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Computer Modeling of Underground Mine Production Systems

William J. Douglas

KETRON, INC.,
Wayne, Pennsyivania, US4

ABSTRACT

This paper uddrasses three upproaches for modeling under-
ground mining production systems based on alternative vequire-
ments for different levels of planning. The firsi approach relaras
o time slep simubition of face aperatians in which the sysiem
state it observed Several times per minute, which is a very kigh
level of derail appropriate o modeling one or two shifts.

The second approach uses aualyiicad equarions to extimate ma-
chine place time and 2 critical puth ta describe machine place in-

teractions vver several cycles of a cul plan, or perkaps 50 to 100
shifts or more. This is appropriaie for investigaiing stachastic be-
havior and machine futlure-vepatr mechanisms.

The final made! addresses full mine life planning over peviods
of perhaps 5 ta 20 years. A mine strategy tree and aquipment pwl
are provessed in even! step sequence fo analyze egquipment utili-
zution, advance und production rates. and lung term econorics
of mining, The models are cormpuared vver o range of problems.

INTRODUCTION

Underground room-and-pillar mining is a muli-eyclic
process with repetition of cveles occarring at many levels.
Face operations include cycles. for each machine type—
drilling, blasting, loading, haulage-—at each operating
face. The faces are worked in sequence, providing a sec-
ond cycle to the process, as the sequences are repeated.
Panels are developed and mined within the context of an
overall mine plan, which is again cychic in nature. Main
haulage tunnels and airways are developed in order to
achieve access to the ore body, and production faces or
panels are initfated and repeated to follow the develop-
ment cycle.

In evaluating the mining process, the unit of production
that is to be analyzed may be considered at several levels of
detail. The industrial engineer may be concerned with unit
operations for the face production system, where vehicles
for hauling rock have payioads of perhaps 5 to 50 tons and
cveles ranging from 3 to 30 minutes. The process of loading
and hauling is modeled by tracking these payloads as they
move from the working face fo the mine haulage system.

A systems analysis of the production cycle is conductad
by analyzing the interactions among machines and work-
ing faces. The appropriate unit of production is the ton-
nage m a lift, perhaps 100 to 500 tons and a time cycle of
perhaps 30 minutes to two hours. This decreased level of
precision is acceptable because the modeling approach
adds new information on the interactions among addi-

tional system components, providiag a broader view of the
process,

The process of mining a complete panel consists of tak-
ing a large number of lifts in the sequence which hag been
idenzified by the mining plan. In the overat] scheme, devel-
opment and production panels. are mined in pre-defined
sequences, making the per-shift tonnage the appropriate
unit of production, Interactions among panels that uiilize
available equipment and extend the mine geometry arve
analyzed at this fevel, with panel production tonnages of
perhaps 200,000 to one million tons with a time period of
three months to perhapy one year, Again, the added visi-
bility and scope of this level of analysis requires two levels
of production, the panel tonnage and a daily or per shift
praductien rate, perhaps several hundred to several thou-
sand tons,

A mine life represents the ultimate leve! of a mine plan-
ning project, Annual production of perhaps two to twenty
milkion tons and ffetimes of 20 to 30 years are typical.
Under these conditions, the panels and annual production
levels become the planning parameters, Integration of
fabor, machines, supples, power and maintenance re-
sources as well as their associated costs become the issues
at this leve} of planning.

Over & period of eight years KETRON has developed a
computerized modeling and data management system to
address the set of probiems that span this spectrum of pro-
duction levels and time lines. These models cousider the
unit operations relating to each machine process step at
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ong end of the spectrum to the annual production profiles
and Jine item costs associated with each year of a mine's
life. The information bases required to operate the system
are integrated so that lower level analyses are used to pro-
vide mmput to subseguent steps at higher levels and broader
planning horizens,

