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Abstract. The area of the Bangka Belitung Islands, which is a potential area for alluvial tin deposits in Indonesia, has
been affected by the destruction of tin reserves on the mainland due to rampant artisanal mining, which has left remnants
of small-dimensional reserves. The remnants of these reserves can no longer be mined using the hydraulic mining of
open pit method due to the small dimensions of the deposits. The hypothesis is that such sedimentary conditions can
only be mined by the borehole method. This research aimed to design tools and perform test mining using the borehole
method with a spray-suction mechanism. This research produced a novelty, namely, a method and parameters for allu-
vial tin deposits mining using borehole mining methods, such as the excavation capacity, excavation radius, mining
recovery, and dilution factor. The benefit of this research is expected to provide an opportunity to increase the amount
of onshore alluvial tin reserves to support tin production.
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Introduction. Since 2000, artisanal alluvial tin mining has been widespread in the area of
Bangka Belitung, Indonesia. The artisanal alluvial tin mining carried out by the local community is
done in an unsystematic manner; as a result, the tin reserves which originally was developed by high
continuity deposits is now changed to be spotted ones. These forms of spotted deposits are not formed
geologically [1] but are the result of the impact of unsystematic artisanal mining [2]. These forms of
spotted deposits cannot be classified as a reserve anymore [3-5] as there is currently no available
mining method for the deposits [6-9].

Based on the evaluation of the physical conditions that occurred in mining area, artisanal mines
still leave many unmined area as spotted reserves.

A typical cross-section shows the condition of the tin deposit mined by artisanal mining. The
section shows the remaining reserves that have not been mined by artisanal. The remnants of these
reserves are visible in spotted forms. Remaining reserves such as this, based on validation, can pos-
sibly be reclassified as resources.

The principle of open pit hydraulic alluvial tin mining is to spray the tin layer to disperse the
material to form a slurry, which is then flowed into the suction hole for suction and subsequent
pumping of the material to the tin ore concentration device. The spray-suction process is very
important to optimizing material excavation in open pit hydraulic mining [10, 11].

The hypothesis is that such sedimentary conditions can only be mined by the borehole method.
The aim of this research is to design tools and perform mining tests using the borehole method with
a spray-suction mechanism. The former artisanal mining holes that have been filled with water can
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be used as a water source for mining. The results of this research are the excavation parameters using
the borehole mining method, such as the digging capacity, excavation radius, mining recovery, and
dilution factor. The benefit of this research is expected to provide an opportunity to increase the
amount of onshore alluvial tin reserves to support tin production.

The location where the spray-suction mechanism borehole mining test was carried out was in
S.Sekah, Belinyu, Bangka Regency, Bangka Belitung Islands Province, Indonesia at the coordinates
of UTM X: 596,967; Y: 9,830,627. This location is representative of the remaining tin reserves in the
region.

Methods. Designing the lifting capacity of the slurry. The parameters that influence the design
of the lifting speed include the specific gravity of the materials transported, the density of the fluid,
and the diameter of the grains. The designed lift speed is calculated using the Stokes equation for
spherical materials [12-14]:

y L —lf:;:gd ] (1)

where p1 — cassiterite mineral density, pi1 = 7 g/cm®; p, — density of fluid (water), p> =1 g/cm’;
p—fluid viscosity (water), pu = 0.00899 Pa-s = 0.000899 mPa's; d - grain diameter,
d=20"=0.841 mm.

By using this equation, the resulting lifting speed is 2.6 m/s, which is rounded up to 3 m/s.

Determination of suction pipe diameter. The slurry is lifted through the suction pipe. The diam-
eter of the suction pipe used will determine the amount of discharge or the volume of slurry produced.
The diameter of the suction pipe used in principle is the one with the highest productivity. The produc-
tivity of the suction pipe handling will depend on the equipment load and the power required for the
resulting productivity. The larger the pipe diameter, the greater the production, but the larger the
pump and its supporting accessories, so the load will be heavier. Empirically, the most efficient han-
dling productivity is when using a 4-inch diameter pipe.

