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Introduction 

During the past decade, coal-fired power plants
in Brazil accounted for 2 per cent of the total
energy generated within the country. However,
in  Santa Catarina State in the south of Brazil,
thermal coal plants generate 59 per cent of the
energy available. This region also produces 54
per cent of Brazil’s coal (2007). Currently, coal
mining in Santa Catarina takes place at
underground operations using the room and
pillar method. Mechanized cycle mining using
loaders and shuttle cars had its peak in the
global mining industry during 1950 through
1960, but is still used in Brazil. This type of
operation was used in various traditional
underground coal producers such as the USA,
South Africa, and Australia.

Brazil is not a major coal producer in the
world context; consequently the mining
technologies used in these particular
underground mines are out dated. Most mines
are small operations, using different
equipment for load and haul such as LDHs,
scoops, continuous miners combined with
shuttle cars, and loaders with shuttle cars. 

With the advent of personal computers and
the availability of specific programs, engineers
were offered new tools to analyse old mine
engineering problems1. One of the early
studies was carried out by Koenigsberg2, who

addressed the problem of organizing unit
operations at underground coal mines. Rist3
published the first paper in mining computer
simulation. Suboleski and Lucas4 studied and
simulated the operations for a room and pillar
coal mine. Few publications exist that deal
with the application of simulation methods for
underground mines in Brazil, particularly for
coal mines, contrasting with the large number
found on opencast mines. 

In this context, this study was developed to
assist operations using outmoded technology
to move to the latest mining methods that are
appropriate to the geological setting in Santa
Catarina. Simulation methods can help to
redesign and organize these mines.

The mine

Carbonifera Metropolitana SA has operated
Esperança Mine in southern Brazil since 1984.
The mine throughput exceeds 1 Mt of thermal
coal per annum. The operation employs room
and pillar without retreating (no pillar
recovery) from the mining cycle method.

In this mining method, the following
sequence of activities is employed:

i.    A roof bolter is used to drill and insert
full-column resin bolts for ground
control immediately after the coal pile
is mucked 

ii.   A coal cutter is used to create an extra
free face, which enhances blasting
efficiency 

iii.  A face drill is used to drill holes for
blasting the coal face

iv.  Blasting is carried out using ANFO-
type explosives

v.   Face ventilation is used to clean the
fumes and the dust generated during
blasting 
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vi.   Loading of coal takes place using a loader to load
shuttle cars that travel to the unloading stations
(chutes) at the feeder breakers

vii.  The cycle restarts at (i).

A mining panel comprises 8 to 12 roadways 6 m wide
and 17 to 24 m apart, depending on the pillar size. The
equipment used in mining a panel includes three roof bolters,
one coal cutter, one face drill, two loaders, and three shuttle
cars. There are two daily production shifts of 7.5 hours
involving the operation of all equipment and a third shift that
basically comprises roof support and equipment maintenance.
The effective production time at the face is about 5.5 hours.

Problem definition

During the actual operational shifts, the fleet is positioned in
order to prioritize maximum face advancement at the centre
of the panel in order to access new transverse crossings as
early as possible. This scheme results in a maximum number
of available faces at a given time (normally ranging from 17
to 25). In contrast to the advantage of coal face availability
using this strategy, the panel center advances ahead of panel
flank, as shown schematically in Figure 1. This layout
increases the traffic of mobile equipment at the centre of the
panel, thus increasing the risk of accidents. The faces do not
have a sequence or pre-defined order at the start of the cycle.
The technical and production staff believe that it is impossible
to maintain the required shift production if the panel is mined
simultaneously along its entire extension, keeping an even
advance, i.e. with the centre and the flanks advancing in a
synchronized manner. It is understood a change in the
present scheme would decrease the availability of faces at the
start of a new cycle.  

Given the described problem, this paper analyses whether
it is possible to use a pre-defined mining order without
reducing productivity and while maintaining an evenly
distributed advance for all the extensions of the panel.
Simulation of the unit operations is proposed to address the
problem of forecasting the production performance for the
proposed new scenario.     

