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Special Extended Abstract

The steepness of an openpit mine’s slopes has a substantial
influence on the mine’s financial return. This paper proposes
a novel design methodology where overall steeper pitwalls
are employed without compromising the safety of the mine.
In current design practice, pitwall profiles are often planar in
cross section within each rock layer: that is, the profile incli-
nation across each layer tends to be constant. Here, instead,
a new geotechnical software, OptimalSlope, is used to deter-
mine optimal pitwall profiles of depth-varying inclination.
OptimalSlope seeks the solution of a mathematical optimiza-
tion problem where the overall steepness of the pitwall, from
crest to toe, is maximized for an assigned lithology, geotechni-
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cal properties and factor of safety (FoS). Bench geometries
— bench height, face inclination, minimum berm width — are
imposed in the optimization as constraints that bind the maxi-
mum local inclination of the sought optimal profile together
with any other constraints, such as geological discontinuities,
that may influence slope failure. The obtained optimal pro-
files are always steeper than their planar counterparts — that
is, the planar profiles exhibiting the same FoS — up to 8 de-
grees, depending on rock type and severity of constraints on
local inclinations. The design of a copper mine is first carried
out with planar pitwalls, and then adopting the optimal pit-
wall profiles determined by OptimalSlope. The adoption of
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optimal slope profiles leads to a 34 percent higher net present
value (NPV), and reductions of carbon footprint and energy
consumption of 0.17 Mt of carbon dioxide equivalent (CO,
eq) and 82.5 million MJ, respectively, due to a 15 percent re-
duction of rockwaste volume.

Methodology

The block model of the copper deposit used as a case
study was provided by a mining company collaborating with
the Delphos Mine Planning Laboratory at the University of
Chile. All the parameters needed to perform the pit design
were taken from Parra et al. [1]. From the site lithology and
geotechnical properties, two roughly uniform pit sectors
were identified in Parra et al. [1]. In each sector, one rep-
resentative cross section was assumed to design the pitwall
profile. Table 1 lists the rock geotechnical parameters, and
Table 2 the values adopted for the economic parameters and
metallurgical recovery.

Pitwall design. In the design of pitwalls, we followed the
standard practice of starting with the design of benches and
then moved to the overall pitwall profiles. The height of
the benches adopted for the whole mine was 10 m [1]. We
computed the minimum berm width, b , using the modified
Ritchie’s criteria.

Then, we computed the geotechnically optimal slope
profiles for the cross sections of the mine using the pro-
prietary OptimalSlope code [2]. The code requires bench
height, bench face inclination, minimum berm width and
road width as inputs. The optimal pitwall profile is defined as
the overall steepest safe profile: OSA = OSA__, with OSA
being the inclination over the horizontal of the line joining
the pitwall toe to the crest (Fig. 1). OSA_  is determined
by OptimalSlope iteratively. The main algorithm finds the
optimal pitwall shape for an assigned OSA and geometric
constraints (&, values). An initial-guess OSA value is first

al

Table 1 — Geotechnical properties [1].

UCS (MPa) | GSI m, D 7 (kN/md)
Pit sector S1 65 45 15 1 25.9
Pit sector S2 50 45 12 1 25.9

Table 2 — Economic parameters and metallurgical
recovery [1].

Copper price US$6,000/t US$3/lb
Selling cost US$1,700/t US$0.85/Ib
Reference mining cost 34
(US$/1)
Processing cost (US$/t) 6.1
Metallurgical recovery (%) 85
MCAF (US$/t/bench) 0.13
Discount rate (%) 10
Processing method limit (Mt/y) 5
Mining limit (Mt/y) 10
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determined for the specified pitwall height, the geotechni-
cal properties of all the layers and the specified FoS on the
basis of a database of stability charts built in OptimalSlope.
The FoS, associated with the optimal profile found at the i-th
iteration is then compared with the target FoS. If it is higher
than the FoS_ , a steeper OSA is prescribed at the next
iteration; if it is lower, a less steep OSA is prescribed.

Pit optimization. To assign the pitwall profiles into the
Geovia Whittle pit optimizer, we split the block model into
“zones” (according to the Whittle terminology) using Geovia
Surpac and assigned a slope inclination to each zone. Then,
to compute the ultimate pit limit (UPL) and pushbacks, we
first ran Whittle to produce the discounted best-case-scenar-
io curve in the pit-by-pit graph and then used the Milawa
NPV algorithm to generate a specified-case-scenario curve
for an initial set of pushbacks, chosen in correspondence of
sharp increases exhibited by the best-case-scenario curve.
Finally, we chose the UPL in correspondence to the highest
point of the plateau exhibited by the specified-case curve.

