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ABSTRACT Multi-period mine extraction sequencing aims to determine the extraction 
sequence of blocks in such a way that net present value (NPV) of the project is maximized. 
The sequencing is fulfilled in the medium of many uncertainties such as grade/content, profit, 
commodity price, operating costs and discount rate. In this paper, mine extraction sequencing 
problem is solved in two-stage approaches stochastically. The first stage is based on a 
probabilistic programming approach regarding only profit uncertainty. Main benefit is to 
generate an extraction sequence for the specified risk level. However, the sequence obtained 
in this stage needs to be improved because of assumptions made and omission of financial 
uncertainties. The second stage using Monte-Carlo simulation calculates real risk level for the 
sequences obtained in the first stage. At the end, a series of sequences are generated for 
different risk levels. This gives flexibility to the decision maker to select a sequence with 
respect to her risk perception. The approach is demonstrated on two case studies using copper 
and gold data. The results show that the approach combining with probabilistic programming 
and Monte-Carlo simulation can be used for mine extraction sequencing problem in an 
uncertain environment.  
Key Words: Block sequencing; Mine planning; Chance-constrained programming  
 
1 INTRODUCTION 
Open pit mines are represented by a block 
model, which discriminates the entire 
orebody. The model may have several 
millions blocks. Block sizes are governed by 
the equipments size, geology, data spacing 
and the selected blasting pattern. Orebody 
images are created using an appropriate 
geostatistical simulation technique (. These 
images are used as parameters in extraction 
sequencing process. Mine production 
scheduling is categorized into three sub-
problems: Extraction sequencing, optimal 
cut-offs and production rates. In current 
practice, the extraction sequence is 
determined for the pre-specified cut-off and 
production rates, which are determined 
outside of the optimization procedure 
Gershon, 1983; Djilani and Dowd,1994); 

Caccetta and Hill, 2003). In fact, these three 
aspects are interdependent. That is, average 
extraction costs vary with respect to 
production rates. These costs are also main 
determinant of cut-off grades. Ore-waste 
classification based on the cut-off grade is 
essential input of extraction sequencing. Net 
present value (NPV) of each block 
determined by the extraction sequencing is 
required for finding optimal production 
rates. To sum up, each sub-problem is 
related to each other in a circular fashion and 
they cannot be optimized independently. 
Some researchers asserted that the 
determination of ultimate pit limits (UPL) 
was also a part of mine planning procedure. 
This is a definitely true interpretation if the 
extraction sequence is yielded on the basis of 
pushbacks through an UPL algorithm. This 
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approach was developed in 60’s and suits the 
problem size and complexity well. 
Extensions of this approach are currently an 
industry standard and used by much 
commercial software (Hochbaum,2001; 
Faaland et.al., 1990). Main problem 
associated with the approaches based on 
UPL determination is on block monetary 
values. Since there is no capacity constraint 
in UPL based approaches, the calculation of 
block monetary values is rather arbitrary. 
The spectacular growing in computer and 
software technologies has led to (mixed) 
integer programming (IP/MIP) as an 
emerging solution approach to the problem. 
The MIP could be the competitor of UPL - 
nested pits - pushback design – sequencing 
approach. 

2 CHANCE-CONSTRAINED 
PROGRAMMING 

A probabilistic programming approach is 

used for risk based extraction sequencing. 

Driving force behind this technique is to 

push the blocks, whose grades have more 

fluctuating in terms of multiple images of 

orebody, to late periods in addition to less 

valuable blocks. The method incorporates a 

strict measure of the probability with which 

the objective function is maximized. The 

coefficients in the objective function are 

treated as random variable. As the risk level 

increases, the less fluctuate grades of blocks 

will be forced to earlier extraction periods.  
 

