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M =100

Max Z = (-1x %3 %(0.9%)-1xx, x(0.9% )42 x x5 x(0.9%)-1 x x, x(0.9")

1% %5 (0.9"5 )+ 4x %y, x(0.9% )1 x %,4%(0.9%2 )1 x %, x(0.9"%4 )+ x,5%(0.9%7)

Subject to:
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- X1+ X2 <0
- X127+ X22<0
- X3+ X250
- X127+ X23<0
- X137+ X23<0
- X147+ X23<0
- X137+ X24<0
- X157+ X24<0
- X147+ X24<0
- X227+ X33<0
- X237+ X33=<0
- X4+ X33=0
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-y11+Y22>0
- Y13+ Y22>0
-Yi2+Y22>0
- Y12+ Y23>0
- Y13+ Y23>0
-Y1a+Yy23>0
-Y13+Y24>0
-Y1a+Y24>0
- Y15+ Y24>0
- Y22+ Y33>0
- Y23+ Y33>0

- Y24+ Y33>0
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Yi1-Y2+ M X (1-Q1112) >0
Y11-Y12-M X (1112<0
Yi1-Yi3+ M x(1-01113) >0
Y11-Y13-M X Q11,13<0
Yi1-Yia+ M X (1-01114) >0
Y11-Y14-M X Q1,14 <0
Yi1-Y15+ M X (1-01115) >0
Y11-Y15-M % (1115<0
Yi2-Y13+ M X (1-01213) >0
Y12-Y13- M X 01213<0
Yi2-Yia+ M % (1-01214) >0
Y12-Y14- M X (1214<0

Yi2- Y15+ M X (1-01215) >0
Y12-Y15- M X Q1215<0
Y13-Yia+ M X% (1-0Q1314) >0
Y13-Y14-M X Q1,314<0

Y13- Y15+ M % (1-01315) >0
Y13-Y15- M X 01315<0

Yi4- Y15+ M x (1-01415) >0
Y14-Y15- M X (1415<0

Yo,.2- Y23+ M X% (1-0Q2223) >0
Y22~ Y23- M X (2223<0
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Y22- Y24+ M X (1 - 02224) >0
Y22- Y24- M X (2224 <0
Y2.3- Y24+ M X (1-02324) >0
Y23~ Y24- M X (2324 <0
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Y11-Y24- M X (1124 <0
Y11- Y24+ M x (1-0u124) >0
Y12~ Y24- M X Q1224<0
Y12- Y24+ M % (1-01224) >0

1 <ii<9 xj=0or1l
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Local optimal solution found.

Obijective value (NPV): 2.885400
Obijective bound: 2.885400
Infeasibilities: 0.000000
Extended solver steps: 1093

Total solver iterations: 57873
Elapsed runtime seconds: 15.91
Model Class: MINLP

Variable Result

X1,1 1.000000
X1,2 1.000000
X1,3 1.000000
X14  0.000000

X15  0.000000
X1,6 1.000000
X2,3 0.000000

I'Local Solution

55
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X2.4 0.000000
X33 0.000000
Y11 3.000000
Y12 2.000000
Y13 1.000000
Y14 6.000000
Y15 5.000000
Y16 4.000000
Y23 7.000000
Y24 8.000000
Y33 9.000000
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-y11+Y22>0

-Y13+Y22>0
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-Y12+Y22>0
- Y12+ Y23>0
- Y13+ Y23>0
-Yia+Y23>0
- Y13+ Y24>0
- Y14+ Y24>0
- Y15+ Y24>0
-Y22+Y33>0
- Y23+ Y33>0

-Y24+Y33>0

Y11-Yi2+ M % (1-011,1,2) >0

Yi1-Y12-M X Q1112<0

Yi1- Y3+ M x(1-01113) >0
Y11-Y13-M X Q11,13<0
Y11-Y1a+ M x (1-01114) >0
Y11-Y14-M X 01114 <0
Yi1-Y15+ M3 (1-01115) >0
Y11-Y15-M % (1115<0
Yi2-Y13+ M X (1-01213) >0
Y12-Y13- M X 01213<0
Yi2-Yia+ M x (1-01214) >0
Y12-Y14- M X (1214<0