Results

The pitwall profiles obtained as a result of the pit design
process are plotted in Fig. 2a for pit sector 1. The FoSs of all
the pitwall profiles were verified by performing a limit equi-
librium method (LEM) analysis with the Morgenstern—Price
method in Slide2 software. The pitwall profiles used in the
Slide2 analyses are shown in Fig. 2b for the pit design adopt-
ing planar profiles and in Fig. 2¢ for the pit design adopting
optimal profiles together with their FoSs. In all the cases, the
FoS found is less than 1 percent from the target value of 1.3.
For the optimal pitwall profiles, we performed additional
stability analyses using the FLAC3D 7.0 software, having as-
signed a unit length in the out-of-plane direction. The critical
failure mechanisms identified by Slide2 and FLAC3D and
the associated FoSs are shown in Fig. 2¢c. In both mine sec-

(a) C (b)
4
bench
H height
18z
.’ |AZ = bench/height
g bench face
. angle
-~ - minimum berm
o X width

Fig.1 (a) A generic candidate slope profile. The toe of the profile
is at the origin (x,, y,), point C is the slope crest. A uniform
discretization along the z direction is adopted. The red and blue
lines enclose the region where the profiles are sought. The profile
is discretized in n Az intervals so there are n — 1 unknowns to be
determined: x,, x,, ... , x, _,. In the context of openpit mines, a good
choice of Az is to assume Az equal to the bench height.

(b) Determination of ¢, _based on bench geometry
(input to OptimalSlope).
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Table 3 — Pit optimization economic and metallurgical
results.
Planar pitwalls Optimal pitwalls
UPL output
S1 S2 S1 S2
Overall slope angle (°) 48 43.8 50.1 51.3
H,, (m) 270 220 280 150
Waste (t) 23,707,500 20,651,462
Ore (t) 59,314,446 59,232,285
Stripping ratio 0.40 0.35
NPV (US$) 34,561,747 46,231,284
IRR (%) 13.9 15.8
Life (year) 12.22 12.12
Payback (year) 3.89 3.57
NPV increase (%) 33.8

tors, the FoSs found are less than 1 percent from the target
value of 1.30.

Figure 2a allows a visual comparison between the planar
pitwall profile of a traditional design, demarcated by the or-
ange line, and the optimal pitwall profile, demarcated by the
blue line. The optimal profile is clearly steeper than the pla-
nar one. The FoS of the entire UPL was verified by perform-
ing a 3D finite difference method analysis with FLAC3D 7.0.
Throughout the entire mine, the minimum FoS found was
1.67. This value is significantly higher than the FoS values
obtained earlier by the 2D FLAC analyses of approximately
1.30 and 1.31, respectively.

The key output data for the two design cases are pro-
vided in Table 3. The NPV for the design based on optimal
pitwalls is around US$12 million higher than the NPV of the
design based on planar pitwalls. Therefore, adoption of the
optimal profiles would lead to a NPV increase of 34 percent.
Such an increase is to be ascribed to a substantial decrease
of rockwaste volume — around 15 percent, from 23.7 x 10° t
t0 20.7 x 10° t — while the amount of ore extracted is similar.

We computed the energy required to mine both orebody
and waste rock together with the associated carbon foot-
print for both design types (with planar and with optimal
pitwalls) based on Munoz et al. [3]. The energy consumption
was calculated for each mined block of the UPL. The adop-
tion of optimal pitwalls leads to reductions of carbon foot-
print and energy consumption of 0.17 Mt CO, eq and 82.5
million MJ, respectively, over the life of the mine. To provide
some context, a reduction of 0.17 Mt CO, eq is equivalent to
the carbon sequestered by 2.8 million tree seedlings grown
for 10 years.

Conclusions

For the mine case study considered, the adoption of geo-
technically optimal profiles led to a 34 percent higher NPV
and reductions of carbon footprint and energy consumption
of 0.17Mt CO, eq and 82.5 million MJ, respectively, due to
a 15 percent reduction of waste rock volume compared with
the traditional design based on planar pitwalls.

The FoS values of the pitwall profiles determined by Opti-
malSlope were independently verified by two widely used geo-
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(a)

(b) (c)

280 m

Fig.2 UPL pitwalls for sector S1: (a) Comparison between
the pitwall profile for traditional design (planar pitwall is in
orange) and the optimal design (optimal pitwall is in blue, the
black dots represent the x, z, coordinates obtained as output
from OptimalSlope. (b) Failure mechanism (black line) and
FoS determined by 2D limit equilibrium method (Slide2) for
the planar profile. (¢) Failure mechanism (black line) and FoS
determined by 2D limit equilibrium method (Slide2) and shear
strain magnitude determined by finite difference method with
shear strength reduction (FLAC3D) for the optimal profile.

technical software packages for the geotechnical verification of
openpit mines, Slide2 and FLAC, confirming that the pitwall
profiles determined by OptimalSlope are as safe as their planar
counterparts.

OptimalSlope was also used in the designs of two oth-
er case studies: a contemporary mine being developed by
Kinross [4], and the case of the McLaughlin mine, where a
publicly available block model was used [5]. In both cases,
employing optimal pitwall profiles in the mine design led to
significant NPV increases, up to 52.7 percent, and substantial
decreases of energy consumption and carbon footprint. l
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Special Extended Abstract

This paper is aimed at helping the mining industry to bet-
ter understand the challenges posed by electromagnetic inter-
ference (EMI) and to promote electromagnetic compatibility
(EMC) in underground coal mines. The paper begins with
a review of EMI standards in other industries, then presents
some representative examples of EMI instances that have oc-
curred in the mining industry, followed by a literature review
of published EMI research in mining and, finally, a discussion
on mitigation strategies and practical considerations related
to EMI in mining.

