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ABSTRACT

The importance of being able to predict the cost of mining 

throughout the life of a property is widely recognized. This is par

ticularly true in the case of open-pit mining ventures» where initial 
capital expenditures are often enormous and profit margins slight. Be
cause loading and haulage costs are almost always the biggest single 

component of mining costs, two computer programs which simulate the 

operation of trucks and shovels have been developed.

The first program simulates the operation of a specified truck 

on a specified haulage road to determine the cycle time. The truck's 

speederimpull performance curve and the characteristics of the haulage 
road are used to do this.

The second program simulates the operation of a given mix of 

shovels and trucks under given operating conditions to come up with the 

production realized during the specified time period. By knowing the 

cost of owning and operating the specified equipment and the rate of 

production of that equipment, the mining cost/ton can then be 

determined.



INTRODUCTION

Statement of the Problem 

In order to sustain the economic growth of our energyand 

metals-based society, the mining industry has been forced to undergo 

dramatic change over the last 25 years. The depth of existing and pro

posed open pits has resulted in the widespread preference for truck 

haulage over rail haulage because, of the longer, flatter ramps and lack 

of flexibility associated with rails. The depletion of most of the high 
grade, easily mined ores has forced the industry to turn to increasingly 
lower grade material. With lower grade ores, more material must be han

dled to maintain a given level of commodity output and to cover fixed 

costs. At first glance, it would seem that this problem could be easily 
solved by using increasing numbers of equipment units, i.e., trucks and 

shovels. Unfortunately, the simple addition of more trucks and shovels 

to an operation increases already rising labor costs and is apt to cause 

traffic problems. As a result, the industry has turned to using larger 

sized trucks and shovels and, happily, the technology of the design of 

this equipment has kept pace and made this a viable alternative. Unfor

tunately, however, large equipment requires larger capital investment 

and thereby increases fixed costs. The net effect, then, of mining lower 

grade ores and using larger equipment has been the reduction of the prof

it realized from the mining and milling of each ton of ore. With lower 
profit margins there is less tolerance for error in the design and plan

ning of open-pit mining systems.

1
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To compound matters, the size and complexity of open-pit mining 

systems has increased, making the forecasting of operating costs and 
performance more difficult. For example, fleets, containing trucks of 

several different types are not uncommon. Developments such as radio 

dispatching have increased the interdependency and interaction of the 

units of the system. Traditional, hand calculation methods fail to 
handle this adequately. Actual trial-and-error experimentation is simply 

too expensive and rapidly changing operating conditions resulting from 
high mining rates quickly make the results of such experimentation obso

lete anyway.
In summary, changes in the open-pit mining industry have made it 

increasingly difficult to maintain the same level of planning and fore

casting accuracy at a time when more accuracy is needed. This is the 

basis of the problem!

- Introduction to Simulation.
To solve this problem, management has turned to the relatively 

new field of Operations Research (OR). Because of the widespread con

fusion associated with this term, further clarification might be helpful. 

A general definition of Operations Research is that it is the applica

tion of the scientific method to the process of making decisions. Since 

one definition for the purpose of science is "the efficient prediction 

of the consequences of action", (Gupta and Cozzolino, 1975, p. 1), one 

can see the direct connection to the problems addressed by this thesis.

Perhaps the most widely used branch of OR is that of Systems 

Simulation. As the word "simulation" indicates, this is using a model



of a real system to artificially produce a likeness of that system 
(Gupta and Cozzolino, 1975).

Prior to the development and acceptance of the computer, the use 

of simulation was very limited due to the amount of calculation required. 

Conversely, the refinement of computer technology has opened up a world 

of capabilities. For example, the incorporation of automatic random 
number generators with most computing systems has enabled instantaneous 

sampling and, hence, full probabilistic or Monte Carlo simulation. In 

this technique, random , samples determine the value of variables which 

are subject to uncertainty according to specified probability distribu

tions. After repeating the sampling process many times, the interaction 

and interdependency of the system's units become evident. This would be 

next to impossible to achieve using hand calculations.

One of the most important aspects.of simulation is the develop
ment of the model which is. to represent the system. Since the model 

cannot duplicate all aspects of the real system (if it did, it would have 

to be the real system), it is important to explicitly define those char

acteristics of the system that are of interest. The determination of 

these characteristics is, of course, influenced by the purpose for which 

the simulation study is being done. So, the first order of business of 

any simulation study should be the establishment of the purposes for 

which the study is intended. Next, the system characteristics that are 

of interest (as defined by the purpose of the study) should be identi

fied. Then, and only then, should the formulation of the model begin " 

(Kim, 1975).



The advantage of systems simulation over analytical techniques» 

and the reason it is so popular» is that it can handle very complex sys

tems without subjecting the system to excessive simplification. Analyt
ical techniques such as linear programming, inventory theofy, dynamic 
programming, etc. often require simplifying assumptions to be applied to 

the system so that the technique can be employed. These assumptions can 

alter the system to the point where the resulting solution no longer 
corresponds to the original problem (Kim, 1975). The use of simulation 

can avoid this in many cases.

Another advantage of simulation is that it enables the user to 

test the sensitivity of the system's performance to various changes in 

the input data. This identifies the variables which most affect the re
sults and also indicates the accuracy to which each variable should be 

estimated to get valid results.

However, there are drawbacks to using simulation. Whereas ana

lytical methods generally produce the optimum answer to a problem, simu

lation produces an answer which is not necessarily optimum. With 

simulation, trial-and-erfor experimentation must be performed to find an 

approximate optimum. However, in many cases, an approximate optimum 

answer to the correct problem is more valuable than the.exact optimum 
answer to the wrong problem.

The implementation of simulation can be classified into the fol

lowing three modes: analog, digital, and hybrid. For the purposes of

this discussion, only the digital method will be discussed. As the 

term indicates, it is the implementation of simulation on the digital



computer. Within this classification, simulation can be further parti

tioned into "continuous" and "discrete" simulation. Continuous simula
tion is used when the behavior and state of the system changes 
continuously and can be described by a set of differential equations.

Time is advanced continuously. Discrete simulation, on the other hand, 

is used when the state of the system remains constant for discrete and 

usually unequal time intervals. Time is advanced in discrete incre

ments. Most mining systems are of the discrete type, so further discus

sion will be limited to discrete simulation unless otherwise stated.

Brief Review of Literature 
The last 15 year period has seen almost universal acceptance of 

simulation as a valuable mine management and planning tool. Consequent

ly, the volume of literature published in this area has ballooned tre

mendously. One of the early publications regarding the application of 

simulation to open-pit mining was by Madge (1964). Madge used the Monte 

Carlo technique to investigate the problem of truck allocation. Although 

much attention was paid to loading, dumping, and queuing times, this 

study assumed truck travel time to be constant. Waring and Calder (1965) 
published a similar study which ealborated on the travel time determina

tion. However, the model could still handle only one shovel type, one 

truck type, one source location, and one destination location. O’Neil 

and Manula (1967) developed a simularot which combined probabilistic 

(or Monte Carlo) and standard simulation. In this, some stochastic vari
ables were still used, but travel times were determined by equipment



performance characteristics and Newton's Laws of Motion. Sanford and 
Manula (1968) introduced a total systems concept applied to an under
ground coal mine. This model was capable of handling a wide variety of 

mine layouts and the transportation of material from multiple sources 
to multiple destinations. Morgan and Peterson (1968) published their 

work involving the calculation of travel times of a truck over a given 

haulage road profile. Time spent in queues was added in at the loading 

point. Cross and Williamson (1969) elaborated.by adding the capability 
of handling systems with truck dispatching. Su’s doctoral thesis (1971) 
reported on his simulator.which was capable of handling multiple sources, 

multiple destinations, and a wide variety of mine layouts and equipment. 
It also generated travel times internally using the performance curves 

of the equipment being used and the characteristics of the haulage road 

being traveled, and was capable of simulating any combination of trucks, 

trains, conveyors and bucket-wheel excavators. Bauer and Calder (1972) 

developed a program capable of simulating systems with or without passing 

allowed on the haul road, truck dispatching,, multiple sources and desti

nations, and a variety of digging conditions, Lyew-Ayee (1973), Maraboli 
(1973), and Iribarren (1976) have all elaborated on work previously done 

at The Pennsylvania State University. Butler and Bouts (1975) developed 

a simulator capable of incorporating delays due to shovel movements, 

traffic congestion, refueling trucks, moving cable bridges, etc. As can 

be seen, progress has been reflected by the increase in flexibility and 

refinement of these simulators.
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Purpose and Scope

Now that the general problem has been stated, some background 

information laid down, and previously related studies discussed, it is 

time to get more specific. The intent of this thesis is to report on 

the results of work done in the design, development, and testing of a 
computer package which can be used to simulate a specified open-pit min

ing operation. In order to be able to put the results into proper per

spective, it is also necessary to report on the "whys" and "hows" that 

went into the study.

As was stated earlier, the first step of any simulation study is 

the establishment of the purposes for which the study is intended. The
: . I

purpose of this study was to supply management with a better tool to pre

dict the mining cost (in dollars per tone) for a given set of operating 
conditions and a given set of equipment. Given this tool, management 

could then experiment to optimize their selection of equipment and those 

operating conditions within their power to control (e.g., haulage road 

characteristics, location of crusher and dumps, etc.). The optimum, of 

course, would be that which gave the lowest cost per ton over the life 

of the mine.
It was intended at the outset that the package would be used more 

for preliminary feasibility studies and long-range mine planning than for 

detailed studies or short-range mine planning.

With any computer program, there is a fine line that must be 

struck between its flexibility and its ease-of-use. Any increase in



flexibility usually means an.increase in complexity. Hence, flexibility 

is usually accomplished at the expense of ease-of-use and vice versa.

The intention of this study was to make the package flexible enough to 

be able to simulate almost any open-pit operation and yet simple enough 
to be able to be run by a user with a minimum amount of computer train
ings It was also intended that the required input data would be kept to 

a minimum and the output would be clear, complete, and concise.

In keeping with these stated purposed, it was the intention of 

this study to be able to simulate mining systems with or without multi

ple sources and destinations, sharp curves and intersections, passing on 
the haul road, haul roads with loops, machines with load-haul-dump capa

bilities (e.g., scrapers), and the availability of back-up (spare) load

ers . It was also deemed important to be able to simulate and therefore 

evaluate the effects of mechanical breakdowns, traction constraints, 

operator inefficiency, and variations in engine output. Perhaps most 

importantly, it was desired to develop the capability of performing 
multiple runs under one job stream while discriminatingly changing any 

or all. of the input data, thereby enabling sensitivity analysis to be 
performed.

One last goal that was in mind at the outset of the study was 

the incorporation:of event-oriented or next-event simulation. In most 

of the previous studies that were reviewed, time was advanced throughout 

the duration of the simulation in pre-specified, constant increments. 
With each increment, the state of the system was updated regardless of 

whether any change (or event) had occurred. Consequently, in periods



of closely-spaced events, the Increment was too large and resulted in a 

loss of accuracy. In periods of widely-spaced events9 the increment 

was too small and resulted in excess computation and loss of computer 
efficiency. With event-oriented simulation, however, time is advanced 

from one event to the next as required, thereby striking a proper balance 

between accuracy and computer efficiency.



METHOD OF ANALYSIS

Basic Policy Decisions 
Several basic decisions of policy were made, early in the study.

These were as follows:
1. It was decided to confine the simulation study to the loading

and haulage portion of open-pit mining. This was done for two
reasons. First, loading and haulage costs usually account for 

50-60% of the cost of mining and milling (by far the biggest 

single component). Secondly, most of the other functions (e.g., 

drilling, etc.) are done independently of all other functions 

(i.e., there is no interaction). Therefore, hand calculations 

are usually sufficient in handling these.
2. It was also decided to break the package into two parts, each

capable of standing alone. This Was done to give the user the

flexibility to use either part independently when both parts

were unnecessary. The first part is the Haul-cycle Simulation, 

This involves the calculation of the travel time for a given 

truck over a specified haul road. Output from this program is 

used as input for the second part. This part is the actual 

Open-pit Operations Simulation.

