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FIGURE 40.5 Cross section through orebody with FIGURE 40.6 Capital costs for new haulage level
alternative depths for new haulage level as a function of the interval spacing

maintenance costs. Longer lifetime also means taking the risk of tying up the
production for a longer time to the currently available technology.

The total investment for a new level in a mine can be divided into fixed invest-
ments (independent of depth) and those that are proportional to the depth.
Examples of fixed investments are crushing stations, workshops, the horizon-
tal haulage level, etc. Those costs proportional to depth are orepasses, ventila-
tion shafts, hoisting shafts, ramps, etc.

If the expected future lifetime for the mine is short, it is necessary to calculate
the capital value of the future income, minus future operational maintenance
and investment costs, etc., for the whole mine as a function of level interval. If
the expected future lifetime is long, it is often sufficient to compare the
annual costs for different alternatives such as capital costs, etc.
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FIGURE 40.2 Typical sublevel caving sequence

Loaded ore per blast: 75%, or 420 t
Loaded waste per blast: 25%, or 140 t
Total: 560 t

Total amount of rock from each blast in the sublevel caving:

Ore: 560 t, of which 2 x 70 = 140 t are from development work and 420 t
are from sublevel caving

Waste: 140 t

Total: 700 t

3 X (66-06)
42 -6

Necessary number of blasts per year = 5,000,000/560 = 8929

The ore needed per year is =5 million t

Distance to develop per year = 8929 blasts per year x 2 m per blast = 17,858 m
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Ore from development work: 17,858 m x 70 t/m = 1.25 million/ta

Ore from sublevel caving: 8929 blasts per
year X 420 tons per blast =3.75 million t/a

5.00 million t/a

Waste rock dilution: 8929 blasts per
year X 140 tons per blast =1.25 million t/a

Total amount to hoist 6.25 million t/a

The amount of ore from development work will increase a little if the horizon-
tal drift is placed in the orebody and not in the footwall. In this example, the
ore loss is 20%, and the waste rock dilution is also 20%. After taking the ore
loss into account, the lifetime for 100 m of the orebody will be:

100 m x 100 m x 1000 m X 3.5 t/m> x 0.8
5 million t of ore/a

= 5.6 years

The waste rock dilution means extra costs for handling 1.25 million t of waste
rock per year.

OPTIMUM INTERVAL BETWEEN HAULAGE LEVELS

When mining underground, the orebody is often divided into a number of
blocks or slices under which there probably is a transportation system with
trains, trucks, conveyors, etc. When all the ore within such a block is
extracted, a new transportation system must be built. Fig. 40.3 shows a cross
section through a hypothetical mine with the main haulage levels, each with a
crushing station.

Many times the configuration of the orebody means that there is no problem in
deciding where to place the new level. Fig. 40.4 illustrates an orebody where
the bottom is known, thus making it easy to decide where to build the new
evel. In other mines the mining method used decides where new levels are
built, and sometimes the rock conditions determine this. But when the orebody
is large it is possible to divide the rest of the orebody into different numbers of
evels with different depths (see Fig. 40.5). If, for example, one has an orebody
with a depth of 1000 m, it can be divided into ten levels of 100 m or five levels
of 200 m. To place the level at the right depth means that one can minimize the
capital costs. However, the depth also decides at what time construction work
must begin and the amount of money that must be spent on the project (see
Fig. 40.6).

Higher intervals between the levels also mean that more fines will be formed
in the orepasses. If the mining company wants to sell lump ore, this is a disad-
vantage; if the ore must be milled on the surface, it is an advantage. Higher
intervals mean higher hoisting costs during the beginning of the lifetime

of the new level, a longer lifetime for orepasses, etc., and perhaps higher
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A deposit has a width of 50 m, a length of 2000 m, and a depth of 1000 m.
The average ore density is 3.5 t/m?. The mining company has to build a new
haulage level and asks if the interval shall be 100, 150, or 200 m. The produc-
tion is estimated at 4 million t/a of ore. The required fixed investment is esti-
mated at $50 million, and the variable at $25 million per 100 m. The interest
rate is 15%. The problem is to find the best depth for the new level. In this
example, only the capital costs are studied.

