
birth of the 200-st capacity trucks in mining." During 
this time no less than five major truck manufacturers had 
trucks with rated capacities of 200 st or greater either in 
test operations or in actual mines.

The first 200-st capacity rear dump truck was 
actually introduced in 1968 by Unit Rig and Equipment 
Company. Its Lectra Haul M200 model utilized a six-tire, 
two-axle configuration, electric wheel drive, and a 
low-speed diesel locomotive engine. But it was not until 
1971, when Unit Rig switched from 36.00-51 to newly
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introduced 40.00-57 tires, that persistent tire failure 
problems were resolved. Unit Rig's M200 model has, over 
the years, achieved the best sales record of any mining 
truck with a rated capacity of 200-st or greater. The M200 
model is still commercially available today.

In July of 1971, the Vehicle Construction Division 
of Peerless Manufacturing Company introduced a prototype 
260-st capacity two-axle, eight-wheel rear dump electric 
drive truck powered by a 3,000-bhp diesel locomotive engine 
mounted between the front and rear tires. The Vcon 3006 
was field tested in a Southern Arizona copper mine through 
1972, but was never marketed for mass production.

In August of 1971, Euclid introduced its 210-st 
capacity R210 featuring a rear dump, two-axle, eight-wheel 
design and most uniquely, turbine electric power. The 
power unit was the Avco-Lycoming TF 25 which weighed just
6,000 lbs but developed 1,850 bhp. Although Euclid 
engineers believed they had an advantage over other truck 
manufacturers by being the first to develop a functional 
turbine-powered haulage truck, the R210 remained a 
prototype machine and was never competatively marketed.

A fourth giant hauler was introduced in late 
November of 1971 by Westinghouse Air Brake Company's 
Construction Equipment Division. The Wabco 3200 model, 
rated from 235 to 250 st, incorporated dual tandem rear 
axles and was powered by a 2,475-bhp diesel locomotive
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engine. The Wabco 3200 has obtained limited sales in the 
mining industry, and is the second largest rear dump 
haulage truck manufactured today.

The last and currently the largest rear dump truck 
design was introduced in 1974 by Terex. Its Titan 33-19 
model had a rated capacity of 350 st and utilized a tandem 
rear-axle drive similar in design to the Wabco 3200. 
Although currently manufactured in Canada and available 
through General Motors under the tradename "Titan", only a 
few Titan 33-19s have ever been used in mining.

During the early 1970's, truck manufacturers were 
actively pursuing the development of 200-st capacity and 
larger rear dump diesel-electric trucks and a number of 
models were developed. Manufacturers had projected that by 
1975 there would be an annual market for 100 such units in 
the mining industry (White 1972). But by the mid-1970's, 
it became apparent that the increased fuel and tire costs 
of these heavy trucks severely limited their market 
potential. By 1975, the practical capacity range for 
diesel-electric trucks was 85 to 200 st. During the late 
1970's, stronger mechanical transmissions like Allison's 
CLBT-9680 became available resulting in the introduction of 
competitive mechanical drive trucks of 120-st capacity.

The 170-st capacity rear dump diesel-electric truck 
became the most popular truck in metal mining during the 
1970's. Over 1,400 units were built and in operation in
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every area of the world by the end of the 1970's. Cyprus 
Bagdad's 1977 mine expansion included replacing 55-st 
capacity trucks with 170-st units. The ensueing haulage 
cost was cut by 50% and the tons hauled per driver shift 
was doubled (Niemi 1980).

3.1.4 Current Technological Slowdown
During the past four decades, major technological 

improvements in truck design and components (primarily 
engines, transmissions, and tires) enabled the steady 
introduction of faster, larger, and more productive haulage 
trucks. Truck haulage became unquestionably the dominant 
material transportation method during this time in U.S. 
surface mines. Figure 3.1 charts the general growth in 
mine truck capacity.

Mining operations continued to lower their haulage 
costs simply be purchasing newer larger trucks. Bingham 
Canyon mine introduced truck haulage into the pit in 1963 
with the use of 65-st units. Since then, truck capacity 
was increased several times advancing to 85-st units, then 
100-st units, and finally in 1980 to 150-st units (Jackson 
1980). But this era of significant technological 
improvements in mine truck performance and size ended 
during the mid-1970s, when practical limits in truck 
capacity were reached.
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Most of the technological advances in truck design 
during the early 1980's have been subtle improvements upon 
the performance, efficiency, and maintainability of the 
current truck line. During the last 10 years, no new large 
trucks over 200-st capacity have been introduced. The 
practical capacity range for diesel-electric trucks has 
remained at 85 to 200 st. Advances in diesel-electric 
trucks have been limited to better electrical components to 
achieve higher reliability and easier maintenance. The 
170-st capacity truck is still the most popular large 
mining truck. Mechanical drive haulage trucks are carrying 
heavier loads because of new developments in stronger 
mechanical transmissions. Komatsu currently manufactures 
the largest mechanical drive rear dump truck with a rated 
capacity of 170 st. The popular capacity range for 
mechanical trucks currently is 35 to 130 st.

Current . technological advances have been very 
modest compared with the giant strides made in previous
decades. Therefore, truck haulage is no longer the
indiscriminant choice! of most mine operators. More
engineering time is being allocated to the detailed
analysis of truck haulage methods and costs, and the study 
of alternative transportation methods.
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3.2 Present Role of Truck Haulage in Mining
Truck haulage is currently the most widely used 

method of surface mine material transportation. Mining 
trucks are also being used in a much more limited role in 
underground operations. This section reviews the basic 
operating considerations of truck haulage and discusses the 
present applications in surface and underground mining.

3.2.1 Basic Considerations
A rational understanding of the fundamental 

operating advantages and disadvantages is important during 
the preliminary selection of alternative mine haulage 
equipment. Following are some of the main operating 
considerations of truck haulage.

3.2.1.1 Advantages. The major operating 
advantages of truck haulage are system flexibility and 
versatility. Trucks provide the greatest flexibility of 
any mine haulage method; they do not have extreme 
limitations on road grade, curvature, and haul distance. 
Trucks are capable of adding the necessary degree of mining 
flexibility, especially at the loading face. Depending 
upon road conditions and truck design, haulage trucks are 
able to travel on grades ranging from about 8 to 20%. 
Similarly, trucks are amenable to a wide range of haul 
distances, usually limited by economics to 3 miles 
(one-way).
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Mining trucks have excellent loading, hauling, and 
dumping versatility. Trucks can be efficiently loaded by 
both cyclic and continuous loading machines. Since trucks 
are cyclic hauling machines, they provide an excellent 
match with cyclic loading machines such as mining shovels, 
hydraulic shovels, and backhoes. Body designs are 
available for hauling any type of material, and are capable 
of discharging the material into hoppers, onto windrows, or 
over the edge of mine dumps. Because of their ability to 
travel at high speeds and maneuver into most mine areas 
where access exists, mining trucks are also ectremely 
useful for non-production functions such as road 
construction and plant and mine facilities site 
preparation.

3.2.1.2 Disadvantages. Truck haulage is very 
dependent upon inflationary cost components, particularly 
fuel and labor. The energy crisis of the mid-1970s had a 
tremendous impact on mine truck haulage. Fuel costs became 
the most important component, in some applications 
representing as much as 50% of the total unit operating 
cost. Production is extremely sensitive to the skill and 
experience of truck operators and service and repair 
personnel. Labor costs have continued to escalate where 
today mining is one of the highest paying U.S. industries. 
According to the U.S. Department of Labor publication



76

Employment and Earnings (1983, p. 110), the average base 
salary of nonsupervisory workers in copper mining during 
August 1983 was $13.10 per hour. Payroll burdens typically 
add another 35 to 50% to the cost of labor. The cost of 
truck haulage is also very sensitive to changes in haul 
distance and grade.

3.2.2 Mining Applications
The vast majority of truck haulage applications are 

in surface mining. Recent advantages of trackless haulage, 
along with gradual increases in the size of underground 
workings, have encouraged new applications of truck haulage 
in underground mining. Use of trucks underground is a 
small yet important (and often neglected) aspect of mine 
truck haulage applications.

3.2.2.1 Surface Mining. Trucks have been the 
"workhorses" at most U.S. surface mining operations for the 
past four decades. New and larger haul trucks were 
partially responsible for the gradual expansion of many 
surface mines. Truck haulage remains the most popular 
method of material transportation in U.S. surface mining 
operations today.

The importance of truck haulage is directly related 
to the present scope and future importance of-surface 
mining in relationship to underground mining. During 1963, 
over 89% of the nearly 5 billion short tons of metal and
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nonmetal ore and waste material mined in the U.S. came from 
surface operations (O'Neil 1966). By 1980, surface mining 
accounted for approximately 95% of the 1.79 billion short 
tons of ore and waste production from U.S. metal mines and 
over 97% of the 4.54 billion short tons of ore and waste 
production from U.S. nonmetal mines (Martins 1982, p. 6). 
The Keystone Coal Industry Manual (1982, p. 735) disclosed 
that during 1980, U.S. surface mining was also responsible 
for 59% of the nation's 823.6 million short tons of 
bituminous and lignite coal production and 82% of the 3.6 
million short tons of anthracite coal production. Table
3.1 illustrates the relative importance of surface mining 
with regard to the production of various mineral 
commodities. According to a mining equipment forecast 
report ("Study Indicates 10-Year Mining Equipment Market 
Growth" 1975), the investment in surface mining equipment 
will continue to be considerably greater than in 
underground equipment; an estimated $2,184 million versus 
$538 million for 1985.

Surface mining has specific advantages over 
underground mining especially in the following areas:
1) economy, 2) ore recovery, 3) grade control, 4) safety, 
5) working conditions, and 6) flexibility of operation. 
Because of these advantages, many experts believe surface 
mining will continue to maintain its current level of 
importance both in the U.S. and worldwide (Pfleider 1972).
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Table 3.1 1980 U.S. Surface Mining Ore and Waste

Production. —  Source: Martins 1982,
Table 5, p. 13

Commodity Percent Production

Metals:
Bauxite 100.0
Copper 97.1
Gold (Lode) 63.4
Gold (Placer) 100.0
Iron Ore 99.4
Mercury 100.0
Molybdenum 70.4
Nickel 100.0
Rare-earth metals 100.0
Silver 78.7
Tin 100.0
Uranium 97.1

Nonmetals:
Asbestos 100.0
Barite 100.0
Clays 99.8
Feldspar 100.0
Gypsum 83.4
Phosphate rock 100.0
Pumice 100.0
Sand and gravel 100.0
Stone 98.5

■ Talc and soapstone 86.0
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Truck haulage is applicable to any type and size of 
surface mining (generally under 3 miles one-way). The 
flexibility and versitility of truck haulage is especially 
well suited to operations with variable haulage 
requirements represented by either rapidly advancing mine 
faces or complicated in-pit blending problems.

3.2.2.2 Underground Mining. The inception and 
growth of load-haul-dump (LED) vehicles in underground 
mining was directly responsible for the current worldwide 
acceptance of diesel-powered trackless mining equipment in 
underground metal and nonmetal mines. The first prototype 
of the rubber-tired diesel-powered LHDs of today was built 
in 1958 by Sanford-Day. During the mid-1960's, with the 
introduction of Wagner's "Scooptram" and other LED units, 
trackless mining methods came into popularity. Figure 3.2 
shows the steady increase in the number of underground 
mines worldwide using trackless equipment (primarily LHDs).

The use of diesel-powered LHD vehicles in 
underground mining has grown tremendously in the last 25 
years. Trackless equipment is threatening to displace rail 
haulage altogether. A survey entitled "Trends in Trackless 
Mining" (1975) indicated that approximately 75% of the 
noncoal underground operations in the Western World with an 
ore production of 150,000 stpy or more are using trackless 
methods. Over 6,000 LHD units are estimated to be in
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operation in underground hardrock mines alone. "Trends in 
Trackless Mining— Part II" (1975) presents a detailed 
tabulation of Western World underground mines utilizing LHD 
equipment, including a description of stoping methods, 
annual production, and operating costs.

Diesels have been used in underground mines for 
more than 45 years with no serious adverse health affects. 
Constituents of diesel emissions considered to be of 
primary health concern by the National Institute of 
Occupational Safety and Health (NIOSH) are oxides of 
nitrogen, unburned hydrocarbons, carbon monoxide, and 
particulates. An informative article by Lawson (1981) 
discussed current technology for the control of underground 
diesel emissions. Through the combined use of various 
emission control hardware (catalysts, filters, and exhaust 
gas recirculation) and various fuel modifications 
(water/fuel emulsions and methanol/fuel emulsions), 
excellent control of harmful pollutants can be achieved. 
One of the most practical combined systems for underground 
applications is the EGR/Catalyst/FiIter conbination. Tests 
by the U.S. Bureau of Mines have indicated that the system 
reduces nitrogen oxides 40% (with EGR), carbon monoxide and 
hydrocarbons 90% (with the catalyst), and particulates 95% 
(with the filter). These developments in emission control 
hardware are encouraging the continued and expanded use of 
underground diesel-powered equipment.
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Since the mid-1970's, the U.S. Bureau of Mines has 
been cautiously promoting the use of diesel-powered 
equipment in underground coal mines to eliminate the large 
number of electrical cables and trolley wires which are a 
potential shock hazard. A study by Aerojet Liquid Rocket 
Company (Chironis 1973) reported that diesel engine power 
in underground coal mines had a safety ranking 130% higher 
than electric cable power and 190% higher than battery 
power.

Although the use of truck haulage in underground 
mining has been very limited in comparison to LED units, 
there is a growing trend towards truck haulage. The 
increasing use of spiral ramp techniques, originally 
intended for the movement of large mining equipment between 
levels, is helping to set the stage for truck haulage of 
ore directly to the surface. Thomas (1979) made reference 
to G. G. Northcote's paper which concluded that truck 
haulage on a decline is a viable alternative to shaft 
hoisting to depths of approximately 1,000 feet where rock 
conditions permit the excavation of large cross-section 
declines and production rates are below 1 million stpy. 
Demand for higher productivity underground, to offset 
diminishing ore grades, has enlarged the physical 
dimensions of mines. Higher backs and wider drifts provide 
more room for larger capacity haulage units. Haul lengths 
resulting from extending mines 2 to 3 miles laterally are
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becoming too long for the slower moving, lower capacity LED 
units. As haul distances begin to exceed the economic 
range of LHDs, trucks are becoming a feasible alternative.

The work environment underground is much more 
adverse than that of surface mining operations. 
Underground mines commonly have low backs, restrictive 
drift cross sections, tight turns, and poor visibility. 
Haulage roads are often rough, sometimes wet, and 
frequently cut at 15 to 20% grades. Tire life is usually 
much lower mainly because of increased rock and debris on 
haul roads, and because of steeper grades. Design 
compensations for the typical underground environment 
include the use of articulation, four-wheel drive, low 
profile design, cut resistant tires, sturdy construction, 
and special exhaust equipment.

Based upon a 1975 survey of noncoal mines in the 
U.S. and Canada (Thomas 1979), an estimated 100 U.S. mines 
used trucks for underground haulage. Over 80% were in the 
10 to 30-st capacity range. The vast majority were rear 
dump, mechanical drive, two-axle vehicles. Some of the 
worls's largest underground mines such as Prieska mines in 
South Africa, Gecamines in Zaire, and Mt. Lye11 mines in 
Tasmania use trucks for mainline haulage (Thomas 1978).

Two excellent references on the simulation of 
underground haulage equipment include Ph.D. dissertations 
by Bullock (1975) and Gignac (1979). Additional
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recommended references on the use of diesel-powered haulage 
vehicles in underground mining are Weriberg (1979) and ”LHDs 
Taking Charge Underground" (1979).

3.3 Alternative Methods of Mine Haulage
Mine haulage hereafter refers to the transportation 

of materials at surface mine operations. True mine haulage 
alternatives are machines such as belt conveyors and 
trains, which perform only the primary function of haulage. 
Legitimate alternatives also include equipment which both 
loads and hauls or casts the material, such as scrapers and 
draglines.

A brief discussion of eight alternative 
transportation methods to mine truck haulage is presented. 
Operating advantages, limitations, and general mine 
applications are reviewed and supporting literature 
references are cited. Because of very limited past and 
present applications in U.S. surface mining, the following 
additional methods of mine transportation are acknowledged 
without further discussion: inclined skip hoists, bucket 
chain excavators, tower excavators, hydraulieking, and 
dredging (Church 1981 and Wood 1977).
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3.3.1 Primary Methods
Primary alternatives to truck haulage are methods 

of material transportation which are currently of 
significant importance in mining operations. The following 
four primary methods are discussed: 1) scrapers,
2) draglines, 3) bucket wheel excavators, and 4) conveyors.

3.3.1.1 Scrapers. The self-propelled scraper is a 
combination excavator and prime mover. There are two major 
types of scrapers based on the manner in which the prime 
mover or tractor is mounted: crawler cractor scrapers and 
wheel tractor scrapers.

Crawler tractor scrapers (commonly called crawler 
scrapers) are basically a scraper body towed by a 
conventional crawler unit. Crawler scrapers are useful in 
mine areas having very poor working conditions and short 
steep hauls. The major disadvantages of crawler scrapers 
are their slow travel speeds and their limitation to very 
short one-way haul distances of 1,000 ft dr less. Wheel 
tractor scrapers have all but eliminated the use of crawler 
scrapers in mining operations because of the current longer 
hauls and importance of mine mobility. The term "scrapers" 
hereafter shall refer to wheel tractor scrapers. Wunduh 
(1976, pp. 17-19) provided some guidelines concerning the 
application of crawler scrapers.
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Wheel tractor scrapers (or simply wheel scrapers) 
have two basic types of tractor design: two-wheel and 
four-wheel. Four-wheel tractors are designed for long, 
high-speed hauls on good haul roads. But they are 
difficult to steer in loose ground conditions because the 
small front tires have a tendency to settle into the earth. 
Two-wheel tractors are suited for good to adverse 
conditions on medium to short hauls. Two-wheel tractors 
have more weight on the drive wheels, developing more 
tractive effort. The two-wheel tractor, due to its 
positive-type steering arrangement, also has better 
maneuverability. For these reasons, two-wheel tractor 
scrapers are used mostly in mining operations.

Scrapers are next classified according to the 
method of loading: conventional versus elevating. A 
conventional scraper is loaded by lowering the front end of 
the bowl until the cutting edge enters the ground. Loading 
continues until the bowl is full. The cutting edge is then 
raised and the apron is lowered to prevent spillage during 
hauling. The dumping operation consists of lowering the 
cutting edge, raising the apron, and forcing the material 
out between the cutting edge and apron by means of a 
movable ejector mounted at the rear of the bowl. Scraper 
size is specified by the capacity of the bowl, in either 
struck or heaped cubic yards.
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Conventional scrapers are designed with 
single-engine (2-wheel drive) and dual-engine (4-wheel 
drive) capabilities. Conventional single-engine scrapers 
are powered by the front rubber-tired drive wheels on the 
tractor unit. Brake horsepower to gross vehicle weight 
ratios range from 5.0 to 6.5 bhp/st while payload to gross 
vehicle weight ratios range from 42 to 47%. These units 
are often referred to as push-loaded scrapers, because 
under normal loading conditions, one or more crawler 
tractors push from behind during the loading cycle. 
Conventional single-engine scrapers are designed for medium 
one-way haul distances up to 4,000 ft, with moderate 
rolling and grade resistance of about 8%.

Conventional dual-engine scrapers have a second 
engine unit mounted over the rubber-tired trailing wheels, 
providing 4-wheel drive. Brake horsepower to gross vehicle 
weight ratios are higher because of the second engine, 
ranging from 6.5 to 10.0 bhp/st. But the added weight of 
the second engine and drive unit decreases the payload to 
gross vehilce weight ratio to 39 to 45%. Under ideal 
loading conditions, dual-engine scrapers can operate 
without pushers, often working in a "push-pull" tandem 
arrangement with other scrapers to assist loading. 
Conventional dual-engine scrapers have excellent traction 
and maneuverability, performing best on slightly shorter 
hauls of up to 3,000 ft one-way, with higher total rolling
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and grade resistances in excess of 8%. Figures 3.3 and 3.4 
illustrate the current design of conventional single-engine 
and dual-engine scrapers. Conventional scrapers with 
capacity ratings of up to 45 yds are presently available.

Elevating scrapers (also called self-loading 
scrapers) are equipped with an elevator device mounted to 
the front of the bowl and composed of two endless chains 
and a series of horizontal slats which travel at loading 
speeds of 180 to 290 ft/min. As the scraper moves forward 
with its cutting edge digging into the earth, the slats 
rake the looosened earth upward and into the bowl. This 
action requires less energy than pushing earth upward 
through material already in the bowl.

Elevating scrapers are designed with single-engine 
and dual-engine drive, similar in design to conventional 
scrapers. Elevating single-engine scrapers have average 
brake horsepower to gross vehicle weight ratios of about
5.0 bhp/st, slightly lower than conventional single-engine 
scrapers of similar capacity because of the added weight of 
the elevator assembly. Payload to gross vehicle weight 
ratios for elevating single-engine scrapers range from 38 
to 46%, slightly lower than conventional single-engine 
scrapers. The major advantage of elevating scrapers is the 
ability to load and haul well-fragmented soft rock without 
assistance from pusher dozers or other scrapers. Elevating 
single-engine scrapers are ideally suited for medium
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Figure 3.3 Conventional Single-Engine Scraper 
(Fiat-Allis 260B)

Figure 3.4 Conventional Dual-Engine Scraper 
(Fiat-Allis 262B)
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one-way hauls of up to 3,000 ft with moderate total rolling 
and grade resistance of about 8%. Elevating dual-engine 
scrapers perform better on shorter one-way hauls of up to 
2,500 ft with higher resistances in excess of 8%. Typical 
elevating single-engine and dual-engine scraper designs are 
shown in figures 3.5 and 3.6. Elevating scrapers are 
currently manufactured with capacities up to 36 yds.

Scrapers in general have certain distinct operating 
advantages over mining trucks. Some of these advantages 
are:

(1) A very versatile machine that, in proper 
conditions, can perform load, haul, and dump 
functions with excellent efficiency. Scrapers 
can move to an area quickly, build their own 
roads, and have their own power source.

(2) Excellent material selectivity. Scrapers have 
the capability to excavate material in very 
small horizontal lifts, a distinct advantage 
when mining flatlying thin mineral deposits.

(3) In loose well-fragmented material, elevating 
scrapers and conventional dual-engine scrapers 
can operate independently from pusher dozers 
and other loading equipment.



91

Figure 3.5 Elevating Single-Engine Scraper 
(Fiat-Allis 261B)

Figure 3.6 Elevating Dual-Engine Scraper 
(Fiat-Allis 263B)



(4) Scrapers, especially elevating scrapers, are 
excellent for finish grading work.

Some operating disadvantages of scrapers 
comparison with truck haulage are:

(1) Inability to load hard consolidated material.

(2) Difficulty in loading material which has large
pieces. Conventional scrapers can handle
broken material up to about 24 inches in size; 
elevating scrapers are limited to loading 
material sizes approximately 80% the distance 
between the horizontal slats of the elevator 
mechanism.

(3) Limited carrying capacity dictates large 
fleets and high labor costs when operated 
under high production requirements.

(4) Limited to short haul distances because of low 
payload to gross vehicle weight ratios. 
Maximum haul distance usually limited to under 
1 mile one-way. Optimum haul distance ranges 
from 2,500 to 4,000 ft depending upon the type 
of scraper and the haul conditions.



93

(5) Require a large loading area.

(6) Inability to dump into a pocket or over a 
bank.

(7) Usually require secondary support equipment in 
the form of dozer ripping, dozer pushing, or a 
tandem scraper operation.

(8) When operated in hard digging conditions, 
subject to very low operating efficiency and 
high maintenance costs.

(9) In difficult loading conditions or on long 
hauls, tire wear can be excessive and tire 
costs prohibitive.

Scrapers are finding slightly wider applications in 
mining within the past 15 years as a result of
technological improvements in dozer ripping and scraper 
power and size. Where material is poorly to moderately 
consilidated, and one-way hauls are held to within a 1-mile 
distance, scrapers have been used as the primary stripping 
equipment. A large scraper fleet was used to perform much 
of the preproduction stripping at the Anamax mine south of 
Tucson, Arizona. Scrapers have long been used as a primary 
earthmoving tool in Wyoming uranium mines because of their 
good vertical selectivity and ability to work in poor
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weather conditions. But the limited digging and hauling 
capabilities, in addition to the high cost factors for 
diesel fuel and labor, has generally restricted the use of 
scrapers as primary production machines to smaller, 
low-capital mining operations. Scrapers are used very 
extensively as mine support equipment for pioneering, 
reclamation, and road construction because of their 
inherent mobility and versatility.

The Selected Bibliography contains numerous 
references on the use of scrapers in mining. Descriptions 
of scraper methods and applications were presented by Wood 
(1977, pp. 34-45), KiHebrew (1968, pp. 472-477), Yuckpan 
(1964, pp. 132-136), and Peurifoy (1979, pp. 188-205). 
References such as Sherman (1963), Hagood (1975, 
pp. 104-112), Hayes (1980, pp. 119-174), Church (1981, pp. 
13.11-13.51), Caterpillar Performance Handbook (1980, 
pp. 157-224), Haley, Dutton, and Tuffey (1979), and 
Earthmovinq Systems: An Analysis of Equipment Selection 
for Heavy Construction (1975) provided good scraper cost 
and production information.

3.3.1.2 Draglines. The first recorded use of 
draglines to strip overburden was in 1890. The dragline 
had a fixed boom and a dipper capacity of 1 yd 
(Ferko 1974). In 1931, Bucyrus-Erie Company produced the 
first walking dragline for the mining industry--the model
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5-W equipped with a 5-yd bucket and a 120-ft boom. This 
innovation eliminated the previous use of skids and 
rollers, and rail wheels, dramatically improving dragline 
maneuverability. During the 1940's, draglines had an 
average bucket capacity of about 25 yds.

The era of large draglines began in the I960's with 
the introduction of the Bucyrus-Erie model 2250-W (75 yds) 
and Marion's 8800 (85 yds). The largest dragline
manufactured to date is the Bucyrus-Erie model 4250-W with 
a bucket capacity of 220 yds. Draglines are currently 
available with bucket capacities of 6 to 220 yds and boom 
lengths of 118 to 400 ft. A 1979 survey ("Mining 
Shovels and Draglines Reviewed" 1979) of mining industry 
requirements indicated that draglines with bucket 
capacities from 45 to 65 yds were most popular.

The name "dragline" is derived from the
configuration of the bucket, which is loaded by dragging it 
over the material to be excavated in a direction towards 
the machine. Draglines of up to about 6-yd capacity are 
crawler-mounted and usually powered by diesel engines. 
Above the 6-yd capacity, draglines are nromally
base-mounted with walker feet. Up to about 18-yd capacity, 
they may be diesel or electric powered; while units above 
18-yd capacity are generally electric powered. A walking 
dragline operation is depicted in figure 3.7.
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Figure 3.7 Walking Dragline 
(Marian 8950)
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Dragline performance statistics are highly
dependent upon the operating conditions and the mode of 
dragline operation employed. In U.S. strip mining
operations, draglines most commonly remove individual 
overburden depths ranging from 50 to 90 ft (Pundari 1981, 
p. 379). The maximum digging depth of draglines (which 
ranges from 115 to 190 ft depending on the bucket size,
boom length, and boom angle) is seldom utilized due to
excessive hoist times. Cycle times, which are a function 
of swing angle and total hoist distance, range from 55 to 
75 seconds. Draglines in typical U.S. strip coal
operations have experienced average overall availabilities 
of 70 to 85%, and have annual production rates ranging from
190,000 to 280,000 loose cubic yards per cubic yard of 
bucket capacity.

