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ABSTRACT

Purpose. The purpose of the study is to apply science and technology to determine the most likely location of a con-
tainer in which three miners were trapped after the Lily mine disaster. Following the collapse of the Crown Pillar at
Lily Mine in South Africa on the 5th of February 2016, there was a national outcry to find the three miners who were
trapped in a surface container lamp room that disappeared in the sinkhole that formed during the surface col-lapse.

Methods. At a visit to Lily Mine on the 9th of March, the Witwatersrand Mining Institute suggested a two-way strategy
going forward to find the container in which the miners are trapped and buried. The first approach, which is the sub-
ject of this paper, is to test temporal 3D modeling software technology to locate the container, and second, to use
scientific measurement and testing technologies. The overall methodology used was to first, request academia and
research entities within the University to supply the WMI with ideas, which ideas list was compiled as responses
came in. These were scrutinized and literature gathered for a conceptual study on which these ideas are likely to
work. The software screening and preliminary testing of such software are discussed in this article.

Findings. The findings are that software modeling is likely to locate the present position of the container, but accu-

rate data and a combination of different advanced software packages will be required, but at tremendous cost.

Originality. This paper presents original work on how software technology can be used to locate missing miners.

Practical implications. The two approaches were not likely to recover the miners alive because of the considerable
time interval, but will alert the rescue team and mine workers when they come in close proximity to them.

Keywords: safer mining, missing miners, sofiware modelling, caving phase, software, underground mining

1. INTRODUCTION

The purpose of the study is to apply science and tech-
nology to determine the most likely location of a con-
tainer in which three miners were trapped after the Lily
mine disaster. The WMI became involved 20 days' after
the container disappeared in the sinkhole and started a
migration route into the underground workings of the
mine, along with backfill debris, broken rock and other
(mostly metallic) surface infrastructure objects. The
objective of this article is to investigate which technolo-

"'t is important to understand that the initial aim was not to rescue the
miners while they were still alive. There is no evidence that the miners
had food and water with them at the time of the disaster. It is unlikely
that they could survive without water, especially when it is likely that
they were injured as a result of the steel container tumbling down the
sinkhole. However, there is evidence that there was at least one survi-
vor because an underground geophone recorded tapping sounds in the
first week following the collapse.

gies can locate the container’. Normally, the first step is
to determine whether there were communicating devices
(e.g. cell phones and portable radios) in the container, but
considering the time lapse it was highly likely that the
battery power of these devices were down to zero. The
Lily mine disaster has several lessons for future mine
search and rescue operations and it is therefore critical to
learn from the event. Although such lessons will be too
late for this disaster, the mining sector must be better
prepared for disasters like these. This study is of interest
to the families of the miners who are missing following a
disaster, the mining industry, government and mine res-
cue teams. Technologies for physical testing are expen-
sive and mostly unproven in complex and harsh mining
environments with many different scenarios. As a result,
the study is mostly conceptual with minimal testing, but

2 It was not possible to start searching from surface because of the risks
associated with highly unstable sidewall slopes and several significant
cracks at the surface of the mine and at the high wall
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the methodology followed resulted in identification,
evaluation and systematic exclusion of technologies to
arrive at a point where expenses could be minimised
through targeting technologies with a high probability of
success. Considering the significance of the event, there
were some volunteer companies® with probable solutions
who tested new technologies at the mine, in addition to
the efforts of the mine, government and the rescue team.
Apart from the geophone that detected “tapping” during
the first few days after the collapse, no reliable technolo-
gies were found despite the effort. It is hoped that it will
contribute to first, a better understanding of what hap-
pened at Lily mine; second, the national imperative of
achieving zero harm; and third, the development of a
pool of knowledge that can be consulted during mine
disaster and rescue management. The next section gives
an overview of the mine, the event and the broad tech-
nology approaches, where after the role of software in
analysing mine disasters is discussed. This is followed by
a conceptual screening and elimination exercise with a
view to propose software for testing. For budgetary rea-
sons, only limited testing was done before a recommend-
ing a strategy on the role of modelling software to detect
the container in which the miners were trapped is pro-
posed. The major finding is that 3D software and digital
data can be used to model the movement of the container.

2. OVERVIEW OF THE MINE, THE EVENT
AND THE BROAD TECHNOLOGY APPROACHES

Lily Mine is about 38 km south-east of Nelspruit and
25 km north-east of Barberton in the Mpumalanga Province
of South Africa. It is a gold mine owned and operated by
Vantage Goldfields. The mine workings are situated
along the east west-trending Lily Fault. Barberton’s varied
geology gives rise to a steeply incised mountainous ter-
rain that stretches from the Lochiel Plateau in the south
to the Nelspruit-Komatipoort area in the north and strad-
dles the Swaziland border (Lowe, Byerly, & Kyte, 2014).
It includes part of the Komati river catchment in the
south-west, the de Kaap catchment in the north and
Mahlambanyathi and Crocodile Rivers in the north-east
(Kroner, 1984). The hills are rocky, with moist grassy
uplands and forested valleys and the altitude ranges from
600 to 1800 metres above mean sea level (Hofmann &
Harris, 2008; Lowe, Byerly, & Kyte, 2014). The study
area is shown in Figure 1.

Underground mining remains a high risk activity
prone to mining accidents and sometimes mine disasters.
The costs associated with an accident can be so substan-
tial that mining operations could become infeasible fol-
lowing the event. One such an accident occurred at the
Lily Mine on the 5th February 2016, when the crown
pillar protecting the underground and surface workings
collapsed. The lamp room was housed in a container and
it fell down into the sinkhole along with three miners
trapped inside. Two 550 KVA transformers, one genera-
tor and two steel water tanks were also lost due to the
abrupt and unexpected accident. The reasons for the
collapse are still under investigation.

3 These include the CSIR, Schaunenburg (a camera system capable of
picking up Lithium concentrations), and Metal Detector SA (MD SA).
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On the 25th of February the MHSC requested the
WMI* to assist with ideas to locate the lost container. A
promising and quick response was received from all over
the University. The ideas received included using an
unmanned aerial vehicle (UAV) with mounted magne-
tometer and digital camera, detecting the underground
cavity with ground penetrating radar (GPR), using acous-
tic equipment like geophones to detect sound (try to hear
something), electric resistivity tomography, thermal
imaging, through-the-earth communication systems,
electric conductivity meter and simulating the movement
of the container using 3D simulation software. These
solution-based ideas were then divided into two distinct
groups. First, locating the container through technologi-
cal equipment and second, simulating the movement of
the container through 3D fluid flow software — similarly
to those used to find trapped persons after an avalanche
in mountainous areas. At a visit to Lily Mine on the 9th
of March, the WMI team suggested a two-way strategy
going forward:

—a temporal 3D modelling approach using software
technology;

— a scientific measurement and testing approach.

The two approaches were not likely to recover the
miners alive but will alert the rescue and mine workers
when they are in close proximity to them. There is no
doubt that it is necessary to develop an approach to
finding missing persons in mining. Lily Mine is not the
first mine to have this problem and it will certainly not be
the last time we need to find missing miners trapped
underground. For the sake of such missing persons, their
families, government and the mining industry we need to
find them quickly before the window of opportunity to
find them alive, closes — as is the case now with Lily
Mine. For now, we must learn. The costs of not learning,
will be counted in more future lives.

