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SYNOPSIS 

Simulation is a technique for studyil18 the operation of SY91e~ by synUlCtic eJ[pcrimcniation. With dia ital 
computers it is possible to aimll late even the complex production Il!OCCUCS in gold milling. This has great potential 
in that it enables the investigation, analysis and comparison of llIinlna systems 10 be done accurately, rapid ly and 
at Iow cost. Two progralll3 have been developed to simulate the principal underground production processes in 
&old minina. 

Th= are the simulation of any st~ contrnct and the simulatio n of undefJfound transport opcratioll$. The 
pwgrnms synthesize these mining actlvities from a large number of smaJl onlt operations. Tile stope COl\tract 
program simulates rockbreaking by drillil1j: and blasting and the cleaning of the panels by face and gully scraping. 
The transport pro~am simulates the funcl!ons and movements of a1[ vehicles running on rails on one underground 
level. The simulatIOn programs provide an elTective means for experimenting with mining activities. 

INTRODUCTION 

In planning or cunning a mine, engineers are faced with both 
technical and organizatiooal problems. 

The technical problems concern tho performance and design 
ofmachincry, techniques for carrying out operations, and the 
use of sciences such as rock mechanics and heat mechanics. 
Most of the technical aspects of mining are amenable to 
analysis and are now receiving attention, with the result that 
new equipment and techniques are being developed. 

The organizational problems concern the utilization of 
tbe.'Je facilities, such as tile selection of equipment, planning 
the layout of a mine and the sequence of operalions. Tbe 
organizatiooal problems are so large and complex that the 
application of methods such as linear programming and 
queueing theory has been possible in only a limited number of 
simple cases. However, these complex organizational probleOlS 
can be s tudied by simulation. 

In simulation a model of the mining ,activity is constructed 
in the form of a computer program. In accordance with this 
program, the computer proceeds by arithmetical and logical 
steps to follow in proper sequence and order (be unit 
operations constituting the activity and so reproduce its 
behaviour for virtually any specified conditions. 

Simulation provides the engineer with an effective means 
for experimenting with any mining activity to ga.in a synoptic 
view of its behaviour. Jn this way, engineers can quid:ly and 
easily gain experience of It variety of situations to arrive at 
good practical answers to the design of mines and the 
planning of mining operations. 

Any developmCllt, if it is to fiud profitable application in 
mining. must finally be proved in U!Ie underground. Simulation 
enables such Underground experiments to be basod on a much 
more thorough evaluation of the problem, and avoids much 
work which might otherwise have to be done in difficult 
c ircumstances underground. 

Of the many mining operations to which simulation can be 
applied underground, production processes appear to demand 
the most attention, since they incur the greatest proportion 
of the costs, employ most labour, and have been least 
amenable to precise analysis. 

There are several advantages in subdividing a complete 
mine operation into a number of subsystems. A simulation 
program for such a subsystem can be developed more rapidly 
than can onc for the mine as a whole, and it can be put to use 
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while other programs are being developed. A special-purpose 
progmm requires less preparation, saves computer time and 
can be used on smaller computers. Judicious subdivision of 
the mining system can make it poMible for the output of 
one computer program to form the input to another program, 
so that ultimately the entire mining system can be simulated. 

The production process in a gold mine can be divided into 
two distinct subsystems, namely, the stopiog system and tbe 
transport system. Fundamentally, stoping is 3. source (unction 
whilo transport is a transmission function. 

A stope system consists of many contracts, each of which 
:is relatively independent of its neighbours, so that only ODe 

contraclneed be simulated. 

By treating the transport system on an open-ended basis, 
it can be subdivided such that the rail transport on only one 
level need be simulated. 

This paper deals with these two simu1alion programs, 
neither of which has made direct use of any previously 
published material. Consequently no references are quoted 
in the text, but Emshoff et af (1970) is the best general 
reference on the subject whkh the authors have found so far. 

METHOD OF SIMULATION 

Since there exist many different types and methods of 
simulation, a short description of the method used in the 
construction of the stoping aod transport models follows. 

Computer simulation is effected by synthesiSing a process 
from a large number of small representative unit operations. 

Initially, a careful study of the actual process is made ro 
as to define accurately those features and operations essential 
to the process. From this, a computer program is written in 
accordance with which the computer assembles the unit 
operations in proper order and sequence, taking into account 
the characteristics of tbese operations important to the 
result. 