Solution
Amount of Ore;
100 m: 50 x 2000 x 100 m x 3.5 = 35.0 million t
150 m: 50 x 2000 x 150 m x 3.5 = 52.5 million t
200 m: 50 x 2000 x 200 m x 3.5 = 70.0 million t

Ore loss: 20%

Lifetime of the Level:

100 m: 35.0 million t x 0.8/4 million t/a = 7.0 years
150 m: 52.5 million t x 0.8/4 million t/a = 10.5 years
200 m: 70.0 million t x 0.8/4 million t/a = 14.0 years

Required Total Investment:

100 m: $50 million + 1.0 x $25.0 = $75.0 million
150 m: $50 million + 1.5 x $25.0 = $87.5 million
200 m: $50 million + 2.0 x $25.0 = $100 million

Average Capital Costs per Year:

100 m: $75.0 million x 0.240 = $18.0 million/year
150 m: $87.5 million x 0.195 = $17.1 million/year
200 m: $100 million x 0.175 = $17.5 million/year

On this basis, the optimal depth for the new level would seem to be about
150 m below the existing level.

OPTIMUM NUMBER OF OREPASS LOCATIONS PER LEVEL

The ore from development work as well as the ore and the waste rock dilution
from the rounds are loaded and hauled in the crosscuts and drifts either
directly to crushers located on the surface or underground or to bins or ore-
passes in the footwall. From the bottom of such orepasses the ore is normally
hauled with trains or trucks to crushers.

One important problem is to determine the optimal number of groups of ore-
passes along the orebody (Fig. 40.7). To do this, one compares transportation
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FIGURE 40.7 Number of groups with orepasses

costs with investment. More groups mean a higher investment but shorter
haulage distances in the ore. The following is an example of how to do such
an optimization.

Example

Consider a deposit with a length of 4000 m, a width of 100 m, and an
inclination of 1.05 rad (60°). The deposit is to be mined by sublevel caving.
Each slice is 15 m high. The costs for drifts on each slice is $300/m. The ore
is loaded and hauled with front loaders to groups of orepasses, situated 10 m
into the footwall. There will be on average five orepasses in each group
because of the different ore grades to be handled. Each orepass costs
$1000,/m. Tunnel, loading equipment, etc. for trains at the bottom of each
group cost $1 million. It will take 30 min to load a train. Each train carries
500 t. For loading and transport of the ore, front loaders with 10-t scoops will
be used. Time and feasibility studies show that:

Average tons/scoop: 8.8

Speed on average: 10 km/hr

Time to load, unload, etc.: 1.5 min/scoop

Working time: 6 hr/shift, 2 shift/day, 5 days/week, 150 days/year
Price: $150,000

Lifetime: 5 years

Energy costs: $3/hr

Interest rate: 15%

Miners’ cost: $20,000/year
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FIGURE 40.8 Orepass

The mine production is planned to be 20 million t/a. The company has to
build a new haulage level and asks how many groups with orepasses they will
build: 4, 8, 12 (Fig. 40.7), or 16. The new level (see Fig. 40.8) will have a
height of 225 m, which means a lifetime of about 15 years. The optimum
number of groups of orepasses is calculated in the following section.

Solution

Average Haulage Distance in the Ore:

4groups:  50+10+ —090  _310m
4x2x2
0
8 groups: 50+10+ & =185m
8x2x2
12 groups: 50+ 10+ _4000 - _ 143 m
12x2x2
00
16 groups: 50+ 10 + _ 4000 122 m

16 x2x2
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Distance: 310 m 185 m 143 m 122 m
Fixed time, min 1.5 1.5 1.5 1.5
Haulage time, min, round trip 3.7 2.2 1.7 1.5
Total time, min, round trip 5.2 3.7 3.2 3.0
Loads per shift 69.2 97.3 112.5 120.0
Tons/shift 609 856 990 1056
Thousands of tons/year 183 257 297 317

Annual Cost for a Front-Loader:
Capital: $150,000 x 0.30 = $ 45,000/year
Miners: 2 x $20,000 = $§ 40,000/year
Energy: 300 shifts x 6 hr x §3 $  5,400/year
Maintenance: 300 shifts x 6 hr x $10 $ 18,000/year
$ 108,400/year

i

It

Total Haulage Cost:

4 groups 8 groups 12 groups 16 groups
Per ton, $ 0.59 0.42 0.36 0.34
Per year, million $ 11.8 8.4 7.2 6.8

Investment in Orepasses per Group: 5 x 270 m x $1000 = $1.35 million

The investment in tunnel, etc., under each group is given to $1 million, but
will the capacity in such a tunnel be enough when the number of groups
decreases?