Slurry volume. The results of the calculation of the lifting speed and the determination of the
diameter of the suction pipe used above can determine the discharge or volume of the slurry [15, 16].
The determination of the slurry discharge can be calculated using equation:

Q=V4, )

where 4 — cross-sectional area, m>.

With a speed V of 3 m/s and a suction pipe diameter of 4 inches, the resulting slurry discharge is
0.02431 m*/s or 87.51 m’/h.

Spray pressure and spray nozzle diameter. Spray pressure is used to spread the tin ore layer,
which is generally composed of coarse sand and forms a slurry. The volume of slurry formed must
be adequate for the volume or discharge of the slurry to be lifted. The spray pressure will also deter-
mine how many spray nozzles will be used [17-19]. The spray pressure is determined using:

0 = 4.4 ¢ \n-3600, 3)

where ¢ — nozzle discharge coefficient, ¢ = 0.96; o. — nozzle cross-sectional area, m?; 1 — water pres-
sure coming out of the nozzle (atmosphere).

The pressure needed to form a layer of coarse sand into a slurry is 3.5 atmospheres (atm). This
quantity, if using equation (3), can be determined the velocity of the water produced in spraying the
material that a water pressure of 3.5 atm will produce a spray speed of 25 m/s. Furthermore, by using
a pressure of 3.5 atm, the relationship between the nozzle diameter and the resulting discharge can
also be simulated.
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The volume of water generated from the spray pressure must be sufficient for the amount of
slurry to be removed. From the above calculation, it is known that the volume of the slurry lifted is
87.51 m’/h. The volume of water that approximates this amount is 81.64 m*/h using a nozzle diameter
of 34 mm. The slurry produced consists of solid material and water in a ratio of 1:8 to 1:10; with the
amount of water sprayed at 81.64 m*/h, solids of 8.16 up to 10.20 m*/h will be produced, so the total
volume of slurry produced is 89.80 to 91.40 m*/h. This amount is greater than the volume of the slurry
to be lifted, which is 87.51 m’/h, so it is sufficient. If spraying uses two nozzles, the diameter of each
nozzle should be 17 mm.

Borehole mining (BHM) equipment design. Principally, the design for tin ore excavation using
borehole tools is based on the spraying and suction mechanism. The spray and suction pipes are set
as 6 inches and 4 inches respectively. The suction pipe is installed inside the spray pipe so that the
space or cavity where the spray flows is between the 6-inch pipe and the 4-inch pipe. The tip of the
drill is fitted with two spray holes, one on the side and the other at the bottom. The diameter of each
side nozzle is 17 mm.

Two pumps are used, for spraying and suction. In principle, the spray pump and the suction pump
must have balanced capacity. The pressure of the spray pump for dispersing the material must be
sufficient to disperse the tin ore layer.

The suction pump is designed to lift slurries with a solid/water volume ratio of 1:8 to 1:10.
The depth of excavation in accordance with the test location above was designed at a depth
of 16 m. The pipe height above the ground was designed to be 5 m high so that the design height
was 21 m. The suction pipe was designed in a vertical condition so that it is assumed that there
is no friction loss due to the slope of the pipe (Hr = 0). The lifting capacity for cassiterite
(tin) mineral with a size of 20-inches is 3 m/s, resulting in a head loss velocity of 0.46 m. The total
design height and head loss is therefore 21.46 m. Other head loss due to hose bends, connecting
pipe, engine, etc., was estimated at 5 % of this amount, so the H;is 1.07 m [20-24]. Overall, the head
total [25-28] is

Ht:ZQ+Hf+Hv+H,, 4)

where Z, — total design height, m; H - friction head, m; H, — head loss velocity, m; H, — other

head loss, m.
Thus, the head total /H, used in the design of the tin material transportation in this test is 22.53 m.

The pump power capacity required for slurry material lifting with a head total of 22.53 m was
calculated using the formula for determining the pump power as follows [29-33]:

p_ 0-1000Hy

> 5
60- 751 ©)

where y — density of slurry, kg/dm?®; | — pump efficiency, %.