Yi2- Y15+ M % (1-01215) >0
Y12-Y15- M X Q1215<0
Y13-Yra+ M X (1-01314) >0
Y13-Y14-M X Q1,314 <0

Y13- Y15+ M X (1-01315) >0
Y13-Y15- M X 0131,5<0

Yi4- Y15+ M x (1-01415) >0
Y14-Y15- M X Q1415<0

Y22~ Y23+ M % (1 - (2223) >0
Y22~ Y23- M X (2223<0

Y2,2- Y24+ M X% (1-0Q2224) >0
Y22- Y24- M X (2224 <0

Y23- Y24+ M X% (1-0Q2324) >0

Sob ozl sl lo) 408 03 & paxio (ol BCUdgue 10

A



Y23~ Y24- M X (2324 <0
Y14-Y22- M X (1422 <0
Yia-Y22+ M X (1-Q1422) >0
Y15~ Y2.2- M X Q1522<0

Yi5- Y22+ M X (1-Q1s22) >0
Y15-Y23- M X (1523<0

Y15- Y23+ M X% (1-(Q1523) >0
Y11-Y23- M X Q11,23<0

Y11- Y23+ M X% (1-qQu123) >0
Y11-Y24- M X (11,24 <0

Yi1- Y24+ M X (1-01124) >0
Y12~ Y24- M X (1224 <0

Y12- Y24+ M X (1-01224) >0
I<i<9 Quixic = 0or 1
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Global optimal solution found.

Objective value: 4.000000
Objective bound: 4.000000
Infeasibilities: 0.000000
Extended solver steps: 9
Total solver iterations: 486
Elapsed runtime seconds: 0.20
Model Class: MILP
Variable Result

Y11 3.000000
Y12 2.000000
Y13 1.000000
Y14 6.000000
Y15 5.000000
Y16 4.000000
Y23 7.000000
Y24 8.000000
Y33 9.000000
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MaxZ =-0.729x X, -0.81x X, +1.8x X, 5 -0.59%x X, , -0.53x X, ; +2.6244x X, ,
-0.43xX,,-0.4783x X, , +0.387 x X, 5

Subject to:

- X1l F+ X2 <0
- X127+ %2250
- X3+ X250
- X127+ X23<0
- X137+ X23<0
- X147+ X23<0
- X137+ X24<0
- X157+ X24<0
- X147+ X24<0
- X227+ X33=<0
- X237+ X33=0

- Xo4+ X33<0
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Global optimal solution found.

Objective value: 2.885400
Objective bound: 2.885400
Infeasibilities: 0.000000
Extended solver steps: 0
Total solver iterations: 0
Elapsed runtime seconds: 0.02
Model Class: PILP
Variable Result

X1,1 1.000000
X1.2 1.000000
X1z 1.000000
X14  0.000000
X15  0.000000
X6  1.000000
X2.3 0.000000
X2.4 0.000000
X33 0.000000
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0.261 -0.729 1 3 1,1)
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Abstract:

Optimization of the final pit limit is one of the most important aspects of the design of open
pit mining. In the last decades, there have been two major approaches to determining the
final pit limit. The first approach is undiscounted profit maximization and the other is
maximizing the NPV of the ultimate pit limit. For each approach, some methods and
algorithms are presented. In the first approach, initially, the final pit outline with the aim of
maximizing undiscounted profit is determined. Then achievement of the highest net present
value (NPV) is planned for the pit production scheduling. Ideally, it is better to optimize the
final pit by maximizing NPV rather than profit. The aim of the second method is to
maximize NPV so that the optimal long-term production planning of ore blocks is
determined immediately. The pit with the highest cumulative NPV will be accepted as the
final pit. In the common methodology of open pit design, after ultimate pit determination
short/mid/long-term production planning should be determined. In this dissertation, at first
the mathematical modelling of optimum ultimate pit determination with NPV maximization
was developed. The developed models are nonlinear and some techniques were applied for
their linearization. Subsequently, to solve the models three heuristic algorithms were
developed. In these algorithms the concepts of economic value, positional weight, nearest
ore index and earliest mining time were used to find the extraction sequence of blocks and
ultimate pit limit that has the maximum cumulative NPV. The results of the algorithms

showed the approximate answers were near optimum.

Key words: Open pit mines, Optimum ultimate pit limit, Net present value, Mathematical

modelling, Heuristic algorithms
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