Draglines provide one of the most economical means 
of overburden removal. Steidle (1977) reported that 
draglines in U.S. coal operations achieved low direct
operating costs of 0.08 to 0.10 $/bcy. Primarily because 
of their low operating costs, draglines are one of the 
major methods of material excavation in U.S. surface coal 
mining operations. Other general operating advantages are:

(1) Superior handling characteristics for 
stockpiling material with poor stability and 
high water content.
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(2) Work above the pit floor. Draglines are not 
restricted by pit dimensions or wet pit 
bottoms» and are not subject to danger from 
collapsing spoil piles.

(3) Ability to excavate to great depths from a 
single bench location.

(4) Low bearing pressure. Draglines are able to 
work in very soft ground conditions. Based on 
the Bucyrus-Erie line of mining draglines, 
working (base) bearing pressures average 
16 psi and range from 11 to 21 psi, increasing 
with machine size. Walking bearing pressures 
are approximately twice the value of base 
bearing pressures, averaging 31 psi and 
ranging from 22 to 51 psi.

Because draglines are very specialized excavating 
machines, they have certain distinct operating limitations. 
Some disadvantages of draglines include:

(1) Lack of operational flexibility.
Fidler (1979) discussed how the recovery of 
thin seams in western U.S. surface coal mines 
disrupts a dragline operation more than any 
other overburden removal method.
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(2) Limited digging capability. Draglines have 
difficulty digging very hard, compact layers 
of overburden. Bad fragmentation in dense, 
strongly bedded or jointed strata may preclude 
the efficient use of draglines.

(3) Limited physical reach. Draglines have 
limited effective spoiling distances and 
digging depths.

(4) Large initial capital cost. Because of the 
huge initial capital investment, every 
precaution should be taken to ensure that 
draglines are utilized in the most effective 
manner.

(5) Usually not applicable to the removal of ore. 
Requires additional fleet of ore removal 
equipment.

(6) May require separate mine ramp system.

(7) Removal of multiple seams may create 
scheduling problems between dragline and ore 
removal equipment.

(8) Operating practices such as chopping, 
cross-pit digging, and material rehandling 
greatly reduce dragline operating efficiency.
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Today, draglines .are the preferred machine for 
stripping low-dipping, relatively flat-lying sedimentary 
mineral deposits. Draglines are the most popular surface 
mining equipment for the recovery of coal seams at moderate 
depths in the U.S. (Phelps 1973, p. 399). A report 
entitled Evaluation of Current Coal Mining Overburden 
Handling Techniques and Reclamation Practices (1976, 
p. 52) stated that dragline stripping accounted for an 
estimated 54% of the total overburden removed in central 
U.S. surface coal mines. This percentage has been 
increasing over the past years as older stripping shovels 
are being replaced by draglines. Draglines are also used 
to a great extent in western U.S. coal operations and in 
the mining of Florida phosphates. Guarnera and Martin 
(1979) noted that draglines have been considered for 
overburden removal at U.S. gulf coast lignite mines.

A large number of fine references on draglines are 
contained in the Selected Bibliography. General references 
include: Boulter (1968, pp. 445-459), Hagood (1975, 
pp. 36-58), Ferko (1974), Chironis (1984), Fidler (1979), 
Steidle (1977, pp. 30-33), Peurifoy (1979, pp.221-234), and 
Church (1981, pp. 2.51-12.61). A thesis work by 
Banopadhyay (1979) provided a detailed analysis of the 
mathematical relationships of the various dragline 
stripping modes of operation including excellent pictoral 
diagrams. Onorofsk<ie (1971) presented an interesting
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analysis of the factors affecting dragline production. One 
of the most comprehensive studies of dragline operations in 
mining was presented in a Bucyrus-Erie company publication 
entitled Surface Mining Supervisory Training Program-- 
Dragline (1977). The Bucyrus-Erie manual discussed mine 
planning and layout, operating methods, and dragline 
production and cost analysis.

3.3.1.3 Bucket Wheel Excavators. A bucket wheel 
excavator is a continuous excavating machine, the primary 
digging action performed by evenly spaced buckets mounted 
on the periphery of a rotating wheel. Digging is done by 
rotating the bucket wheel and at the same time either 
slowly slewing it from side to side for the block cut 
method, or by slowly lowering it from bench crest to toe 
for the falling cut method. Material is discharged toward 
the center of the wheel and loaded onto sectional conveyor 
belts for material transport to other conveyors or onto 
spoil piles. Figure 3.8 depicts a typical bucket wheel 
excavator design used in sidecasting overburden material. 
Theoretical production is a function of bucket capacity, 
number of buckets, cutting speed, and conveyor speed.

The term "bucket wheel excavator" applies in 
general to all machine sizes, from small rubber-tired or 
dual-track mounted units with hourly capacities of 
500 bcy/hr to the giant excavators mounted on 12 huge
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Figure 3.8 Bucket Wheel Excavator(Fried Krupp Sch Rs [1500/5] - 30.5)
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tracks with theoretical capacities in excess of
10,000 bcy/hr. A distinction is made is this thesis 
between the small capacity (less than 5,000 bcy/hr) bucket 
wheel excavators hereafter called bucket wheel loaders, and 
the larger capacity machines hereafter called bucket wheel 
excavators. Bucket wheel loaders (see section 2.3.6) are 
simply excavators having a production capacity amenable to 
truck loading. The discussion in this section refers to 
large capacity bucket wheel excavators which either 
sidecast material onto spoils or load the material onto 
large conveyor belt systems.

Germany accomplished the technical realization of 
the bucket wheel excavator (BWE) during the 1920's and 
early 1930's. Actually, the first rail-mounted BWE for 
digging overburden was introduced in 1916 in the lignite 
mines of Bergwitz. But the first "workable" BWE mining 
machine was developed in 1925 for the removal of 
intermediate sand strata in Germany's lignite mines. By 
the early 1930's, machines with theoretical outputs of 
1,600 bcy/hr and design weights of 66 st were being 
manufactured. Equipment manufacturers from the Federal 
Republic of Germany provide the majority of BWEs currently 
used in mining worldwide. For example, by 1972 0&K/LMG 
alone had delivered more than 140 BWEs. Giant BWEs were 
introduced durint the 1960's and 1970 s. One of the 
largest German BWE ever built was manufactured by a joint
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venture between Fried Krupp and O&K/LMG and put into 
operation in 1976 in the Fortune mine. Federal Republic of 
Germany. This huge BWE had a service weight of 14,300 st, 
wheel diameter of 71 ft, and a theoretical output of 
20,800 bcy/hr. Actual daily production ranged from 260,000 
to 330,000 bey.

Bucket wheel excavators were first introduced into 
U.S. mining during the 1940's for the singular purpose of 
stripping loose overburden overlying midwestern coal 
deposits. In 1944, the first American manufactured BWE was 
put into operation at the Cuba strip mine operation in 
Illinois by Frank Kolbe, President of the United Electric 
Coal Companies (Rasper 1975). By 1967, there were at least 
half a dozen U.S. BWEs working in Illinois bituminous strip 
mines. An example of an American manufactured BWE is the 
Bucyrus-Erie model 1060-WX which was commissioned to work 
in the Fidelity mine, Illinois in 1967. The 1060-WX had a 
service weight of 1,470 st, a wheel diameter of 22 ft, and 
a theoretical output of 7,650 bcy/hr.

There are basically two types of BWE design: the 
German and the U.S. type. The German type BWE is usually 
crawler-mounted on a 3-point support. Ground bearing 
pressures are very low. Both the digging boom and the 
stacker boom are usually separately counterweighted and are 
capable of pivoting independently about the center 
structure. Most of the U.S. type BWEs are designed for
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direct overcasting of material onto spoil piles in 
bituminous strip mining operations. They are mounted on 
stripping shovel bases with a 4-corner support. The 
corners are supported on hydraulic jacks for levelling 
purposes. Average bearing pressures are higher than German 
BWEs. Characteristic of the U.S. design are the long 
discharge booms, the C-frame support of the bucket-wheel 
boom, and the eccentric support of the discharge boom on 
the superstructure. U.S.type BWEs have service weights 
ranging from 2,000 to 3,500 st, and theoretical outputs 
ranging from 3,000 to 8,000 bcy/hr. Cutting speeds range 
from 100 to 750 fpm, while conveyor speeds range from 450 
to 1,000 fpm.

When properly selected and operated in areas with 
favorable digging conditions, BWEs generate very high 
production rates at very low operating costs. Continuous 
cutting and conveyor transport allow for extremely high 
production capabilities. The cutting action of the 
rotating wheel reduces shock loading and requires lower 
instantaneous power demands. Continuous digging action 
enable BWEs to be designed physically smaller than shovels 
or draglines of equal output capacity. Some other 
advantages of BWEs are:

(1) Excellent land reclamation. BWEs provide for 
good land reclamation with more regular spoil
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piles and the ability to place loose topsoil 
over hard rock layers when used in tandem with 
draglines or stripping shovels.

(2) Wider benches. BWEs operate on wide benches 
which provides more room for mobile equipment 
and also exposes more reserves.

(3) Very low ground pressure. In general, BWEs 
have lower ground bearing pressures than 
mining shovels and walking draglines, 
especially the German type BWEs. Large German 
BWEs, mounted on more than dual tracks, have 
an average ground pressure of 17 psi with a 
range of 11 to 24 psi. U.S. type BWEs have 
relatively much higher ground pressures, 
averaging about 48 psi. Lower ground 
pressures of BWEs are a useful advantage when 
operating in saturated glacial alluvium, oil 
sands, bauxite, phosphates, or any other low 
bearing soil.

(4) Ability to transport material farther 
distances from strip mine face, improving 
mining depth and spoil stability.
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The major limitation of BWE applications in U.S. 
mining has been the machine's inability to excavate a wide 
variety of material types. BWEs are inefficient when 
digging hard material which fragments poorly, ground mixed 
with boulders or buried vegetation, and hard dense 
interbeds alternating with soft ground. Other operating 
disadvantages include:

(1) Less mine flexibility due to the machine's 
great bulk and limited digging capabilities.

(2) Milling action of BWEs tends to create more
fines--undesirable for the conveyor
transportation of such products as coal.

(3) Large initial capital cost. BWEs require 
substantial ore reserves and very long mine 
lives to write off the high initial capital 
investment.

(4) Low machine availability. BWEs as separate 
units normally have availabilities of 65 to 
80% depending on the operating conditions.
But the entire BWE system, which may include 
BWE, belt wagon, conveyor system, and belt 
stacker typically experience overall system 
availabilities of 50 to 60%.
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Long delivery times. BWEs are usually custom 
manufactured.

(6) Long erection time and large erection cost. 
Machine erection costs can be estimated by 
using 20 to 40 manhours per short ton of 
machine weight (Aiken 1973, p. 17.54).

(7) Requires relatively flat» large mining areas.
Auxiliary mining equipment is necessary in 
areas of rolling hills and valleys to
initially prepare the surface for BWE
operation.

Bucket wheel excavators are ideally suited for the 
mining of large, continuous deposits of a tabular nature 
that have not been greatly disturbed geologically, and the 
material must not be extremely hard or cohesive. The major 
application of BWEs has been in large overseas mining 
operations. BWEs are ideal for large flat-lying 
unconsolidated deposits like the Fortuna-Garsdorf lignite 
mine in the Federal Republic of Germany which moved 55 
million short tons of lignite and 110 million short tons of 
overburden in 1980.

During the mid-1970's. Rasper (1975) estimated that 
there were about 60 BWEs in operation in the lignite fields 
of the Federal Republic of Germany. Rasper further
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estimated that approximately 150 units were operating in 
Europe excluding Germany, and about 22 units in the USSR. 
Important Overseas mining applications include the mining 
of German lignite deposits, overburden removal in South 
African bauxite mines, and the mining of oil sands in 
Northern Canada. Venkataramani(1968) reported the use of 
BWEs in approximately 14 overseas countries for mining 
deposits such as chalk, lignite, clay, sandstone, 
phosphate, coal, shale, and loose overburden.

The inability of BWEs to handle hard material 
commonly present in U.S. mining operations has greatly 
limited their use. The few BWE applications have been for 
the removal of unconsolidated overburden in midwestern 
strip coal mines. During the 1960's, there were only 8 
BWEs in operation in the U.S.; 7 were working in Illinois 
strip coal mines and the remaining unit was operating in a 
North Dakota lignite mine (Venkataramani 1968). BWEs may 
find new uses in the mining of U.S. gulf coast lignites 
since these mineral deposits are very similar to the 
lignite deposits of the Federal Republic of Germany. 
Benecke (1979) presented a good technical paper on the 
application and economics of BWE systems in a hypothetical 
2 million stpy Texas lignit mine operation. Detailed mine 
application, production, and cost studies are very 
important because of the huge commitment in capital and 
mine design associated with BWE systems.
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One of the best technical references on BWEs is 
The Bucket Wheel Excavator (1975), an excellent work 
authored by Dr. Ludwig Rasper. Venkataramani (1968) 
presented an iteresting thesis on computer simulation of 
BWE productivity and cost. Other general references 
contained in the Selected Bibliography include: Aiken and 
Wohlbier (1968, pp. 470-502), "Bucket Wheel Excavators: 
For Safer Mining" (1979), Benecke (1979, pp. 1209-1213), 
and Owen (1978, pp. 11-18).

3.3.1.4 Conveyors. According to Sanford (1965), 
many of the features of belt conveying were conveived 
during the late 19th century by Lyster, an English 
engineer. Significant underground applications began to 
appear in the U.S. during the mid-1920's in Pennsylvania 
coal mines. Today, belt conveyors are extremely popular in 
underground mines because of their ability to haul from 
confined areas, requiring minimal space yet providing high 
production rates. During the past 25 years, conveyor-based 
surface mine materials handling systems have become very 
popular in overseas operations, partly because of high 
diesel fuel costs. There are currently more than 50 
conveyorized surface mines in operation outside the 
continental U.S. (Peterson 1983).

Development of conveyors in U.S. surface mining 
began during the 1960's With the introduction of the
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stationary in-pit crushing and conveying system. This 
system in general consists of stationary in-pit crushers, 
inclined conveyors to elevate the material out of the pit, 
and overland conveyors to transport the material to its 
final destination. Stationary ih-pit crushing and 
conveying combines the flexibility of truck haulage between 
the working face and the pit crusher along with the cost 
advantage of conveyor transportation over steep long hauls.

One of the first mine applications of in-pit 
crushing and conveying was during 1956 when U.S. Borax and 
Chemical Corporation introduced a 42-inch belt conveyor on 
a 32% grade at their mines near Boron, California. A 
feasibility study, based upon the profitability index 
method of cost analysis, indicated that in-pit crushing and 
conveying provided a 20% return on investment (Cooper' and 
Nalle 1961). • In 1964, the Lone Star Steel Company 
evaluated four alternative transportation methods. Lone 
Star concluded that truck-conveyor haulage provided the 
best overall economics with a 42-in wide, 33,500-ft long 
belt conveyor (Malone 1964).

The first installation of a stationary in-pit 
crushing and conveying system in a domestic hard rock open 
pit mine was made in 1965 by the Anaconda Company at their 
Twin Buttes copper mine south of Tucson, Arizona (Almond 
and Huss 1982). Since then, other major Arizona copper 
mines, including the Cyprus Bagdad mine and Duval's
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Sierrita mine, have introduced stationary in-pit crushing 
and conveying systems. Coile (1974) presented a simple 
owning and operating cost analysis based upon the mining of 
Southwestern U.S. copper deposits which indicated that 
in-pit crushing and conveying was economically attractive, 
in comparison to truck haulage, whenever the in-pit 
vertical lift exceeds 200 ft. Also, as the pit increases 
in depth, the cost advantage of conveyors increases 
exponentially.

Current trend is towards the introduction of 
movable in-pit crushers and conveyors designed to keep 
truck haulage and lift to a practical minimum. Although a 
number of configurations for movable in-pit crushers have 
been analyzed, the most popular method in use today 
utilizes a feeder hopper placed into the upper or same 
bench level with a short rock belt leading to the top of a 
large capacity (greater than 3,000 stph) gyratory crusher. 
The feeder hopper is typically fed by rear dump trucks. 
Every 6 months to 2 years, depending on the mine progress, 
the semi-mobile crusher unit is moved from one operating 
location to another by means of an independent transport 
system.

In 1982, Duval Corporation introduced plans for 
converting several of their stationary in-pit crushers into 
movable units at the company's open pit Sierrita mine in 
Arizona. During 1983, the Sierrita mine was handling 55%
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of the mined material by crushers and conveyors. lies 
(1983) reported that the Sierrita mine has experienced a 
yearly estimated operating cost savings of $1 million for 
each 1,000 ft of plus-10% truck ramp replaced by conveyors. 
Studies at the Sierrita mine indicated an average haulage 
cost savings of $0.29/st of rock processed through the 
crusher/conveyor system over truck haulage.

Two exciting conveyor innovations making inroads 
into in-pit mine material transportation are high angle 
conveyors and cross pit conveyor systems. High angle 
conveyors (30 to 60 degrees) utilizing the sandwich-type 
design are being considered for the transportation of 
primarily low density, crushed mine material. Triton Coal 
Company's Buckskin Mine located in the Wyoming Powder River 
Basin recently installed a 5-ft wide inclined belt to 
transport coal 108 ft at a 60 degree angle (Chironis 1985). 
The future economic feasibility of mobile high angle 
conveyors and the impact on in-pit truck haulage will be 
determined only after years of field testing in actual 
mining conditions.

Cross pit conveyors are conceptually represented as 
mobile cantilevered booms supporting electric-powered belt 
conveyor systems (Chironis 1984, fig. 1, p. 51). The major 
objective of cross pit conveying is the elimination of 
lengthy around-the-pit shiftable conveyors or expensive 
around-the-pit truck haulage. Future U.S. field
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applications of cross pit conveying are anticipated in the 
Texas lignite mines where the use of bucket wheel 
excavators and cross pit conveyors for direct overburden 
removal and spoiling is under serious study.

Conveyor belt design requires balancing a number of 
factors, including belt speed, belt width, inclination, and 
material characteristics. Belt speed is a function of the 
kind and condition of material handled, belt tension, and 
capacity desired. Allowable speeds usually increase with 
belt size and with finer, more free flowing material. 
Conveyors are currently limited to practical maximum belt 
speeds of 1,000 fpm with design speeds ranging from 350 to 
650 fpm. Belt widths, which are a function of the maximum 
lump size and the required productivity, currently come in 
sizes ranging from 18 to 96 inches. Typical design widths 
range from 36 to 72 inches. The maximum safe inclination 
of troughed belt conveyors depends on the type and sizing 
of material being handled, plus the associated weather 
conditions. For run-of-mine material, 18 degrees (32% 
grade) is a safe maximum angle of inclination for most 
materials. Typical belt conveyor designs utilize maximum 
inclinations ranging from 15 to 22 degrees (25 to 40% 
grade).

Belt production capacity is a function of belt 
speed, belt width, angle of trough idlers, and angle of 
repose of material. Manufacturers provide detailed tables
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for the proper selection and sizing of conveyor components, 
and for the estimation of production rates and power 
requirements.

Generally speaking, a conveyor system can lift 
material more energy efficiently than a truck travelling up 
a grade. This is because the descending conveyor belt
partially compensates for the ascending belt. The only 
power needed is to hoist the material and to overcome the 
system's friction. General operating advantages of
conveyors as compared with truck haulage are:

(1) Very high production capacity. Conveyors are
capable of achieving very high production
rates. For example, a theoretical capacity of
15,000 stph can be achieved when conveying 
coal with a 96-in wide belt, 1,000-fpm design 
speed, 30-deg surcharge angle, and 45-deg 
trough angle.

(2) Long distance carriers. Conveyors are ideally
suited to stationary haul conditions over 
great distances. One of the longest conveyor 
systems for moving ore was installed at the Bu 
Craa phosphate mines in the former Spanish 
Sahara. The system consisted of 11 individual 
conveyors for a total length of 62 miles 
("Conveyors: Getting More Competative" 1979).
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(3) High gradeability. Conveyors have effective 
maximum grades ranging from 25 to 40%, 
enabling more direct and much shorter hauls. 
Conveyors exhibit greatest economic advantage 
on long steep hauls.

(4) Low labor costs. Operating costs per ton 
decrease considerably as annual tonnage 
increases primarily because operating labor 
costs differ little regardless of production 
capacity.

(5) Low power costs. Electric power is usually 
less expensive and less subject to price 
escallations than diesel fuel.

(6) High degree of safety. Conveyors operate with 
a very high degree of safety; fewer personnel 
are required and the exposure level is very 
low.

(7) Environmentally favorable. Ability to
transport large amounts of material with 
minimum dust and noise exposure.

Ability to work in inclement weather.(8)
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(9) Lower operating costs in large mines. The
operating cost per ton-mile decreases with 
larger conveyor systems.

The major disadvantages of conveyors are the lack 
of mine flexibility and the large initial capital 
investment. These and other operating disadvantages are 
presented below:

(1) Lack of mine flexibility. The choice of a 
particular belt conveyor system fixes the 
production rate and general mine plan for the 
duration of the mine life. Less freedom to 
change mining activities.

(2) Large initial capital cost. Conveyor's high 
capital cost and low operating cost dictate 
that the system be operated as much as 
possible. When performing a cost comparison 
with truck haulage, it is important that a 
discounted cash flow method be used to 
properly assess the differences in initial 
capital. Conveyors are often not efficient 
for part-time operations or in handling small . 
tonnages because of high initial capital cost.
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(3) Inability to stage production effectively.

(4) Stationary belt conveyors may be difficult and 
costly to move.

(5) In-pit crushers. The average open-pit ores 
require some type of primary crushing to 
permit handling by belt conveyors.

(6) Additional machinery. Belt conveyor systems
may require some of the following additional 
equipment: grizzlies, receiving hoppers, belt
feeders, belt wagons, tripper cars, and mobile 
stackers.

(7) When conveyors cross haul roads, either the 
road or the conveyor must be bridged.

(8) Erection and installation costs may be
substantial— as much as 25% of total conveyor 
system capital cost.

The selection of conveyors to transport surface 
mine material depends primarily upon the required mine 
flexibility, the relative cost of diesel fuel versus 
electric power, and the availabe initial capital. Conveyor 
haulage should always be considered where stationary, long, 
steep hauls exist. As labor and diesel fuel costs continue 
to rise, and as open pit and strip mines become larger and
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deeper, stationary and movable in-pit crushing and 
conveying systems become increasingly advantageous. 
Conveyors normally do not completely replace truck haulage.
Instead, conveyors are used to maintain economic haul
conditions for mining trucks Therefore, in most
situations. conveyor applications are responsible for the
continued but reduced use of truck haulage.

The book entitled Belt Conveyors for Bulk Materials 
(1979) is an authoritative design manual for belt conveyors 
prepared by the Engineering Conference of the Conveyor 
Equipment Manufacturers Association. Additional references 
on belt conveyors contained in the Selected Bibliography 
but not cited in this section include: Van Kleunen (1968), 
Church (1981, pp. 13.84-13.113), Peurifoy (1979, pp. 
309-333), Reisler and Stanisic (1981), Moolick (1973), Wood 
(1977, pp. 177-186), Frizzell and Utley (1983), White 
(1982), Johnson, Frizzel, and Utley (1982), Weiss (1967), 
Yuckpan (1964, pp. 160-171), Almond (1980), and Frizzel, 
Mivissen, and Siminerio (1981).

3.3.2 Secondary Methods
Secondary methods of material transportation are 

methods which are of secondary importance because of their 
current limited use in mining operations. Four secondary 
methods are discussed: 1) dozers, 2) tramming with 
front-end loaders, 3) stripping shovels, and 4) trains.



120

3.3.2.1 Dozers. A dozer is a wheel-mounted or 
crawler-mounted tractor with a front-mounted blade called a 
bulldozer used for pushing or dozing material. 
Wheel-mounted tractor bulldozers (wheel dozers) are limited 
to very light dozing applications because of high tire wear 
and limited traction. Four-wheel drive rubber-tired dozers 
are currently used almost exclusively as auxiliary support 
equipment in mining; maintaining loading areas and haul 
roads, and cleaning and levelling dump sites. Large wheel 
dozers have been successfully applied in the flattening of 
coal mine spoil areas. They are also desirable for 
cleaning the upper surface of coal seams. Wheel dozers 
normally do not have direct production applications in 
mining. Therefore, the remaining section is a discussion 
on crawler-mounted tractor bulldozers (crawler dozers). 
Figure 3.9 shows the basic design of a crawler dozer.

Dozer production and operating costs.are a direct 
function of the dozing distance, the type and condition of 
material, and the method of dozing employed. Favorable 
dozing methods include downhill dozing, slot excavation, 
and side-by-side operations. In general mining operations, 
dozer unit production costs range from about $0.50 to 
$1.00/bcy. Production rates range from 200 bcy/hr for 
300-hp crawler dozers, to over 700 bcy/hr for larger dozers 
with up to 700 bhp.
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Figure 3.9 Crawler Dozer
(Fiat-Allis 31)
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Crawler dozers are efficient, economical, 
self-contained machines for short-haul work in all kinds of 
material except poorly blasted rock which does not provide 
good traction. Crawler dozers exhibit the following 
general operating advantages:

(1) Versatility. Crawler dozers are able to 
handle a wide range of material and job 
conditions.

(2) Excellent gradeability. Crawler dozers have 
high brake horsepower to gross vehicle weight 
ratios (7.25 to 10.0 bhp/st) and excellent 
traction.

(3) Exert low ground pressures.

(4) Excellent traction on most types of surfaces.

The major disadvantage of crawler dozers when used 
as primary production machines is their obvious limited 
dozing distance. Practical dozing distance is very 
dependent on the type of material and the method of dozing 
employed. Crawler dozers under average dozing conditions 
are usually limited to one-way hauls ranging from 200 to 
300 ft. In downgrade work under very favorable conditions, 
they work well on one-way hauls up to 500 ft in length. 
Other operating disadvantages of crawler dozers include:
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(1) Slow travel speeds because of low gearing. 
Travel speeds range up to a modest 7 mph while 
dozing speeds range from 1.3 to 2.0 mph.

(2) Poor mine mobility. For long moves, crawler 
dozers are often transported by special lowboy 
units.

(3) Low useful life. Crawler dozers normally have 
useful lives ranging from 10,000 to
15,000 hrs.

Crawler dozers are first and foremost mine support 
equipment. Dozers are used almost universally in mining 
operations to perform many non-production tasks such as: 
1) land clearing and preparation, 2) construction of mine 
access and haul roads, 3) assist shovels and draglines,
4) maintain dump sites, 5) backfill strip mine pits and 
general reclamation, and 6) dozer ripping operations and 
push loading scrapers.

Direct dozer .production applications, where
material is simply moved from point A to point B, are very 
limited in U.S. mining operations. Some direct dozing 
methods have been used in small Appalachian outcrop and 
contour mines. Mine production by direct dozing is very 
infrequent and primarily localized to mining contractors 
and small mine operators with limited available capital.
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The most common utilization of crawler dozers in direct 
mine production functions has been in combination with 
other loading equipment such as dozing to a front-end 
loader or dozing to a stationary belt loader. Material is 
then transported by trucks or conveyors.

The Selected Bibliography contains some very good 
references pertaining to dozer applications, productivity, 
and costs. Such recommended references include: Church 
(1981, pp. 9.1-9.34 and pp. 12.1-12.12), Wood (1977, 
pp. 17-34), Earthmoving Systems; An Analysis of Equipment 
Selection for Heavy Construction (1975, pp. 24-31), Hayes 
(1980, pp. 340-409), and, Caterpillar Performance Handbook 
(1980, pp. 31-46). Other literature references on dozers 
are: Peurifoy (1979, pp. 155-160), KiHebrew (1968, pp. 
468-472), and a journal article entitled "Rubber-Tired 
Dozers Speed Production at Sherman Mine" (1976).

3.3.2.2 Tramming with Front-End Loaders.
Front-end loaders can be used in load-haul-dump 
applications for short distances on level to gentle slopes. 
Typical haul speeds average about 4 to 8 mph and return 
speeds average about 6 to 10 mph over good level haul 
conditions. When travelling upgrade, the average haul 
speed can normally be maintained on grades up to 9%.