The number of trains arriving to each group per shift will be:
4 groups: 20 million t/(500 t x 300 shifts x 4 groups) =33 trains/shift
8 groups: 20 million t/(500 t x 300 shifts x 8 groups) =17 trains/shift
12 groups: 20 million t/(500 t x 300 shifts x 12 groups) = 11 trains/shift
16 groups: 20 million t/(500 t x 300 shifts x 16 groups) = 8 trains/ shift

But the capacity for one loading tunnel under each group will be 6 hr/0.5 hr
per train = 12 trains per group.

Therefore, the capacity under each group will have to double if the number of
groups is eight and triple if the number is only four. This can be difficult to




[image: image9.png]achieve in reality. (In reality, a computer simulation is recommended to study
what will happen with the total capacity on the haulage level if the number of
orepasses is decreased).

The total investment will be:

4 groups: $4 x (1.35 + 3 x 1.0) million = $17.4 million
8 groups: $8 x (1.35 + 2 x 1.0) million = $26.8 million
12 groups: $12 x (1.35 + 1 x 1.0) million = $28.2 million
16 groups: $16 x (1.35 + 1 x 1.0) million = $37.6 million

The capital cost (15 years, 15%):

4 groups: $17.4 x 0.17 = $3.0 million per year
8 groups: $26.8 x 0.17 = $4.5 million per year
12 groups: $28.2 x 0.17 = $4.8 million per year
16 groups: $37.6 x 0.17 = $6.4 million per year

It is also necessary to examine whether the capacity for unloading the front-
loaders on each slice is high enough.

Assuming that 50% of the ore production will be extracted from one slice
requires the following number of front-loader trips to each group per shift:

4 groups: 10 million t/(8.8 t x 300 shifts x 4) = 947
8 groups: 10 million t/(8.8 t x 300 shifts x 8) = 473
12 groups: 10 million t/(8.8 t x 300 shifts x 12) = 315
16 groups: 10 million t/(8.8 t x 300 shifts x 16) = 236

Assuming that unloading and other movements in front of the orepasses take
1 min per front-loader and that not more than one front-loader can unload at
the same time, then the maximum unloading capacity of each group will be
360 front-loaders per shift. (In reality, queuing problems can also arise, which
will decrease this capacity.)

Therefore, special arrangements must be made on each slice if the number
of groups is four or eight. A solution is shown in Fig. 40.9. The length of the
drifts at each slice per group will be: 4 groups, 150 m; 8 groups, 100 m;
12 groups, 50 m; and 16 groups, 50 m.
The cost per slice will be:

4 groups: 4 x 150 m x $300 = $0.22 million

8 groups: 8 x 100 m x $300 = $0.24 million

12 groups: 12 x 50 m x $300 = $0.18 million

16 groups: 16 x 50 m x $300 = $0.24 million
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FIGURE 40.10 Optimal number of groups of orepasses

Each year one slice will be developed. One can now finally sum annual costs
in millions of dollars:

Capital Haulage Drifts Total
"4 groups 3.0 11.8 o2 $15.0million
8 groups 4.5 8.4 0.2 $13.1 miliion
12 groups 4.8 7.2 0.2 $12.2 million
16 groups 6.4 6.8 0.2 $13.4 million

-

The alternative with 12 groups seems to be the best. The result is shown in
Fig. 40.10. It is also possible to take other factors into account such as ventila-
tion and investment and operating expenses on the haulage level.
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FIGURE 40.11 Extraction curve for sublevel caving round

TOTAL OPTIMUM EXTRACTION

The low costs for open-pit mining in comparison with underground mining
make it possible to mine deposits and parts of deposits that would not be
profitable to mine by underground methods. Even in those parts of a deposit
that are profitable to mine by underground methods, the ore losses will be
higher than in an open pit.

The ore losses underground depend upon the mining method used. Cut-and-
fill methods often mean low losses, whereas room-and-pillar mining makes it
necessary to leave ore in supporting pillars. Often 20 to 40% has to be left.

With sublevel caving the proportion of ore loaded is initially much higher
than that of waste rock (see Fig. 40.11). As more rock is removed, the propor-
tion of waste rock increases, while at the same time an increasing proportion
of the total ore content can be recovered. Through an economic optimization,
the break-even ore loss can be found.

