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Abstract: A system that can acquire and share information about the environment from vehicles
using various sensors and smartphones was developed to prevent accidents that may occur on mine
haulage roads. A light detection and ranging sensor and an accelerometer in a smartphone were
used to determine the road surface conditions at a mining site, and dust and gas sensors were used
to measure the atmospheric environment. The GPS function of the smartphone was utilized to
obtain the location data of the vehicle, and a smartphone application was developed to collect and
share this information. A preliminary test was conducted at Samcheok Campus, Kangwon National
University, and a field test at the Samdo mine. The data acquired from each vehicle could be shared
in real time. Additionally, by analyzing the spatial distribution of each dataset, sections with rough
road surfaces and those with poor atmospheric conditions could be identified. If the technology is
further developed and big-data analysis is performed in the future, the developed technology could
contribute to improving the mining environment.

Keywords: smartphone application; mine haulage; accelerometer; dust sensor; gas sensor

1. Introduction

Most haulage roads in mines are unpaved, which can increase the haulage time and
cause significant fuel consumption and vehicle damage. If the surface of a haulage road is
very rough, it may cause accidents or personal injuries. Recently, the number of accidents
caused by mining activities has decreased [1]. However, in Korea, the number of victims
of haulage accidents in the last decade was approximately 60, indicating that haulage
accidents still occur frequently [2]. However, in the United States, accidents during haulage
account for 20% of accidents caused by mining activities [3]. Therefore, to establish a
safer mining environment, the risk of haulage operations should be reduced by detecting
and preventing risks at the mining site in advance. Therefore, the driver’s line of sight
should be analyzed; potential hazards should be detected at the mining site; and necessary
actions should be taken in advance. Choi et al. [4] predicted dangerous areas within an
open-pit mine haulage road using a geographic information system (GIS)-based viewshed
analysis. A study was conducted to reduce haulage time and potential risk by combining
a GIS-based multi-criteria evaluation and an optimal route analysis [5]. Recently, vari-
ous attempts have been made to improve safety at mining sites using Internet of Things
(IoT)-based network technologies. Baek et al. [6] developed a smartphone application that
can grasp the current location of haulage trucks underground by communicating with
Bluetooth beacons attached to underground mines. Furthermore, a study was conducted
to prevent accidents by applying Bluetooth low-energy technology to individual haulage
trucks or worker helmets to warn when a truck approached a worker [7]. Many studies
to determine the operation and safety status of vehicles and heavy equipment in open-pit
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mines by installing GPS have been conducted [8,9], and commercialized systems have been
developed. Additionally, various sensors and wireless communication technologies (such
as Bluetooth [10,11], ZigBee [12,13], and Wi-Fi [14,15]) have been combined to monitor
vibrations, dust, and harmful gases in underground mines [16-19]. However, these studies
are primarily limited, in that changes can only be observed at a specific point by fixing a
sensor at a specific location, and wearable systems can only detect nearby environment. For
workers to detect and quickly respond to risks at the mining site, they should first under-
stand the environment; second, they should understand the environment of other workers
or other areas. However, few studies on the detection of the surrounding environment of a
moving worker, vehicle, or equipment, and systems to share acquired information have
been conducted.

Although there are a few cases of IoT technology or smartphone applications in
the mining industry, more studies on road conditions and air quality have been recently
conducted in other fields. Table 1 summarizes these studies. In some cases, the surface
conditions of a road were evaluated by measuring vehicle motion using motion sensors
embedded in black boxes or smartphones [20-25]. Some studies considered the vehicle’s
location using a GPS sensor, whereas others gradually analyzed vibrations. In most studies,
a vehicle’s vibration could be transmitted to a server through a smartphone or IoT module;
however, the status of other vehicles could not be checked in real time. Additionally,
although they used sensors embedded in the smartphone, additional sensors were not
combined. Numerous researchers have used IoT devices in individual vehicles to indirectly
detect road conditions, whereas national institutions or large corporations have applied
IoT sensors directly on the road. A connected sensor network was developed in Scotland
to provide real-time road conditions, such as temperature, moisture, and potential culvert
blockages, across 10,000 km of rural roads [26]. Intel developed a smart road solution that
can improve congested road conditions by analyzing data from intelligent cameras and
smart road sensors installed on the road [27]. However, applying these technologies is
considerably expensive, and applying them to small industrial sites is difficult.