THE S5YSTEM OF MODELS

The set of models that are applied ta mine preduction
planning is structured as in Figure 1. At the bottom of the
hierarchy is an industrial engincering system to acguire
and analyze the unit operations for eack machine type
which is emploved. The top of the structure provides the
overall costs and resources which are consumed i achiev-
ing the mine production levels. A description of each of the
models is provided in the left hand column of Figure 1,

MINIE

The mining industrial engincering system is a seguence
of programs which is used to assist in managing and ana-
Iyzing time study data, The basic bailding block of the sys-
tem s 2 machine process flow diagram which describes the
sequence of unitl operations performed by a machine in
working a face. An example of a process flow diagram fora
reof bolting machine is illustrated in Figure 2, Similar dia-
grams have been developed for face drills, LHDY's, contin-
uous miners, longwall systerns and other anderground
mining machines.

The process flow diagram describes the sequence of ma-
chine operations in terms of events and activities, An event
is a point in time, while an activity consists of two events
that define the start and end of the zctivity. The approach
is borrowed from the conventional critical path planning

Annual Mine Level

Modets Costs/Resources
MCOM Mine Production Profiles —— Labor Egquipment
Supply Cost
i Files
MPLAN  Mine Production Rates =-— Equipmeni
Acquisition
! Schedules
CPMINE  Panet Production Rates  —— Mine Production
1 Straregies
MPASS Machine Place Times —— Cut Mans
MINIE Machine Unit Operations -—— Industrial
Engincering
Time Studies

Figure 1. Modeling System Struoture.
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{CPM)} method, but the diagrams contain loops to define
repetitive, cyclic operations which are nut a part of the
CPM approach.

An industrial engineer expects to see the process ceour
in accordance with the network diagram. Usually, several
cveles of the process are observed in order to formulate the
process How diagram. As a consequence, the observer ig
prepared fo record the operational data in conjunction
with the elements in the process flow diagram. To doso, 2
tape cassette recording technique has been emploved in
which the necessary process elements are voice recorded by
the observer. This recording is transcribed later and con-
verted into machine readible data in accordance with the
following code:

Characters Meaning Example Cﬂdé
1 MachineCode  Roof Bolter R
-3 Lacation Eniry Four 46
4-5 Event Start Driiling 06
6-11 Time Hrs., Min., Sec. 091533

Hence, the event “Roof Bolter initiates drilling in entry #4
at 3:15:33" is coded “R4006091333.” The observer sim-
ply voice records “'nine fifteen thirty three, stast drill,” be-
cause the machine and location are pre-defined once at the
beginning of a set of mine-face activities, o
The MINIE systern processes the data to produce a time
line re-creation of the observations. A sample time line is
illustrated in: Figure 3. It represents the sequence of events.
which were reccorded and coded, as processed by the com-
puter. Differences between events are shown as “activity
durations” for each ling item. This onfput is usually ol
tained after a number of passes during which the MINIE
system edits the input data, flags inconsistencies and:
assists the observer in preparing 2 logically correct ubs;erw
vation set. :
Onee the time line has been established. it is processed
in a second step to produce summary statistics for the ob-
servation period. The data snmmary which defines- the
number of observations of each activity, the mean, stan-
dard deviation and range of the observations is ilustrated
in Figure 4. This information may be maintained in the
form of disk files or printed fermat for use in comparing
svstems and identifying problem areas. Such data may be
employed as information input in production analysis
medels which are used to analyze performance of the sys-
tem resulting from modifications to operate parameters.

MPASS

The unit operations data available from the MINE sys-
tern provides a basis for modeling Face operations.
KETRON has developed # unique graphical simufator of
face operations which provides a dynamic display of ma-
chines in plan view as they conduct face and haulage activ-
ities. The Mine Performance Analysis Simulation System
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Figure 3.