Introduction

Modern smart mining increasingly depends on the use of
sophisticated electrical and electronic systems for improved
safety and better productivity. With more electronic systems
being introduced underground, the mining industry is facing
electromagnetic compatibility (EMC) issues caused by elec-
tromagnetic energy emitted by one device adversely impact-
ing the normal function of another.

As shown in the EMI triangle model in Fig. 1, an EMI
instance is usually associated with three key components: a
source, a victim, and coupling/propagation paths from the
source to the victim. All three elements in underground min-
ing environments are unique as compared to those elements
in other environments, and thus, the EMI in underground
mining deserves a special consideration.

EMI instances, scope and standards

Historically, there have been a variety of EMI instances
reported in underground coal mines. One of the most recent
notable EMI instances is that the magnetic fields emitted
from a personal dust monitor
interfere with the normal op-
eration of a proximity detec-
tion system. More examples
can be found in the full paper.

EMI standards have been
formulated to ensure that
electronic devices and sys-
tems are able to tolerate a
specified degree of interfer-
ence and not generate more
than a specified amount of
interference. As a result, the
scope of EMI typically in-
cludes two broad categories:

&
Q L
3 Y
S 2
EMI
TRIANGLE

COUPLING PATH

Fig.1 An EMI triangle model
to illustrate the three key
elements for an EMI instance
to occur.
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susceptibility and emissions. The susceptibility category in-
cludes characterizing a victim’s susceptibility to conducted
emissions, radiated emissions, lightning and electrostatic
discharge (ESD), and comparing them to the corresponding
given regulatory limits. The emissions category then covers
characterizing and regulating conducted and radiated emis-
sions from a device across the spectrum.

Currently, a standard or set of requirements for dealing
with EMI specifically in mining does not exist. However,
numerous organizations have attempted to resolve EMI
issues by developing standards for emissions and suscepti-
bility testing in other industries. For example, in the United
States, the U.S. military created the standard MIL-STD-461
to control the EMI issues in subsystems and equipment used
in military environments. A review of EMI standards devel-
oped in other industries that may be applicable to mining
can be found in Girman et al. [1].

Published research, mitigation strategies and
practical considerations

Although it has been extensively investigated in many
other industries, EMI in the mining industry has received
much less attention, and the corresponding published re-
search pertaining to EMI in mining is relatively scarce. Some
major research efforts conducted by different institutions in
the world are reviewed in the full paper.

Generally, EMI effects can be mitigated by attacking one
or more of the three elements shown in Fig. 1. Particularly,
EMI mitigation can be achieved by (1) suppressing the emis-
sion at its source, (2) making the coupling path less efficient,
and (3) making the victim more robust to the emission. Typi-
cal EMI mitigation strategies include shielding, grounding,
filtering and distancing, which are discussed in detail in the
full paper.

Mineworkers should consider the EMI triangle — that is,
source, victim and path — when examining a suspected EMI
incident and stay alert when operating electronic devices in
the vicinity of EMI sources. Some practical examples of po-
tential EMI sources in an underground coal mine are wire-
less communication and tracking systems, such as handheld
radios; electronic systems, such as personal dust monitors,
called PDMs; power centers; variable-frequency-drive sys-
tems; electric motors; and lightning, whose effects can pen-
etrate the earth overburden and reach areas inside a mine.

In addition to the mitigation strategies discussed above,
EMI effects and associated safety concerns can be ultimately
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reduced by developing and applying EMI standards across
the mining industry. The formulations of EMI standards of-
ten are related to the equipment and operational environ-
ments in a specific industry. As such, different EMI stan-
dards are formulated for different industries. Compared to
other industries, the mining industry has some unique char-
acteristics in terms of its geological and EM environments
that one must consider when developing a mining-specific
EMI standard.

Conclusions
An overview of EMI in underground coal mines is pre-
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sented, and the impacts and practical solutions of EMI that
can affect the health and safety of mineworkers are investi-
gated. Some key issues and practical considerations pertain-
ing to EMI in mining are highlighted. It is concluded that
similar to EMI standards that were developed in many
other industries decades ago, ultimately mining-specific
EMI standards may need to be promoted to overcome the
increasing EMI issues in underground mining. M
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Special Extended Abstract

Three types of apatite were identified by means of cath-
odoluminescence (CL) images in flotation concentrate and
tailing samples from the Cataldo Mine in Brazil. They are
predominantly blue apatite, followed by green apatite and,
less frequently, yellow apatite. The chemical compositions of
these types of apatite were determined by electron microprobe
analysis and laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS). Blue and green apatite respond-
ed well to the process, thus remaining in the concentrate, while
yellow apatite remained in the tailings. Yellow apatite has the
lowest phosphorus pentoxide (P,O,) content and largest an-
ionic and cationic sites substitution, followed by green apatite,
whereas blue apatite is the most homogeneous, with highest
phosphorus (P) and calcium (Ca) grades and lowest substitu-
tion level. A negative correlation of the amount of phospho-
rus with fluorine was observed. Furthermore, impregnation of
iron oxide-hydroxides in the yellow apatite was also observed.
Therefore, the low flotation behavior is due to low crystallin-
ity coupled with impregnation onto its surface.

