
U
N
C
O
R
R
EC

TE
D
PR

O
O
F

1 Stochastic Long-Term Production
2 Scheduling of Iron Ore Deposits:
3 Integrating Joint Multi-element Geological
4 Uncertainty and Ore Quality Control

5 Jorg Benndorf and Roussos Dimitrakopoulos

6 Abstract Meeting production targets in terms of ore quantity and quality is critical
7 for a successful mining operation. In situ grade variability and uncertainty about the
8 spatial distribution of ore and quality parameter cause both deviations from pro-
9 duction targets and general financial deficits. A stochastic integer programming

10 formulation (SIP) is developed herein to integrate geological uncertainty described
11 by sets of equally possible scenarios of the unknown orebody. The SIP formulation
12 accounts not only for discounted cashflows and deviations from production targets,
13 discounts geological risk, while accounting for practical mining. Application at an
14 iron ore deposit in Western Australia shows the ability of the approach to control
15 risk of deviating from production targets over time. Comparison shows that the
16 stochastically generated mine plan exhibits less risk in deviating from quality tar-
17 gets that the traditional mine planning approach based on a single interpolated
18 orebody model.

19 Keywords Stochastic integer programming �Mine scheduling � Joint-simulation �
20 Iron ore21

22 Introduction

23 Long-term mine planning and production scheduling aim to define the “best” mine
24 plan subject to the constraints imposed by physical and geological conditions,
25 policies and the operational mining approach. The term “best” is defined by
26 management objectives. These typically include maximising the monetary value of
27 the mining project as well as meeting customer expectations and guaranteeing a
28 safe operation. The expectations of customers are defined largely in terms of ore
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29 tonnage and ore quality characteristics to be delivered. In the case of multi-element
30 deposits, ore quality characteristics are defined by multiple inter-correlated ele-
31 ments. For example, in iron ore deposits, the elements iron (Fe), phosphorus (P),
32 silica (SiO2), alumina (Al2O3) and loss of ignition (LOI) are critical for ore quality.
33 Additionally, in many cases ore is produced out of multiple pits with different ore
34 characteristics. The goal of any global, long-term mine planning approach is to send
35 the most homogeneous ore blend out of multiple pits, meeting customer specifi-
36 cations, while guaranteeing optimal pit development and maximizing the utilization
37 of available mineral resources. In practice, however, when implementing a mine
38 plan, differences frequently occur between the produced ore quantity and quality
39 characteristics. It is well recognized that uncertainty in the description of the spatial
40 distribution of grades of various pertinent elements in the orebody as well as their
41 in situ variability are major contributors to these differences.
42 Traditional approaches to mine planning optimization are based on a single
43 estimated model of the orebody that is unable to account for in situ variability and
44 uncertainty associated with the description of the orebody (David 1977, 1988).
45 Contrary to estimation techniques, a different set of techniques provide a tool to
46 address shortcomings of estimation methods, termed conditional simulation
47 (Goovaerts 1997; Chiles and Delfiner 1999; Dimitrakopoulos 2007). Based on
48 drill-hole data and their statistical properties, conditional simulations generate
49 several equally probable models (or scenarios) of a deposit, each reproducing
50 available data and information, statistics and spatial continuity, that is, the in situ
51 variability of the data. The difference between the equally probably scenarios are a
52 quantitative measure/description of uncertainty. The subsequent integration of this
53 grade uncertainty and local variability into mine planning optimization allows for
54 the understanding and control of geological risk. This in turn aims to decrease
55 project risk and increase profitability.
56 The detrimental effects to mine planning optimization from ignoring in situ
57 grade variability and uncertainty in the description of orebodies are well docu-
58 mented (Ravenscroft 1992; Dowd 1997; Dimitrakopoulos et al. 2002, and others).
59 For example, Dimitrakopoulos et al. (2002) show the danger of relying on estimated
60 (average type) orebody models when optimizing. In their example, net present
61 value (NPV) assessment of the conventionally generated life-of-mine schedule
62 using simulated scenarios of the orebody shows the most likely NPV to be mate-
63 rialized standing at 25% lower than forecasted. The substantially positive contri-
64 bution of accounting for grade uncertainty through multiple simulated scenarios and
65 new stochastic optimization approaches is also well documented. Godoy and
66 Dimitrakopoulos (2004) show a long-term production scheduling approach based
67 on simulated annealing applied to a gold mine to result in a 28% increase of project
68 value compared to the conventional approach. Leite and Dimitrakopoulos (2007)
69 show the same order of improvement using this approach at a copper deposit.
70 A more general and flexible long-term production scheduling method that allows
71 the control of geological risk between production periods in terms of magnitude and
72 variability is based on stochastic integer programming or SIP (Birge and Louveaux
73 1997), and it is documented in Ramazan and Dimitrakopoulos (2008). An

