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Abstract: A coupled biharmonic spline and linear interpolation algorithm was proposed to create a three-dimensional smooth deposit
model with minimal curvature containing grade and position data. To obtain the optimal technical parameters, such as cutting height
and drum diameter, a virtual longwall mining procedure was modelled by simulating the actual fully mechanized longwall mining
process. Based on the above work, a bauxite deposit in a longwall mining panel was modelled by scattered grade data from ores
sampled on the entry wall. The deposit was then demarcated by industrial indexes and sliced according to the virtual longwall mining
procedure. The results show that the proposed interpolation algorithm can depict the stratiform structure of bauxite deposits and that
the uncovered bauxite deposit has high proportions of high-grade and rich ore. The ranges of optimal cutting height and drum
diameters are 1.72-2.84 m and 1.42—1.72 m, respectively. Finally, an intellectualized longwall mining procedure was designed to
guide the mining process with the lowest dilution and loss rates.
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1 Introduction

Bauxite is a naturally occurring mixture composed
of hydrated aluminum oxides, Si oxide, Fe oxides and
other compounds [1,2]. The mass fraction of Al oxide
and the mass ratio of Al oxide to Si oxide are the two
important industrial indexes that determine the industrial
value and availability of bauxite [3]. Bauxite resources
are mainly distributed in Guinea, Australia, Brazil,
Venezuela, Jamaica, India and China [4]. In 2013, the
aluminum consumption of China reached 25.5 million
tons due to rapid economic development, which is the
largest and the fastest-growing consumption rate in the
world [5]. This consumption rate requires a large supply
of bauxite. However, relative to coal mining, bauxite
mining technology is still underdeveloped and is mainly
dominated by the traditional drilling and blasting
methods, resulting in the high dilution and loss rates. In
addition, with the depletion of bauxite resources in

shallow ground and the increasing demand for aluminum
products, large-scale mining for underground bauxite has
become an inevitable trend.

Longwall mining is a widely used method for
mechanized continuous and large-scale extraction of
underground coal [6—9], which is a feasible technique for
achieving the automated, unmanned, and even
intellectualized exploitation of underground mineral
However, further application of fully
mechanized longwall mining for nonferrous metal
deposits is still rare. In general, for underground
stratiform bauxite deposits composed of bauxite and
bauxitic rock, the natural uniaxial compressive strength
is generally lower than 30 MPa, which is the applicative
and economical cutting strength of a shearer [8].
Additionally, the occurrence of stratiform bauxite
deposits is usually uncomplicated and has good
continuity. Therefore, the application of longwall mining
for stratiform bauxite deposits is feasible. However,
the specific technical parameters, such as cutting height
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and drum diameter, need to be further investigated.

Accurate description of the shape, location, size,
inclination and grade of an orebody is essential for the
optimization, evaluation and design of technical
parameters of longwall mining. Therefore, orebody
modelling is a fundamental task [10]. It is frequently the
case, however, that available data are sparse and
scattered, and no data are available from positions
between over-sampled locations [11]. Hence, there is
often a need to estimate values for locations where there
are no measurements by interpolation techniques
selected according to either statistical or deterministic
criteria [12]. Among statistical methods, geostatistical
kriging-based techniques have often been used for spatial
analysis [13—16]. For deterministic methods, inverse
distance weighted interpolation, the nearest neighbor
method, bicubic functions, non-uniform rational
B-splines and other methods are often applied [17—19].
In addition, artificial neural network [20], fuzzy
methodology [21], evolutionary algorithm [22], support
vector machine [23] and fractal interpolation
algorithms [24] have also been applied to orebody
modelling and grade estimation. However, the methods
mentioned above were less satisfactory in depicting the
thin and anfractuous stratiform deposit, and it is difficult
to achieve smooth interpolation from exceedingly
discrete data.

In this work, the coupled biharmonic spline and
linear interpolation algorithm was proposed for depicting
the three-dimensional grade distribution of stratiform
bauxite deposits. Based on a bauxite deposit model
containing grade distribution information, the orebody in
the 1102 panel in Wachangping Bauxite Mine was
demarcated by industrial indexes of bauxite. Furthermore,
a virtual longwall mining algorithm and a comprehensive
evaluation function composed of dilution and loss rates
were used to obtain the optimal cutting height and drum
diameter of the shearer for conducting intellectualized
mining.

2 Methodology

For underground stratiform bauxite deposits, an
accurate deposit model containing position and grade
data is a necessary precondition for the feasible analysis
and parameter design of fully mechanized longwall
mining. The bauxite deposit modelling and intellectualized
longwall mining procedure is shown in Fig. 1. The key
steps of this process are the bauxite deposit modelling by
coupled biharmonic spline and linear interpolation and
cutting height optimization by virtual longwall mining.