3. THE ROLE OF SOFTWARE
IN ANALYSING MINE DISASTERS

This and the next section document the thought pro-
cess applied to reduce the many technological and soft-
ware options that can be applied to the problem. This
discussion concentrates on the 3D mass movement simu-
lations to model the movement of a solid object on and
underneath the surface of the earth.

Although the application of GIS for the extraction in-
dustries increased in recent years, its utilization to ensure
underground mining safety is rare (Salap, Karslioglu, &

*The WMI is a new research entity at the University of the Witwa-
tersrand. It is doing research on 21* century mining practices, which
research includes digital mining systems. The WMI is also the Coor-
dinator of the Wits Digital Mining Project hosted by the School of
Mining Engineering. Mr Dube, CEO of the MHSC, contacted Wits
with a request to assist the team at Lily mine by identifying suitable
technologies to locate the three miners who were trapped under-
ground after a surface lamp room disappeared into a sinkhole when
the crown pillar collapsed. The Wits request came after the mine,
volunteer vendors of untested technologies and the CSIR could not
successfully locate the container. At the time it was established that
the batteries of the cap lamps contain lithium ion and it was hoped
that this element could be quickly traced. Since the initial request, the
Wits team took on a pro-bono advisory role to the MHSC, channeling
ideas and recommendations to the Department of Mineral Resources,
the Mine and the Rescue team.
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Demirel, 2009). Luo (2013) developed the Underground
Mining Safety Production Management System based on
GIS technology. His work included a safety status as-
sessment and accident early warning indicator hierarchy
in underground mines. GIS based modelling in under-
ground monitoring and safety management systems have
been developed to provide hazard monitoring for under-
ground mining. However GIS and 3D modelling is an
emerging field for underground rescue operation moni-
toring. The capabilities of GIS to visualize 3D in real
time make it appropriate for hazard assessment and res-
cue operations. Moridi et al. (2015) developed an Auto-
mated Underground Mine Monitoring and Communica-
tion System based on the integration of new technologies
to promote health and safety, operational management
and cost-effectiveness. The system integrated Wireless
Sensor Network (WSN) with GIS to monitor and control
underground mining applications from surface. Based on
the capabilities of WSNs>, the ZigBee® network was
adapted for near real-time monitoring, ventilation control
and emergency communication in underground mines.

4. CONCEPTUAL APPROACH FOLLOWED
FOR DETECTING THE LAMP ROOM CONTAINER

Fundamentally, the objective of the study is to apply
science and technology to determine the likely locations
of the container, the communicating devices of the min-
ers inside the container and of cause the missing miners.
The following specific objectives were set:

—to find the container lamp room in which the three
missing miners are buried underground at Lily Mine;

— to identify potential technologies that can locate the
container lamp room;

—to apply a combination of science and technology to
determine the location of the lamp room container;

— to test certain technologies in a mining environment
and to compile a record of findings;

—to compile a record of suitable technologies for fu-
ture mine search and rescue purposes;

—to collect information that will assist a research pro-
ject to understand what happened at Lily Mine.

4.1. Data requirements

The data used in this study comprised remotely
sensed imageries and related tabulated data. Three sets
of digital data were used for the analysis. First, low
resolution freely available data was acquired and used
for visualization of the area and plotting of geothermal
results measured by the UAV. The data comprised of a
10 m spatial resolution’ SPOT 5 imagery (with a radi-
ometric resolution of 8 bit®) which was acquired from

° Wireless sensor networks (WSN), are spatially distributed autono-
mous sensors to monitor physical or environmental conditions, such as
temperature, sound, pressure, etc. and to cooperatively pass their data
through the network to a main location.

¢ ZigBee is a specification for a suite of high-level communication
protocols used to create personal area networks with small, low-power
digital radios.

" Resolution means smallest observable (measurable) difference in a
digital image.

8 Radiometric resolution is the ability of an image to record many levels
of brightness. The finer the radiometric resolution of the sensor, the
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the South African National Space Agency (SANSA),
30m ASTER Global Digital Elevation Model’
(GDEM) and 10 m GeoEye Google image. Second,
high resolution tasking data for simulation and model-
ling in fluid mechanics software was used. For simulat-
ing the movement of the container in dynamic fluid
movement software, it is necessary that this data is
acquired for both pre and post collapse scenarios.
Third, Mine Underground data was acquired from the
mine so that the movement of the container can be
simulated in the underground environment. This un-
derground mine data was in Lo 31 Cape datum and was
first transformed into WGS84! to conform with other
forms of data being used in the study. The spatial data
was geo-referenced to conform to WGS 84 projection
and then converted to GIS format for analysis. Data
characteristics are given in Table 1.

4.2. Data processing

Raw digital data is generally inconsistent, incomplete,
noisy and containing errors or outliers. Data pre-
processing involve data cleaning'!, data integration and
data transformation (Ye, 2011). Before the digital data
can be useful, it is also necessary to pre-process it to
remove the inherit inconsistencies. A methodological
flow was developed and followed to pre-process the data
for the project (Fig. 2). The general image orientation at
Lily mine for Google Earth imagery is approximately
30 m offset. This offset is due to an error caused by the
spatial resolution and the elevation of acquisition of the
imagery (Potere, 2008). The instantaneous field of
view(IFOV)"?makes it difficult to distinguish linear
features and thus has known horizontal error (Fareed,
2014). In order for the positional accuracy to be accu-
rate we recorded six ground control points (GCP) points
in the area (Fig. 3).

more sensitive it is in detecting small differences or omitted energy.
Image data is represented by positive digital numbers which vary from
0 to a selected power of 2. This range corresponds to the number of bits
used for coding numbers in binary format. Each bit records an exponent
of power 2. Thus, if 8 bits are used to record the data, there would be
28 = 256 digital values available, ranging from 0 to 255.

® The ASTER Global Digital Elevation Model (ASTER GDEM) is a
joint product developed and made available to the public by the Minis-
try of Economy, Trade, and Industry (METI) of Japan and the United
States National Aeronautics and Space Administration (NASA). It is
generated from data collected from the Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER), a spaceborne earth
observing optical instrument.

12 The World Geodetic System 1984 (WGS84) is the datum used by the
Global Positioning System (GPS). WGS84 is an Earth-cantered, fixed
terrestrial reference system and geodetic datum.

Fill in missing values, smooth noisy data, identify or remove outliers,
and resolve inconsistencies.

12 The term Instantaneous Field of view corresponds to the two dimen-
sional (H x V) angular area that is viewed by a single pixel of a detector
through the optics of an infrared camera. It defines the spatial resolu-
tion, or the size of smallest object that can be viewed/resolved at a
specific distance from the camera. IFOV is specified in milliradians
(mRad) for a given camera and lens combination. This error was
clearly visible when we plotted the electromagnetic survey points
acquired by the UAV for the possible locations of the container
underneath the Lily mine.
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Figure 1. Locality map of the study area
Table 1. Spatial data selected for the model
No. Data set Data type  Resolution Description Use
Data set 1 (Free-Low Resolution data)
1 SPOT 5 Imagery Raster 10 m With 90% in cloud cover Land cover
Global Digital Slide hazard assessment on the southern slopes
2 Elevation Model Raster 30m Free — ASTER GDEM and Slope failure simulation in RAMMS'
. The image was 30 m offset —
3 Google Earth image  Raster 10 m rectified using 6 GCPs!* Land cover
Data set 2

Pleiades-1 satellit Pre-collapse slope failure simulation

4 clades- sate " Raster lm Pre 5" February, 2016 data in RAMMS and container movement
1mage data simulation in FLOW-3D!3
. Post-collapse slope failure simulation
satzz):ll(i)trehizf“e/ﬁata Raster I m Post 5"February, 2016 data in RAMMS & container movement
& simulation in FLOW-3D
Tasking acquisition of new  Pre and Post-collapse slope failure simulation
6 2 x DSM'6 Raster Im stereo satellite imagery of in RAMMS and container movement
our project area simulation in FLOW-3D
Data set 3 (Mine Underground data)
7 Underground .dxf'7 in o Underground pit shells data Pre and Post-collapse container
Mine Data GEMS in Lo31° Cape Datum movement simulation in FLOW-3D

13 Rapid Mass Simulation Software (RAMMS) is a numerical simulation tool yielding runout distance, flow heights, flow velocities and impact
pressure of dense flow snow avalanches, hillslope landslides, and debris flows.