AQ2

2 J. Benndorf and R. Dimitrakopoulos

Layout: T1_Standard Book ID: 457301_3_En Book ISBN: 978-3-319-69319-4

Chapter No.: 12 Date: 13-10-2017 Time: 9:07 am Page: 2/18



U
N
C
O
R
R
EC

TE
D
PR

O
O
F

74 application of the SIP formulation to the long-term production scheduling of a
75 single-element deposit demonstrates its effectiveness and advantages in terms of
76 additional project value and associated risk management even for a relatively short
77 life of mine.
78 This paper contributes a mine planning optimization approach that addresses
79 joint multi-element grade uncertainty, as common in many mineral deposits, such
80 as iron ore. More specifically, the stochastic integer programming approach of
81 Ramazan and Dimitrakopoulos (2008) is expanded to (a) multi-element deposits,
82 and (b) includes new mineability constraints to facilitate accessibility and equip-
83 ment size constraints. In addition, the formulation developed herein is exhaustively
84 tested in an application at an open pit iron ore mine in Western Australia, and
85 within the context of multi-pit production planning. Testing includes the ability of
86 the SIP to control the risk of deviating from production targets in terms of ore
87 quality characteristics. In the next sections, the stochastic mathematical program-
88 ming formulation is first presented. The application and testing of the formulation
89 are presented, along with a comparison between the SIP and a traditional approach
90 based on one estimated orebody model. Discussion and conclusions follow.

91 Stochastic Production Scheduling

92 Global optimization of long-term production scheduling addresses issues of optimal
93 sequencing considering multiple pits, multiple elements, blending issues, stock-
94 piling options and alternative processing or product options (Whittle 2007). The
95 task of long-term production scheduling in a multi-pit operation can be divided into
96 two stages. The first stage is a multi-pit scheduling approach, which defines ulti-
97 mate pit outlines as well as proportions and element qualities, where each pit and
98 period contribute to the global target in order to optimize the global asset. In the
99 second stage the physical extraction sequence of blocks in each single pit is defined

100 as constraints to production rates and targeted element grades implied by the
101 multi-pit scheduling approach. This contribution concentrates on the long-term
102 scheduling of a single pit; multi-pit scheduling approaches have already been
103 successfully implemented, e.g. BLASOR, developed in BHP Billiton’s Technology
104 group (Stone et al. 2007).
105 The goal of long-term production scheduling under grade uncertainty of single
106 pits is to define a physical extraction sequence of blocks over periods so as to meet
107 multiple goals. These goals include (a) best mine development and best use of
108 available mineral resources for a maximization of the monetary value of the asset,
109 (b) control of risk of deviating from production targets, and (c) guarantees of a safe
110 operation. In this context, controlling the risk of deviating from production targets
111 is a major contribution and involves controlling probabilities and magnitudes of
112 deviations from production targets, as well as fluctuation of produced grades over
113 periods. The underlying geological uncertainty is captured by a set of conditionally
114 simulated orebody models. Generally, production targets may be in terms of
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115 produced ore and waste tonnes and grades of different elements. Constraints are in
116 terms of practicality of the schedule guaranteeing equipment accessibility, mining
117 capacity, processing capacity, geotechnical aspects as well as blending
118 requirements.