For most mining situations, the economic one-way 
tramming distance is generally less than 500 ft. One
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mining company used the rule of thumb that a load-haul-dump 
application was economical whenever the loader cycles in 
less than 3 minutes (Ressinger 1972).

Front-end loaders have been used in certain small 
eastern coal fields with one-way hauls in excess of
1,000 ft. In general, tramming with front-end loaders is 
infrequently used in mine production situations because 
front-end loaders are primarily designed as a loading 
machine with a limited haul capacity. Load-haul-dump 
applications are more frequently used in surge or stockpile 
blending areas where the loader is operated in ideal 
conditions. A discussion of the history and operating 
charactericsties of front-end loaders is contained in 
section 2.3.3.

3.3.2.3 Stripping Shovels. A stripping shovel is 
a large-scale power shovel custom-built for the singular 
purpose of stripping overburden in the midwestern U.S. coal 
fields (see figure 3.10). The first stripping shovel was 
built by Marion in 1911 to work in the Mission coal fields 
outside of Danville, Illinois. This shovel was equipped 
with a 3 1/2-yd dipper , a 65-ft boom, and a 40-ft dipper 
stick (Ferko 1974). Since then, the Bucyruc-Erie Company 
and Marion Power" Shovel Company began a progressive 
development of larger machines. The era of giant stripping 
shovels began in 1956 when Marion introduced their 5760
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Figure 3.10 Stripping Shovel 
(Marion 6360)
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model (65 yds) at the Georgetown No. 10 mine in Ohio. In 
1966, the Marion 6350 went into operation at Southwestern 
Coal Corporation's Captian mine near Percy, Illinois 
(Rumfelt 1968). The Marion 6350 is currently the largest 
stripping shovel ever manufactured, with a 180-yd dipper, a 
215-ft boom, and a machine working weight in excess of
13,000 st.

Stripping shovels are often used in tandem 
operations with draglines and bucket wheel excavators. A 
dragline or bucket wheel excavator strips the upper 
unconsolidated material while the shovel works from a 
position directly above the coal seam. Large stripping 
shovels have cycle times approaching 60 sec and are capable 
of working overburden depths up to about 100 ft. The 
digging depth is limited by the shovel's spoiling reach 
capability. According to Steidle (1977), digging depth is 
approximately equal to 50% of the boom length.

The stripping shovel has its greatest application 
in handling poorly fractured overburden due to the positive 
control crowd action allowing a high breakout force and 
dipper fill factor. . Shovels can handle loose material as 
well as blasted rock. A major disadvantage is the 
inability to work in deep overburden because of limited 
spoiling reach. Because stripping shovels work on the mine 
bottom, they may be adversely affected by spoil slides, pit 
traffic, and water problems.
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Up until the late 1960's, large stripping shovels 
were used to remove a significant share of the overburden 
in Midwestern U.S. coal mines. Draglines have, since then, 
largely replaced stripping shovels. There has been a 
gradual increase in the depth of overburden material to the 
point where the limited reach of stripping shovels makes it 
difficult to maintain a wide enough pit bottom for the 
increasing sizes of loading shovels and haulage trucks. 
Also, improved and less expensive blasting practices 
achieved by the use of Ammonium Nitrate/Fuel Oil and slurry 
explosives have expanded dragline applications.

There are currently only about 20 stripping shovels 
in U.S. coal operations ("Mining Shovels and Draglines 
Reviewed" 1979). The last stripping shovel sold by Marion 
was in 1969. According to Sargent (1984), "A great 
majority of stripping shovels are now parked and will 
probably never be put back into use unless a real boom in 
the coal industry occurs." The future role of stripping 
shovels is expected to decrease with time.

3.3.2.4 Rail Haulage. Steam powered locomotives 
were the largest primary movers of material in U.S. mining 
operations between the early 1900's and until the 1930's. 
By 1940, mines began switching to electric locomotives and 
later to diesel-electric units. Excellent discussions of 
mine railroad equipment selection and job analysis are
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provided by Church (1981, pp. 13.128-13.138) and Brauns and 
Orr (1968, pp. 531-552).

Considerations in determining the haulage 
performance of trains is very similar to that of haulage 
trucks. The weight and horsepower or size of locomotive is 
determined based upon the maximum resisting forces along 
the haul. When determining total resisting force, it is 
important to consider the following factors: 1) rolling
resistance, 2) grade resistance, 3) curve resistance, 
4) acceleration resistance, and 5) air resistance if high 
speeds are common. Of interest is the fact that the 
smaller the cars, the greater the rolling resistance per 
ton of load.

Ideal applications for rail haulage are large, but 
not excessively deep, open pit mines from which coarsely 
blasted ore and waste must be transported long distances 
(over 3 miles one-way). Hauls should be over long fixed 
distances and relatively flat terrain.

Operating advantages of rail haulage include:

(1) High production rates. Rail haulage is 
ideally suited to the transportation of large 
volumes of material.

(2) Efficient long distance haulers. Any increase 
in length of haul has only a limited affect on 
haulage costs because most of the capital cost
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has already been incurred, and trains have 
extremely low unit operating costs.

(3) Diesel electric locomotives have relatively 
low operating costs per ton of material 
hauled.

(4) Low total owning and operating costs per ton 
for large capacity long distance hauls.

(5) Ability to haul any type of materiali

Rail haulage lacks the flexibility offered by truck 
haulage. The operating disadvantages of rail haulage are:

(1) Lack of mine flexibility. Rail haulage is 
very inflexible due to the requirement of 
engineered railroad grades and track. Rail 
haulage does not adapt easily to rapid changes 
and requires much time and manpower to change 
rail patterns.

(2) Restricted allowable grades. Very low 
coefficient of traction between the locomotive 
wheels and the rails (25% average) requires 
the use of heavier, more expensive locomotives 
and very modest grades, usually maximum of 3% 
upgrade and 4% downgrade loaded.
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(3) Close to straight hauls. Hauls should be 
designed with a minimum radius of curvature of 
570 ft.

(4) Large ancillary expenses. Construction of
track and provision of facilities for
effective operation and maintenance of trains 
is nearly as expensive as the initial capital 
expense of the locomotive and cars.

(5) Large mine reserves. Rail haulage requires
large mine reserves to properly amortize the 
huge initial investment of equipment and
facilities.

(6) Haul terrain. The effect of terrain along the 
haul route is more critical for rail haulage 
because of the grade limitation and high cost 
of installing and maintaining railroad track.

Prior to World War II, rail haulage was the 
principal type of mine transportation used in large open 
pit operations. During the early 1960's, mine operators 
began replacing rail haulage with more flexible truck and 
conveyor haulage. A good example of how trains have been 
gradually replaced by truck haulage was given in an article 
by Shilling (1964) which discussed the conversion at 
Kennecott Copper Corporation's Chino mine in southwestern
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New Mexico. Until 1951, all material at Chino was hauled 
by trains over a series of switchbacks with 2% adverse 
grades. Between 1952 and 1962, a small fleet of 25-st and 
40-st capacity trucks were purchased to supplement rail 
haulage. By 1963, rail haulage at Chino was completely 
replaced by a fleet of 16 65-st capacity haul units.

A similar change from rail to truck haulage was 
made at Kennecott's Bingham mine near Salt Lake City, Utah 
(Ballmer and Matheson 1965). Since start-up in 1906, the 
Bingham mine used in-pit rail haulage exclusively. But in 
1963, Bingham mine management decided to replace rail 
haulage on the upper mine levels with truck haulage. By 
1965, 79 rear dump trucks were in operation at Bingham, 
ranging in capacity from 65 to 110 st. Rail haulage 
remained in the lower levels of the Bingham pit until the 
early 1980's, at which time a program was initiated to 
replace the remaining rail haulage system by trucks.

The use of rail haulage in open pit mining 
operations has greatly declined because of the inability of 
rail haulage to adjust quickly and economically to changing 
mine conditions. Track relining at the load and dump sites 
was costly and time consuming. Also, as pits deepened, the 
locomotive's maximum gradeability of about 4% became 
restrictive. The current trend for in-pit mine haulage is 
the use of truck-conveyor haulage systems. But rail 
haulage still remains a viable transportation alternative
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for out-of-pit mine haulage situations such as transporting 
material from the pit surface to crushing and washing 
facilities, processing plants, and marketing outlets. 
Additional literature references on rail haulage include 
Yuckpan (1964, pp. 152-159) and Brauns (1973).

3.4 Preliminary Selection of Haulage Type 
Preliminary selection of the type of haulage units 

should be based upon a concise study of equipment operating 
advantages and disadvantages, equipment production and cost 
estimates, and most importantly, existing local mining 
conditions. The general considerations for preliminary 
selection of haulage unit type (and size) are:

(1) Length of haul routes over the entire project 
life.

(2) Existing haul road grades.

(3) Existing haul road widths.

(4) Physical condition of haul roads (tractive 
effort, rolling resistance).

(5) Maximum loading height of loader units.

(6) Haul unit capacity in relation to loader unit 
production rates and bucket capacities.



(7)

(8) 

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

Total ore tonnage.

Total waste tonnage.

Required periodic ore production rates over 
mine life.

Required periodic waste production rates over 
mine life.

Mine life.

Available initial capital.

Rock type and physical conditions.

Rock fragmentation and average material size. 

Mine selectivity.

Working bench height.

Available working area (bench width).

Mine mobility.

Weather conditions.

Material composition regarding stability of. 
work area.
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(21) Mine personnel health and safety.

(22) Availability of experienced labor.

(23) Existing type and size of mining equipment 
(especially loading and transporting 
equipment).

(24) Existing dumping facilities.

(25) Existing or planned power supply.

(26) Available equipment types and sizes from
reliable manufacturers.

(27) Proximity to parts and service facilities.

(28) Existing type of maintenance equipment,
structures, and personnel.

(29) Equipment standardization.

A summary of certain initial selection indicators 
for the types of mine haulage equipment discussed in this 
section are presented in table 3.2. These indicators are 
useful in the early differentiation of the haulage 
equipment's normal areas of application. For example, a 
high power-weight ratio is an indication of potentially 
fast travel speeds and good gradeability. High 
payload-weight ratios indicate an efficient utilization of



Table 3„2 Hauler Type Selection Indicators

Hauler Type

Maximum One- 
Way Haul 
Distance 

(ft)

Maximum
Adverse
Grade
(%)

Relative
Job

Flexibil-
ity

Power-Weight
Ratio
(hp/st)

Payload-Weight
Ratio
(%)

Unitized Rear Dump Truck 15,000 20 Excellent 5.8- 7.3 53-62
Conventional Single- 

Engine Scraper 4,000 8 Good 5.0- 6.5 42-47
Conventional Dual-Engine 

Scraper 3,000 12 Very Good 6.5-10.0 39-45
Elevating Single-Engine 

Scraper 3,000 8 Fair 4.8- 5.2 38-46
Elevating Dual-Engine 

Scraper 2,500 12 Good 6•2— 8,0 35-44
Dragline — — Fair -- - —
Bucket Wheel Excavator • -- — Fair — — —
Conveyor >15,000 40 Good 10.4-12.8 18-22
Crawler Dozer 500 30 Poor 7.3-10.0 21-30
Tramming with Front-End 
Loader 1,000 9 Poor 7.5- 7.9 22-25

Stripping Shovel — — Poor — ———
Rail Haulage >15,000 3 Very Poor 8.8-10.6 54-66

Note: 1) Power-Weight Ratio = Engine Brake Horsepower/Gross Vehicle Weight
2) Payload-Weight Ratio = (Vehicle Payload/Gross Vehicle Weight)(100%)

136
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vehicle weight. For mobile haulers, there is generally a 
direct relationship between the payload-weight ratio and 
the economic haul distance; the higher the payload-weight 
ratio, the longer the maximum economic haul distance.

Although it is important to consider the former 
experiences of operating, management, and maintenance 
personnel, preliminary determination of viable mine 
material transportation equipment should never be based 
solely upon preconceived ideas. All distinct and related 
mine equipment application, production, and cost factors 
should be analyzed impartially by the mining engineer.

3.5 Future Role of Mine Truck Haulage
Off-highway trucks have played a very important 

role in the development of U.S. surface mine material 
transportation systems during the past four decades. The 
future role of mine truck haulage, both in surface and 
underground mining, will ultimately depend upon the 
production and cost considerations of alternative mine 
haulage methods, and the success of new technological 
applications in truck haulage developed by equipment 
manufacturers and mine operators.
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3.5.1 Technological Applications
A number of current technological applications in 

mine truck design and control may have a significant effect 
upon the future role of mine truck haulage. Important 
technological applications which have the potential of 
noticeably reducing truck haulage costs are: 1) larger 
haul capacities, 2) trolley assist, .3) automatic truck 
control, and 4) computerized dispatching.

3.5.1.1 Larger Capacities. Use of large rear dump 
mining trucks with design capacities in excess, of 200 st is 
still very limited in U.S. surface mining operations. 
Since 1980, only 41 Wabco 3200 (235 to 250 st) trucks and 1 
Terex 33-19 (350 st) truck have been sold (Lyon 1980). 
Lyon performed an economic comparison of a 170-st and a 
220-st capacity truck on a typical copper mine haul profile 
of 8,000 ft at 8% grade. The results showed a minimal 1.5% 
discounted rate of return on the increased cost of the 
220-st model.

The major limiting factor of larger capacity haul 
trucks during the past 10 years has been the unavailability 
of a suitable power unit. Currently used locomotive 
engines, while very dependable, are extremely heavy, 
expensive, and consume greater amounts of fuel. 
Considerable research has been devoted in the past to 
non-conventional power plants such as the gas-turbine and
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steam engines. To date, no major breakthrough has been 
made.

Many experts believe that present and future 
200-st-plus capacity diesel-electric trucks may become 
economically competative with the anticipated introduction 
of larger high-speed diesel engines during the late 1980's. 
Future development in this area is encouraged by the 
current availability of large mining shovels (30 to 60 yds) 
capable of efficiently loading trucks with capacities of up 
to 350 to 400 st.

3.5.1.2 Trolley Assist. Depending upon the energy 
situation, trolley assist may prove to be one of the most 
important technological applications in truck haulage 
during the coming years. The purpose of trolley assist is 
to substitute less expensive electric power to drive the 
wheel motors of diesel-electric trucks primarily during 
loaded upgrade hauls. The system consists of overhead 
hardware and on-board hardware. The overhead hardware is a 
primary AC power distribution feeding a rectified DC power 
distribution system which is suspended above the haulage 
road on conductor wires. On-board electrical hardware 
collects DC power from the overhead conductors and applies 
it directly to the truck's wheel motors through stepping 
resistors. When on trolley assist, the diesel engine is 
switched out of the main propulsion circuit. Figure 3.11
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depicts a mining truck operating under trolley assist. 
Vorster (1986) provided current design, operation, and cost 
information on trolley lines and truck conversion equipment 
in use at Iscor's Sischen iron ore mine in South Africa.

Actual applications of trolley assist has been 
limited to a small number of mining operations where the 
cost of diesel fuel has been disproportionately much higher 
than local electric power. The first reported on-site 
testing of trolley assist occurred during 1961 at Butte, 
Montana where the Anaconda Company field tested a prototype 
trolley electric rear dump truck manufactured by LeTourneau 
("Loading and Haulage" 1961). The first use of trolley 
assist in a long-term operation was at the Riverside Cement 
Company in California from 1965 through 1971.

Because of the lack of large diesel engines during 
the early 1960's to power 100-st capacity diesel-electric 
trucks, a detailed on-site testing of trolley assist was 
conducted at Kennecott's Chino mine in New Mexico from 1967 
to 1968 (Carlson 1968). Kennecott used a 100-st capacity 
rear dump truck with a 700-hp diesel engine, GE type "E" 
electric wheels, and 24.00x49 tires. The trolley system 
consisted of a 634-volt line on a 10% grade over a distance 
of 1,300 ft. Test results indicated that on loaded upgrade 
hauls, trolley assist increased the maximum on-grade speed 
approximately 125% (from 6 mph to 13.5 mph) and reduced the 
fuel consumption by approximately 80%. During this time.
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manufacturers came out with larger diesel engines, and the 
advantages of trolley assist became insignificant with the 
then-present availability of cheap fuel.

From 1968 to 1970, the Quebec Cartier Mining 
Company studied trolley assist systems for their 
Lac Jeanine mine in Quebec. The overriding justification 
of trolley assist at the Lac Jeanine mine was the 
availability of cheap electric power from a company-owned 
hydroelectric power station and the fact that the mine was 
importing expensive diesel fuel via rail and boat 
transport. A small field test was conducted in 1970 using 
a 100-st capacity rear dump truck equipped with a 1,000-hp 
engine, GE type "H" electric wheels, and 27.00x49 tires 
(Gagnon and Rochefart 1973). A 750-volt trolley line was 
used on a 10% grade over a distance of 760 ft. Trucks on 
loaded upgrade hauls experienced ah average increase in 
maximum speed of 136% (from 5.0 mph to 11.8 mph) and a 87% 
decrease in fuel consumption. A full scale trolley assist 
system was installed during 1971 and operated for 6 years 
until the mine was depleted in 1977. At its final stage, 
the Lac Jeanine system consisted of 8,000 ft of trolley 
line on a 8% grade servicing 22 rear dump trucks ranging in 
capacity from 85 to 100 st.

One of the major current applications of truck 
trolley assist is the Palabora mine in South Africa. 
During the period 1978 through 1981, the price of diesel
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fuel in South Africa increased 215%. In 1981, a
$12.7 million overhead trolley system was installed at the 
Palabora mine to reduce the mine's dependency on diesel 
fuel. Palabora's system consists of 1.7 miles of trolley 
line on a 8% grade servicing 70 170-st capacity rear dump 
trucks (Crosson and Sumner 1982). Based on 6 months of 
operation at Palabora, the trolley system reduced travel 
times while on the system by 42% and reduced fuel 
consumption by 80%.

The major advantages of trolley assist are a 
substantial reduction in fuel consumption and increased 
speeds during loaded upgrade hauls. These and other 
advantages are outlined below:

(1) Major reduction in fuel consumption. When on
trolley assist, the diesel engine operates at 
high-idle, no-load, providing power only to 
drive engine parasitics and to provide
sufficient cooling of the wheel motors. Fuel
consumption is typically reduced 75 to 80%.

(2) Increased travel speeds on loaded upgrade
hauls. The present performance of
diesel-electric trucks on uphill grades is 
limited by the engine horsepower which is 
usually less than the rated power of the wheel 
motors. High speeds and reduced travel times
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are achieved mainly on the loaded upgrade 
hauls. Maximum speeds on grade are usually 
doubled with the use of trolley assist.

(3) Improved deep-pit capability. Higher speeds
with trolley assist provides an improved
deep-pit capability because trucks can
negotiate longer hauls within the wheel 
motor's thermal capacity.

(4) Reduced engine repair costs. The diesel
engine has a lighter duty cycle. Vorster 
(1986) reported a 54% increase in diesel 
engine life (from 6,200 to 9,600 hrs) at 
Iscor's Sishen mine.

(5) Increased wheel motor life. The Sishen iron
ore mine in South Africa experienced an 88% 
increase in wheel motor life (from 6,700 to 
12,600 hrs).

(6) Larger capacity trucks. Trolley assist may
allow for the use of larger capacity
diesel-electric trucks because the requirement 
for powerful diesel engines for long upgrade
hauls is eliminated.
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The major disadvantage of trolley assist is the 
lack of mine haul flexibility. Other disadvantages 
include:

(1) Large initial capital for the power
distribution system. June 1986 parts and 
labor cost for trolley line and substations 
estimated at $60/ft. The cost of a truck
trolley conversion kit is approximately 
$60,000.

(2) Higher truck speeds on, upgrade loaded hauls 
may shorten tire life.

(3) Trucks must carry added weight of the on-board 
trolley equipment, weighing approximately
3,000 lbs.

(4) Additional maintenance to the frame and power 
train due to the sudden increased torque when 
entering the trolley system.

(5) Roads must be relatively flat. The distance 
between the road and overhead conductors 
should be maintained within a tolerance of 12
to 15 inches.
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(6) Increased driver training. Drivers require 
additional hours of training learning how to 
maneuver curves while maintaining contact with 
the trolley line.

The actual economic feasibility of trolley assist 
is highly dependent upon the percentage of total travel 
distance amenable to trolley conversion, the specific 
engine horsepower and gear ratio, the severity of grade and 
length of the total trolley line segment, and most 
important, the current regional cost differential between 
diesel fuel and electric power. Trolley assist is a proven 
available method of reducing a mine's dependency on 
expensive diesel fuel. Future applications of trolley 
assist to mine truck haulage will be directly related to 
the relative cost and availability of diesel fuel. 
Additional recommended references on truck trolley assist 
are Vanchina (1982) and Miller (1980).

3.5.1.3 Automatic Truck Control. In 1970, Unit 
Rig and Equipment Company, in conjunction with SAAB-SCANA 
began preliminary development of a mine truck automatic 
control system. The first prototype system was installed 
on a Lectra Haul M-100 haulage truck in 1974 and 
extensively tested at Unit Rig's test track in Tulsa, 
Oklahoma (Miller 1979). By 1980, mine application field 
tests were undertaken at Kennecott's Chino open pit copper
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mine. Based upon encouraging results of these tests. Unit 
Rig anticipates automated truck systems will become 
operational in some mines during the 1980's

"Automatic Truck Control" or ATC is the trade name 
of Unit Rig and Equipment Company's current electronic 
truck control system. ATC is designed to provide automatic 
control of all the vehicle functions normally performed by 
the operator. A master control unit sends a low-power 10 
kilohertz, 250 milliampere signal in a buried guidewire 
which is detected by electronic sensors mounted on the 
front of the vehicle. Functions such as steering, 
directional control, speed selection, and braking with 
automatic stop are automatically controlled. On-board 
equipment also monitors oil pressure, water temperature, 
and other engine and vehicle system operating conditions. 
Wayside equipment (block control units) control vehicle 
separation and system status, and provide truck locations 
to a central display panel.. Manual override controls have 
been built into the system to allow remote radio control or 
driver-controlled vehicle positioning where necessary. 
Figure 3.12 depicts a haulage truck equipped with Unit 
Rig's ATC system.
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Figure 3.12 Automatic Truck Control
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The most important advantages of ATC are a 
reduction in labor cost and an increase in truck 
availability. These and other operating advantages are 
listed below:

(1) A 50% or greater reduction in total vehicle 
operator man-hours because of the elimination 
of truck drivers along the ATC network.

(2) A 5 to 10% increase in truck availability due 
to the elimination of operator-related delays.

(3) Lower overall truck operating and maintenance 
costs (especially . tire and transmission 
repairs) because of more prudent control of 
vehicle operation.

(4) Reduced fuel consumption because of more 
precise control of vehicle speed.

(5) Potentially safer mining operations. ATC 
reduces human exposure and eliminates truck 
accidents caused by human error and fatigue.

ATC appears to be a practical system addition to 
certain mining operations, notably those operations
currently using or planning to use trolley assist and/or 
computer dispatching. A combination of ATC and trolley 
assist provides the full benefits of both innovations along
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one network, thus reducing the relative negative impact of 
decreased mine flexibility. Current disadvantages of 
having to bury the ATC guidewire along the haul road may be 
eliminated by combining the guidewire with the existing 
overhead trolley assist wires.

Electronic truck control systems are inherently 
compatable with computer-controlled dispatching systems and 
truck status systems. Once on the ATC line, the dispatcher 
has control of the ATC system from the master controller. 
The master controller tells the dispatcher the location of 
all trucks on the ATC system by knowing the status 
(occupied or unoccupied) of each block along the ATC 
network. Therefore, the ATC wayside control equipment and 
central controller provide the basic field communications 
network necessary for a sophisticated computer-controlled 
dispatch system. An ATC network can also be used to 
service truck status systems, where on-board 
microprocessors periodically report on various truck 
parameters such as payload, fuel consumption, and tire 
pressure. .

To date, no automatic truck control systems are 
known to be in service at any U.S. surface mining 
operation. The major disadvantages, as with truck trolley 
assist, are the system's lack of mine haul flexibility and 
the added capital cost. A preliminary underlying factor 
for the very slow development and application of ATC
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systems may be the strong opposition posed by labor unions 
in the U.S. Both mine management and labor must be 
dedicated to a job retraining program to help minimize the 
number of lost jobs. In large mining operations with 
relatively stable haul routes and high labor costs, where 
computer dispatching is in use and trolley assist is 
viable, the introduction of full mine production ATC 
systems may not be too far in the future.

3.5.1.4 Computerized Dispatching. The major 
objective of truck haulage dispatching methods is the 
optimum utilization of a given haulage fleet for a specific 
arrangement of load points, dump points, and haul routes. 
The number of loading and haulage units, type of material, 
location of load and dump points, and haul route 
configurations are constantly changing. Optimum haul 
routes and haul unit allocations may change with any change 
in these basic parameters. Benefits of truck dispatching 
include reduction in truck queueing times at load and dump 
points, and reduction in re-allocation time when loading or 
dumping equipment breaks down. There are four basic types 
of truck dispatching, presented in order .of increasing 
complexity: 1) locked-out dispatching, 2) radio 
dispatching, 3) computer-assisted dispatching, and 
4) computer dispatching.
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Locked-out dispatching (also called fixed 
allocation dispatching) is the simplest method of truck 
dispatching. Each haul unit is given a fixed allocation to 
a particular load point, dump point, and haul route at the 
beginning of the work shift. All allocations remain 
unchanged throughout the entire shift. Locked-out 
dispatching is considered by many mine operators to be a 
"passive" dispatching method, while the remaining three 
types are often considered "active" truck dispatching 
methods. Passive dispatching is commonly used today in 
small mine operations with two or less concurrently 
operating load or dump points.

Radio dispatching (also called manual or visual 
dispatching) is currently the most commonly used type of 
active truck dispatching method. Haul units are assigned 
by a radio-equipped dispatcher based upon the dispatcher's 
visual assessment of the operation. Dispatching decisions 
are typically made for each vehicle trip. Communication is 
achieved by use of two-way radio equipment.

The Cyprus Pima mine, located south of Tucson, 
Arizona, is a good example of a successful truck haulage 
radio dispatching operation. Cyprus Pima introduced the 
use of a simple physical dispatching board to assist in the 
radio dispatching of 50 mine haulage trucks (Mueller 1977). 
The board consisted of truck markers, shovel blocks, and 
plexiglass slides, all contained upon a single plywood
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base. Truck markers are placed upon the plexiglass slides 
which are time calibrated and moved every 5 minutes to 
reflect the movement of trucks along their haul cycle. By 
using this simple physical model, the dispatcher can easily 
identify which shovels are currently undertrucked. The 
dispatching board is also useful in estimating the arrival 
times of haul units at designated dump points, thus 
providing the dispatcher with more control over 
unauthorized breaks by haul unit operators. Cyprus Pima 
experienced a 10 to 15% gain in productivity by using truck 
radio dispatching and the dispatching board. The article 
by Mueller (1979) describes in detail how to construct the 
manual dispatching board.

Radio dispatching is often inexpensive to install 
because many surface mines use observation towers and 
vehicle radio communications for normal mine operations. 
Therefore, manual radio dispatching techniques should be 
analyzed for any large mining operations, especially those 
with numerous load points, dump points, and haul routes; 
and also mines with a large inexperienced labor force. An 
effective radio dispatching operation usually requires that 
the dispatcher have an unobstructed view of all the 
relative load or dump points. This requirement may dictate 
the use of multiple dispatch stations each centrally 
located in a major region of load or dump points.
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Computer-assisted dispatching is similar to radio 
dispatching with the one exception that a computer-based 
logic system is included to assist the dispatcher in making 
assignments. Information on truck locations is obtained in 
the same manner as radio dispatching, that is, by visual 
observation and, when necessary, by radio communication 
between the central dispatcher and truck operators. 
Computers are used only to "assit" the dispatcher in making 
faster and more accurate decisions. Final allocation 
decisions are made and communicated solely by the human 
dispatcher.