Background

Phosphorus is obtained from the mining of phosphate
rocks — mainly, the mining of minerals belonging to the
apatite group. These ores represent a limited and nonrenew-
able resource [1]. Apatite supergroup is a term referring to
a series of hexagonal and monoclinic phosphates having the
general chemical formula "M1,Y"M2("TO,) X, [2]. The
most common minerals of this group are the calcium phos-
phates, and the occupation of the X site defines terms as

www.miningengineeringmagazine.com

fluorapatite, chlorapatite or hydroxylapatite, while Ca occu-
pies both the M1 and M2 sites. Although the predominance
in the occupation of the sites defines the mineral name, its
composition may be more complex.

The flotation efficiency of phosphate ores of igneous ori-
gin is influenced by the mineralogical composition of the ore
that feeds the concentration process. Several studies tried to
link the chemical composition of apatite to process efficien-
cy, but usually no significant differences could be detected in
the bulk sample.

In this study, based on CL analyses, we attempt to es-
tablish a correlation between the CL color and the chemi-

Fig. 1 BSE images of apatite from siliceous carbonate ore by
electron microprobe analysis, and their respective CL images
(inserts) of the different colors of the apatite: (a) extensively
altered texture, typical of yellow apatite, and (b) green apatite as
a rim of blue apatite and liberated green apatite. Carbonates are
colored yellow/orange (calcite) and red/pink (dolomite).
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cal composition of the different types of apatite from the
Cataldo Mine in Brazil. Variations in composition and zon-
ing were found in apatite grains in the concentrate and waste
from flotation.

The LA-ICP-MS data complement the quantification of
the elements, which were identified by electron microprobe
analysis for the separate apatite types. The results of these
analyses are useful to guide the development of process routes
that may contribute to increase the flotation performance.

Results

The CL images identified three types of apatite: blue
apatite, green apatite and yellow apatite. Apatite with blue
and green hues under CL are dominant in the concentrates,
while yellow and green apatite are common in tailings. Com-
positional zoning is common and detectable in optical-mi-

croscope and backscattered-electron (BSE) images. There
are a considerable number of grains with a blue apatite core
and green apatite rim (Fig. 1).

The correlation of CL colors and processing perfor-
mance is established for the first time in this study, and the
chemical signature accounting for the CL colors could po-
tentially also have an impact on the processing performance.

Electron-microprobe and LA-ICP-MS point analysis
were performed on these blue, green and yellow domains
of apatite in order to reveal compositional contrasts. Table 1
presents the average compositions and standard deviations
of the blue, green and yellow apatite. The structural formula
was calculated based on 10 M-site atom occupancy. According
to wavelength dispersive spectrometry analysis, all the types
of apatite investigated in this study are fluorapatite, bearing
more than 2 percent fluorine (F) by mass with the chlorine

(Cl) content either at the limit or below

: o . . electron-microprobe detection.
Table 1 — Chemical composition (electron microprobe analysis) and calcu-

- : Most of the trace-element concen-
lation of the structural formula (based on 10 M-site atom occupancy) of the . .
types of apatite differentiated by CL (N = number of analyses for each type) trations detectable by LA-ICP-MS dif-

