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Abstract Open-pit mine design and long-term planning are crucial parts of the
mining industry. It contains the technical plan that must be followed from the begin-
ning of mine development to mine closure. Every deposit can be mined entirely,
however, many things need to be carefully considered before mining the whole
deposit. An optimal pit outline is one of the most important parameters that affect
both the economy and the safety of mining. Therefore, the purpose of this study is to
determine the effectiveness of an optimal pit outline by using both software and hand
methods based on cost and revenue. This study investigates Dadiin-Khar Tolgoi2’s
optimal pit outline and design to maximize the profit of using Surpac and Whittle
software. The study compares the economic gain of both entirely extracted proved
(B) and probable (C) reserve mines that were designed on the Surpac software and
the hand technique of determining optimal pit outline. Whittle software computed
that Pit Shell — 27 of Dadiin-Khar Tolgoi — 2 is the best pit outline regarding profit
and safety. Besides, entirely mined Pit outline —B and Pit outline — C gives the loss
in economics both —$6 344 080 and $171 304 160, respectively. On the other hand,
the optimized pit (Pit Shell — 27) has offered the highest gain in finance, which is
$40,945,661. This economic profit shows that every mining should determine its
optimal pit limit to maximize its economics.

1 Introduction

An open-pit mine design and long-term planning is a complex structure part of the
mining industry, however, it is one of the most critical aspects of the mining project.
It involves the plan that needs to carry through from early-stage mining to mine
closure to maximize the economy’s value. The primary purpose of running an open-
pit mine is to obtain maximum ore recovery with the lowest possible cost to earn
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maximum profit. In other words, the availability of extracting low-grade ore needs
to be carefully considered to mine. Thus, it can lead to well-organized planning and
design of the pit to achieve maximum profit. Open-pit mine design and long-term
planning are complex components, however, it is an essential part of mining projects.
Furthermore, it gives the technical plan that must be followed from the opening of
mine to mine closure. Dimitrakopolous (2007) makes the very valid point that an
optimized mine design has a great deal of effect on the economic value of the mine
time [4-6]. Indeed, mining engineers do carefully design an open pit to get the highest
financial revenue. On the other hand, inverse, insufficient planned mine design might
lead to a loss of profit, even bankruptcy.

This study’s primary goal is to determine Dadiin Khar Tolgoi-2 optimal pit design,
optimization, the starting point of the mining operation, and mineable ore reserve
regarding optimal pit outline. There are a number of critical factors used to investigate
the primary goal, such as the geological features of the deposit, cut-off grade, topog-
raphy and mineral resource, reserve, etc. [1, 5-7]. This highlights that numerous
research studies agreed with mentioned essential factors to determine the optimal
open-pit design.

There are a number of studies that have focused on computer software to deter-
mine optimal pit design, such as Whittle, Minemax, Surpac, Vulcan, MineSight3D,
and Datamine software because limiting pit outline is time-consuming and labo-
rious [3, 6, 7]. Their study, however, was limited in its application as it relied on
computer software solely. This study would have been more illustrative if it had
broadened the methods evaluated and compared with hand methods or computer-
assisted hand methods to determine optimal pit design and outline. While there
has been much research on computer software, few researchers have taken hand
methods or computer-assisted hand methods [2, 5]. This study compares and eval-
uates the results of Dadiin Khar Togloi — 2 mining’s both computer software and
hand methods or computer-assisted hand methods. For computer simulation, Surpac
and Whittle software are used, whereas for hand methods or computer-assisted hand
methods, a basic concept of Hustrulid’s technique published in 2013 is used.

2 Case Study

This study approaches its aim in two different ways, i.e. software and hand methods.
Moreover, these two different way starts from the same step, which is creating a
block model [4, 7]. Figure 1 shows a summary flow chart of optimizing the pit and
designing both methods.
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Fig. 1 The systematical approach to achieving the optimal pit design

2.1 Resource

The exploration data of the Dadiin-Khar Tolgoi-2 deposit was obtained and processed
by the QMC group in Mongolia. Furthermore, this study has processed the borehole
database using Surpac software. From the exploration data, the QMC group has
estimated about 9 390 800 tonnes of coal with an average grade of 1.35 t/m? that can
be mined using the open-pit method (Fig. 2).