2.1 Bauxite deposit modelling
2.1.1 Biharmonic spline interpolation

Scattered data of bauxite grade
surveyed in tailentry and headentry

Biharmonic spline
interpolation

1 ¥
Bauxite deposit modelling| |Bauxite deposit modelling
around headentry around tailentry

| |
-—(Lincar intcrpo]ation)

Grade distribution of bauxite deposit
between tailentry and headentry

Industrial indexes

| Demarcating bauxite orebody |

Virtual mining -—CComprehensive evaluatio@

| Obtaining optimal cutting height of each slice|

Adjusting positions of
front and rear drums

Intellectualized mining
with a djusting cutting
height in real-timg

Obtaining optimal drum
diameter of shearer

Fig. 1 Flowchart of bauxite deposit modelling and
intellectualized longwall mining

Biharmonic spline interpolation is used for
minimum curvature interpolation and for finding the
smoothest surface or curve passing through irregularly
spaced and scattered data points. It is more accurate
than other methods because the interpolating curve or
surface, which is a linear combination of Green
functions centered at each data point, satisfies the
biharmonic equation and therefore has the minimum
curvature [25,26].

Biharmonic spline interpolation is used to find a
biharmonic function that passes through N data points.
For N data points in m-dimensions, the function for the
spline satisfies the biharmonic equation:

V4w(x):§:kj§(x—xj) (1)

j=1
wix,) = w, @)

where V* s the biharmonic operator, x is a position in
the m-dimensional space, w(x) is a biharmonic function
that passes through N data points w; located at x;, &; is an
undetermined coefficient, and ¢ is the Dirac Delta
function [26].
In one dimension,
d*w

Viw(x) = o (1)
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5(x—xj):5(x—xj) 4)
w(x;) =w(x;) =w; (5)
In two dimensions,
o ot o
Viw(x, ) =ﬁ+2ﬁ+8y—f (6)
O(x—x;)=6(x=x;,y—;) (7
w(x;) =w(x;, ;) =W, (8)
The general solution to Eq. (1) is
N
w(x) =Dk, (x—x;) )
=

The undetermined coefficient k; is solved by the
following linear system:

N
w, =D ki, (x;—x,) (10)
j=1

where ¢ is a Green function.
In one dimension,

B (x—x)=¢(x—x) = x—x, (11)
In two dimensions,
$u(x—x;)=¢(x—x;,y=y;) =
[e=)% + (=3 In o=+ (=3 ) -1
(12)

2.1.2 Grade distribution model

The coupled biharmonic spline and linear
interpolation algorithm was proposed to achieve a
three-dimensional distribution model of bauxite grade.
As shown in Fig. 2, the two-dimensional grade
distributions along the headentry and tailentry walls of a
longwall mining panel can be realized by the above
biharmonic spline interpolation algorithm. Then, based
on the linear interpolation algorithm, the bauxite grade in
positions between headentry and tailentry can be
estimated.

Biharmonic
interpolation

: _f'['ailentry
oint S
i

Linear -

interpolation Mining floor

point Headentry
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interpolation point

¢ ',_:-:{Vcr[ic-ﬁl-};cili)

Fig. 2 Schematic diagram of three-dimensional coordinates and
interpolation procedure

According to Fig. 2, which shows the coordinate
system and interpolation procedure, the modelling
processes of a three-dimensional grade distribution
model are as follows:

Firstly, according to the two-dimensional
biharmonic spline interpolation, the bauxite grade
distribution in positions on the entry wall relative to the
headentry or tailentry floor can be given as

N
Gx, h) =Y Kigy(x=x,,h=h)) (13)
J=1

where G(x, ) is the grade distribution along entry wall
relative to floor, 4 is the vertical height of a position from
entry floor, and k; is the interpolation coefficient
solved by the linear system shown in Eq. (10).

Secondly, based on the one-dimensional biharmonic
spline interpolation, the headentry or tailentry floor curve
can be expressed as

N
2, (x) = D ki (x—x)) (14)
j=1

where z, is entry floor altitude, and k; is the
interpolation coefficient.