3. It was decided that one of the pre-packaged Simulation Program

ming Languages (SPL) such as GPSS (IBM, 1968), SIMSCRIPT 

(Markowitz, 1968), or GASP (Pritsker, 1974) would be used for 

the Open-pit Operations Simulation. In most simulation studies,

10
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the major portion of the programming effort is devoted to book

keeping and logistics functions, i.e., keeping track of machine 

attributes, pertinent statistics, input-output, etc. (Kim, 1975). 

It was felt that using a SPL would greatly reduce the overall . 

programming and documenting effort with no loss in effectiveness. 

GASP IV was selected because of its input-output features and its 
Fortran-based language. (Fortran is the language with which en
gineers are usually most familiar. Also, since most systems are 

capable of using Fortran, no special compiler is required.)

The remainder of this section deals with each of the two programs 

separately.

Haul-cycle Simulation

Narrative Description
The Haul-cycle Simulation program calculates the time required 

for an automotive-bype haulage machine to haul a given load of material 

from the material's source to its destination, dump the material, and 

return empty to:the point of loading. Such a problem is directly appli
cable in open-pit and surface mining operations or in any earth-moving 

operation where automotive-type haulage units are used. The hauling 

machines may be strictly haulage-dump units, such as trucks, or they may 

be self-loading (load-haul-dump) units, such as scrapers. In the case 

of trucks, one application of the program would be in estimating the 
number of haulage units required to keep a loading unit (e.g., shovel)



constantly busy. In this case, the cycle time calculated by the program 

could be used as follows:

Number of trucks required = (cycle time) * (time required to load one
truck)

Production rate can then be roughly estimated by simply knowing the pro

duction rate of the loading machine (Puerifoy, 1970).
In the case of scrapers, the cycle time can be used as follows 

in directly estimating the production rate (Puerifoy, 1970).

Hourly production rate = (No. of scrapers) (amount of material/cycle/
scraper) (No- cycles') 

hr.
Hereafter, the haulage unit is assumed to be a truck, although 

in this context the word truck is interchangeable with scraper or any 

automotive haulage unit.

Method of Solution

Basic Principles. The principles upon which the program is 

based are as follows:

Newton’s Second Law of Motion: Fgc =
,2or F = m _ 
dt2

or F = ma

Laws of Rectilinear Motion:
2
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With constant acceleration

2 0 , 2  = 2as +

By knowing the mass of an object (e.g., a truck) and the forces
acting on it, the instantaneous change in velocity, or acceleration, can 
be determined. Further, if the initial velocity is known and accelera

tion is assumed to be constant until a specified final velocity is ob

tained, the time required and distance covered in attaining that final 

velocity can be readily calculated. This premise is the heat of the pro

gram. The "speed vs. rimpull" performance Curve of the haulage unit, 
readily available from manufacturers, specifies the force (rimpull) 

available to accelerate the machine at a given velocity. A series of 
linear segments must be drawn to approximate the curve (Figure 1). In 

accelerating or decelerating from one point to the next on the curve, 

the rimpull (and therefore acceleration) is assumed to be constant at 

the level of the initial speed point until the next speed point is 

reached. In other words, the accelerating force changes in steps (dis

cretely) rather than continuously. Hence, the method is a reasonable 

approximation of what happens in actual practice.

Additional Factors Affecting Truck Performance. There are forces 

acting on a truck other than those supplied by its engine and brakes. 

These include gravitational forces due to a positive or negative grade 

of the road: and forces due to tire flexure, internal friction, and tire 

penetration into the road surface (Bishop, 1968).
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Fig. 1. Typical Speed versus Rimpull Curve Approximated
by Linear Segments.
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The gravitational force is directly proportional to the truck's 

mass and is directed toward the center of the earth. When the truck is 

on a positive or negative grade, this force is resolved into a force 

normal and a force tangential to the road surface. The tangential com
ponent is that which resists acceleration, in the case of a positive or 

upgrade, or assists acceleration in the case of a negative or downgrade. 
In the case of a flat or horizontal grade, this tangential component is 

zero and therefore has no effect.
The forces due to tire flexure, internal friction, and tire 

penetration are often lumped together in a term called "rolling resis

tance", often referred to as RR. RR is dependent on the type of tires, 

bearings, and lubricants On the truck, and. the surface of the road upon 

which the truck is moving. RR is most often expressed as a percent of 
the truck's gross vehicle weight. The resultant force acting on the 

truck is the vector sum of all the individual forces.

Factors other than speed which influence the amount of rimputt 

available at the drive wheels include altitude (Puerifoy, 1970), the

truck's mechanical condition, and the traction available at the drive 

wheels. The first two items are lumped together in the program in an 

input variable, EFF, by which the manufacturer's rimpull figures are 

multiplied to obtain actual rimpull levels available. This variable is 

expressed as a decimal fraction and is always less than or equal to 1.0. 

Please note that this factor, EFF, is in no way related to thermal or 

mechanical efficiency. The last item, traction available at the drive 
wheels, is dependent on the weight which is over the drive wheels, the
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grade of the road, and the coefficient, of traction between the road and 

tire surfaces. The percent of the truck’s gross vehicle weight which is 

over the drive axles is very different when the truck is loaded than 
when it is empty. Hence, two input variables are used to estimate this. 
Both are expressed as decimal fractions. The first of these defines the 
percentage of the truck’s gross vehicle weight that is over the drive 

wheels when the truck is loaded. The second defines the percentage of 

the truck’s gross vehicle weight that is over the drive wheels when the 

truck is empty. This weight over the drive wheels can be resolved into 

a force tangential and a force normal to the road surface. The magni

tudes of these components depend on the grade of the road. The coeffi
cient of traction is the factor by which the normal component is 
multiplied to obtain the maximum tractive effort (rimpull) available for 

acceleration or deceleration without tire slippage (Puerifoy, 1970).

Haul Road Speed Limits. Another factor which is very important 

in the program is the use of maximum speeds allowed at different points 

in the haul road. In some areas of the haul road, particularly down

grades and sharp curves, the speed that is driven is not limited by the 

truck’s power capabilities, but rather by the maximum speed allowed while 
still insuring a safe operation. Hence, speed limits must be specified 

to account for this.

Each haul road segment has four speed limits. The first speed 

limit, VMAX1, is the maximum allowable speed when traveling in the up

grade direction. The second speed limit, VMAX2, is the maximum allowable 
speed when traveling in the downgrade direction. If the grade is zero.
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VMAX1 is. used. The third speed limit, VMAX3, is the maximum speed al

lowable at the end of the segment when traveling toward the loading 

point from.the dumping point. The fourth speed limit, VMAX4, is the

maximum speed allowable at the end of the segment when traveling from

the loading point toward the dumping point (Figure 2). By using VMAX3
and VMAX4, intersections where the trucks must slow down or stop can

easily be incorporated. However, care must be taken to ensure that the 

end-of-segment speed limits do not exceed the speed limits for the next 
segment to be traveled. If this rule is violated, simulation will be 
stopped and an error message will be printed. The method of meeting 

the end-of-segment speed limit, if it is lower than the present limit, 

is quite simple. After the speed limits for the segment have been estab

lished and the acceleration and deceleration rates set, the distance 

that can be traveled until deceleration must begin is calculated. The 

equation for this is derived as follows:

V32 = VEL2 + (2*ACCL*D1) 1.1

where V3 = velocity (fps) attained when deceleration must begin 
VEL = current velocity (fps)
ACCL = acceleration rate (fps^) expressed as positive or negative 

as the case may he 
D1 = distance traveled (ft.) until deceleration must begin

But also,

V32 = VLIM22 + (2*DCEL*D2) 1.2

where VLIM2 = end-of-segment speed limit (fps) .
DCEL = deceleration rate (fps^) expressed as positive
D2 = distance required (ft.) to decelerate to meet the end-of- 

segment speed, VLIM2.
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Intersection 
where trucks Dumpmust stop

A6A5

A4Load 
Pt. Seg. 1
A1 0% A2

Y

Haul Road Node Sequence: A1 A2 A3 A4 A5 A6

Seg. No.
(J) VMAXl(J)* VMAX2 (J) VMAX3(J) VMAX4(J)

1 22 22 0.001 22
2 22 16 22 22
3 22 22 16 0.001
4 22 16 0.001 22
5 22 22 16 0.001

Travel in the X Direction Travel in the Y Direction
End-of- End-of-

Segment Segment Segment Segment
Speed Limit Speed Limit Speed Limit Speed Limit

Seg (VLIM1) (VLIM2) Seg (VLIM1) (VLIM2)

1 22 22 (@ A2) 5 22 16 (0 A5)
2 22 22 (0 A3) 4 16 0.001 (@ A4)
3 22 0.001 (@ A4) 3 22 16 (@ A3)
4 22 22 (@ A5) 2 16 22 (O A2)
5 22 0.001 (@ A6) 1 22 0.001 (@ Al)

*VMAX1(J) Upgrade speed limit
VMAX2(J) Downgrade speed limit
VMAX3(J) Return trip end~of-segment speed limit
VMAX4(J) Haul trip end-of-segment speed limit

Fig. 2. Sample Haul Road with Speed Limits



19
Set DLEFT = D1 + D2 or D2 = DLEFT - Dl, where DLEFT = distance remaining 

in the segment. Substituting into Eq. 1.2:

V32 = VLIM22 + [2*DCEL(DLEFT - Dl)]

Setting Eq. 1.1 equal to Eq. 1.2 and solving for Dl:

_ VLIM22 - VEL2 + (2*DCEL*DLEFT)
2*(ACCL + DCEL)

If the distance, Dl, is negative, deceleration should have begun previ

ously and the end-of-segment speed limit will not be met. The program 

will print an error message and stop simulation. If the distance is 

non-negative, the velocity attained when deceleration must begin, V3, 

can then be calculated as follows:

V3 = [VEL2 + (2*ACCL*D1)]^

V3 is compared with the next speed point on the speed-rimpull curve. If 

ACCL is positive, the smaller of V3 and the next higher Speed point is 

the next event point (Kim, 1975). If ACCL is negative, the larger of V3 

and the next lower speed point is the next event point.

Defining the Haul Road. As the haul road changes, the forces on 

the truck change. Therefore, the haul road, if it can be specified, 

must be broken into segments haying equivalent characteristics (i.e., 

grade, coefficient of.traction, rolling resistance, and speed limits).

If the haul road cannot be specified and only the locations (i.e., three- 

dimensional rectangular coordinates) of the loading point and the dump

ing point are known, distances and grades of a three-segment haulage road



will be automatically generated in subroutine PROFILE and reasonable 

default value will be assigned for speed limits, coefficients of trac

tion, and rolling resistance. To do this, a maximum grade must be spec

ified. If the grade of the straight line drawn from the load point to 
the dump point is greater than the maximum, the length of this incline 
is increased such that its grade equals the maximum. The incline is 

preceded and followed by flat segments that are each 200. ft, long. The 

length of 200 ft. was chosen because it is roughly the distance required 
to go from a speed of 20 mph to a complete stop at a moderate decelera

tion rate of 2 ft/sec^. If the grade of the inclined line is less than 

or equal to the maximum allowable grade, the length of the incline is 

set such that the grade equals the maximum. The lengths of the preced

ing and following flat segments..are then adjusted to make up the remain

der of the horizontal extent. Again, the minimum length of each flat 

segment is 200 ft (Figure 3).

Event-oriented Simulation. This program is an event-oriented 

simulation program. That is, the state of the system remains constant 

until the next event is reached (Kim, 1975). In this program, the 

events occur whenever one of the following conditions occurs:

1. the next point on the speed-rimpull curve is reached;

2. the end of the present haul road segment is reached;

3. the segment*s speed limit is reached.

