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Abstract

The missing miner problem arises when a miner working in an underground mine
gets trapped after a mine collapse. The ability to precisely locate the missing
miners is directly linked with the presence of a communications infrastructure
that can allow communication with the trapped miners. The conventional com-
munication systems commonly used in the mines, wired or wireless, are generally
unable to communicate with the miners due to their limitations and damage be-
cause of the collapse. Wireless Sensor Networks may be more suitable in such
scenarios; however, better understanding of the wireless signal propagation in
collapsed mine scenarios can help in the design of robust systems which can pro-
vide connectivity even after the mine collapse. This paper analyzes the wireless
channel in different scenarios related to a collapsed mine. The wireless channel
is studied using simulations and real experiments in a mock mine. No such
study exists to the best knowledge of the authors. Finally, suitable transmitted
power levels that can be used in such scenarios are also determined.
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1. Introduction

The mining industry is a significant contributor to the economy of most
resource-rich countries. Although mining often starts as a surface operation,
mines almost always require underground extension as the ore gets depleted in
shallow areas. This, in turn, is making underground mines potentially hazardous
working environments; hence, the news of partial or complete mine collapse is
not so rare. For example, in a Chilean mine incident, a collapsed tunnel blocked
the path, and 33 miners were trapped for 69 days. The rescue operation was
impeded due to no communication with the miners [1].

The mine tunnels in underground mines sometimes experience rock fall, i.e.,
loose earth or inadequate roof support, which results in the partial or full col-
lapse of the mine, such as in [2]. Sometimes miners get trapped as a result of
the rock fall and a communications infrastructure is required for the tracking
and rescue of the trapped miners.

The mine collapse almost always damages the existing communications in-
frastructure which jeopardizes the rescue operations. Such infrastructure is
often attached to the roof or sidewalls of mine excavations. The existing com-
munications infrastructure is commonly either a completely wired system, such
as in [3], in which case the wires generally snap out, or it could be a hybrid
system, e.g., a WiFi communication system that makes use of a fiber or LAN
network backbone, in which case the wireless connectivity can break because
of the inability of the WiFi signals to penetrate through the debris. There
are through-the-earth (TTE) wireless communications systems that can pene-
trate earth/debris for large distances. However, these are large and bulky and
hence cannot be carried by the miner, whereas a system closely accessible to
the trapped miner is desired in the mine collapse scenarios. A Wireless Sensor
Network (WSN) based system is more suitable for such scenarios, as mentioned
in [4, 5, 6].

For such a WSN-based system, it is important to understand the channel



presented by a mine tunnel that has partially or fully collapsed. This will aid in
designing a robust communication system, including the design of self-healing
capabilities [7], which may be able to restore the communication link in case of
a mine collapse. To the authors’ best knowledge, no work exists in the literature
that has studied the wireless channel for partially or/and fully collapsed mines
in underground mine tunnels.

In this paper, we analyze the wireless channel in an underground mine tunnel
in different mine collapse scenarios. A ray tracing-based analytical model [8]
and the simulation tool of Altair WinProp [9] were used to estimate power
loss profile in different mine collapse scenarios. Real-world experiments were
also conducted in the Wits mock-mine [10], an underground mine tunnel built
within the university premises replicating the tunnel of a real mine. This facility
has been used previously to study the effect of tunnel structure on the channel
for different antenna parameters [11], or for the design and testing of tracking
devices for the rescue operation of the miners [7]. The result in this paper shows
that signals power level degradation is a function of the height and width of the
rock debris in the propagation medium. This information can be used to decide
upon the transmit frequency and power levels which can be used to restore the
communication link in case of a mine collapse.

Relevant literature review is discussed in section 2 of this paper, the methods
are given in section 3, the simulation and experimental results and the associated
discussions are presented in section 4, and finally the conclusion and future

directions are given in section 5 of this paper.