Then, the bauxite grade distribution along the entry
wall can be represented as

G(x,z)=G(x, h
{ (x, 2) = G(x, h) (15)
z=z,+h
Finally, the linear interpolation algorithm can be
used to achieve the bauxite grade distribution between
headentry and tailentry. It can be written as

G(x, y,2) =Gy (xp, 2) +
u[Gt(xt:Zt)_Gh(xhaZh)]
Yt = n
— 16
x=xh+y T (o —x) (16)
Yt =
PEP R At NERS
Yt = n

where G(x, y, z), Gn(xn, zn) and G(x;, z) are the grade
distributions between headentry and tailentry wall, along
headentry wall and along tailentry wall, respectively, and
(Xh, Vb, zn) and (x, », z) are a pair of positions on
headentry and tailentry walls, respectively.
2.1.3 Orebody demarcating

Subjected to the current technological levels of
mineral separation and metallurgy, the grade of bauxite
should meet several indexes to be used in industrial
processing and manufacturing. According to these
industrial indexes, a bauxite orebody can be demarcated
as
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Gore (%, 3, 2) = G5, 32 2| 6, 561 and Gpg2Ghs a7

where Gg(x, y, z) is the orebody demarcated by
industrial indexes, G, and Gi are the mass fraction
distribution and industrial indexes of Al oxide,
respectively, and Ga/s and GLS are the distribution and
industrial indexes of the mass ratio of Al oxide to Si
oxide, respectively.

2.2 Virtual longwall mining

The bauxite seam cut by the shearer in a longwall
panel is extracted slice by slice. The cutting height of the
shearer is a key technical parameter of fully mechanized
longwall mining that determines the ore dilution rate and
loss rate. Cutting height can be adjusted by the ranging
arms, which are used to alter the size of the overlapping
zone between the two cutting drums mounted on the
front and rear of the shearer. The adjustable range of
cutting height is from single to double the diameter of
the cutting drum. The virtual longwall mining procedure
for bauxite deposits is shown in Fig. 3, and the details of
which are as follows:
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~ 0 AY
Cutting 'y
bounda v
et YN

Pt
Orebody

boundary Longwall

slice

Fig. 3 Virtual longwall mining process of longwall slice

1) Giving a cutting height, /j;, of the jth cutting
height in the ith cutting step or longwall slice of 0.8 m in
thickness;

2) Calculating the volumes of the mined and
residual ores;

3) Calculating the average grades of the mined ore
and ore-rock;

4) Calculating the dilution and loss rates with the
following expressions:

D; = Gp = Cnopec (18)
GB
o Voig _ Veine — VB (19)
Y VB+D+E VB+D+E

where D; and L; are the dilution and loss rates,
respectively; Gg and Ga.pic are the average grades of
mined ore and ore-rock, respectively; and Vg, Vpipsg,
Vpie are the volumes of mined, total and residual ore,
respectively;

5) Obtaining the optimal cutting height, H; , when
the following expression composed of dilution and loss
rates reaches its minimum value;

E,=0.5D,+0.5L, (20)
if if if

6) For the (i+1)th cutting step, repeating the above

procedures to achieve the optimal cutting height H},,;

1

7) Repeating the above steps to obtain the optimal
cutting height for each longwall slice.

3 Sampling data

The chemical components of bauxite or bauxitic
rock were measured in 53 groups of samples obtained
from entry-exploring grooves, including 27 groups from
the tailentry and 26 groups from the headentry.
Furthermore, the mass fraction of Al oxide w(Al,O5) and
the mass ratio of Al oxide to Si oxide w(AL,O3)/w(SiO,)
were achieved and are depicted in Fig. 4.
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Fig. 4 Scattered grade and location data of sampling points in
headentry and tailentry: (a) Mass fraction of Al oxide; (b) Mass
ratio of Al oxide to Si oxide

4 Results and discussion

4.1 Bauxite deposit modelling

According to Egs. (13)—(16), the three-dimensional
grade distribution of stratiform bauxite deposit was
modelled with sampling data, as shown in Fig. 4. Slice
maps of grade distribution along sections parallel to the
entry wall are shown in Figs. 5 and 6.
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Fig. 6 Slice maps of mass ratio distribution of Al oxide to Si
oxide along sections parallel to entry wall: (a) Distribution on
headentry wall; (b) Distribution on middle section in dip;
(c) Distribution on tailentry wall

It is evident that the grade distribution model is able
to describe the stratiform occurrence of bauxite deposits,
and the constructed deposit model is very smooth and
has minimum curvature. The total volume of the bauxite
deposit in the longwall mining panel at the headentry,
tailentry and start-up line is 1.89x10° m®. Additionally,
the average values of w(Al,03;) and w(ALO;)/w(SiO,)
are 56.34% and 16.88, respectively. These values meet
the industrial indexes of w(Al,03)>55% and w(AL,0O5)/
w(S810,)>3.5. Therefore, this bauxite deposit has high
exploitation value.

4.2 Orebody

Based on Eq. (17) and the industrial standards, a
bauxite orebody in a longwall mining panel was
demarcated. Slice maps of this orebody are shown in
Fig. 7. The total volume of the bauxite orebody in this
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longwall mining panel is 9.94x10* m’, and the average
values of w(ALL,O3) and w(AlLO3)/w(Si0,) are 62.82%
and 26.96, respectively. These values are much larger
than the lower limits of the industrial indexes. This
means that a large proportion of the orebody is rich in
bauxite.