Methodology 

The mining cycle involves a series of sequential activities.
This chain of events was studied and the equipment used at
each step described. The time involved in the mining cycle
was measured in order to build a database containing all the
information for each unit operation. Subsequently, a
simulator was developed mimicking these operations and
using the timings recorded in the database. The simulator
was validated against real operational scenarios for the same
mining sequence. 

The validation of the method and its result is based on
the Law and Kelton5 theory. This method is adequate for
analysing systems in which the state of discrete variables is
amended only by the occurrence of certain events.
Deterministic simulation models are computer models that
attempt to reproduce the real performance of the system, in
this case, using the average time values for every stage of the
production cycle involved in coal extraction. An artificial
(simulated) history mimicking the behavior of the system is
generated based on the logic embedded in the proposed
model. Figure 2 shows the basic steps used in this study.

The simulation

Brazil is not a major coal producer like countries such as the
USA, Australia, China, or South Africa, and this is reflected in
the difficulty in improving mining technology in this sector.
Consequently, most medium to small coal mines generally
use multi-purpose general software such as Excel® for short-
term mine planning. Fjellström6 uses an Excel® interface to
input and output data linked to another program to simulate
alternatives for ore and waste transport to the backfill area
and to the crusher in the mine.

The capabilities of recent versions of spreadsheet
software allow various applications in simulations. In this
paper, a program was developed using Visual Basic® and
Excel® for such an application. The user moves the mining
equipment and sets the time for each unit operation. The
system is divided into two modules. Module 1 controls the
position of the equipment within the panel. The decision
where equipment should be placed is completely free;
however, proper allocation demands knowledge of how the
mining cycle operates. Module 2 is used to control data input

�
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Figure 1—Plan view. Face drilling rig operational sequence in a typical
production shift. Numbers refer to the sequence where the equipment
is positioned. The light gray shading indicates parts of roadways where
coal is still in place (not mined)

Figure 2—Sequence of steps used in the study, starting with data collection and finishing with the comparison of the simulation results with actual
production
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(times for the cycle), simulation parameters, and report
preparation. The reports contain information on the number
of cycles per machine, the total time of operation of each
machine during a simulated shift, and other production
information. As given equipment moves to the next face, the
time taken to complete the previous task is added to the total
cycle time. 

Figure 3 presents an example of the data input screen
and the fields designated for entering the time involved for
each operation during the mining cycle. At the top, the time
taken related to roof drilling is entered. At the centre is the
area designated for data regarding the operational time of the
coal cutter, face drilling, loading, hauling, and blasting. 

Validation 

An important step in simulation is to validate the input data.
This validation checks for similarity between the results
predicted by the computational model and those produced by
the system during actual operation. Table I summarizes the
real number of cycles for each operation along a certain
production shift, given a certain mining layout and
equipment availability. Additionally, the forecast values
derived from the simulator at the same scenario are depicted.
At the beginning of each shift the panel foreman allocates
each machine to a specific coal face. The simulation is done
with the same initial allocation as for the real scenario.
During the shift the foreman registers the number of cycles
performed by the equipment, and this is the real value used
to compare with the simulated one.

Simulation for a pre-defined allocation

Figure 4 represents the schematic plan used to assign the
equipment to a given face following the numbers ordered. For
example, a roof drill starts its cycle at cell 1, and then moves
to cell 2 and so on. The purpose is to maintain a rigid
allocation, eliminating the need to wait for a face foreman’s
decision on where the equipment should be allocated.

Simulation results

In the following section, the results of a 19-day simulated
period are compared with the actual results obtained during

the same period. The actual production of this panel was an
average of 1 301 t/day), and the average simulated
throughput using a pre-defined and regular advance scheme
was 1 360 t/day. During that time, there were a maximum as
well as minimum number of coal faces available to start a
new cycle. Consequently, this reflects on the simulation at the
same way as actual scenario, keeping throughput cyclic as
indicate the Figure 5. 