Acceleration remains constant between these events. When an event oc

curs, the acceleration, velocity, distance traveled, and time consumed.
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Case 1: Coordinates:

Load Pt. 
Dump Pt.

X Y
54900. 56900.
52450. 57700.

Total 
Z(elev.) Lift
2670.
3293.

623’ Dump 
200 ft. Pt.

PR4

GRMAX = 8%

Load
Pt,PR1

200 ft
0% PR2

Case 1: Slope Greater Than GRMAX

Case 2: Coordinates:
Total

X Y Z(elev.) Lift
Load Pt. 54900. 56900. 2670.
Dump Pt. 52450. 57700. 2770.

100’

Dump
664 ft

PR3

Load
Pt.

• PR1
GRMAX = 8%664 ft

0% PR2
Case 2: Slope Less Than GRMAX

Not to Scale

Fig. 3. Typical Haul Road Profiles Generated Internally
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are updated and the next iteration is started. This continues until the 
required distance has been traveled, whereupon the truck dumps the load 

and starts back toward the loading point.

Program Capabilities

Deterministic and Stochastic Simulation, Multiple Runs. The pro

gram is capable of multiple runs using stochastic or deterministic simu

lation. For deterministic simulation it can make multiple runs while 

discriminatingly changing any part of the data with each run and out- 
putting each result as a probability distribution having one value. This 

is perhaps the most useful.aspect of the program, and is done by using 

six master data files which are input and stored in memory. In a mul

tiple run with changing data (e.g., a different truck or a different, 

haul road) only the data which are changed need be specified for the sub

sequent runs, The correct information is retrieved from the master files 

and the program is restarted automatically. Sensitivity analyses can be 

readily performed in this manner. For stochastic simulation, the pro
gram can make multiple runs using the same data while generating a prob- 
.ability distribution of the cycle time. The stochastic variables are 
load weight and. dump time.

Non-tracing. Haul Routes. The program is also capable of simulat

ing systems with or without non-tracing haul routes. Probably the most 

usual case is when the return portion.of the cycle is simply a reverse 

trace of the haul portion of the cycle. In some cases, however, the
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return trip is not a reverse trace of the haulage route. For example, 

this would be true of any route containing a loop. Some additional in
put is required.to handle this.

Internal Generation of Haulage Road Profile. Another capability 
of the program is the ability to internally generate a three-segment 

haulage road given the locations (i.e.» three-dimensional, rectangular 

coordinates) of. the loading point and dumping point. This was previously 

discussed in the section titled Method of Solution. An example is shown 

in Figure 3. The value of this feature is that, lacking better informa

tion, this gives an idea as to the fastest possible cycle time that can 

reasonably be expected. It was found in testing, however, that the ac
tual cycle time was usually significantly greater.

Printed Output. The program is also capable of generating dif

ferent printed output as required. Usually, the user will want the pro

gram output to consist only of the final results of the simulation. The 
program is capable, however, of. providing more than the end results.

The user may wish a listing of the major input data, sometimes called an 

"echo check." This is useful when new data are used, because it enables 

the user to check these data for possible errors. In addition, it is 

often useful when debugging a program to be able to check results at the 

intermediate stages. This makes it easy to manually check the calcula

tions and locate possible sources of trouble. The user can obtain the 

results necessary to check calculations at every event point by specifying 

the appropriate switch to be 1.0 in the input data. After gaining
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confidence in the reliability and accuracy of the program, output of the 
final answer is generally sufficient. The user can then suppress out

put of the intermediate results by specifying this switch to be 0.0 in 
the input data. See Figure 4 for a Sample output with echo check and 

intermediate results.

Open-pit Mine Operations Simulation

Narrative Description
This program simulates the operation of a specified truck- 

shovel, open-pit mining system. The GASP IV simulation language 
(Pritsker, 1974) is used to accomplish this end. Program capabilities 

include handling multiple sources, destinations, truck types. Shovel 
types, and material types. It is also capable of handling Systems with 

or without truck dispatching, loading with spare loaders (in the event 

of shovel breakdown), and allowable passing of trucks on the haul road. 

The user also has the option of simulating machine breakdowns by either 

using simple availability figures or by using machine up-time and down

time probability distributions.
Required input data include the time probability distributions 

for the different combinations of machine types, material types, sources, 

destinations, etc. for each machine function (i.e., loading, dumping, 

traveling, etc.). These distributions are computed (or estimated) using 

another program such as the Haul-cycle Simulation Program.

Output statistics include the total and daily coal (ore) and 
waste1 production of the entire system; production statistics for each
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HAUL CYCLE SI.IOLATION RESULTS 

INPUT J AT A :

HAULAGE ROAD PROFILE:

S3. ROD21 NODE 2 DIST. GRADE ROLLING COEFF. SPEED' L 1.1 ITS (.1P H)
(PCT) RESIST. TRAC. UP DOWN STRT END

1 A 1 A2 500. 0.0 2.0 0.6 22.0 22.0 0.0 10.0
2 A2 A3 900. 6.0 2.0 0.6 22.0 15.0 5.0 15.0
3 A3 A 4 800. 1.5 2.0 0.6 , 22.0 20.0 15.0 0.0

TRUCK CHARACTERISTICS:
SPEED SPEED RI3PULL
(SPH) (FPS) (LBS.)

0 . 0  0 . 0  0 5 0 00 .
1.4 2. 1 80000.
1 . 5  2 . 2  7 5 0 0 0 .
1 . 7  2 . 5  7 00 00 .
2 . 1  3 . 1  6 5 0 00 .
2 . 3  3 . 4  6 0 0 00 .
2 . 7  4 . 0  5 5 0 00 .
3 . 1  4 . 5  5 00 00 .
3 . 8  5 . 6  4 5 0 0 0 .
4 . 3  6 . 3  4 00 00 .
5 . 1  7 . 5  3 50 00 .
6.2 5.1 30000.
7 . 5  1 1 . 0  2 5 0 0 0 .
9 . 2  1 3 . 5  2 00 00 .

12 .1  1 7 . 7  15000.
1 8 . 3  2 6 . 8  10000.
2 8 . 0  4 1 . 1  5 0 0 0.
3 2 . 0  4 6 . 9  0.

Fig. 4. Sample Output with Echo Check and Intermediate Results
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IKTSH'l 201 ATt R2S3LTS:

HiOL ROAD SSCi.'tRNT KO. 1

VEHICLE VEIGHT = 70.8 TONS
LOAD HEIGHT = 95.0 TONS
33005 VEHICLE HEIGHT * 165.3 TONS
HOAD SEGMENT GRADE = 0.0 PCI
DECELERATION RATE = 2.0 FPSS
SEGMENT SPZED LIMIT = 32.3 FPS
END OF SEG. SPD. L.1T. - 14.7 FPS
RESULTANT GRADE FOECE* 6632.0 LBS.

s t s t .
VEL.
(FPS)
0.00

END
VEL.
(FPS)
2.05

ACCEL.
(FPSS)
7.61

AV3?
(LBS)

85000.

ACCFR
(LOS)
78368.

TIME
(SEC)

0.27

DIST
7RAV
(FT)

0.3

DIST
LEFT
(FI)
499.7

INTER
DIST
(FT)

0.0

INTER
TIME
(SEC)

0.0

ACCOM
TIME
(SEC)

0.27
2.05 2.20 7. 12 80000. 73368. 0. 02 0.0 499.7 0.0 0.0 0.29

2. 20 2.49 6.64 75000. 68368. 0.04 0. 1 499.6 0.0 0. 0 0.33
2.49 3.08 6. 15 70000. 63368. 0. 10 0.3 499.3 0.0 0.0 0.43
3.03 3.37 5.67 65000. 58368. 0.05 0.2 499.1 0.0 0.0 0.48

3.37 3.96 5 . Id 60000. 53368. 0. 11 0.4 498.7 0.0 0.0 0.59
3.96 4.55 4.70 55000. 48368. 0. 12 0.5 498.2 0.0 0.0 0.72
4.55 5.57 4.21 50000. 43368. 0.24 1.2 497.0 0.0 0.0 0.96
5.57 6.31 3.73 45000. 38368. 0.20 1.2 495.8 0.0 0.0 1. 16
6.31 7.48 3.24 40000. 33368. 0.36 2.5 493.3 0.0 0.0 1.52
7.40 9.09 2.75 35000. 28368. 0.59 4.9 488.4 0.0 0.0 2. 11

9.U9 11.00 2.27 30000. 23368. 0.84 8.4 480.0 0.0 0.0 2.9 5
11.00 13.49 1.73 25000. 18363. 1.40 17. 1 462.9 0.0 0.0 4. 35
13.49 17.75 1.30 20000. 13368. 3.28 51.2 411.7 0.0 0.0 7.6 2
17.75 26.04 0.81 15000. 8368. 11. 19 249.5 162.2 0.0 0.0 18.81
26.34 1 4. t>7 0.33 10000. 3368. 7.41 162.2 0.0 30.8 1.1 26.23

Fig. 4— Continued. Sample Output
with Echo Check and Intermediate Results
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HAUL ROAD SRUIEKT MO. 2

VEHICLE WEIOHT = 70.8 TOMS
LOAD WEIGHT = 95.0 TONS
DROSS VEHICLE WEIGHT = 165.8 TONS
POAD SEJ1EMT GRADE * 8.0 PCT
J ECELERAIIOM PATE = 2.0 FPSS
5SG.1ENT SPEED LIMIT = 32.3 FPS
END 0? SKG. SPD. LMT.= 22.0 FPS
RESULTANT GRADE POKCE= 33075.5 LBS.

srar. END DIST DIST INTER lilTEB ACCOM
V2L. VEL. ACCEL. AVZt? ACC FH TIME THAV LEFT DIST TIME TIME
(FPS) (FPS) (FPSS) (LilS) (LBS) (SEC) (FT) (FT) (FT) (SEC) (SEC)

14.67 13.49 -1.40 18621. -14455. 0.84 11.8 888.2 30.8 1. 1 0.84

13.49 11.00 -1.27 20000. -13076. 1.96 24. 1 8*4.2 30.8 1. 1 2.80
1 1.33 9.09 -0.78 25000. -8076. 2.43 24.4 839.8 30.8 1. 1 5.23

9.09 8. 10 -0.30 30000. -3076. 3.32 28.6 811.2 3 0.8 1. 1 8.55
8. 10 d. 10 0.00 33076. 0. 100.13 811.2 0.0 0.0 0.0 108.69

HAUL ROAD SEGMENT NO.

VEHICLE WEIGHT 
LOAD RLIGHT =
DROSS VEHICLE WEIGHT = 
ROAD SEGMENT GRADE * 
DECELERATION FATE 
SEGMENT SPEED LIMIT = 
L!U Or StG. SPD. LMT.= 
RESULTANT GRADS FOkCE=

70.8 TONS 
95.0 TONS 

165.8 TONS 
1.5 PCT 
2.0 FPSS 

32.3 FPS 
0.0 FPS 

11605.4 LBS.

S T M .
VEL.
(FPS)

END
VEL.
(FPS)

ACCEL.
(FPSS)

AVRP
(L3S)

ACCFfi
(LBS)

TIME
(SEC)

DIST 
TfiA V 
(FT)

DIST
LEFT
(FT)

INTER
DIST
(FT)

INTER
TIME
(SEC)

ACCOM
TIME
(SEC)

8. 10 9.09 2.08 33076. 21470. 0.48 4. 1 795.9 0.0 0.0 0.48

9.09 1 1.00 1.79 30000. 18395. 1.07 10.7 785.2 0.0 0.0 1.54

1 1.03 13.49 1.30 25000. 13395. 1.92 23. 5 761.7 0.0 0.0 3.46

13.49 17.75 0.82 20000. 8395. 5.22 81.5 680.2 0.0 0.0 8. 68

17.73 23.92 0.33 15000. 3395. 18.73 390.2 290.0 0.0 0.0 27.41

23. 32 0.00 0.00 11605. 0. 18. 10 290.0 0.0 146.9 6. 1 45.51

DUMP TIME = 81.0 StC.