(a)

Fig. 2 Categorization of Dadiin Khar Tolgoi -2 coal deposit. Blue color and green color represent
Proved a and Probable b ore reserve, respectively
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2.2 Generating a block model on Surpac

Block model helps to determine ore shape, dimensions, and grade by generating a
3D model [4] as well as it contains all information about coal such as ash, calorie,
sulphur even angle of dip of deposit. In addition, it is the base of any mining project
as itincludes every crucial information about the ore. The creation of the block model
on Surpac consists of several essential steps that must be carefully done in Surpac
to design a decent actual life project. Even the slightest mistake leads to error and
miscalculation. The following steps show generating a block model on Surpac.

2.2.1 Loading and Creation of Borehole Database

Loading and creation of borehole database started from arranging drill hole data.
Furthermore, organized drill hole data must be categorized into three different text
files such as survey, collar, and assay. Tables 1, 2 and 3 show each text file. The survey,
collar, and assay categories represent the depth of borehole data, coordination, and
information of the borehole core, such as coal ash, calorie, and percentage of sulphur.

Table 1 illustrates the survey text file of borehole data. It consists of hole ID,
depth, dip, and the azimuth of a borehole.

Table 2 shows the collar text file of borehole data. It is made of hole ID,
coordination of hole, and depth.

Table 1 Part of the survey

text file (Survey.txt) HOLE_ID Depth Dip Azimuth
HV0002 183 -90 0
HV0003 149.8 -90 0
HVO0016 200 -90 0
Table 2 Part of the collar text file (Collar.txt)
HOLE_ID Y X Z max_depth
HV0002 4,848,000 341,505.7 753.97 183
HV0003 4,846,153 343,824.9 754.59 149.8
HV0016 4,847,082 342,745.5 754.18 200
Table 3 Part of the assay text file (Assay.txt) (full version - see appendix C)
HOLE_ID Depth_from Depth_to Ash_d Sulphur_d Calore_d
HV0028 28.25 29.37 12.5 0.29 7024
HV0028 29.53 31.65 15.7 0.39 6747
HV0028 64.84 67.75 10.17 0.52 7083




Ultimate Pit Limit Optimization by Computerized ... 101

,MM
-\ P
N

Fig. 3 Section of HV0050 to HV0038 boreholes showing Digitized Ore Zone

Table 3 represents the assay of borehole data. It consists of borehole id, depth
regarding average components such as ash, sulphur, and calorie of coal.

2.2.2 Creation of Solid 3-D Model

After slicing a borehole into a plane regarding digitized geological ore zones, the
same was drawn on Surpac software by a string. In addition, digitized geological ore
one is computed and processed by a geologist. There are ten sections of slices drawn
at 200-250 m intervals. Figures 3, 4 and 5 show some of the cross-sectional slices of
borehole data done by a geologist. In addition, cross-sectional slices of coal deposit
are used to make 2-D solid on software which is Surpac and Minex. Lastly, Surpac
software connected those sliced digitized ore zones using a simple command to make
a solid 3-D model. The 3-D model shows that there are five coal seams underneath
of crest.

2.2.3 Creation of Empty Block Model

Using MINEX software, the coal seam’s ceiling and ground have been converted
into Surpac software. The following steps are a very crucial part of determining
an optimized open-pit depth.

Determination of coal seam (1, 2, 3, 4, and 5)

Determination of coal category (Probable (C) and Proved (B))
Determination of categorized weight on coal.

Using the techniques of Geostatistics, interpolated the value of a coalfield.