Presently, computer-assisted dispatching systems 
are used infrequently at surface mine operations. Although 
the added hardware is relatively inexpensive, there 
currently exists a lack of applicable computer software 
programs. Another major limitation of computer-assisted 
dispatching is the communication delays associated with 
human radio dispatching. Optimum utilization of the 
processing speed of expensive central computer dispatching 
equipment entails the use of fast direct computer 
communications between the central dispatching station and 
the haul units--a feature of full computer dispatching 
systems.

Computer dispatching is the most sophisticated 
method of mine truck dispatching where haul units are 
assigned to load or dump points by a computer-driven radio



155

link without human intervention during normal operation. 
Only a small number of complete computer dispatching 
systems are presently marketed. One proven system is 
DISPATCH, a large-scale, real-time dispatch program based 
upon a linear programming algorithm. DISPATCH was 
developed by Modular Mining Systems of Tucson, Arizona 
after conducting a two-year research program at Phelps 
Dodge's Tyrone mine initiated in June 1978. At the 
beginning of each shift, the dispatch program provides the 
synergized route selection, that is, those routes that 
require the minimum number of trucks to achieve the desired 
production level. These computer-determined optimal routes 
are reanalyzed whenever there occurs a major system change, 
such as loader breakdowns, loader moves, changes in 
material type, or changes in haul unit travel times.

Haul units are dispatched along the current optimal 
routes by way of a communications network between the main 
computer, a repeater tower, and field panels mounted in 
each loading and haulage unit and at each dump location. 
Information is transmitted over a radio link directly to 
the main computer for continuous evaluation and control. 
For example, at the completion of each load, the loader 
operator reports the time of completion and type of 
material in the load to the computer. Based upon the 
computer's knowledge of the current truck locations and 
updated travel times to the various dump points, the main
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computer returns the appropriate dump assignment to the 
loaded truck by way of a light-emitting diode display on 
the unit's field panel. An analysis of the DISPATCH 
system, activated at the Tyrone mine in mid-1980, versus 
manual dispatching was conducted over a two-month period 
through July 1980. Production increases attributable to 
computerized dispatching ranged from a high of 22% to a low 
of 3%, with on overall average increase of 11% 
(Himebaugh 1980).

A potentially important innovation in computer 
dispatching may be the utilization of field detection 
equipment. Automatic sensory systems may prove useful in 
eliminating time-consuming operator-activated communication 
signals. Field detection equipment also provides an 
accurate and indisputable method of monitoring the location 
of haul units beyond visual communication with the central 
dispatching station.

An article entitled "Truck Control System Increases 
Mine Efficiency" (1977) described an automatic sensory 
computer dispatching system used at the LKAB underground 
mine in Malmberget, Sweden. LKAB's system uses microwave 
sensors mounted along mine gallery walls which are able to 
identify the particular haul unit and its exact location. 
A microcomputer processes the movements of all haul units 
and determines the most efficient routes and destinations, 
which are displayed on stationary panels mounted in central
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mine locations. Another system which may prove useful in 
monitoring the locations of large surface mine truck fleets 
for computer dispatching is the automatic truck control 
field communications network (see section 3.5.1.3).

Most U.S. open pit mines currently use locked-out 
or radio dispatching systems; although computer-assisted 
and computer-dispatching systems are slowly gaining in 
popularity. Computer dispatching systems are advantageous 
because they use algorithms based upon actual operating 
information. Real life vehicle performance data such as 
travel times are processed and updated quickly by the 
central computer. Secondary advantages include the 
generation of complete reports on loader and hauler 
operating hours, downtime, and productivity. These 
accurate records of truck performance are always beneficial 
in future fleet production analyses. The present major 
disadvantage of computer dispatching is the high initial 
capital cost of the hardware and software systems.. Most 
sophisticated computer dispatching systems begin at 
$1 million, equivalent to the capital cost of a number of 
large mine haulage trucks.

Although the concept of computer-based dispatching 
is over a decade old, few successful applications have been 
reported. Previous literature accounts have indicated that 
truck dispatching systems in general increase productivity 
5 to 15%. The success of any dispatching method depends
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almost entirely upon the size and complexity of the haulage 
operation. Using stochastic simulation. Chatterjee and 
Brake (1981) generated some hypothetical production effects 
due to computer dispatching versus locked-out dispatching. 
For a small operation consisting of 12 trucks, 2 loaders 
and 1 dump site, the use of computer dispatching versus 
locked-out dispatching increased productivity by only 3.3%. 
For a much larger operation involving 33 trucks, 9 loaders, 
and 3 dump sites, computer dispatching increased 
productivity by 8.3%.

Truck dispatching cannot appreciably improve the 
productivity of small loader and truck haulage fleets 
because of the limited choice of load and dump sites 
available at any given time. Truck dispatching methods 
become more effective whenever the loader-hauler 
configuration increases in complexity. Phelps Dodge's 
Tyrone mine was a good candidate for computer dispatching 
with approximately 4 active waste dumps, 1 ore crusher, and 
7 operating shovels (White, Arnold, and Clevenger 1982).

Among the four technological applications discussed 
in section 3.5.1, computerized dispatching has the greatest 
reasonable potential of noticeably reducing unit production 
truck haulage costs because of the steady trend towards 
larger and more complex surface mining operations. All the 
truck dispatching methods should be analyzed whenever there 
exits three or more concurrently operating load or dump
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sites. Feasibility analyses should be performed using a 
stochastic simulation computer program with built-in 
capabilities of accurately modelling the various 
dispatching methods (locked-out, radio, computer-assisted, 
and computer dispatching) and objectives (maximum loader 
coverage and maximum haul unit utilization).

3.5.2 Future Mining Applications
Off-highway trucks will continue to be one of the 

most important methods of mine material transportation. 
For many surface mining operations, truck haulage provides 
the most practical method of ore and waste transport. Land 
reclamation and environmental health regulations are making 
strong demands on more complex mining systems, requiring 
flexibility of operation. This is especially true whenever 
the geologic occurrence of production related parameters is 
very random. Common operating conditions such as changing 
haul distances, numerous working faces, and ore blending 
requirements favor the versatility and flexibility of , haul 
trucks. The greatest percentage growth in mine truck 
haulage will definitely occur in underground mining as 
underground mine openings continue to increase in size and 
haul lengths are extended beyond the economic tramming 
distance of LHDs.

Whether the future market for mine haulage trucks 
slowly grows or declines will depend greatly upon the
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future trend and stability of labor and fuel prices. 
During the past decade, the specter of higher diesel fuel 
prices, higher labor costs, and possible fuel shortages 
encouraged some mine operators to replace severe truck haul 
sections with more energy-efficient and less 
labor-intensive haulage methods. The current political 
unrest in the Middle East along with the very poor 
performance record of synfuel projects in the U.S. 
continues to create a climate of uncertainty for the future 
long term price and availability of diesel fuel. One of 
the obvious consequences of the great uncertainty 
surrounding high labor and fuel costs will be continued 
interest in tandem mine transportation systems which 
minimize the mine's dependency upon labor and diesel fuel 
yet provide the desired degree of mine flexibility. Truck 
haulage-dragline operations and movable crushers with 
conveyor-truck haulage operations are two specific tandem 
mine transportation systems which have great potential use 
in future mining applications. Another consequence of high 
truck haulage operating costs will be the continued 
interest in and use of mine truck technological innovations 
such as trolley assist, automatic truck control, and 
computerized dispatching.

Whatever the chosen method of mine haulage, 
material transportation will undoubtedly assume a larger 
percentage of the total mine costs as deeper and
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larger-scaled mine operations come on line. Therefore, 
more time and effort must be allocated by future mining 
engineers to analyze truck haulage costs, study haul 
procedures, and evaluate alternative mine haulage methods.
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CHAPTER 4

MINING SHOVEL DESIGN

There are currently four major U.S. manufacturers 
of mining shovels: Bucyrus-Erie (B-E), Harnischferger
(P&H), Marion Power Shovel, and Northwest Engineering. 
Each company employs a combination of slightly different 
design components to achieve an overall highly productive 
mining shovel design. This chapter contains discussions on 
basic shovel configuration, nomenclature, and general 
design differences in major machinery components. An
understanding of these principal design distinctions is 
important during the preliminary selection of the most 
legitimate shovel type(s) for given operating conditions.

4.1 General Shovel Configuration 
Figure 4.1 depicts the basic structural

configuration and associated machinery component 
terminology of a typical mining shovel design with rack and 
pinion crowd (see section 4.2.2). Shovel machinery
components are often given conflicting names by equipment 
manufacturers and mine operators. The most commonly used 
mining shovel terminology shall be presented in this 
section. When known, alternative names are designated in 
parentheses.
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There are essentially three main machinery 
component sections: Front-end assembly, revolving frame, 
and lower works. "Front-end assembly" refers to the shovel 
machinery located immediately forward of the operator's 
cab, which supports the movements of the main digging 
element, the dipper. The dipper is firmly attached to the 
dipper handle. A cutting edge (dipper lip) is attached to 
the dipper front end and is equipped with replaceable 
teeth. The rear of the dipper is composed of a hinged door 
with a latch arrangement which allows for dumping of the 
dipper contents when activated by a trip motor and cable. 
Extending outward from the front of the shovel and 
supported by cables anchored to the main gantry is the 
boom, which provides the structural support necessary to 
allow the hoist cables and crowd machinery to properly act 
on the dipper. During the digging operation, the dipper is 
pulled up through the bank by the hoist cables and is held 
against the bank by the crowd motion which extends or 
retracts the dipper handle. The dipper handle pivots on 
the saddle block arrangement which allows the dipper to be 
pulled through the bank in a relatively flat arc.

Two different front-end assemblies are currently 
offered on many shovel models: standard and long range. 
The latter is also called stripper, high front, or long 
reach. Standard front-end assemblies are normally used for 
loading into haulage equipment. Long range shovels are



165

used for side casting to spoil piles, or loading into 
haulage equipment placed above shovel ground level, as in 
some coal loading operations.

The second main machinery component section is the 
"revolving frame" which refers to all the shovel components 
located within the machinery house and mounted to the 
machinery deck. The machinery deck is the foundation to 
which the hoist machinery, crowd machinery, swing 
machinery, gantry, boom, operator's cab, and all principal 
electrical elements are mounted. Other secondary equipment 
includes compressed air facilities, electric lights, safety 
brakes on.motor units, electric control cabinets, central 
lubrication system, and air circulating fans to remove 
generated heat (see figures 4.2 and 4.3 in section 
4.2.1.1).

The third and final section is simply called the 
"lower works" in reference to all the machinery components 
located below the machinery deck. Primary components 
include the crawler frame (truck frame), crawler belts, and 
propelling and steering machinery. The crawler frame 
provides the foundation for three important swing machinery 
components: 1) center pintle, an upright pin about which 
the upper revolving frame rotates, 2) swing roller circle, 
a heavy duty circular base of steel rollers, and 3) main 
swing gear, a large circular gear ring located immediately 
below and concentric to the swing roller circle. When
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engaged by the swing machinery pinions, the main swing gear 
causes the upper frame to revolve about the lower works. 
The crawler frame is supported by crawler belts which 
provide a means of mobility. A system of clutches and 
brakes are used to effect steering as required.

4.2 Manor Shovel Components
Shovel operating efficiency and cost are a function 

of the shovel's power source and power control system. 
Shovel performance is also directly related to the type of 
systems used to control the hoist, crowd, swing, and propel 
motion. This section provides a brief review of the common 
types of power conversion and primary shovel motion systems 
in use today.

4.2.1 Power System
There are two fundamental types of power systems 

for mining shovels. First and foremost are electric 
shovels which utilize cheap in-pit AC electric power as 
their main power source. Second are diesel shovels which 
use diesel fuel engines as their main power supply.

4.2.1.1 Electric Shovels. In the pit, electric 
power may be used in the form of AC or DC current depending 
upon the application. However, due to the special 
advantage that alternating current can be readily "stepped 
up" for transmission with minimum line loss and then
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"stepped down" by the use of transformers to power in-pit 
mining equipment, power is commonly distributed and 
utilized as a three phase AC system. Another limitation of 
DC power for distribution purposes is that it has not been 
practical to design large capacity DC generators at 
voltages much higher than 750 volts (Surface Mining 
Supervisory Training Proaram--Shovel/Truck 1979, pp. 
11.1-11.2). Because of these reasons, nearly all the 
electric power produced in the U.S. is generated and 
transmitted in the form of three phase alternating current.

For many machine operations, AC power is commonly 
converted by on-deck equipment to DC power. This is 
because DC motors in the past have provided the most 
economical means of controlling motor speed and dynamics. 
Today, there are three popular electrical techniques for 
converting incoming AC current to suitable AC or DC current 
for powering the various shovel functions. These three 
electrical control systems are: DC motor-generator, DC 
static control, and AC controlled frequency.

DC motor-generator systems are the oldest form of 
shovel electrical control still in use today. Commonly 
called the "Ward-Leonard" system, DC motor-generator sets 
were responsible for the birth of the electric mining 
shovel during the early 1920's. This system is still used 
today in many of the smaller capacity shovels ranging in 
size from 5 to 17 yds. The heart of the system is a group
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of DC generators (driven by a single large AC motor) which 
supply power to DC motors for hoist, crowd, swing, and 
propel functions. Control of speed and torque of the DC 
motors is accomplished by controlling the magnetic field of 
the DC generators. Figure 4.2 illustrates the shovel 
machinery deck plan for a DC motor-generator control 
system.

A DC static control system called "Electrotorque" 
is becoming the standard electrical control system for 
mining shovels manufactured by Harnischferger. An 
adjustable voltage concept similar to motor-generator sets 
is used with one major exception. Conversion from in-pit 
AC power to controllable DC power is performed statically. 
High AC voltage is fed via the trailing cable to a 
shovel-mounted main transformer which steps down the in-pit 
AC voltage to about 600 volts. This lower AC voltage is 
then fed to solid state devices called thyristors (SCR) 
which provide controlled DC power by means of proper 
control of the gates of these devices. The controlled DC 
power then furnishes the designed voltage and current. to 
the DC motion motors in a manner similar to the DC 
motor-generator system. DC static control thus eliminates 
the need for the large heavy main AC induction motor and DC 
generators associated with DC motor-generator systems (see 
figure 4.3).
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Thyristor converters generally exhibit an improved 
electrical efficiency rating over motor-generator systems 
(87% versus 75%). They are also easier to install, and 
their use eliminates generator-commutation and brush 
maintenance as well as vibration, bearing, and noise 
problems. Harnischferger currently equips all their medium 
to large capacity shovels (17 to 60 yds) with DC static 
control. The Marion Power Shovel Division of Dresser 
Industries also uses a DC static control system called 
"Excavator Static Power Conversion" on some of their larger 
shovel models such as the Marion 191-M (12-30 yds) and the 
Marion 204-M (20-40 yds).

AC controlled frequency is the latest type of 
electrical control system used on electric mining shovels. 
Introduced by the Bucyrus-Erie Company in 1981, individual 
AC motors for all the primary shovel motions replace the 
large main AC motor and DC generators and motors associated 
with DC motor-generator systems. AC controlled frequency 
is similar to DC static control in that solid state 
integrated circuit boards replace bulky motor-generator 
sets and controls. The result is an overall reduction in 
shovel machine weight and an increase in electrical 
efficiency (83% versus 75%). Bucyrus-Erie currently uses 
an AC controlled frequency system called "Static AC 
Variable Frequence Drive" on their larger shovel models, 
the 295-BII (22-45 yds) and the 395-B (25-60 yds).
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4.2.1.2 Diesel Shovels. Diesel-powered shovels 
have as their main power supply diesel engines in lieu of 
in-pit AC power. An engine and mechanical torque converter 
system is commonly used to power all the motions for very 
small capacity diesel shovels like the Bucyrus-Erie model 
88-B (100 yds). Diesel-electric systems, where 
diesel-engine-driven DC generator sets replace the trailing 
cable ' and main AC motor of standard DC motor-generator 
systems, have been manufactured in the past. Marion Power 
Shovel offered a diesel-electric option on their model 
191-M with a rated dipper capacity of 12 to 22 yds.

Currently, diesel power is popular only on small 
capacity shovels ranging in size from 5 to 10 yds. Mining 
applications for diesel-powered shovels have been very 
limited because of higher operating costs and lower 
mechanical availabilities when compared to electric shovels 
of similar dipper capacity. Diesel shovels provide a 
favorable power option in special operating situations 
where an in-pit power distribution system is inexistent or 
economically impractical. Small mine operators with 
numberous distant loading locations especially favor the 
mobility and freedom of diesel-powered shovels.

When modelling the performance of mining shovels, 
the mining engineer must always be cognizant of the 
potentially dramatic differences in production and cost 
parameters between electric and diesel shovels. Notably
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important are differences• in move-up time, travel time 
between loading locations, and capital and operating costs.

4.2.2 Hoist System
A conventional hoist system used on the majority of 

shovel models consists of DC motor(s) coupled to a hoist 
drum through a double reduction gear assembly. Hoist ropes 
are secured to the drum, which has machine-turned grooves, 
by wedges or bolts. Figure 4.4 illustrates a conventional 
shovel hoist machinery arrangement.

There are currently two basic modifications to the 
standard hoist machinery discussed above. Harnischferger 
employs a "Magnetorgue" hoist drive system (see figure 4.2) 
on all their shovels equipped with DC motor-generator 
systems--typically small to medium capacity models (5 to 
17 yds). The magnetorgue system is driven by the main AC 
induction motor and transmits torque by means of 
electromagnetic forces. The second type of modified hoist 
system simply involves the replacement of DC hoist motors 
with AC motors whenever AC controlled frequency systems are 
used.

4.2.3 Crowd System
Shovel manufacturers exclusively use one of two 

differnt design methods to achieve the crowd and retract 
motion of the dipper handle: rack and pinion or wire rope 
system. Harnischferger, Marion, and Northwest Engineering
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all use a rack and pinion crowd design whereas Bucyrus-Erie 
uses a wire rope system. The type of crowd system may 
influence shovel dig time, swing time, and mechanical 
availability. Specific operating advantages are inherent 
to each crowd system and must be considered during the 
estimation of shovel production and cost information.

Rack and pinion crowd systems are used on the 
majority of mining shovels. Rack and pinion systems 
consist of a variable speed, reversable electric motor and 
double reduction gear assembly mounted directly on the 
shovel boom immediately below the shipper shaft. Figure
4.5 represents a typical rack and pinion crowd machinery 
arrangement. A multi-belt drive between the motor and 
first gear reduction is commonly employed to absorb shock 
loading. The dipper handle is twin-legged with racking 
(saw-tooth pattern of gears) on the underside designed to 
mesh and be driven by pinions on either side of the shipper 
shaft.

The wire rope crowd system consists of a crowd 
motor coupled to a crowd drum through a tripple reduction 
gear assembly all located on the machinery deck of the 
revolving frame. A crowd rope dead-ends at the crowd drum 
and is secured alongside each side of the central drive 
gear. A retract rope likewise dead-ends at the crowd drum 
but is secured at each end of the drum. Crowd and retract 
motion is transmitted through the wire ropes and directed
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along the axis of the dipper handle by large diameter 
sheaves mounted on the shipper shaft, two on each side of 
the saddle block. The crowd rope passes over a spring 
loaded sheave at the top end of the dipper handle, while 
the retract rope passes around a 180 degree flange located 
at the bottom or dipper end of the handle.

%
4.2.4 Swing System

All four major shovel manufacturers use a swing 
machinery assembly similar to the system shown in figure 
4.6. A mining shovel's upper frame and front-end assembly 
can be revolved 360 degrees in either direction by 
employing a system of circular rails and tapered rollers. 
Power to achieve the swing motion is developed by 
vertically mounted, variable speed reversable DC (or AC) 
electric motors and tripple reduction gear assemblies 
positioned on the upper end of the final swing shaft mesh 
with the large swing gear bolted to the crawler frame, 
causing the upper frame to revolve around the center pintle 
when power is applied.

Individual shovel swing times are obviously 
directly related to the swing motor rated horsepower, the 
gear assembly total reduction ratio, and the total number 
of swing motor and gear assembly units used. These 

. variable design factors must always be considered when 
estimating swing time for specific shovel models.
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4.2.5 Propel System
Due to the great weight of mining shovels, propel 

systems are geared very low. Maximum propel speed ranges 
from 0.8 to 1.3 mph, with an average of about 1.0 mph. 
There are three main types of shovel propel system: upper 
works hoist/propel, upper works propel, and lower works 
propel. Each is briefly described below.

Upper works hoist/propel systems are used only on 
small capacity shovels like the Bucyrus-Erie model 155-B 
(11 yds). Power is transferred from the hoist motor 
located on the machinery deck of the revolving frame to the 
crawler assembly on the lower works. Power from the motor 
travels through spur gear reductions to a vertical propel 
shaft. From the vertical propel shaft, bevel gears 
transmit power to the front of the machine through the 
propel brakeshaft and possibly to the rear of the machine 
through the horizontal jackshaft.

Upper works propel systems employ power transfer 
machinery similar to upper works hoist/propel systems. The 
only major difference is the use of a separate vertically 
mounted electric propel motor mounted on the machinery 
deck, independent of all motions other than propel. Upper 
works propel systems are commonly used only on small 
capacity shovels such as the Harnischferger 1400 (5 yds) 
and Harnischferger 1600 (8 yds) models.
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Lower works propel is the system used universally 
on all medium to large capacity shovels. Thi-s popular 
propel system has the propel motor and gear assembly 
mounted directly on the crawler frame .between the two final 
drive sprockets; a major innovation in shovel propel design 
making possible the total elimination of vertical and 
horizontal shafting within the carbody and their attendant 
bevel gears. The system consists of a variable speed, 
reversable electric motor which may receive its power from 
the hoist generator (B-E) or from the crowd generator 
(P&H). Power is routed through a transfer switch to the 
propel collector rings located in the revolving frame and 
then to the externally mounted propel motor. Gear 
reduction commonly includes a tripple reduction propel 
transmission in conjunction with a fourth reduction at the 
final drive gear. Steering is accomplished with disc type,, 
steering clutches and shoe type brakes. The arrangement of 
the lower works propel machinery is shown in figure 4.7.
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4.3 Preliminary Selection of Shovel Type
Preliminary selection of shovel type is an 

equipment selection procedure involving the study of 
variations in shovel design in order to select favorable 
shovel models for further detailed production and cost 
analysis. "Shovel type" may refer to only a general 
description characterized by the basic type of power 
system, electrical control system, and primary motion 
systems. In other studies, preliminary selection of shovel 
type may include the identification of specific shovel 
manufacturers and models. This procedure is a logical 
progression in the proper analysis and selection of mining 
equipment. Many of the considerations are similar to the 
discussion on preliminary selection of loader type (see 
section 2.4). This section serves to remind mining 
engineer's that these same 22 considerations must also be 
analyzed during the study of potential shovel types.

Shovel design directly influences numerous 
production and cost parameters: shovel dig time, swing 
time, move-up time, travel time, dipper fill, machine 
availability, operator efficiency, and overall capital and 
operating cost. A summary of the various relationships 
between shovel design componentry and machine performance 
is given in table 4.1.
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Table 4.1 Performance Factors Influenced by Mining Shovel 
. Design

Design Component Performance Factor

Power System

Hoist System

Crowd System

Swing System

Propel System

° Owning and Operating Cost 
° Machine Weight 
° Shovel Mobility 
° Electrical Efficiency 
° Move-Up Time
° Travel Time Between Locations 
° Mechanical Availability
° Digging Time 
° Breakout Force 
° Mechanical Availability
° Machine Weight 
° Digging Time 
° Swing Time 
•° Dipper Fill Factor 
° Mechanical Availability
° Swing Time
° Mechanical Availability
° Machine Weight 
6 Move-Up Time
° Travel Time Between Locations 
° Mechanical Availability
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In addition to differneces in shovel performance 
and cost associated with variations in shovel design, the 
mining engineer must be cognizant of important 
nonquantitative considerations such as machine safety, mine 
mobility, previous operating experience, equipment 
standardization, existing support equipment, and shovel 
manufacture availability. Early communication with the 
mine manager, operating department, and mine equipment 
maintenance department is vital. A pragmatic approach must 
also be used during the preliminary selection phase. For 
example, knowledge of a mine manager's strong 
predisposition for a specific shovel manufacturer may 
immediately eliminate the need for any further analysis of 
other shovel manufacturers' models.

Equipment application (computer) programs with 
simplified production and cost routines can be used 
successfully during the preliminary equipment selection 
process. Discernable differences in shovel types can be 
generated by modeling shovel performance using operating 
parameters specific to each shovel model. After reviewing 
the basic differences in machinery design, the local 
empirical considerations, and possibly simplified 
comparative models of shovel production and cost, the 
mining engineer may have enough information to narrow the 
shovel selection process down to one or more shovel types.
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Chapter 4 presents a discussion of the principal 
machinery components and design differences of modern 
mining shovels. It establishes the basic foundation of 
shovel design upon which all shovel type preliminary 
studies are based. The information provided in this 
chapter is often inadequate for some preliminary selection 
studies, depending upon the required degree of 
sophistication. Much additional detailed information is 
available from individual shovel manufacturers. Mining 
engineers must exhibit the fortitude and common sense 
needed to obtain the necessary information to complete the 
preliminary selection study of shovel type.

This chapter introduces important shovel design 
differeneces in an unbiased, informative manner. 
References to specific equipment models throughout the 
thesis are used only to provide a common point of focus for 
the subject matter. These references in no way represent 
any personal recommendation on equipment manufacturers or
models.
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CHAPTER 5

MINE HAULAGE TRUCK DESIGN

Haulage trucks are currently manufactured for use 
in a wide variety of mine operating conditions. Over the 
years, mining trucks have become very specialized haulage 
units. Each truck is a composit of numerous design 
considerations such as method of dumping, type of engine 
and transmission, number of drive wheels, etc. This 
chapter presents an extensive discussion (similar to 
chapter 4) of the major truck design components hereinafter 
classified under three main truck configuration sections: 
1) body, 2) chassis, and 3) power train. Major design 
components include all structural and mechanical systems 
which substantially influence truck performance and 
application. Operating advantages, disadvantages, and mine 
applications of each specific design component are 
examined. The final section summarizes the methods and 
importance of performing a preliminary selection of truck 
type based upon obvious distinctions in truck design.
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5.1 Truck Body Design
The first and one of the most important design 

considerations for mine haulage trucks is the truck body. 
The term "body" (also called bed or box) refers to the 
fabricated metal structure which confines the load during 
transport. Figures 5.6 and 5.8 (presented in section 
5.1.3.1) are examples of typical rear dump truck body 
designs. Vehicle unit production is directly related to 
the efficiency with which the body design carries and 
discharges the load. Important considerations of body 
design include: 1) capacity, 2) material classification,
3) method of discharge, and 4) optional equipment.

5.1.1 Capacity
Mine haulage trucks are classified according to 

size first on the basis of payload capacity (load's dead 
weight delegated by the truck's rated structural 
capability) and second on the basis of the body's 
volumetric capacity. For small to medium sized trucks, 
manufacturers usually provide only one standard body size. 
But as payload capacities exceed 75 st, mine truck 
manufacturers offer a variety of optional body sizes 
designed for handling materials of various densities 
(Burton 1975c, p. 32). A case in point is Wabco's 170D 
unitized rear dump truck which comes equipped with a 
standard body rated at a 2:1 heaped capacity of 110 yds and
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four optional bodies. Material design density ratio for 
the standard body at a rated payload capacity of 170 st is 
3,090 lbs/yd. The four optional bodies have 2:1 heaped 
capacity ratings of 120, 127, 135, and 145 yds.

Body volumetric capacities are issued by the 
Society of Automotive Engineers (SAE) for mine truck bodies 
manufactured in the U.S. as struck and heaped measurements. 
Bishop (1968, pp. 562-563) described the SAE definition of 
struck capacity as:

The actual volume enclosed by the body struck off 
by a straight line passed along the top edge of the 
side plates, given to the nearest 0.1 cubic yard.
For bodies with an open end (rear dump bodies), the 
capacity at such end shall be limited by a plane 
passing through the rear most edge of the open end 
and top rear corners of the side plates or at a 
slope of 1:1 extending upward and inward from the 
rear most edge of the open end, whichever gives the 
smaller capacity.