Fig. 4— Continued. Sample Output 
with Echo Check and Intermediate Results
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HAJL dOAD SS.I.IEST KO.
VZdlCL? •-KIGHI 
LUAJ WZIJdl >
SHOSa VEHICLE WEIGHT > 
RUAO SEGMENT GRADE « 
J JwEi. ERATION RATE = 
SEGMtar SPEED LIMIT » 
833 D ? SEJ. SPD. LMT.= 
H-3JLTAHf GRADE FORCE’

70.8 TONS 
0.0 TONS

70.8 TONS 
-1.5 PCT
2.0 FPSS 

29.3 FPS 
22.0 FPS 

708.2 LBS.

srar.
V2L.
(FP3)

5 N j
VZL.
(FPS)

ACCEL.
(FPSS)

A VHP 
(LBS)

ACCFB
(LBS)

TIME
(SEC)

DIST
TBAV
(FT)

DIST
LEFT
(FT)

INTEB
DIST
(FT)

INTER
TIME
(SEC)

ACCOM
TIME
(SEC)

3.03 2.35 11.14 49696. 48988. 0. 18 0.2 799.8 0.0 0.0 0. 18

2.03 2.20 11.14 49696. 48988. 0.01 0.0 799.8 0.0 0.0 0.20

2.20 2.49 11.14 49696. 48988. 0.03 0. 1 799.7 0.0 0.0 0.22

2.4, 3.00 11.14 49696. 48988. 0. 05 0. 1 799.6 0.0 0.0 0.28

3.03 3.37 11. 14 49696. 48988. 0.03 0. 1 799.5 0.0 0.0 0. 30

3.3 7* 3.96 11.14 49696. 48988. 0.05 0.2 799.3 0.0 0.0 0. JO
3.96 4.55 11.14 49696. 48988. 0.05 0.2 799.1 0.0 0.0 0.41
4. 55 5.67 11. 14 49696. 48988. 0.09 0.5 798.6 0.0 0.0 0.50
5.57 6.31 10.07 45000. 44292. 0.07 0.4 798.2 0.0 0.0 0.57
6.31 7.48 8.93 40000. 39292. 0. 13 0.9 797.3 0.0 0.0 0.70
7.43 9.09 7.80 35000. 34292. 0.21 1.7 795.6 0.0 0.0 0.91
9.39 1 1.00 6.66 30000. 29292. 0.29 2.9 792.7 0.0 0.0 1.20

1 1.00 13.49 5.52 25000. 24292. 0.45 5.5 787.1 0.0 0.0 1.65
13.49 17.75 4.39 20000. 19292. 0.97 15. 1 772.0 0.0 0.0 2.62
17.75 26.84 3.25 15000. 14292. 2.80 62.4 709.6 0.0 0.0 5. 42
26. 8'4 29.33 2. 11 10000. 9292. 1. 18 33.1 676.5 0.0 0.0 6.60
29. 33 22.00 0.00 9124. 6415. 23. 52 676.5 0.0 582.4 19.9 30.12

Fig. 4— Continued. Sample Output
with Echo Check and Intermediate Results
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HAUL RUAD SEvilRKT AO. 2

VEHICLE WEIGHT = 70.8 TONS
LOAD WEIGHT = 0.0 TONS
G30SS VEHICLE WEIGHT = 70.3 TONS
30AD SEi.lHtiT GRADE = -3.0 PCI
DECELERATION RATE = 2.0 FPSS
SEJ.tLHT SPEED LIMIT = 22.0 FPS
END OF JEG. SPD. LMT.= 7.3 FPS
RESULTANT GRADE FORCE* -3459.9 LBS.

STRT. EUD DIST DIST INTER INTER ACCOM
VBL. VSL. ACCEL. AYBP ACCFB TIME TRAV LEFT DIST TIME TIME
(FPS) (FPS) (FPSS) (L3S) (LBS) (SEC) (FT) (FT) (FT) (SEC) (SBC)

22.00 7.33 0.00 12661. 21121. 43.35 900.0 o o 792.4 36.0 43.35

HAUL ROAD SEGMENT NO. 1

VEHICLE HEIGHT = 70.8 TONS
LOAD WEIGHT = 0.0 TONS
33053 VEHICLE WEIGHT * 70.8 TONS
ROAD SEGMENT GRADE = 0.0 PCT
DECELERATION HATE = 2.0 FPSS
SEGMENT SPEED LIMIT * 32.3 FPS
E3D OF 32G. SPD. LMT.* 0.0 FPS
RESULTANT GRADE FORCE* 2832.0 LBS.

SCRT.
V2L.
(FPS)

END
VEL.
(FPS)

ACCEL.
(FPSS)

AVRP
(LOS)

ACCFB
(LBS)

TIME
(SEC)

DIST
TRAV
(FT)

DIST
LEFT
(FT)

INTER
DIST
(FT)

INTER
TIME
(SEC)

ACCOM
TIME
(SEC)

7.33 7.48 7.46 35625. 32793. 0.02 0. 1 499.9 0.0 0.0 0.02

7.43 9.09 7.32 35000. 32168. 0.22 1.8 498.0 0.0 0.0 0.24

9.09 . 11.00 6. 18 30000. 27168. 0. 31 3. 1 494.9 0.0 0.0 0.55
11.00 13.49 5.04 25000. 22168. 0.49 6. 1 488.9 0.0 0.0 1.04
13.49 17.75 3.90 20000. 17168. 1. 09 17.0 471.8 0.0 0.0 2. 13
17.75 26.84 2.77 15000. 12168. 3.29 73.3 398.6 0.0 0.0 5. 42
26.34 32.27 1.63 10000. 7168. 3.33 98.4I 300.2 0.0 0.0 8.75
32.27 0.00 0.00 8093. 5261. 17.37 300.2 0.0 39.9 1.2 26. 12

Fig. 4— Continued. Sample Output
with Echo Check and Intermediate Results



PI HAL RESULTS OP SIMULATION

TRUCK TYPE: UNIT RIS fl-100 LECTRA-HAUL S/DD1D16V7 IT 700HP ENGINE: TYPE

HAULAGE ROAD USED IN THIS SIMULATION:

SEGMENT NODE 1 NODE2
1 A 1 A2
2 A2 A3
3 A3 AU

RUN TIME DUMP TIME TOTAL
NO. TO TIME FROM TIME

1 3.01 1.35 1.6b 6.02

Fig. 4— Continued. Sample Output 
with Echo Check and Intermediate Results



individual machine and for each location to which the material was 

hauled. Also output are statistics on truck and shovel downtime, wait 

time, and truck queuing time on the haul road (if no passing is allowed)„

Multiple runs with sensitivity analysis can be performed with 
this program. The purpose of this is two-fold. First, sensitivity 

analysis allows the user to more fully investigate "what if" questions 
regarding proposed changes in the system. Second, it demonstrates the 
sensitivity of the output to changes in various input parameters and 
thereby indicates the accuracy to which the value of those parameters 
should be estimated.

Method of Solution

Basic Principles. In analyzing a work system, it is often help

ful to break down the overall job into individual work functions. In 

truck-shovel, open-pit mining, these functions Would include loading, 

hauling, and dumping. If probability distributions of the time dura

tions of these functions are known or could be estimated, Monte Carlo 

sampling techniques could then be used to simulate each function. In 

addition to the work function, machine breakdowns and delays could simi

larly be simulated. After many repetitions of simulating these inde

pendent activities, the nature of the interdependence and interaction 
of the system’s elements would then begin to become evident. This is 

the main idea upon which this simulation is based. Most of the remain

ing effort is in bookkeeping (e.g., keeping records of each machine’s 

performance and status).
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GASP IV File Structures. The method used in applying GASP IV to 

the open^pit mining system requires further clarification. GASP IV 
maintains files On each entity (machine) in the system. In these files 
are the entity's attributes. The attributes may describe the particu

lar machine's status, performance characteristics, etc.
For simulating a truck-shovel operation, three distinct GASP IV 

files are used. These are as follows:
1. File No. 1: Primary Loading Machines

2. File No. 2: Haulage Machines
3. File No. 3: Seconday Loading Machines (Optional)

File No. 1 consists of machines whose primary function is that of load

ing haulage machines. Examples of entires in this file would be shovels, 

front-end loaders, backhoes, etc. File No. 2 consists of machines whose 

function is that of hauling material. Haulage trucks would belong in 

File No. 2. File No. 3, which is optional, consists of loading machines 

whose primary purpose is something other than loading trucks (e.g., 

clean-up, road maintenance, snow removal, etc.), but whose secondary 

function is that of replacing any primary loader that has shut down for 

preventative or remedial maintenance.
Each entity (machine) in the files has up to 12 attributes which, 

as has been stated, describe the particular machine's status, perfor

mance characteristics, and identifying numbers. The values of these at

tributes are established at the beginning of the simulation by GASP IV 

input data cards. For simplicity, an attempt was made to be consistent 

in the use of the attributes of the three files (e.g., ATRIB(l) is used
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by all three files as a machine’s current time). Attributes 1 through 6 
in all files are apt to change as simulation progresses, whereas attri
butes 7 through 12 remain constant. The files and attributes of entities 

ties in these files are as follows:

A. File No. 1; SHOVELS

1. ATRIB(l) = SNOW'*"g the current time of this shovel.

2. ATRIB(2) = SLAST: the time of this shovel's last status
change (lie., when it last became avail
able or broke down).

3. ATRIB(3) = SNEXT: the time of this shovel's next status
change (see Nos. 2 and 4)

4. ATRIB(4) = SHST: this shovel's status (0 for unavailable,
1 for available).

o5. ATR1B(5) = BCKUP: sequence number of the back-up loader
which has temporarily taken this shovel's 
place during its breakdown.

6; ATRIB(6) = ITK: sequence number of truck which has left
dispatching point for this shovel (used 
only with dispatching, i.e., ISW1'= 1).

7. ATRIB(7) = IS: the sequence number of this shovel within
File No. 1.

8. ATRIB(8) = ISTYP: the I.D . code of this type of shovel (1
through 99).

9. ATRIB(9) = SORCE: sequence number of this shovel's location.

10. ATRIB(IO) = IDEST: the sequence number of the destination of
this shovel's material.

11. ATRIB(ll) = MATL: the material this shovel handles (1 for
coal of orei 2 for waste).

1. Refers to the variable name used in the program.

2. Refers to the last paragraph of this section for the differ
ence between the sequence number and the I.D. code for each machine or 
entity.
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12. ATRIB(12) = SHVAV; this shovel’s availability (in
fractions).

B. File No. 2; TRUCKS

1. ATRIB(l) = ART: the time this truck will next arrive at
the shovel and be ready to be loaded.

2. ATRIB(2) = TLAST: the time of this truck’s last status
change (i.e.„ when it last became avail
able or broke down).

3. ATRIB(3) = TNEXT: the time of this truck's next status
change (i.e., when it will next become 
available or break down).

4. ATRIB(4) = TRKST: this truck’s status (0 for unavailable,
1 for available).

5. ATRIB(5) = Not used.

6. ATRIB(6) = Not used.

7. ATRIB(7) = IT: the sequence number of this truck within
File No. 2.

8. ATRIB(8) = ITTYP: the I.D. code of this type of truck (1
through 99).

9. ATRIB(9) = ISH: the sequence number of the shovel to
which this truck is assigned (if there 
is no dispatching).

10. ATRIB(10) = Not used.
11. ATRIB(11) = MATL2: the material this truck is to haul (0

for any, 1 for coal only, 2 for waste 
only).

12. ATRIB(12) = TRKAV: this truck's availability (in fractions).

C. File No. 3: BACK-UP (SPARE) LOADERS (Note: This file exists only
if the number of back-up loaders is greater than zero.)

1. ATRIB(1) = TIME: the current time of this loader.
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2. ATRIB(3) = BNEXTs the time this loader will next become
available to replace another broken down 
shovel.

