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Abstract: An integral connection exists among the mine production planning, the mined material destination, and the 
ultimate pit limit (UPL) in the mining engineering economy. This relation is reinforced by real information and the 
benefits it engenders in the mining economy. Hence, it is important to create optimizing algorithms to reduce the errors 
of economic calculations. In this work, a logical mathematical algorithm that considers the important designing 
parameters and the mining economy is proposed. This algorithm creates an optimizing repetitive process among 
different designing constituents and directs them into the maximum amount of the mine economical parameters. This 
process will produce the highest amount of ores and the highest degree of safety. The modeling produces a new relation 
between the concept of the cutoff grade, mine designing, and mine planning, and it provides the maximum benefit by 
calculating the destination of the ores. The proposed algorithm is evaluated in a real case study. The results show that 
the net present value of the mine production is increased by 3% compared to previous methods of production design and 
UPL. 
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1 Introduction 
 

Over the last 50 years or so, a wide range of 
numerical methods for mining science applications 
has been developed. Today, with the application of 
geostatistics, three-dimensional (3D) modeling, the 
Lerchs–Grossmann algorithm, the Lane algorithm, 
and many other methods based on computer 
programs, it is possible to create better mining plans. 
One of the best observations for optimization of the 
cutoff grade is LANE’s theory [1–3]. This theory 
leads to the construction of a maximization function 
of the net present value (NPV) of cash flow; 
however, it can also include various constraints on 
the capacities (mine, mill, leach, SX, EW, and 
refinery) in the mining operation. 

Several researchers have conducted studies in 
this direction, including SHINKUMA et al [4], 
CAIRNS et al [5], ATAEI et al [6–8], 
RASHIDINEJAD et al [9, 10], RENDU [11, 12], 
GHOLAMNEJAD [13, 14], NEWMAN et al [15], 
GANGULI et al [16], ABDEL et al [17], 
DIMITRAKOPOULOS [18], JOHNSON et al [19], 
AZIMI et al [20–22], ABDOLLAHISHARIF et al 
[23], ASAD et al [24], NIETO et al [25], 
THOMPSON et al [26], YASREBI et al [27], 
RAHIMI et al [28–30], AKBARI et al [31], and 
GOODFELLOW et al [32]. Their methods have 
assumed the mining sequence to be known in 
advance. Nevertheless, the mining sequence is 
influenced by the cutoff grade choice. Therefore, 
various attempts have been made to develop a 
computerized procedure for optimization of the  
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cutoff grade with consideration of the mining 
sequence, such as relying on penalization (Dantzig- 
Wolf)  [33, 34], Lagrangian relaxation [35], the 
method of DAGDELEN et al [36], the approach of 
KAWAHATA [37], BOLAND et al’s method [38], 
the method of MOOSAVI et al [39, 40], four- 
dimensional network relaxation (AKAIKE et al 
[41]), MOGI et al’s approach [42], simulated 
annealing (KUMRAL et al [43, 44]), GODOY et 
al’s method [45], the approach of ALBOR 
CONSUEGRA et al [46]), ant colony optimization 
(SHISHVAN et al [47]), particle swarm 
optimization (KHAN et al [48]), tabu search 
(LAMGHARI et al [49]), the method of RAHIMI  
et al [50], dynamic programming (RAMAZAN 
[51]), and the method of WANG et al [52]. 
Unfortunately, none of these attempts has been 
widely employed. 

Meanwhile, the ultimate pit limit (UPL) has 
been defined from different perspectives throughout 
the years. HUSTRULID (1995) introduced the pit 
existing at the end of the mining operation, called 
the final or ultimate pit. In between the birth and 
death of an open pit mine, there is a series of 
intermediate pits. For developing a pit, the 
destination of the material of differing values within 
the pit must be assigned with consideration of the 
economic criteria. Currently, a popular definition of 
the ultimate pit exists. The ultimate pit is the pit that 
engenders the highest NPV compared the other 
potential pits. Historically, the initial economical 
UPL determination algorithm was that of LERCH  
et al [53, 54]. They presented a 3D graph method as 
a methodology for ultimate pit determination by a 
computer and a block model of the deposit. 
Meanwhile, ZHAO et al [55] improved the 
Lerchs–Grossmann algorithm by considering only 
the arcs defined in the ore-waste interfaces. 
However, they developed their algorithm regardless 
of the multi-processing cutoff grade determination. 
Similar to ZHAO et al [55], in 1995 YAMATOMI 
et al [56] attempted to improve another concept by 
modifying the floating cone algorithm. They 
likewise did not consider the multi-processing 
cutoff grade determination. 

