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Abstraet  Customers for Western Australian iron ore are concerned that successive shipments ar¢ wniform in composition,
with respect to several elements (particularly Iron, Phosphorus, Silicon, Aluminium and Caleium). Although mine production
can be planned to average 2 target grade over several months, local variations in the ore body mean that individual train loads
arriving at the shipping yard vary unacceptably in composition, Variations in composition can be smoothed at the shipping
yard by appropriate stacking and restacking of the ore. Methods used can vary from simple random filtering through an array of
holding stacks o implementing an intelligent policy of stacking and restacking incoming ore based upon its composition and
the composition of the holding stacks to which it may be added. Composition variations are to some extent correlated, both
between the various efements and across time. It is necessary to optimise with respect to a composite of the multiple
composition criteria. The benefits of improved uniformity in composition must be traded against the costs of handling and of
storage. Consegquently, the problem is not soluble analytically. Simulation provides a useful way of exploring the implications
of various possible ore handling policies, and can lead to improved quality performance. This paper describes the design and
application of a simulation model that has been used for the planning of iron ore handling procedures. The simulation model,
written in BExtend™ has a dynamic graphical interface which has proved helpful both for debugging the model and for

constructive interaction with managers and operating staff.

1. INTROBUCTION

from ore is a major export from Westers Australia, From a
number of mines inland, ore is miled to a seaport, where it
is stock piled and then shipped out.

Customers require that the ore composition be of acceptable
uniformity with respect to several minerals {notably irom,
silica, aluming, calcium oxide and phosphorus). Although
the mining production can be planned (o average a desired
compositicn over z lengthy period, mining operations result
in shorter term fluctuations and variability in composition.
To some extent these fluctuations in composition can be
smoothed out by the way the ore is handled at the port, in
being unlcaded from rail wagons, stored in stock piles and
{paded onto the ship,

Clearly, some smoothing in composition can be achieved
just by loading the ore onto large stockpiles, and then
recovering it from the completed stockpiles in such a way
that it is thoroughly mixed.

If the ore composition was not serially correlated, the
amount of smoothing obtained would depend only on the
size of the stockpiles. However, because of the mining
operations, the composition is serially correlated over howurs
or days. In this sitwation, more smoothing can be obtained
by building several stockpiles in parallel. Feeding incoming
ore 10 each of several stockpiles in astomatic sequence
provides some benefit, but it might be expecied that more
smoothing couid be achieved by using the ore composition

{or a forecast of the ore composition) to decide intelligently
which of the current stockpiles should be used for the
INCOMmMIng Ore.

This study describes a simulation model dewveloped to
investigate the assay varisbility achieved using automatic
and intelligent sequencing methods for building shipping
dumps.

I. RSOURCE DATA

Typically the incoming ore is assayed at intervals at the
port, for each of the minerals of interest. The assays take
some hours io complete, so the handling of incoming ore
has 1o be decided belore is particular assays are available.

For cach of the minerals, the target percentage is known as
well as shipping limits owside which it is undesirable 1o
wander. The assays can thercfore be converted to measures
of stress. For each mineral:

Stress = (Assay - Target)/(Upper Limit - Target) )

For example, if the target percentage for iron is 56%, with
shipping limits of 554% to 56.6%, then an iron assay of
55.1% corresponds to a stress of -1.5 for this mineral,

The data used for this model comprise about 2,000 records,
hypothetical production for zbout a year, assayed at four-
hourly intervals on four minerals, iron, silica, alumina and
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calcium oxide. The four-hour production tonnage {or “rake™)
varied, but averaged about 12,500 tonnes, Converting the
a8says 1o stross values, each had zoro mean., The four
standard deviations lay in the range 0.9 10 1.7,

Ag s the case in reality, the assays show strong correlations
across time and between minerals. [t is therefore possible to
use eariier assays to forecast futore assays. For the particular
data set, the best exponential forecast is with an alpha value
of about 0.7. For value ¥, and forecast F, at time interval
{or rake number} “"

Fo= 07V, + 03F, (2}

A data file was prepared of approximately two thousand
records, representing four-howr production intorvals or
“rakes”, each with nine ficlds, being the tonnage, four
assays and four forecast assays. This file was used as input
to the simulation model o be desciibed in the following

sections of this report.

3. PERVORMANCE CRITERION

We have scen how each data record includes the stress and
forecast stress for cach of the four chemical constituenis that
are being moniiored.