2. Literature review

In order to achieve reliable and optimal performance of communication de-
vices in high-stress underground mining environments, channel models for such
environments need to be analyzed. A number of studies in literature have tried
to characterize the communication channel for different underground mine and

tunnels [12], [3], [13]-[14], although none of these tackle the case of a partially



or fully collapsed mine tunnel. For example, in [12], the channel model of the
mine tunnel was studied by dividing the mine tunnel into three segments: (1)
Line-of-sight (LOS), (2) Partial-line-of-sight (PLOS), and (3) Non-line-of-sight
(NLOS), and fading profile of the channel was modeled using well-known Ri-
cian/Rayleigh fading distributions. The simulated and measured values were
found to have good compromise in the characterization of the mine tunnel wire-
less channel. In another study, a higher path loss exponent was measured in
the subway tunnel with a larger radius than in the tunnel with a smaller radius
at 920 MHz, 2400 MHz, and 5705 MHz [3]. Similarly, in another study, it was
observed that the path loss exponent was lower than that in the free space sce-
nario, even in the case of the LOS situation, due to the additional reflections
from the boundaries of the tunnel for an ultra-wideband channel in underground
mines [13].

A novel model for tunnel LOS propagation was proposed to predict propaga-
tion losses in near and far regions with different characteristics [15]. The model
was validated with measurements and utilized to investigate the impact of fre-
quency, antenna position, and tunnel dimensions on the breakpoint location of
the propagation regions by calculating propagation losses using a hybrid tech-
nique. The findings indicated that higher frequencies, corner antenna positions,
and larger tunnel dimensions resulted in a break point of the propagation re-
gions further away from the transmitting antenna. On the other hand, antenna
gain had no impact on these breakpoint locations.

In [16], Rajan et al. analyzed radio signal behavior in different underground
mines. They identified major factors contributing to significant propagation
losses, outlined the impact of the depth of the underground mine on signal
propagation characteristics, and discussed the role of mining methods on radio
signal behavior. In [17], the authors proposed a multimode waveguide channel
model through extensive experimental studies in an underground coal mine,
which was found to be more accurate than the existing methods.

Zhang et al. presented a method incorporating surface roughness into the

vector parabolic equation method used for electromagnetic (EM) wave propa-



gation modeling [18]. The proposed method was validated by comparing exper-
imental data in various tunnel scenarios with the proposed model. Similarly,
a new hybrid multimode waveguide model was proposed in [19], which com-
bined roughness loss and tilt loss of walls to provide an analytical expression for
received power at any position in a tunnel.

Branch et al. analyzed LoRa protocol [20] signal propagation in an under-
ground block cave gold mine [21]. Block cave mining is an underground mining
technique used to extract metals, usually gold, and copper, from hard rock, low-
grade, and ore bodies. The results showed that LoRa performs well even in block
cave mines and thus can be applied for different applications in underground
mines.

Finally, in [14], a joint path loss model for radio propagation in cascaded
straight and curved tunnels was proposed and verified through measurement
and simulation results. The model combines waveguide mode theory and the
method of shooting and bouncing rays to account for the extra loss introduced
by the curvature of the tunnels and is shown to accurately predict path loss in
cascaded tunnels with low complexity.

In a study by Hussain et al. [11], the impact of tunnel structure on channel
modeling and antenna parameters was investigated for the Wits mock mine.
It surveys different measurement campaigns and identifies open research areas.
The potential of wireless sensor networks (WSN) for risk management in the
mining industry, specifically in finding trapped miners in a disaster scenario, was
explored [22]. A prototype sensor node was designed and tested at ISM bands
to monitor miners’ health and localize them. The sensor node outperformed
traditional WSN nodes in disaster scenarios emulated inside the Wits mock
mine. Similarly, in [23], a smartphone network for wireless communication in
underground mining environments was investigated. The wireless system was
tested for data transmission from sensors in various areas of Wits mock mine,
achieving a communication speed of 80 Mbps over a 60m range, indicating
potential for supporting applications with higher data rates.

A communication system that can effectively operate in disaster scenarios



is crucial for underground mines and tunnels. One such system is the proposed
system in [24], which makes use of IEEE 802.15.6, NISA, and AODV protocols
and was evaluated through simulations. Results indicated that high-priority
nodes had less delay and energy consumption, while decreasing priority levels

slightly increased delays and energy consumption.