Let )V,x(g  be the objective function to be 

maximized. A new variable, e, is initiated 

and the objective function is converted to a 

constraint such that the probability of the 

event that the total profit is not smaller than 

e is at least  : 
eMaximize              (1) 

Subject to 

e)V,x(gP           (2) 

Assume the random vector of net present 

value of each block: 
V = (Vij, ,i=1,..,T;  j=1,…,N)        (3) 

         

otherwise

offcutijblockofgradetheif
m

i

0

1
  

                     (4) 

otherwise

iperiodinproducedisblocktheif
xij

0

1

                     (5) 

where xij is binary variable, Vij is present 

value of block j in period i (random 

variable),  is the specified risk or risk level, 

P is the probability, N is the number of 

blocks, T is maximum number of periods, n 

is discount rate 
 

The expected value, E(Vj), and covariance 

matrix of Vj, VAR(Vj), are: 

],,1,[ Nj

S]  ,1,=k N, ..., 1,=j [E(Vjk), = E(Vj)

j

   (6) 

VAR(Vj) =  COV(Vjk, Vpu)=
2

j        (7) 

A linear combination of block NPV can be 

formulated and the result is a random 

variable r: 
N

j

ijij

T

i

xVr
11

            (8) 

The NPV has an expected value and a 

standard deviation, which depends upon the 

values, assigned to the non-random decision 

variables xij: 
N

j

ijij

T

i

r xm
11

           (9) 

  x)xs 0.5

j

T

r

2(             (10) 

where x is binary variable column vector and 

x
T is its transpose. The expected value and 
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variability of each block must be quantified 

using multiple images of orebody.  

 

After the mean and variance are determined 

for each block, the distribution of the 

random variable, r, must be specified for the 

risk level. In the case of independent 

variables, if the Vj’s are normally distributed, 

the variate r also exhibits normal 

distribution. The following variate, )(Z , is 

obtained for the general risk level :  

r

r

s

mr
Z )(               (11) 

Z
[Z( )]=                (12) 

where 
Z
(.) is the cumulative normal 

distribution function. Integrating the above 

two equations yields  

)]s)(Zm(r[P rr        (13) 

and the deterministic equivalent is expressed 

as: 

T

i

N

j

/

ijijZijij x)(x
1 1

21221     (14) 

where ij  is average NPV of block j 

extracted in period i and 2

j  is variance of 

NPV of block j. Zhu et. al. (1994) 

recommended the following:  

T

i

N

j

ijijZijij x)(x
1 1

1     (15) 

They pointed out that the quantity given 

above would be more conservative 

constraint because ijij x  is greater than 
5022 .

ijij x                 (16) 

 
 
 

3. DEVELOPMENT OF OBJECTIVE 

FUNCTION 

There are few mines sequencing process, 

which utilized from probabilistic 

programming. Albach (1967) used a bench 

by bench model, which is much easier to 

handle the sequencing rather than block 

model because the number of decision 

variables is lower. Gangwar (1982) treated 

only demand as a random variable. 

Golamnejad et. al. (2006) developed a 

stochastic model. However, when this model 

transformed into deterministic equivalents, 

this is a non-linear problem and very 

difficult to deal with sequencing problem 

because of size issues.  

 

In this paper, the block monetary values 

being a function of simulated grades and 

financial variables are treated as random 

variable. Probabilistic mine production 

sequencing problem is expressed as follows: 
T

i

T

i

N

j

ijijZijij

N

j

xx

1

5.0

1 1

221

1

))((   

                   (17) 

This is a non-linear function. The problem is 

then expressed by elimination parts making 

non-linear problem: 

2

1 1

1

1

1 1

))((
T

i

N

j

ijijZ

T

i

ijij

N

j

xx      

                   (18) 

The objective function can be assessed in 

two parts. The first shows NPV and the 

second remarks penalty value, which is 

based on two factors: Specified risk level 

and variations of simulation value of each 

block. The variation emerges from the block 

monetary values and the block classification. 