119 Stochastic Formulation for Long-Term Production
120 Scheduling

121 A general formulation for long-term production scheduling under geological
122 uncertainty for multi-element deposits based on SIP is presented next. It is based on
123 the single element formulation in Ramazan and Dimitrakopoulos (2008). The
124 objective function and relevant constraints are explained in detail.

125 Objective Function

126 The SIP objective function, presented here for scheduling multi-element single
127 deposits, combines several goals. It aims to generate a production schedule that
128 optimizes the economic pit development considering constraints imposed by the
129 global multi-pit approach, while minimising deviations from production targets in
130 terms of tonnages and ore-quality as well as minimising costs of non-smooth
131 mining. Equation (1) presents the three parts of the objective function,
132

Maximise
PP

t¼1

PN

i¼1
cti � xti

�PS

s¼1

PP

t¼1

PR

r¼1

squtr � yutr þ sqltr � yltr
� �

�PP

t¼1

PK

j¼1
cSM � Y1tj

� �
ð1Þ

134134

135 where P is the number of periods, N denotes the total number of blocks to schedule,
136 S represents the number of simulated orebody models used to capture geological
137 uncertainty, R is the number of targets including grade targets for different elements
138 and ore tonnage targets; ci

t represents the economic contribution of block number i
139 when mined in period t and is a representation of the expected economic value over
140 all values of block i at time t derived from each realisation s E{(NPV)i

t}; xi
t is a

141 variable representing the percentage of block i mined in period t; if an xi
t variable is

142 defined as binary (0 or 1), it is assigned 1 if block i is mined in period t and assigned
143 0 if not; squr

t is the upper deviation from production target r at time t considering
144 orebody model s, yur

t is the unit cost of squr
t to penalise excess production; sqlr

t is the
145 lower deviation from production target r at time t considering orebody model s, ylr

t

146 is the unit cost of sqlr
t to penalise a deficit in production. Y1j

t is the number of
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147 surrounding blocks, which are not mined in the period t or earlier when mining
148 block j. Surrounding blocks are those, which are no more than 3 blocks apart in
149 each direction (Fig. 1). The costs cSM are penalties associated with Y1j

t. Note that
150 this penalty only applies to a subset K of all blocks N. To avoid overlapping, only
151 every third block in each direction is considered to be the central block j.
152 The first part of the objective function is used for maximising the discounted
153 economic value in the context of the global optimization. Note the global multi-pit
154 approach accounts for interactions between different pits and aims to maximise
155 usage of resources and global value. The first part in Eq. (1) maximises the local
156 NPV of the single pit under consideration aiming to define an optimal mine
157 development constricted by the global plan. It accounts for profit-defining aspects,
158 such as stripping ratio. The discounted economic block value is calculated as
159 expected value from each realisation. The second part of the objective function
160 handles the deviations from production targets imposed by the multi-pit scheduling
161 approach for each simulated orebody model s including grades of all elements and
162 ore tonnage. By optimising over S possible scenarios, captured through multiple
163 equally probable orebody models, this part of the objective function aims to control
164 uncertainty and variability of the produced grades and ore tonnage. The magnitude
165 of grade variability in the generated schedule is controlled for each element e
166 considered and time period t by penalties associated with deviations sqlr

t and squr
t.

167 Note that deviations for each target and period yur
t and ylr

t are calculated by the
168 corresponding constraints, which are the grade constraint and the ore tonnage
169 constraint. Part three of the objective function controls smooth mining by penalising
170 not mining adjacent blocks in same period, the central block j is scheduled, or
171 earlier (Fig. 1). Y1j

t represents hereby the percentage of the 8 directly adjacent
172 blocks and the 25 blocks that are two block-widths distant, which have not been
173 mined in the same period as block j. Deviations of smooth mining for each con-
174 sidered block j and period t Y1j

t are calculated in the smooth mining constraint. The
175 priorities of the three competing parts in the objective function are controlled by the
176 magnitude of corresponding cost parameters for each part relative to each other.
177 The mine planner has to adjust these parameters so to define the best schedule that

j

Fig. 1 Inner and outer
window around block j in
smooth mining constraint
(after Dimitrakopoulos and
Ramazan 2004)
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178 compromises his objectives, for example the level of risk the planner is willing to
179 accept.