4 In order for satellite imagery to be of correct spatial perspective, the images need to map the real world locations, for which ground control points
(GCPs) are recorded. These are the precise coordinates of locations that can be identified within an image, which are recorded by the surveyors and
then communicated to the vendor of the satellite imagery. After acquisition of the image it can then be georeferenced and remapped using GIS soft-
ware. Without recording GCPs, the accuracy of satellite imagery can be from 10 — 50 meters off. However, once GCPs have been applied to the
image, the accuracy improves to 0.5 to 2 meters or better.

S FLOW-3D is a CFD software that simulate physical flow processes and free-surface flows. FLOW-3D provides flow simulation solutions for
investigating the dynamic behaviour of liquids and gases.

6 A DSM is an image (raster) in which the pixel values represent the elevations above sea level of the ground and all features on it. So, if there are
buildings or trees in the area, for example, the DSM can include those building and tree heights in the elevation values it provides.

'7 AutoCAD DXF (Drawing Interchange Format or Drawing Exchange Format) is a CAD data file format developed by Autodesk for enabling data
interoperability between AutoCAD and other programs.
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Figure 2. Methodological work flow of pre-processing of data

The image was then geo-referenced in Global Mapper
GIS software for correct referencing and modelling. All
maps were enhanced and then geometrically corrected
prior to the use of satellite imageries. Some visual screen
digitization was also done for features like roads and small
buildings. As the area under investigation is only confined
to the boundary of Lily Mine and its surroundings, it was
necessary to extract the area of interest from the complete
digital data. This extraction will reduce the calculations
required to be done by the FLOW-3D, RAMMS and the
GIS model, thereby saving time. Prior to extraction, a new
shape file with the extent shown in Figure 4 was created in
an ArcGIS environment. The shape file is in the polygon
vector format and is in WGS 84 coordinate system.

For horizontal accuracy a digital surface model (DSM)
will be created by tasking new stereo satellite imagery of
the project area. We provided the vendor with six GCPs for
this purpose. As far as vertical accuracy is concerned, we
decided on a Level 1 vertical accuracy which has a post
spacing of approximately 90 meters. Level 1 vertical accu-
racy will result in sub-meter accuracy which is important
for tracking the vertical movement of the container.

Figure 3. Six GCP points recorded for correct Georeferencing of the digital data
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Figure 4. Extents of shape file for extraction of required data
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4.2. Datum transformation

The project environment was developed in the WGS
84 coordinate system (Hartebeesthoek datum), while the
Mine underground data was in the Lo 31 Cape datum.
The underground data was first transformed to the
WGS84 coordinate system by applying the transfor-
mation parameters using Micro station and Surpac (sur-
veying) software. The transformation parameters were
calculated and then applied to the Underground Mine
plans using Jador add-on in Microstation. Image
enhancement was done by traversing low pass 3 x 3 cell
neighbourhood window filters'® over the raster image. A
low-pass filter smoothes the data by reducing local varia-
tion and removing noise. It calculates the average value
for each 3 x 3 neighbourhood. The effect is that the high
and low values within each neighbourhood would
average out, reducing the extreme values in the data. The
image enhancement technique produced an enhanced
scene for clear visual presentation and provided clear
information contents for the interpreter.

4.3. Data presentation

For the purpose of modelling in both FLOW-3D and
RAMMS, digital elevation data is required. Two types of
digital elevation data were used for the modelling. First,
the low resolution freely available ASTER GDEM 30 m
and second, the high resolution Digital Surface Model
(DSM), which incorporates breaklines and manmade
features. A DSM includes features above the ground,
such as buildings and vegetation and is mostly used for
engineering modelling and vertical analysis. The correct
requirement of DSM was narrowed down through a pro-
cess of elimination, whereby two vendors were contacted
simultaneously for the acquisition of the DSM. As DSM
has to be extracted from a specially tasked aerial photo-
graph, it was necessary to be very specific about its ac-
quisition properties, the level of accuracy and pre-
processing parameters. A 1m spatial resolution DSM
with 1m vertical accuracy was decided for the modelling.

5. TESTING THROUGH SIMULATION
AND MODELLING: OPTIONS CONSIDERED

The unstable slope conditions at the Southern slope
after the collapse permitted only one way to rescue the
container and that is to remotely find its location with the
help of software or technological instrument. The Lily
Mine collapse can be divided into three distinct phases:

— first, the initial collapse of the crown pillar, which
resulted in a sinkhole, causing the container to drop ver-
tically down and to be buried underneath the debris;

—second, the west slope failure, causing a mass of
new debris that was channelled into the portion that al-
ready collapsed;

— third, west slope failure triggered the southern slope
to become unstable, causing further collapse (Fig. 5).

'8 The Filter tool in ArcGIS was used to eliminate spurious data or
enhance features otherwise not visibly apparent in the data. Filters
create output values by a moving, overlapping 3 x 3 cell neighbourhood
window that scans through the input raster. As the filter passed over
each input cell, the value of that cell and its 8 immediate neighbours
were used to calculate the output value.
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While Phase 1’s collapse is comparable to sinkhole
formation, Phases 2 and 3 are similar to the mechanics of
an avalanche or slide triggering (Christen, Kowalski, &
Bartelt, 2010). A comprehensive literature review was
then done to explore software solutions that can track the
movement of the container in the process of Lily Mine
collapse. There are software (statistical and deterministic)
that can predict and simulate the flow of the mass debris
for the purpose of locating people and objects buried un-
derneath snow after avalanche occurrence!®. These can
possibly be used to simulate the runout of the debris, there
extent, height, mass of the debris deposited and the veloci-
ty with which the mass has moved. Three dynamics flow
simulation models were identified and a process of elimi-
nation was applied by developing a criteria based on the
three phases of collapse at Lily Mine (Fig. 5).

Before discussing the three models short-listed for this
study it is necessary to establish the methodology which
will be followed to locate the container in the under-
ground debris. The conceptual framework is to simulate
the movement of container in the first two phases of the
collapse, and then plot an underground rescue map to
reach the container. The inputs required and the concep-
tual schema for the modelling are given in Figure 6 and 7.