3. Methodology

In order to study the channel for collapsed mine tunnel scenario, two sce-
narios were considered, i.e., (1) Partial collapse and (2) Full collapse. For the
sake of simplification, in both scenarios, the mine tunnel was divided into 3
segments, as shown in Figure 1. In the partial collapse scenario, it was assumed
that the fallen debris is only in segment 2, and the tunnel does not get fully
blocked because of fallen debris, as shown in Figure la. In the full collapse sce-
nario, however, it was assumed that the mine tunnel gets fully blocked because
of the fallen debris, as shown in Figure 1b. The path loss profile was analyzed
using three independent approaches where permissible; 1) Analytical approach
using the ray-tracing method, 2) Computer-Aided Design (CAD) based simu-
lations, and 3) Real-world experimentation. Details about these methods are

given below.

(a) Partial collapse scenario (b) Full collapse scenario

Figure 1: Segmentation of collapsed mine tunnel

8.1. Analytical Channel Modelling
For analytical modelling, the method proposed in [8] was utilized which is
based on the use of the ray-tracing approach in tunnels. It uses a discrete num-

ber of rays to approximate high-frequency wave propagation. Each ray’s power




decreases with distance, and its 3D path determines the distance traveled. Ray
tracing involves following the ray path, where the ray travels in a straight line
until they encounter surfaces that cause reflection, absorption, or diffraction.
The process is repeated until a certain number of rays are transmitted. Ray
tracing yields better results than other methods but is computationally expen-
sive, with costs increasing as the number of receivers and surfaces increases. It
is accurate for areas which are large relative to the wavelength [25]. In [26], the
surface roughness was also included in the modelling. The overall attenuation

which represents the average field attenuation at the receiver, is given as:
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(1)
whereas, a(z,y, z) represents average field attenuation at the receiver from all
the propagation paths, Rf represents ceiling and floor reflection coefficient, R}
represents walls reflection coefficient, ST represents roughness coefficient for the
vertical wall of the tunnel, S}jf represents roughness coefficient for the ceiling
and floor of the tunnel (the signs differentiating between the two sides, e.g. left
and right side wall), r, , is the index of path taken by a ray, p is the number
of reflections from the walls, and ¢ is the number of reflections from the ceiling
and floor.
Equation 1, which represents the attenuation, is then combined with the Friis
equation through equation 2 to evaluate the received power in the various seg-

ments of the mine tunnel.

Plo2) = P15 ) Tty )P )

whereas, ¢ is the speed of light and P; is transmitted power fy is the centre
frequency of the signal.

The methodology used for channel modelling of the collapsed mine tunnel using
the ray-tracing method of [8] is shown in Figure 2, where the tunnel is divided

into three segments, with the fallen debris assumed to be only in segment 2, as



shown in Figure 1. Since the ray-tracing approach can only be used for the open
segments of the tunnel, each segment of the tunnel was analyzed independently.
The output power from segment 1 was considered as the input power to segment
2, and likewise, the output power of segment 2 was taken as the input power
to segment 3. For segments 1 and 3, in which there is no collapse/debris, the
ray tracing model [8] was used for modelling the wave propagation in both,
partial and full collapsed mine tunnel scenarios. For segment 2 of the fully
collapsed mine scenario, as shown in Figure 1b, a through-the-earth (TTE) [27]
propagation model was employed.

A convenient expression of the relationship between the power received and
the power transmitted is obtained by incorporating the Friis equation for seg-

ment 1, as follows:

R g

where P, represents power emitted from the transmitter, P, represents the power
at the end of segment 1, and G; and G, represents gain of transmitter and
receiver, A is the wavelength of the transmitted signal, R is the separation dis-
tance between transmitter and receiver and « is the attenuation constant of the
medium.

For the segment 2 in the partial mine collapse scenario, a combination of Ray-
tracing and TTE model were employed based on the height and the width of
the fallen debris. Analytical modelling was done by implementing the represen-
tative mathematical models of the chosen TTA and TTE techniques using the
MATLAB software.

3.2. CAD simulations

To compare and validate the analytical modeling, commercially available
Altair WinProp software [28] was used, which is part of FEKO software suite
[9]. Winprop was used to develop CAD model of the mine tunnel for different
scenarios. The software allows to define arbitrary curves, cross sections and

heterogeneous mine structures for a realistic representation of a mine tunnel.
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Figure 2: Schematic for channel modelling of collapsed mine tunnel

Different components of the software were used, such as TuMan defines the
3D structure of the tunnel, WallMan defines the electrical properties of the
3D structure of the tunnel, and PropMan carries the propagation simulations
by specifying properties of antenna and placement. The simulations were per-
formed for different frequencies and scenarios and results were recorded in form
of 3D propagation heat maps and attenuation graphs. Different frequencies
and transmit power levels were simulated using the Winprop software, and the
corresponding results are given in the results section. The CAD model could
only be employed for the non-collapsed mine tunnel scenario, as the feature to
simulate the collapsed mine scenario was not available with the software. The

procedure followed in 3D CAD simulation is shown in Figure 3.