Gradually, the concept of the ultimate pit 
determination has become more increasingly 
applied in interactions with production planning 
and cutoff grades compared to determining an 
optimum production plan. Hence, mine planner 

efforts are expected to become focused on 
providing strong production planning within the 
forecasted limits of the open pit mine, or 
determining pit limits while defining mine planning 
to maximize the operation NPV. Linear 
programming (LP) methods are suitable types to 
address these objectives. Some of these methods 
were presented by GERSHON in 1982 [57], and 
HUTTAGOSOL et al in 1992 [58], without 
accounting for the problem of multi-processing 
cutoff grade determination. Moreover, most of the 
artificial intelligence techniques that were used in 
these method types collectively addressed UPL 
determination, cutoff grade determination, and 
production planning. The most successful method 
of this type was presented by TOLWINSKI et al  
[59] in 1992. In 1987, GERSHON [57] calculated a 
heuristic method for only production planning, 
while WANG et al [60] modified it in 1992 for 
simultaneously determining the UPL and 
production planning. GERSHON [57] utilized the 
concept of the block positional weight. WANG et al 
[60] utilized Gershon’s downward cone concept in 
their heuristic; however, their approach does not 
require the ultimate pit to be determined first. The 
mentioned heuristics suffer from defects in some 
cases, such as overlapping cones and the inability to 
optimize the NPV, while neglecting the problem of 
multi-processing cutoff grade determination, such 
as the other discussed algorithms. 

In this work, the assumed amount of cutoff 
grade was precisely chosen for UPL production 
planning and determination in the Lerchs– 
Grossman algorithm and/or other analytical and 
numerical methods. Moreover, this assumed amount 
of cutoff grade was amended and more closely 
reached the optimum amount to access the greatest 
possible final benefit from the operation. This 
innovative algorithm includes three repetitive 
processes, each one optimizing different parameters 
by making iteration conditions. This approach is 
essential to properly selecting the cutoff grade for 
determining the instant and ultimate limit of the pit. 
Furthermore, this approach is highly considered for 
precisely planning the production and design for 
excavating pushbacks. Such mine production 
planning becomes more important when there are 
different destinations for sending ores with different 
capacities. 

For the first step in the above production 
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planning, it is necessary to calculate the cutoff 
grade and various destinations of ores in order to 
determine a new pattern of production planning. 
For the next step, the final mine production should 
be calculated. Eventually, different planning frames 
should be made. Since this process can affect the 
amount of ore tonnage, the exploitable deposit, and 
the tonnage amount sent to different plants, it can 
influence the amount of the cutoff grade by means 
of the proposed algorithm specifying the cutoff 
grade. 
 
2 Modeling 
 
2.1 Proposed algorithm 

In the first step of the proposed algorithm, it is 
essential to consider the basic assumption of 
geology and processing for reserving, as well as the 
cutoff grade and design capacities for the plants 
(Figure 1). In this step, it is important to note the 
mineralogy and grade to determine the destination 
of the ores. The consideration is based on the 
processing of the parameters of the ores and 
mineralogy, which is performed in different 
processing laboratories. Moreover, the first step is 
conducted by selecting a destination to send the 
stockpiles, waste, and the ore blocks. 

Kinetic factors are defined in the algorithm to 
change the project life time, optimize the profit, and 
change the various heap limits to apply the 
optimizing iteration algorithm. These factors are 
represented as i, j, and k, respectively. Consequently, 
the first assumed geological grade is considered and 
the capacities of production, project life, and profit 
are calculated by making the profit function or the 
cash flow. According to the fact that the NPV 
embraces the optimizing and maximizing criteria, 
the following relation can be practiced to calculate 
the NPV from the cash flow. In fact, the cash flow 
(CF) function and all influential economic factors 
should be made as below: 
 





life

0

)1(CFNPV t

T

tt

t                     (1) 

 
In the above relation, ∂ is the discount rate; t is 

the project life indicator; and t0 and Tlife are the 
beginning and ending time of the plant production, 
respectively. 