Example

An iron ore deposit has an iron content of 65% and an area of 50 x 4000 m =
200,000 m?. The density is 4.5 t/m3. The deposit is mined with sublevel cav-
ing. Each slice is 10 m. There are 10 m between crosscuts, each of which has
an area of 20 m?2. When loading, front-loaders with 10-t buckets are used. The
extraction curve is shown in Fig. 40.11. Each ring has a 2-m burden. The
mined ore is hauled to an orepass, after which it is transported by train on a
main haulage level, and then hoisted to the surface. The mining company
builds main haulage levels on 200-m intervals. The waste rock dilution is
removed from the ore by magnetic separation. The ore is then sold as lump
ore and fine. The mining company can sell 10 million t/a of ore. Find the
optimal extraction if: a main haulage level costs $100 million; a crosscut costs




[image: image12.png]$300/m; a round costs $300 to drill and blast; loading, transportation, hoist-
ing, and ore treatment cost $5/t of rock (in reality, waste rock will probably
cost more than ore because of the lower density, etc.); and the price for the
ore products is $10/t or $20/1.

Solution
Number of crosscuts/slice: 400
Length of crosscuts/slice: 400 x 50 m = 20,000 m
Ore from crosscuts/slice: 20,000 m x 20 m? x 4.5 = 1.8 million t
Number of blasts/slice: 20,000/2 = 10,000
Area of each blast in sublevel caving: 10 x 10 m ~ 20 m? = 80 m?
Amount of ore/blast in sublevel caving: 80 m? x2m x 4.5 =720t
Extraction alternatives for evaluation: 50%, 100%, 150%, and 200%

Ore from each blast in sublevel caving: for 50% extraction, 324 t; 100%
extraction, 540 t; 150% extraction, 684 t; and for 200% extraction, 720 t

Waste rock from each blast in sublevel caving: for 50% extraction, 36 t; 100%
extraction, 180 t; 150% extraction, 396 t; and for 200% extraction, 720 t

Ore from development/meter: 20 m? x 4.5=90t

Total amount of ore/blast in the sublevel:

Development Sublevel Total (t)
50% extraction 180 324 504
100% extraction 180 540 720
150% extraction 180 684 864
200% extraction 180 720 900

Number of blasts/year in sublevel caving

50% extraction 10,000,000/504 = 19,841
100% extraction 10,000,000/720 = 13,889
150% extraction 10,000,000/864 = 11,574
200% extraction 10,000,000/900 = 11,111

Distance to develop/year

50% extraction: 2x 19,841 =39,682m
100% extraction: 2x13,889=27778 m
150% extraction: 2% 11,574 =23,148 m
200% extraction: 2x 11,111 =22,222 m

Ore/meter of crosscut: 10 x 10 m x 4.5=450t
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50% extraction: 1-504/2 x 450 = 44%
100% extraction: 1-720/2 x 450 = 20%
150% extraction: 1-864/2 x 450 = 4%
200% extraction: 1-900/2 %450 = 0%

Total amount to load in each blast in sublevel caving:

50% extraction: 324 tore + 36 t waste =360 t
100% extraction: 540 tore + 180 t waste = 720 t
150% extraction: 684 t ore + 396 t waste = 1080 t
200% extraction: 720 tore + 720 t waste = 1440 t

Total annual amount of ore and waste rock:

Ore
Total,
Development Sublevel Waste Rock Million t
50% extraction 3.57 6.43 0.72 10.72
100% extraction 2.50 7.58 2.50 12.50
150% extraction 2.08 7.92 4.58 14.58
200% extraction 2.00 8.00 8.00 18.00
Waste rock dilution:
50% extraction: 0.72/10.72=6.7%
100% extraction: 2.50/12.50 = 20.0%
150% extraction: 4.58/14.58 = 31.4%
200% extraction: 8.00/18.00 = 44.4%

Number of blasts in sublevel caving/200 m: 20 slices x 10,000 blasts/
slice = 200,000.