3.3. Experimental setup

Real-world measurements were done using Zolertia RE-Mote based [29] nodes
as the transmitter (Tx) and receiver (Rx) nodes, which are generally used for
WSN prototyping, especially in the research space [30]. The nodes have a dual
frequency capability via usage of an external mounted 915 MHz antenna and a
surface-mounted 2.4 GHz antenna. A custom designed WSN node was used for
testing 433 MHz. It consists of Atmega328P microcontroller and uses a RFM69
transceiver operating at 433MHz [22]. For the 2.4 GHz band, the nodes can
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Figure 3: Procedure for 3D CAD simulation.

use a maximum transmission power of 3 dBm, and the nodes transmit at a
maximum 14 dBm at 915 MHz. This is a limitation on the transmission power
of nodes. For the 433 MHz band, the Atmega units can only make use of max-
imum transmission power of 7 dBm without the use of automatic transmission
control, which will not allow to preset transmission power, but rather the node
will have dynamic transmission power.

The test environment was an underground mock mine tunnel at the University
of the Witwatersrand in the basement of the Chamber of Mines building [11, 31].
Same dimensions as that of the mock mine were used in the analytical modelling
segment as well. Figure 4 shows the test setup with the nodes present inside the
mock mine. The transmitting and receiving nodes were mounted at a height of
1.5 m using a tripod stand and in the middle of the tunnel.

RSSI (received signal strength indicator) was measured at the Rx node for dif-
ferent transmit power levels at the Tx node. The measurements were taken for
different distances between Tx and Rx, in steps of 1 meter increase, over a total
distance of 60 meters. Three independent measurements were noted for each

case, and their average was considered for plotting. Serial communication was
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established between a laptop and the Rx node to collect the RSSI values from
the Rx node.

The measurements were conducted for the non-collapsed and the collapsed mine
tunnel scenarios. The collapsed mine scenario was emulated by burying the
transmitting node under a pile of sacks filled with sand, as shown in Figure
5b. Figure 5a shows the location of the transmitter node before the burial in a

collapsed tunnel scenario.

Transmitter

Figure 4: Measurement setup in Wits Mock Mine

4. Results and Discussions

Simulated and measured results for the RSSI in different mine scenarios,
via use of the different methods discussed in section 3.3, will be presented and

discussed in this section.

4.1. Simulation Results

Simulated results for RSSI for different mine scenarios were generated us-

ing the analytical method and the CAD simulations method discussed the last
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(a) Placement of transmitting node before (b) Collapsed scenario with the transmitting
burial node buried underneath the debris

Figure 5: Collapsed scenario for measurements setup in Wits Mock Mine

section 3. Simulation results were produced for different frequencies, especially
the frequencies in ISM band suitable for WSN, or low frequencies which have

better penetration properties.

4.1.1. No Collapse Scenario

In this scenario, no part of the mine tunnel was assumed to be collapsed.
The attenuation constant at different points inside the mine tunnel was evalu-
ated as per eq. 1 using parameters of the tunnel, as defined in Table 1. The
electrical parameters used in the modeling represents the rock material found
in underground mines. The results of path loss using the analytical method is
shown in Figure 6, for different frequencies of interest. One can observe both
the large-scale and the small-scale fading effects, which are due to construc-
tive and destructive interference of the EM rays reflected from the mine tunnel
boundaries. Interestingly, the average received power attenuates with a higher
attenuation constant in the first half of the tunnel, as compared to the second

half.
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Table 1: Analytical modelling parameters of no collapse scenario

Parameter Values
Analytical tunnel dimensions Height 3.0m
Width 2.7m
Length 90m
Electrical properties Tunnel o, 0.015
Tunnel e, 5
Antenna Transmit power | 1 mW
Gy 1
G, 1
Modes Total 100
Smallest A 0.059m
3D tunnel dimensions (for CAD | Height 3.0m
simulations only)
Width 2.7m
Length 30m