The increase of the maximum carefulness is 
considered the main condition of the consecutive 
iteration algorithm. In this step, the processes of 

repeating the optimum amounts of the cutoff grade 
are finished, and the project life and secondary 
NPV are calculated. However, these amounts are 
not the final optimum amounts regarding for 
production planning and UPL. Hence, the iteration 
co-efficiency of k is used and the final amounts of 
the cutoff grade and NPV are calculated. The 
iteration processes of planning the final product, 
final pit, and cut-of grade are calculated by sending 
different ores and the maximum current NPV. For 
this purpose, various algorithms can be used, of 
which the Lerchs–Grossman algorithm is the best 
one. The algorithm type is not very significant in 
the proposed approach. The algorithm presented 
herein can independently calculate the final 
amounts of the above-mentioned parameters. 
 
2.2 Mined material destination 

Determining the destination of ores affects not 
only the benefits of mining activities, but also the 
mine production planning process. Thus, it is 
essential to determine the destination. At first, it 
seems that the cutoff grades are the only indicators 
for determining the destination. However, more 
careful analysis clarifies that the geological and 
mineralogical studies contribute to determining the 
destinations of most mined copper and all metal 
ores. Thus, there are defects in all the algorithms 
that determine the ores regardless of the ore 
mineralogy. Different methods are applied to 
specify the cutoff grades of mines. In this work, a 
multi-variable maximizing method is employed 
based on mathematical principles and analytical 
relationships. This method is based on maximizing 
the NPV. According to relation Eq. (1), it is possible 
to achieve the target by maximizing the cash flow. 
The minable ore tonnage σEi, can be calculated as: 
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Figure 1 Determining mined material destination, cutoff grades, and UPL of the proposed algorithm 

 

where gup and gdown respectively show the upper and 
lower limit of the grade category in the grade- 
tonnage table. In addition, q is the material tonnage; 
ζ is the grade category indicator; γ(W, S) denotes 
the dumped materials; and gh and gc are the heap 
leaching cutoff grade and mill cutoff grades, 

respectively. The commodities produced by 
pyrometallurgical and hydrometallurgical plants are 
calculated as:  
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where ηc and ηH are the concentration recovery and 
heap leaching recovery. The above method of 
determining optimum amounts of variable grades in 
integrals reveals that the operational limit is the 
grade limit. The following relations are applied to 
calculate the optimum amount of the grade 
amounts. 
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In Eq. (5), f 

c indicates the fixed cost of 
concentration and smelting methods, and f 

h is the 
fixed cost of the heap leaching method. In addition, 
h denotes the operating cost. The two costs of 
solvent extraction (SX) and electrowinning (EW) 
are indicated by xsx and xew, respectively. The 
leaching costs are l; the mining costs are e and the 
concentration costs are c. 

Finally, the optimum cutoff grade is selected 
between all candidate cutoff grades according to the 
majority of constraints of the plant capacity. This 
can be selected based on the different capacities of 

the plant. The best plant capacity leading to the 
highest NPV of the process can be selected to 
determine the limiting capacity. For this purpose, 
the numerical study of all NPVs should be used. In 
addition, the maximum amounts should be 
determined by encryption and trial error. 
 
2.3 UPL and production planning 

The best ore is a substance that has the highest 
grade and lowest waste and must return the amount 
of material to be extracted. In such circumstances, 
the central pit has the highest value, which makes it  
maximized. The cutoff grade is effective on the 
average grade, UPL, sequence of extraction 
operations, and tonnage of extractable ore. In each 
section, there is an optimal pit in which there is an 
optimal cutoff grade each time that the NPV 
maximized. Therefore, any algorithm affecting the 
grade optimization and NPV maximization can be 
used to specify the most economical pit. 

As observed in Figure 1, the proposed 
algorithm calculates the amount of the optimum pit 
and cutoff grades by operating the iteration 
operation in one of the algorithms. Holistically, 
relation Eq. (5) is assumed, in which the cutoff 
grades are determined by the proposed algorithm; 
the NPV amount and optimum pit are determined 
based on maximizing the value of each block. This 
NPV is entered into Eq. (1) and the optimizing 
cutoff grade is once again conducted. Sequentially, 
the optimum cutoff grades and the maximum NPV 
and UPL are calculated. 
 