~ | fer by two or three orders of magnitude.
Oxides | Blue apatite (N=129) | Green apatite (N=95) | Yellow apatite (N=62) The chondrite-normalized distribu-
(wt %) avg StDev avg StDev avg StDev tion pattern of the rare earth elements
Ca0 | 52.15 0.78 49.89 2.42 49.82 2.47 (Fig. 2) presents a similar profile for
Na.O 01 010 018 013 0.44 0.69 the three varieties of apatite, with light
2 . ' ' ' g ' rare earth elements — lanthanum (La)
SrO 0.79 0.24 2.93 2.58 1.77 1.53 to neodymium (Nd) — enriched over
MnO 0.01 0.01 0.08 0.1 0.05 0.06 the heavy ones — samarium (Sm) to
Fe,0, | 0.03 0.03 0.07 0.09 0.21 0.43 !Utzﬁlllm }ELU)- The Cﬁondfitejnorlzfl;
1zed lanthanum-ytterbium ratios (La
M . . 2 . . . . .
L g(;) ggi 8(1)2 g 1: 8?3 g?g gfi Yb_ ) ratios vary widely: for blue apa-
] : : : : : : tite, 194 to 799; for green apatite, 197 to
Ce,0, 0.57 0.30 0.58 0.41 0.55 0.35 591; and for yellow apatite, 155 to 548.
Pr,0, 0.08 0.22 0.06 0.05 0.06 0.06 Chakmouradian et al. [3] found La/Yb__
Nd,0, 0.22 0.16 0.21 0.19 0.06 0.21 ratio_s between 30 and 500 for igneous
PO, | 4061 0.60 38.01 2.68 37.02 3.49 apatite, and below 25 for hydrother-
: mal varieties. All varieties of apatite
Sio, 0.01 0.01 0.06 0.04 0.04 0.03 in the siliceous carbonate ore found in
cl n.d. n.d. n.d. n.d. n.d. n.d. Cataldo are thus of igneous origin.
F 1.75 0.46 3.02 0.97 3.02 0.97 c lusi
TOTAL 96.74 0.85 94.55 1.82 94.16 3.85 onc us.lons . . . ‘o
In this study, CL imaging identified
F=0 0.73 0.19 1.28 0.41 1.27 0.41 three varieties of apatite that could be
site cations (apfu)* related to chemical signatures: (1) CL-
Ca 9.59 0.10 9.37 0.33 9.41 0.37 blue apatite, probably primary, which
Na 0.03 0.02 0.06 0.02 0.05 013 prese.nts.few cationic and anionic site
substitutions; (2) CL-green apatite, rich-
Sr 0.07 0.01 0.32 0.27 0.21 0.16 er in strontium (Sr) and F, suggesting
Mn n.d. n.d. 0.01 0.02 0.01 0.01 incipient carbonation, whose color may
" Fe n.d. n.d. 0.01 0.01 0.01 0.07 be attributed to higher manganese (Mn)
M 0.01 0.02 0.05 010 0.05 017 values, occurring liberated or associated
Lg 0'02 0'01 0'02 0'02 0'02 0'01 with blue apatite grains, especially at its
@ : : i : : i rim, and (3) CL-yellow variety, whose
Ce 0.03 0.03 0.04 0.04 0.04 0.04 mineral chemistry resembles the green
Pr 0.02 0.01 0.01 0.01 0.01 0.01 type but presenting more inclusions and
Nd 0.01 0.01 0.01 0.02 0.01 0.02 pores, also commonly assigning higher
P 5.89 0.1 5.70 0.54 5.74 0.61 iron (Fe) values. .
T - Itis already known that the selectiv-
Si n.d. n.d. 0.04 0.02 0.03 0.01 ity of flotation processes is significantly

X F 0.94 0.24 1.63 0.58 1.64 0.56 influenced by the specificity of the inter-

n.d. = below detection limit, *atoms per formula units (apfu) calculated for 10 M-site atom occupancy. actions between minerals and reagents;
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therefore, variations in composition and
the crystal structure of these minerals
can change this phenomenon. The yel-
low apatite is impregnated with iron
oxide-hydroxides and contains metal
cations in the lattice, as seen in the mi-
croprobe results, which can affect the
crystal lattice and crystallinity degree.
This might further be the case for the
minor and trace elements as assayed by
LA-ICP-MS, which might vary in orders

1000

100

REE Chondrite Norm (Taylor and McLennan, 1985)

MME Technical-Paper Abstracts

of magnitude. The presence of iron-
bearing species on the mineral surface
probably enhanced the hydrophilic-

%
[

¢ & B <@ < o *® <& <«
[Missing: Pm Gd Er ] [Data] [Solid, Mean]

2

ity of apatite, resulting in the reduction
of the adhesion of collector molecules
onto the mineral surface sites. ll
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Special Extended Abstract

The classification of rock and coal will assist in automat-
ed coal rib rating and shearer horizon control, and is studied
with machine learning techniques in this work. A database
of rock and coal images is created by filtering photographs
taken by researchers from the National Institute for Occupa-
tional Safety and Health (NIOSH). The classifier was trained
with patches extracted from the coal and rock images, and an
accuracy score of 0.9 was obtained. The trained classifier was
then applied to classify rock from a new coal rib image with
three rock layers of different thicknesses, and good agreement
was achieved. The results demonstrate that it is promising to
use machine learning techniques and rib images for rock and
coal classification.

Introduction

NIOSH researchers are currently developing a coal pillar
rib rating (CPRR) technique to quantify the bearing capacity
of coal ribs to eliminate injuries and fatalities due to rib falls
[1]. The presence, location and thickness of rock partings af-
fect the performance of coal ribs, and different adjustments
are conducted for rib rating. Thus, one important step of coal
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rib rating is to classify rock from coal ribs. The classification
of rock from coal ribs can also be applied for shearer horizon
control at the longwall mining face. This enables a shearer to
automatically track the interface between coal and rock, pro-
viding information for the shearer to adjust the cutting drum.
In this work, machine learning techniques were applied to
classify rock from coal rib images.

Database and method

Each image is made up of pixels. The pixel value repre-
sents the color intensity. For RGB images, there are three
color channels: red, green and blue. An RGB image has
three layers with each layer of a matrix of pixel values, and
thus the image is represented as a three-dimensional array,
which are features for machine learning.

The process to generate the databases is shown in Fig.1.
During extensive field trips, NIOSH researchers took pho-
tographs to capture the failure mode of coal ribs. In order
to capture the representative features of coal and rock, the
photographs with fresh rock and/or coal surface were se-
lected. Smaller images, or patches, were further extracted to
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generate a large database. The patches have the same size of
50 x 50 in pixels and potentially contain the same amount
of information for coal and rock, and the feature extraction
and classification are conducted on the patches. There are
10,500 and 14,500 patches extracted for coal and rock, re-
spectively, making a total of 25,000 patches for model train-
ing and validation.