180 Constraints

181 The reserve constraint ensures that each block i is only being mined once over all
182 periods P and is given by
183

Xp

t¼1

xti¼ 1 ð2Þ
185185

186 By setting the sum of binary variables of one block over all periods equal to one,
187 the block must be mined during the life of the mine.
188 All overlaying blocks mi must be mined before mining a given block i. This can
189 be implemented using cone templates representing the required wall slopes. One
190 possible formulation is given through
191

mi � xti �
Xmi

l¼1

Xt

r¼1

xrl � 0 ð3Þ
193193

194 where l is the counter for the mi overlaying blocks.
195 Grade deviations squr

t from the upper bound and sqlr
t from the lower bound for

196 each element, period t and simulated orebody model s are defined by grade con-
197 straints given in Eqs. (4a) and (4b).
198

Xn

i¼1

ðgesi � Ge
maxÞ � Oi � xti�squtr¼ 0 ð4aÞ

200200
Xn

i¼1

ðgesi � Ge
minÞ � Oi � xti þ sqltr¼ 0 ð4bÞ

202202

203 where gsi
e is the grade for element e of block i considering orebody model s,

204 Gmin
e and Gmax

e are the targeted minimum and maximum average grades of element e
205 of the ore material to be processed in a period t, Oi is the ore tonnage inside block i.
206 Ore tonnage deviations squr

t from the upper bound and sqlr
t from the lower bound

207 of the target at each period t are defined by
208

Xn

i¼1

ðOi � xtiÞ � qutr = PCmax ð5aÞ

210210
Xn

i¼1

ðOi � xtiÞ + qltr = PCmin ð5bÞ
212212
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213 where PCmin and PCmax are the targeted minimum and maximum ore tonnage to be
214 mined limited by the processing capacity.
215 The absolute tonnage of handled material, ore and waste, at period t is modelled
216 through constraint
217

Xn

i¼1

ðOi + WiÞ � xti �MCmax ð6Þ
219219

220 where Wi is the waste tonnage inside block i and MCmax denotes the maximum
221 mining capacity.
222 A practical mining requirement is equipment access and mobility realised
223 through smooth mining patterns, which determine a feasible mining sequence. The
224 percentage deviations related to smooth mining as introduced in the objective
225 function (Y1j

t) are calculated through a smooth mining constraint,
226

�
Xnb1

k¼1

2 � xtk�
Xnb2

k¼1

1 � xtk + (nb1 � 2 + nb2 � 1Þ � xtj - Y1tj � 0 ð7Þ
228228

229 Here, nb1 is the number of blocks directly adjacent (inner window) to block j to
230 mine and nb2 is the number of blocks which are two block-width distant to block j
231 (outer window) as illustrated in Fig. 1. Note that blocks in the inner window are
232 penalised twice as much as blocks in the outer window. This setup indicates that it
233 is more desirable to mine blocks in the inner window together with block j than
234 blocks in the outer window. If possible, blocks in the outer window are mined
235 together with block j; however, the solver has enough flexibility to mine those
236 blocks in other periods.

237 Controlling Risk Over Time for Different Objectives

238 As presented in the previous section, penalties associated with deviating from
239 production targets introduced in the objective function aim to control risk of
240 deviation for each element. These penalties can be defined in different magnitudes
241 for each element and period. This enables the mine planner to control the risk for
242 each element over time. The ability to control the risk over time is a concept
243 introduced by Dimitrakopoulos and Ramazan (2004) using a geological risk dis-
244 count rate. This discount rate is directly applied to penalties and thus controls the
245 risk distribution between periods. A high geological discount rate indicates that the
246 SIP formulation herein is emphasised to generate a schedule that is less risky in
247 early periods than in later periods. This may be useful when the operation aims to
248 mine less risky parts of the deposits in early periods and more uncertain parts in
249 later periods. As mining progresses, more information about those uncertain parts
250 will become available in form of operational exploration. A geological discount rate

Stochastic Long-Term Production Scheduling of Iron … 7
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251 of 0% generates schedules that are expected to exhibit a similar level of risk in all
252 periods. The difference between penalties applied to upper deviations and lower
253 deviations defines the priority of upper and lower deviations from targets. For
254 example, it may be more important in an operation to keep the deficit in production
255 as low as possible while excess production may not be of importance.