In CAD simulations, the transmitter was placed at a height of 2 meters near
the entrance point of the tunnel, and the receiver was moved at different points
inside the tunnel, so as to vary the Tx-Rx distance, and keeping the same height.
For the 3D CAD simulations, a total of 30 m tunnel length could only be simu-
lated due to restrictions on the student license acquired. A rectangular tunnel
was considered for the CAD simulations. The results for different frequencies
of interest are shown in Figure 7. The bar in Figure 7 shows the rectangular
tunnel with the Tx node placed at the bottom of the bar. The received power
was mapped along the tunnel length for 30 m where each colour bar represents
1 m distance. The legends of Figure 7 represents the RSSI (dBm) values at
different points in the tunnel. It can be seen that the received power decreases
along the length of the tunnel. The used analytical model [8] and the CAD

simulations are both primarily based on the ray tracing approaches with slight
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modifications, such as the inclusion of surface roughness in [26], and the 3D
ray tracing in the CAD simulations. Table 2 summarizes the results of both
methods for 10 m, 20 m and 30 m length of the tunnel in no collapse scenario.
It can be observed that the results have relatively good correlation for high
frequencies whereas, there are large discrepancies at lower frequencies. This is
because of the fact that the ray-tracing approach assumes the radio waves to
behave as rays, which only happens when the wavelength of the propagating
wave is smaller than the dimensions of the tunnel structure, i.e., only for large

frequencies, as also discussed in another study [32].

Table 2: Comparison of Analytical and CAD results using ray tracing method where A rep-
resents Analytical results and Sim represent CAD simulation results for no collapse scenario

RSSI values at different distances (dBm)
Frequency 10m 20m 30m
(MHz) A Sim | A Sim | A Sim
6.78 -30 -5 -36 -15 -40 -18
13.56 -34 -14 -39 -21 -40 -24
27.12 -37 -16 -43 -27 -42 -30
40.68 -40 -22 -42 -30 -46 -34
433 -48 -42 -58 -50 -56 -54
850 -92 -50 -60 -58 -63 -60
900 -53 -51 -64 -58 -58 -61
915 -92 -49 -64 -07 -60 -60
1800 -52 -55 -62 -63 -65 -65
2100 -54 -96 -58 -65 -64 -68
2300 -57 -58 -65 -66 -66 -68
2400 -57 -98 -60 -66 -68 -70
5800 -61 -64 -65 -73 -68 -76

Red represents difference of more than 10 dB, yellow represents difference of
4 dB - 10 dB and green represents difference of less than 3 dB.

4.1.2. Full Collapse Scenario

This section will present simulation results for the scenario where a segment
of the mine has collapsed such that there are no air gaps in the collapsed seg-
ment, as shown in Figure 1b. The lengths of segment 1, 2 and 3 were taken as

30 m, 10 m, and 50 m, respectively.
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WinProp’s CAD simulation did not allow to simulate such a scenario in the
software, and hence it was not used in this scenario. The method outlined in
section 3.1 was used to simulate signal power degradation in this scenario, i.e.,
use of the ray-tracing based approach [8] for simulation of power loss in segment
1 and segment 3 of the mine as per Figure 1b, and use of a through-the-earth
power loss modelling method [27] for simulating power loss in the collapsed seg-
ment ( segment 2) of the mine tunnel.

The received power at the end of segment 1 was used as the input power for
segment 2 and the received power at the end of segment 2 was considered as
the input power for segment 3, as shown in Figure 2. In this scenario, the re-
flection coefficient was also taken into account when the wave enters from one
segment/material to another. According to the electromagnetic theory, reflec-
tion coefficient describes the reflected power to the incident power from one
medium to another medium. Equation 4 provides the reflection coefficient for

the interface between layer ¢ and the subsequent layer (i 4+ 1) [33]:

_ Nei41) — i

Li =Tty 4

() N(i+1) + M (+1), @
Jwp

; = 5

. (5)

where, 7; represents the intrinsic impedance of the medium of wave propagation,
w is the angular frequency of the wave, u is the permeability of the material,
is a complex propagation constant, and j represents a complex number.