3. ATRIB(7) = IS: the sequence number of this loader (num
bered consecutively starting from the 
loaders in File No. 1).

4. ATRIB(8) = ISTYP: the I.D. code of this type of loader (1
through 99).

Program Capabilities

Array Sizes. This program is currently dimensioned to handle 
the following: .

1. Fifty (50) trucks
2. Ten (10) distinct sources (shovel locations)

3. Ten (10) distinct destinations (truck dump points)

4. Two (2) materials (coal or ore and waste)

5. Ten (10) consecutive simulation runs (for sensitivity analysis)

6. Fifty (50) probability distributions of which twenty (20) may

be altered.for a sensitivity analysis.

It is important to note that as the number of truck types, 
shovel types, etc. increases arithmetically, the number of the possible 

combinations of arguments increases exponentially. In short order, the 

dimensioning becomes insufficient or the required data file becomes 

excessive.

Handling Varied Operating Characteristics. The program has the 
capability of handling systems with or without the following operating 

characteristics:



Truck Dispatching: For systems without truck dispatching, each

truck is assigned to a particular shovel. This is done by estab
lishing the appropriate truck attribute to be the sequence num
ber of the shovel it is to serve. Hence, each truck can serve 

but one shovel. For systems with truck dispatching, each truck 
may serve any shovel (except if that shovel is handling a mater

ial that the truck is not allowed to haul). This is done by es

tablishing a common point on the return haul route over which 

every truck passes regardless of which load or dump point is 

being used. Trucks are selected according to the smallest cur
rent time, at this dispatch point and sent to that shovel which 
will next become available for loading. If the shovel breaks 

down after a truck has left the dispatch point, the truck is 
freed to return to the dispatch point and serve other shovels.

For dispatching purposes, a group of time probability 
distributions is established with the appropriate input data . 

cards. -These distributions are used in determining the time 
required for each truck type to travel the end segment from the 

dispatch point to the shovel location of interest. These times 

must be Subtracted from the total cycle time in order to cor

rectly establish when the truck will next pass the dispatch 

point. Hence, the total travel time distributions must be set 

up as though the truck were returning to the same shovel. Figure 

5 shows a simple example of such a system.
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Crusher #1 
(Dest. #1)

Dispatch Point 
(e.g., pit entrance)

Waste Dump 1/1 
(Dest. #2)

4 min.
3 min.

Shovel A 
(Source #1)

Shovel B 
(Source #2)

Shovel C 
(Source #3)

PLAN VIEW

Note: The above times indicate the mean travel time between two
nodes of the network for travel in the direction of the 
arrow.

Fig. 5. Typical System with Truck Dispatching
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2. Passing on Haul Road: For systems with passing allowed, fast

trucks may pass slow trucks, thereby changing the relative order 
of the truck arrivals at the shovel. For systems which do not 

allow passing, the order of the truck arrival(s) at the shovel 

remain constant and the statistic for truck delay time on the 

haul road is kept.
3. Back-up (Spare) Loader(s): With this feature spare loaders, if

available, replace regular shovels in the event of machine shut

down. The spare loader remains with the shovdl it replaces un
til that shovel returns to production. The spare then becomes 

available to replace other shovels which may have already broken 

down or will break down in the future. The back-ups are pre

sumed to have 100% reliability. Of course, the number of shovels 

replaced at any one time is limited by the number of spare load

ers in the system.
4. Scrapers: The program is capable of simulating machines with 

load-haul-dump functions such as scrapers. Each scraper is 

simply a loading machine served by and physically attached to a 

single haulage machine. Hence, for each scraper, entries are 

made in both the Shovel file and the Truck file.

Machine Downtime. The program is capable of using two methods 

of handling unscheduled machine shutdowns. These are as follows:

1. using machine-availabllity figures;
2. using time-probability distributions.

Each method will be discussed separately.
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Regarding the use of availability figures, it must be explained 
first that there are several ways of defining availability. Here, avail

ability is defined as follows:

Availability - (%) = — — — — x 100% 2.1W + PM + KM

where W = actual work hours (excluding time for lunch, regularly sched
uled breaks, travel to and from working places, etc.)

PM = time machine is shut down for preventative maintenance
RM = time machine is shut down for remedial (breakdown)

maintenance

The availability given in Eq. 2.1 is most often termed "mechan
ical availability" (Sense, 1968). This figure defines a "step" cumula

tive probability function. Each time an available shovel is removed

from the file a uniform random number is generated and compared with

the shovel’s availability. If the uniform random number is less than 

the availability, the shovel remains up for use. However, a uniform 
random number that is greater than or equal to the availability dictates 

that the machine is to shut down. The duration of the shovel downtime 

is determined as follows:

Downtime = (SNOW - SLAST) x (1.0 - SHVAV) 2.2

where SNOW = current time of shovel
SLAST = time when shovel last became available 
SHVAV = availability,of shovel

Once the shovel is selected, the truck file is searched for a 

suitable truck to serve that shovel. Upon the selection of a suitable 

available truck, another uniform random number is generated and compared 

with the truck's availability. If the uniform random number is less
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than the availability, the truck remains up for use and is loaded with 

material. However, a uniform random number that is greater than or 

equal to the truck's availability dictates that the truck is to shut 

down. The duration of the downtime is then determined in an identical 

manner as Eq. 2.2.

Downtime = (TNOW - TLAST) x (1.0 - TRKAV) 2.3

where TNOW = current time of truck
TLAST = time when truck last became available
TRKAV = availability of truck

If the current truck has broken down, the truck file is again searched

until a truck is found which can be loaded. This method maintains each

machine's availability figure while inserting the element of randomness

into the system and enabling the user to evaluate the interaction and

interdependence of the system's elements.
The above times and availabilities are all machine attributes 

and, as such, are initialized by GASP IV input data and stored in the

files. In attempting to make this method more, realistic, another fea

ture was added. This is the specification (with input data) of a mini

mum allowable downtime, which has the effect of making the duration and 
occurrence of the downtime periods closer to actual practice.

The second method of simulating shutdowns, as has been stated, 

involves the use of time probability distributions. Probability distri

bution parameter sets are input with GASP IV input data. Each machine 

status change is accompanied by a Monte Carlo sampling procedure which 

determines the length of time, the machine will remain at that status.
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In comparing the two methods, the use of simple availability is 

perhaps less realistic but the data required are usually easily attain^ 
able. The use of time-probability distributions more closely approaches 
reality, but the data required are often unavailable.

Sensitivity Analysis and Multiple Runs. In addition to the vari

ous options that have been discussed above, the program is capable of 

performing multiple runs (i.e., several simulation runs under the same 

job stream) while discriminatingly altering the input data. This enables

the user to perform sensitivity analyses on any one variable or combina

tion of variables. A maximum of ten (10) runs can be made using this 
feature, either for the purpose of the sensitivity analysis or for other 

purposes of simulation study. For sensitivity analysis, up to twenty 

(20) parameter sets can be varied.with each run.

Figure 6 is a listing of input data for a sensitivity analysis

run. Figure 7 is an additional print-out that is generated due to the 

sensitivity analysis.

Printed Output. GASP IV options include the printing of input 
data, initial entries in the files, and GASP IV final summary reports. 

Additional program options include the printing of intermediate results, 

the collection of statistics, and the printing of histograms.

The printing of intermediate results enables the user to see the 

operation of the system in great detail and determine whether the pro

gram is behaving correctly. It can also be used as a debugging tool 

used in finding where and under what circumstances the job is aborting
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H8o Co DIXON7
TYPE3
TYPE3
TYPE3
TYPE3
TYPE3
TYP23
TYPES
TYPES
TYPES
T y p e s
TYPES
TYPES
TYPES
TYPES11
TYP10 
TYP10 
TYP10 
TYP 10 1
TYP 12

7
1 CPRD42 PPRD4snpr

TKDT syAir 002 
QT

1 DAY COAL 
2HA3IS-D 
3 3H-DOWN 
4TK-DOWN 
5 5 H-3AXT 
6 TK-WAIT 
7TK-^UE 1

410
4

9 7 19770 1 1 0 5000000000000111 
12 2 1000 0

20 0.0 1000.
20 10000. _ 1000.
20 0.0 2.0
20 15.0 15.0
20 0.0 1.0
20 0.0 1.0
20 0.0 1.0

11
2
3
4 1-1-1

10.44 
2.00 

85.0 
1.41 1 C

10.4 4 
2.00 

85.0 
1.41 

OoO

10. 44 
2.00 

85.0 
1.41 

10 SO.

1.0
1 . 05.0
1.0 

1 5133

TYPE 7 
TYPE 8

  TYPE 11

TYP 12 1 0.0 0.0 0 . 0 0.0 0.0
1 1.0 2.0 1.0 1.0 2.0 .75

TYP 12 1 0.5 0.0 0.0 0,0 0.0
1 2.0 2.0 1.0 1.0 2.0 .75

TYP 12 2 0.0 0.0 0.0 0.0 0.0
2 2.0 2.0 1.0 0.0 2.0 0.73

TYP 12 2 0.05 0.0 0.0 0.0
2 3.0 2.0 1.0 0.0 2.0 0.73

TYP 12 2 0.1 0.0 0.0 0,0
2 4.0 ■ 2.0 1.0 0.0 2.0 0:73

TYP 12 2 0. 15 0 = 0 0.0 0.0
2 5.0 2.0 2.0 0.0 2.0 0.73

TYP 12 2 0.2 0.0 0=0 0.0
2 6,0 2.0 2.0 0.0 2.0 0.73

TYP 12 2 0.25 0.0 0.0 0.0
2 7.0 2.0 2.0 0.0 2.0 0.73

TYP 12 2 0.3 0.0 0.0 0.0
2 8.0 2.0 2.0 0.0 2.0 0.73

TYP 12 2 1.3 0.0 0.0 0.0
2 1.0 2.0 1. 0 0.0 2.0 0.73

TYP 12 0
TYP12 0
222222222212111 11 —  TY 00
000010 —  TY 13

1.70 990.0 w Q o 0 1 2 8 0 —  TY 14
IS 16 —  TY 15

8 51 852 853 854 855 856 857 858 —  TY 16
PBH 1 2 1 1 TRAVEL TIKE AHGUHENTS —  TY 17

PRH 2 2 2 2 LOAD TIME AHGOB ENIS —  TY 18

PR8 3 2 2 2 LOAD HGTo ARGUMENTS —  TY 19
PRa 4 2 1 DOHP TISE ARGUMENTS —  TY 20

DESTINATION *2: 3ASTE DU HP —  TY 26

Fig „ 6 * Sample Input Data 
File for a Sensitivity Analysis
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2 2 1  TY
2 3 —  TY

LOAD TIHE, TRK2 ? SH72, KATL2 . —  TY
LOAD HGT»»TRK2, SHY2, MATL2 TY

1 1 1 13 0.0 1010. 0 5133 —  TY
2 . 2  0 2 . 2 0 2b 20 1 . 0 —  TY
9 3 . 5 9 3 . 5 9 3 . 5 1 . 0 —  I T

2 . 4 2 . 4 2 . 4 1 . 0 —  TY
1 0 2 . 0 1 0 2 . 0 1 0 2 . 0 1. 0 —  TY

2 . 6 2 . 6 2 . 6 1 . 0 —  TY
1 1 0 . 5 110.  5 1 1 0 . 5 1 . 0 —  TY

2 . 8 2 . 8 2 . 8 1 . 0 ■-* TY
1 1 9 . 0 1 1 9 .0 1 1 9 . 0 1 . 0 —  TY

27
28
29
2911
30
30
30
30
30
30
30
30

Fig. 6— Continued. Sample Input Data 
File for a Sensitivity Analysis
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VALUE

85.00

93.50

102 .00

110.50

119.00

MAIN PARAMETER VARIED:
PARAMETER SET 3 LOAD HOT.,TRK2? SHV2„ KATL2

OTHER PARAMETER (S) VARIED:

PARAMETER SET 2 LOAD TIME, TRK2, SHV2* MATL2

PCT CHANGE MEAN 
FROM BASE COAL

DAILY
PBODo

PCT CHANGE 
FROM BASE

MEAN DAILY 
HASTE PROD

PCT CHANGE 
FROM BASE

MEAN SHOVEL 
WAIT TIME

PCT CHANGE 
FROM BASE

MEAN TRUCK 
WAIT TIME

PCT CHANG 
FROM BAS

0.0 0. 0.0 17150. 0,0 1.60 0.0 2.34 0.0

oo 0. 0.0 10645. 8.7 1.54 -3.7 2.39 1.9
20.0 0. 0.0 19740. * 15.1 1.44 -9.6 2.42 3.6

30.0 0. 0.0 21255. 23.9 1.39 -13.1 2.55 9. 1

40.0 0. 0.0 22120. 29.0 1.36 -14.7 2.84 21.5

Fig. 7. Summary Report Output from a Sensitivity Analysis
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or errors are being introduced. Because use of this option generates

large amounts of output, a default has been installed which limits the
program to roughly 15 pages of output.