(MPASS) allows the user to enter a section cut plan and
machine performance data inieracrively with the support
of CRT prompting. The model can use machine perfor-
mance parameters obfained from time study summaries in
the MINIE system, or as an alternative, manufacturer's
performance rating daza,

MPASS isa fime step simulator which displays the status
of mining activities at regular time intervals on the CRT
screen. A sample cut sequence from the MPASS system is
illustrated in Figure 5. Once the plan has been accepted,
the user defines hauiape and tramming routes with the aid
of the numbering scheme and a cursor that traces selected
routes. Machines are placed to start the simulation and
mining activities are initiated. The machines perform and
may be observed during simulation at the user's direction.
A snapshet of mining activities from & thermal printer
which duplicaies the CRT screen contents is iflustrated in
Figure 6. Haulage and place changing as well as associated
traffic probiems become clear from such displays.

Summary statistics describing the system performance
over the entiretime period arve output at the end of the simu-

Hxample of Machine-5hift Event Report.

lation. A production time line and machine performance
statistics for one shift of simulated activity are contained in
Figures 7 and 8,

The graphical nature of MPASS provides the user with
extensive visibility into mining activities which is not avail-
able in other production simulators. As such, it lends credi-
bilkty to the simulation and provides confidence that i is
performing in accordance with the user’s intent. Further-
more, it establishes a basis for communication of ideas and
information in management and supervision of lace opera-
tions and also has applications as z training aid which are
currently being explored.

CPMINE

An alternative approach to face production analysis is
the application of analytical models to describe the time
consumed by a mining operation. KETRON has applied
this technigae in conjunction with critical path network
processing in the CPMINE maodel. The resulting system
allows one to simulate long term production over a produc-
tion period which consists of one or more cumplete se-
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Fimae 5. Input Cut Sequence for MPASS,

quences of lifts, Forexample. a sequence of perhaps 30 fifts
might be required o represent the mining between two site-
cessive oross cuts in & room-and-pillar mine. CPMINE iz an
efficient method for obtaining the shift production disti-
bution aver the course of this mining cycle.

‘The nature of a room-and-pillar mining system is one
which lends itself to the critical path approach. A critical
path network for a five-step conventional mining system:
cut, drill, shoot, load, bolt is illustrated in Figure 9, Each
iift is Hustrated by a serial sequence of these process steps
with dummy steps (zero duration) included for the purpose
of mathematical process modeling. The diagonal lines rep-
resent roof support constraints, indicating that a given lift
cannot be mined until the predecessor B in the same entry
has been roof balted,

The regular cycle of the process allows the network to be
constructed by the model with a minimem amount of in-
putting. The user defines the number of cuts, the mining
sequence and the roof bokting constraints, and the model
prepares a critical path network of the process, coding the
netwerk in terms of predecessor and successor events for
each activity. There are four types of activities: working a
lift, changing places, roof bolt consiraints and demmies.

The remaining input into the network consists of the
duration for each activity. A probablistic approach has
been adopied {o represent actual mining experience. Each
machine type is modeled in erms of equations that de-
scribe the place time for the machine. For example, the
roof bolting tine is based on the drill rate, belt length,
nurmber of bolts and positioning time per boit. These vari-
ables are entered inrto the program as statistical distripu-
tions through user selected distribution types and distri-
bution parameters. The model uses these distributions to
obtain a place time distribution for each machine type. A
Monte-Carlo selection from this distribation is used ta ob-
tain place time input for each machine It in the critical
path network. A similar approach is applied to the place
change process which uses input values for place-to-place
distances.

The process of machine delays and repairs is also in-
clunded in the model. These are superimposed on the criti-
cal path by defining the reliahility of each machine in terms
of tons between delays and downitme per delay, These
parameters are entered as distributions and sclected ran-
domly. Delay times are added to each place for which a de-
lay has been specified by the random process. The total
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Figure 6. Snapshot of Mining Activities from MPASS.

piace time for each machine is the sum of its working time
and its delay time,

The network is processed o obtain the start and end time
for each activity, from which the network critical path s ob-
tained. The model reduces the netwerk into.a shift pro.
duction fime line which is then processed to obtain. the
distribution of shift production overthe production period.