5.1. Rapid mass movements
simulation (RAMMS) software

RAMMS is a numerical simulation tool yielding
runout distance, flow heights, flow velocities and impact
pressure of dense flow snow avalanches, hill slope land-
slides, and debris flows (Christen, Kowalski, & Bartelt,
2010). Conceptually, RAMMS could simulate the
movement of the container, when it is carried by the
moving mass (Phase 1 — Figure 5) (Hergarten & Robl,
2015). This requires a type of “particle tracking” — which
the RAMMS team have already considered adding to
RAMMS?, but the software is presently not capable of
doing because RAMMS is a Depth-Averaged model.
RAMMS assume a constant velocity, meaning the flow
velocity is constant through the depth of flow (Christen,
Kowalski, & Bartelt, 2010). This is in reality not the
case. Material at the bottom of the flow is not carried as
far as material at the top of the flow, because of the
changing velocity gradients.

Therefore, if the user wants to simulate the container
in the sinkhole cavity drop scenario, it would be best to
use a full three-dimensional program, because we have to
apply a realistic flow rheology for simulation of large
particles which are dropping straight down (Phase 1 —
Figure 5) (Strnadel, Siska, & Macha¢, 2013). If the con-
tainer is much larger than the debris size, then it will be
“pushed” to the top of the flow, called reverse segrega-
tion, and end up flowing a long way (Fig. 8). Of course,
the container could get jammed behind rocks at the bot-
tom, be crushed, and end up towards the tail of the flow.
There are, many different possibilities and assumptions
to be made in modelling Phase 1 scenario.

S, Ali and F.Cawood also did mine collapse back analysis using
Advance Numerical Modelling Technique in 3DEC. Although the purpose
was to understand the collapse and not to locate the container, 3 DEC
modelling also allowed for estimating the migration route of the container.
* Email correspondence between H. Ashraf and the RAMMS technical
team dated 11 March, 2016.
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Figure 5. Three phases of the collapse (surface and underground) and the present unstable slope conditions at the Lily Mine
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Figure 8. Flow rheology of container dropping straight down
and the effect of reverse segregation

Phase 2, i.e. the west slope failure, can be modelled
and simulated in RAMMS. 1t is possible to define a flow
surface and let the debris run down the slope. Knowing
the volume of debris that has gone into the collapsed
mine and the geological parameters of the site, we can
predict the location of the container under the mass of
debris after the simulation is complete for both the phas-
es. If RAMMS is used for the simulation of the container
there are two possible ways to do it:

—we consider the container as part of the earth mass
by digitizing it in digital elevation model and then
include it as input in the model. This will help us to pre-
dict the location of the container, when the simulation of
the debris flow is completed in the RAMMS. This option
however, would not take the correct flow rheology and
reverse segregation into account and may lead to faulty
assumptions and results;

—we can consider the container as a granular particle
of the earth mass with its own metallic properties and
then include it in the input to the model. However in this
option, we will have to pre-condition the model to con-
sider the centre of the mass of container to be a tiny earth
particle. This condition may give us false simulation as
the container may have changed its mass and shape
during the debris flow.

5.2. FLOW-3D

FLOW-3D is a powerful and highly-accurate CFD?!
software that gives engineers valuable insight into physi-
cal flow processes. With special capabilities for accurate-
ly predicting free-surface flows, FLOW-3D is the pre-
ferred CFD software for use during the design phase and
for improving production processes (Hirt, 2009). FLOW-
3D provides flow simulation solutions for investigating
the dynamic behaviour of liquids and gases in a wide
range of industrial applications and physical processes.
FLOW-3D specializes in the solution of time-dependent
(transient), free-surface problems in one, two and three
dimensions, but can tackle confined flows and steady-
state problems as well (Hirt, 2009).

2! Computational fluid dynamics, usually abbreviated as CFD, is a
branch of fluid mechanics that uses numerical analysis and algorithms
to solve and analyze problems that involve fluid flows.
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The simulation of the container movement will be
based on the Finite-Volume Method to solve the Reyn-
olds Averaged Navier-Stokes (RANS) equations? of the
fluid motion in Cartesian coordinates. For each cell,
average values for the flow parameters (pressure and
velocity) are computed at discrete times using a stag-
gered grid technique (Flow3D, 2010). The scale (con-
tainer versus domain of interest) of the problem is critical
to understand. The container itself can be modelled as a
moving object. The earth mass may have to be treated a
fluid (non-Newtonian) slurry.

Finite element meshes can be imported from third-
party mesh generation tools via the Exodus-II file format
(Chapokpour, 2012). This provides the means to use high-
quality meshes in FLOW-3D’s simulations. However, care
must be taken to ensure that the domains covered by the
imported meshes coincide with the definition of the ge-
ometry in FLOW-3D (Wang, 2008). The geometrical
model for sinkhole cavity is in the form of wireframes
generated in GEMS? and are in the form of .dxf files
(CAD files). These wireframes®* (and pit shells) were
based on Lo31° Cape Datum (Fig. 9). The Container as a
wireframe fixed in its original position is also included.
The surface terrain can be included either using AUTO-
CAD 3D or as digital data. The mesh grid was composed
by four different mesh blocks, including one nested-
block for the surface of the Mine (Fig. 9). The boundary
conditions can be specified for the initial Sinkhole col-
lapse which was vertically down.

In a FLOW-3D simulation, a general moving object
(GMO) is a rigid body with any kind of motion that is
either user-prescribed or dynamically coupled with fluid
flow (Wang, 2008). It can have six-degrees-of-freedom
or motion constraints such as a fixed axis/point. Pre-
scribed forces and torques can be applied on a GMO
under coupled motion. The GMO model allows multiple
rigid bodies under independent motion types as well as
rigid body interactions including collisions and continu-
ous contact (Hirt, 2009). The Sediment Scour Model in
FLOW-3D can simulate all the sediment transport pro-
cesses of non-cohesive soil including bed load transport,
suspended load transport, entrainment and deposition
(Wei et al., 2014). It allows multiple sediment species
with different properties such as grain size, mass density
and critical shear stress. The container can be modelled
in the sediment scour model as bed load transport for the
initial Sinkhole collapse (Phase 1 — Fig. 5). As it moves,
it is considered as suspended load transport for simula-
tion of its final deposition. The modelling must be done
on a coarser mesh (1 m cell size) to validate and set the
project environments according to the FLOW-3D default
simulations configurations (Wang, 2008).

22 The Reynolds-averaged Navier-Stokes equations (or RANS equa-
tions) are time-averaged (the limit must be independent of the initial
time condition) equations of motion for fluid flow. The RANS equa-
tions are primarily used to describe turbulent flows.

2 GEM is a metafile format that contain vector image information
created when using programs such as GEMDraw. GEM stands for
Graphical Environment Manager, and is generally linked to the desktop
publishing programs created by Ventura.

4 The wireframes were first converted to WGS84 coordinate system
using Surpac Survey software.
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Figure 9. Mesh grid generated for Lily Mine: (a) nested-block for the surface of the mine; (b) mesh block generated for the mine
general area; (c) mesh-block created for the mine underground environment; (d) mesh-block created for the mine

underground environment, from a different angle

FLOW-3D has following capabilities:

—the characteristic to fully couple the objects with
fluid flow, alternatively, the user can prescribe motion;

— objects can be of several materials characterized by
their density and there is no restriction on complexities of
geometry;

— motion of objects and specified time-dependent forc-
es and torques can be applied to the objects (Cast, 2016);

—FLOW-3D can also model and simulate the slope
failure on the western side of the Mine (Phase 2 — Fig-
ure 5) in Sediment Scour Model and Granular Flow,
which is an inbuilt capability of the model.

We can finally locate the location of the container
with FLOW-3D in the underground Mine. The model
results can then be integrated in GIS to view a holistic
view of the simulation scenario.