2.2.4 Filling the Empty Block Model with Attribute Values

Dadiin Khar Tolgoi —2 coal deposit consists of 5 seams, and it’s located between
the West to the East angle of dip ranges 30—45°. Furthermore, it belongs to the class
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Fig. 4 3-D model of coal seams by Geovia SURPAC

Block Model Geometry

Min Coordinates v [s846476.492 | x [341437.932 z [391.041
Max Coordinates Y [4849466.492 X |344087.932 z [778.541
User block Size Y !10 X |10 2|25
Min. block Size Y[s X |5 z |1.25
Rotation Bearing |0 | Dip |0 | Plunge |0

Fig. 5 Size of 3-D block model on Surpac

of steep ore reserves. The following attribute values are loaded into Surpac software
to fill the empty block model with attributes such as interpolation of coal calorie,
average sulphur, ash, ore reserve classification, seam numbers, etc. (Figs. 5 and 6).

2.3 Exportation of the Block Model to Whittle Software

The Dadiin-Khar Tolgoi-2 block model was exported into Whittle software for opti-
mization of the pit. Tables 4 and 5 show the economic and technical parameters that
determined the optimized pit (Table 4).

Whittle software is commonly used for the determination of open-pit depth and
shells. It is using the market selling price of coal, the cost of mining, and processing.
Moreover, it finds out revenue factor = 1,0, which gives the highest profit of pit shell.
Coal price has been calculated as $25/t, and the overall angle of slope is 38—42, which
is based on rock mechanics of geological condition of Dadiin Khar Tolgoi — 2 mines
(Table 5).

Pit outlines can differ from each other depending on their open-pit limit and
economic factors.
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Fig. 6 Interpolation of coal calorie in the block model

rpf:rl;lr‘;l;erl?:fn]gzgiciil-Khar Technical parameters Amount Unit
Tolgoi-2 Extraction of waste cost 3 $/m3
Coal price 25 $/tn
Capital cost 8,987,131 $
Mining recovery 100 %
Mining dilution 10 %
Processing cost 3.74 $/tn
Revenue factor range From 0.3 to 2
Overall slope angle 37° Degrees
Table 5 NPV of 86 pit shells
Final | NPV Coal Waste Mine life years
Pit Best Specified Worst Tonne Tonne Best | worst

25 22,037,823 | 18,763,766 | 18,763,766 | 3,671,743 |35.661,800 | 6.7 |6.7
26 22315864 | 18,823,179 | 18,823,179 |3,785316 |37,117,025 | 6.8 |6.8
27 25,009,788 | 17,102,871 | 17,102,871 | 5,820,381 | 64,513,755 | 9.9 |9.7
28 25,067,934 | 17,080,953 | 17,080,953 |5,871,286 | 65,209,887 | 9.9 |9.7
29 |25,155434 | 16,873,819 | 16,873,819 | 5,961,555 | 66,487,175 |10.0 |9.9




104 T. Purevdavaa and M. Khandelwal

Table 5 shows that pit shell — 27 has a lower amount of the whole production of
coal. However, it gives the highest NPV of all pit limits. In conclusion, pit shell —27
has been chosen as the best-optimized open-pit.

2.4 Exportation of the Optimal Pit to Surpac

Exportation from Whittle pit shell to Surpac software will be done by a straightfor-
ward command. However, it will be designed as a block model. A block model of
whittle was redesigned to pit design using Surpac software.

2.5 Pit Design Using Surpac Software

This study has been completed to design three kinds of pit outlines using the same
block model of mine to compare how efficient the determined pit outline is — 27. Pit
outline — 1 pit design is mainly focused on extracting proved (B) reserve, whereas
pit outline — 2 is focused on removing whole (B+C) ore reserve. The designing of
the open-pit requires crucial parameters. Table 6 shows parameters applied to the pit
design.

2.5.1 Pit Outline -1

For this particular mine design, proved (B) ore reserve was the main aim of it. This
mine design will extract all proved (B) reserves. In addition, it also contains some
probable (C) ore (Fig. 7).

For this particular mine design, probable (C) ore reserve was the main of it. This
design will extract all the up to down (B 4 C) ore reserves (Fig. 8).

Optimal pit outline — 27

This pit outline was achieved by the Lerch-Grossman algorithm employed by the
Whittle software. It is challenging and time-consuming to design an optimized pit
design using a shell that Whittle software gave (Fig. 9).