Stress is defined as the number of cuter shipping limits an
assay is away from its target value. A sef of assays will
include four stresses 5, , with i = 1, 2, 3, 4 corresponding
to iron, silica, alumina and calcium oxide. The set of
stresses S; can be referred to as the vector 8. For a set of
assays, it is coavenient o deline the aggregate stress “A”
as:

Al= 3,87 3
For 2 shipping dump coniaining ore of weight W, we can
define the "pain” P 10 be minimised as:

P=WA'=WZI 3T, W5 ey

For a rake of weight w and stress s, we wani 0 chooss
which dump {§= 1, 2, 3) 1o add 1 to. A sensible criterion is
1o choose the dump for which the rate of increase in “pain”
per tonne added is minimised. Let dump j currently contain
weight W, , with stress §; .

Rate of change of pain for dump j
=Lt [0F; (W, 8, +ws) ¥/ 9w} asw -> 0 {5

=> 2%, W, 5,5 )
So an appropriate criterion in choosing a destination dump j

18 10 select the one for which the criterion [Z, W, 8, 5,1 is
MRINUTRMT.

4. THE SIMULATION MODEL

A simulation model was designed to investigate the effects
of building shipping dumps using a range of antomatic and
intelligent stacking procedures. The simulation model was
built using the compuier package Ealend™, which s
available for both Macintosh and Windows compuier
environmenis. The model is graphical and animaied, and
tuili of inter-related blocks.
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Figure 1: The Simulation Model

Each block comains programming code {in a dialect of the
language “C") conirolling ity operation and iis inpuots and
outputs, The thick lines joining blocks ropresent material
flow, while the thin lines represent information flow. Each
flow beging at a black connector, and flows 10 a2 whie
conmector on the connected block.

The blocks inciode colowred animations (not visible in
Figore 1) which change as the simulation progresses. At
each step of the simulation, the "Ore Traing” block mads
data for the next rake, as one rocord from the input data file
comiaining lonnages, skresses and forecast stresses. This rake
is passed on to the “Dump Selector” block, which decides
which “Shipping Dump” block is o recelve the mke. A
green animation (1o the right of the Dump Selector biock)
indicates which shipping dump has been selected, and zn
ochuwe animation in each Shipping Dump biock shows
proportionately how full each dump is curmently.

To avoid swiching between dumps too ofien, the dump
selection can be changed only when the currently selected
durap passes a level “m/n” full, where “n” is a chosen
teger specified in the Run Parameters block, and “m™ is

any integer from one to .

For automatic sequencing, the dump selector sends rakes to
each damp i twrn, changing to the next destination dump
in sequence when the currendy selected dump passes a level
“m/n” full. For istelligent sequencing, whenever the
currenily selected dump passes alevel "m/a” [ull, the dump
selector calculates the rate of increase in the “pain” function
that would be occasioned by sending the mke to each of the
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shipping durmps, and selects the dump that would incur the
least increase in pain, using the criterion of equation (6).
With intelligent sequencing, it is of course possible that the
destination dump selected is the current one, so at that
review the destination remains wnchanged. Red animations
in the Dump Sefector block show the rate of increase in
pain for each potential destination.

When a shipping dump block is filled, it is immediately
emptied into the “Shipping Analysis” block. The details of
#he shipped block are displayed in the “Plot Scatter” block,
and also fed to an output text file, recording details of
completed dumps. At the end of each simulation, when all
rakes have passed through the system, summary slatistics
for the run are fed inio another text file, recording details of
completed simulations. The “Plot Scatter” block can be
used to display staiistics daomp by dump, or summary
statistics for each completed simulation, as the computer
i PEOPresses.

4.1 Bun Parameters

Double clicking on the “Run Parameter” block opens it up
1o allow parameters to be set for a simulation run. The open
block dialogne is shown below. The parameters within each
box can be set ag chosen for cach simulation run.
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Figure 2: The “Run Parameters” Block Dialogue

In this example, the input fille containing the rake tonnages
and assays is a text {ile called “Stress.txt”, If it is desired to
pse only the first part of 2 dala file, then a nominated
number of rakes can be read in. If this nominated number
exceeds the data file, then the whole file is used.

The completed shipping dump tonnages and assays ae
output to 2 text file which in this example is named
“Dump.txt”. Summary statistics are output at the end of
gach simulation 0 another ext file, in this example called
“Summ.oxt”, The output files can be sither created at the

beginaing of the run or, as here, the output can be appended
o existing files.

