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Abstract—The use of automation in deep level hard rock mines
has over the years been overshadowed by mechanizatdning.
However, more and more readily, the industry is stding to
recognize the validity of considering automation asan option
both in the mining operations and in the efforts toimprove mine
safety. If mines are safe, the belief is that morskilled labor will
express interest in it unlike the way it currentlyis. The purpose
of this paper is to discuss the possibility of usgmautomated tools
in the pre-entry examination or making safe exercis.
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. INTRODUCTION

The condition of hard rock mines in South Afric&kigown
to be both laborious and hazardous. It is therefoot
uncommon for accidents to occur in the industrye Tajority
of accidents and therefore injuries are caused hy
detachment and falling of rock fragments from ublgtaock
masses in underground mines [1]. The rock mass bmathe
hanging wall (or roof) or a side wall in a mine Wioig area
such as a haulage, panel or stope [2]. A signifigamtion of
these rock fall accidents occur during re-entrg atworkplace

[3].
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examination and it is usually carried out after lasb and
before other operations can commence.

II.  MAKING SAFE

A 'making-safe' technique which has been in userfany
years to assess the integrity of a rock mass ina morking
environment involves an experienced person taptiingock
mass with a pinch bar (steel sounding bar), lisigrto the
sound generated and making an assessment of dggiintof
the rock mass according to the sound which is higjrd

The sound which is heard is caused primarily by the

acoustic wave generated through vibration of thek nmass
and other sources, for example the sounding barthén
surrounding environment. The sound has a uniquguéecy
distribution which must be interpreted in order far
determination of the integrity of the rock masd&¢omade [7].

Experienced miners familiar with this technique krihat
an intact rock mass, i.e. a rock mass which isigafftly
stable to be regarded as safe, will respond to aghelied
tapping with a relatively high frequency sound. Atathed
rock mass, i.e. a rock mass which is insufficiestigble to be
regarded as safe, will respond to the applied tapmiith a
relatively low frequency sound [2].

This decision-making process is fully dependenhoman

GAP202 and GAPOS5 revealed the primary cause to piterpretation and is therefore highly subjectilzerors can be

inadequate examination, inspection or test [4][5].

made, attributed for instance to ambient noisel$evatigue,
inexperience and the hearing ability of the pens@aking the

Dickens [6], classified causes of hard rock miningassessment. A way to mitigate and minimize thestorfs is

accidents and found FOG to be the major contribtdothe
overall tally of mine accidents in the period o thssessment
(May 2005 to March 2010).

For this reason, it is considered important to haveeans
whereby the integrity, i.e. the stability, of a kamass can be
assessed before mine workers can enter the mindngasite
and are exposed to potential injury from fallingcko
fragments.

The process whereby the integrity of the rock miass

needed to improve safety [2].

While this exercise is extremely important to tladesy of
miners, it is often rushed and carried out ineffitly due to
the fact that production can only commence afteratea has
been declared safe. Miners carrying out this eserare often
under a lot of pressure to complete the processiaaldre the
area safe in order for operations to begin [1].

The making safe process is completed by remedyirg t
potentially unsafe rock masses identifies, by eitharring

being assessed is known as 'making safe' or prg-entdown the offending rock, supporting it with tempgra

support, or installing permanent support to prewbst rock



from dislodging and falling. Due to the amount o&mnal

labour involved in the ‘making safe’ process as lohe, the

miner can only efficiently operate for eight minaiteefore rest
is necessary [8].

A consistent means of rock mass stability assedsriext
is not as arduous as the current method, is therefecessary
to ensure that errors are kept minimal. Automatican
therefore be used in the attempt to assist mimeesféctively
and economically conduct their tasks.

.  AUTOMATION

South Africa still has one of the biggest gold reses in
the world, but it is at depth, which results in réfgcant
amounts of gold having to be locked up in shaftapsl and
stability pillars, because blasting snarls up theougd
conditions and creates dangerous seismicity. Irfiteesteps
towards the new mining paradigm, hard rock minspeeially
gold, should strive towards:

» Eventually stopping all blasting;
» Creating people-less stopes; and

* Mining around-the-clock every day of the year ider
to take full advantage of the country’s resources.