Sample inpuis for 2 CPMINE run-are ilfustrated in
Figure 10}, and Figure 11 contains the produetion distribu-
tion for the process. The results are representative of 2 min-
ing process in which variations occur due to geometric
variations, failures and repairs, and changes in mining
conditions.

Using CPMINE one can. obtain. statistical distributions
of shift prodaction for each process type in a mining sys-
tem.. These outpuis are presented in terms of histograms
and summary statistics for each different process as de-
fined by mzmber of entries, seam height, cat sequence and
machine type or sequence.

MPLAN _
In planning the design of a mine, the network approach
is extended one more level in the MPLAN medel, wherein

the network clements consist of major mine segment types.
A segment type is defined as a length of a main entry, 2
iength of submain, a production panel, ashaft orslope, ete,
Fach segroent type has an associated production and drive
rate that may be obtained from CPMINE, or simply by user
selection, In addition, each segment type is assigned data
relating to equipment types required to mine the segment.

‘The mine-life process is deseribed in terms of a strategy
netwark which defines the-allowable sequence of mining. A
sample mine fayout consisting of mains, submains and pro-
duction panels is illustrated in Figure 12. The strategy net-
work that is to be implemesnted for mining is shown in Fig-
ure 13. The network is construeted from mine segments,
and each segment is defined by a unique set of descriptive
characters which include the segment type and a numeri-
cally unique identification code. In the netwark, initiation
of 2 segment is constrained by its “father," the segment
which must be completed before it can be initiated. The
segments which may be completed after one or more fa-
thers are completed are.called “sons.”

The mine strategy network consisis of fathers and sons
arranged in a manner that describes the allowable se-
quence and required constraints on the mining process, A
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pool of avallable equipment is defined by a user specified
acquisition schedule. MPLAN processes the network by
altocating equipment to the segments as it becomnes avail-
able on completion of predecessor segments, MPLAN re-
cords the vear and shift for the start and completion of cach
segment, equipment usage and equipment requests and
denials far segments. The mode! then develops an annual
production time linefor each segment type and for the com-
plete mine,

The MPLAN segment completion and production re-
ports are kustrated i Figures 14 and 15. This output pro-
vides a means for analyzing the mining strategy as it relates
to mine production objectives. Initially, equipment may be
allocated to main enéry and submain segments fo assure
adequate resources for mine development. Later i the pro-
cess, some of these equipment types may be allocated to
production mining, The resulting producrion and equip-
ment utitization may be traced downward to the valuesthat
have been nput from MINIE and CPMINE. They also pro-
vide the basis for the mine cost processing which follows.

MCOM

The mining cost model, MCOM, applies the results of
MPLAN processing to determine the mine life costs asse-
ciated with the project on an annualized basis. Additional
inpat data is required for each segment type for the mine,
and for the equipment that is to be used. These include
capital costs and depreciation schedules for each unit of
face and haulage equipment; management salaries and
labor rates for face operations, maintenance and utility
crews; unit costs and usage quantities for roof bolts,
powder, bits, timber, rock dust, fuel, power and other
mine supplies; financial factors including inferest and in-
fiation rates; and inventory levels for spare parts required
to maintain capital equipment. In addition, the model
presents the definition of user defined cost categories and
evpenditure schedules that may be allocated arbitrarily
over time.

MCOM processes the segment completion report and
computes the costs incurred in mining each segment based
on the production rates, usage factors. and uait costs.
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Equipment overhauls are incurred as required, rail and
belt are acguired, and labor and management are hired as
needed to meet the segment production levels. Figure 16 -
lustrates & sample output from MCOM over a five-year pe-
ried. The model can handle mine Hfe periods of 30 years,
beyond which the uncertainty associated with financial
variables makes rigorous quantifative planning less mean-

ingtul.

APPLICATIONS

The set of production models have been applied in a
aumber of mine planning projects ranging from face oper-
ation analysis to the long range evaluation of new mining
ventures with respect to finaneial viability. Selected appli-
catioas are summarized below.