256 Production Scheduling Under Uncertainty: An Application
257 at Yandi Central 1 Iron Ore Deposit, WA

258 Next, mine production scheduling under multi-element grade uncertainty is applied
259 to the Yandi Central 1 iron ore deposit in Western Australia. The first part describes
260 the Yandi Central 1 deposit focusing on geology, mining operation and current
261 production scheduling practice. The problem specification and description of input
262 data are discussed subsequently, in particular the process of incorporating the
263 stochastic production scheduling approach of a single deposit into the global
264 multi-pit scheduling problem. The input in terms of simulated ore body models is
265 presented as well as the operational, economical and risk controlling parameters.
266 Following, the practical approach of scheduling Yandi Central 1 is detailed,
267 including the practical implementation of the scheduling formulation and the
268 manual mine design to convert results to a practical schedule. A comparison
269 between schedules generated using a stochastic formulation to those using a
270 deterministic formulation considering one estimated ore body model is found at the
271 end of this section and demonstrates the benefit of the stochastic approach.

272 Yandi Operation and Current Production Scheduling Practice

273 The Yandi Central 1 deposit is part of the larger Yandi channel iron deposits (CID),
274 which occurs alongside the Marillana–Yandicoognica Creek system about 120 km
275 northwest of Newman, Western Australia. This deposit is part of the Yandi joint
276 venture operation, which includes multiple pits. The fundamental objective of this
277 complex operation is the achievement of customer defined on-grade shipments at
278 lowest costs by optimally blending from different pits with a diverse range of
279 resource grades. Critical geochemical parameters when evaluating the deposit are
280 iron content (Fe), silica content (SiO2), alumina content (Al2O3), phosphorus
281 content (P) and the water and organic content measured as loss on ignition (LOI), as
282 they influence the physical and chemical properties of the product and the per-
283 formance of the beneficiation process.
284 For the global multi-pit optimization of the Yandi joint venture operation, BHP
285 Billiton’s Technology group developed a scheduling-algorithm, termed BLASOR
286 (Stone et al. 2004). Among other details BLASOR assigns targets in terms of AQ3
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Layout: T1_Standard Book ID: 457301_3_En Book ISBN: 978-3-319-69319-4

Chapter No.: 12 Date: 13-10-2017 Time: 9:07 am Page: 8/18



U
N
C
O
R
R
EC

TE
D
PR

O
O
F

287 produced ore tonnes and grades for each period to each pit as contributing to the
288 global target. Although BLASOR, as used here, accounts for multiple elements, the
289 approach is based on a single estimated orebody model and does not incorporate
290 local uncertainty and in situ variability.

291 Problem Specifications and Input for Scheduling

292 The in situ variability and the incomplete knowledge of the spatial distribution of
293 the elements in the orebody are most critical for meeting customer specifications. In
294 order to incorporate in situ variability and uncertainty of geochemical parameters in
295 mine production scheduling, techniques for optimization under uncertainty can be
296 employed. The application of stochastic mine production scheduling to Yandi
297 Central 1 is based on stochastically simulated orebody models generated using the
298 computationally joint direct block simulation approach (Boucher and
299 Dimitrakopoulos 2008). Operational, economic and risk defining parameters are
300 explained in subsequent sections in more detail.