5.3. OpenFOAM

OpenFOAM (Open Field Operation and Manipula-
tion) CFD Toolbox is a free, open source CFD software
package which has a large user base across most areas of
engineering and science, from both commercial and
academic organisations (Jasak, 2009). OpenFOAM has
an extensive range of features to solve anything from
complex fluid flows involving chemical reactions, turbu-
lence and heat transfer, to solid dynamics and electro-
magnetic (Ospald, 2014). It includes tools for meshing?,
notably SnappyHexMesh?, a parallelised mesher for
complex CAD geometries, and for pre- and post-

2> Mesh generation is the practice of generating a polygonal mesh that
approximates a geometric domain. The term “grid generation” is often
used interchangeably. Image-based meshing is the automated process of
creating computer models for computational fluid dynamics (CFD) and
finite element analysis (FEA) from 3D image.

26 SnappyHexMesh is a mesh generator that takes an already existing
mesh (usually created with blockMesh) and chisels it into the mesh
you want.
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processing (Jasak, 2009; Monakov, 2012). One of the
strengths of OpenFOAM is that new solvers and utilities
can be created by its users with some pre-requisite
knowledge of the underlying method, physics and pro-
gramming techniques involved (Fitzpatrick, Glass, &
Pascoe, 2015).

Using OpenFOAM,a mesh can be created to symbolize
the sinkhole created by the collapse at Lily Mine
(Fig. 10). OpenFOAM Project parameters can be set in a
3D Cartesian coordinate system and all geometries can
be generated in three dimensions. The Sinkhole cavity
domain consists of a square of side length d =0.1 m in
the x — y plane. A uniform mesh of 20 by 20 cells can
be used initially, whose block structure is shown in
Figure 10. The mesh generator supplied with Open-
FOAM, blockMesh, generates meshes from a descrip-
tion specified in an input dictionary, blockMeshDict
located in the system (or constant/polyMesh) directory
for a given case. The blockMeshDict entries for this
case are shown in Figure 10.

Once the mesh is generated (at start time ¢ = 0), the
initial field data (before the collapse) is stored in a 0 sub-
directory. The boundary conditions are set, which con-
sists of two wall patches namely:

—fixed Walls for the fixed sides and base of the
Sinkhole cavity;

—moving Wall for the moving top of the sinkhole
cavity. Both walls should be given a zero Gradient
boundary condition for the pre-collapse scenario.

For simulating the movement of the container, the
movingWall boundary conditions for the sinkhole cavity
(top earth surface) can be set moving with certain slope
for the time when the collapse triggered. The execution
of the simulation can then be setup according to condi-
tions which were observed after the collapse. The fixed-
Walls boundary conditions for this case, has to be static
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and uniform because the model cannot execute the simu-
lation with all boundary conditions moving. The bounda-
ry field for velocity requires the same boundary condition
as for the simulation. OpenFOAM software can yield
encouraging results for simulation of the lost container if
the boundary conditions remain the same throughout the
simulation. Further simulation in OpenFOAM, after sub-
sequent level collapse could however, be difficult as the
boundary conditions cannot be set moving for both mov-
ingWalls and fixedWalls. The software’s utilization for
slope failure is also not ideal as it cannot be bounded into
a complete mesh with boundary conditions.
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Figure 10. Block structure mesh for the sinkhole cavity at the
Lily Mine: (a) the Sinkhole cavity domain consist-
ing of a square created in Open-foam; (b) the
blockMeshDict entries for the mesh created in
Open-foam
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5.4. Spatial Analyst — ArcGIS

The Spatial Analyst extension of ArcGIS provides a
broad range of powerful spatial modelling and analysis
capabilities. According to Bai, Chen, & Yu (2012) spatial
analyst provides capabilities to:

— create, query, map, and analyze cell-based raster
data;

— perform integrated raster/vector analysis;

— derive new information from existing data;

— query information across multiple data layers;

— fully integrate cell-based raster data with traditional
vector data sources.

ArcGIS is an excellent GIS software which can be in-
tegrated with other statistical and deterministic models for
easy visualization. In addition, the simulation results of
RAMMS, FLOW-3D and OpenFOAM can be visualized
in ArcMap and its results can be integrated with the GIS
database. Due to the collapse at Lily Mine, the surrounding
slopes have become more unstable. This is because of the
change in the stability conditions of the ground and the
subsequent force stability ratio which has disturbed in the
area. There are visible cracks (0.05 — 100 mm in width)
on the southern slopes of the mine which are
increasing with time (Fig. 11).

Figure 11. Visible crakes in the Southern Slopes above the Mine

For the safety of the mine workers and the general se-
curity of the area it is necessary to create a slope analysis
map of the area. Hazard assessments are a simple way to
understand the complicated dynamics that control ob-
served natural phenomena. What is more, they can guide
us to be better prepared for inevitable damage resulting
from natural disasters, such as slope failure. ArcGIS can
be used for slope failure analysis and is based on slope
analysis in the Spatial analyst. Future assessments could
take into account other factors for a more complete anal-
ysis, such as known fault zones, soil cohesion, log-
ging/deforestation rates and erosion rates.
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6. STRATEGY ON THE ROLE OF MODELLING
SOFTWARE TO DETECT THE CONTAINER

IN WHICH THE MINERS WERE TRAPPED -

A POOR MAN’S APPROACH

The strategy to follow is to identify suitable software
to determine the likely locations of the container. We
have followed a poor man’s approach to model the simu-
lation in open source software using freely available low
resolution data. However, the simulation to find the exact
location of the container can be done with the help of fit
for purpose software identified as a process of this re-
search. Due to the time required for acquisition and pur-
chasing of new satellite imagery, DSM and model, the
simulation was first done on the freely available data and
model. OpenFOAM is an open source software and as
discussed earlier it can simulate the lost container in
Phase 1. This will give us the approximate location of the
container after the sinkhole collapse. We can then do the
slope failure analysis in ArcGIS for both Phase 2 and 3.
These results will then be plotted with the help of
ArcGIS to approximate the location of the container.

6.1. Imagery and DEM

The complexity of the problem and the presence of
human lives necessitates the use of highly accurate data.
In order for the correct simulation of the movement of
the container, it is necessary to visualize and simulate-
both before and after the collapse. As the purpose of the
modelling is to locate the container, it is recommended
that high resolution data should be used in all the simula-
tions and modelling discussed above. A Im resolution
DSM and a 1 m resolution satellite imagery should be
acquired using GCPs for correct spatial perspective. The
mine underground data should be used after transforming
it into WGS84 coordinate system for similar project
environment. The recommended data for the project is
given in Table 2.

Table 2. Recommended digital data for simulation and model
Data

Resolu-

No. Data set type tion Description Use
Slope failure
simulation in

7 x Stereo Imagery RAMMS
1 DSM?’ DEM I m extracted Container
1 m posting movement
simulation in
FLOW-3D
4-band Slope failure
7 x pansharpened  simulation in
Satellite (inc. Near IR) RAMMS
2 image Raster Im or 0.5 m pan- Container
data®® chromatic and movement
2.0m4-band  simulation in
multispectral FLOW-3D
Under- .dxf® Underground Plrle- and Post-
ground  gene- pit shells data collapse contain-
Mine ratedin = in Lo31° Cape sirrrrlllll(l);/t?g:le?rf
Data GEMS Datum

FLOW-3D

271 x Pre disaster and 1 x Post disaster DSM.
281 x Pre disaster and 1 x Post disaster Satellite image.