There are many IoT applications for evaluating air quality, some of which are shown
in Table 1. Although there are differences in the types of sensors, in most studies, the
sensors installed are stationary and transmit the results to the server, and the results can
be checked in real time through a smartphone application [28-32]. A few studies used
GPS to measure vehicle air quality, but there are a few cases where information can be
shared among vehicles. SK Telecom installed numerous air quality measurement sensors
in indoor and outdoor base stations [33]. The company also installed sensors in its dairy
carts to collect more data in partnership with other companies. However, the company
accumulates data instead of sharing it in real time.

With the development of technologies in the automobile industry, such as electric vehi-
cles, autonomous driving, and remote control, vehicle-to-vehicle-based two-way communi-
cation that can connect vehicles and vehicle information is under development. Connected
vehicle technology is increasingly used in our daily lives [34], and the connected car market
is growing at approximately 14.8% per year [35]. Let us suppose that vehicle-to-vehicle
sharing and IoT technologies are applied to heavy equipment and haulage vehicles at
industrial sites. In that case, external sensors would be able to detect the environment of
the site, and the information acquired by individual vehicles would be able to be shared
through the network. This study developed a smartphone application that can share in-
formation among vehicles in real time to prevent accidents that may occur at mining sites.
In this study, the road surface conditions of the haulage road, the amount of dust, and the
gas concentration were detected using a sensor attached to the external part of the vehicle.
We established a system that could receive these data from a smartphone attached to an
individual vehicle, share them in real time, and visualize them. Additionally, the locations
of other vehicles could be tracked in real time through an application screen, and the data
of all vehicles could be stored.
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Table 1. Summary of IoT applications to monitor road conditions and air quality.

Real-Time
Sub-Field References Year Data Positioning Aim of Study
Sharing
Meocci and Branzi [20] 2022 No No Road condition monitoring using the acceleration
measurement function of the black box
Singh et al. [21] 2022 No No Road condltlop monitoring using smartphone
built-in motion sensors
Setiawan et al. [22] 2022 No No Road Condltlop monitoring using smartphone
Road built-in motion sensors
conditions . o ;
Kumar et al. [23] 2022 No Yes Road Condltlop monitoring using smartphone
built-in motion sensors
Sattar et al. [24] 2021 No Yes Road condmop monitoring using smartphone
built-in motion sensors
Partridge et al. [25] 2020 No No Road vibration and noise monitoring using a
smartphone for an ambulance
Od et al. [28] 2021 Yes No Air quality monitoring using PMZ'S‘ angl CO,
sensors with a smartphone application
Jabbar et al. [29] 2022 Yes No Air quality monitoring using various sensors with
a smartphone application
Airquality  Jumaaetal. [0 2022 Yes No  Galeskage detecion and alarm system with 3
Yadav et al. [31] 2022 Yes No Industrial m9n1torlng using temperature,
humidity, and smoke sensors
Khan et al. [32] 2022 Yes Yes Air quality monitoring using various sensors and

GPS for vehicles

2. Study Area

To apply the system developed in this study, the Taeyoung EMC Samdo mine (Figure 1a),
located in Dogye-eup, Samcheok-si, Gangwon-do, was selected as the study area, and a
preliminary experiment was conducted within at Samcheok Campus, Kangwon National
University. A digital surface model (DSM) representing the elevation of the study area is
shown in Figure 1b. Locations with high and low altitudes are marked in red and green,
respectively. To acquire topographical information, 30 photos of the target area were taken
with a Mavic 3 DJI drone, and a DSM was produced using pix4Dmapper software. The
orthoimage through ArcGIS Pro of ESRI, which was produced using pix4Dmapper, is
shown in Figure 1c. Areas not captured by drones were visualized using the ArcGIS Pro
basemap. The result of 3D visualization using ESRI ArcScene for the easy understanding
of the topography of the target area is shown in Figure 1d. The study area is surrounded
by high-altitude mountainous terrain except for the haulage road. The Samdo mine,
established in April 1993, mainly produces limestone for iron and steel production. The
upper limestone layer of the Pungchon formation in the Samdo mine is mined by applying
the board-and-pillar method. Approximately 1.5 million tons of limestone are mined
annually at the Samdo mine, and haulage trucks are operated daily; therefore, haulage
roads and mining environments should be kept safe. The system developed in this study
was applied along a haulage road from the office to the mine adit.
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Figure 1. (a) Panoramic image, (b) DSM, (c) orthoimage, and (d) three-dimensional image of Taeyoung
EMC’s Samdo mine.