301 Stochastic Orebody Models at Yandi Central 1

302 The basis for mine production scheduling under geological uncertainty is a series of
303 simulated orebody models of the deposit. For this case study, 20 simulated orebody
304 models of the main ore zone (MOZ) are used, generated by Boucher (2003). This
305 joint-simulation of the five considered elements Fe, P, SiO2, Al2O3 and LOI
306 guarantees the local reproduction of cross-correlation between the elements. Note
307 that Fe is strongly correlated with the elements SiO2 and Al2O3. Each of the
308 resulting orebody models contains 3049 blocks in total. Block dimensions are 25 m
309 by 25 m by 12 m, representing typical mining units. Each block contains the
310 attributes total tonnage, ore tonnage as well as total content of each element Fe, P,
311 SiO2, Al2O3 and LOI. As an example, a map of the spatial distribution of Fe grades
312 in the orebody model is presented in Fig. 2 for the case of simulated realisation
313 number five.

314 Operational Parameters

315 Operational parameters, including ore production and required qualities are defined
316 by the global multi-pit scheduling approach undertaken by BLASOR. BHP Billiton
317 Iron Ore provided scheduling results defining the contribution of Yandi Central 1 to
318 the global target for the following five years referred to as periods. For confiden-
319 tiality reasons, BLASOR results are scaled (Table 1).

Stochastic Long-Term Production Scheduling of Iron … 9
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320 Ideally, shipping grades are to be delivered with nearly zero variability. Since
321 this is unlikely, the industry sets target bands limited by an upper and lower bound.
322 Grades should not fall outside this band. Table 1 summarises initial ore tonnage and
323 grade limits. The differentiation between ore and waste prior to the optimization is
324 realised through an Fe grade cut-off of 0.56%. Further, it is assumed that the
325 operation is flexible enough to account for different ore and waste production rates

Fe-content in % 
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Fig. 2 Spatial distribution of Fe-grades in realisation number five for the lower, middle and upper
bench

Table 1 Ore tonnage and grade constraints for scheduling Yandi Central 1

BLASOR scheduling results of Yandi Central 1 for first periods

Period
No

Ore tonnage
(wt)

Fe (%) P (%) SiO2
(%)

Al2O3

(%)
LOI
(%)

1 14,000,000 57.1–
59.4

0.032–
0.038

4.6–5.2 0.90–
1.05

9.5–
11.0

2 10,000,000 57.1–
59.4

0.032–
0.038

4.6–5.2 0.90–
1.05

9.5–
11.0

3 10,000,000 57.1–
59.4

0.032–
0.038

4.6–5.2 0.90–
1.05

9.5–
11.0

4 9,000,000 57.1–
59.4

0.032–
0.038

4.6–5.2 0.90–
1.05

9.5–
11.0

5 7,200,000 57.1–
59.4

0.032–
0.038

4.6–5.2 0.90–
1.05

9.5–
11.0

Note Ore/Waste cut-off grade is Fe � 56%
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326 between periods. For this reason, the maximum mining capacity, including ore and
327 waste production, was set to 20,000,000 t, which is about 5,000,000 t more than the
328 maximum rate. Due to the flat geometry of the deposit, one slope region is sufficient
329 to characterise the geotechnical constraints. The general slope angle is set at 45°.

330 Economical and Risk-Controlling Parameters

331 Table 2 presents the economic parameters, including price, mining and processing
332 costs and discount rates. Mining costs include blasting, extraction and transporta-
333 tion costs; processing costs account for crushing, conveying and stockpiling. Two
334 discount rates are identified, the economical discount rate and the geological dis-
335 count rate. The economical discount rate discounts cash flows over periods, while
336 the geological discount rate controls the risk of producing grades that fall outside
337 the limits over the periods. Recovery is 100%.
338 The stochastic scheduling approach applied in this case study is concerned with
339 the risk of not meeting production targets of produced element-grades. Penalties for
340 deviating from production targets are set initially to 1$/unit of deviation.