2 AutoCAD DXF (Drawing Interchange Format, or Drawing Exchange
Format) is a CAD data file format developed by Autodesk for enabling

data interoperability between AutoCAD and other programs.
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6.2. Software

The fit for model for simulating the location of the
container is based on its ability to simulate and model
three phases of the collapse (Phase 1, 2 and 3 — Figure 5).
Conceptually, RAMMS can simulate the movement of
the container in the cavity like collapse, when it is carried
by the moving mass, but is presently not implemented in
RAMMS being a Depth-Averaged model. RAMMS,
therefore, is not a suitable option for simulating the
“Phase 1” collapse. The “Phase2” scenario of slope
failure on the western slope can however, be simulated in
the RAMMS by defining the flow surface. The Sediment
Scour Model in FLOW-3D can simulate the Sinkhole
cavity collapse (Phase 1). The container can be modelled
as a bed load transport, and when it moves, it can be
considered as suspended load transport. FLOW-3D can
also simulate the slope failure on the western side of the
Mine (Phase 2) in Sediment Scour Model and Granular
Flow, which is an inbuilt capability of the model. Open-
FOAM software can simulate the lost container only if
the boundary conditions remain constant throughout the
simulation (Phase 1). The software however, may not
yield realistic results for the slope failure in “Phase 1”.
ArcGIS has limited simulation capabilities, so it cannot
be used for simulation in “Phase 1 & 2”. However, it has
excellent coupling capabilities and the results of the
simulations can be visualized in correct geographic con-
text in ArcGIS. The results of the three software capabili-
ties as regards to the simulation in the three phases of the
collapse are summarized in Table 3.

Table 3. Flow simulation models and the criteria for their

selection
Phases of Stile collapse Recom-
No. Software Sinkhole °P¢ " Hazard  mended
. . collapse .
simulation . .~ analysis  model
simulation
I RAMMS — v Y FLOW.3D
2 FLOW-3D v v _ &
3 OpenFOAM v — — Spatial
Spatial Ana- v Analyst
4 lyst ArcGIS B _ ArcGIS

The nature and complexity of the situation at Lily
mine does not allow us to use one model for all three
phases of the collapse. It is recommended that FLOW-3D
(Phase 1 & 2) and ArcGIS (Phase 3) should be used for
the modelling at Lily mine.

7. SAMPLE MODELLING
OF THE CONTAINER USING OpenFOAM
AND SLOPE ANALYSIS IN ArcGIS

A mesh was created in OpenFOAM having origin at
(0,0,0) and dimensions in X,Y,Z direction as
(0.5,0.5,0.01). The initial mesh bounds were defined
which is 3 dimensional cube. All the dimensions in
OpenFOAM are set in SI system. All the boundary con-
ditions were set to wall for X, Y and Z plans, so that the
movement of the container remain confined to the
boundaries of the mesh created. An enclosed computa-
tional domain was developed to put the container in the
domain. To specify the initial location of the container
we created another cube in the geometry panel and de-
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fined the container’s origin and dimensions (Table 4). As
it is a known fact that the collapse was like a sinkhole
into a known space (i.e. mined area), it was assumed that
the container will fall into a bowl of soil at level 4 of the
Mine. A third box was created which will define this
underground soil like a bowl.

Table 4. Box geometries created in OpenFOAM with origins

and dimensions
_r Origin Dimension
Box Description (XY2) (XY2)
1 Lamp room container (0.17,0.5,  (0.05,
at surface of the mine -0.02) 0.025,05)
Box representing the soil (0,0.1, (0.5,0.05,
at level 4 of the underground mine ~ —0.1) 0.2)
Spatial resolution refinement
3 layer in the region between (0,0.15, (0.5,0.15,
the level 4 of the underground -0.1) 0.2)
mine and ground surface
Spatial resolution refinement
4 layer close to the container which (0.15, 0.3, (0.1, 0.2,

will be falling driven by the -01)

gravitational acceleration

0.2)

When the container fell into the sinkhole, some
movement can be expected in the underground soil. To
improve the spatial resolution in the regions between the
soil and void surfaces, the mesh was refined near the
interface between these two faces. We used two more
boxes in order to define the regions of the mesh which
will be refined. One to refine the soil region and a layer
of voids just above the level four (Fig. 5), and the other,
close to the container which will be falling driven by the
gravitational acceleration. The refinement operation was
done for X and Y axis only because we have used only
one cell across the Z axis*®.

The mesh was then renumbered in the software to re-
number the cells list in order to reduce the band width
reading and renumbering all fields for all the time direc-
tories. The mesh was then verified for correctness in
Check mesh tool. A Transient-Species transport-
ReactingParcelFilmFoam solver was used in Open-
FOAM for solving the problem. The solver is an inbuilt
OpenFOAM solver for solid particle movement in transi-
ent PISO®! solver for compressible, laminar or turbulent
flow with reacting Lagrangian parcels, and surface film
modelling. The algorithm is summed up as follows:

— set the boundary conditions;

—solve the discretized momentum equation to com-
pute an intermediate velocity field;

— compute the mass fluxes at the cells faces;

— solve the pressure equation;

— correct the mass fluxes at the cell faces;

— correct the velocities on the basis of the new pres-
sure field;

— update the boundary conditions;

—repeat from third step for the prescribed number of times;

— increase the time step and repeat from first step.

3 The refinement along the Z axis is not allowed on the free version
of the software. The free version does not allow mesh larger than
100000 nodes.

3 The PISO (Pressure Implicit with Splitting of Operators) is an
efficient method to solve the Navier-Stokes equations in unsteady
problems.

24

The transport properties were then defined by select-
ing properties from the software database. In the software
database soil was added as new material with its proper-
ties, whereas the container was assigned the properties of
Steel-solid from the available materials in the database.
The operating conditions were then set by assigning
gravitational acceleration in the negative Y axis. Output
control parameters were set in the control panel of the
software. The write control was set to run time whereas
the time interval was modified to 0.02 seconds, so that
the software save files for the run time independent of
the actual time step used during the simulation.

The most important factor in a slope failure or land-
slide is the slope itself (Sharifzadeh, Sharifi, & Delbari,
2009). Since these events are gravity-driven, it stands to
reason, that the closer the topography gets to true gravita-
tional acceleration, the more probable a landslide will
occur (Bouissou, Darnault, Chemenda, & Rolland, 2012).
The slope analysis for the Lily mine area was then done
in ArcGIS Spatial Analyst tool. Slope for the extracted
DEM of the area were calculated in Slope tool of spatial
analyst (Fig. 12). The slopes were reclassified in Reclas-
sify tool to get the most critical DEM cells according to
the value of their slope.

(@)
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A remap table that defines =
how the values will be
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« Old values—The
ranges of values of
cells in the input
raster. Acceptable
settings are a single
value, 2 range of
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8481119 70.331298
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Figure 12. Slope analysis of Lily Mine area in Spatial Analyst —
ArcGIS: (a) slope calculation of the area;
(b) classification of the slopes; (c) analysis of the
slope
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8. RESULTS AND DISCUSSION

A simulation was run and the results were analysed in
post processing unit. Paraview software was used to post
process the results. The container took a vertical path and
the final location is shown in Figure 13.