Table 6 Pit design

parameters Parameters Unit Value
Ramp and Haul road width m 15
Ramp gradient % 10
Bench height m 10
Berm m 3
Bench slope angle % 55
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Fig. 7 Pit outline - 1

Fig. 8 Pit outline — 2
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Fig. 9 Optimized ultimate pit — 27

2.6 Locating a Pit Limit by Using the Basic Concept
of the Hand Method

The hand method technique can’t be done in a short period in the whole mine. Thus,
this study has chosen four primary cross-sectional slices that can represent the entire
mine. Figure 10 demonstrates the location of the cross-sectional slices and borehole
ID. In 2013, Hustrulid stated that there are a number of hand methods for determining
pit limits by using simple calculations, however, hand methods are very laborious
and time-consuming. It is impossible to determine the pit limit on any whole deposit
because it requires enormous time to complete. Thus, Dadiin-Khar Tolgoi — 2 will
analyze pit limits on cross-sectional slices of A—A’, B-B’, C—C’, and D-D’, where
cross-sectional slice interval ranges from 200-250 m.
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Fig. 10 Plan of the block model

2.7 Calculation Part on the Cross-Sectional Slices
to Determine Optimal Pit Limit

The coal seams extend ranges surface from 755 to 610 m in depth. The following
equation is used to determine the location of the final pit wall.
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Overall slope angle Degrees 3842
Density of coal Tonn/m3 1.35
Density of waste Tonn/m3 2.72
Cost of processing coal $/ton 3.74
Cost of extracting coal $/ton 2
Cost of extracting waste $/m3 3

NV =V, x P, =V, x Cy

where:

V, — Volume of waste

V, — Volume of ore

C,, — Net value from selling one unit volume of ore (the money remaining after
all expenses have been paid)

Vw — Cost for mining and disposing of the waste [4].

This basic concept of the hand method chooses the pit limit that gives the highest
net value. Moreover, there are four kinds of comparison on pit limit depth that ranges
from 80-140 m.

There are some crucial parameters to determine the net value of the ultimate
pit limit, such as the cost of mining, stripping cost and coal price. Table 7 shows
parameters applied to the pit design. Autocad software measures how much coal and
waste locates between the pit limit using the simple code of “AREA.” Furthermore,
this study assumes a thickness of 1 m hypothetically.

Pit limit on A—A’ cross-sectional slice (Fig. 11 and Table 8).

Pit limit on B-B’s cross-sectional slice (Fig. 12 and Table 9).

Pit limit on C—C’ cross-sectional slice (Fig. 13 and Table 10).

Cross-Sectional Slice A'A

&10

Fig. 11 Analysis of ultimate pit at cross-sectional slice A—A’
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Table 8 Pit limit analysis

H (m) | Total coal, | Waste, | ISR | Revenue, | Costof Cost of | Cost of Net
tonn m3 $ process, $ | mining | extracting | Value, $
coal,$ |waste, $

110 5192.1 29,821 |5.74 129,803 |19,418 10,384 | 89,463 10,537
100 5036.85 |28,446 |5.65 | 125921 |18,338 10,074 | 85,338 11,672
90 4394.25 27,211 |6.19 | 109,856 | 16,434 8789 81,633 3000
80 3244.05 25,768 |7.94 | 81,101 12,133 6488 77,304 —14,824

[-.;J""'I”I
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Fig. 12 Analysis of ultimate pit at cross-sectional slice B-B’

Table 9 Analysis of ultimate pit at cross-sectional slice B-B’

H (m) | Total coal, | Waste, |ISR |Revenue, |Cost of Cost of | Cost of Net value,
tonn m3 $ process, $ | mining | extracting | $
coal,$ |waste, $

140 |9069.3 50353 |5.55 (226,733 [33919 18,139 | 151,059 |23.616
130 88803 | 48,773 |5.49 222,008 33212 |17,761 |146319 |24,716
120 | 8438.85 47,118 |5.58 210971 |31,561 16,878 | 141,354 | 21,178
110 | 781245 145191 |5.78 [195311 |29219 | 15625 | 135573 | 14,895
110 |7088.85 |42,884 |6.05 |177,221 |26,512 | 14,178 |128,652 |7879
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Fig. 13 Analysis of the ultimate pit at cross-sectional slice C—C’
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Table 10 Analysis of ultimate pit at cross-sectional slice C-C’