The blocks, whose values fluctuate around 

cut-off grade, are assessed as the most risky 

blocks. In risk rank, wildly fluctuates blocks 

above cut-off grade are the second risky 

blocks. For risk level of 50%, )50(
1

Z  is 

zero. In this case, the second part of the 

objective function will be zero. This is 

equivalent to traditional sequencing 

approach based on estimation values. That 
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is, traditional sequencing is reliable for only 

50%. 
 

4. CASE STUDY 

Using gold drillhole data (Figure 1), the 

orebody has been simulated 5 times using 

sequential Gaussian simulation. Some 

sections of the simulations are given in 

Figure 2. These realizations were generated 

by sequential indicator simulation using 

SGEMS software. 

 

 

Figure 1. Drillhole data 

 

 

Figure 2. Some views of orebody images  
 

Using the CPLEX, the model developed was 
run for a series of risk level. A summary of 
input parameters are given in Table 1. 
 

Table 1. Input parameters 
Number of blocks  20*25*16 (8000 in total) 

Block size  10*10*7 m (Easting*Northing*Depth) 

Block weight   1,820 tonnes 

The number of periods  4 

Mining cost    3 $/tonne 

Processing cost   30 $/tonne 

Recovery    0.8 % 

Price     50 $/g 

Mining capacity  3,000,000 tonnes 

Processing capacity  1,500,000 tonnes 

Risk levels  50%   70%   90% 

 
There were 8,000 blocks in initial model. 
After ultimate pit limits were determined, the 
blocks outside of limits are removed from 
the system. 6,448 blocks were submitted to 
the optimization process. To generate the 
optimization matrix, the ZIMPL was used. 
The CPLEX produced the results about 18 
hours in a Pentium IV, 3.2 GHz CPU with 
512 MB RAM. The number of blocks and 
average grade produced in terms of periods 
were given in Table 2.  

 

Table 2. A summary of planning 

procedure 

(Risk 50%) 
Period Number of 

waste 

blocks 

Number of 

processing 

blocks 

Average 

grade 

(g/tonne) 

1 822 790 17.87 

2 776 836 16.07 

3 745 867 15.66 

4 593 1,019 13.97 

Total 2,956 3,492      15.90 
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(Risk 70%) 
Period Number of 

waste 

blocks 

Number of 

processing 

blocks 

Average 

grade 

(g/tonne) 

1 792 820 17.07 

2 729 883 15.86 

3 687 1,082 14.98 

4 530 1,019 13.55 

Total 2,738 3,804 15.37 

 

(Risk 90%) 
Period Number of 

waste 

blocks 

Number of 

processing 

blocks 

Average 

grade 

(g/tonne) 

1 621 991 15.34 

2 525 1,087 15.73 

3 453 1,159 14.36 

4 378 1,234 13.08 

Total 1,977 4,471     14.62 

 
The net present value of the project was 
$2,882,062,456, $2,561,179,712 and 
$1,633,003,008 for the risk levels 50, 70 and 
90%, respectively (Table 3). 
 

Table 3. Net present value generated 

according to periods 

 

(Risk 50%) 
 Dollar 

Period 1 927,671,472 

Period 2 768,652,976 

Period 3 711,842,040 

Period 4 473,895,968 

Total (NPV in totals) 2,882,062,456 

 

 

 

 

(Risk 70%) 
 Dollar 

Period 1 844,155,312 

Period 2 705,089,112 

Period 3 614,876,808 

Period 4 397,058,480 

Total (NPV in totals) 2,561,179,712 

 

(Risk 90%) 
 Dollar 

Period 1 562,779,672 

Period 2 475,718,880 

Period 3 352,019,304 

Period 4 242,485,152 

Total (NPV in totals) 1,633,003,008 

 
5. CONCLUSIONS 
In this paper, a risk based mine extraction 
sequencing approach using the probabilistic 
programming and Monte-Carlo simulation is 
introduced. For different reliability levels, a 
series of extraction sequence are generated. 
This approach can generate a sequence, 
which is corresponding to risk level 
specified by the decision maker. Future 
research should focus on reducing problem 
size for larger data sets. 
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