(@)

(© (d)

Figure 13. Mesh generation, box generation and simulation
of container collapse: (a) mesh generation;
(b) block generation; (c) geometry of the collapse
scenario; (d) simulation of the fall of the container
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ParaView is an open-source, multi-platform applica-
tion designed to visualize data sets of varying sizes from
small to very large. ParaView uses the Visualization
Toolkit as the data processing and rendering engine and
has a user interface written using the Q¢ cross-platform
application framework. The further collapse of the level
4 and the pillar underneath it cannot be performed in the
OpenFOAM. It is however, suggested that the container
will be laying to the left of the pillar due to its geometry
and the pattern of the further collapse.

One of the important aspect of the rescue operation
for the location of the container is the safety of the rescue
team. The slope conditions at the southern slope of the
Mine are unstable and were analysed in the ArcGIS
software (Phase 3). The slope analysis results are shown
in Figure 14. There are a total of thirty six DEM cell
whose slope values are between 30 — 60°. Ten DEM cell
are critical from slope failure point of view as their slope
values are between 40 — 50° and these should be contin-
uously monitored.

9. CONCLUSION

Underground mining is an activity which is prone to
accidents, sometimes even disasters. These accidents
may cause fatalities, injuries and also have significant
economic losses as consequences. Such an accident oc-
curred at the Lily Mine on 5th February, 2016, when the
crown pillar of the underground mine collapsed. The
lamp room container with three miners subsided and was
lost in the sinkhole along with two 550 KVA transformers,
one generator and two steel water tanks. The collapse
was divided into three distinct phases, Sinkhole collapse,
slope failure on the western slope and slide hazard on the
southern slopes. Software technologies were identified
which can simulate the movement of the container in first
two phases of the collapse.

Figure 14. Slope hazard assessment map of the Lily Mine area

Rapid Mass Movement Software can simulate the
movement of the container in the “Phase B” of the slope
failure on the western slope, whereas it is not suitable for
simulating the “Phase A” of the Sinkhole collapse.

FLOW-3D flow dynamic software can simulate both
“Phase A & B” of the collapse due to its rich 3D model-
ling capabilities. OpenFOAM is an open software and
was used to simulate the “Phase A” of the collapse by
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creating a block mesh for the sinkhole at the Mine and
then setting up the necessary boundary conditions. The
simulation was done in the ParaView software and ap-
proximate location of the container was ascertain.
ArcGIS was used to perform the slope analysis on the
southern slope of the mine and slope hazard map was
created for the area.

10. RECOMMENDATIONS

A combination of ArcGIS and FLOW-3D simulation
software can be used to simulate the estimated migration
path of objects following a mine collapse.

An underground rescue map with evacuation routes
should be developed based on the results of the FLOW-
3D in ArcGIS to attempt a rescue.

The skill-set of Mining Engineering graduates must
be such that they are able to identify and apply sophisti-
cated software package after receiving some basic train-
ing on these software.
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MHOJIITIIEHHSA BE3IIEKHU I'TPHUYUX POBIT:
POJIb KOMII'IOTEPHOI'O MOJIE/JIIOBAHHA Y PO3IIYKY
JIIOAEM, 3HUKJUX Y PE3YJIBTATI OBBAJIEHHSI IIAXTH

@. KeiiByn, X. Ampad

MeTa. BusHadueHHsI MOKJIMBOTO MiCLisl JIOKaJTi3allii JIAMIIOBOTO NMPUMILIEHHS KOHTEHHEpa, B IKOMY ONUHUINCS TPU
maxraps micis aBapii Ha maxri Jlini (bap6epron, Mnymainanra) MeToJ0M KOMII IOTEpHOTO MojientoBanHs. [licis ooBa-
JICHHSI CTEJIbOBOTO IfinMka Ha maxti Jlini 5 mortoro 2016 poky mouanacs HallioHajdbHA KaMIIaHisl 3 MOPSTYHKY TPbOX
LIaXTapiB, SKi 3IUIIWINCS y JIAMIIOBOMY IPHMIIIEHHI IOBEPXHEBOTO TPAHCIIOPTHOTO KOHTEHHEpa, 10 MPOBAIUBCS B
YTBOPEHY IIiCIIsl BHOYXY BOPOHKY.

Metoauka. CrniBpobiTaukamu ['ipaudoro [HectutyTy (YiryoTepc) 3ampornoHOBaHa IBOCTaliiHA CTPATETis IMOIIy-
Ky KOHTEWHepa, B IKOMY iCHYe WMOBIpHICTh 3HAXO/KEHHS miaxTapiB. B pamkax mepmioro migxomy (SKui po3risiaa-
€ThCS Yy MaHIA CTaTTi) M1 BUSABIICHHS KOHTEWHEpa 3MIMCHIOBAIIOCH BHUIPOOYBAHHS KOMIT FOTEPHOI TEXHOJOTII
3D-mopemnioBaHHA B Haci. Jpyruit minxix mependadaB TEXHOJIOTIIO MPOBEACHHS HAYKOBOTO BUMIPIOBAHHS Ta €KCIIe-
puMeHTy. B minomy, MeTomosorist BKIIOYana, HacaMIepes, MiAKI0YeHHs BUKIAIalbKoro Ta HAYKOBOTO CKJIaAy YHi-
BEpPCHUTETY A0 BHUPIMICHHA MPOOIEMH IUIIXOM KOMIUIEKCHOI TeHepamnii ixeH, ski Oynu o0’ eHaHI B 3araJbHHUH CIIACOK,
BUBYCHI 13 3aJIy4€HHIM BiJIOBIJHHUX JITEpaTypHUX JoKepel, 1 HalOuIbI peaicThuyHi inei OyJau BUALICH] i3 3araib-
HOro mepeniky. Jlana cTaTTs po3MUIsae pe3yIbTaTh KOMIT IOTEPHOT €KCISPTU3H KX 1IeH Ta MEepeBipKU HAMIHHOCTI
BIJIMIOBIZTHOTO MPOIPaMHOro 3a0e3Me4YeHHs .

PesyabraTu. s 3pyyHOCTI MOJIENIIOBaHHS ITpoliec 0OBaJIeHHsI OyB pO3/iICHHI Ha TPU OKpeMi (a3u: pyHHyBaHHS
BOPOHKH, pyWHYBaHHS 3aXiTHOrO CXWJIy Ta HeOe3reka KOB3aHHS Ha IIBACHHMX CXMiIax. [neHTH]ikoBaHO mporpamHi
TEXHOJIOTII, SIKi MOKYTh IMITYBaTh pyX KOHTeWHepa y Heplux IBoX (a3ax oOBaJieHHS. B pe3ynbraTi MOIEIIOBAaHHS Y
nporpamMHOMY 3a0esredeHHi ParaView BHABICHO MicIle po3TalllyBaHHS JAaHOTO KOHTeWHepa. BukoHaHO aHaIi3 miBIeH-
HOTO cXmiy 3a goromororo ArcGIS i ckimaneni kapTu HeOe3MeKn CXIWITY U PalioHy, a TAKOXK MiI3eMHI KapTH MOPATYHKY
3 MaplIpyTaMH eBakyallii. BcTaHOBIIGHO, 1110 KOMII'IOTEpHE MOJEIIOBaHHS MOXKE BU3HAYUTH MICLIE3HAXO/PKCHHS KOH-
TeifHepa, ajie I [bOTo MOTPiIOHI TOYHI BUXIAHI AaHI i KOMILICKC JOPOTHX BUCOKOS(hEKTHBHMX MPOrPAMHHUX IAKETIB.