H Total coal, | Waste, m3 |ISR | Revenue, |Cost of Cost of | Cost of Net
tonn $ process, $ | mining | extracting | Value, $
coal,$ |waste, $

140 |7387.2 48,764 6.60 | 184,680 |27,628 14,774 | 146,292 —4015
130 |7387.2 46,681 6.32 | 184,680 |27,628 14,774 | 140,043 2234
120 | 7258.95 44,437 6.12 | 181,474 27,148 14,518 | 133,311 6496
110 | 6924.15 42,098 6.08 (173,104 | 25,896 13,848 | 126,294 7065
100 | 6512.4 39,466 6.06 | 162,810 |24,356 13,025 | 118,398 7031

Pit limit on D-D’ cross-sectional slice (Fig. 14 and Table 11).

Fig. 14 Analysis of the ultimate pit at cross-sectional slice D-D’

Table 11 Analysis of ultimate pit at cross-sectional slice D-D’

H Overall | Waste, | ISR Revenue Cost of Cost of | Cost of Net value,
(m) | coal, m3 process mining | extracting | $

tonnage coal waste
130 | 57429 | 35,752 | 6.225426 | 143,572.5 |21,478.45 | 11,485.8 | 107,256 |3352.254
120 | 5413.5 | 34,840 | 6.435762 | 135,337.5 |20,246.49 | 10,827 |104,520 |—255.99
110 | 5044.95 | 33,606 | 6.661315 | 126,123.8 |18,868.11 | 10,089.9 | 100,818 | —3652.26
100 |3956.85 | 29,586 | 7.47716 98,921.25 | 14,798.62 | 7913.7 | 88,758 | —12,549.1
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3 Results and Discussion

3.1 Summary Results of Whittle Software

Exploration data of Dadiin-Khar Tolgoi — 2 deposit of mine has announced about 9
390 800 tonnes of coal with an average calorific value and a grade of 7000 J/m* and
1.35 t/m?, respectively, that can be mined using the open-pit method. Table 12 shows
the simplistic technical-economic result of both three mine designs. It indicates that
Pit-Outline 2 has the highest revenue in selling coal, on the other hand, its overall
cost has already outnumbered its income. Also, pit outline — 1 is not able to recover
its cost (Table 12).

This simple table shows that optimized pit outline —27 has enormous profit
compared with the other two pit outlines due to a high total of coal and low waste.
However, this particular economic analysis is limited by operating costs excluding
capital costs and general and administrative costs. Figures 15, 16, 17 and 18 compare
open-pit designs and cross-sectional slices of A—A’, B-B’, C-C’, and D-D’ of pit
outlines made by software.

eT?:er:rzc ‘z“azs?z;’fo " Pit outline - 1 | Pit outline—2 | Optimized pit
nomic comparison on pi .
B B+ C tline -27

designs (see Appendix O) (B) B+0O outine

Total ore (t) | 1,701,771.00 |9,292,760 5,820,381

Total waste | 13,040,063.00 | 116,760,906 | 23,718,292.28

(m3)

Stripping 7.66 12.56 4.08

ratio (m3/t)

Revenue for | 42,544,275 232,319,000 145,509,525

selling coal

%)

Cost of 6,364,624 34,754,922 21,768,225

processing

$)

Cost of 3,403,542 18,585,520 11,640,762

mining coal

(%)

Cost of 39,120,189 350,282,718 | 71,154,877

extracting

waste ($)

Overall cost | 48,888,355 403,623,160 104,563,864

($)

Profit ($) —6,344,080 —171,304,160 | 40,945,661
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3.2 Summary Results of Manual Method

The highest net value of the pit limit has been calculated in four different cross-
sectional slices on Dadiin Khar Tolgoi —2 open-pit mine. For this particular sub-
chapter, this study will compare optimized pit outline — 27 and the highest net value
of pit outline that used the hand method. Moreover, economic analysis will be done
on operating costs excluding capital, and general and administrative costs.