The size and number of tbe unit operations used are selected 
according to the purpose of the model. On tbe one hand, a 
detailed model may be unnecessarily expensive to construct 
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and run in relation to the information sought. On the other 
hand, sufficient detail must be included to ensure that the 
simulator is sensitive to the variables which it is desired to 
study. 

The characteristics of each unit operation should be 
independent of every other unit operation, and the contribu
tion of each to the overall result should be small. It must 
be possible to describe the required characteristics of each 
unit operation, which include: 

(i) the duration of the unit operation, that is, the time taken 
to complete the operation without mishap, 

(ii) the probability of failure or interruption while the 
operation is in progress, 

(Hi) the duration of the interruptions, and 
(iv) the outcome or result of the operation. 

The characteristics for the duration of the unit operation, 
the duration of the interruptions and the outcome of the 
operation may be specified by means of a fixed value, a 
formula, or, most frequently, by a range of values in a 
measured or a theoretical distribution. The probability of 
failure may be a series of probabilities for many types of 
failure. These characteristics and probabilities are determined 
from the analysis of actual underground observations. 

During the simulation of every unit operation the duration 
of the event without mishap is determined first. If the 
duration of a unit operation has to be calculated from a 
distribution of values, a random number is generated which is 
used to select a value from the distribution. Therefore, when 
the calculation is repeated a different value is likely to be 

obtained; however, all the calculated values have the same 
distribution as those from which they are derived. 

The probability of a failure is determined by generating 
another random number; if the random number is less than 
the probability of the occurrence of the failure, the failure is 
deemed to have occurred. The duration of the interruption due 
to the failure is then determined, and again random number 
generation may be used to select a value from a distribution. 

The durations of the operation and of all the interruptions 
are then added together to determine the time to complete the 
unit operation. If the outcome of the unit operation is given 
by a distribution, a random number is generated and a value 
for the outcome is detennined from the distribution. 

The abovementioned operations are illustrated by Fig. 1, 
which is a simplified flow chart of a section of a program 
used to simulate the drilling of a single hole. 

The procedure of using random numbers to select a value 
of a variable from a distribution of values makes it possible 
to use all the information contained in the distribution and 
thus provide an essential degree of realism by using values 
which differ from one another as they do in practice. 

In synthesising the unit operations to form the complete 
model of the subsystem, the simulation program reassembles 
the unit operations by a sequence of calculations, the sequence 
being similar to the sequence of events in the mining process 
being simulated. This sequen ce of events is largely programmed 
into the model such that events are executed either in a 
pre-de:fined order according to some type of flow chart or, 
alternatively, on an outcome or result basis according to some 
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Fig. 1. Simplified example of a secllon of program used to simulate the drffling of a single hofe. 
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type of decision {able. Thus, tho simulation programs are 
procedural models which express the dynamic relationships 
of the real system by means of a series of elementary 
operations on the appropriate variables and unit operations. 
In Ilsing the simulation models the prediction of outcomes 
is made by actually executing the proceduraL steps with 
appropriate initial data and parameters. 

The programs are next.event type models in which one 
operation or event is dealt with at a lime. For each operation, 
the duration and outcome arc calculated and recorded 011 a 
list called the calendar. The calendar is scanlled to find the 
earliest lime recorded on it. The attention of the program 
is then switched (0 the operation corresponding to this earliest 
time and calculations for this operation are performed. The 
duration of this operation is added to the time on the 
calendar, that is, the time at which the operation was started. 
so that tbe time at which the operation is completed is 
obtained. The starting time i:! then removed from the calendar 
and replaced by the time of completion, which becomes the 
new starting time for the next event associated with that 
operation. The culcndar is then scauned 10 determine the 
next earliest event, which may be the same operation or a 
differCllt onc. The computet then carries out the cycle of 
calculations for the relevant operation and repea151he process. 
Thus. the program switches from ODe operation or eveJlt to 
the other, making it possible for one event to interfere with 
subsequent events, so that the sequence of events progresses 
realistically in time. This method is suitable for simulating 
systems where dissimilar operations with widely differing 
durations are found and is particularly powerful for studying 
the interactions between interfering operations. 

DESCRIPTION OF THE STOPE 
SIMULATION PROGRAM 

The model simulates the rockbreaking, cleaning and support 
operalioDs for one stope contract in a gold mine. A variety of 
combinations of panels malcillg up a COntract can be simulated 
with or without night shift cleaning. Rock is broken by 
drilling and blasting and the panel Is cleaned by face and 

gully scraping. Aoy of tbe common types of support can be 
installed. Tbe labour quota can be varied. The stope area 
covered by the simulator extends from the unmined rock to 
too centre gully. 