HaykoBa HoBH3HA. Briepie 3acTOCOBaHO KOMIDIEKC KOMII'IOTEPHHX TEXHOJOTIH Ta MPOrpaMHOro 3a0e3leyeHHs
JUTSA TIOUTYKY 3HUKJIMX IIaXTapiB Micys aBapifHUX CUTYAIiH y Mig3eMHOMY IPOCTOpI IIaxT.

IpakTnyna 3HaunMicTh. [Ipu 3acrocyBaHHI ABOCTaAiIMHOI cTpaTerii NOIIYKy LIaXTapiB, IO ONMUHMIKCS MiJ 3aBa-
JIOM TIOPiJl, KOMaH/Ia PATYBAJbHUKIB OTPUMAE CUTHAI [TPO HAOJIMIKEHHS JI0 TX MiCIIE3HAXOKCHHSL.

Knrouosi cnosa: 6esnexa cipruuux pobim, 3HUKII wiaxmapi, KOMN tOmepHe MOOen08anHs, ¢asu 008aneHHs,
npozpamue 3a6e3nedenHts, ni03eMHa po3pooKa

YJIYUIIEHUE BE3OITACHOCTHU I'OPHBIX PABOT:
POJIb KOMIIBIOTEPHOI'O MOJAEJIMPOBAHHUS B PO3BICKE
JIOJEMN, TPOITABIIINX B PE3YJIbTATE OGPYIIEHUS IIAXTbI

@. Ketisyn, X. Ampad

Iens. OnpeneneHue BO3MOXKHOIO MECTA JIOKAJIU3AIUH JIAMIIOBOTO IIOMEILEHHUs KOHTEHEpa, B KOTOPOM OKa3aJluCh
Tpu 1maxrtepa mocie aBapuu Ha maxrte Jlwm (bapbepron, Mmymananra) METOIOM KOMIBIOTEPHOTO MOJICITHPOBAHHSL.
[Mocne oOpymIeHwst TOTOIOYHOTO TeNiKa Ha maxte Jlumn 5 ¢eBpans 2016 roga Havanach HaMOHATIHHAS KaMITaHUS TI0
CIACCHHUIO TPEX IIAXTEPOB, OCTABILIMXCS B JIAMIIOBOM OMEIIEHUH [TOBEPXHOCTHOTO TPAHCIIOPTHOTO KOHTEIHEPa, KOTO-
PBIi IPOBAJIMIICSA B BOPOHKY, 0OPa30BaBILYIOCS ITOCIIE B3PbIBA.

Metoauxka. Corpyaaukamu ['oproro Muctutyra (YHUTyoTepc) mpeaiokKeHa ABYXCTaAWKWHAs CTpATeTHs MOWCKa
KOHTeIHepa, B KOTOPOM CYIIECTBYET BEPOATHOCTh HAXOXKICHHS IIAaXTepoB. B pamkax mepBoro mojaxosa (KOTOpBIi
paccMaTpuBaeTcs B JaHHOW CTaThe) JUIs OOHAPYKEHUs KOHTEWHEepa MPOW3BOAMIIOCH UCIBITAHUE KOMIIBIOTEPHOMN
TCXHOJIOTUH 3D—MOZleﬂl/lp0BaHI/IH BO BPEMCHH. BTOpOﬁ nmoaxon mnpeamnojarajl TCXHOJOTUWIO MPOBCACHUA HAYYHOI'O
M3MEpEHUs U KCIIepUMeHTa. B 1ienom, MeToq0a0rus BKIIIOUana, Npexe BCero, MOAKIIOUEHUE MPENoAaBaTeIbCKOr0
1 HAy4YHOTO COCTaBa YHHUBEPCUTETA K PEIICHHIO MPOOJIEMBI ITyTeM KOMIUIEKCHOH T'eHepaluy e, KoTopsle Obun
00BbEIMHEHBI B OOIINIT CIIMCOK, M3YYEHbI C IIPUBJICYICHUEM COOTBETCTBYIOIIMX JINTEPATYPHBIX HCTOYHUKOB, M HaNOO-
Jee peaCTHYHBIE HJEeH ObUTH BBIAEIECHBI U3 00mero cnucka. Hacrosmas cTaTtes paccMaTpUBaeT pe3yIbTaThl KOM-
MIBIOTEPHON AKCIIEPTHU3HI JaHHBIX UAEH U IIPOBEPKH HACKHOCTH COOTBETCTBYIOLIETO POTPAMMHOTO 00ECTIEYESHNSI.

PesyabTatsl. {151 ynoOCcTBa MOAETMPOBAHMS ITPOLIECC OOPYIIEHHS OBbLT pa3/iesieH Ha TPU OTIeNbHbIE (ha3bl: pa3py-
LIEHUE BOPOHKH, Pa3pyLICHNE 3aMaJHOTO CKJIOHA U ONACHOCTh CKOJIBKEHUS Ha I0XKHBIX CKJIOHAX. M IeHTU)HUIINPOBaHBI
IIPOrPaMMHBIE TEXHOJIOTUH, KOTOPBlE MOTYT HIMUTHPOBATh JBIXKEHHE KOHTeHHepa B IIEPBbIX IBYX (azax oOpymenus. B
pe3yspTaTe MOJAEINPOBAHUS B IPOrpaMMHOM obecriedeHnn ParaView BBIABICHO MECTOINOJIOXKEHUE JAHHOTO KOHTEHHE-
pa. BeimonHeH aHanu3a 10KHOTO CKJIOHA ¢ noMolsio ArcGIS U cocTaBieHbl KapThl OMACHOCTH CKJIOHA JUIS paiioHa, a
TakXe MOJ3eMHBIE KapThl CIIACEHHSA C MapLIpPyTaMH 3BaKyallud. Y CTaHOBJIEHO, YTO KOMIIBIOTEPHOE MOJETHUpPOBaHUE
MOXKCT ONpE€ACINTbL MCECTOHAXOXKICHUEC KOHTeﬂHepa, HO JJId 3TOro HY>XHBI TOYHBIC MCXOAHBIC HTAaHHBIC W KOMILICKC
JIOPOTOCTOSIINX BBICOKOI((EKTUBHBIX IPOIPAaMMHBIX ITAKETOB.

Hayuynasi HoBH3HA. BriepBble nprMeHEH KOMIIEKC KOMIBIOTEPHBIX TEXHOJOTMH M NPOrPaMMHOIO OOecHedeHus
JUI IOUCKA MPOMABLIMX MIAXTEPOB MOCIIE aBAPUMHBIX CUTYyallUi B TOJ3€MHOM IIPOCTPAHCTBE IIAXT.
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IpakTHyeckast 3HAYUMOCTD. [Ipy IpUMEHEHUH JBYXCTAJANNHON CTPATErHy MOMCKA MIAXTEPOB, OKA3aBIINUXCS 0]
3aBaJiOM MOPO/I, KOMaH/Ia TOPHOCTIACATENEH MONMYYHUT CUTHAN O MPUOTMKEHAN K KX MECTOHAXOXKICHHUIO.

Knroueswvle cnosa: 6esonachocms 20pHbix pabom, nPonasuie waxmepul, KOMRIbIOMEPHOE MOOeIuposanue, hasvl
0Opyuiers, NPOSPAMMHOe obecneyenue, NOO3EMHAsL Pa3padomKa
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