Midwestern Coal Mining Operations

For a large midwestern ccal producer operating four
decp mines, a three-phase application of the industrial en-
gineering and face simujation system was conducted. The
company’s management required a characterization of its
underground mining sections so that decisions concerning
these operations could be made by management. Using
the MINIE system, industrial engineering time studies
were conducted for over 30 continuous mining operating

sections. These sections were classified with respect to op-
erating efficlency and maintenance problems through sta-
tistical analysis of the data base. A small number of sec-
tions were selected for more detailed analysis and were used
as a basefine for decision making. These sections were used
to define the best available procedures and to identify the
most proficient equipment operators and face supervisors
in the mine. The information was used by mine manage:
ment to effect improvements in operating procedures. -

The company’s industrial engineering group was ex-
panded and trained in application of the MINIE system.
Subsequently, the MPASS face production simulator was
installed for use by the mining company’s [E group.
MPASS was then applied to haulage studies in conjunc-
tion with data aequired through the MINIE system. The
engineers have now become quite efficient in acquiring
and analyzing dats to support engineeting decisions. The
MPASS system has been used to demonstrate the beanefits
of modifying operating procedures both statistically and
through the visibility which is available from the dynamic,
graphic displays,

New Midwestern 4 Million TPY Mine

In planning 2 new mine in the Hlinois coal basin, the
MISS models are being applied to a variety of decisions
which will affect the productive and econemic perfor-

NEXT -
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mance of the mine, Operaiing in two seams, the sequence
of mine operations and ventilation are quite compiex by
normal ¢oal mining standards. A sand channel separating
one of the seams adds to the complexity of coordination
and scheduling of production.

The first step it the planning process consisted of analy-
zing face production activities for eleven different cat
plans, each representing a segment type which defined the
roining operations. Similarities among segment types re-
duced the number of different alternatives to six, and each
of these was analyzed by using the CPMINE model. Man-
ufactirer data for both efectric and diesel haulage systems

CPMINE Inpuis.

was used slong with data from KETRON's MINIE data
base to develop inputs to the base case runs. Shift produc-
tion distribution data was obiained for the various seg-
ment types using the eapected values for input variables,
Later, parametric studies of machine reliability and per-
formance were conducted to determing the impact of fail-
ures and production rate uncertalnties on overall mine
performance.

The mine plan for the project was converted into a strat-
egv network and the inputs for MPLAN were prepared. A
baseline execution for one seam was conducted to test the
strategy tree and related data file. Finally, the complete
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Figure 11. CPMINE Production Titme Line,

mipe, consisting of two separated sectors in one seam and
one sector on the second seam was modeled with the use of
MPLAN. The resulting production profiles and equip-
ment requirements were evaluated against mine produe-
tion chjectives based on the MPLAN results. The time-
oriented mine status also provided a basis for simulating
ventilation fan requirement, using the Penn State sinla-
tor, and belt haulage performance, using the VPl Belt
Simulator and Mine Haulage Production Impact Model,
MHPIM.,

As of the writing of this paper, cost analysis has not

been initiated for this mine, but the MCOM model is
scheduled for future application to mine economics stu-
dies, The integrated application of the models was con-
ducted by a team of seven mining engineers via time shar-
ing, in conjunction with the support of KETRON mining
and software specialists.

0l Shale Venture Analysis

In support of ¢il shale mining venture sindies, the
CPMINE, MPLAN and MCOM system of models are be-
ing installed for time sharing use by a large oil company.
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Figure 14.  MPLAN Segment Compiction Report.

Engineering staff in two locations are being provided with
fraining and access to the models for use in responding to
management requests for technical and economie evalua-
tions of proposed ventures, For these applications, the
models provides the abifity to determine the mining cost
per ton of ore and per barrel of shale oi produced, based
on input ore grade and retorting efficiency.