The collection of statistics and printing of histograms is ac
complished by calling the appropriate GASP IV subroutines. The program 
is presently set up to collect statistics and print histograms for 

seven, items which would be useful, in evaluating the performance of an 
open-pit mining system. These items are as follows:

1. Daily Production, Coal or Ore

2. Daily Production, Waste
3. Shovel Downtime

4. Truck Downtime

5. Shovel Wait Time

6. Truck Wait Time

7. Truck Queuing Time on Haul Road (when no passing allowed)



RESULTS

Both programs were tested using actual data furnished by an open- 

pit operation south of Tucson. The following sections report on the 
methods and results of that testing. It must be stated that the purpose 
of this testing was simply to validate the models, i.e., check to en
sure that the logic of the models was correct.

Haul-cycle Model Validation x

Testing Methods

The Haul-cycle Simulation Program was tested using the four pos

sible combinations coming from the two different truck types and two 

different haulage road profiles supplied by the operator. The truck 
performance (speed-rimpull) curves used were those supplied directly 

from the manufacturers. The haulage road profiles used were as deter

mined by the operator's surveyors. Actual travel times were averages as 

determined by time studies performed by the operator. Load weights used 

were as estimated by the operator by mill counts.
The method of testing involved adjusting the values of the judg

mental input data (truck efficiency factor, EFF; rolling resistance, RR; 

and road speed limits) until the program's travel time for the first com

bination of truck and road roughly coincided with the actual travel time. 

Then the remaining three combinations of trucks and roads were tested 
using the same values for EFF, RR, and speed limits.

46
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Results of Testing

A total of six runs was made. Table 1 summarizes the results

of these runs. Please note that the times in Table 1 exclude dumping

times. Each of the six runs is discussed below.

Run No. 1: Truck type 1 was used on haul road profile no. 1.: Rout
ing resistance was defined to be 4%, truck efficiency 
was set at 0.90, and the downgrade speed limits were set 
at 10 mph. As can be seen in Table 1, the results were 
very high.

Run No. 2; The same truck and road profile were used. RR was
changed to 2%, efficiency was changed to 1.0, and the 
downgrade speed limits were changed to 15 mph. All
other variables remained unchanged from Run No. 1. Re
sults were still over 5% high.

Run No. 3: This run was identical to the second run except the
downgrade speed limits were changed to 18.5 mph. Re
sults were deemed acceptable, so testing continued by 
changing the truck type and/or road profile. All other 
variables were kept constant.

Run No. 4: Truck type 2 was used on haul road profile no. 1. Re
sults were again deemed acceptable with a 1.25% error.

Run No. 5: Truck type 1 was used on haul road profile no. 2. Re
sults were within an acceptable tolerance of a -0.85% 
error.

Run No. 6: Truck type 2 was used on haul road profile no. 2. Re
sults were again within an acceptable tolerance of 
-1.57% error.

Figure 8 is the input data used for test Run No. 3. Figure 9 is 

the output resulting from test Run No. 3. Each of the six runs was run 

separately. Hence, Figure 9 refers to test Run No. 3 as "Run No. 1."

In the course of running the program, interesting things were 

learned about the behavior of the model which, when thought about, make 

perfect sense. It was learned that the variables to which the results
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Table 1. Haul Cycle Model Validation Test Results.
Run
So.

Truck 
. Type

Road
Profile EFF

Downgrade
Speed R.R.

Calc.
Time

Actual
Time

%
Error

1 1 1 0.9 10.0 4.0 55.08 35.48 +55.24

2 1 1 1.0 15.0 2.0 37.46 35,48 +5.58

3 1 1 1.0 18.5 2.0 35.69 35.48 +0.59

4 . 2 1 1.0 18.5 2.0 30.03 29.66 +1.25

5 1 2 1.0 18.5 2.0 25.55 25.77 -0.85

6 2 2 1.0 18.5 2.0 21.33 21.67 -1.57
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<A1 ,12:,2A4, 8F5. o>A1 A 2 555. 6.67
F A2 A3 52 5 o 9.71
F A3 A4 50. 4.0
F A 4 A 5 425. 7.53
F AS A6 30. 3.33
F A6 A7 57 0. 7.37
F A 7 AS TOOa 16.0
? AS A 9 27 0. 9.63
? A9 A 10 120.
F A 10 All 450. 8.4 4
F All A 1.2 55. 1.82
F A 12 A 13 44 0. . 10.0
F A13 A14 55 0.
F A14 A 15 4 5 0.. 7*11
F A 15 A 16 80. 2.5
F A 16 A 17 550. 8.73
F -A17 ATS 80. 2.5
? ATS A 19 550. 8.73
F .A19 A20 80. 5.0
F A 20 31 60 0. 8.0
F 31 322600.
F 32 33 250.
F 33 341250. 5.2
F 34 35 450. 6.22
F 35 36 300. 3.67
F B6 37 550. 6.0
F B7 33 .400. 3-75
? S3 39 400. 5.75
r 39 310 452. 8.85
F B10 BIT 65.
F D1 021850.
F . D2 03 .13 5. 3.89
F 03 04 35 0. 8.86
F 04 . 05 75.
F 05 06 420. 9.76
F 06 07 70.
F 07 08 365. 11.8
? 08 09 90. 4.44
F 09 DIO 383. 9.92
F 010 A 1 300. 0.67
F 31 El 800. 0.0
f 03 06 800. 5.0

1 DMIT RIG H-TOO LECTRA-HADL
2 MASCO 120-3 HAULPAK %/CAT 0

18-5 18-5 22- 2830 TO THR'

THRT TO 15

0-001
0.001 22-0 S-14 T O .2830
18-5

0 .001

R/DDAD1677 IT 700HP ENGXIIE; TIPS # 
•348 990HP ENG-5 TRUCK TYPE #3

Fig. 8. Listing of Input Data File . 
for Haul Cycle. Model Test Run #3

cap
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(I2„tX/I2»F5.0,F10o0) 
1 1 0.0 85000.
1 2 1.4. 30000.
1 3 1.5 750 0 0.
I 4 1.7 7 000 0.
1 5 2= 1 6 5000=
1 6 2o3 60000.
1 7 2. 7 5500 0..
1 a 3o 1 5000 0.
1 9 3o 8 45000.
1 10 4.3 40000.
1 11 5. 1 3,5000.
1 12 6.2 30000.
1 13 7.5 25000.
1 14 9.2 200 00.
1 15 12. 1 15000.
1 16 1 3.3 1 000 0.
1 17 23.0 5000.
1 18 32.0 0.
2 1 0.0 80000.
2 2 2.0 75000.
2 3 3.0 70000.
2 4 3.4 65000.
2 5 3.7 60000.
2 6 4.4 5500 0.
2 7 5.0 500 0 0.
2 8 5^6 45000.
2 9 6.6 40000.
2 10 7.8 ■ 35000.
2 11 9. 3 3 00 00.
2 12 11.4 2500 0.
2 13 13a 7 20000.
2 14 18.2 1500 0.
2 15 22. 9 10000=
2 16 30.0 500 O-
2 17 35 o0 0o

1 1.0 1.0
2 1.0 1.0
1 1.0 81. 0
2 1.0 75 o 6

SPD-SP BA SCO 120-2 HAULPAK 8/CAT D-34.8

95.0 0.0 95. 95.
98.2 0.0 98.2 98=2

0.0 81.0 81.0
0.0 75.6 75.6

1 =SBUSS
1 .0 0 . 0 0 . 0 0 . 0 0 . 0  
40 =SSEGS 
1 70.3 1.0 1.0
1.0 .63 .54 0.8

01 02 03 04 05 Do 07 08 09 010 A1 A2 A3 A4 AS A6 A7 AS A9 A10
All A12 A 13 A14 A15 A 16 A17 A13 A19 A20 21 82 23 24 25 26 27 28 29 210
BIT

Fig. 8— -Continued. Listing of Input Data 
File for Haul Cycle Model Test Run #3
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FliUL H2SULTS OF SIMULATION

TRUCK TYPE: UNIT RIG fi-10.0 LECTRA-HAUL H/DDAD16V71T 700HP ENGINE: TYPE #1 .
HAULAGE ROAD USED IN THIS SIMULATION:

SEGMENT NODE1 NODE2
1 D 1 D2
2 D2 D3
3 D3 D4
4 D4 D5
5 05 D6
6 D6 D7
7 D7 D8
8 D8 09
9 09 DIO
10 DIO A 1
11 A1 A2
12 A2 A3
13 A3 A4
14 A 4 A 5 '
15 AS A6
16 A 6 A 7
17 A7 AS
18 A 8 A9
19 A9 A 10
20 A 10 All
21 All A12
22 A 12 A 13
23 A13 A1 4-
24 A 1 4 A 15
25 A15 AT6
26 A 1 6 A 17
27 A17 A 18
28 A 18 A 19
29 A19 A20
30 A20 51
31 B1 52
32 52 53
33 53 54
34 . 54 55
35 55 56
36 56 87
37 57 58
38 58 59
39 59 510
40 510 811

RUN TIME DUMP TIME TOTAL
NOo TO ‘TIME . FROM TIME
1 25.39 1.35 10.29 37.04

Fig. 9o Output from Haul Cycle Model Test Run #3
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of the program were sensitive depended primarily on the nature of the 

haul road being used. If the haul road had long, flat (or nearly flat) 
stretches where top speed could be sustained for relatively long time 

periods, the resulting cycle time was very sensitive to the speed limits 

set by the user. In certain cases^ a seemingly small reduction in speed 

limits greatly increased the cycle time. On the other hand, if the haul 

road had long stretches of steep grades where the top speed was deter

mined by the power delivered by the truck, the resulting cycle time was 

very sensitive to the efficiency factor applied to the rimpull levels.

Another thing that was learned in doing the study pertained to 

the method of setting up the Haul Road Segment Master Data File, It 

was found that, as mining progresses, segments are usually added to or 

subtracted from the haul road. For example. Figures 10 and 11 are sche

matics of a typical open-pit, copper mine haul-road profile the mine 

life. As mining progresses, the mine gets deeper and wider, thereby 

adding segments of ratnp to, and subtracting flat segments from the haul 

road (Figure 10). Similarly’, the growth of the waste dumps might add 

segments of haulage road as mining continues (Figure 11). These seg

ments can all be put into the Haul Road Master Data File. The program's 

multiple run capabilities can then be used to calculate cycle times at 

various stages throughout the mine life under one job stream.
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Fig. 11. Schematic of Typical Main Haulage Road 
Profile throughout the Mine Life
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Open-pit Mine Operation Model Validation

Testing Methods -

Just as in testing the Haul-cycle Simulation, data were used as 
supplied by an open-pit operation south of Tucson. Of the 8 shovels 

and 27 trucks in actual use at the mine, only 3 of the shovels and 11 
of the trucks were used in the simulation. All of the shovels that 

were simulated were 20 cu. yd. machines. The trucks were 170 ton capac

ity. Availability figures for both trucks and shovels were supplied by 

the operator. Load times, travel times, and dump times were determined 

by the operator’s time studies. Actual production was determined by 
mill count.