The cross-sectional area of the suction pipe with a diameter of 4 inches is 0.0081 m?; thus, with
a slurry transport speed of 3 m/s, the resulting discharge Q is 0.0243 m®/s or 1.459 m’/min. The
density of the tin layer is assumed to be 2.65 kg/dm® and the density of water is 1 kg/dm?, so with a
ratio of solid volume to water of 1:10, the density of slurry y is 1.1 kg/dm®. When doing pump work,
it is estimated that it will not work at its maximum capacity, so the pump yield value n was assessed
at 75 %. Under these conditions, the pump power P required to lift the material with a total head #,

0of22.53 mis 11 kg m/s . In this study, the test uses power sourced from a mechanical engine.
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0 Test flole 0 Test. A cross-sectional descrip-
s 6m RE T 6 W S e tion of the position of the borehole for
testing can be seen in Fig.1. Excava-
tion at this position would be carried
out at a depth of 11-16 m or a thick-
ness of 5 m. The tin (Sn) content in
each layer is at levels 0f 0.0211 kg/m’
to 0.1734 kg/m’. The overall tin con-
tent (grade) at a thickness of 5 m
(11-16 m) is 0.0931 kg/m’.

The spray distance measure-
ment in this study was carried out by
installing three observation points.
These points were constructed by in-
stalling monitoring pipes measuring
4 inches in diameter with distances
R of 1, 2, and 2.5 m. The monitoring
Borchole [+ {0 .. K, - - - [ - _1om pipes were filled with sand material

excavaron test [ oo N - | Laver S with a size of 48-100 mesh which

int/ target |- .. Foooe. .. [ R LLURE . : .
Pposition [ fiom - SRR - Layer 4 had been painted with a certain
L e oy s amount of color and heavy material
ETTREOEE AR ikttt SEEAL AR (nuts) to also test the pump’s ability
Bed rock to transport heavy materials. Yellow

p y

1 - ) B - sand was inserted into the monitor-

ing pipe at a distance of 1 m, green

Flgl Drill hole pOSitiOH test Sand into the monitoring plpe at a

1 — clay sand-fine, sand-coarse; 2 — stiff clay; 3 — sand-coarse, sand-fine distance of 2 m, and blue sand into

the monitoring pipe at a distance of

2.5 m. The heavy material used here was stainless-steel nuts, each with a size of 28 mm and a thick-

ness of 13 mm, weighing 41.7 g, the specific gravity of this nut is 7.1 g/cm’®. Nuts were inserted into

the monitoring pipes at three points each. The nuts inserted into each pipe were distinguished by their

color (white nuts were inserted into the monitoring pipe at a distance of 1 m, red nuts into the moni-
toring pipe at a distance of 2 m, and brown nuts into the monitoring pipe at a distance of 2.5 m).

The sand that has been painted and the nuts will then be observed when the excavation process
is carried out for the removal of the material which indicates the range of spray in excavating the
ground.

The monitoring pipe was installed by forming an angle of 45° from the end/bit of the borehole
mining pipe at the lowest position (depth of 16 m). With this installation, it is expected that if the
painted sand/nut material has formed a slurry, it will fall directly towards the end of the suction pipe,
so it is expected that it will be immediately lifted. The painted sand and the nuts were then observed
when the excavation process was carried out for the removal of the material, to indicate the range of
spray in excavating the ground.

After the test hole was prepared, the borehole mining tool was installed and the pipe was inserted
into the hole. The excavation was carried out from layer 1 to layer 5. The material that was excavated
and suctioned then flowed to the surface to be accommodated in a prepared jumbo bag.

Result discussion. Ground excavation using borehole mining gave the following results:

Ground removal. Table 1 shows that the total excavation produced 58 jumbo bags with a total
volume 0f42.282 m®. The solid material that was accommodated in the jumbo bags was sand material
in a loose condition, so to measure ground displacement, it was necessary to convert the material to
bank conditions [34, 35]. In tin mining, to apply the correction factor for loose sand material to bank
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conditions, the correction is made by dividing the volume of loose sand material by 0.9. The conver-
sion of loose volume to bank conditions can be seen in Table 1. Furthermore, by dividing the volume
of sand material in bank conditions by elapsed time, the ground transfer rate can be found.