Heaped capacity is similarly described as:
The sum of the struck capacity and the volume 
enclosed by the four planes at a designated slope 
ratio (SAE standard is 2:1) of horizontal to 
vertical extending upward and inward from the top 
edges of the side and end plates or load carrying 
extentions thereof. For bodies of 12-yd struck 
capacity and larger, the heaped capacity shall be 
given to the nearest whole cubic yard.

Some mine truck specification sheets include heaped
capacity ratings for 3:1 and/or 1:1 material slopes.
Heaped capacity ratings for any body configuration and
material slope ratio can always be obtained by directly
contacting the equipment manufacturer.
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The main criteria for selection of optimum body 
capacity is maximum utilization of rated payload and 
volumetric capacity. Material properties such as weighted 
average density, swell, and angle of repose are important 
considerations during the calculation of the ideal body 
volumetric capacity for given truck rated payloads. This 
body selection process is based upon selecting the body 
configuration and size option which provides the smallest 
fractional volumetric capacity above ideal body capacity. 
The amount of unused body capacity should always be 
minimized because it represents capital expenditure for 
vehicle dead weight.

When transporting material much lighter than the 
average mine material, sideboards can be temporarily used 
to maintain maximum payloads (see section 5.1.4.3). Avoid 
the purchase of large capacity bodies which, under average 
material loading conditions, encourages truck overloading. 
Truck overloading refers to the common practice of 
exceeding the truck's rated payload capacity in order to 
carry the full body capacity. Excessive and continuous 
truck overloading is underesirable; resulting in premature 
frame, transmission, and tire failure.

A secondary criteria for selection of optimum body 
capacity involves matching the truck body size as close as 
possible with a number of complete passes from a cyclic 
loader. This process includes consideration of the rated
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dipper capacity, dipper - fill factor, material density, 
material swell, and angle of repose. Truck size 
standardization may also be an important consideration when 
increasing the unit number of haulage trucks at existing 
mine properties.

5.1.2 Material Classification
Truck body designs differ according to the physical 

characteristics of the mine material. A typical example is 
the use of special large capacity bodies in place of 
standard rock bodies in many U.S. coal mine operations (see 
figures 5.1 and 5.2). The decision whether to use rock 
bodies for both overburden and coal removal or to operate 
separate overburden and coal truck fleets must be based 
upon a logical analysis of such factors as: 1) the length 
and severity of haul, 2) differences in physical properties 
between waste and ore material, 3) ratio of total waste to 
ore, and 4) differences in initial capital costs including 
the cost of additional haul units. Based upon past 
experiences of U.S. surface coal mines located in the 
Wyoming Powder River Basin (where the ratio of ore to waste 
material is very high and there is a substantial difference 
in material density), separate coal haulage fleets with 
oversized coal bodies have been economically justified. 
Benefits of operating separate truck haulage fleets with 
bodies matched to special material conditions include
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Figure 5.1 Unitized Rear Dump Truck--44 yd Rock Body 
(Wabco 75B)

Figure 5.2 Unitized Rear Dump Truck— 72 yd Coal Body 
(Wabco 75B)
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increased unit production and maintenance of similar travel 
speeds for ore and waste haulage.

Another example of body design changes for a 
special class of material is the use of light weight 
aluminum bodies in mine truck haulage. The 
aluminum-plus-steel configuration results in a lighter 
weight body, thus allowing for either an increase in body 
design capacity or a decrease in truck vehicle weight. As 
noted by Bowers (1984), aluminum bodies were used almost 
exclusively in bauxite mining. But this trend is currently 
changing in favor of the more durable steel bodies. Truck 
manufacturers and construction parts suppliers should be 
contacted for specifications, application data, and costs 
on aluminum bodies.

This section emphasizes the importance of 
considering the material's physical parameters, especially 
loose density and degree of abrasiveness, when selecting 
truck body capacity and type of construction. The mining 
engineering staff must remain knowledgeable of the current 
and future success of optional body configurations for 
special material types. The objective at this stage in the 
study of mine truck haulage is early identification of 
possible alternative body designs. Final determination 
regarding optimum body capacity and construction should be 
made only after performing detailed truck haulage 
production and cost studies.
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5.1.3 Method of Discharge
The method of discharge is one of the most 

important fundamentals of truck design. Mine haulage 
trucks are classified according to the method of discharge 
as either rear dump, bottom dump, or side dump vehicles. 
Haulage trucks are further classified according to the 
frame design as either unitized or tractor-trailer units. 
A discussion of unitized versus tractor-trailer design is 
presented in detail in section 5.2.1. Figures 5.3 and 5.4 
illustrate the conventional unitized rear dump design and 
the less traditional tractor-trailer rear dump design 
respectively.

Selection of the best method of discharge should be 
based primarily upon the existing type of material and the 
required dumping method. Secondary factors include the 
method of loading, severity of haul, and the amount of 
maneuvering space at the loading and dumping sites.

For certain mining operations, obvious operating 
conditions may conclusively dictate the use of a specific 
type of truck discharge design. But for many mining 
operations, selection of the best method of discharge 
requires a detailed numerical analysis of the relationship 
between truck discharge design and truck haulage 
performance factors such as dumping time, maneuver to load 
time, maneuver to dump time, and travel time over specific 
haul profiles. This section provides a general description
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Figure 5.3 Unitized Rear Dump Truck 
(Dart 2085)

Figure 5.4 Tractor-Trailer Rear Dump Truck 
(djb D35)
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of each type of dumping action including a discussion of 
the basic operating advantages, disadvantages, and mine 
applications.

5.1.3.1 Rear Dump. Haulage trucks with rear dump 
design have the body pivotally mounted near the rear of the 
haul unit frame. Dumping is initiated by hydraulic rams, 
mounted centrally on the frame beneath the truck's body, 
which raise the front end of the body about the rear pivot.

During the early mining days, quarry bodies were 
used almost universally on rear dump trucks. Quarry bodies 
had vertically flared sides which provided for a larger 
target area (Bishop 1968, p. 561). This permitted the 
shovel operator to lower the dipper closer to the body 
floor,* thus reducing the loading impact on the truck body 
and chassis. The quarry body design became outdated as 
manufacturers introduced better truck suspension systems 
and thicker, high-strength steel plates for body floors.

There are currently two popular types of rear dump 
body design offered by mine truck manufacturers: standard 
and V type. Both types have vertical sidewalls and a 
frontwall with a backward slope ranging from 15 to 35 
degrees. The major distinguishing difference is the design 
of the floor.

In its simplest form, the standard type body design 
has a floor composed of two or more plates with no
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side-to-side (transverse) slope but having a range of 
front-to-rear (longitudinal) slopes. This split floor 
plate profile characteristic of standard type bodies is 
evidenced in figure 5.5. The front floor plate is usually 
designed with a flat or slightly forward slope at 5 to 10 
degrees. The rear plate (ducktail) is typically sloped 
forward at 18 to 20 degrees; designed to retain the load on 
steep grades. On some standard body designs, the front 
floor plates are also given a transverse V slope of 
approximately 6 to 10 degrees from the sidewalls to the 
center of the bed (see figure 5.6). This front V-bottom 
design helps deflect loading shocks. Major off-highway 
truck manufacturers currently using the standard body 
design include: Caterpillar, Euclid, International, and 
Terex.

The V type body design has a distinctive V-shaped 
profile formed by the intersection of the frontwall and 
floor plate as shown in figure 5.7. All V type rear dump 
bodies have one or more floor plates. Each plate is a 
single unit from front to rear. Thus, the V type floor 
design provides a smooth single longitudinal slope. The 
simplest V type body using a single floor plate is the 
monocogue floor design by the Dart Truck Company which has 
an uncharacteristic slight curve in the longitudinal 
profile. Other manufacturers including Wabco use two or 
more plates to achieve a continuous transverse V-bottom
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Figure 5.5 Standard Type Rear Dump Body Profile 
(Euclid R-120)

Canopy

vertical

Frontwill

slight backward slope

Front Floor Plates

5° - 10° forward slope 

6° - 10° side slope Rear Floor Plate

18° - 20° forward slope

Figure 5.6 Standard Type Rear Dump Body Design 
(Caterpillar 773B)
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Figure 5.7 V Type Rear Dump Body Profile 
(Wabco 120CM)
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Figure 5.8 V Type Rear Dump Body Design 
(Wabco 12001)
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design from frontwall to tailgate. Figure 5.8 depicts such 
a V type body design. The floor plates are typically 
sloped forward approximately 15 degrees with a slight 
transverse slope of about 5 degrees.

Selection of the best type of rear dump body design 
is ultimately based upon the ability of the floor design to 
quickly shed its load resulting in efficient dumping times. 
The efficiency of the floor design also depends on the type 
of material hauled, the condition of the material, and the 
truck's designed dumping angle. Differences in rear dump 
body design may also influence the location of the 
vehicle's center of gravity; an important consideration for 
proper determination of the unit's tractive effort on steep 
haul grades. According to a publication by the 
Bucyrus-Erie Company (Surface Mining Supervisory Training 
Program— Shovel/Truck 1979, p. 5B.12), there is a current 
trend away from standard type bodies in favor of the V 
design.

Because of their great haul versatility, rear dump 
trucks are used in the majority of surface mining 
operations, worldwide. Following is a list of the 
fundamental operating advantages of rear dump design as it 
pertains to both unitized and tractor-trailer rear dump
trucks:
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(1) Capability of efficiently hauling and
discharging any type of material ranging from 
heavy, coarsely blasted rock to light, 
free-flowing material such as dry sand.

(2) Rear dump discharge is the safest and most 
economical method of dumping material over an 
embankment edge. This is a common mining 
practice during the construction of large 
waste dumps.

(3) Rear dump trucks are equally proficient at 
discharging their load into stationary 
receiving hoppers.

(4) Heavy construction and massive suspension 
systems allow rear dump trucks to accept 
heavier impact loads common when loading 
dense, coarsely blasted material.

(5) Rear dump trucks are generally built stronger 
and more durable than conventional 
tractor-trailer bottom dump trucks of similar 
payload capacity. This is evidenced by 
slightly lower payload to gross vehicle weight 
ratios. For example, the payload-weight ratio 
of Euclid's 120-st capacity tractor-trailer 
bottom dump truck model CH-120 is 62.3% while
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Euclid's unitized rear dump truck model R-120, 
with the same payload capacity, has a lower 
payload-weight ratio of 57.2%.

(6) Rear dump design enables the use of a very 
short truck wheel base which minimizes the 
vehicle's overall length. Because the body 
rests on top of the rear axle for both 
unitized and tractor-trailer rear dump trucks, 
the chassis can be designed much shorter in 
length than conventional tracter-trailer 
bottom dump trucks. A case in point is 
Euclid's 120-st capacity unitized rear dump 
truck model R-120 which has an overall vehicle 
length of 37.0 ft. In comparison, the overall 
vehicle length of Euclid's 120-st capacity 
tractor-trailer bottom dump truck model CH-120 
is 68.4 ft, almost twice the length of a 
conventional rear dump truck of similar 
payload capacity. A short overall length 
greatly benefits vehicle maneuverability.

(7) Location of the body over the rear drive axle 
produces favorable drive traction for haulage 
on steep grades. Based on the loaded vehicle 
weight distribution of Euclid's 120-st 
capacity truck models R-120 and CH-120, the
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unitized rear- dump truck design has 
approximately 68% of the gross vehicle weight 
located over the drive wheels while the 
tractor-trailer bottom dump truck design has 
only 39%.

(8) Rear dump trucks are commonly equipped with
larger engines than conventional
tractor-trailer bottom dump trucks of similar 
payload capacity to allow for travel over 
steep grades and difficult haul conditions. 
One measure of the power/performance 
capability of haulage vehicles is the ratio of 
engine brake horsepower to gross vehicle 
weight. For example, Euclid's unitized rear 
dump truck model R-120 has a power-weight 
ratio almost 50% greater than Euclid's 
tractor-trailer bottom dump model CH-120 of 
equal payload capacity (5.72 versus 
3.89 bhp/st).

(9) Conventional rear dump trucks have a greater 
overall gradeability than tractor-trailer 
bottom dump trucks due to the combination of 
better traction (higher percent gross vehicle 
weight on drive wheels) and larger engines 
(higher power-weight ratios).
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Rear dump body design also poses some interesting 
operating disadvantages. A list of the important operating 
disadvantages of rear dump haulage trucks is presented 
below:

(1) Rear dump trucks exhibit substantially higher 
loading heights than bottom dump trucks of 
similar volumetric capacity. Tall rear dump 
truck profiles result from positioning the
rear dump body on the back of the truck
chassis. A low loading height is very
advantageous for quick and easy loading. The 
loading height of rear dump trucks typically 
increases with an increase in body volumetric 
capacity. For example, the empty loading 
height of Wabco's 120-st capacity unitized 
rear dump truck model 120C increases 35% (from 
14.75 to 19.8 ft) when the standard rock body 
with a 2:1 heaped capacity of 83 yds is 
replaced with an optional coal body rated at a 
3:1 heaped capacity of 170 yds. In 
comparison, Wabco manufactures a 120-st 
capacity tractor-trailer bottom dump coal 
hauler with a 3:1 heaped capacity rating of 
150 yds but an empty loading height of
14.2 ft.
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(2) Rear dump trucks have slightly higher empty 
vehicle centers of gravity and moderately 
higher gross vehicle centers of gravity when 
compared with bottom dump trucks of similar 
volumetric capacity. A low vertical center of 
gravity improves lateral stability while 
traversing curves along the haul road, 
resulting in increased travel speeds and 
reduced tire wear.

(3) Rear dump trucks are not designed for 
spreading a load while travelling. Movement 
with the bed fully raised can cause severe 
damage to the frame and hoist mechanism. In 
very rough dump areas, there is the danger of 
overturning the truck.

(4) Long maneuver to dump times. Rear dump trucks 
have longer spot times at dumping sites than 
bottom dump trucks of similar size because the 
rear dump discharge method requires 
time-consuming back-up maneuvers.

(5) Long dump times. The time required to fully 
raise and lower the large bodies of rear dump 
mine haulage trucks is considerably longer
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clamshell doors) used by bottom dump trucks.
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(6) Slightly increased safety hazard. Rear dump 
trucks normally use a back-up motion when 
maneuvering to dump and sometimes when 
maneuvering to load. A potential safety 
hazard exists whenever these large vehicles 
travel in reverse because their great size 
creates a blind zone when backing up (Bares 
1985, fig. 3.1, p. 21). A second potentially 
hazardous condition may exist when rear dump 
trucks are operated too close to the edge of 
large waste dumps.

(7) The vertical dimension of truck maintenance 
and repair bays must accomodate the additional 
height of rear dump trucks with their dump 
bodies in a fully raised position.

Rear dump trucks are ideally designed for the 
transportation of heavy, bulky material over difficult haul 
conditions such as negotiating steep haul grades and 
powering through loose ground conditions. The huge
popularity of rear dump trucks among mine operators is 
largely due to the design's great haul and dump
versatility. The rear dump design is unique in its ability
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to efficiently haul and discharge the full range of broken 
material type, weight, and size encountered in modern 
mining operations. Rear dump action also provides for dump 
versatility. Rear dump trucks are equally proficient at 
dumping into restricted hoppers or over the edge of waste 
dumps. Because of these and other operating advantages 
previously outlined, the rear dump design is the most 
utilized method of material discharge among mine truck 
haulage operations.

5.1.3.2 Bottom Dump. Based upon the type of 
frame, bottom dump trucks are classified (similar to rear 
dump trucks) as either tractor-trailer or unitized units. 
The large majority of bottom dump trucks used in mining 
operations are of the tractor-trailer design as shown in 
figure 5.9. This section refers primarily to the much more 
popular tractor-trailer bottom dump design. A typical 
unitized bottom dump truck design is given in figure 5.10. 
Although both designs share many of the same performance 
characteristics, any differences are noted where 
appropriate.

Modern tractor-trailer bottom dump trucks are 
powered by tractor units which are modified versions of the 
rear dump truck chassis with the dump body replaced by a 
trailer hitch (see figure 5.9). Trailers have a gooseneck 
hitch arrangement at the front and a single or double slave
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Figure 5.9 Tractor-Trailer Bottom Dump Truck 
(Dart 4120)

Figure 5.10 Unitized Bottom Dump Truck 
(Unit Rig BD-30)
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axle at the rear. This design maximizes the payload 
capacity of the tractor unit by sharing the load between 
the tractor and trailer axles. The discharge system used 
almost universally on all bottom dump trucks consists of 
two hydraulic or air operated clamshell doors.

Although many of the subsequent points have already 
been introduced in section 5.1.3.1, following is a 
comprehensive list of the operating advantages of bottom 
dump design as it applies to tractor-trailer and unitized 
bottom dump mine haulage trucks:

(1) Low loading heights. Bottom dump trucks have
loading heights approximately 25% lower than 
rear dump trucks of similar volumetric 
capacity. Bottom dump bodies are
distinguished by their low and very long 
profiles, thus enabling favorable loading 
heights for these large capacity haulers.

(2) Low vertical centers of gravity. Bottom dump 
trucks have lower empty and gross vehicle 
centers of gravity when compared with rear 
dump trucks of similar volumetric capacity.
With the payload moved off the back of the 
unitized truck chassis, the bottom dump 
configuration provides a lower center of



209

gravity resulting in better performance on 
haul roads.

(3) Bottom dump design allows for the discharge of 
material onto the ground in long narrow 
windrows while the vehicle is in motion. This 
method is commonly used in civil projects and 
can be successfully applied to the 
construction of mine haul roads, dams, and 
stockpiles.

(4) Short maneuver to dump times. Bottom dump
mine haulage trucks commonly discharge ore
material into special drive-over dumping 
stations. Maneuver to dump times are very
short due to the elimination of the time 
consuming back-up maneuvers required when 
spotting rear dump trucks.

(5) Short dump times. Bottom dump trucks
generally experience shorter dump times than 
rear dump trucks of similar volumetric 
capacity. Material is quickly discharged by 
gravity immediately after the clamshell doors 
are sprung open. Bottom dump trucks can also 
begin travel after the body is empty, whereas
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rear dump trucks normally must wait until the 
body is fully lowered.

(6) Improved tire loading.. Conventional rear dump 
trucks utilize a front steering axle with 
single-mounted tires and a rear axle with 
dual-mounted tires for a total of 6 tires. 
Unitized bottom dump trucks have dual-mounted 
tires on both the front and rear axles for a 
total of 8 tires. Tractor-trailer bottom dump 
trucks come standard with dual tires on the 
trailer axle for a total tire count of 10. 
Compared to conventional rear dump trucks, the 
weight of bottom dump trucks is distributed 
over more tires. The result is a reduction in 
tire loading, expecially on the front tires. 
Improved tire loading makes the bottom dump 
truck design better suited for longer hauls 
and higher travel speeds.

Some important operating disadvantages of bottom 
dump design are presented below:

(1) Limited to free-flowing material. Bottom dump 
trucks discharge their load through a long yet 
relatively narrow opening. Most modern bottom 
dump mine haulage trucks have a maximum door
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opening of approximately 5 feet. But much 
smaller particles can bridge the bottom 
opening, preventing material discharge. For 
these reasons, bottom dump trucks are limited 
to carrying free-flowing material of modest 
partical size (18 inches and under) such as 
earth, sand, gravel, crushed stone, and coal.

(2) Limited to light material. The material 
design density ratio (payload capacity per 2:1 
heaped volumetric capacity) of most bottom 
dump trucks ranges from 1,375 to 1,500 lbs/yd. 
This indicates that bottom dump trucks are 
designed specifically to carry low density 
material. Another consideration is the 
structural integrity of the body. Bottom dump 
bodies have to withstand the same shock 
loadings as rear dump bodies, but not the 
racking forces during hoisting. Consequently, 
in order to achieve a large capacity body 
without dramatically increasing the vehicle 
dead weight, the bottom dump body is usually 
constructed of thinner alloy steel plates with 
lower yield strength ratings. For example, 
the Dart 3120 is a 120-st capacity unitized 
rear dump truck with a body constructed of
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3/8-in thick, 100,OOO-psi steel side plates. 
The Dart truck model 4120 is a tractor-trailer 
bottom dump design with the same payload 
capacity, but the body side plates are 1/4-in 
thick, 50,OOO-psi steel. Tractor-trailer
bottom dump bodies are therefore not 
structurally designed to carry high density, 
bulky material. The structural integrity of 
unitized bottom dump truck bodies is very 
similar to the design strength of standard 
rear dump bodies.

(3) Bottom dump trucks are not capable of dumping 
directly over an enbankment edge. The 
majority of waste dumps and mine fill areas in 
the U.S. have been constructed using this 
simple but effective method.

(4) Bottom dump design is partly responsible for 
the very long vehicle length of 
tractor-trailer bottom dump trucks. For 
example. Unit Rig's 170-st capacity unitized 
rear dump truck model Mark 36 has a vehicle 
length of 38.75 ft. In comparison. Unit Rig's 
180-st capacity tractor-trailer bottom dump 
truck model BD-180 has an overall vehicle 
length of 78.2 ft. A longer vehicle length
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generally makes turning, backing up, and 
maneuvering more difficult.

(5) Limited drive traction. Tractor-trailer
bottom dump trucks have almost half the drive 
traction of unitized rear dump trucks because 
the weight of the trailer and load is located 
behind the tractor unit's drive axle. On 
steep upgrades, usually less than 40% of the 
gross vehicle weight is located over the drive 
wheels. For this reason, tractor-trailer
bottom dump trucks perform best on long, 
relatively flat hauls. Wunduh (1976, p. 28) 
noted that "conventional tractor-trailer
bottom dump trucks should not be used on 
grades above 5%." Unitized bottom dump 
trucks have an uncharacteristic rear engine 
drive design which generates very favorable 
drive wheel traction. A case in point is 
Wabco's model 170 Coalpak, a 170-st capacity 
unitized bottom dump truck which has 65% of 
the gross vehicle weight located over the 
drive wheels.

(6) Tractor-trailer bottom dump trucks have much 
lower power-weight ratios (engine brake 
horsepower per gross vehicle weight) than rear
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dump trucks of similar payload capacity. When 
rear dump bodies are replaced by bottom dump 
trailers, tractor chassis loading is greatly 
reduced by the addition of the trailer slave 
axle. This design change permits tractor 
units to haul trailers with much larger
payload ratings. A typical example is Terex's 
33-11D unitized rear dump hauler which has a 
rated payload capacity of 85 st. The same 
unitized chassis and power train is also used 
by Terex on their model 34-11C tractor-trailer 
bottom dump coal hauler which has a much 
larger payload capacity rating of 150 st. 
Unitized bottom dump trucks exhibit 
power-weight ratios comparable to most rear 
dump trucks.

(7) Tractor-trailer bottom dump trucks are
inferior to unitized rear dump and bottom dump 
vehicles with respect to mine haul
gradeability. Poor gradeability is a result 
of the low traction factor and low 
power-weight ratio associated with the 
tractor-trailer bottom dump design. Unitized 
bottom dump trucks are designed with better
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traction and larger engines to provide for 
excellent gradeability.

Bottom dump trucks are structurally designed for 
the proficient transportation of low density, free-flowing 
material over long haul distances and at high vehicle 
speeds. Bottom dump design allows for large capacity 
bodies with low vehicle profiles, low tire loading, and in 
the case of tractor-trailer bottom dump units, long vehicle 
lengths. Bottom dump trucks are capable of quickly 
discharging their load either into drive-over hoppers or 
onto the ground in long narrow windrows.

Conventional bottom dump trucks use a 
tractor-trailer design. Because of traction and power 
limitations, tractor-trailer bottom dump trucks perform 
best on long flat hauls. In contrast, unitized bottom dump 
trucks with rear engine drive have traction and power 
characteristics similar to unitized rear dump vehicles. 
Excellent gradeability is a major asset of unitized bottom 
dump trucks.

As discussed earlier, bottom dump trucks have 
serious material and vehicle operating restrictions. These 
restrictions indicate that bottom dump trucks are less 
versatile haulage units than rear dump trucks. Mining 
engineers must be acutely aware of these design limitations 
when considering the application of bottom dump trucks.
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Bottom dump trucks are specialized haulage units 
which have been used extensively in U.S. sand and gravel 
operations. Bottom dump trucks have also played a major 
role in the transportation of coal at many U.S. strip mine 
operations. A survey of 50% of the surface coal mines 
located in the central U.S. region reported that 70% of the 
total regional coal tonnage was hauled by bottom dump 
trucks with capacities ranging from 80 to 120 st 
(Evaluation of Current Surface Coal Mining Overburden 
Handling Techniques and Reclamation Practices. Phase II: 
Central U.S. 1976, p. 43).

5.1.3.3 Side Dump. Side dump haulage trucks are 
structurally designed very similar to rear dump trucks with 
one major exception--the direction of discharge. The side 
dump body is pivotally mounted on one side of the truck 
frame. Dumping action is initiated by hydraulic rams which 
raise the free side of the body about the side pivot.

Side dump truck designs have been used sparingly in 
the past at various quarry and pit operations. Over the 
years, side dump mine haulage trucks were gradually 
replaced by rear dump vehicles. Side dump trucks exhibited 
many of the favorable performance traits of rear dump 
trucks. But the side dump body design seriously reduced 
the vehicle's dumping stability. Danger of the truck 
overturning while dumping increased whenever the vehicle
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was operated near soft edges or carried wet material which 
had a greater tendency to adhere to the dump side of the 
body.

Today, the side dump design is rarely used in mine 
truck haulage applications. None of the major mine truck 
manufacturers currently offer side dump bodies as either 
standard or optional equipment (Bowers 1984). Small to 
medium capacity side dump trucks are generally custom 
manufactured by a limited number of special equipment 
suppliers. Local equipment dealers should be contacted for 
further information.

5.1.4 Optional Equipment
Mine haulage trucks are used to transport a wide 

variety of material types. Sometimes the match between the 
body design and the mine material is unsatisfactory. This 
condition may be permanent or only temporary. Equipment 
manufacturers provide a number of optional body items 
designed to increase the application range of truck bodies. 
Some of these items affect major changes in vehicle design 
and performance. This section discusses the merits and 
performance consequences of , three important types of 
optional body equipment: 1) wear plates, 2) friction 
resistant liners, and 3) sideboards.
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5.1.4.1 Wear Plates. Truck bodies are 
structurally designed to provide long life when carrying 
basic mine material. The minimum yield strength and 
thickness of steel bodies increase slightly with an 
increase in truck payload capacity. Most rear dump bodies 
are constructed of 80,000 to 100,000-psi strength steel 
with 1/2 to 3/4-in thick floor plates and 1/4 to 3/8-in 
thick front and side plates. Larger capacity trucks are 
occasionally equipped with 125,000-psi strength, 1-in thick 
floor plates for heavy duty loading. However, there are 
operations where the nature of the material, such as 
taconite ore, abrasive rock, etc., requires consideration 
of added body protection.

Wear plates (also called wear bars, liner plates, 
body liners, or liner strips) are high strength, high 
hardness steel plates that are welded to the floor, sides, 
and front of the body. Off-highway truck manufacturers 
offer wear plates as optional equipment normally only on 
rear dump truck models. Wear plates are classified 
according to location and function: "caps" are wear plates 
welded to the top of the body sides as protection against 
impact from the material or loading machine, whereas 
"formed plates" refers to wear plates welded over the 
junction of the main body and the cab protection canopy.
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A careful economic analysis must be performed prior 
to the decision to install steel wear plates. The primary 
function of wear plates is to prolong the useful life of 
rear dump bodies. The cost advantages of a longer body 
life must compare favorably with the disadvantages. 
Capital and installation cost must always be considered. 
More important, steel wear plates increase the weight of 
the body, affecting truck performance especially on long 
steep hauls. This added dead weight represents a constant 
performance liability on empty as well as loaded hauls. An 
illustration is Caterpillar's model 777 unitized rear dump 
truck which has optional floor, front, and side wall body 
liners (0.75-in thick) weighing a total of 12,060 lbs. 
This portrays a dramatic 42% increase in the weight of the 
standard body, and approximately a 10% increase in the 
empty vehicle weight. Where applicable, rubber has proved 
to be a good alternative to the use of expensive, heavy 
steel wear plates.