Figure 12 is a simple schematic of the layout that was simulated. 

Each shovel sent material to a separate destination. Passing on the 

haul road was allowed. This example was good because only one shovel 

type and one truck type were used, thereby minimizing the required in

put data and making the problem more comprehensible. The operation was 

simulated for 15 shifts (5 days @ 3 shifts/day). A preliminary hand 

calculation, as shown below, was performed to get a rough estimate of 

the capabilities of the shovels.

Total Production = (3 c) (20x0.70 ydsy ( 2 swings___,) (375 min^
swing minute • shovel shift

(15 shifts) • 0.75 = 354,375 cu. yds.

where bucket factor =0.70
swing cycle time = 30 sec. 

availability =0.75
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Dispatch
Waste Dump #1Point

Shovel No.

-Waste Dump #2Shovel No

Waste Dump #3Shovel No.

PLAN VIEW

Fig. 12. Schematic of Layout Used
to Validate the Open Pit Operations Simulation Program
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Results of Testing

As was stated, the above system was simulated for five days at 
three shifts/day. Results are tabulated below.

Actual 
Production %
(yds^/day) Error

20,844 20.600 +1.2

Figure 13 shows the input data file for this example. Figure 14 shows 
„the output from this example.

To further study the behavior of the model and to make sure it

was working correctly, the number of trucks serving the 3 shovels was/ -
increased (in increments of 5) from 15 to 50 trucks. The results, as 

seen in Table 2 and Figures 15 and 16, tend to confirm the validity of 

the model. As trucks were added, the total production increased to where 

the inaximum. output of the shovels (as conf irmed by the hand calculation) 
was reached, at which point the curve leveled off. Truck and shovel 

waiting times behaved accordingly. The above results were deemed accept

able and, indeed, surpassed most expectations.

Calculated 
Production 
(yds^/day)



'»M= C. DIXON 410
7 0 7 11

TYPES i c p s d u
TYPES 2 W?£iD4
TYPES 3 SHDT
IY'2 E3 4 TKDT
TYPES 5 SVJklT
TYPES 6 Q3E
TYPES 7 QT
TYPES ID AY COAL
TYPES 2KA3TE-D
TYPES SSli-OOWN
TYPES ■4TK-DQEN
TYPES SSH-HAIT
TYPES 6TK-3AIT
TYPES 7TK-QUS

1 1
1 1

TYP 10 1 23.57
TYP10 2 15.3 6
TYP 10 3 23.33
TYP10 4 2.9 5
^TYP 10 5 165.00
■TYP TO 6 1.41
TYP 10 7 1.4 1
TYP 10 8 1.4 1
TYP 10 9 0.00
• TYPtO 10 0.00
TYP 10 11 0.00

1 1 1 o
TYP 12 -1

-1
TYP 12 1 0.0

1
TYP 12 1 0. 1 

2
TYP 12 1 0.2

s
TYP 12 2 Go 0 

1
TYP 12 2 . Oo 1 

2
TYP 12 2 0.2

3
TYP 12 2 ' 0.3

4
TYP 12 2 0.4

5
TYP 12 2 0.5

6

9 7 1977 1000000000000110
0 1 14 12 2 1000 0

20 0 . 0 1 000=
20 100 0 0 . 1 0 00 .
20 0 . 0 2 . 0
20 I 5 b 0 1 5 . 0
20 0 . 0 1 . 0
20 0 . 0 1 . 0
20 0 . 0 1 .0

2 8 .  56 2 8 . 5 8 1 .0
1 5 . 3 5 1 5 . 3 7 1 . 0
2 3 . 3 7 2 3 . 3 9 1 .  0

2 . 9 4 2 .9 6 . 1 . 0
1 6 4 . 9 9 1 6 5 . 0 1 1 . 0

1 . 4 0 1 . 4 2 1 . 0
1 .  40 1 . 4 2 1 . 0
1. 40 1 . 4 2 1 . 0
0 . 0 0 0 . 0 0 0 . 0
0 . 0 0 0 . 0 0 0 . 0
Ob 00 0 . 0 0 0 . 0

0 . 0 5 6 5 0 . 1 5133

TYPE 7 
TYPE 8

-TYPE 11

0 . 0 0 . 0 0 . 0 0 . 0 0
1 1 1 2 . 7 5

0 . 0 0 . 0 0 . 0 0 . 0 0
1 2 2 2 . 7 5

0 . 0 0 . 0 0 . 0 0 . 0 0
1 3 3 2 . 7 5

0 . 0 0 . 0 0 . 0
1 0 0 . 6 0

0 . 0 0 . 0

oo

1 0 0 . 6 0
0 . 0 0 . 0

oo

1 0 0 . 6 0
0 . 0 0 . 0 o o

1 0 0 . 6 0
0 . 0 0 . 0 0 . 0

1 0 0 . 6 0oo

0 . 0

oo

1 0 0 . 6 0

Fig. 13. Input Data File for Open Pit Operations Model Test Run



TY? 12

TY? 12
TYP 12

TIP 12
TY? 12

TY? 12 
TY? 12

2
2
2
2
2
0
0

Oo 6
7

Qo 7
8Oob
9

Oo 9 
10 1e0 11

OoO 
. 1 
OoO 1
OoO1Oo 0 

1
OoO1

Oo 0 0
Oo 0 0
OoO0
OoO0
OoO

0

OoO
OoO
0*0
0*6
OoO

0
0
0
0
0

100 000 TY 13
2* 15 1125.0 15.0 0 3 3 11 0 — TY 14

n 15 16 TY .15
901 902 903 904 905 906 907 908 909 910 911 TY 16

PRH 1 1 1 1 TRAVEL TIME ARGUMENTS —— TY 17
PRH 2 2 2
PS3 3 3 3
ps a- 4 1 1 2 ’ LOAD TIME ARGUMENTS TY 18
?sa 5 1 1 2 LOAD WGTo ARGUMENTS " TY 19
PEM 6 1 1 DUMP TIME ARGUMENTS TY 20
PRM 7 1 2
FRH 8 3
PEM 9 ' 1 ENDSEG TRAVEL TIME — TY 25
PEM 10 1 2
PEM 11 1 3
DESTINATION 31: ■HASTE DUMP #1 TY 26
DESTINATION 32: • WASTE DUMP #2
DESTINATION *3: WASTE DUMP «■

59
.60
,60 
,60 
> 60 
,60

Figo 13— -Continued, Input Data File 
for Open Pit Operations Model Test Run



HESOLTS Of SIMULATION RUN 1

COAL PRODUCTION DURING SIMULATION (TONS) 
WASTE PRODUCTION DURING SIMULATION (OCX) 
TOTAL SHOVEL tUITING TIMS (MIN.)
TOTAL TRUCK HALTING TIME (MIN.)
TOTAL TRUCK QUEUING TIKE CM HAUL ROAD 
TOTAL NO. OF TRUCKS LOADED

0.
104909. 
. 9535. 
1028. 

0. 
1367.

INDIVIDUAL SHOVEL STATISTICS:

SHOVEL TOTAL
GOAL
(TONS)

DAILY
GOAL
(TONS)

TOTAL
WASTE
(BCY)

DAILY
WASTE
(BCY)

TOTAL 
ON TH
(BIN)

DAILY 
DN TH 
(BIN)

TOTAL 
NT TM 
(BIN)

DAILY 
%T TH 
(MIN)

■1ft Oo Oo 35763. 7153* 1129*8 226* 3148* 630*
15 Oo Oo 34842* 6968* 1127*7 226* 3184* 637*
16 Oo Oo 343 05* 6 861* 1129*8 226* 3204* 641*

INDIVIDUAL TRUCK STATISTICS5

TRUCK TOTAL
COAL
(TONS).

DAILY
COAL
(TONS)

TOTAL
WASTE
(tiCY)

DAILY
WASTE
(BCY)

TOTAL 
DN TM 
(BIN)

DAILY 
■DM TH 
(MIN)

TOTAL 
WT TH 
(MIN)

DAILY 
■BT TH 
(MIN)

901 Oo Oo 9 59 3* 1919* 2216*1 443* 110* 22*
902 Oo Oo 9593* 1919* 2242*2 448* 103* 21*
903 Oo Oo 9593* 191*9 c* 2199.1 440* 109* 22*
904 Oo Oo 9623* 1965* 2205* 4 441. 93* 19*

Fig. 14. Output from Open Pit Operations Model Test Run.



905
906
907
908
909
910
911

Oo Oo 9286. 1 857 o 2223.6 445. 97. 19.
Oc Oo 9747. 1949c 2243. 1 449. 70. 14.
Oo 0c 9670. 193 4 o 2239.0 4 4 8. 76. 15.
Oo Oo 9440. 1888o 2240.9 448. 99. 20.
0c Oo 9440 c 1008c 2234.2 . 447. 104. 21.
0c Oo 9363 c 1873 c 2251.7 450. 93. 19.
Oo Oo 9363 o 1873 c 2241.3 448. 74. 15.

COAL PRODUCTION SUZmRY 

LOCATION TOTAL
COAL
(TONS)

DAILY
COAL
(TOMS)

WASTE PRODUCTION SUMMARY:

LOCATION

HASTE DUMP 01 
HASTE DUMP 82 
WASTE DUMP 03

TOTAL 
HASTE 
(DC Y)
35763a
34842c
34305c

DAILY 
WASTE 
(DC Y)
71530
6960c
6861.

Fig. 14— Continued. Output from Open Pit Operations Model Test Run.



»*HISTOGRAM KOMBEfi 1 <■* 
DAY COA1

0B5V KELA CO ML UPPER
FRI2Q FREQ FREQ CELL LIMIT 0

+ +
20 40 60 80 100

+ + + + •+ + + + +
5 1.000 1 .000 O.OOOOE+OO
0 . 0 00 1.000 0.10002+04 + C
O' .0 00 1 .000 0.20002+04 + c
0 .0 0 0 1 .000 0.3000E+04 + c
0 . 0 0 0 1 .000 0.4000E+04 + c
0 .0 0 0 1.000 0 . 5000K+04 + c
0 .000 1 .0 0 0 0.60  00E + 04 + c
0 .0 00 1.000 0 . 7 0 0 0 E+04 + c
0 .0 0 0 1 e 000 0.8000E+04 + c
0 .0 00 1.000 0 .90002+04 + c
0 .0 00 1 .000 ’ 0 . 1000B+05 + c
0 .0 00 1.000 0 . 1100E+05 + c
0 .0 00 1 .000 0 . 1 200E+ 05 + c
0 .0 00 1.000 0.  13002+05 +• c
0 . 000 1 .000 0.  14002+05 + C
0 .0 00 1.000 0. 15002+05 + c
0 .0 00 1 .000 0 .16002+05 + c
0 .0 00 1.000 0. 17002+05 + C
0 .0 00 1.000 0.18  00E+ 05 + c
0 .0 00 1.000 0 . 19 00E+05 + y » c
0 .0 0 0 1 .0  00 0.2000E+05 + c
0

5

.0 00 1.000 INF +
+ + 
0

c
+ + +. + + + + + + 

20 40 60 80 100

Fig. 14— Continued. Output from Open Pit Operations Model Test Run



**HI5T0GRAM NUMBER 2 * *  

WASTE-D

ObSV
FREQ

0
000
00
0
00
0
11
2 
1 0 0 0 0 
0 0 0 
0

6 EL A 
FREQ
oQOO 
oOOO .000 
.000 
.000 
.000 
oOOO 
.000 
.000 
.000 
o 200 .200 
.400 
.200 
.000 
. 000 
.000 
.000 
.000 
.000 
.000 
.000

cuaL
FREQ
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.200
.400
.800

1 . 0 0 0
1 . 0 0 0
1 . 0 0 0
1.000
1.000  
1.000 1.000 1.000 
1 .000

UPPER 
CELL LIU IT
0. 1000E + 05 
0.1100S+05 
0.1200E*05 
0.13002*05 
0. 14002*05 
0.15002*05 
0. 16002*05 
0. 17002*05 
0.18002*05 
0. 19002*05 
Oo,20002*05 
0.21002*05 
0.22002*05 
0.23002*05 
0.24002*05 
0.25002*05 
0.2b 00E*05 
0.27002*05 
0.28002*05 
0.29002*05 
0.30002*05 