341 The Practical Scheduling Approach

342 Initial Run and Practical Mine Design

343 The upper part of Fig. 3 shows results of an initial run using above specified
344 parameters. The extraction sequence appears smooth and feasible, however there
345 are few blocks scheduled surrounded by blocks scheduled in different periods. To
346 generate a practical mining schedule that guarantees minimum mining width and
347 equipment accessibility, results of the stochastic formulation are refined using
348 manual mine design and haul road construction. These standard tools are available
349 in commonly used mine scheduling software packages. In this study open pit design
350 from Earthworks Datamine is used (Datamine manual 2002). The schedule gen-
351 erated by the formulation can be used as a guideline to construct polygons for each

Table 2 Economical
parameters for long-term
production scheduling of the
Yandi Central 1 iron ore
operation

Parameter Costs/Price

Price per ton recovered metal $30

Mining costs per ton $5

Processing costs per ton $5

Economical discount rate 10%

Geological discount rate 10%

Stochastic Long-Term Production Scheduling of Iron … 11
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352 period and bench. These polygons, in combination with haul roads and ramps,
353 define the pit design for each period and provide a mineable production schedule.
354 Parameters used in this designing process are a 12 m bench height, 45° slope angle
355 and a 5 m berm between two toe and crest string, a road width of 25 m and a 8%
356 ramp incline. The lower part of Fig. 3 shows a south-east isometric view of the
357 resulting smooth schedule. Benndorf (2005) demonstrated that this type of
358 smoothing has no significant impact on the results, which means that the smoothed
359 schedule is still near to optimal.

360 Evaluating Results

361 In addition to produced ore and waste tonnage, results are evaluated in terms of risk
362 profiles of produced grades per period, in particular for Fe, SiO2, Al2O3, P and LOI
363 (Fig. 4). For each period the grades are shown considering each simulated orebody
364 realisation, which represent possible scenarios based on information available. The
365 spread of the different realisations provide an indication about uncertainty in pro-
366 duced grades per period when extracting the deposit according to the generated
367 schedule. Analyzing the risk profiles of Fe, P and LOI results concludes that there is
368 no risk of deviating from production targets. SiO2 and Al2O3 appear to be more

500 m
Period 1
Period 2
Period 3
Period 4
Period 5

500 m
Period 1
Period 2
Period 3
Period 4
Period 5

Fig. 3 Stochastic schedule in
ultimate pit—before (upper
part) and after (lower part)
smoothing using manual
design
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369 critical in meeting production targets. For example, four out of twenty simulated
370 orebody models for SiO2 indicate a deviation from the lower target in period one.
371 Thus, there exists a 20% chance of not meeting production targets for SiO2 in
372 period one.

373 The Ability to Control Risk

374 A major contribution of the presented scheduling formulation is the ability to
375 control risk of deviating from production targets considering different quality
376 parameters. As experienced in the initial run, SiO2 and Al2O3 appear most critical in
377 meeting targets. To investigate the ability to decrease risk, three different schedules
378 were generated applying different penalties to both critical elements. The three
379 schedules were generated using low (1$ per unit deviation per ton), medium (10$
380 per unit deviation per ton) and high penalties (100$ per unit deviation).
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Fig. 4 Results of stochastic scheduling in terms of ore and waste tonnages and risk profiles for Fe,
SiO2, Al2O3, P and LOI