Table 1
Ground removal rate
Charging ti
Layers o ?lrf:lf) 1;:1; Duration, Number Volume (loose), Factor Volume (bank), trafsrt(“::l;nrg te
numder min of jumbo bags m? m? 5 ?

empty full m?/h

1 10:43 10:54 12 4 2.916 0.9 3.240 16
2 10:54 11.06 12 4 2.916 0.9 3.240 16
11:06 11:18 12 4 2.916 0.9 3.240 16

11:18 11:39 21 4 2.916 0.9 3.240 9

11:39 11:57 18 4 2.916 0.9 3.240 11

11:57 12:19 22 4 2.916 0.9 3.240 9

3 12:19 12:37 18 4 2.916 0.9 3.240 11
12:37 14:17 12 4 2.916 0.9 3.240 16

14:17 14:35 18 4 2.916 0.9 3.240 11

14:35 15:02 27 4 2.916 0.9 3.240 7

15:02 16:31 26 4 2.916 0.9 3.240 7

4 16:31 16:51 20 4 2.916 0.9 3.240 10
16:51 11:02 11 4 2.916 0.9 3.240 18

5 11:41 12:00 19 4 2.916 0.9 3.240 10

12:00 12:20 20 2 1.458 0.9 1.620 5

Total 268 58 42.282 0.9 ‘ 46.980 11

The total amount of soil material (sand) produced by the bank was 46.980 m®. Ground removal
rates were in the range of 7 to 18 m*/h with an average of 11 m*/h.

Spray range. The spray range was measured using a monitoring pipe inserted into painted sand
material and nuts. The results of direct observation in the field regarding the nuts showed red nut.
Observations of the painted sand material were carried out using shaking. The sand material that
could be found was painted yellow and green. This measurement proves that the spray digging range
isup to 2 m.

Dilution. During the process of excavating the ground, there was ground surface collapse around
the borehole mining pipe. The dimensions of the cavity or hole shape were assumed to be cone-
shaped. This surface collapse indicates the occurrence of collapse under the ground from the unde-
veloped layer (above it) that enters the excavated area (dilution). Dilution measurements can be seen
in Table 2, which shows that when the ground excavation operation was carried out until no further
tin layer material was removed, there was a collapse on the surface of 12.64 m? in a relatively circular
shape with a diameter of 4.01 m. The depth of the collapse that occurred was 1.55 m. The collapse
was relatively conical with a volume of 6.55 m’.

Tin content from excavation. The tin ore layer material that was excavated and accommodated
in jumbo bags was then sampled for laboratory examination to determine its content. The Sn content
in the tin ore layer appears to be in the range 0.0290-0.1529 kg/m* with a total composite layer content
0f 0.1096 kg/m® (Table 3).

Comparison of actual excavation and drill data. A comparison between the content of tin (Sn)
in the tin ore layer was also made between the drill data and the borehole mining excavation
results. The grade obtained from the excavation test results at a depth of 11-16 m (5 m thick)
is 0.1096 kg/m*. The comparison results for the Sn content in the tin ore layer can be seen
in Table 4. There are significant differences in layers 4 and 5, but overall, the difference in grade
is not significant.