3 Case study 
 
3.1 Reserve description 

In this study, a real case study based on a large 
copper mine with an almost low grade was used to 
assess the proposed model. The first exploration 
process of this ore occurred in 1930 and was 
completed in 1982. The beginning processes of this 
mineral ore included geo-physical and geo- 
chemical studies. Figure 2 illustrates the expanded 
map of the ore in the geo-physical map of this mine. 
In the exploration operation of the mine, more than 
104 km of core drilling, approximately 180 m3 deep 
exploration trenches, and 11000 m3 of surface 
exploration trenches were made. The figure shows 
the distribution map of the boreholes of this ore 
deposit. 
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Figure 2 Geo-physical and geo-chemical map of deposit (a) and distribution map of ore deposit boreholes (b) 

 

Approximately 55000 samples were obtained 
for the mineralogical studies and grade assessment. 
Other studies were also conducted on the samples, 
such as ore processing studies, laboratory studies, 
semi-industrial tests, and process mapping. 
 
3.2 Exploration data 

The geological studies indicated that 97% of 
the deposit of this mine was located in the central 
block and the remaining 3% was located in the 
eastern block. The studies also demonstrated that 
copper oxides were estimated to comprise 2.3% of 
this mine deposit and the remainder was comprised 
of primary and secondary sulfides. With respect to 
the geological views and different geological cutoff 
grades, the amount of copper deposit and other 
metals in this mine determined by the JORK 
indication is shown in Table 1. 

The proposed algorithm was used to determine 
the minable deposit of this mine because this 
deposit required the determination of optimum 
cutoff grades, average cutoff grade, and optimum 
UPL from an operational point of view. Thus, the 
proposed algorithm was applied to resolve this 
issue. 
 
3.3 Block modeling 

The presented algorithm was first applied in 
modeling the sampled exploring boreholes, such as 
those depicted in Figure 3. 

The block modeling was performed after 
modeling the exploration boreholes and the 
operation of grade flattening and determining the 
grade ranges. Figure 4 displays the deposit block 

model of this mine. 
Figure 5 presents a view of its blocks obtained 

in different levels while profiling different sections 
of this mine in levels containing suitable deposit. 

 
4 Results 
 

The primary modeling was performed and 
added to the proposed algorithm. It should be noted 
that existing methods were employed to perform the 
exploration studies, block model formation, and 
estimation of the deposit before this step. As shown 
in Figure 1, these primary amounts were used to 
calculate their final amounts through performing 
the proposed optimization algorithm. Thus, the new 
optimum cutoff grades were calculated for copper 
deposit, the tonnage amount for sending to different 
plants, the amount of the final produced cathode, 
and UPL. The relationship of these grades with the 
tonnage amount sent from the mine to different 
plants, as well as the amount of the final product 
and UPL, were determined by calculating the 
average cutoff grades of the proposed algorithm. 

Regarding the costs and various design 
parameters in this case study, it was possible to 
calculate the amount of optimum cutoff grades of 
processing methods, the tonnage sent to different 
plants, and the amount of the final production from 
different plants (Table 2). As observed in Table 2, as 
the mine life increases, the optimum cutoff grades 
of the processing methods decrease for the sake of 
the lost opportunity cost. In addition, the amount of 
the final NPV and the cash flow are also indicated 
in the table below. 
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Table 1 Amount of copper deposit and other metals in case study mine determined by JORK indication 

Reserve 

category 

Ore reserve/ 

106 t 

Basic component reserve/grade Associated component reserve/grade 

Cu/(103 t, %) Mo/(t, %) Ag/(t,10–6) Au/(kg, 10–6) Re/(t, 10–6) Se/(t, 10–6)

В 21.7 76.4, 0.35 2773, 0.013 94.96, 4.38 581, 0.03 10.02, 0.46 62.25, 2.87

С1 74.65 247.0, 0.33 7763, 0.010 241.1, 3.23 2379, 0.03 28.34, 0.38 227.19, 3.04

В+С1 96.35 323.4, 0.34 10536, 0.011 336.06, 3.49 2960, 0.03 38.36, 0.40 289.44, 3.00

 

 
Figure 3 Modeling sampled exploration boreholes 

 