Various machine learning techniques from the Scikit-
Learn package were used [2]. Principal component analysis
(PCA), a dimensionality reduction technique, was applied to
extract meaningful features by projecting the data onto the
principal axes and measuring the importance of each fea-
ture. The goal is to represent the data in a suitable lower
dimension and retain essential features. Support vector ma-
chine (SVM) was used as the classifier. It is a discriminative
classifier formally defined by a set of hyperplanes in a high-
or infinite-dimensional space. The PCA preprocessor and
SVM classifier could be further packaged into a pipeline.
When there are new data, the pipeline preprocesses them
and feeds the processed data into the classifier for predic-
tion. Furthermore, a grid search cross-validation method
was used to tune the model hyperparameters controlling the
model performance. Finally, the database was randomly split
into a training set (75 percent) to train the classifier, and a
testing set (25 percent) to evaluate the model performance.

Results and discussions

Model performance. The performance of the trained
SVM classifier was evaluated with the testing dataset. The
evaluation shows there were 627 wrong predictions and 5,636
correct predictions, leading to an accuracy score of 0.900. At

Original Rib Photo Database .

the same time, there were 295 false negative cases and 3,316
true positive cases, leading to a recall score of 0.918. The high
accuracy score and recall scores demonstrate the capability
of the classifier in classifying rock from coal.

Influence of patch size. Patch size affects the number of
captured features, and different patch sizes, including 25 x
25,50 x 50,75 x 75 and 100 x 100 pixels, were used to study
their influence on model accuracy. The learning curves, a
tool to show how the model responds to increasing train-
ing data, show that the training and testing scores are con-
verging to different values with increasing training data. The
general trend is that larger patch size leads to higher testing
score. However, the difference in testing scores decreases
with increasing patch size. The testing curves for patch sizes
of 75 x 75 and 100 x 100 almost overlap with any training
size, indicating that, for the rock and coal image database,
a size of 75 x 75 pixels is representative to include essential
rock and coal features.

Application. A new rib image was used to show the ap-
plication of the technique (Fig. 2). Part of the image with
fresh surface was cropped and imported. A sliding window
function was used to extract 50 x 50 patches from the input
image. A total of 5,106 patches were extracted and fed into
the pipeline for dimensionality reduction and prediction.
The predicted rock patches are marked with a red border.
It shows the approximate locations of the three rock layers.
However, the accuracy depends on patch size and rock layer
thickness. The top layer has the maximum thickness, and the
whole layer is accurately predicted by overlapping patches.
When the thickness reduces, there is
less overlapped rock patches, resulting

Rock Image Database

Patches

.
.

PatchDatabase [ from the lesser contribution of the rock

, layer to the patch.
Conclusions

Machine learning techniques were
used to classify rocks from coal rib im-
ages in gateroads. The trained SVM
classifiers show good performance with
an accuracy score of 0.90. It was then
used to classify rock patches from a coal
rib image. The highlighted rock patches
illustrate the approximate location of

the three rock layers. However, the ac-

curacy depends on the rock layer thick-
ness and patch size. B

Fig. 2 Model application with SVM classifier.
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Disclaimer

The findings and conclusions in this report are those of
the author and do not necessarily represent the official posi-
tion of the National Institute for Occupational Safety and
Health, Centers for Disease Control and Prevention.
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Special Extended Abstract

Steel slag is an industrial byproduct of steelmaking that
is mainly composed of calcium, iron, silicon and magnesium.
In addition, depending on the different raw materials entering
the furnace, steel slag contains a certain amount of vanadium
that is the main source of vanadium production, accounting 5
for 69 percent of the species of the total vanadium raw mate-
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In the study, the process of leaching vanadium, titanium,
iron and magnesium from steel slag and synthesizing of an-
hydrite at the same time is explored. The influences of acid-
ity, temperature and time on metal leaching efficiency and
slag phase composition are investigated. The separation
process and mechanism of metals in the leaching solution
are systematically studied, and the optimal separation con-
ditions determined. The feasibility of recovering magnesium
from solution to obtain magnesium oxide by oxalic acid pre-
cipitation method is researched, and the optimal conditions
of precipitation explored.

Method

The steel slag used in the study was sourced from Pan-
steel & Iron Co. Ltd., located in the city of Panzhihua in Si-
chuan province in China. The leaching experiments of steel
slag with sulfuric acid (H,SO,) solution were carried out
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Fig. 1 Relationships between AG and temperature
for the main reactions in the leaching process.

with an electrically heated magnetic stirrer. After adding 100
mL of prepared H,SO, solution of known concentration to a
250-mL Erlenmeyer flask and heating to the specified tem-
perature, the steel slag was added while maintaining stirring.
After the reaction was complete, a filtrate containing vana-
dium, titanium, iron and magnesium and leaching residue as
calcium sulfate products were obtained by filtration.

Results and discussion

The reactions of the compositions in steel slag with
H,SO, solution are given in Egs. (1) to (8), and their thermo-
dynamic diagrams are shown in Fig. 1.
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Fig. 2 Processing scheme for the recovery of vanadium, titanium,
iron and magnesium and synthesizing anhydrite from steel slag.