This is an open access article under the CC BY 4.0 license
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Table 2
Dilution measurement results
D Time, s Accumulation | Hole diame- | Accumulation| Collapse |Accumulation| Collapse rate, Stage
i Start End time, s ter, m area, m’ depth, m volume, m3 m’/h &
10:59:18 | 11:16:53 1055 - - - - - Operation
11:16:53 | 12:00:52 2639 - - - - - "
12:00:52 | 12:15:01 3488 1.60 2.01 0.50 0.33 0.35 "
12:15:01 | 12:26:19 4166 1.90 2.83 1.05 0.99 0.86 "
1 12:26:19 | 13:53:45 9412 1.95 2.98 1.31 1.30 0.50 ="
13:53:45 | 14:11:12 10,459 2.02 3.20 1.49 1.59 0.55 ="
14:11:12 | 14:56:43 13,190 2.50 491 2.00 327 0.89 "
14:56:43 | 15:44:45 16,072 3.01 7.10 2.04 4.83 1.08 "
15:44:45 | 15:53:53 16,620 4.01 12.64 1.55 6.55 1.42 "
2 12:19:55 | 15:00:35 72,823 4.50 15.90 2.37 12.55 0.62 Post operation
Table 3
Measurement of Sn content in the tin ore layer
Layer’ . D ight, Vol bank), Grade,
njr);eg; Gross weight, kg y V]:'gg Grade, % Sn Sn, kg ° um;}( ank) k;mi
1 3630 3260 0.015 0.495 0.495 3.240 0.1529
3102 2785 0.018 0.503
0.945 6.480 0.1458
2 2723 2444 0.018 0.442
3078 2763 0.011 0.314
3692 3316 0.011 0.377
3152 2830 0.011 0.322
3 2978 2673 0.011 0.304 2.259 22.680 0.0996
3026 2716 0.011 0.309
3382 3037 0.011 0.345
2835 2546 0.011 0.289
3307 2969 0.013 0.401
4 3579 3214 0.013 0.434 1.309 9.720 0.1347
3920 3521 0.013 0.475
4509 4049 0.003 0.105
141 4. .02
> 1535 1378 0.003 0.036 0 860 0-0290
Total 48,448 43,499 0.012 5.149 5.149 46.980 0.1096
Table 4
Comparison of tin content (Sn) in the tin ore layers
Layer’s Drill data, Borehole mining excavation, test, Ratio
number kg/m? kg/m? “test/ drill data”
1 0.1734 0.1529 0.88
2 0.1319 0.1458 1.11
3 0.1071 0.0996 0.93
4 0.0319 0.1347 4.22
5 0.0211 0.0290 1.37
1-5 0.0931 0.1096 1.18

The occurrence of dilution does not significantly affect the tin content in the actual drilling data.
The yield ratio is 1.18, which was obtained from the division of borehole mining excavation realiza-
tion grade by the drill grade data. The range ofratio is a comparison between the realization data and
exploration data. The ratio tolerance range is +20 % or 0.80 to 1.20 [36].
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a .
Layer From | To(m) | Thickness | Volume | Radius (m) Horizontal (m) Vertical
(m) (m) (m’) 10| |1 (m)
7
. 8
Excavation
limit 0
10
11
Layer 1 11 124 1 3.240 1.016 12
Layer 2 12 13 1 6.480 1.437 13
Layer 3 13 14 1 22.680 2.688 14
Layer 4 14 15 1 9.720 1.759 15
Layer 5 15 16| 1 4.860 1.244 16
Total 46.980
b : Horizontal (m ;
Layer From | . (m) Thickness | Volume Radius (m) (m) Vertical
(m) (m) (m) tjo] |1 (m)
7
8
9
Dilution 7.09 11 3.91 6.55 1.265 10
11
Layer 1 11 12 1 5.03 1.265 12
Layer 2 12 13 1 8.265 1.622 13
Layer 3 13 14 1 12.56 2.000 14
Layer 4 14 15 1 9.720 1.759 15
Layer 5 15 16| 1 4.860 1.244 16
Total 46.980

Fig.2. Graphical image of the borehole mining excavation cross section: a — before correction; b — after correction

From the above measurement data, the excavation dimension made using borehole mining can
be estimated. Estimation was done by combining the data in Tables 1, 2 and made in a linear config-
uration. An illustration of the excavation can be seen in Fig.2.

Ground excavation started at layer 1 to layer 5, consisting of coarse and fine sand. The layer
above this was a layer of clay, coarse sand, and fine sand. When the excavation was widened, there
was an imbalance in the soil layer above it, resulting in collapse of the top layer. The type factor of
the layer above with loose material was also the cause of this possibility to collapse. The volume of
material falling into the excavation area was analogous to the dilution that occurred during excavation
of the tin ore layer. The shape of the debris was also estimated to be analogous to the shape of the
debris on the surface.

Layer 1 to layer 5 under excavation each had a thickness of 1 m, so the total thickness of the
excavation was 5 m. The dimensions of the excavation were obtained from the data above and ex-
pressed in a graphical cross-section as shown in Fig.2.