This plan will lead to mine workers being removednt
the high-risk deep-level areas, ultra-deep resaurceing
profitably accessed, and a competitive advantageeg up in
deep mining. Most importantly productivity will becreased
and safety improved [9].

A. Current Technologies

The CSIR has been working on technologies thathedm
alleviate the impact of danger involved in Southidsn hard
rock mines. Extensive research has been and isrtlyrbeing
undertaken to develop novel mining methods to &dsis
improving the safety of our mines through autonmatio

While the long-term plan is to stop blasting althge,
short-term mitigating efforts are required to emstirat current
operations continue to run as safely as possiblas include
minimizing the impact of blasting on the entire @i®n are
required. Blasting introduces noxious fumes andeiases the
risk of rock falls associated with increased segsaitivity [1].
Miners often have to wait for the work area to lentilated
before the pre-entry examination can be carried dtis
delays operations and leads to non-optimal revgeuaeration.

Technologies that are immediately available candesl in
the attempt to reduce the impact of blasting on enére
making safe exercise. These include but are natelimto
smart-sensors and thermal imagery. These techeslagin be
used in conjunction with one another to improveirthe
effectiveness in our application. These technolbgiéll be
discussed in more detail in t-he section that fedlo

B. Thermal Imagery

Thermal imagery [10], [11] involves the identifigat of
temperature difference between loose and intagt masses.

The idea revolves around the principle that loosekr
masses will be cooler than intact ones due to dbethat the
heat flow from the host rock to the loose rocknteirupted by
the crack that exists between the rocks. The ca@stilation
air therefore preferentially cools the loose rocksm[12]. The
thermal camera is used to identify cool spots ertick mass
being assessed. These thermal images can be eeftbcough
the use of projectors or other electronic equipment

Although effective, the thermal imager only offexs55°
angle of view. This enables the camera to be éffedn large
excavations; however in confined areas such asestopp
offers a limited view range. Stopes are typicallgnthigh and
at this distance, the angle of view only focusewrget of
500 mm across [12].

For instances where a ‘suspicious’ rock coverggelarea
that makes it difficult to delineate using one imagdt is
possible for a series of images to be stitchedthegdo create
a larger view. This image will then display a sandmage
showing the temperature difference between thereeidirge
‘suspicious’ rock and the surroundings. The stitghiis
typically an automatic process that does not relyhoman
intervention.

Thermal imagery when used together with augmented
spatial reality may enable the user to project aamged
information onto real scenes. This can be achi¢iwexigh the
use of a projector mounted strategically near Hraera.

Like virtual reality, augmented reality is becomirg
emerging platform in new application areas for nunsg,
edutainment, home entertainment, research, indusiry the
art communities using novel approaches which hakert
augmented reality beyond traditional eye-worn ondibeld
displays. Spatial augmented reality consists of@gghes that
may exploit optical elements, video projectors, ogoams,
radio frequency tags, and tracking technology, &l \as
interactive rendering algorithms and calibratiocht@ques in
order to embed synthetic supplements into the
environment or into a live video of the real envintent.

real

Wikipedia defines augmented reality (AR) as a téoma
live direct or an indirect view of a physical, reebrld
environment whose elements aaegmentedby computer-
generated sensory input such as sound, video, igaphGPS
data [13]. It is often achieved by placing a scrbetween the
observer and the environment on which augmented at
added [12].

The CSIR is exploring possibilities of using AR édiger
with the thermal camera to create a ‘safety totbht can be
used in the pre-entry examination to immediatelgnidy
potentially unsafe rock masses.