The cross-sectional slice A—A’ shows that the highest net value of the pit limit is
at 100 m by using the hand method on the 2-D block model (Fig. 15).

The cross-sectional slice B-B’ shows that the highest net value of pit limit is at
130 m by using the hand method on the 2-D block model (Fig. 16).

The cross-sectional slice C—C’ shows that the highest net value of pit limit is at
110 m by using the hand method on the 2-D block model (Fig. 17).

The cross-sectional slice D-D’ shows that the highest net value of pit limit is at
130 m by using the hand method on the 2-D block model (Fig. 18 and Table 13).

Cross-Sectional slice A-A'

T80
7o
690
670 - . /IN

Fig. 15 The cross-sectional slice of both the optimized pit and the hand method technique pit limit -
cross sectional slice A-A’
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Fig. 16 The cross-sectional slice of both the optimized pit and the hand method technique pit limit -
cross sectional slice C-C’
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Cross-Sectional slice B-B'

: !

P voust

Fig. 17 The cross-sectional slice of both the optimized pit and the hand method technique pit limit -
cross sectional slice B-B’

Cross-Sectional slice D-D'

: : ;

Fig. 18 The cross-sectional slice of both the optimized pit and the hand method technique pit limit -
cross sectional slice D-D’

Table 13 shows economic analysis on both different processes and evaluates it.

4 Discussion
This study aims to determine the optimal pit outline of Dadiin Khar Tolgoi — 2 using
the computation technique such as Whittle and Surpac software.

4.1 Analysis of Both Results

The determination of pit limit is an essential aspect of the mining industry, as well as
it is time-consuming and laborious. Dadiin Khar Tolgoi — 2 coal mine computed the
pit limit with the help of Whittle and Surpac software, which gives the highest net
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Economic Analysis of both method
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Fig. 19 Economic analysis of both methods

value compared with other versions. Economic analysis of blindly extracted pit limits
1 and 2 show that operating cost outnumbered the revenue. The pit limit analysis
using the hand method technique has been done in the primary four cross-sectional
slices, which represent the whole mine. Every cross-sectional 2-D block model is
analyzed in different depths of the mine. The economic analysis gives the best net
value depending on their depth and pit limit. Moreover, the highest net value of the
pit has been chosen.

4.2 Analysis of Economics

The analysis of economics on both methods shows that the computation method is a
higher net value than the hand method. However, A—A’ cross-sectional slice shows
that the net value of this particular pit net value is slightly higher than the computation
technique. Figure 19 shows the economic analysis of both methods.

Figure 19 also shows that the net value of the computation method is remarkably
high compared with the hand method.

5 Conclusions

The determination of optimal open-pit design required the consideration of many
parameters such as the deposit geology, borehole data, cut-off grade, the market
price of a deposit, the cost of mining, the cost of processing, and the market price
of ore. This study provided a simple method to determine the ultimate open pit
outline by using Whittle. On the other hand, design and planning were completed
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on blindly extracted ore reserve (B) and probable reserve (C) with the same pit
design parameters. The profit of the ultimate pit outline is remarkably the highest,
$40,945,661, compared with any pit outline. However, it can be changed, if the
market price of coal increases, our optimal pit outline will expand too. On the other
hand, if the market price of coal goes down, the pit outline will shrink.

The hand technique of determining pit limit is time-consuming and very hard to
apply to the whole mine. Thus, it has been designed on four primary cross-sectional
slices of Dadiin Khar Tolgoi — 2 mine. It is not as effective as the software method,
whereas it mainly focuses on the pit’s depth. However, the analysis of the financial
results shows that the design and plan are relatively close to optimized pit mine — 27.

Overall, it shows that the computation method Whittle, which applies the Lerch’s-
Grossman method, can be the best technique for the determination of the open-pit
limit for Dadiin Khar Tolgoi —2 mine. It gives the opportunity of calculating the
average grade of calorific value, ash, and sulphur with single command of Surpac
software.
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