The size of the shipping dumps, in thousands of ionnes, is
input. Shipping dumps are built to include the rake that just
takes them past this tonnage. Any one compuier run can be
set to report repeated simulations with successively changed
parameters, For example, if the dump capacity were set (o
halve twice, then the simulation would be repeated with
shipping dumps of 250,000; 125,000; and 62,500 tonnes.

The model allows rakes to be sent to any of three shipping
duemps being built at any ome time. Changing the
destination shipping dump is costly, so the destination is
reviewed only at preset intervals, corresponding to a sol
fraction of a dump capacity. Repealed simulations in one
compuler run can use progressively changing review
intervals. Int the example, the first simulation reviews once
per shipping dump, so that only one shipping dump
destination is used in the simniation model {although of
course with different physical Jocations ). For the second
simulation, the dump destination is rcviewed every dme a
dump is half filled, then every time a dump is one-third or
two-thirds full, and s0 on. Seventeen increments are shown
for this example, so the last simulation will review cach
destination dump ecighicen times. If a dump 1akes
approximately three days to fill, this comesponds 1o a four
hourly review interval.

The rakes can be assigned to dumps by avtomatic
sequencing, 50 that each time the destination dump is
reviewed rakes begin to go o the next dump in sequence.
Alternatively, intellipent assignment can be used, with the
destination dump being the one that gives the smallest raR
of increase in “pain”, according to equation (&) above.

Intelligent assignment roquires rake assays be used for
equaiion {6). In practice, the decision will have to use
forecast assays, based wpom previous assays, since the
accurate assays will not be kmown in time. For the
simalation, the rake assignment can be chosen 1o be based
upon either the accurate or forecast rake assays. A dump's
assays are calculated based epon the accurate assays of the
rekes it has already received.

From egquation (6), the critcrion was to choose the
destination dump minimising [X; W, 8, 5, 1. This criterion
canr be modified w0 [ Wj" Sy 55, where the fill bias "b”
confrols the relative influence of a fuller compared o an
emptier shipping dump. If b > 1, then more influence is
given 10 a fuller dump. I b< 1, more inflyence is given 10
a less full dump. This fill bias can be set, and successive
simulations can increment its value by a chosen amount, a
chosen number of times. This report does not consider
varying b from onity, but experimentation suggests that the
results are not appreciably sensitive to the valoe of b,
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4,2 Plotter Control

Double clicking on the “Plotter Control” block opens it up
to allow the parameters to be set 10 controd the display in
the “Plot Scatter” block., The block when opened is ag
shown in Figure 3. The parametors within sach box can be
sct as chosen for each simulation run, o control the
selection and display of the siatistics 10 be plotted.
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Figure 3: The “Plotter Control” Block Dialogue

OCutput can be plolted for each dump, so that a new plot
starts for each simulation. Alternatively, for computer runs
of multiple simulations, where 2 run parameter is
successively changed, summary statistics can be plotted o
show i sirou uf changing the parameicr.

Two YY" coordinates can be nominated for two varigbles 1o
be piotied, each against the same “X” coordinate. In the
example shown, the Iron and Silica Steesses (Y1 and ¥Y2)
are 10 be plotted for each dump, with chosen symbuols,
against the Rake Mamber (X,
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Figure 4: The “Plot Scater” Block Display

el

The scale ranges for the Y and X coordinates can aiso be set.
in this cases, the stresses are plotied in the range -1.5 10
+1.5, and the rake pumber i plotied from zero to 2,000,
The resulting plot can be viewed by double clicking on the
“Plot Scatier” block, either during or after the computer run,
The finished plot (for three reviews per shipping dump) is
shown in Figure 4.

The "Plot Scatter” block also displays a spreadsheet of the
plotted oulpst, but the outpwt is more fully reporied in the
ontput text fies,

4.3 Input Text File

The input text file conlains one wcord {or liney of
information for cach rake or assay time interval, Each record
comprises nine ficlds, separaied by tabs.

The first field shows the ke tonnage, the next four felds
arc the accurate iron, silica, alumina and calclum oxide
assays, wmd the final four ficlds are the forccast values for
these assays (based upon the cxponcniially smoocthed
previous assays, with an alpha of 0.7 and an initial valee of
7T,

Each record in the input data file “Stress ” used for these
studies reproscnted one “rake” or four hours of production,
with stress values computed as described in the Dan
Preparation scction,

At the beginning of each simulation within a computer run,
the input file is rewound so that the same input data can be
processed again, with revised parameters.