Equation 4 was used to determine transmitted power from segment 1 to segment
2 (air to rock) and from segment 2 to segment 3 (rock to air) of Figure 2. The
sudden drops in the received power level at distances of 30 m and 40 m, as can
be observed from Figure 8 represent the change of medium from air-to-rock and
rock-to-air respectively. The interface between rock-to-air has a higher reflec-
tion coefficient than the air-to-rock interface, due to the higher permeability of
rock compared to air. Therefore, the rock-to-air interface experiences greater

reflection losses.
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4.1.3. Partial collapse scenario

This section presents simulation results for the scenario where a segment of
the mine has collapsed such that there are air gaps in the collapsed segment,
as shown in Figure la. The lengths of segment 1, 2 and 3 were taken as 30 m,
10 m, and 50 m respectively, same as for the case for full collapse.
The Winprop’s CAD simulation did not allow to simulate this scenario in the
software, and hence CAD simulations were not used for this scenario as well.
Signal degradation in segment 1 and segment 3 were modelled using the ray-
tracing approach of [8] as was done for the ’full collapse’ scenario, as there
was no change in them. For segment 2, it was assumed that some part of the
transmitted signal will pass through the air-gap on top of the fallen debris in
segment 2, and this air-gap was approximately modelled as a tunnel of smaller
dimensions.
A worst case partial collapse scenario for the height of the air-gap in segment
2, where a miner cannot crawl through and make it to the segment 3 from
segment 1 through the middle collapsed segment. This minimum distance was
considered to be 30 cm. It was assumed that a fraction of the rays will cross
segment 2 through this gap after some reflections. Figure 9 shows the signal
power degradation behavior in a tunnel with a smaller dimension of 30 cm.
This behavior can be compared with the signal power degradation in a tunnel
with larger height, as shown in Figure 6. It can be observed that the signal
attenuation is much greater when the height of the tunnel is reduced to 30 cm.
This is due to the fact that the signal has more reflections in the smaller tunnel

compared to the tunnel with greater height.

4.2. Experiments based results

Real-world measurements were conducted inside the Wits mock mine using
the setup and the scenarios mentioned in section 3.3. Figure 10a, 10b and 10c
show the received powers for both, the no-collapse and full collapse scenarios, at
433 MHz, 915 MHz and 2.4 GHz, respectively. For the non-collapsed scenario,

it can be observed that there is higher average degradation per unit distance
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in the first half of the mine, and then the average degradation gets reduced/
flattened. This behaviour was also observed in the simulation results, as can
be observed from Figure 6. The initial degradation in the signal power in the
collapsed scenario was much higher than in the non-collapsed scenario, as was
expected because the Tx node was buried under the sandbags for the collapsed

mine scenario.

5. Conclusion

This study aims to analyze the wireless channel for underground mine sce-
narios when a portion of the mine has undergone a mine collapse. The study
makes use of relevant analytical models, simulation tools and real-world experi-
ments to analyse signal propagation in different collapse scenarios. To the best
knowledge of the authors, no such study exists in the literature. It was ob-
served that the attenuation increases drastically in the collapsed segment of the
tunnel due to transmission losses at the interface of the rock and air which de-
grades the overall performance and coverage of the WSN in underground mine.
The attenuation also increases with the increase in the frequency of the signal.
This suggests usage of low-frequencies, however, a compromise would need to be
made as very low frequencies result in large antennas which cannot be carried
by the miner, and carrying of the WSN nodes by the miner can help in their

traceability in case of a mine collapse.
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Figure 6: Ray-optical tracing analytical modelling path loss profiles for no collapse scenario
for (a) WiFi/ZigBee and (b) sub 1-GHz ISM frequencies.
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Figure 7: Tunnel 3D CAD propagation simulation received power heat maps for (a) 433 MHz,
(b) 915 MHz, and (c) 2400 MHz.
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Figure 8: Ray-optical tracing analytical modelling path loss profiles for full collapse scenario
for (a) WiFi/ZigBee and (b) sub 1-GHz ISM frequencies.
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Figure 9: Ray-optical tracing analytical modelling path loss profiles for partial collapse sce-
nario for (a) WiFi/ZigBee and (b) sub 1-GHz ISM frequencies.
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