Lifetime for main haulage level (total number of blasts per 200 m/annual
need; can, of course, also be estimated another way):

50% extraction:  200,000/19,841 = 10.1 years
100% extraction: 200,000/13,889 = 14.4 years
150% extraction: 200,000/11,574 = 17.3 years
200% extraction: 200,000/11,111 = 18.0 years

Annual development costs:

50% extraction: 39,682 m x $300/m = $11.9 million/year
100% extraction: 27,778 m x $300/m = $8.3 million/year
150% extraction: 23,148 m x $300/m = $6.9 million/year
200% extraction: 22,222 m x $300/m = $6.7 million/year
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50% extraction:
100% extraction:
150% extraction:

200% extraction:

19,841 blast/year x $300/blast = $5.9 million/year
13,889 blast/year x $300/blast = $4.2 million/year
11,574 blast/year x $300/blast = $3.4 million/year
11,111 blast/year x $300/blast = $3.3 million/year

Annual costs for loading, etc., in sublevel caving:

50% extraction:

100% extraction:
150% extraction:

200% extraction:

Total annual costs:

50% extraction:

100% extraction:
150% extraction:

200 % extraction:

(6.43 + 0.72) million t/a x $5/t = $35.8 million/year
(7.58 + 2.50) million t/a x $5/t = $50.4 million/year
(7.92 + 4.58) million t/a x $5/t = $62.5 million/year
(8.00 + 8.00) million t/a x $5/t = $80.0 million/year

$53.6 million/year
$62.9 million/year
$72.8 million/year
$90.0 million/ year

To assess annual income, investigate the effects of ore values at $10/t and
$20/t, which gives $100 million or $200 million/year, respectively.

Gross annual profit

$10/t

$20/1t

50% extraction

100% extraction
150% extraction
200% extraction

$46.4 million/year
$37.1 million/year
$27.2 million/year
$10.0 million/year

$146.4 million/year
$137.1 million/year
$127.2 million/year
$110.0 million/year

Present value of profit (15%):

$10/t

$20/t

50% extraction
100% extraction
150% extraction

200% extraction

$232.9 million/year
$214.1 million/year
$165.1 million/year
$ 61.3 million/year

$734.9 mﬂbn/year
$791.1 million/year
$772.1 million/year
$674.3 million/year
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FIGURE 40.12 Capital values for different extraction ratios

Net present value:

$10/t $20/t
50% extraction 132.9 634.9
100% extraction 114.1 691.1
150% extraction 65.1 672.1
200% extraction -38.7 574.3

At the lower price an extraction of only about 50% (or perhaps lower) seems
to be the best. That should mean an acceptable ore loss of 44%! The higher
price results in an optimal extraction of about 120%, which means an accept-
able ore loss of 10 to 15%. However, Fig. 40.12 reveals that the curves have
very flat peaks. Because the extraction curves can be different for different
blasts, in reality it can be difficult to determine the optimal extraction.

In addition, the acceptable ore loss depends on how large the ore reserves
are. If a company has a very large amount of ore at its disposal, it can accept
higher ore losses than if the ore reserves are limited. A large ore reserve
means that an ore loss today will result in a loss of income far in the future.
Such a loss has very small value today. A small ore reserve means that this
loss will occur earlier and is therefore more important to take into account.
Unlimited haulage, hoisting, and ore treatment capacity mean that it can be
profitable with a higher extraction than if these capacities are bottlenecks.

It must be kept in mind that costs used are hypothetical. Rapid price increases
in recent years have made many of the actual costs used inaccurate.
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FIGURE 40.1 Simplified picture of orebody

Example

In an iron ore mine, sublevel caving is used. The iron content is 42%, and the
mine supplies a pelletizing plant with an annual capacity of 3 million t/a. The
orebody is shown in Fig. 40.1. The length of the orebody is 1000 m and the
width is 100 m.

Each slice is 10 m high, and there are 10 m between crosscuts, each of which
has an area of 20 m?. The density of the ore is 3.5 t/m?. The spacing between
rings is 2 m, and the extraction is 100%. The iron content is 66% in the pellets
and 6% in the tailings. The problem is to develop a detailed production plan.
A typical sublevel caving sequence is shown in Fig. 40.2.

Solution
Amount of ore per meter of crosscut: 20 x 3.5=70t
Number of crosscuts per slice = 100
Length of crosscuts per slice: 100 x 100 = 10,000
Ore from crosscuts per slice = 10,000 m x 20 m?2 x 3.5 = 700,000 t
Number of sublevel caving rounds per slice: 10,000/2 = 5000
Area for each blast in sublevel caving: 10 x 10 - 20 = 80 m?
Amount of ore per blast: 80 m2x 6 m x 3.5 =560t

Extraction: 100% (see extraction curve Fig. 40.11 on page 736)