4.4 Quiput Text Files

One output text file ("Domp.ixt™ in this example) siores
one meord (or line) of information for each complated
shipping dump. Successive simulations within the same
run are Hsted o the {ile. For cach computer ran, the sulpnt
cither goes to a now text file or is appended 1o an existing
file, as specified in the Run Parameters biock dialopue of
Figure 2,

The other cutput fext file ("Summ.xt” in this example)
records one record of summary statistics for each completed
simulation. Again, for each computer run, the output either
gocs to a new iext file or is appended to an existing file, as
specified in the Run Parameters block dialogue of Figure 2,

For each output file, the ficlds are scparaicd by tabs. The
text files can be opened using a spreadshect, enabling any
desired plois to be constructed or subsequent calcudations o
be carried out.



5, SIMULATION RESULTS

The simulation model was run for three sets of simulations,
cach exploring the mprovement in quality obtainable with
250,000 torme stacking dumps, for the destination dump
bheing reviewed once, twice, three times per dump, and so on
up to 18 times per dump.

The first set of simulations used automatic sequencing, with
the destination dump being changed in turn at each review
nierval,

The second set of simulations used intelligent sequencing,
with the forecast assays being wused 1o decide which
destination demp o choose, on the “least rate of increase of
pain” criterion of equation (6).

The third set of simulations was as for the second, except
that now the accurae assays were used to determine the
destination dumps. This use of the accurate assays would of
course not be possible in practice, but the simulation
provides an indication of how much power is lost in having
1o use the forecast assays instead of the accuraie assays, on
the “least rate of increase of pain” criterion,

The graphs in Figures 5 and 6, on the next page, show the
effect of the various procedures on the guality performance
achieved, The objective function used in deriving egnation
{(#) was 0 mininise the aggregate siress in the completed
shipping dumps. Figure 5 shows the root mean sguare
aggregaie siress of the completed shipping dumps, built
according o each of the sets of criteria.

1t is undesirable that shipping dumps be outside the
shipping limits in any of the four comstituen: minerals
being considered. Figurs 6 shows he proportion of
compleied shipping dumps which end up vioiating any of
the shipping limits.

Similar effecis are seen for each set of statistics, and can be
sumrmnarised as follows:

= Using the forecast assay values to determing the dump
sequencing gives just about as good a result as would the
accurate assay values.

= Using intclligent sequencing based on forecast assay
values, most of the achievable benefit is attained by
reviewing the destination three times per shipping dump.
That is 1o say, the shipping dump destination should be
reviewed each time g shipping dump is one-third full, two-
thirds full or completed,

» Intelligent sequencing gives appreciably higher shipping
dump quality, with less frequent review, than docs
sequencing automatically to the shipping dumps in tom.

1t is clear from the graphs in Figwres 5 and 6 that little
further benefis would be gained by reviewing more ofien
than three times per shipping dump. Most of the variation
between solutions of higher review frequency is apparently
random,

6. DISCUSSION AND CONCLUSION

This study has illustrated the design and application of a
dynamic and graphical simulation model to compare the
assay variahility achieved using automatic and intelligent
sequencing methods for building shipping dumps of
250,000 tonnes.

The model has been used to show that appreciable
improvement can be achieved by intelligent sequencing
based on forecast assays instead of automatically sequencing
the ore to the dumps in turn. Using intelligent sequencing
based on forecast assays is found to be just about as good as
would be achieved using accurate assays, were they
available. This is fortunate, since in practice the accurate
assays are not available unti] after the stacking decision has
had to be made.

Most of the sequencing benefit can be achieved by
reviewing the desitination dump three tirnes per dump, that
is, whenever a shipping dwmp becomes one-third, two-thirds
or totally full. Since a 250,000 tonne dump takes a little
over three days to fill, this corresponds to a review inlervat
of stightly longer than a day.

The criterion for intelligent sequencing is quite simple io
apply. It requires that the destination dump be chosen which
has the lowest pain gradient, as developed in equation (6).

This study considers only the configuraiion of three
shipping dump sites, being built to a 250,000 capacity.
However the simulation model supplied can be used for any
size of shipping dump, and for any data filc of assay
stresses, Il a different number of shipping dump cites is W
be investigated, then the simulation meodel can be modified
accordingly.

The simulation package “Extend” used for this study is now
available on Windows as well as Macintosh platforms. A
compiled version of the simulation model can also be run
on the Runtime version of Exiend making the code
inaccessible o the user,
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