2CaFe FeSi,0,(OH) + 9H,SO, = 2CaSO, + 4FeSO,
+Fe,(SO4), +4H,SiO0, | + 6H,0 (1)

CaFe,0, + 5H,S0, = CaSO, + FeSO, + Fe2(S0,),
+5H,0 @)

Ca,V,0,+ H,80, = (VO,),80, + 4CaSO, + H,0 (3)

2Ca,V,0, + 8H,S0, =4V0SO0, + 0,1 + 4Ca 0,
+8H,0 (4)

FeO + H,SO, = FeSO, + H,0 (5)
Fe,VO, + 3H,SO, = 2FeSO, + VOSO, + 3H,0  (6)
CaV,0, +3H,S0, = CaSO, + 2VOSO, + 3H,0  (7)

2V,0,+0, +4H,S0, = 4V0,0, + 4H,0 (8)

It can be seen that the inherent crystal structure of the
steel slag is destroyed by H,SO, leaching, and the metal com-
ponents such as vanadium and iron in the steel slag are con-
verted into the corresponding sulfates and dissolved in the
H,SO, solution, while the calcium and silicon are converted
into calcium sulfate precipitate and metasilicic acid as col-
loidal precipitate, respectively.

From the study, a scheme for the separation and recov-
ery of vanadium, titanium, iron and magnesium and synthe-
sizing of anhydrite from steel slag is proposed (Fig. 2).

First, the steel slag was leached with a 30 percent H,SO,
solution for 90 min at a leaching temperature of 70 °C and
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a liquid-solid ratio of 10:1 to obtain anhydrite with purity of
93.09 percent. The leachate can be recycled for the leach-
ing of steel slag. The gypsum obtained in the cyclic leaching
process was roasted at 200 °C to convert it into anhydrite. Fi-
nally, a leachate containing 2.05 g/L vanadium, 0.69 g/L tita-
nium, 58.63 g/L iron and 9.11 g/L magnesium was obtained.

After the leachate was pretreated with sodium sulfite,
the two-stage extraction efficiencies of vanadium and tita-
nium were 99.45 and 99.98 percent, respectively, under the
conditions of a P,0, concentration of 25 percent, organic-
aqueous phase ratio (O/A) of 2.5:1 and aqueous pH of 1.6.
The organic phase loaded with vanadium and titanium can
be used to scrub iron with 0.06 mol/L H,SO, solution. At
an O/A of 2:1 and stripping time of 8 min, the single-stage
stripping efficiency of vanadium was 93.78 percent with a
2.5 mol/L H,SO, solution for the selective stripping of va-
nadium, while the stripping efficiency of titanium was only
1.30 percent, and 99.60 percent vanadium could be stripped
through two-stage countercurrent stripping. The organic
phase after stripping vanadium can be effectively stripped of
titanium by using 0.8 mol/L ammonia solution.

Finally, through aeration treatment, the divalent iron in
the raffinate was converted into trivalent iron. Adjusting the
pH to 5.0 can convert almost all iron (99.86 percent) into
Fe(OH),. At a dosage of oxalic acid of 0.45 mol/L, pH of
5.5, precipitation time of two hours and precipitation tem-
perature of 25 °C, 98.39 percent of the magnesium in the
solution can be converted into magnesium oxalate dihydrate
precipitation.

Conclusion

In this work, an approach for the efficient separation and
recovery of vanadium, titanium, iron and magnesium and
synthesizing of anhydrite from steel slag is investigated. Steel
slag can be directly leached by H,SO, solution under normal
pressure to get a leachate rich in vanadium, titanium, iron
and magnesium as well as an anhydrite solid phase product
with purity of 93.09 percent. Under the conditions of a P.0,
concentration of 25 percent and aqueous pH of 1.6, through
two-stage countercurrent extraction, the extraction efficiency
of vanadium and titanium were 99.45 and 99.98 percent, re-
spectively. The single-stage stripping efficiency of vanadium
was 93.78 percent with 2.5 mol/L H,SO, solution. The single-
stage stripping efficiency of titanium was 99.73 percent with
0.8 mol/L ammonia solution. Vanadium and titanium in the
organic phase can be selectively stripped by H,SO, and am-
monia solution, respectively. The solution after precipitation
of iron can be used to effectively recover the magnesium re-
sources in the solution by oxalic acid precipitation.

This process not only recovers resources such as vana-
dium, titanium, iron and magnesium in steel slag but also
converts calcium into anhydrite to be recovered, providing a
new avenue for the comprehensive utilization of steel slag.
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Special Extended Abstract

A roof bolting drilling operation in an underground coal
mine can expose the operator to a high concentration of re-
spirable coal and crystalline silica dusts (smaller than 10 um).
Overexposure of high-level quartz dust for a roof bolter oper-
ator can lead to the development of silicosis in as little as three
years [1]. This study proposes a drilling control algorithm for
the bolt hole drilling process. This algorithm can be integrated
into a current drilling control system on the roof bolter ma-
chinery and is expected to reduce the generation of respirable
dust while enhancing the energy efficiency of the roof bolter
machine. In addition, the drilling efficiency and bit condition
can be evaluated while drilling based on the real-time feed-
back parameters. This capability enables the algorithm to en-
sure the drilling is performed under a relatively high energy
efficiency with less respirable dust generation and to avoid
drilling with an excessively worn bit that can cause bit clog-
ging or steel buckling failure.