 
Figure 4 Deposit block model of case study: (a) View 1; (b) View 2 

 

 
Figure 5 Block model section of case study: (a) View 1; (b) View 2 

 

4.1 Cutoff grades and ore tonnage 
The calculation of the optimum cutoff grades 

of processing methods contributed resulted in the 

Table 2 data of distributing the tonnage-processing 
grades of the mine. The table shows the base cutoff 
grade (leaching cutoff grade) of processing and the  
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Table 2 Results of optimization model execution 

Year Pushback Total material/103 t σsi(Mp
*)/t σxi(Mp

*)/t gc/% gh/% Life/year Cash flow/$ Overall NPV/$

1 1 90541380 8775 959 0.206 0.176 12.2 6897828 38873803 

2 1 81493146 8769 958 0.206 0.175 11.3 6888421 36728302 

3 1 72458945 8763 957 0.205 0.174 10.3 6878086 34519383 

4 1 63439565 8756 955 0.205 0.174 9.4 6866764 32243608 

5 1 54435742 546 28 0.204 0.173 0.1 137204 28901626 

5 2 52397263 8704 949 0.204 0.173 8.3 6818331 28901626 

6 2 45448090 8742 951 0.203 0.172 7.4 6841970 26481581 

7 2 36477668 8735 950 0.202 0.171 6.4 6828143 22986869 

8 2 27525206 8727 948 0.202 0.170 5.5 6813067 20410269 

9 2 16591540 2223 215 0.201 0.169 1.2 1947988 16749600 

9 3 15577015 6495 630 0.201 0.169 3.3 4709361 16749600 

10 3 10677489 8709 943 0.200 0.168 3.5 6778872 12994986 

11 3 7784109 4700 941 0.199 0.167 2.5 6761361 10149708 

12 3 4912062 8690 938 0.198 0.166 1.5 6740444 6201767 

13 3 1062399 2525 535 0.197 0.165 0.5 4004265 1620637 

Note: * (Mp: Mass of product, Mm: Mass of material) 

 
tonnage of the different amounts of ore hold.  
Figure 6 shows the amount of the mine deposit to 
the grade of the leaching method. In Figure 7, this 
amount is cumulative. 

Moreover, the effect of the cutoff grade of the 
leaching method is presented based on the proposed 
optimized algorithm. The influence was analyzed 
based on the amount of the tonnage of the ores 
extracted from the mine in the case of an optimum 
pit as well as its indirect effect on the average grade 
(Figure 8). As observed in Figure 8, if the cutoff 
grade is 0.2 more than 80×106 t, it is assessed by the 
average grade of almost 0.3% for the leaching 
method in the optimum pit. 

 
4.2 Cutoff grades and final products 

Figure 9 illustrates the effect of the changes of 
cutoff grades of the leaching method within 
different years on the total cathode production of 
leaching and concentration methods. As expected, 
the increase of the base cutoff grade of the leaching 
method reduces the amount of the total cathode 
production of leaching and concentration methods. 
However, this reduction is achieved to diminish the 
economic value of the whole process. In addition, 
changes are observed in the cathode production 
curve slope. These changes were caused by 
different limiting capacities (heap capacity, 
concentration plant, melting, etc.) in the process of 

determining the optimum cutoff grades and 
optimum pit. The calculations by the proposed 
algorithm of these optimum cathode production 
values are listed in Table 2. 
 
4.3 Cutoff grades and stripping ratio 

Owing to the proposed method optimization 
process by the innovated algorithm, the amount of 
the optimum cutoff grades determined by the 
optimum pit iteration algorithm is presented in 
Figure 10. The algorithm specifies the most 
optimized pit regarding the optimum cutoff grades 
of some processing methods. It is thereby possible 
to determine the stripping ratio based on the 
optimum cutoff grades of the processing methods. 
As shown in the figure, changes in the base 
optimum cutoff grade of leaching method can be 
used to assess the stripping ratio based on the 
optimization algorithm. These changes lead to 
alterations in cutoff grade concentrations. Therefore, 
the performance of the optimization algorithm can 
enable calculation of the amount of the optimum 
cutoff grades and the optimum pit. Hence, the 
stripping ratio can also be calculated. 