Apart from the basic panel configuration, there are about 
ISO parameters which may be varied by the person running 
the simulation so as to ruter the conditions of the experiment. 
The variable parameters extend from overall geometrical 
variables, such as the panel length and stope width, down to 
itenls such as winch speeds and scraper capacities. A data 
bank of the time distribution of operations and the pro
babilities of failures for unit operations has been built up 
from actual observatioDS made underground. These data 
ha\'e been analyzed and provide the bulk of the input 
information. Thus, it is normaUy necessary to specify only 
about 20 input parameters to simulate a desired stope 
configuration. 

An outline of the simulation program is shown in Fig. 2. 
The master control program performs the input and output 
operations and organizes all subsequent program flow 
depending upon the mining system that has been chosen. 

Control is then passed to second-level control programs 
of which there is one for each of the three main types of 
operations, Fig. 2. These programs allocate the appropriate 
resources to the correct place at the correct time. For 
example, the rockbreaking control program would ensure 
that a certain panel is drilled only after cleaning operations 
have been concluded and drill crews have become available. 

The actual mining operation subroutines are activated by 
the second-order control programs. These subroutines simulate 
the actual mining operations by calculating and sequencing 
their times. For example, at a certain stage in the simulation, 
the scraping program might be instructed by the cleaning 
control program that winch drivers have become available to 
clean a certain panel. The scraping subroutine then proceeds 
to sUnwate the cleaning of the panel until either the shift 
time elapses or all tbe rock has been cleaned (rom the panel, 
at which time program flow would pass back to the cleaning 
control program. 

MASTER CONTROL PROGRAM 

I I 
ClEANING ROCK BREAKING SUPPORT 
CONTROL CONTROL ~ PROGRAM PROGRAM 

DRIUING 
SCRAPING AND SUPPORT 
OPERATION BLASTING INSTAUATION 
' ...... 'TII>E ~~~T~" SUBROUTINE 

FIELD OATA ROUTINES TO ROUTINES TO FIELD DATA 
ON Dl.R4TION CALCLtATE THE IEERMIi'E Tl-E ON FREQUENCY 

OF DURATION OF OCCURENCE OFFAIWRES 
OPERATIONS OPERATIONS OFFAlWRES 

Fig. 2. Simplified /fow dio.rralTl of a simulation model for rockbr~Qking, cleaning and support. 
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The mining operations are simulated at a high level of 
detail. For exampLe, the drilling, charging and firing of each 
hole is simulated individually and the cleaning process is 
simulated on a scoop-by-scoop basis. 

The three mining operation subroutines have access to 
programs which calculate the duration of opecations and 
determine the occurreoce of failures. 1bese programs consist 
esselltilllly of pseudo-random number generators which can 
select variates randomly from different pre-defined frequency 
distributions. Input to these programs coosists of the field 
data which have been collected underground by actual 
observations. 

Output from the program can be requested at three different 
levels of detail. 

At the coarsest level of detail the program produces a 
sumlIlllIy showing the total number of blasts, the total area 
mined, the total tonnage extracted and the face advance for 
each panel over the period of time simulated. Labour 
efficiency figures such as the square metres per workman 
per month are also given. 

A second summary indicates the type of activity conducted 
in each panel dUring every shift. Also listed are parameters 
such as the tonnage blasted or cleared, the number and type 
of delays which occurred and the amount of support installed. 

At the finest [evel of detail a complete record is presented 
of the simulation, and it is possible to determine, for 
example, the exact time at which a particular hole was drilled 
aod whether any delay was associated with it. Similarly, 
cleaning operations are listed for every pass of the scraper 
scoop with an inter-event time of about three seconds. 

The program is written in FORTRAN IV language and 
requires 170 k of storage.lt can simulate one month's miniog 
in about five minutes on an IBM 360 mode ISO machine with 
a memory that has been uprated to that of a model 65. 
The program funning time increases as the mining system is 
made more compJe.'C and also increases with the level of output 
detail required. 

DESCRIPTION OF THE TRANSPORT 
SIMULATION PROG RAM 

The transport simulation program simulates the functions 
and movements of aU vehicles running on rails on one 
underground level, iocluding the collection of ore from box
holes or ore passes, tlte tramming of the ore to the tips by 
locomotives pulling hoppers, and the traosport of materials 
from shaft stations to the workings in cars moved by men or 
locomotives. The area covered by the program starts at the 
boxholes with rock entering the boxhoks at a predetermined 
rate, or possibly varying at random, and ends at the shaft 
orepa~s, wllere the rock is dumped. Th.e system is 'open' in 
the sense that there is a fiu.'( of some vehicles, materials and ore 
ioto and out of the s)'stem, with the result that it is sensitive 10 
external influences and difficult to isolate. 