Stochastic Long-Term Production Scheduling of Iron … 13

Layout: T1_Standard Book ID: 457301_3_En Book ISBN: 978-3-319-69319-4

Chapter No.: 12 Date: 13-10-2017 Time: 9:07 am Page: 13/18



U
N
C
O
R
R
EC

TE
D
PR

O
O
F

381 Figure 5 shows the extraction sequence of the lower bench for each schedule. In
382 the case of each schedule, the deposit would be extracted in a different sequence.
383 The dispersion of the schedules increases with the magnitude of the penalties. In the
384 case of low penalties, the extraction sequence is smooth. Although medium
385 penalties generate a more dispersed schedule, it is still smooth enough to be con-
386 verted to a feasible schedule using manual mine design. High penalties generate a
387 very dispersed schedule, which could hardly be efficiently realised. The dispersion
388 is an expression of a higher selectivity, necessary in order to produce a homoge-
389 neous product in a tight quality band. Figure 6 shows the risk profiles for SiO2 and
390 Al2O3 for the three generated schedules. In case of SiO2, the effect of increasing
391 penalties already becomes obvious in the case of medium value penalties.
392 Compared to the low penalty case, the fluctuation of grades between periods
393 decreases significantly and there exists only a slight probability of deviating from
394 targets in period 2, 3 and 4. Higher penalties improve the result only marginally. In
395 the case of Al2O3, a decrease in probability of deviating from targets is recognizable
396 with higher penalties, however, there still exists a certain amount of risk. This is an
397 expression of a high in situ variability and uncertainty of the element, which cannot
398 be avoided by blending in the pit. A solution here, to decrease the risk, could be to
399 blend the ore with ore from different mines, where Al2O3 is less variable and
400 uncertain.
401 Generally, this evaluation of the scheduling formulation demonstrates that less
402 risk of deviation comes with a cost of higher selectivity, which is caused by the two
403 competing objectives in the objective function: minimize risk of deviating from
404 production targets and generate a smooth schedule.

Lower bench

Period 1
Period 2
Period 3
Period 4
Period 5

Low penalties ( 1 per unit deviation)

High penalties (100 per unit deviation)

Medium penalties (10 per unit deviation)

Fig. 5 Different extraction schedules depending on the magnitude of penalties for the lower
bench
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405 Comparison to Traditional Production Scheduling
406 Approaches

407 To demonstrate the benefit, stochastic modelling generates compared to an
408 average-type based scheduling formulation, two production schedules are com-
409 pared; one generated using 20 simulated orebody models referred to as the
410 stochastic schedule and the second schedule is generated using a single
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Fig. 6 Risk profiles for produced grades (alumina and silica) depending on penalties
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411 average-type orebody model referred to as E-type model. The E-type orebody
412 model is calculated by averaging block values of the 20 simulated orebodies for
413 each element. The same scheduling formulation with parameters comparable to the
414 stochastic approach generates the E-type schedule. Figure 7 shows the extraction
415 sequence for the stochastic schedule and the E-type schedule for the lower bench.
416 Both schedules show a relatively smooth sequence, which can be practically rea-
417 lised after manual open pit mine design. Figure 8 presents risk profiles for the
418 critical elements SiO2 or Al2O3 of both schedules. From the risk profiles presented
419 in Fig. 8, it is evident that the E-type based schedule is not able to account for
420 geological uncertainty. Although the mean values of the element grades produced

Period 1
Period 2
Period 3
Period 4
Period 5

Fig. 7 Extraction sequence for the stochastic schedule (left) and the E-type based schedule (right)
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Fig. 8 Risk profiles for produced grades (silica and alumina) for the stochastic schedule (left) and
the E-type based schedule (right)
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421 in a period are inside the production targets, considerable deviations from upper and
422 lower production limits for SiO2 or Al2O3 are visible. In the stochastic schedule
423 SiO2 deviates only slightly in periods two and five with a probability of 5 and 20%
424 respectively. The E-type schedule shows SiO2 deviations from targets in each
425 period with an average probability of 30%. The probabilities of deviating from
426 upper and lower limits are almost twice as high for the E-type schedule compared to
427 the stochastic based schedule, especially for Al2O3.

428 Conclusions

429 A new stochastic integer programming based mine production scheduling
430 approach, which considers jointly multi-element geological uncertainty, is pre-
431 sented and successfully applied to production scheduling at the Yandi Central 1
432 deposit, WA. It is demonstrated that the SIP formulation presented, can be
433 implemented as part of a multi-pit scheduling approach. In this application, results
434 from BLASOR, a multi-pit scheduling optimization approach, are used to define the
435 contribution of the Yandi Central 1 deposit, Western Australia, to the global target
436 per period in terms of desired grades of elements and ore tonnages.
437 Results demonstrate the ability of the stochastic approach to control risk of
438 deviating from production targets for critical quality defining elements.
439 A comparison between the stochastically generated production schedule and a
440 schedule generated using one estimated orebody model illustrated the benefit,
441 stochastic models can generate. The stochastic schedule shows a higher probability
442 in meeting production targets, which decreases overall project risk and can increase
443 project value.
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