 
4.4 UPL 

The optimum cutoff grades of the processing 
method were hence determined by the proposed 
algorithm. Accordingly, the final model of the 
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Figure 6 Amount of case study deposit according to grade of leaching method 

 

 
Figure 7 Cumulative amount of deposit according to grade of leaching method 

 

 
Figure 8 Effect of cutoff grades variation on ore tonnage and average grade in novel algorithm 

 

sample pit with some sections is shown in   
Figures 11 and 12. 

With consideration of the possibility of using 
small oxide deposits for the leaching processes, the 
smaller pit was cost-effectively used and its ores 
were sent to the leaching plant (Figure 13). In fact, 
the designation of the plant should have been closer 
to the smaller pit owing to the optimization of the 
material transportation direction. 

4.5 Copper price, cutoff grade, and internal rate 
of return 

Owing to the influence of the proposed 
algorithm on optimizing the cutoff grades, the 
production planning of the mine, and using an 
economical pit, the effect of copper prices on theses 
parameters should be evaluated. Regarding the 
determination of the optimum deposit and the 
estimated costs of investment and production, the  
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Figure 9 Effect of the changes of cutoff grades of the leaching method in different years on the total cathode production 

of leaching and concentration methods 

 

 
Figure 10 Variation of amount of stripping ratio W/O (waste to ore) by optimum cutoff grades of processing methods 
 

 
Figure 11 Final model of case study pit based on proposed algorithm and modified processing cutoff grades: (a) View 1; 

(b) View 2 

 
amount of the economical indication of the plan 
was assessed. In accordance with changes in the 
copper price, the economical indication of this mine 
was measured at the most optimum design 
condition and in different cutoff grades of the 
leaching method (Figure 14). 

As observed in Figure 14, the increase of the 

cathode copper enhances the amount of IRR in 
various cutoff grades of the leaching method. In the 
case of the cutoff grade of 0.15, the maximum IRR 
is obtained. On the other hand, the increasing trend 
of IRR is more than other grades in the case of the 
cutoff grade of 0.15. This is because there is more 
metal content in the low cutoff grades. 
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Figure 12 Section of final pit 

 

 
Figure 13 New oxide pit as result of applying proposed 

optimization algorithm 

 

  
Figure 14 Copper price changes on internal rate of return 

(IRR) of this mine in different cutoff grades (COG) of 

leaching method 

 
5 Conclusions 
 

The optimum cutoff grades of processing 
methods affect not only the destination of the ores, 
but also the planning of mine production. The 
results of this study reveal that an algorithm that 

calculates the amount of the optimum cutoff grades 
of the mines of several processing plants should be 
directed at the most economical pit and the most 
feasible actual planning. The results imply that the 
proposed algorithm determines the cutoff grade and 
identifies the roles of all processing methods in the 
mines based on their cutoff grades. It additionally 
enhances the total tonnage amount of the materials 
sent to the plants. Therefore, these new parameters 
are considered for mine design. Furthermore, the 
algorithm results indicate that processing the 
optimum pit for oxide ores would be more 
beneficial by using hydrometallurgical methods and 
part of the pit should be devoted to copper 
production of the ore. It is furthermore 
demonstrated that the increase in the commodity 
price of the final product not only decreases the 
cutoff grades of the hydrometallurgy methods, but 
also optimizes the economical production. The 
study findings also indicate that the use of the 
proposed algorithm to determine the cutoff grade is 
more effective on the stripping ratio obtained and 
the amount of the final product. 
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中文导读 
 

矿山生产计划优化算法、开采材料目的地及最终坑限 
 
摘要：在采矿工程经济中，矿山生产计划、开采材料目的地和最终开采极限（UPL）之间存在着整体

的联系，而实际信息及其在采矿经济中产生的效应会加强这种联系，因此，建立优化算法来减少经济

计算的误差是非常重要的。本文提出一种考虑重要设计参数和经济性的逻辑数学算法，该算法在不同

的设计成分之间建立了一个优化的重复过程，并使其将矿山经济参数最大化，产生最大的矿石量和最

高的安全度。该模型在截止品位、矿井设计和矿山规划之间建立了新的关系，并通过计算目标提供了

最大的效益。结果表明：与以往的生产设计和生产方法相比，矿山生产的净现值提高了 3%。 
 
关键词：开采材料目的地；最终坑限；净现值；生产计划 