The system effectively has two types of input aDd two 
types of output. The rock: constitutes an iopUl at the boxboles 
Of development ends and aD output at the shaft tips:. Material 
cars form an inpot as they enter the system from the shaft. 
Empty material cars 3t the shaft are an output. 

Although the methods of calculating opecation times and 
the occurrence of failures are the same as in the stope 
simulator, there do exist some marked differences between the 
programs. In the stope simuJation program the operations are 
cyclic, namely, a panel is drilled, then blasted, and finally 
cleaned. The program is structured accordingly. Even at a 
greater level or detail, I;uch as in preparing the face and drilling, 
the operations are still largely sequential. Thus program 
flow is basically sequential and cyclic. 
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However, the rail transport system is characterized by the 
simultaneous functioning of a great number of independent 
vehic1C$. A large amount of interference may occur between 
the variables, such as a number of locomotives using one 
trnck. Hcuce the program is s tructured differently. It is 
shown in simplified form in Fig. 3. 

MASTER CO'ITROl EVENT 

DETERMINES 
CALENDAR 

THE SYSTEM RECORDS : 
INPUT, SHIFT L TIME OF EVENT 
TIMES AND 2.EVENT TYPE 
ASSOCIATED lOGIC . VEHKl.E NUMBER 

I I 1 1 I~! 
I 1 I Z I"' I 
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CALCULATOR POINT 
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I f 
DATA AREA 
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PROGRAM 

-
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Fig. 3. Simplifitdflow dlqram ()ft"~ simulation modelfor transport. 

The basis of this simulation is that a master program 
keeps an event list in tne form of a calendar. This calendar 
is updated repeatedly as the master program switches from one 
event subroutine to another. For al l vehicles it keeps a .record 
of their position, occurrence of the previous event, occurreoce 
of the next event Md the vehicle attributes such as speed, 
direction, load and route. 

Different event-type subroutines exist for all too dilferent 
types of operations, such as loading at a boxhole, tipping at aD 
ore pass and locomotive interference. 

A powerful feature of the program is its route selector 
which scans the entire track layout to select a suitable route 
for each vehicle at appropriate times during the simulation. 
This feature mnkes it possible to simulate any track layout 
or changes in the layout, without re-programming the 
associated logic. The track layout is specified in the form of a 
number of interconnected points and the next point schedule 
governs the movement of vehicles from point to point on the 
track. In addition, a large number of data are kept in a data 
area which is accessible from anywhere in the program. All 



relevant ioformalloD regarding the simulation is SlOred here 
and updated as simulation progresses. 

The input to the simulator consists mainly of specifying 
the track layout, together with details regarding the position 
and capacity of ore passes, tips, shafts, development ends, 
ventilation doors, refuelling points, condition of track and 
visibility. [n addition, it is possible to specify distributions 
for vehicle speeds, loading and tipping rates and all possible 
delays associated with traltuning. 

Output from the simulation program consists of summaries 
indicatill8 items such as the total toonage transported and 
details regarding the movement and interference of all vehicles. 
The amount of core storage reqnired by the program and the 
program running time depend on the number of vehicles 
simulated and tbe complexityof the track layout. The program 
is writton in FORTRAN IV language. 

USB OF THE PROGRAMS 

In essence, computer simulation is synthetic experimentation. 
It sbould be viewed as real experimentation and its use 
should foll ow exactly the same procedure. In itially, details 
regarding the mining situation, technique and specification 
of equipment must be defined. The experiment is tben 
carried out and the results analyzed. Further experiments are 
then conducted in the light of the resul ts. The purpose of 
mmulation is for the engineer to gain experience rapidJy so 
that he can arrive at a good solutioo to his problem by 
repeated experiments with the computer model. 

Optimization by means of the computer models themselves 
is not an ohjectiveof the two simulation programs. 'Optimum' 
solutions are determined by the engineer ming the programs 
on a trial and error basis. This approach provides mueh 
greater scope for innovation than could be achleved by malcing 
the computer seek the 'optimum solution'. 