C. Smart Sensors

The CSIR have developed a smart-sensor that is tased
assist miners in the rock mass condition assessriviners
testing for loose rocks and other anomalies in tgrdend
mining environments use a sounding bar to excite th
‘suspicious’ rock mass and make an assessment @f th
condition of the rock mass. The sensor which issknas the
electronic sounding device (ESD) was developeditivess the
subjectivity involved in the pre-entry examination.



The device in its current form is mounted onto aeris
hard hat; it uses a microphone to capture the spuoduced
by the rock mass under assessment when it is tapfibda
sounding bar. A neural network model is used &ntithe
device to simulate the conventional cognitive psscef the
miner. This is accomplished through the implemigoaof a
neural network which accepts as its input the asijoal from
the sounding bar hitting the rock. The neural nekwihen
delivers an audio cue to the operator to indidatpidgement.

The method of operation of the ESD is as follows [2

grouping the resulting information for the neurattwork
stage, and subsequently interpreting the signal [2]

IV. TESTINGAND VALIDATION

The ESD was validated in a process that consistwmfteps,
which are training and testing. The ESD units vieamed and
tested to function in four different reefs.

A. Training

To train the ESD, a specific variant on the ESDiglesias
created to record the audio samples and allow plegator to

* Capture the acoustic signal generated by théndicate whether the recorded sample should bél¢abas an

tapping of the rock mass;

« Derive a frequency distribution for the captured

signal;

example of a ‘safe’, ‘unsafe’ or an ‘unknown’ indting
sound. These training ESDs were used by mine peetawer
a few months to accumulate samples from various.ree

The recordings from each reef were added togeti:iafl

* Process the frequency distribution data by meang,nnown' readings removed to optimize neural netwo

of a neural network model trained to apply yaining. This process yielded a total of 699 ueagcordings
adaptive intelligence to assess the input data; and¢q, each of the reefs

* Output a signal from the neural network modelg Testing

which is indicative of the integrity of the rock

mass.

Additional explanation of how the ESD operatesapidted
in Figure 1.

It is important for the device to be rugged andgae such
as to allow it to be incorporated into the desifaroautomated
device. The device needs to be as close to thingppund for
sufficient clarity and resolution of the recordednsl. An
automatic tapping device is necessary such thatjuladity of
the produced sound remains consistent.

Listen for threshold event
(Threshold level dynamic)

A 4

Record 4092 samples

A 4
Transform into spectral
domain

l

Normalization and ‘Binning’
process

|

Neural network interpretationf

l

Feedback to miner

Figure 1. ESD Software flowchart.

The ESD is capable of recording a tapping soundingt it,
transforming it into the frequency domain, normalig and

The tests were conducted on different reefs amiffarent
ground conditions as shown in Table | below.

TABLE I. ESDTESTINGCONDITIONS
Conditions
Reef Ground Barring
Ground water Samgples Incidents
1 Intact Dry 94 17
Crushed
2 and Dry 100 1
fractured
3 Solid and Moist 97 44
intact
Crushed Dry, 95, 10,
4
(2 panels) fractured
P Crushed Moist 50 16

In all cases there was little background noise gpidor
reef 2 where the noise level was considerable.tesits were
conducted during the pre-entry examination.

C. Results

The testing process resulted in com performanagtsesf
the ESD in various ground conditions, differentigrd water
conditions, and on four different reefs.

In the summation of the results, it is importantkiep
what is being measured and what it is being medsagainst.

No truly objective measure was made of whethemrdok
mass that was being sounded was truly safe or enbaft
rather the readings rely on the subjective measemémof an
experienced operator.

Therefore the performance of the ESD is measuraihsigy
the judgment of the operator, and the correlatietwben the

two judgmentds the measure of success



TABLE II. ESDTESTRESULTS
Judgement Cautious Unsafe

) Ground

Reef correlation errors errors conditions
success (%) (%)

1 76.47 11.77 11.76 Intact
Crushed,
2 78.38 16.21 541 fractured
3 78.40 7.80 13.80 Intact
4 89.19 6.76 4.05 Crushed

(zanels) 78.48 Crushed

P : 16.46 506 | fractured

The correlation mismatches between the ESD and aw

experienced operator can be divided into casesentherESD
was overly cautious, i.e. the ESD predicted an fensack
mass where the operator judged it safe, and wiereESD
made a potentially dangerous error, i.e. the ES&lipted a
rock mass safe where the operator judged the radsro be
unsafe.