Figure 2, a shows a cross-section of the excavation shape at each layer, which is illustrated by
assuming that the hole area is circular. This figure does not predict dilution due to collapse of the
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Fig.3. Combination of excavation dimensions and work plans

1 — sediment in the form of a tube; 2 — excavated results

material above it. Layer 3 of this image appears to have a radius of 2.688 m. This radius is greater
than the reach of the borehole mining excavation test results (as far as 2 m), so the excavation dimen-
sion as shown in Fig.2, a needs to be corrected. Correction was carried out by entering the dilution
factor and adjusting the radius of layer 3 with a digging range of 2 m. This correction resulted in an
excavation volume at layer 3 of 12.56 m®. There was a volume reduction of 10.12 m® from the initial
data of 22.680 m®. The volume of 10.12 m’ is soil collapse originating from the layers above it
(layers 1, 2) and the dilution that occurs. The volume of dilution that occurred during operation,
as can be seen in Table 2, was 6.55 m’, so that the soil collapse originating from layers 1 and 2 was
3.57 m®. The dilution material was soil material originating from collapse of the layer above layer 1.
The shape of the diluted material was estimated to be analogous to the shape of the collapse that
occurred at the soil surface, namely, in the form of a cone. Based on these conditions, it was possible
to estimate the borehole mining excavated cross-section, as shown in Fig.2, b.

During the excavation, the level of water also fluctuated due to the spray-suction process. This
condition caused vertical water flow to rise and fall along the hole. This condition can also produce
in an imbalance of the layers, which produce in soil slip-ups in the layers around the pipe, especially
in the layers consisting of sand and weak clay. There is an expansion of the collapse/hole on the
surface around the pipe.

Excavation at each layer ended when no more suctioned material was lifted to the surface. When
in this condition, there is only water circulation, the water condition is relatively stable (there is no
fluctuating flow of water like during ground excavation), and there is no longer any expansion of soil
debris on the surface. The overall excavation ended when excavation reached layer 5, which was the
last layer.

From the above conditions, parameters can be determined which can be used as a reference in
estimating borehole mining reserves originating from spotted sediment resources, including mined
material (mineable) and dilution factors. The shape of the excavation dimensions as depicted in
Fig.2, b can be made into a three-dimensional model. The three-dimensional model created is shown
in blue in Fig.3.

10

This is an open access article under the CC BY 4.0 license



DOI: 10.31897/PMI.2022.70 Journal of Mining Institute. 2023. Vol. 259. P. 3-12  [E8{3E
=k
© Ichwan Azwardi, Aryo P. Wibowo, Komang Anggayana, Nuhindro P. Widodo, 2023 it

If the dimensions of the tin ore layer for the work plan or reserves are made in the form of a tube
with a circle diameter of 4 m in accordance with the spray excavation range and a thickness of 5 m,
then the volume of the excavation area is 62.8 m’. The volume of bank excavation as shown in Table 4
was 46.98 m’; this amount includes material from outside the excavated area that entered the exca-
vation area (dilution). The ratio of the volume of material mined to the volume of tubular ore sediment
1s 0.75. From these two dimensions, a combination can be made as shown in Fig.3. The combination
shows that parts of the work plan (tubes) were not excavated. It can also be seen that soil material
from outside the work plan was excavated during mining.

Conclusions. The hydraulic borehole mining using a spray-suction mechanism can be applied
to alluvial tin deposits. The equipment used featured an outer pipe (spray) measuring 6 inches and an
inner pipe (suction) measuring 4 inches. From this research, mining parameters using the spray-suc-
tion borehole method were obtained, including: earthmoving capacity of 8-16 m’/h; an excavation
radius of 2 m; a comparison between the mining data and exploration data (ratio) of 0.8-1.2.

A ratio of the volume of material mined to the volume of tubular ore sediment of 0.75 (volume
of mining recovery); and dilution of 14 % of the excavated volume, or a Factor of Mining Dilution
(FMD) of 1.14.

The benefit of this research is expected to provide an opportunity to increase the amount of
onshore alluvial tin reserves to support tin production.

The authors would like to especially thank PT.Timah Tbk, including the Director, Alwin Albar,
who provided access to facilities, Head of Exploration, Satyogroho, engineering staff, Sasri Romi,
and all parties who helped and supported during this research. We hope that this research can be
useful for mining science and technology, especially in alluvial tin mining.
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