Background

Investigations on the respirable coal and quartz dust
hazards that occurred during an underground roof bolting
cycle were conducted by researchers [2]. The results indicate

tics, then proposing a drilling control algorithm to minimize
the respirable dust generation while increasing the drilling
energy efficiency.

Method

Fifty-two laboratory drilling tests were conducted on a
Fletcher drilling test platform. Dust samples from the dust
collection system were collected and analyzed in the labora-
tory for their size distributions.

In this study, drilling bite depth, b, defined as bit pen-
etration depth per revolution, was introduced to describe
the roof bolter drilling process. Drilling bite depth can be
calculated from penetration, v, and rotational rate, w, with
the following equation:

60v
b=—

w

()

The specific energy is used for evaluating the energy ef-
ficiency of the roof bolter machine in this study. The specific
energy for rotary drilling can be expressed mathematically
in terms of drilling bite depth, penetration rate, torque and
thrust, as shown in [4]:
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Fig.1 Relationships of drilling bite depth with noise dose, dust weight and specific energy.

Mining engineering M JUNE 2022



MME Technical-Paper Abstracts

Start Drilling

The recommended drilling control algorithm

|Bilc depth ” Rock UCS ” Set d ” Set al «

2 | is shown in Fig. 2. In a real-time drilling process,
the drilling acquired — that is, penetration and

: efficiency index

& specific energy

Yes

4 o bit condition index

rotational rates, thrust and torque — are used
with bite design and wear condition to determine
rock strengths. The rock strength is then used

A

T < Teap and

_>
B RPM = 250

Increase T

<es 093>

|
Yes

/N() \
[ |
x__“

_| Drilling bite depth
> L. —>
optimization

Rawc = o

Fig.2 Schematic diagram of the drilling control algorithm.

where A, is the borehole area in cm?, b is the drilling bite
depth in cm/rev, and T and W are the torque and thrust in
Nm and N, respectively. It should be noted that all these pa-
rameters were monitored and recorded in real time by the
drilling control system.

Results

The concrete drilling inhalable and respirable dust weight,
specific energy, and noise dose results are plotted against the
achieved bite depth in Fig. 1. It was shown that specific en-
ergy reduced significantly while drilling with a larger bite
depth, which also indicates improved energy efficiency with
higher bite depth. A 70 percent reduction was achieved when
increasing the bite depth from 0.152 to 0.732 cm/rev. Both
inhalable and respirable dust weight results show a rapid
decrease as bite depth increases, until bite depth reaches
0.541 cm/rev. However, after this point, the generation rate
of inhalable dust becomes stable with further increase of bite
depth. Meanwhile, the respirable dust shows an uptick after
this point in the operation. Overall, the generated inhalable
and respirable dust are reduced by 550 and 200 g, respectively,
within the tested drilling bite depth range.

Discussion and conclusion

As stated, the optimum bite depth is the depth when the
specific energy reaches the minimum. However, it is imprac-
tical to achieve the optimum bite depth due to safety and
power limitations. A rational bite depth is that for which any
further increase in bite depth will only result in an insignifi-
cant reduction in drilling specific energy.

W No Replace bit |—V

Implementation

to determine the rational bite depth. Because a
higher rotation rate, RPM, would accelerate bit
wear, a lower RPM combined with a correlated
rate of penetration, ROP, is preferable to reach
a targeted drilling bite depth. In addition, an ex-
cessively worn drill bit prevents the system from
achieving the targeted bite depth and can increase
the respirable and inhalable dust generation rates
by as much as 61.5 percent (respirable) and 43.6
percent (inhalable). The overall drilling specific
energy using a worn bit is higher than a new bit
due to the increased rubbing area and friction be-
tween the drill bit and the rock. Therefore, a bit
wear condition check is included in the algorithm
according to the implementation rate (achieved
versus targeted bite depth). When the drill pen-
etrates a different rock layer with its determined
strength significantly different from the previous
layer, a rational bite depth is determined based on
the rock unconfined compressive strength, UCS,
bit wear condition, and implementation rate. As
the drilling progresses, the specific energy is moni-
tored, and the ratio can be calculated simultaneously. If the
ratio is within 10 percent of the efficiency index, then the
system will continue drilling with the initial bite depth. How-
ever, the algorithm still needs to evaluate the bit condition
using the implementation rate. If the implementation rate is
lower than the bit condition index, the system will stop, and
a new bit needs to be installed to continue drilling.

By adapting this drilling control algorithm, the drilling
efficiency and bit condition can be monitored in real time,
so that at any point in the drilling the system can stay in a
relatively high energy efficiency with less respirable dust
production and also reduce the chance to encounter bit clog-
ging or steel buckling, which can expose the operator to a
tremendous safety and health hazard. Due to the limitation
of the data sources, to improve the algorithm’s prediction ac-
curacy for respirable dust and noise production rates, more
dust and noise results from drilling different types of rock
need to be collected for the calibration process.

Continue with adjusted bite depth
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