3 1256 Ha) 5 70 7 4

1 e oy

= 1244k

< 1240 k=== 3 § , ; i i i i

100 150 200 250 300 350 400 450 500 550

Strike/m

£ 1280 (b) B0 65 70 75 80 ]

2 1276 + N — ’

£ 1272 g™ ——

= IOO 150 200 250 300 350 400 450 500 550
Strike/m

£ @ _ —F —

i IOO 150 200 250 300 350 400 450 50() 550

Strike/m
Fig. 7 Slice maps of orebody along sections parallel to entry
walls: (a) Orebody along headentry wall; (b) Orebody along
middle section in dip; (c) Orebody along tailentry wall

4.3 Cutting height and drum diameter

In accordance with the virtual longwall mining
procedures, the optimal cutting height in each longwall
slice was obtained. Based on a comprehensive evaluation
function shown in Eq. (20) with a loss rate and dilution
rate of approximately w(Al,O3;) and a loss rate and
dilution rate of approximately w(AlLO3)/w(SiO,), the
change curves of the optimal cutting heights along the
mining direction (or deposit strike) are calculated and
depicted in Fig. 8. This figure shows that the optimal
cutting heights vary from 1.72 m to 2.84 m. Therefore,
the suitable diameter range of the cutting drum of the
shearer is from 1.42 m to 1.72 m. Corresponding to these
values of drum diameter, the cutting range of the shearer
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Fig. 8 Change curves of optimal cutting heights along deposit
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is between 1.42 m and 3.44 m and therefore meets all the
optimal cutting heights throughout the mining direction.

4.4 Intellectualized longwall mining

The procedures of the intellectualized longwall
mining are as follows:

1) Outputting the optimal cutting height, H; ,
about the ith longwall slice, which is contained in the
orebody model and obtained by the virtual longwall
mining model mentioned above;

2) Transmitting cutting height to adjuster;

3) Transforming cutting height into a parameter of
overlapping thickness, D;, used to adjust the position of
the cutting drums, the process of which is expressed as

d

H<d

D=1 H} ~d d<HP<2d 2n

0

H?>2d

d

HP<d

H. =<{H’

1 l

(22)

d<H?<2d

2d

HY>2d

where d is the diameter of the cutting drum, and H; is the
cutting height of the shearer;

4) Transmitting the adjusting parameter to the
shearer, which then automatically adjusts the cutting
position of the drums by the ranging arms;

5) Cutting the orebody by the reciprocating motion
of the shearer, slice by slice, along the cutting direction.
In a round trip, the shearer will move forward by two
cutting steps along the mining direction;

6) Continuously cutting the orebody from the
start-up line to the stopping line following the above
processes.

5 Conclusions

1) A three-dimensional grade distribution model of
the mass fraction of Al oxide and the mass ratio of Al
oxide to Si oxide in stratiform bauxite deposits was
developed using a coupled biharmonic spline and linear
interpolation algorithm. Based on this model, the
orebody of the 1102 longwall mining panel in
Wachangping Bauxite Mine was modelled with sampling
data measured from the entry walls and demarcated by
industrial indexes of bauxite. Furthermore, a virtual
longwall mining procedure was proposed to achieve the
optimal cutting height and drum diameter of the shearer
for conducting intellectualized mining.

2) The coupled biharmonic spline and linear

interpolation algorithm can be used to model stratiform
deposits with the thin and anfractuous occurrence
features and scattered sampling data. Based on this
algorithm, the three-dimensional bauxite deposit in the
1102 longwall mining panel was modelled with smooth
connection and minimal curvature. The total volume of
the bauxite deposit is 1.89x10° m’, and the average
values of w(Al,O;) and w(AlO;)/w(Si0,) are 56.34%
and 16.88, respectively. The volume of the demarcated
orebody is 9.94x10* m’, and the average values of
w(ALO;) and w(ALO;)/w(Si0O,) are 62.82% and 26.96,
respectively. These results mean that the uncovered
bauxite deposit is of high grade, and the rich ore is
relatively concentrated.

3) Using the proposed virtual longwall mining
procedure, the cutting of the bauxite deposit slice by
slice can be simulated to determine the optimal technical
parameters. For the bauxite deposit in the 1102 longwall
mining panel, the optimal cutting heights vary from 1.72
m to 2.84 m, and the suitable drum diameter range is
from 1.42 m to 1.72 m. Correspondingly, the cutting
range of the shearer is between 1.42 m and 3.44 m,
which meets all the optimal cutting heights throughout
the mining direction.
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