The mining cngineer plays an essentiru role in the use of 
computer simulation. Before actuatly running computer 
experiments, be has to verify that the simulation model 
represents adequately the system which he wishes to analyze. 
The model can be verified easily by simulating an existing 
system similar or identical to the one being analyzed. The 
engineer must decide whether there i9 a sufficient degree of 
similarity between the results of tbe simulation and the 
existing system. He may need to provide additional data if 
the degree of similarity is not adequate. This procedure leads 
10 the early identification of areas wbere more data may be 
needed and it gives the engiooer confidence in the results 
Iba! may emerge from tlte aoalysis. The engineer proceeds 
by makiug changes to the system and observing the resul ts nf 
the cilanges. 

'(be sensitivity of the system to particular variables eau 
be determined by changing these delibera tely and examining 
the effect. Conversely, such a sensit ivity anruysis can be made 
to reveal the conditions to which a system is especially 
sensitive and then to modify the system so as to reduce its 
sensitivity to these conditions. Where artificial data have 
to be used, the importance of the accuracy of such data can 
be assessed by determining the sensitivity of the result to the 
data in question. Alternatively, those specifications important 
for a new system or item of equipment to yield some 
required result can be arrived at by repeated trials or a 
sensitivity analysis, using a range of specifications. 

As an iUustrntioD of the use of simulation, Table I shows 
tbe I'esults of a series of e.'I.perimcDts utiliriug the stope 
simulation program. In this series, four parameters were 
varied, namely, the number of panels per contract, the length 
of each panel, the depth of the holes drilled and the number 
of rockdrills used. The effective shift duration time was set 
at six and a half hours with tha Saturday shifts shortened by 
one hour. Mining operations were carried out on day shifts 
only. night shift cleaning not being resorted to. Tlte stoping 
width was onc metre and two winch crows were allocated to 
the contract for cleaning. All other variables were assigned 
values typical of a normru underground stoping practice. 

Two vruues were given to each of the lour parametcR 
varied, a nd the resultant sixteen possible combinations were 
simulated. One month's mining was simulated in each case and 
the total number of blasts, the total tonnage extracted, thc 
total area. mined, the average face advance per panel and 
the labour productivity are shown in Table J. 

By studying the output of the simUlation runs, a decision 
can be made on, for instance, tIle advantage of using a longer 
bole or aSSigning extra rockdrills to a panel. The 'optimum' 
configuration will depend on whether the purpose of the 
simulation experiment is to determine the system producing 
the largest nlined area. the highest face advance. tlle best 
labour efficiency or the highest face utilization. 

It must be emphasized that the rnuits apply only to the 
specific s~tem being simulated and may not hold true for 
other system~. Values in the table, however, indkate how a 
large number of different configurations can be tested quickly 
and eRsily. 

CONCLUSION 

The stoping and transport simulation programs offer a method 
of overcoming one 01 the princlpal obstacles to innovation 
and development in mining, namely, the time, cost and risk 
involved in executing experiments, when these could be done 
only underground. 

TABLE I 
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The time required for an eltperimenl is reduced since it is 
possible to simulate a month's mining in a matter of minutes. 
Thus, me.a.niosful expeciments can be conducted at rates much 
faster than those required to couduct actual miningexperiments 
underground. T his enables a larger numbec of experiments, 
covering a much greater range of conditions, 10 be conducted 
tban would be. possible underground. Hence. the probability 
of finding a much improved solution is increased. 

The cost of an experiment is reduced since the cost of 
anaLysis by simulation is trivial when compared with. that 
of conducting real expenments, or witb the savings that can 
resulr from its use. 

When the simulation of several stope or transport systems 
has shown one of them to be particularly promising, it will 
still have to be tried and perfected underground. This, 
however, can be done with confidence and at the minimum 
of risk because of the experience already gained from the 
simulation experimenls. 

Comparisons between a number of different systems can 
be made under truly identical conditions, which is not the 
case in the mine. It is also possible to investigate hypothetical 
systems which may not yet be available in practice, to assess 
their potential before committing resources to constructing 
such systems and equipmeot for them. 

The computer can be mado to print a complete record of 
the simulated system, making it possible to relate cause and 
effect more easily than in the real system. This has advantages: 
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when investigating the potential of new equipment or, 
conversely. when d~emllning eqttipment specifications to 
acbieve a desired result. Often the full potential of new 
equipment is not attained because of the unforeseen bottle
necks created by its use. However, with simulation, it is 
possible to examjoe, in advance, exactly bow a new machine 
affects tbe whole operation. 

The two simulation p rogranls are designed 10 reproduce 
th.e behaviour of an actual mining process as accurateLy as 
possible nod few specialized techniques are needed in using 
them, so that engineers, with little additional training, can 
use them with confidence. 
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