5.1.4.2 Friction Resistant Liners. Material 
hanging up along body surfaces (especially along corners) 
is often a major problem in frigid climates or when hauling 
adhesive material. Most rear dump truck manufacturers 
offer exhaust heated bodies as standard equipment. Heat 
from the vehicle's exhaust system is channeled through 
hollow sections of the truck body, designed to heat up the
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body surface and dry the material layer in immediate 
contact with the body. Dry material has a much lower 
adhesion factor than moist or partially frozen material. 
Exhaust heated bodies have proven successful in many mining 
applications. One example is the Jamaican bauxite mines 
which use heated rear dump bodies to reduce ore build-up--a 
serious problem whenever the bauxite becomes wet and sticky 
(Lyew-Ayee 1973, p. 9).

A growing number of mine operators are using a 
special body option called friction resistant liners. 
These are polyurethane liners with very low coefficients of 
friction. In addition to refucing material build-up, 
friction resistant liners often serve a dual purpose as 
body protection. The disadvantages of friction resistant 
liners are similar to those of body wear plates discussed 
earlier: added capital and installation cost, increased 
vehicle weight, and slight decrease in body volumetric 
capacity. Friction resistant liners are available from 
special equipment manufacturers for most body designs.

5.1.4.3 Sideboards. The volumetric capacity of 
truck bodies should be closely matched to the desired 
payload and average mine material density. But specific 
mine areas will have natural variations in material 
density. In order to permit haulage trucks to carry their 
rated payload, it is sometimes advantageous to increase the
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body volume by the addition of sideboards (also called top 
extensions). Sideboards can be purchased from the truck 
manufacturer as special optional equipment, custom ordered 
from a metal fabrication shop, or manufactured on-site at 
the main shop.

The use of sideboards presents some important 
changes in vehicle cost and design. First, the capital and 
installation cost of the sideboards must be considered. An 
increase in vehicle weight is one of two design changes. 
Empty vehicle weight increases slightly due to the weight 
of the sideboards. For example. Caterpillar manufactures 
optional 6-in tall sideboards for use on their model 777 
unitized rear dump truck. These sideboards weigh 925 lbs, 
representing a modest increase in empty vehicle weight of 
less than 1%. Gross vehicle weight is increased by the 
weight of the sideboards plus the weight of the added 
material load. Manufacturers should be consulted regarding 
the heaped capacity ratings of their truck bodies with 
sideboards. The potential for truck overloading increases 
whenever sideboards are used. A more extensive program of 
periodically checking the material density and/or truck 
payload is recommended to minimize overloading problems.

A second important design change is an increase in 
vehicle loading height equivalent to the height of the 
sideboards. Associated with the increase in loading height 
is a small upward shift in the vehicles's loaded center of
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gravity. Loading heights of existing loading machines must 
always be carefully checked before installing sideboards.

Optional body equipment can improve or impair truck 
haulage productivity. A common problem is the 
indiscriminate analysis of optional equipment based soley 
on the obvious merits versus capital expenditure. Mining 
engineers must realize that some items have an important 
effect on truck vehicle performance. Optional body 
equipment such as wear plates, friction resistant liners, 
and sideboards influence one or more of the following truck 
design changes:

(1) Increase in empty vehicle weight.

(2) Increase in loaded vehicle weight.

(3) Decrease in body volumetric capacity.

(4) Upward shift in vertical center of gravity.

(5) Increase in vehicle loading height.

(6) Change in vehicle mechanical availability.

The use of any optional equipment which can 
dramatically affect truck vehicle design must always be 
preceeded by a comprehensive truck haul performance study 
including cycle time and cost of production analyses. Each
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case is different, depending on the specific vehicle design 
changes and the existing mine haulage conditions.

Another problem associated with the analysis of 
optional equipment is the tendency to study the merits of 
optional equipment only after specific haulage problems 
arise. The number of practicle solutions are greatly 
limited whenever the main loading and haulage equipment 
have already been purchased. Consideration of any optional 
equipment should always be made prior to the final 
selection of haulage unit type and size.

5.2 Truck Chassis Design
Off-highway truck manufacturers offer a number of 

different types of chassis design. "Chassis" is an 
automotive term referring specifically to the steel frame 
and suspension system. Differences in truck chassis design 
do not influence vehicle performance as dramatically as 
differences in body design. But there are some very 
important considerations, especially in frame design, which 
merit study. This section discusses the current types of 
frame and suspension designs used on mine haulage trucks.

5.2.1 Frame i
All mine haulage trucks are classified according to 

frame design as either unitized or tractor-trailer units. 
Selection of the best type of frame design is the most 
important consideration next to body design. Frame design
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differences, advantages, and disadvantages are reviewed 
below.

5.2.1.1 Unitized Frame. Figures 5.1, 5.3, and
5.10 presented in previous sections illustrate the various 
types of unitized mine haulage trucks. Unitized design is 
characterized by a rigidly built frame. Front and rear 
axles are part of a single, nonseparable structural unit. 
This allows for a short vehicle design length with the 
engine and operator's cab positioned close to the truck 
body. Cab guards, which protrude from the front of the 
truck body, are required to protect the truck operator 
during loading.

The unitized frame is responsible for some very 
important performance attributes. Main operating 
advantages of unitized frame design include:

(1) High drive traction. The conventional 
unitized truck design positions a majority of 
the loaded vehicle weight over the rear drive 
axle. The result is increased drive traction 
and improved gradeability on steep upgrade 
hauls. In comparison, the conventional 
tractor-trailer truck design uses front-axle 
drive (relative to the load) which limits the 
amount of gross vehicle weight distributed on 
the drive axle. For example, Euclid's model
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R-35 unitized rear dump truck has
approximately 67% of the gross vehicle weight 
located over the drive axle, while djb's model 
D35 tractor-trailer rear dump truck has only 
34% of the gross vehicle weight thus located.

(2) Short vehicle length. Unitized trucks have
shorter overall vehicle lengths than 
tractor-trailer trucks of similar volumetric 
capacity. The engine, cab, and transmission 
are carried on a single, shorter frame. A 
scaled comparison of the unitized rear dump 
truck shown in figure 5.1 with the
tractor-trailer rear dump truck in figure 5.4 
(section 5.1.2) clearly demonstrates this 
point. Short vehicle length benefits vehicle 
maneuverability.

(3) Excellent vehicle maneuverability. The
unitized truck design uses a single frame 
construction and a very short wheel base. 
Because of these basic design factors,
unitized trucks exhibit excellent vehicle 
maneuverability. A high degree of
maneuverability is very favorable whenever the 
haul requirements include backing up long
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distances and travelling in confined mine 
areas.

Unitized trucks have no major operating 
limitations. The unitized frame provides a very versatile 
truck design. Important advantages of the single frame 
construction include excellent vehicle gradeability and 
maneuverability. While able to function well in any mine 
haulage conditions, unitized trucks are "ideally" suited 
for mining applications involving: 1) steep upgrade hauls, 
2) long or frequent back-up maneuvers, and 3) confined 
work areas, presently, the great majority of mine haulage 
trucks are unitized vehicles.

5.2.1.2 Tractor-Trailer Frame. According to Wood 
(1977, p. 45), tractor-trailer trucks are also referred to 
as "wagons" or "pull trailers." The conventional 
tractor-trailer frame design consists of a tractor prime 
mover and a semi-trailer haul unit joined together at a 
pivot or joint connection.

There are two popular types of tractor-trailer 
truck designs used in mining operations. The first type is 
the bottom-dump coal hauler design shown in figure 5.9. 
Modern tractor-trailer bottom dump trucks are commonly 
powered by four-wheel tractor units with rear axle drive. 
Trailer bodies are distinctly long and narrow.
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The second popular type of tractor-trailer design 
is the tractor-trailer rear dump design, also known as 
"rocker" type rear dump trailers (Bishop 1968, p. 55). 
Present tractor-trailer rear dump truck models are small 
capacity (15 to 50 st), highly mobile haulage vehicles 
generally equipped with rock bodies and powered by 
two-wheel tractors of the overhang engine design (see 
figure 5.4). Since the wheel base is relatively short, 
some manufacturers of tractor-trailer rear dump trucks use 
a drive shaft to also power the rear axle, effecting a two- 
or four-wheel drive selector system for maximum haul 
versatility.

The major operating advantage which initiated 
development of the tractor-trailer frame design was the 
ability of the tractor unit (typically a modified unitized 
truck chassis) to carry greater payloads by transferring 
much of the load onto the trailer unit. Additional 
operating advantages of tractor-trailer frame design 
include:

(1) Separation of tractor and trailer units. The 
trailer is easily detached from the tractor 
unit. Small operators can minimize their 
capital investment in mining equipment by 
purchasing only spare tractor units, since 
trailers have a much higher mechanical
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availability than tractor units. Also, 
two-wheel tractor units are often
interchangeable with the prime movers used by 
rubber-tired scrapers.

(2) Excellent vehicle turning radius. Although 
they have longer vehicle lengths,
tractor-trailer trucks usually have shorter 
turning radii than unitized trucks because of 
center articulation. The tractor can turn 90 
degrees in either direction without any 
forward motion. A comparison of Euclid's 
model CH-120 tractor-trailer bottom dump truck 
and Euclid's model R-120 unitized rear dump 
truck indicates that the tractor-trailer model 
has an 85% increase in vehicle length (68.4 
versus 37.0 ft) but an actual 18% decrease in 
turning radius (31.0 versus 38.1 ft).

Tractor-trailer frame design also presents some 
serious operating disadvantages. The major disadvantages 
of tractor-trailer frame design are listed below:

(1) Limited drive traction. As discussed earlier 
in sections 5.1.3.2 and 5.2.1.1, conventional 
tractor-trailer trucks have almost half the
drive traction of unitized trucks because the
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weight of the trailer and load is located 
behind the tractor unites drive axle. The 
result is a very low haul gradeability for 
tractor-trailer trucks.

(2) Long vehicle length. Tractor-trailer trucks, 
especially the tractor-trailer bottom dump 
design, have long overall vehicle lengths 
which reduces their maneuverability.

(3) Poor vehicle maneuverability. Long
tractor-trailer units are very difficult to 
maneuver along narrow winding haul roads and 
in confined working areas. Also, the center 
articulation design of tractor-trailer trucks 
makes it extremely difficult to back up long 
distances.

Selection of the tractor-trailer frame design must 
always be preceeded by a careful study of existing mine 
haulage conditons. Sufficient traction and modest grades 
must be maintained on all haul road sections. 
Tractor-trailer vehicles should have direct access to all 
load and dump points, minimizing back-up maneuvers wherever 
possible. Tractor-trailer trucks have been widely used to 
mine large, flat, low-lying deposits such as the midwestern 
U.S. coal deposits. The flat long hauls, multiple pit
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access, and drive-by loading methods used in modern coal 
strip mining operations are ideal conditions for 
tractor-trailer truck haulage.

5.2.2 Suspension
Suspension systems isolate the truck frame and body 

from irregularities in the road surface which are 
transmitted up through the tires. Suspension systems also 
help absorb the impact shocks common during loading. An 
ideal suspension system minimizes tire deflection, 
prividing for a comfortable, low frequency ride. 
Manufacturers of off-highway trucks presently use three 
different types of suspension systems: 1) steel springs, 
2) rubber elements, and 3) hydro-pneumatic cylinders.

5.2.2.1 Steel Springs. During the early mining 
days, mine haulage trucks were equipped with one or another 
type of steel spring suspension. Steel spring systems 
include torsion bars, heavy coil springs, and elliptical 
leaf springs. Known for their simple, maintenance-free 
design, steel spring suspension systems are still used on 
many small capacity mine haulage trucks. For example, coil 
springs are standard equipment on Terex's model 33-03B 
(22-st capacity) unitized rear dump truck. Euclid uses a 
coil spring front suspension and leaf spring rear 
suspension system on their model R-25 (25-st capacity) 
unitized rear dump truck. Leaf springs are also used on
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all three axles of Dart's model 4100 (100-st capacity) 
tractor-trailer bottom dump truck, and on the trailer axle 
only of Euclid's model CH-120 (120-st capacity) 
tractor-trailer bottom dump truck. Dart manufactures some 
of the largest unitized rear dump haulage trucks still 
equipped with leaf springs--the model 3065 (65-st capacity) 
and model 3075 (75-st capacity).

Steel spring suspension systems must be highly 
stressed to be efficient. Under constant heavy loading, 
they may become brittle and subject to fatigue. If they 
fail, it is usually a crippling failure, immobilizing the 
vehicle. And since steel has no self-damping qualities, 
shock absorbers or other damping mechanisms are required. 
The greatest design limitation of steel springs is their 
size and weight. The steel spring suspension systems for 
large capacity off-highway trucks are unacceptably bulky 
and heavy, adding significantly to vehicle weight. For 
this reason, steel spring suspensions are presently offered 
only on small capacity haulage trucks with rated payloads 
of approximately 75 st or less.

5.2.2.2 Rubber Elements. Rubber is a very 
efficient spring, capable of dissipating its stored energy 
in a controlled manner (Burton 1975c, p. 31). Rubber 
elements are roughly 50% self-damping and do not require 
auxiliary shock absorbers. The most popular rubber
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suspension design incorporates a series of inpact 
cushioning pads stacked inside telescoping struts which are 
connected between the axle and frame. Figure 5.11 
demonstrates the column-type rubber suspension cylinder 
design. Another less popular design involves the use of 
large, solitary rubber spheres and/or blocks.

Rubber elements are currently one of the most 
prevalent types of suspension system in use on off-highway 
haulage trucks. Unit Rig & Equipment Company uses a 
column-type rubber suspension system called "Dynafloat” on 
their entire line of off-highway trucks. A combined system

t'

of front-axle rubber suspension cylinders and rear-axle 
individual rubber spheres and blocks is used by the Dart 
Truck Company on their large capacity off-highway 
trucks--unitized rear dump models 3100, 3110, and 3120 
(100, 110, and 120-st capacity) and tractor-trailer bottom 
dump model 4150 (150-st capacity). Rubber suspension 
cylinders are standard equipment on Euclid's medium 
capacity unitized rear dump trucks with rated payloads 
ranging from 35 to 100 st. Column-type rubber cylinders 
are also used by Euclid on their line of tractor-trailer 
bottom dump trucks represented by the 120-st capacity model 
CH-120 (tractor axles only) and the 150-st capacity model 
CH-150 (tractor and trailer axles).
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Figure 5.11 Column-Type Rubber Suspension Cylinder 
(Euclid CH-120)
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The aforementioned examples verify the wide 
acceptance of rubber suspension systems by manufacturers of 
medium to large capacity off-highway haulage trucks. 
Rubber element suspension systems require very little 
maintenance. Their expected service life ranges from
20,000 to 30,000 hours. Rubber element suspensions also 
provide constant spring characteristics and a soft ride 
when travelling unladen. Rubber elements exhibit a notable 
inherent disadvantage during cold weather operations; 
rubber tends to lose its bounce, becoming hard and almost 
brittle.

5.2.2.3 Hvdro-Pneumatic Cylinders. The large 
majority of hydro-pneumatic suspension systems utilize a 
"nitrogen gas-over-oil" design. Compressed gasses have no 
damping properties. Therefore, an annular oil chamber is 
designed into the suspension cylinder as an auxiliary 
damping device. Figure 5.12 illustrates a conventional 
hydro-pneumatic suspension cylinder design. Rolling over a 
bump forces the strut into the cylinder housing, 
compressing nitrogen in the main cylinder to absorb the 
impact. Oil is also forced from the central oil chamber 
into the rebound chamber through orifices at point A (see 
figure 5.12). When the wheel drops back down, oil in the 
rebound chamber returns to the inner chamber at a 
restricted rate, controlling rebound.
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Figure 5.12 Hydro-Pneumatic Suspension Cylinder 
(Caterpillar 769C)
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Hydro-pneumatic suspension systems are equal in 
popularity with rubber element systems. They are light in 
Weight, easy to adjust, and can be replaced in a very short 
time. Nitrogen-over-oil cylinders are used by both Wabco 
and Caterpillar on their entire line of off-highway trucks. 
Terex selectively utilizes nitrogen-oil cylinders on their 
unitized rear dump truck models with payload capacities of 
30 to 85 st. Euclid similarly equips only their large 
capacity unitized rear dump truck models R-120 (120-st 
capacity) and R-170 (170-st capacity) with suspension 
cylinders containing energy-absorbing compressible fluids.

The type of suspension system offered by equipment 
manufacturers has both direct and indirect consequences on 
the selection and performance of mine haulage trucks. Each 
truck model utilizes one of the three types of general 
suspension systems previously outlined. It is important to 
solicit the professional advice of mine maintenance and 
repair personnel. Strong preferences for a specific type 
of suspension system may dictate the early elimination of 
numerous truck models from further selection analysis. 
Differences in suspension design may also indirectly affect 
the following vehicle performance items:

(1) Truck body, frame, and tire life.
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(2) Vehicle maximum travel speeds.

(3) Driver comfort, safety, and overall job 
efficiency.

(4) Mechanical availability.

The nature and degree of changes in vehicle performance 
depends greatly on the . existing local haul conditions, 
especially road surface and speed limit conditions.

5.3 Truck Power Train Design 
The term "power train" refers to a system of 

machine components working together to affect vehicle 
locomotion. Four major design components of off-highway 
truck power train systems are presented in this section: 
1) engine, 2) transmission, 3) drive axle, and 4) brakes. 
A number of equipment options exist for each of these major 
components. Knowledge of the basic relationships between 
power train design and vehicle performance, expecially 
engines and transmissions, can be of great value during 
preliminary and final equipment selection analyses.

5.3.1 Engine
A major factor in the development of large 

off-highway trucks has been the availability of reliable, 
high-performance engines that are not prohibitively heavy 
or expensive. Both gasoline and diesel engines are used
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extensively to power mobile and stationary mining 
equipment„ Because of fuel consumption and torque 
limitations, gasoline engines are predominately used for 
power requirements of 150 gross horsepower or less (Church 
1981, p. 16.50). Diesel fuel has more heat energy than 
gasoline, and diesel engines use a higher percentage of the 
available fuel energy. Fuel comsumption of a gasoline 
engine at full load will approximate 0.60 Ib/bhp-hr while a 
comparable diesel engine averages 0.40 Ib/bhp-hr. During 
idle, the difference is even more marked, with fuel 
consumption rates of gasoline engines running three times 
that of diesels. In addition, diesel fuel generally costs 
less than gasoline fuel.

All mine haulage trucks are powered by various 
diesel-fueled engine models. Gross power requirements 
range from 240 bhp (25-st capacity trucks) up to 2,475 bhp 
(250-st capacity trucks). Following are five diesel engine 
design considerations which merit discussion because of 
their influence on vehicle performance: 1) power ratings, 
2) firing cycle, 3) high-speed engines, 4) low-speed 
locomotive engines, and 5) turbine engines.

5.3.1.1 Power Ratings. Engine models have 
specific performance ratings provided by manufacturers. 
Figure 5.13 illustrates a Detroit Diesel model 12V-149 
engine commonly used in 100-st capacity haulage trucks.
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The accompanying basic engine performance curves are shown 
in figure 5.14. Three separate engine performance 
characteristics are graphed with respect to engine speed: 
torque, horsepower, and fuel consumption. This section 
discusses the various types and proper use of engine 
horsepower ratings.

Engine power ratings are a function of four 
important operating conditions. Each condition must be 
properly assessed before determining the engine's net 
horsepower output and subsequent vehicle performance.

First, the performance ratings of most diesel 
engines are determined at SAE standard J816B ambient 
conditions of 85 degrees Fahrenheit dry-air temperature, 
29.38-in mercury barometric pressure, and 500-ft altitude. 
But some engines, especially those manufactured by foreign 
companies, may be rated at other ambient conditons. Mining 
engineers must always initially check the standard ambient 
conditions used to establish published engine power 
ratings. Altitude derating curves are then used to adjust 
the engine horsepower to account for differences between 
standard and mine atmospheric conditions. Altitude 
derating curves are available for individual engine models 
and should always be used in conjunction with correction 
charts for air inlet temperature and humidity 
(Effect of Environmental Conditions on Detroit Diesel 
Engines 1978).
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Figure 5.13 Naturally Aspirated Diesel Engine 
(Detroit Diesel 12V-149)
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MODEL 12V-149 WITH 130 INJECTORS

i i r
TORQUE

2250 -<2310 LB FT

2150 52210 LB FT -RATED POWER OUTPUT 
GUARANTEED WITHIN 5% AT 

—  SAE STD AMBIENT CONDITIONS:—
— f  85*F (29.4-C)— AIR INLET TEMPERATURE 

29.00 IN HG (98.19 kPa)— BAROMETER (DRY)

800 BMP -

BRAKE HORSEPOWER

<r 700

£  550

FUEL CONSUMPTION
.420 m

.400 _i

.390 3

1400 1600
ENGINE SPEED -  RPM

Figure 5.14 Basic Engine Performance Curves 
(Detroit Diesel 12V-149)
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The second important condition influencing engine 
power ratings is the duration of use. Diesel engines have 
three separate horsepower (and torque) ratings:

(1) Continuous horsepower--the engine power rating 
for operations without interruption or load 
cycling.

(2) Rated horsepower--the engine power rating for 
variable speed and load applications where 
maximum power is required intermittently.

(3) Maximum horsepower--the peak engine power 
rating, feasible for short durations only.

There are considerable differences in the above engine 
ratings. A case in point is the Detroit Diesel 12V-149 
engine shown in figure 5.13. The 12V-149 engine with 130 
injectors has a rated horsepower rating approximately 18% 
greater than the continuous horsepower rating (800 bhp 
versus 675 bhp). For mine truck haulage service, the 
engine's "rated" horsepower should always be used.

The next operating condition affecting the
classification of engine power ratings is engine and 
vehicle accessories. Engine manufacturers provide a gross 
horsepower (ghp) rating, also commonly called brake
horsepower (bhp), which identifies the power output of the 
engine equipped with basic engine accessories such as:
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water pump, lubricating oil pump, and fuel pump. Mine 
equipment manufacturers provide a second rating called net 
horsepower (nhp), known also as flywheel horsepower (fhp). 
Flywheel horsepower refers to the power output of the 
engine as installed in the vehicle. Flywheel power ratings 
account for the additional power losses due to vehicle 
accessories represented by some or all of the following: 
cooling fan, air cleaner, alternator, hydraulic pump, and 
air compressor requirements. Flywheel ratings are 
typically 8 to 10% less than brake horsepower ratings.

Finally, diesel engine power ratings can be greatly 
altered by the use of supercharging and aftercooling 
techniques. Diesel engines may be naturally aspirated, or 
supercharged (turbocharged) with or without aftercooling 
(intercooling).

Supercharging refers to the mechanical 
precompression of the intake air, providing for a larger 
charge of air into the engine cylinders. Supercharging is 
accomplished by means of centrifugal, rotary, or 
piston-type blowers driven by belts, chains, gears, or 
cranks. A popular system consisting of a centrifugal 
blower directly connected to an exhaust gas turbine is 
universally called a turbocharger unit. Turbocharger 
systems are simple and economical because energy needed to 
drive the system is obtained from heat contained in exhaust 
gases. Only a small amount of additional fuel is needed.
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Improvements in turbocharger design have created small 
improvements in fuel economy and large improvements in 
engine power and torque. A detailed comparison of the 
engine performance curves of naturally aspirated versus 
trubocharged two-cycle engines was performed. On average, 
turbocharging reduced the fuel consumption rate of 
naturally aspirated engines 5 to 10%, and increased the 
rated brake horsepower and maximum torque 30 to 45%. Other 
important benefits of turbocharging include improved 
altitude performance and reduced smoke, noise, carbon 
monoxide, and hydrocarbon emissions (Nije 1979, pp. 40-46).

Both the power and torque of supercharged engines 
can be further increased by installing an aftercooler 
between the supercharger and the intake port of the 
cylinder. Intake air is cooled before entering the 
cylinder, achieving a greater trapped air density. . The 
result is an increase in the air-to-fuel ratio, with a 
corresponding general 25 to 30% increase in the rated brake 
horsepower and maximum torque of supercharged engines. 
Aftercooling also lowers nitrogen oxide emissions which are 
increased during supercharging due to higher cylinder 
temperatures. Unlike . supercharging, aftercooling has a 
minimal effect on fuel consumption and altitude 
performance.
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The relative performance of mine haulage trucks can 
be quickly approximated by analyzing the relationship 
between power and weight. Ppwer-weight ratios (engine 
brake horsepower per gross vehicle weight) were introduced 
in section 3.4 to assist in the preliminary selection of 
haulage type. A random analysis of the popular unitized 
rear dump models with payload capacities from 50 to 350 st 
resulted in power-weight ratios ranging from 5.5 to 7.0 
bhp/st (average 5.8 bhp/st). Manufacturers of off-highway 
unitized rear dump trucks generally achieve power-payload 
ratios (engine brake horsepower per rated payload capacity) 
between 8 and 10 bhp/st.

Mining engineers must be conscious of changes in 
vehicle performance such as acceleration, fuel consumption, 
etc., due to subtle engine modifications. In addition to 
supercharging and aftercooling, variations in engine 
performance can be affected by simply changing the fuel 
pump rate and the size of the injector cups. For example, 
Detroit Diesel's engine model 12V-149TI with 165 injectors 
has a maximum rated brake horsepower of 1,175 bhp. When 
the same engine is equipped with 195 injectors, the rated 
brake horsepower is increased approximately 15% to 
1,350 bhp.
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5.3.1.2 Firing Cycle. One of the major design 
differences among diesel engine manufacturers is the firing 
cycle. All diesel engines have either a two-cycle or 
four-cycle combustion design. The major U.S. manufacturer 
of large, high-speed two-cycle diesel engines is General 
Motor's Detroit Diesel Allison Division (DDAD). General 
Motor's Electro-Motive Division (EMD) is the exclusive U.S. 
manufacturer of low-speed two-cycle locomotive diesel 
engines used to power very large capacity mine haulage 
trucks. U.S. manufacturers of large high-speed four-cycle 
diesel engines include the Caterpillar Tractor Company and 
Cummins Diesel. Low-speed four-cycle locomotive diesel 
engines are manufactured by Alco and Fairbanks-Morse.

Figure 5.15 illustrates the basic design difference 
between four-cycle and two-cycle engines. Diesel engines 
have a combustion cycle of intake, compression, power, and 
exhaust for each power impulse. A four-cycle (or 
four-stroke) engine uses four piston strokes and two 
crankshaft revolutions to accomplish the combustion cycle. 
The piston serves as an air pump during two of the four 
strokes. Two-cycle (or two-stroke) engines perform the 
combustion cycle in two piston strokes and one crankshaft 
revolution.

 ̂Information provided by engine manufacturers and 
technical articles was reviewed to ascertain the 
performance differences between four-cycle and two-cycle
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Figure 5.15 Four-Cycle Versus Two-Cycle Combustion
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engines. Literature references included: Bishop (1968,
p. 556), Church (1981 pp. 13.5-13.6), and Burton (1975b).

Four-cycle engines exhibit the following operating 
advantages over two-cycle engines:

(1) Lower fuel consumption rate (estimated at 2 to 
3%) when operated at less than peak torque.
The importance of this engine design 
characteristic is a direct function of the 
local availability and expense of diesel fuel.

(2) Four-cycle engines operate more efficiently on 
lower grade fuels than two-cycle engines.

(3) Lower noise level. Four-cycle engines 
generally operate at lower noise levels than 
two-cycle engines of similar horsepower.

(4) Less maintenance. Four-cycle engines may be 
slightly easier to maintain because they lack 
the port ring and dry liner maintenance 
required by two-cycle engines.