Sonth American Phosphate Mine

The MPLAN Model was appiivd to develop a longwall
production plan for a South American phosphate mining
project which is being evaluated by the World Bank. The
model established the nember of development sections re-
quired to support longwail operations capable of provid-
ing 750,000 tpy of phosphate ore to the processing mill,
The MCOM mode! was used to forecast annual costs and
cost per ton for the fongwall, which were then compared
with costs deterntined in an earlier study of room-and-
pillar mine plan for the same ore deposit.

Advanced Mining Technology Evaluations

The set of models has been applied to a variety of ad-
vanced mining technology evaluations for the U.5. De-
partment of Energy over a period of several years. Projects
relating to new concept room-and-pillar mining machines,
advanced longwalls, tunneling systems and borchole hy-
draafic mining have been included in these evaluations, In
support of these modeling siudies, the MINIE data acqusi-
sition management system has been applied extensively to
obtain operational data and reduce it to statistically mean-
ingful inputs for analytical investigations.

EVOLUTION OF THE SYSTEM

Any computer modeling system must evolve 0 incor-
porate advances in computer technology and modeling ap-
proaches. The original thrust of the MISS system was
based on the applcation of large, main-frame computers,
written in FORTRAN for batch execution, and requiring a
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Figure 15. MPLAN Production Report.

significant level of computer skills. Tmtroduetion of power-
ful mini-computers, baving CRT graphics in the mid
1970s provided a techaology that was amenable to divect,
interactive computing by mining engineers with mintmal
computer background. The MPASS system was a direct
resuli-of the availabifity of this technelogy. -

The large-scale advent of personal computers employ-
ing micre-processing technology has produced yet another
step in the evolution of mining refated compuiter applica-
tions. KETRON has converted selected MESS systems to
personal computers, Interactive prompting is employed,
for example, in a BASIC Language personal computer
version of the MPLAN program, It isexpected ihat this ap-
proach will continue making the software available at sev-
eral levels for mine plansing applications, including in-
stallation it-house for large computers, time sharing, and
mini-compuier or personal computer installation.

- Finally, #t is important to note that cngineering person-
nel are becorsing more comfortable with and proficient in
computer applications. They are well aware of bepefits of
applving computers to production planning probiems.
KETRON's experience relating to the MISS applications
cited above indicates that user-oriented software will find

acceptance in the. mining industry.” Furthermore, com-
puters are becoming a necessity rather than a rarity in the
mineral industries, and the 1980s should see an exiensive
growth in the variety of systems, both hardware and soft-
ware, that are available to the industry.
UMMARY

This paper describes a set of compuier models that are
used to address a wide spectrum of production planning
problems ranging from detailed unit operations analysis,
of concetn to the mining industrial engineering, to the life-
time economics of a complete mine. The modeling system
includes five parficular programs that have been de-
scribed: MINIE—an industrial engineering data manage-
ment system for mining applcations; MPASS—a time-
step, shift-simulator of face operations emploving dyvnamic
graphics; CPMINE—a critical path network model of face
operations whick produces production distributions over
long production periods; MPLAN—a mine strategy net-
work oriented planning model for mine production se-
quencing analysis; and M{OOM—z mining cost model

that provides mine life costs based on post processing the

MPLAN outputs.
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The modeling system has been applied to a vanety of
projects, including: an industrial engineering assessment
of a midwestern coal mining complex using MINIE foi-
lowed by installation of MPASS ton conduct face simula-
tion studies; extensive planning associated with the open-
ing of a new, large, two-seam midwestern coal mine in
which CPMINE, MPLAN, MCOM and other models in
MIS5 have been applied; long-range venture analysis for
oil shale mining employing the same sysiem of models;
economic assessmeni of a South American phosphate

MCOM Sample Dutput.

mine to support World Bank investment decisions; and
assessment of new mining technologies under considera-
tion in government research projects.

The MISS models have been developed over a period of
eight years and incorporate applications on large main-
frame computers, mini-computers and personal com-
puters. Continuing evolution of MISS is planned to ad-
dress the growing demands of the mineral industries that
have resulted from the revolution in computer fechnology
oceurring in the 1980s.
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