Table II summarizes the statistics for the simulated and
real production.
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Figure 3—Data input screen showing the time spent for each specific operation during the mining cycle

Table I

Number of cycles for each operation (simulated
and actual). Initial conditions and panel layout were
identical for the simulated and real scenario

Actual Simulation

Roof support 10 10
Cut 11 11
Drilled 12 12
Loaded 19 19
Blasted 10 13
Waiting roof support 12 11
To load 2 2
To drill 2 2
To cut 1 0

The codes for each operation are: 

tin Initial time 

tvent Ventilation time

tab Refueling time

td Travelling time

tbit Bits replacement

thmc Maintenance/mechanical

breakdowns time

tbc and tagua Hydraulic connections time

tcor Cut time

tlim Clean cut time

tfur Drilling face time

ttex Explosives transportation time

ttac Accessories transportation time

tcar Loading time

tdet: Preparation for blast time

tsob: Cleaning face time

tffa: Blast missfire time

thmo: Muckpile load and haul time.

Figure 4—Idealized scheme for starting the simulation in the panel;
sequence of allocation for the first equipment is indicated by the
numbers
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Comments and discussion

The rigid allocation scheme leads to more predictable results
than the actual system. After completion of this experiment,
the coal mine supporting this study made a real attempt to
implement the new scheme; however, the observation time
used for the test was short. The results of these experiments
were considered positive by the mine staff. Unfortunately,
comparisons between the real and simulated scenarios are
not straightforward. To overcome this problem, a comparison
of the equivalence of the two systems is carried out using the
suggestion proposed by Law and Kelton5. Using the proposed
statistical test, it is possible to confirms that both systems can
be considered as having the same production throughput,
based on the paired-t confidence interval probability for a 90
per cent significance interval and n = 19. The fundaments for
this test are: 

For i = 1, 2,…, let Xi1, Xi2, …, Xin, be a sample of ni
observations from system i, and let µi = E(Xij ) be the
expected response of interest; we want to construct a
confidence interval for ζ = µ1 – µ2 (it tests if the means are
statistically different). Whether X1j and X2j are independent
depends on how the simulations are executed, and could
determine which of the two confidence interval approaches
discussed below should be used.

If n1 = n2 (= n, say), or we are willing to discard some
observations from the system on which we actually have
more data, we can pair X1j with X2j to define Zj = X1j – X2j for
j = 1, 2, …, n. Then the Zj values are random variables and
E(Zj) = ζ, the quantity for which we want to construct a
confidence interval. Thus,

[1]

[2]

[3]

where z(n) is the z mean.
If Zj is normally distributed, this confidence interval is

exact, i.e., it covers ζ with probability 1- α.
Applying this test yields:
z(n) is -0,79 and Var [z(n)] is 8.29. For a 90 per cent

confidence limit and n = 19:

The confidence interval is:

which allows us to conclude that the actual and simulated
values do not differ, as the interval of confidence contains the
mean of their difference. 

The pre-defined equipment distribution scheme proposed
here does not adversely affect production by reducing the
number of available faces on the crosscuts compared to the
actual system currently in use, as was previously believed at
the mine site.

Conclusion

The results demonstrate that the pre-defined scheme of
equipment allocation at Esperança mine does not reduce
production as expected by the mine staff. It is possible to
maintain the same production using a more organized and
safer operation. For this, the simulator developed for the
room and pillar cycle mining was essential for allowing the
comparison of different mining scenarios in terms of the
number of mined faces and distribution of panel equipment.
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Figure 5—Simulated and actual production results for a 19-day
production period 

Table II

Comparison of simulation and actual production

Actual Simulation

Production, t/day 1 301 1 361
Cv, % 10% 11%
Total production, t 24 721 25 855

Daily Production
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