(5) Higher engine speeds. The engine speed of
two-cycle engines is limited to about
2,000 rpm because of the valve mechanism 
design. Four-cycle engines normally operate 
above 2,000 rpm.
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Operating advantages of the two-cycle design over 
the four-cycle engine design include:

(1) Better acceleration. Each cylinder of a 
two-cycle engine produces a power stroke every 
revolution. Therefore, two-cycle engines 
respond faster to load changes (grade 
variations) than four-cycle engines.

(2) Improved power-to-displacement ratings. With
twice as many power strokes per crankshaft 
revolution, a two-cycle engine produces more 
power than a four-cycle engine of the same 
displacement. A review of engine
specifications for Detroit Diesel (two-cycle) 
and Cummins (four-cycle) engines verified that 
two-cycle engines have an average
power-displacement ratio of 0.70 bhp/ci versus 
0.50 bhp/ci for four-cycle engines. But the 
review also indicated that this design 
difference does not influence the engine 
weight-brake horsepower ratio. Two-cycle 
engines are not appreciably lighter in weight 
than four-cycle engines of similar horsepower 
rating.
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(3) Lower initial capital cost. The relative cost 
difference is subject to manufacturer 
competition and the ongoing restructuring of 
sales markets.

Mine operators usually have the option of equipping 
their truck haulage fleet with either two-cycle or 
four-cycle engines. Both engine designs are widely 
available and have been proven to be highly dependable in 
mine operating conditions. Four-cycle engines are best 
utilized in isolated mine locations where diesel fuel is 
scarce and expensive. On the other hand, two-cycle engines 
should be considered whenever there exists numerous short 
haul sections with large grade variations requiring a great 
amount of vehicle acceleration.

5.3.1.3 High-Speed Diesel Engines. High-speed
diesel engines (1,900 to 2,100 rpm) have often been 
referred to as the "workhorses" of the mining industry. 
These engines have proven to be efficient power plants for 
most mining applications because of their low capital cost, 
low fuel consumption, and favorable engine weight.

A high-speed diesel engine with its small bore and 
large number of cylinders has an. inherent weight advantage 
over slow-speed, large-bore engines. As the bore of an 
engine is increased to produce more power, the specific 
weight increases in direct proportion ("Trucks: Tops in
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Open-pit Haulage" 1979, p. 94). In the case of high-speed 
engines, the weight-power ratio (given in units of pounds 
per brake horsepower) remains relatively constant because 
horsepower is increased by merely adding more cylinders of 
the same size. The average weight-power ratio of 
high-speed diesel engines is approximately 8 Ibs/bhp. This 
is about 30% lower than the 11 to 12 Ibs/bhp ratio typical 
of low-speed locomotive engines.

Mine haulage trucks currently utilize high-speed 
diesel engines with brake horsepower ratings ranging from 
240 to 1,600 bhp. High-speed diesel engines remain the 
most viable power source for haulage trucks with rated 
payload capacities under 200 st.

5.3.1.4 Low-Speed Locomotive Engines. Slow 
running locomotive-type diesel engines (900 rpm) are 
presently the only viable primary power source for mine 
haulage trucks with brake horsepower requirements in excess 
of 1,600 bhp. Because of the small market and limited 
number of manufacturers, low-speed locomotive engines are 
relatively more expensive than high-speed diesel engines. 
Low-speed engines also experience slightly higher fuel 
consumption rates.

Low-speed locomotive engines were originally 
designed to power train locomotives. When used in truck 
haulage applications, locomotive engines have a distinct
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weight disadvantage. For example, the 12-cylinder 
2,475 bhp EMD 12-645-E4 locomotive diesel engine used to 
power Wabco's 3200B unitized rear dump truck weighs
29.000 lbs, resulting in an engine weight-power ratio of 
11.7 Ibs/bhp. When compared with the 8 Ibs/bhp average 
ratio for high-speed engines, this translates into 
undesirable vehicle dead weight.

The major manufacturer of low-speed locomotive 
engines is the Electro-Motive Division (EMD) of General 
Motors Corporation. EMD manufacturers the model 545 
series, a two-cycle diesel engine available in V-8 through 
V-20 models with brake horsepower ratings of 1,650 to 
3,900 bhp. Low-speed locomotive engines are used 
exclusively on all mine haulage trucks with rated payload 
capacities of 200 st and over.

5.3.1.5 Turbine Engines. Gas turbines--designed 
for the aircraft industry--have been tested in the past for 
use in off-highway trucks. Between November 1965 and 
September 1966, Kennecott Copper Corporation field tested a 
General Electric LM100 gas turbine engine with a power 
rating of 1,250 bhp at their Chino mine in New Mexico. The 
LM100 turbine was operated for 2,803 hours in a Unit Rig 
100-st capacity unitized rear dump truck at an elevation of
6.000 ft (Carlson 1968, pp. 27-30). During the early 
1970's, Euclid unsuccessfully atempted to market a 210-st
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capacity rear dump truck model R210 powered by a 1„850-bhp 
gas turbine engine (see section 3.1.3). According to 
Burton (1975b, p. 42), Unit Rig performed tests during the 
1970's on Solar Saturn turbine engines at Anaconda's 
Berkley mine.

Results from many hours of field testing 
substantiated the following intrinsic advantages of gas 
turbine engines:

(1) Low engine weight per horsepower ratios.
International Harvester's Solar Saturn gas 
turbine engine is rated at 1,100 brake
horsepower and weighs 1,250 lbs providing an 
extremely low engine weight-power ratio of
1.1 Ibs/bhp.

(2) Excellent torque characteristics.

(3) Low noise and vibration levels.

(4) Clean exhaust.

(5) No oil consumption.

The same tests revealed two serious operating 
disadvantages when gas turbine engines are used to power 
mine haulage trucks:
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(1) Fuel consumption on a per-ton-hauled basis was 
from 100 to 150% greater than high-speed 
diesel engines.

(2) Dirt, dust, and loading shock taxed the 
endurance of the turbine engine.

Proponents of gas turbine engines were optimistic 
that the advantages of lower engine weight and potentially 
less maintenance would outweigh the large increase in fuel 
consumption. But rapid increases in fuel costs during the 
late 1970's and early 1980zs dramatized the unfavorable 
fuel consumption rates of gas turbine engines. To the 
author's knowledge, there has been no published testing of 
gas turbine engines for mine truck haulage during the 
1980's. No major off-highway truck manufacturer presently 
offers gas turbine engines as standard or optional 
equipment.

Engines represent the heart of mobile haulage 
vehicles--directly influencing vehicle performance, cycle 
times, and mechanical availability. Mine haulage trucks 
generally come with a list of engine options, often 
including a choice between two or more engine
manufacturers. Initially, the truck manufacturer should be 
consulted for recommendations on engine type and size. 
Specific engine parameters such as weight, power ratings, 
altitude derating curves and fuel consumption curves are
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available from the engine manufacturer. Production and 
cost studies should always reflect engine-specific 
operating parameters.

Equipment standardization is often an extremely 
important engine selection criterion. Under ideal 
conditions, a single engine model may be employed to power 
various mine equipment fleets such as haulage trucks, 
scrapers, and dozers. The previous experience of 
maintenance personnel should also be considered. Mechanics 
familiar with one engine manufacturer or design (two-cycle 
versus four-cycle) may be reluctant or unqualified to work 
on another. Finally, engine contracts (similar to tire 
contracts) are negotiated directly with the engine 
manufacturer. Differences in sales discounts, product 
warranties, parts, training, and service contracts should 
be closely analyzed prior to final engine selection.

5.3.2 Transmission
Vehicular transmissions are devices which transmit 

the engine's net horsepower output to the drive tires at a 
multiplicity of speed and torque ratios. Vehicle 
performance is directly related to the transmission's total 
gear ratio design and power transfer efficiency. 
Off-highway truck transmissions are classfied into two 
major types: mechanical and diesel-electric drive. 
Mechanical transmissions are currently offered in small to
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medium-sized haulage trucks limited to maximum capacity 
ratings of 120 st for unitized rear dump trucks and 150 st 
for tractor-trailer bottom dump trucks. Manufacturers 
offer electric drive transmissions in unitized rear dump 
trucks with capacities ranging from 85 to 350 st.

5.3.2.1 Mechanical Drive. There are two basic 
types of mechanical transmissions: manual and full power 
shift. A manual transmission consists of a gear box that 
must be shifted manually in conjunction with a 
foot-operated clutch assembly. Manual transmissions are 
currently limited by customer demand to haulage units of 
25-st capacity and under.

Full power shift transmissions are universally 
offered as standard or optional equipment for mine haulage 
trucks of 25-st capacity and over. The majority of 
mechanical drive trucks use one of the following 
transmissions shown in table 5.1.

Major manufacturers of off-highway trucks such as 
Waboc, Dart, Terex, and Euclid use transmissions by 
Allison, a division of General Motors. Other truck 
manufacturers including Caterpillar, Komatsu, and 
International offer their own line of transmissions. Twin 
Disc's MTC-93 transmission was designed for use on Wabco's 
120-st capacity unitized rear dump model 120CM.
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Table 5.1 Full Power Shift Transmissions

Gross Input Power Truck Capacity Range 
Series (hp) (st)

Allison CLBT-5860 475 25- 35
Allison CLBT-6061 635 50- 60
Allison DP-8961 1035 75-100
Allison CLBT-9680 1350 110-120
Twin Disc MTC-93 2400 120-150

Fully automatic power shift transmissions usually 
house the following important mechanical units: torque 
converter, hydraulic retarder, and transmission gearing. 
Figure 5.15 illustrates the arrangement of these components 
in a full power shift transmission.

The torque converter allows for smooth power 
transfer between the engine and transmission. A lockup 
clutch, located directly in front of the torque converter, 
automatically locks the converter into "direct drive" when 
the converter output shaft speed and oil pressure reach 
specified limits (Bishop 1968). Most power shift 
transmissions have a hydraulic retarder located between the 
torque converter and transmission gears. Hydraulic 
retarders provide the main method of vehicle retardation
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(Allison DP-8961)
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for most mechanical trucks. Power shift transmissions may 
have from 4 to 8 forward and 1 to 4 reverse gear sets. 
Smaller capacity vehicles usually have fewer forward gears. 
These hydraulic clutch-operated planetary gear sets can be 
shifted under full power.

Final drive is achieved by mechanical linkages 
through the drive shaft to the differential (bevel) gear 
set and the final (planetary) gear set. Total final drive 
gear reduction typically ranges from 12:1 to 26:1. In 
general, the total gear reduction ratio increases with 
increased truck capacity. Many truck manufacturers provide 
optional transmissions and final drives. Vehicle 
performance curves (speed versus rimpull) representing 
specific transmission/differential combinations should be 
obtained from truck manufacturers. Detailed cycle time 
analyses based upon existing haul conditions are 
recommended prior to final selection of the optimum 
transmission package.

Transmission efficiency represents the percentage 
of engine flywheel horsepower successfully transmitted to 
the drive tires. Mechanical transmission power losses 
occur in the following three areas: 1) engine speed, 
2) friction, and 3) torque converter. Each type of power 
loss is briefly discussed below.
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Engine horsepower is a function of engine speed as 
shown by the engine performance curve in figure 5.14 
(section 5.3.1.1). When in torque converter range, the 
engine speed efficiency is 100%. As the torque converter 
initially shifts into direct drive range, the engine speed 
drops. Vehicle performance curves were analyzed using 
horsepower utilization formulas developed by Bares (1981, 
p. 24)' to obtain the following conclusions. The engine 
speed efficiency factor varies from 85 to 90% at the 
beginning of lockup in each gear, and increases to 100% at 
the end of each gear. Average engine speed efficiency 
during direct drive is estimated at 95%.

Friction loss refers to the energy loss due to 
mechanical friction in the transmission and final drive. 
The friction efficiency factor is a constant for each drive 
system and can be accurately determined by analyzing the 
vehicle performance curve at maximum speeds in each gear. 
Friction efficiency factors for most mechanical 
transmissions range from 83 to 87%.

As the engine speed drops down to "dropout rpm", 
which is usually 75 to 80% of full-load-governed rpm, the 
transmission automatically shifts into torque converter 
range. The following conclusions are based on analysis of 
torque converter sections of various vehicle performance 
curves. Torque converter efficiency increases with vehicle 
acceleration from 0 to 75% in first gear. For all
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remaining gears, the torque converter efficiency ranges 
from 80 to 85%, with the better efficiency factors 
occurring in the higher gears.

Mechanical transmission efficiency is a product of 
the engine speed, friction, and torque converter factors. 
When in torque converter range, mechanical transmission 
efficiency is estimated to vary from 67 to 74%. Direct 
drive transmission efficiency averages slightly higher, 
from 80 to 83%.

Vehicle performance curves are ideal tools for 
analyzing total transmission efficiency and performance. 
Each vehicle performance curve represents the actual 
vehicle speed versus rimpull performance of a particular 
engine, transmission, final drive, and tire combination at 
standard atmospheric conditions. Performance curves for 
the mechanical and diesel-electric versions of Wabco's 
120-st unitized rear dump truck are shown in figures 5.17 
and 5.18 respectively. Total transmission efficiency at 
various vehicle speeds can be easily calculated from 
vehicle performance curves using the following 
power-speed-rimpull relationship:

Tran Eff = (Rimpull)(Speed)/(375)(Nhp)

where "Rimpull" and "Speed" are taken from points off the 
performance curve and "Nhp" represents engine net 
horsepower.
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Much debate has centered around the advantages of 
mechanical versus diesel-electric drive. Operating
advantages of mechanical drive mine haulage trucks include:

(1) Mechanical drive transmissions are more power 
efficient than diesel-electric units at higher 
vehicle speeds of approximately 15 mph and 
over. This is partly due to the fact that the 
torque converter efficiency factor for 
mechanical transmissions gradually improves in 
the higher gears. Also,- the voltage limit of 
generators and alternators used by 
diesel-electrie drive systems is reached at 
vehicle speeds of about 18 to 22 mph. Figure 
5.18 shows a noticeable decrease in vehicle 
performance occurring at 23.5 mph for the 
Wabco 120C diesel-electric truck.

(2) Mechanical drive transmissions average 3 to 5% 
lighter than diesel-electric systems of 
similar power rating. For example, the Wabco 
120C Electric Haulpak weighs 184,260 lbs while 
the Wabco 120CM Mechanical Haulpak weighs 
177,830 lbs--a 3.5% decrease in emply vehicle 
weight.
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(3) Vehicle performance can be matched to changing 
job conditions. Final drive ratios can be 
changed in the field to optimize the match 
between vehicle performance and haul 
conditions.

(4) Mechanical power transmission eliminates the 
need for skilled electric wheel motor 
mechanics.

Mechanical transmissions have powered mine haulage 
trucks for over 45 years. Although strength and weight 
limitations of mechanical transmissions currently prohibit 
their use in the popular 150 and 170-st capacity rear dump 
trucks, they remain the preferred method of power transfer 
for all small capacity and many medium capacity trucks. 
Mechanical transmissions generally provide equal
transmission efficiencies at vehicle speeds under 5 mph and 
improved efficiencies at speeds above 15 to 20 mph. Thus, 
mechanical haulage trucks perform best in mining
applications with short, steep in-pit grades and long, flat 
main haulroad grades.

5.3.2.2 Diesel-Electric Drive. General Electric 
Company initiated development of the electric wheel in the 
late 1950's. The first commercial off-highway electric 
truck was introduced in 1963 by Unit Rig (see section
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3.1.2). Two different diesel-electric drive designs are 
presently marketed: semi-electric and electric wheel.

Semi-electric (also called "in-line”) drive systems 
are used solely by two unitized rear dump truck models with 
tandem rear axle drive and payload capacities exceeding 
200 st--Wabco's 3200B and General Motor's Titan 33-19. 
Semi-electric drive systems consist of an AC alternator/DC 
rectifier set, two DC traction motors, and a mechanical 
final drive arrangement. Each traction (drive) motor is 
mounted to the center structure of each rear axle. Power 
is transferred from the traction motor to the rear axle by 
a gear coupling which provides the primary reduction. 
Final gear reduction is attained by a set of planetary 
gears mounted on each end of the drive axle.

Huge rear dump haulage trucks with center-mounted 
traction motors and tandem rear axle drive have obtained 
limited use in U.S. mining primarily because of their low 
payload to gross vehicle weight ratios, heavy locomotive 
engines, and high capital expense. Since January 1981, 
only 1 Titan 33-19 and 41 Wabco 3200Bs were manufactured 
(Lyon 1980). The influence of semi-electric drive systems 
upon mine truck haulage has been very minimal.

Electric wheel (also referred to as "motorized 
wheel") drive systems represent one of the most important 
technological innovations in off-highway truck haulage. 
The major transmission components are: alternator.
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traction motors, and planetary gears. Most electric wheel 
systems are currently powered by an AC alternator/DC 
rectifier unit. Alternators, unlike DC generators, have a 
higher maximum voltage level, allowing for greater 
horsepower utilization.

DC series-wound motors are exclusively used as 
traction motors. The inherent characteristic of trading 
torque (amperes) for speed (voltage) makes the DC motor 
ideal for off-highway vehicles (Burton 1975b). At very low 
speeds, the motor produces high torque. As torque 
decreases, speed increases until the maximum motor speed is 
reached. Table 5.2 contains a list of traction motors 
currently used by off-highway diesel electric trucks.

Table 5.2 DC Electric Traction Motors -

Series
Power Range Truck

(hp)
Capacity Range 

(st)

GE 772 700-1000 85-120
GE 776 1200-1600 120-170
EMD-79UR . 1600-2475 200-250
EMD-079x3A 1600-2475 200-250
GM D79-CF 1600-3300. 350
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Traction motors are designed to fit inside the 
wheel rim cavity and are bolted directly to the vehicle 
frame, serving as both axle and power transmission 
component. Power is transferred from the traction motors 
to the drive wheels through a series of planetary gear 
reductions. Final drive gear reduction ratios range from 
28:1 to 38:1 for most diesel-electrie unitized rear dump 
trucks.

Traction motors are also utilized for dynamic 
retardation. The motors, acting as generators, convert 
truck motion into electric power which is then converted to 
heat by grid resistors. Generated heat is dissipated by 
blower fans.

Figure 5.19 displays a motorized wheel unit 
complete with DC traction motor and planetary gear 
reduction. Electric wheels can be quickly removed from the 
truck as a complete assembly for repair or replacement. 
Other important operating advantages of electric wheel 
drive systems are:

(1) Most electric wheel drives exhibit better 
transmission efficiencies than mechanical 
drive units through mid-velocity ranges.
Transmission power losses are due to electric 
contacts and lines, traction motor 
efficiencies, and friction in the reduction
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Figure 5.19 Motorized Wheel Assembly 
(General Electric 772)
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gears. The favorable vehicle velocity range 
for diesel-electric trucks (generally 5 to 
15 mph) will vary according to the tire size 
and final drive employed.

(2) Improved engine life and reduced engine repair
costs. Electric drive systems load the engine 
smoothly, allowing it to run at 
governed-full-load rpm at all vehicle speeds. 
Mechanical systems tend to lug or overspeed 
the engine during gear changes, placing more 
stress on the engine. Engine drag during 
vehicle retardation is eliminated through
dynamic retardation.

(3) Improved tire life. The traction motors, 
rather than the engine, individually adjust 
for varying grade and torque requirements, 
resulting in a smoother application of power 
to the drive tires.

(4) Ability to locate the drive motors at point of 
use, thus simplifying vehicle chassis design.

(5) Electric drive trucks are considered easier to
operate because no gear selections are
necessary by the operator.
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Diesel-electric trucks utilizing the motorized 
wheel design have achieved wide acceptance throughout the 
U.S. mining industry. Electric wheel motors provide a 
simple, smooth method of power transfer. The large array 
of mechanical transmission components (clutches, torque 
converters, drive shafts, hydraulic retarders, U-joints, 
differentials, and drive axles), which require periodic 
alignment and are prone to failure, are effectively 
eliminated. A diesel-electric transmission normally 
operates at optimum efficiency during vehicle speeds 
between 5 and 15 mph. Therefore, diesel-electrie trucks 
are ideally operated on long, upgrade hauls of moderate 
total resistance where these vehicle speeds can be 
maintained.

Transmission design directly influences the choice 
of vehicle payload capacities and the net vehicle 
performance (speed versus rimpull force). Other important 
operating considerations include: vehicle weight, 
mechanical availability, top-end speeds, vehicle 
retardation, engine life, operator efficiency, tire life, 
and fuel consumption whenever trolly assist is viable. 
Selection of the best power transmission system obviously 
is not a simple task. Equipment evaluation (computer) 
programs should be structured to accurately model changes 
in vehicle performance and cost due to differences in 
transmission design.



272

5.3.3 Drive Axle
Drive axle refers to the number of drive axles and 

their position relative to vehicle load; There are three 
major types of drive axle arrangement currently used on 
off-highway trucks: 1) single-axle, 2) tandem rear-axle, 
and 3) front-and-rear-axle drive.

5.3.3.1 Single-Axle Drive. The vast majority of 
mine haulage trucks currently employ some type of 
single-axle (two-wheel) drive. The tractor-trailer chassis 
design is ideal for front-axle drive. Single front-axle 
drive is standard on all tractor-trailer bottom dump trucks 
and most tractor-trailer rear dump units.

Single front-axle drive has two important operating 
disadvantages: low drive traction and poor tire life. 
Depending on the specific tractor-trailer frame design, 
from 34 to 46% of the gross vehicle weight is distributed 
over the drive axle. Assuming an average haul road 
coefficient of traction of 50%, single front-axle drive 
haulage trucks have low tractive factors ranging from 17 to 
23%. The 50% tractive factor represents the useable 
rimpull forge (given in percent of vehicle weight) for a 
50% coefficient of traction. If the total haul road 
resistance exceeds the tractive factor, tire slippage 
occurs. Also, the tire life factor for single front-axle 
drive wheels is extremely low (0.70) because of tire
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spinning due to poor tractive effort. Tire life factors 
are multiplied by the base tire life to determine the 
actual tire life under various operating conditons.

Most unitized rear dump trucks operating in U.S. 
mines are powered by single rear-axle drive designs. 
Currently, the largest unitized rear dump truck with single 
rear-axle drive is the KL-2450 manufactured by Wiseda. The 
KL-2450, with a payload capacity of 220 st, was 
successfully tested during 1982 and 1983 at the J. R. 
Simplot phosphate mine in Conda, Idaho. Unitized bottom 
dump trucks also use single rear-axle drive.

Single rear-axle drive haulage trucks exhibit 
better traction and tire life than single front-axle drive 
units. A majority of the gross vehicle weight is located 
over the rear drive axle of unitized haulage trucks. Based 
on a 50% coefficient of traction, tractive factors range 
from 32 to 35% for both unitized rear dump and bottom dump 
vehicles. Because of the improved traction, tire spinning 
is reduced and tire life increased. The estimated tire 
life factor for single rear-axle drive tires is 0.80. With 
steady improvements in mine haulage road construction and 
tire design, the traction provided by single rear-axle 
drive has proven adequate for most mining applications.
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5.3.3.2 Tandem Rear-Axle Drive. During the early 
1950's, manufacturers of unitized rear dump trucks 
introduced tandem rear-axle drives to allow for larger 
capacity vehicles (see section 3.1.1). But as larger 
engines, more powerful mechanical transmissions, better 
tires, and diesel-electric transmissions were introduced 
during the late 1950's and early 1960's, single rear-axle 
drive once again became feasible for large capacity haulage 
trucks. Within a short time, tandem rear-drive mining 
trucks were almost totally displaced by lighter, more 
maneuverable single rear-axle units. Today, only a handful 
of truck manufacturers offer tandem rear-axle drive on 
small to medium capacity (35 to 100 st) unified rear dump 
trucks. Tandem rear-axle drive remains the preferred drive 
arrangement for the giant haulers of 250-st capacity and 
over. The tandem rear-axle design is required to 
distribute the extreme tire loading and rimpull 
requirements.

Tandem rear-axle drive haulage trucks are designed 
to operate in mining conditions where severe grades or 
extreme wet, muddy haul road conditions exist. The major 
benefits of tandem rear-axle drive are improved 
gradeability and flotation. These and other advantages are
reviewed below:
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(1) Improved traction for better gradeability. 
Tandem rear-axle unitized rear dump trucks are 
designed with approximately 80% of the gross 
vehicle weight distributed over the rear-axle 
drive, providing an average (50%) tractive 
factor of 40%. This represents a substantial 
20% improvement in gradeability over single 
rear-axle drive vehicles.

(2) Superior tire flotation resulting in reduced 
rolling resistance. Addition of the second 
rear axle increases the amount of tire surface 
in contact with the road, which in turn 
reduces tire penetration by approximately 10%. 
Assuming each inch of tire penetration is 
equal to 20 lbs rolling resistance per vehicle 
weight in short tons, the net effect is a 3 to 
8% decrease in total rolling resistance 
(depending upon the haul road surface).

(3) Longer wheel base for better stability. 
According to Winkle (1971, p . 52), tandem 
rear-axle trucks have slightly longer wheel 
bases which provide better stability 
negotiating steep downgrade hauls.
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(4) Low, narrower profile improves loadability,
The longer wheel base encourages the use of 
longer truck bodies which are typically lower 
and narrower in profile. Since tire loading 
is reduced by the addition of a second rear 
drive axle, smaller diameter tires are 
generally used which further reduces the 
loading height. Tandem rear-axle haulage 
trucks are ideally matched with front-end 
loaders which have limited dumping height and 
reach.

(5) Low vertical center of gravity. The long, low
• profile bodies and small diameter tires result

in lower empty and gross vehicle centers of 
gravity. A lower center of gravity inproves 
the vehicle's haul road stability.

Some important disadvantages of tandem rear-axle 
drive compared with single rear-axle drive haulage trucks 
include:

(1) Increased vehicle cost and weight. Addition 
of the second rear axle and driveline 
increases the vehicle cost and empty vehicle 
weight with no improvement in payload 
capacity.
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(2) Increased power transmission loss. Due to 
mechanical friction in the second rear axle 
and driveline, the transmission's friction 
efficiency factor decreases from 85% for 
single rear-axle drive to approximately 75% 
for tandem rear-axle drive.

(3) Decreased tire life. Tire action called 
"scrubbing" or "crabbing" occurs whenever 
tandem rear-axle vehicles negotiate curves. 
This action reduces the tire life factor of 
the drive tires to 0.75.

(4) Decreased maneuverability. The longer wheel 
base and overall vehicle length decreases the 
unit's ability to maneuver in confined areas. 
Tandem rear-axle drive haulage trucks are also 
more difficult to turn on upgrade hauls when 
the load is redistributed onto the rear tandem 
axles.

(5) Front tire overloading. On steep downgrade 
hauls, a greater portion of the gross vehicle 
weight is transferred onto the two front tires 
which are designed to carry only 20% of the 
load. This may result in tire overloading and 
premature tire failure.
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5.3.3.3 Front-and-Rear-Axle Drive.
Front-and-rear-axle drive refers to the use of a single 
front and single rear axle, both acting as drive axles. 
This drive axle arrangement is more commonly (and less 
definitively) called "four-wheel" or "all-wheel" drive. 
Four-wheel drive is currently offered on a limited number 
of small capacity haulage trucks of unitized rear dump and 
tractor-trailer rear dump design. Single-engine four-wheel 
drive bottom dump trucks are technically feasible through 
the use of electric wheel motors.

The primary purpose of four-wheel drive is maximum 
tire traction. With all-wheel drive, 100% of the vehicle 
weight is distributed onto the drive wheels at all times, 
resulting in a perfect 50% tractive factor regardless of 
load distribution on steep grades. Another important 
advantage of four-wheel drive is improved tire life. As 
power is applied to the drive wheels, the tires dig in and 
are subjected to slight twisting. The degree of tire 
twisting is a function of rimpull and drive tire contact 
area. Four-wheel drive maximizes the drive tire contact 
area, which reduces the rimpull per square inch of contact 
area and thus reduces tire twisting and heat buildup 
(Bengston 1981). Four-wheel drive also tends to reduce 
the side roll effect on front tires when negotiating 
curves. Because both front and rear axles are powered, the 
vehicle is pulled as well as pushed around corners. Tire
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life factors for all-wheel drive haulage trucks are very 
high: 0.95 for the front-axle tires and 0.90 for the rear.