INF

20* 40* 60* 80*

********************

*
20

*
40

* *
60

*
80

TOO**
***
**
**
4-
***
4-
c
c
c
cc
c
c
c
c*

100

Fig, 14— Continued, Output from Open Pit Operations Model Test Run
u>



**HISTOGEAM NUMBER 3**
SH-DOWN .

OBSV RELA CUML UPPER
FREQ FREQ FK EQ CELL LIMIT 0 20 

* * * *
0 .000 . 000 O.OOOOEtOO *
0 oOOO .000 0.2000E+01 *
0 .000 .000 0.4000E+01 *
0 .000 . 000 0.6000E+01 *
0 .000 VO 00 0.8000K+01 *
0 .000 .000 0.1000E+02 *
0 .000 .000 0.1200E+02 *
0 .000 .000 0.1400E+02 *

30 . 172 .172 0.i600E+02
52 .299 .471 0.1800E+02
36 * 20 7 .678 0.2000E402 ***********
18 .103 .782 0.22008*02 +#****
11 .06 3 .845 0.24 008*02
13 .075 .9 20 0.2600E*02 -8- &&&#
7 .040 .9 60 0.2000E+02 ***
3 .017 .977 0.3000E*02 **
3 .0 17 .994 0.3200E*02 **
0 .000 .994 0.34 00E*O2 *
0 .000 .994 CL3600E + 02 * ■' •0 .000 .994. 0.38 008*02 * .
0 .000 .99 4 0.4000E+02 *
1 .006 1.000 INF * *
— * * * *

174 0 20

40■o- 60
■6-

00
■fr

40
-6-

60
*

80

100<-4-
*
**

*
«■
-6-*
'0--0-

G * Ct
C
C
Cc
cc*

100

Fig. 14— Continued. Output from Open Pit Operations Model Test Run
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BSV
RZQ
0201

175
98
50
18

7
24
2
0
100
00
0
0
0
0
0
0

633

0&HISTOGRAM NUMBER 4**
TK-DOWN

RE LA CU ML UPPER
FREQ FREQ CELL LIMIT 0 20 40

+ + + + +
-000 .0 00 0 . 1500E+02 +
-44 0 .4 4 0 0 .3000 5+02
- 274 -715 0.4500E+02
o 154 - 86 8 0-6000E+02
-07 8 .9 47 0.7500E+02
- 023 - 975 0 . 9000E+02 " +*  . '
.011 .986 0-1050E+03 + *
. 0 0 3 . 9 8 9 0.1200E+03 +
.0 06 .9 95 0 .1350 8+03 +
. 0 03 . 9 9 8 0 .15008+03 +
. 0 0 0 .9 98 ‘ 0 .1650 8+03 +
. 002 1.000 0 -18008+03 +
.0 00 1.000 0.  19508 + 03 +
.000 1.000 0.21 00 8+03 +
. 0 00 1 .0 00 0 . 2250E+ 03 +
.0 00 1-000 0 .24008+03 +
. 0 0 0 1 .000 0.25 50 8+03 +
.0 00 1.000 0.27008+03 +
. 000 1 .000 0 .28  508+03 +
.000 1.000 0 .30008+03 + 1
.0 0 0 1.00 0 0.3150 8+03 +
-0 00 1-000 INF + .•fr* •6' "fi* -fr •fl* *

0 20 40 60

Fig. 14— -Continued. Output from Open Pit Operations Model



**HI5I0GRAM N DU BEB 5 * *  

SH-H AI I

OBSV BELA CUML UPPER
t'KEQ FKEQ . FREQ CELL LIMIT

2002 .5 34  .5 34  0 .0000E+00
152 .0 4  1 . 5 7 4  0 .1 0  00E+01
154 .041 . 6 1 5  0 .20 00 E + 0 1
209 . 0 5 6  . 6 7 1  0 .3000E>01
163 . 0 4 3  . 7 1 4  0.4000E+01
166 .0 44  .7 5 9  0 . 5 0 0 0 E + 0 1
229 .0 61  . 8 2 0  0.6000E+01
144 ,0 38  . 0 5 8  0 .7000E+01
154 .041 . 8 9 9  O.UOOOE+OI
106 .0 28  .9 27  0 .90006+01
79 .021 , 9 4 9  '0 .10006+02
61 .0 16  . 9 6 5  0 . 1 1 0QE+02
44 , 0 1 2  . 9 7 7  0 . 1200E+02
31 .0 08  .9 85  0 . 1300E+02
19 . 0 0 5  . 9 9 0  0 . 1400E+02
10 .0 03  .9 9 3  0 . 1500E+02
18 .0 0 5  . 9 9 7  0 .1600E+02

7 .0 02  .9 9 9  0 . 1700B+02
0 . 0 0 0  . 9 9 9  0 .18008+02
3 .001 1 . 0 0 0  0 . 1900E+02
0 .000 1.000 0.2000E+02
0 . 0 0 0  1 .0 0 0  IMF

3751

0 20 40 60 80

•9- ** Q
•4-** C+ *** c

c

-6- *

. + *
•a-
*

t 4-*
❖ .

■fr •0* 4" -O' ”&• “0* ■J’ <>• 0
0 . 2 0  40 60 80

Fig. 14— Continued. Output from Open Pit Operations Model Test Run



**HISTOGRAH NUMBER

TK-HAIT

OBSV
FREQ
1749
1752

74
53
27
29
21
12
116

5
3
7
100
0
10
0
00

3751

RELA
FREQ
« 466 
o 467o 020
- 0 1 4  
. 0 3 7  
- 0 0 3  
. 0 0 6  
. 0 0 3  
- 0 0  3 -002 
-001 
. 0 0 1  
-002 0.000 .000 
.000 
.000 0.000 
.000 
-000 
.000 .000

CU ML 
FREQ
.  46 6 
-933  
- 9 5 3  
-967  
. 9 7 4  
-932  
. 9 8 8  
.991  
- 99 4  
. 9 9 5  
. 9 9 7  
. 9 9 8  
. 9 9 9  

1.000  
1 .000  
1.000 
1 .000  
1.000 
1.000 
1 . 0 00 
1-000  
1.00 0

UPPER 
CELL L IM IT

O.OOOOEtOO 
0 . 1000E+01 
0.2000E*01  
0.3000E+01  
0.4000E+01  
0.5000E+U1  
0.60002^01  
0.7000E+01  
0-8 00 03*0 1  
0.9000E+01  
0 .1 0 0 0 3 * 0 2  
0 - 1100E*02  
0 -1 20 03 *0 2  
0 .1 3 0 0 3 * 0 2  
0.14  003*02  
0 .1 5  003*02  
0 .  16 002*02  
0 .17  003*02  
0 -1 80 03 *0 2  
0 . 1 9 0 0 3 * 0 2  
0 . 2 0 0 0 3 * 0 2  

INF

0 20 40
* * * * * ** a****#**********#**##*#
****
*
*
* .
*
*
* t 
*
*
*
***
**
*
* >
*

* * * * * * 
0 20 40

60
*

80
* *

*
60

* * 
80

100
*
*

c * 
c * 
c * c* 
c* 
c* 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c * 

100

Fig- 14— Continued- Output from Open Pit Operations Model Test Run



**HIS$OGKAli NUMBER 7**
IK-QUE

OBSV RELA CUML UPPER
fREQ FREQ FREQ CELL L IM IT  0 20 40 60 . 80* * ■fr + * ❖ * *

NO VALUES RECORDED.

Fig. 14— Continued. Output from Open Pit Operations Model Test Run
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Table 2. Open Pit Model Validation Test Results.
Total Average Total Average
Shovel Shovel Truck Truck

No. of 
Trucks

Total 
Production 
(cu. yds.)

Wait 
Time 
(min.)

Wait 
Time 
(min.)

Wait 
Time 

(min.)

Wait 
Time 
(min.)

11 104909 9535 3178 1028 93
15 142360 8103 2701 1894 126

20 186565 6414 2138 3674. 184
25 231154 4717 1572 5272 211 .

30 269606 3208 1069 8659 289

35 299907 2074 691 15740 450

40 321197 1205 402 24643 616

45 334186 750 250 37615 836

50 343494 385 128 51438 1029
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Fig. 15. Number of Trucks versus Total Production Curve
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CONCLUSIONS

Additional Applications 
In addition to optimizing the selection of haulage equipment and 

the layout of the mining system, there are other uses to which the pro

grams could be applied. For instance, if the deterioration of engine 

performance (i.e., loss of rimpull) could be expressed as a function of 

the hours of use, the programs could be used in determining the optimum 
replacement or overhaul interval. The program could also be used in 
evaluating the cost effectiveness of projects such as putting sand on 
haulage road ramps to increase traction in times of snow or rain or in

creasing the preventative maintenance efforts to increase machine avails 

ability. The user only need use his imagination to come up with other 

ideas.

Future Refinements

Haul-cycle Simulation

One of the first things that comes to mind regarding possible 

improvements of the program is the apparent inconsistency in the refine

ment with which acceleration and deceleration are treated. Truck accel

eration is treated with all of the refinement that can reasonably be 

expected, whereas deceleration is assumed to be a constant 2 ft/sec 

when traction permits. This could be improved by using the truck’s 

dynamic braking curve in determining deceleration in the same manner as 

the speed-rimpull curve is used in determining acceleration. It is
' 72
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questionable whether any significant increase in accuracy would be re

alized from this improvement <, but it is certain that the program would 

be more consistent.

Another possible improvement would be the incorporation of limits 
on machine performance such that acceleration and deceleration could 

not exceed certain rates beyond which would cause excessive wear on the 

machine. Of course, the problem of this is in defining what constitutes 

excessive wear. In.some instances, the increase in performance might • 
very well justify the increase in wear. For this reason, this feature 

was omitted and it was left up to each individual user to adjust for 

this as the situation dictates.

Open-pit Operations Simulation

. Perhaps the biggest improvement that could be made with this 

program would be taking into account the increased delays resulting from 

increased traffic density. To do this, the haulage route and corre

sponding travel times must be broken into segments between intersections 

where traffic from different sources and destinations merges. Delays 

and travel times would then be determined according to the amount of 

traffic present at the time. The same could be said for delays at dump 

points, in that waiting times would depend on the number of trucks in the 

queue at the time. Although this would be a definite improvement, the 

complexity of the program would have to be greatly increased. In keep

ing with the stated scope and purpose of this study, it was decided to 
avoid this high degree of detail.
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Another possible improvement that would make the program more 

flexible would be giving the user the ability to specify (in the input 

data) the type of probability distributions (i.e., normal. Erlang, 

Poisson, etc.) each work function was to be. As the program is present

ly set up, the load and dump time distributions are assumed to be Er
lang, while the remaining distributions are normal. Changing the 
distribution type presently requires changing some coding in the program.

Summary
The end result of any study is greatly influenced by its intend

ed purpose and goals, the abilities of the people involved, and the 

physical and time resources available. The idea is to make the most 
from the above constraints.

That this package can be improved to more effectively handle a 

specific application can hardly be denied. However, it is hoped that 

the design of the package is such that it is sufficient to handle most 
applications and can be tailored without too much trouble to handle al

most any novel application.

Finally, the only real measure of the value of a study of this 

kind is the amount of use to which it is put. Not unlike the flower 

which blooms unnoticed in the desert, the most elegant of academic works 

is of little value if it serves only to collect dust on a bookshelf.

The ultimate concern was that this would not be a collector of dust.
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