Table Il above shows that the increase in unsaferser
correlates to the ground conditions of the testingn. Higher

unsafe errors are observed for areas where thengrou

conditions are described as ‘intact’ and ‘stable’.

Possible solutions to minimize unsafe errors
sampling more recordings during the training predesthese

inelud

The safety map will enable inspectors visualize the
condition of the rock mass prior to entering anddiecting the
examination. This will help reduce the safety rigksolved in
the rock mass assessment as the person condutting t
examination knows high risk areas prior to testing.

It is believed that a risk known is a risk reducasad
therefore it is imperative that the informationpiésg/ed on the
map can be easily interpreted by all users, héreaugmented
reality view.

Although beacons only really allow for 2D positibickata
reporting, augmented reality requires 3D views lué area
under assessment for ease of interpretation. Tgralsi from
e beacons can be converted into 3D data throoghecsion
using artificial neural networks.

VI. FURTHERWORK

In order to achieve complete automation that wilblde
the deep level mining industry to stop blastinggédther, small
steps need to be covered. Each step in the progkdsad to
more information being readily available to optimigystems
that will be incorporated into the final system.

It is necessary to further investigate other autama
techniques and methods in order for best solutitinde
selected.

Automation can be suggested for use in high riskgsuch

areas, and then evaluating whether increased espost2S t0 save people’s lives. It is in no way intendedeplace

increases the efficacy of the neural network model.

It is suspected that the make-up of the rocks iragea
with intact ground conditions may deliver a differe
frequency response from those in a crushed andufext
ground condition.

V. DATA FUSION

The CSIR is currently investigating possibilitiek using
the safety torch in conjunction with the ESD andeot
technologies. The method of operation will be dieves:

e Use localization to establish the position of the

area under assessment;

« ldentify risky areas through the use of thermal

imagery (the safety torch);

e Delineate unsafe areas by using the ESD to

identify potentially unsafe areas; and

miners working in areas that allow for profitableintan
mining. All technologies presented in this papgkvafor both
human and artificial interaction.

The best option would be to initially adapt it fase with
human intervention. Adapting the device into onat ttean be
used for full automation should then be much simpke the
one that includes human intervention will serve aschnology
demonstrator.

Further work has to be done on establishing défanit
causes of high unsafe errors in areas that hawetiground
conditions. More samples need to be collected thsareas
such that a more effective neural network model ban
derived.

It is believed that automation will speed up thekimg safe
process and therefore help optimize revenue.

A means of converting 2D beacon positional data BiD
data that can interface with spatial augmentedtyeaill be

« Correct the condition of the rock mass where€Xxplored further.

necessary.

In order to establish the position of the testiegide in the
mine, it is necessary to implement a form of laion. A
means of representing the localization informatiora way
that it can be easily interpreted is also necessary

Fusing sensor data becomes possible only if thetitot of
the data capture points is known. The CSIR is usingple
ultrasonic beacons [14]. These beacons will provide
position of the safety data collected, which wilhable
construction of a safety map.

VII. CONCLUSION

Although machines are rigid and unable to adjust,
automation will optimize the making safe procesghat the
condition of the rock mass will be properly chaeaizted in
shorter periods.

Subjectivity involved in the pre-entry examinatioil be
removed as artificial intelligence is rarely affettby age,
noise, sight etc. In the event that the equipmeats g
old/outdated, the problem can almost always belyeasid
effectively remedied in no time.



Automation used with human interaction will remove [5]
exclusivity from the pre-entry examination as argevho can
interact with the equipment can conduct the exatiuina
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