The major disadvantages of four-wheel drive are the 
increased cost, added vehicle weight, and extra power 
transmission loss due to the second drive axle, linkage, 
and gear reduction machinery. Additional friction losses 
in the second drive axle assembly are responsible for a low 
transmission friction efficiency factor of 75%. Four-wheel 
drive vehicles also experience slightly reduced mechanical 
availabilities and increased maintenance costs because of 
the more complex drive axle arrangement. Equipment 
manufacturers should be consulted concerning specific 
mechanical availabilities and maintenance costs.

Single-axle drive is the preferred drive 
arrangement whenever haul roads can be constructed with 
moderate grades (6 to 12%) and good subbases. Most large, 
long-term mine truck haulage operations use single-axle 
drive vehicles. Four-wheel drive trucks have practical 
applications in small mining operations or short contract 
mining jobs where many moves are required (precluding the 
time to construct adequate haul roads) and the job 
conditions are extremely variable.

Mining engineers should be aware of the subtle 
influences of different dirve axle arrangements upon 
vehicle design and performance. Only a small number of 
off-highway truck manufacturers offer tandem rear-axle or
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four-wheel drives, seriously limiting the choice of payload 
capacities. Tandem rear-axle drive arrangements usually 
cause modifications to vehicle chassis length and truck 
body design. Differences in vehicle weight and power 
transmission efficiency affect vehicle performance which 
can be accurately modeled using vehicle performance curves. 
Most important, the position of the drive tires directly 
influences vehicle tractive effort and tire life. Table
5.3 below provides a summary of estimated tractive factors 
(based on a 50% coefficient of traction) and tire life 
factors for each drive axle design.

Table 5„3 Influence of Drive Axle Design on Traction and 
Tire Life

50% Tractive Factor Tire Life Factor
Drive Axle Design (%) Front Rear

Single Front-Axle 17-23 0.70 1.0
Single Rear-Axle 32-35 0.90 0.80
Tandem Rear-Axle 40 0.85 0.75
Front-and-Rear-Axle 50 0.95 0.90
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5.3.4 Brakes
Off-highway trucks are equipped with two separate 

braking systems: service and parking (emergency) brakes. 
Brakes are designed to bring a vehicle to a safe, complete 
stop. In addition, a technique called "dynamic retarding" 
is offered on most mine haulage trucks. Dynamic retarding 
is an operating mode of the vehicle propulsion system 
designed to provide a limited level of retardation in the 
interest of extending service brake life. The retarding 
unit on mechanical drive transmissions is referred to as 
the hydraulic retarder, whereas the retarding system used 
on diesel-electric drive trucks is generally called the 
dynamic retarder.

5.3.4.1 Parking Brakes. Parking brakes are 
chiefly a vehicle safety feature. They are used to prevent 
motion after the vehicle has come to a stop. Parking 
brakes may also be used to help brake vehicle speed during 
emergencies.

Both shoe-drum and caliper/disc parking brakes are 
in common use. With mechanical transmissions, the parking 
brake is usually located on the transmission output shaft. 
In the case of diesel-electric transmissions, the brake is 
located on the armature of each drive traction motor. 
Parking brakes always operate independently of all other
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braking systems, may be mechanically operated, and will 
usually engage automatically when the air is off.

5.3.4.2 Service Brakes. Service brakes represent 
the primary braking system on mine haulage trucks. 
Although service brakes are intentionally used sparingly 
during long downgrade hauls, they remain essential for 
maintaining vehicle speeds within safe retarding limits. 
Service brakes also provide the only practical method of 
completely stopping vehicle motion.

Powerful, responsive service brakes are mandatory. 
If the retarder system should fail, the service brakes must 
be capable of bringing the vehicle to a safe stop. Safety 
regulations for off-highway trucks recommend service brakes 
capable of bringing a loaded vehicle to rest on a 10% 
decline from 20 mph in 200 ft and from 33 mph in 400 ft 
("Large Rear Dump Rock Haulers" 1976). Service brakes are 
also important during adverse weather conditions. Braking 
action is applied to all wheels, affording better braking 
traction and control on wet, slippery haul roads.

' A number of service brake types and combinations 
are used on off-highway trucks. In the past, drum-type 
brakes were commonly used on the free axles and disc-type 
brakes were installed on the drive (major load) axles. 
Air-over-hydraulic actuated drum brakes consist of single 
or dual brake shoes which expand against a wheel brake
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drum. High-speed disc brake systems have single or dual 
discs attached to the drive shaft, axle, or armature 
extensions in the case of electric wheel drive. Each disc 
is grabbed on both sides by self-compensating calipers that 
are actuated by air-over-hydraulic controls.

Today, most truck manufacturers offer one brake 
type exclusively on a capacity range or on the entire truck 
line. For example, both Euclid and Wabco use drum brakes 
on all the axles of trucks with capacities under 20 st, and 
all-wheel disc brakes on trucks of 120 st capacity and 
larger. Dart and Terex use drum brakes exclusively on all 
their off-highway trucks, whereas Unit Rig and 
International use disc brakes on their entire truck line.

Although both types of service brakes are still in 
wide use, disc brakes are generally less expensive and 
lighter in weight than drum brakes of similar braking 
capacity. Disc brakes are also considered easier to 
maintain and more trouble free (Surface Mining Supervisory 
Training Program-- Shovel/Truck 1979, p. 5B.11). . Being 
smaller in size, disc brakes also provide better access to 
the commutator brushes on electric wheel motors. For large 
haulage trucks with rated payload capacities of 120 st and 
over, a growing number of manufacturers (including Wabco 
and Euclid) are replacing conventional drum or high-speed 
disc brakes by a wheel-speed disc brake system pioneered by



Goodyear Tire & Rubber and B. F. Goodrich ("Trucks: Tops 
in Open-Pit Haulage" 1979).

5.3.4.3 Hydraulic Retarders. Hydraulic retarders 
are standard equipment on most mechanical drive trucks. 
The retarder is integral with the transmission housing, 
normally located ahead of the transmission gears (see 
figure 5.16). A hydraulic retarder features a vaned rotor 
that spins between stator vanes in the housing. Actuating 
the retarder control sends oil into the retarder housing. 
The rotor, driven by the truck's wheels through the drive 
train, throws the oil against the fixed stator vanes which 
resist the fluid flow. This action resists rotor motion 
and thus helps to slow the vehicle by absorbing power. 
Heat, which is absorbed power, is transmitted by the oil to 
a heat exchanger which transfers it to the engine coolant. 
The heat is finally disspated to the atmosphere through the 
radiator system.

Vehicle retarder curves are available from truck 
manufacturers. Each retarder curve represents the braking 
force at various speeds for a unique combination of 
transmission, final drive, and tire size. Figure 5.20 
illustrates the step-down profile typical of mechanical 
drive vehicle retarder curves.
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5.3.4.4 Dynamic Retarders. Dynamic retardation is 
featured on all diesel-electric drive haulage trucks. The 
electric traction motors are changed to generators by 
switching to a separate field control and rearranging the 
power circuit. Electric power is generated by using the 
truck motion to turn the traction motors. No retarding 
force can be produced without vehicle motion. Electric 
power is converted to heat by grid resistors located on the 
cab deck. The resistors are air-cooled by blower fans 
which help dissipate the heat to the atmosphere. A 
diesel-electric drive vehicle retarder curve is shown in 
figure 5.21. Below the peak retarding point (located at 
16 mph in figure 5.21), retarding force decreases very 
quickly with decreasing vehicle speed.

The influence of brakes and retarders upon vehicle 
performance has been underestimated by many. Differences 
in service and parking brake design affect vehicle weight, 
cost, mechanical availability, and most importantly maximum 
allowable speeds. For each unique combination of grade, 
rolling resistance, and tractive effort, mine safety 
engineers should consider the relationship between 
effective braking power (after allowing for traction) and 
safe braking distance standards to help establish haul 
section speed limits. A strong, responsive braking system 
also enhances the operator's attitude regarding personal 
safety, thus increasing operator efficiency.
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Dynamic retardation provides the primary braking 
action necessary to maintain safe vehicle speeds on 
downgrade hauls and to achieve the forced deceleration of 
vehicles in motion. Vehicle retardation can be especially 
important during the early mine life when long downgrade 
hauls may be prevalent. Thus, the braking power and range 
of retarder systems directly influences the travel time, 
performance, and ultimate application of mine haulage 
trucks.

A simple analysis of retarder capability can be 
made by direct comparison of specific vehicle retarder 
curves. Retarder curves for the mechanical and 
diesel-electrie versions of Wabco's 120-st unitized rear 
dump truck are presented in figures 5.20 and 5.21 
respectively. For the same vehicle weight, hydraulic 
retarders generally provide higher braking forces than 
dynamic retarders over the entire speed range, but 
especially at lower vehicle speeds. In order to improve 
low-speed retardation, optional extended range retarding 
(represented by the dashed line in figure 5.21) is achieved 
on diesel-electric units by reducing the grid resistance. 
Extended range retardation packages are designed for severe 
downgrade operations where slower speeds are required.

The ability of any retarder to hold truck speed on 
grade, or aid in deceleration, is a function of vehicle 
weight as well as retarding effort. For this reason.
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Turley (1978, p. 5) introduced a retarding gradeability 
factor equal to the ratio of retarding force over vehicle 
weight. Retarding gradeability factors should be based on 
gross vehicle weight and calculated over a range of 
representative vehicle speeds.

The recommended method of analyzing retarder 
systems involves some new concepts in vehicle computer 
simulation. In current simulation programs, a constant 
forced rate of deceleration is arbitrarily applied over the 
entire speed range. Instead, individual retarder
performance should be accurately modeled in a manner$
similar to rimpull performance. Cycle time programs use 
points off the vehicle performance curve to simulate 
short-time acceleration rates and'maximum speeds on upgrade 
haul sections. Vehicle retarder curves can be used in a 
similar manner to simulate short-time deceleration rates 
and to determine safe braking speeds--the speed beyond 
which the retarder is unable to prevent vehicle 
acceleration. Operation beyond this speed will require 
service brake application to control vehicle speed, 
resulting in service brake wear.

An accurate simulation of retarder performance 
should always include consideration of tractive effort and 
actuation delay time. Retarder torque can only be applied 
against a driven wheel. Vehicle weight, type of drive axle 
design, weight redistribution on grade, and the haul
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section coefficient of traction determine the tractive 
effort which, during braking, represents the useable 
retarder force. Vehicle braking is limited by traction 
whenever the tractive effort is less than the available 
retarder force.

Retarding actuation delay refers to the time 
required for retarding to be effective after the driver 
depresses the retarder pedal. Each retarder system has a 
unique retard actuation delay time. For electric retarding 
systems, this delay varies from 0 to 7 seconds 
(Turley 1978): During this time, after the operator has 
indicated the need for retarding, the vehicle continues to 
accelerate if on a downgrade. Allowance for individual 
retarder actuation delay times may reduce safe braking 
speeds by as much as 30 to 45% (based on an equivalent 
grade assistance of 8%).

5.4 Preliminary Selection of Truck Type
Preliminary selection of truck type involves 

selection of optimum truck design(s) based upon preliminary 
projected haul duties. This process is similar to the 
preliminary selection of shovel type as discussed in 
section 4.3. But the greater variability in truck designs 
and operating requirements (loading, hauling, and dumping) 
necessitates a much longer, more complicated analysis.
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Initially, the 29 - general considerations for the 
preliminary selection of haulage unit type (section 3.4) 
should be reanalyzed in greater detail. For example, 
consideration of weather conditions should include 
inclement weather effects (snow, rain, ice, dust) on 
operator visibility and vehicle traction, and ambient air 
measurements (altitude, temperature, humidity) which 
influence engine performance. If strong directional winds 
are prominent, a study of vehicle profile versus wind 
resistance might be included.

In order to accurately model and compare truck 
performance, current operating specifications and costs 
should be obtained from equipment manufacturers. Recall 
that a single truck model may be offered with four or more 
optional bodies, each body affecting changes in vehicle 
capacity, length, width, loading height, and center of 
gravity. A summary of some important truck vehicle 
specifications include:

(1) Rated payload. The design weight carrying 
capacity.

(2) Rated capacity. The design volume carrying 
capacity.
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(3) Actual payload. The actual weight carried 
estimated for different material types and 
loading conditions.

(4) Empty vehicle weight. The weight of the empty 
truck plus operator, fuel, and engine fluids.

(5) Gross vehicle weight. The empty vehicle 
weight plus actual payload.

(6) Vehicle center of gravity.

(7) Brake (gross) horsepower. Output of engine at 
governed rpm and standard ambient conditions 
minus normal accessory losses including air 
cleaner, water pump, fuel pump, and lube oil 
pump.

(8) Flywheel (net) horsepower. Output of engine 
at flywheel at governed rpm and standard 
ambient conditions minus additional power 
losses due to fan, alternator, air compressor, 
and hydraulic pump.

(9) Dump times.

(10) Vehicle performance curve. The available 
rimpull force at various vehicle speeds.
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(11) Vehicle retarder curve. The available dynamic 
retarding force at various vehicle speeds.

The information from equipment specifications can 
be restructured into useful selection indicators. 
Selection indicators are tools for preliminary 
identification of general areas of equipment application 
(see section 3.4). Many such indicators of performance and 
equipment application have been proposed (Church 1981, p. 
5.13). The following selection indicators for mine truck 
types are recommended:

(1) Power-weight ratio. The engine brake
horsepower per gross vehicle weight. Also 
called the "laden speed index" or 
"gradeability index", a measure of vehicle 
gradeability. Calculated at standard and site 
ambient conditions. Note that the brake 
horsepower per empty vehicle weight ratio is 
not as important because the loaded hauls 
generally comprise the major portion of total 
travel time.

(2) Payload-weight ratio. The vehicle rated
payload per gross vehicle weight. A measure 
of long-haul efficiency.
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(3) Drive axle load distribution. The portion of
vehicle weight distributed over the drive 
axle(s) for loaded and empty conditions based 
on the vehicle center of gravity and existing 
grade conditions^ A measure of tractive
effort and gradeability.

(4) Clearance turning circle. Always check with 
the manufacturer as to the exact meaning of 
"turning radius" or "turning circle" whenever 
the word "clearance" is omitted. Important 
for the design of loading and dumping areas.

(5) Body density rating. The truck body's rated
, (weight) payload per rated (volumetric)

capacity.

(6) Body material match factor. The body density 
rating divided by the loose material density 
rating. A measure of the match between truck 
body and material type.

Examples of average truck type selection indicators 
for four basic truck designs are presented in table 5.4 
below. Load distribution is representative of single 
rear-axle drive unitized trucks and single front-axle drive 
tractor-trailer units. The primary purpose of selection



295

indicators is to assist in the initial identification of 
favorable truck designs.

Table 5.4 Truck Type Selection Indicators

Drive Axle
Power-Weight Payload-Weight Load Distribution

Truck Type
Ratio
(hp/st)

Ratio
(%)

(%)
Loaded Empty

Unitized Rear Dump 
(Mechanical Drive)

5.3-6.7 53-62 66 .50

Unitized Rear Dump 
(Electrical Drive)

5.0-5.3 57-60 67 54

Tractor-Trailer Bottom 
Dump (Electric Drive)

3.3-4.0 59-62 40 36

Unitized Bottom Dump 
(Electric Drive)

4.8-5.2 58-60 65 71

The final stage during preliminary selection of 
truck type involves quantifying the actual changes in 
vehicle performance due to differences in truck design. A 
summary of the numerous relationships between truck design 
and vehicle performance is given in table 5.5. For 
example» selection of a specific truck chassis design 
influences vehicle height which changes the vertical center 
of gravity which in turn influences the weight distribution 
on grades resulting in a change in tractive effort, 
gradeability, retarding, and tire loading.
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Table 5.5 Performance Factors Influenced by Truck Design

Design Component Performance Factor

Body Design:
Capacity • Maximum Utilization of Rated

Payload and Volumetric 
Capacity

» Matching Truck Body to Loader
Material Classification ° Maximum Utilization of Rated

Payload and Volumetric 
Capacity 

• Body Life
Method of Discharge » Dumping Time 

« Percent Adhesion to Body 
° Maneuver to Load Time 
» Maneuver to Dump Time 
° Dump Safety 
° Empty Center of Gravity 
° Loaded Center of Gravity 
o Overall Vehicle Length 
° Loading Height 
° Drive Traction 
• Tire Life

Optional Equipment ° Vehicle Weight 
» Vehicle Loading Height 
° Body Volumetric Capacity 
« Vehicle Center of Gravity 
« Mechanical Availability

Chassis Design: 
Frame

Suspension

° Overall Vehicle Length 
° Vehicle Maneuverability 
» Drive Traction 
o Payload Capacity 
° Turning Radius
® Vehicle Weight
« Operator Comfort and Efficiency 
° Maximum Speeds 
» Tire Life
» Mechanical Availability
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Table 5.5-— Continued. Performance Factors Influenced by Truck Design

Design Component Performance Factor

Power Train Design: 
Engine

Transmission

Drive Axle

Brakes

° Vehicle Weight 
° Vehicle Acceleration 
6 Fuel Consumption 
° Exhaust Pollution 
° Noise Pollution 
° Mechanical Availability'
° Vehicle Weight 
° Transmission Efficiency 
° Engine Life 
° Tire Life 
° Operator Efficiency 
° Vehicle Retardation 
» Maximum Speeds
° Vehicle Weight 
° Vehicle Center of Gravity 
° Truck Body Profile 
° Wheel Base
6 Vehicle Maneuverability 
° Power Transmission Loss 
° Rolling Resistance
- Drive Traction 
° Tire Life
° Vehicle Weight 
o Operator Safety 
° Operator Efficiency 
6 Forced Rate of Deceleration 
° Maximum Speeds
- Mechanical Availability
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Because of the large number of truck designs and 
the complicated interrelationships between haulage truck 
componentry and vehicle performance, the final stage of 
preliminary selection of optimum truck type is ideally 
performed using deterministic vehicle simulation programs 
sensitive to changes in truck componentry. Production and 
costs associated with each truck design should be modelled 
using the most up-to-date job site information. Proper use 
of the selection indicators and performance factor 
relationships (tables 5.4 and 5.5) can help minimize the 
number of necessary simulation runs. As mentioned in 
earlier sections, the engineering staff must always 
incorporate a number of nonquantitative considerations 
including mine safety, mine mobility, equipment 
standardization, and previous operating experience.
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CHAPTER 6 

SUMMARY

The thesis content emphasizes the complex problems 
associated with selection of the most efficient mining 
system. This chapter provides conclusions and final 
recommendations to the preliminary selection analysis of 
mining shovels and haulage trucks.

6.1 Conclusions
The purpose of this thesis work is to help mining 

engineers perform the first two stages of the preliminary 
equipment selection process. Stage 1 involves 
identification of favorable mining systems and major 
equipment types. Stage 2 invloves a more detailed analysis 
of the relationship between specific equipment designs and 
performance. The thesis work presents a logical, 
comprehensive discussion of the preliminary selection of 
mining shovels and off-highway haulage trucks. Many of the 
concepts concerning equipment design versus performance can 
also be applied to other equipment types such as hydraulic 
shovels, backhoes, and scrapers.

Mining shovels have been the most popular type of 
loading machine in the U.S. for the past six decades. 
Mining shovels remain the "standard" among loading machines
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because of their ability to load any material type under a 
wide range of operating conditions.

Early consideration must be given to all
economically viable alternative loading methods. The
operating advantages, disadvantages, and current mine 
applications of the following six alternatives to mining 
shovels were discussed: (1) hydraulic shovels,
(2) backhoes, (3) front-end loaders, (4) stationary belt
loaders, (5) blade belt loaders, and (6) bucket wheel
loaders. Of these six methods, hydraulic shovels and

(Vbucket wheel loaders have the greatest potential for growth 
in U.S. mining.

Information concerning machine operating
limitations, job site parameters, and planned or existing 
mining methods and equipment are important factors to 
consider during preliminary selection of loader type. A 
list of 22 preliminary selection factors for loader type 
was presented in section 2.4. Of these factors, the 
following five are considered most important:

(1) Material type and physical characteristics.

(2) Material fragmentation and size.

(3) Required mine selectivity.
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(4) Production rates and mine life.

(5) Required mine mobility.

Trucks have been the "workhorses" at many U.S.
surface mining operations for the past four decades.
Fleets of haulage trucks are an important method of
material transportation because of their operational 
flexibility and versatility. Truck haulage remains the 
most popular method of mine haulage at U.S. surface 
operations today. Off-highway trucks will continue to be 
one of the most important methods of surface mine material 
transportation. The greatest growth in truck haulage is 
projected to occur in underground mining. Conventional 
mine haulage trucks are slowly replacing LHDs for mainline 
haulage duties as mine openings continue to increase in 
size and haul lengths are extended.

Truck haulage is no longer the indiscriminant 
choice of many mine operators. Due to variable fuel and 
labor costs, more time is being allocated to the detailed 
study of alternative haulage systems. Operating advantages 
and areas of application for the following eight 
alternative methods of mine haulage were presented: 
(1) scrapers, (2) draglines, (3) bucket wheel excavators, 
(4) conveyors, (5) dozers, (6) tramming with front-end 
loaders, (7) stripping shovels, and (8) rail haulage. The 
current focus is on small bucket wheel excavators and new
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concepts in stationary and mobile conveyor transportation. 
There will be continued interest in tandem mine 
transportation systems (use of truck haulage in conjunction 
with in-pit crushers and conveyors) designed to minimize 
the dependency on labor and diesel fuel yet able to provide 
the desired degree of mine flexibility.

Whether the future market for mine haulage trucks 
slowly grows or declines will depend greatly upon the 
future price and stability of labor and fuel costs. The 
role of truck haulage in mining ultimately depends upon the 
production and cost considerations of alternative haulage 
methods, and the success of technological innovations such 
as trolley assist, automatic truck control, and 
computerized dispatching. Computerized dispatching has the 
greatest potential of reducing truck haulage costs because 
of the steady trend towards larger and more complex mining 
operations.

A list of 29 general considerations for preliminary 
selection of haulage type was presented in section 3.4. 
The five most important factors are believed to be:

(1) Haul distances.

(2) Haul section grades.

(3) Physical condition of haul sections.
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(4) Required production and mine life.

(5) Required mine mobility.

Variations in shovel design have a direct and 
important influence on shovel application, performance, and 
cost. An outline of the major design considerations and 
their relationship to shovel performance was presented in 
table 4.1 (section 4.3). Shovel design optimization 
involves selection of the primary componentry systems and 
equipment options which best match local operating 
requirements. ,

An extensive analysis of the major truck design 
components and their influence on vehicle performance and 
application was presented in chapter 5. Differences in 
truck design--especially body and chassis designs--can 
substantually affect truck performance. An organized 
approach was developed for estimating the effects of 
changes in truck design. Table 5.5 (section 5.4) clearly 
demonstrates the complicated interrelationship between 
vehicle performance factors and truck design. Because of 
the large number of truck designs and optional equipment 
available, preliminary selection of optimum truck type is 
ideally performed using vehicle simulation computer 
programs sensitive to changes in truck componentry.
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The large volume of material contained in this 
thesis dramatizes the complex nature of the equipment 
selection process. The types of mining systems and 
associated major equipment designs used in U.S. mining 
operations are very numerous. The popularity of individual 
mining systems fluctuates over time due to factors such as 
diminishing high-grade reserves, larger and deeper mines, 
changes in mining selectivity requirements, new 
environmental, land relamation, and health and safety 
regulations, local supply of energy and experienced labor, 
and ongoing technological innovations in mine equipment 
design and application.

Whatever the chosen method of loading and haulage, 
materials handling will unquestionably assume a larger 
percentage of total mine costs as deeper and larger-scaled 
operations come on line. Therefore, more time and effort 
should be allocated in the future to mine materials 
handling equipment and systems studies.

6.2 Recommendations
Selection of the optimum mining system requires 

analysis of how well all the individual equipment units and 
the design components of each unit work together. These 
analyses are best achieved through the use of digital 
computer simulation.
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In the past, manpower and time constraints made it 
very difficult to perform comprehensive equipment selection 
analyses. But the growing use of computers and simulation 
techniques in mining today enables the practical 
realization of extensive preliminary and final equipment 
selection studies. When considering three or four diferent 
mining systems, and numerour equipment design changes per 
mining system, the work outlined in this thesis can only be 
effiectively accomplished by the use of computer simulation 
programs which realistically model equipment productivity 
and cost. This allows the mining engineering staff more 
time to improve the mining system models by collecting 
additional on-site information on haul road conditions, 
haulage grades, weather data, material composition, etc.

Currently, simulation programs which model all the 
major mine material handling equipment are available from 
many different sources. But the levels of accuracy and 
basic modelling approaches differ greatly between 
individual programs. Therefore, it is very difficult to 
obtain an accurate comparison between competing mining 
systems. Another problem with the current state of 
equipment simulation programs is the difficulty or 
inability to accurately model the multiple changes in 
vehicle performance resulting from differences in machinery 
design.
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There is a need for a system of sophisticated 
modular equipment simulation programs which (1) share the 
same level of accuracy, (2) properly model the influence 
of local mine conditions, major equipment design 
differences, and optional equipment, and (3) which can be 
easily combined to provide a stochastic model of tandem 
mining systems (more than one major equipment type working 
together).

Ideally, field tests--the ultimate model of 
equipment performance--should be performed at the local 
mine site prior to making the final equipment selection. 
These tests are usually coordinated through the efforts of 
local equipment dealers. Field testing provides invaluable 
equipment performance data for validation of simulation 
models.

Many preliminary equipment studies are misused. 
Final decisions are too often extrapolated from a 
preliminary study which has been "dressed up" to represent 
the final report. To avoid this pitfall, recommend 
maintaining a list of all the items which have not been 
adequately studied during the preliminary studies. Use 
this list to ensure that the designated items are evaluated 
in greater detail during the final equipment selection 
process. Computer program input data listings are very 
useful in this regard.
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It is important to consider the former experiences 
of operating, management, and maintenance personnel. But 
determination of viable mine equipment systems should never 
be based solely on preconcieved ideas. All distinct and 
related mine equipment application, production, and cost 
factors should be impartially analyzed by the mining 
engineering staff. Following are some additional general 
recommendations to help ensure a successful preliminary 
equipment selection program:

(1) Work as a team. Assemble experts from various
disciplines: management, maintenance,
operations, and engineering. Helps eliminate 
personal biases.

(2) Communicate periodically with top management 
to help win support and trust. Communicate 
also with team members to avoid duplication of 
work.

(3) Take time to learn new or unfamiliar mining 
systems. Obtain assistance from equipment 
representatives and materials handling 
consultants.

Avoid premature conclusions based on "back of 
the envelope" calculations. Collect the

(4)
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necessary data and analyze the alternatives 
sufficiently prior to announcing conclusions.

(5) Use this thesis work as a guide towards 
establishing equipment selection procedures.

(6) Include all important nonquantitative issues 
such as health and safety, mine mobility, 
equipment standardization, previous operating 
experience, existing support equipment, and 
service and parts availability. Attempt to 
model the impact of these issues.

Mine equipment selection analysis is an. ongoing, 
dynamic process. The analysis does not end once the
equipment is purchased and the mine becomes operational. 
Existing materials handling methods should be reevaluated 
whenever major local mining, environmental, technological, 
or economic changes occur.

Local mining conditions such as ore thickness, 
material type and composition, fragmentation, haul 
distances, and labor and power costs change over time. 
Environmental regulations regarding overburden disposal, 
water impondments, surface reclamation and revegetation are 
subject to political change. Technological advancements in 
equipment design and application are continously being 
made. Inflation, commodity cost escalations, and foreign
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competition constantly fluctuate. The impact of all the 
above factors must be judiciously appraised by the mining 
engineering staff in order to maintain the most efficient 
mining system.
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