3. Methods

To monitor the external environment of the vehicle, we developed a digital device that
can measure the roughness of the road surface, the amount of dust, and gas concentration
using Arduino, a microcontroller, and various sensors. The detected data can be transmitted
to a smartphone installed in the vehicle through a Bluetooth module, and the location and
information can be exchanged among vehicles through an application. The developed
application can allow the driver and drivers of other vehicles to check the results of
measurements in individual vehicles (Figure 2).

3.1. Development of Digital Device Using Arduino and Sensors

This study used sensors to acquire data on dust density, gas concentration, and road
surface conditions. A dust sensor (PMSA003) was used to measure the density of dust
generated at the mining site (Figure 3A). PMSAOQ03 is a type of digital and universal
particle concentration sensor that can be used for obtaining the concentration of suspended
particles in air. The sensor operates at —40 to 80 °C and can detect relatively small particles
of <2.5 um and particulate matter 2.5. The sensor detects dust based on the laser scattering
principle using a laser to radiate suspended particles in the air and then collects scattered
light. Furthermore, it predicts the dust density by obtaining the curve of the change in
scattering light with time. It has an effective dust density range of up to 500 pg/m? and a
resolution of 1 pg/m?.
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Figure 3. (A) Dust sensor, (B) gas sensor, (C) LiDAR, (D) Arduino Uno, (E) Bluetooth module, and
(F) a digital device that combines Arduino and sensors.

An MQ-135 gas sensor was used to measure the concentration of harmful gases that
may have been emitted during the mining process (Figure 3B). The MQ-135 gas sensor
detects gases such as ammonia, benzene, alcohol, and carbon dioxide at values ranging
between approximately 10 and 1000 ppm and requires a preheating time of approximately
3 min to measure the correct value. Because the sensor’s sensitivity depends on the type
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of gas to be measured and the environment, calibration in a controlled environment is
necessary for accurate measurements. However, because the Samdo mine, our case study,
is a limestone mine, the emission of harmful gas is insignificant; thus, the precise correction
process for individual sensors was omitted because the primary purpose was not to measure
the exact gas concentration. All experiments were performed after preheating the sensor
for at least 3 min to properly observe the change in the gas concentration.

A point-based light detection and ranging (LiDAR) sensor that can detect distances
using light was used to understand the road surface conditions at the mining site. Garmin’s
LiDAR-Lite v3HP (Figure 3C) was used, and the product could measure a distance from
5 cm to 40 m, with an accuracy of approximately 2.5 cm and a resolution of 1 cm. This
study used LiDAR to identify the remote road surface conditions and risks in advance.

Although LiDAR allows one to indirectly identify the road surface conditions by
measuring the distance from the road surface, vibration measurement can be a more direct
indicator to quantify the direct impact on the vehicle. Various sensors can be used for
vibration measurement; however, because this study used a smartphone, the vibration
was measured using an inbuilt accelerometer in the smartphone. The accelerometer can
measure acceleration in the X, Y, and Z directions around a specific axis of the sensor.
Because the gravitational force always works even in the absence of vibration, a low-pass
filter was applied to the acquired acceleration data to remove gravitational acceleration
and quantify the vibration value.

Additionally, a spatial analysis of the data obtained from each sensor was performed,
combined with location data. This study used a GPS sensor built into a smartphone to
obtain vehicle location information.

Therefore, vibration and location measurements were performed using a smartphone,
and other data were obtained using other sensors. These sensors were connected to an
Arduino Uno microcontroller (Figure 3D), such that field information could be acquired in
real time. Bluetooth module HC-05 (Figure 3E) was used to transmit the results to the smart-
phone. The product typically communicates within a distance of 10 m. A digital device
combining Arduino and the sensors is shown in Figure 3F; the exterior was manufactured
using a 3D printer.

3.2. Development of Data Sharing Application for the Smartphone

A digital device developed using Arduino and sensors transmitted values such as dust
density, gas concentration, and road surface conditions to smartphones through Bluetooth
modules. An application is required to receive and utilize such data on a smartphone. This
study developed a smartphone application called Connected Mine using app inventor,
a block-coding program developed at MIT [36]. The operation of the application can
be divided into four main processes: (1) data acquisition from digital devices, (2) data
acquisition from smartphone sensors, (3) data transfer to the server, and (4) reception of
data stored on the server. The application aims to share information acquired using sensors
or smartphones in real time and visualize it on a map.

First, to receive data transmitted from a digital device, the Bluetooth communication
function of the smartphone must be activated, and data from multiple sensors in one packet
should be parsed. Second, the smartphone calculates the vibration using an accelerometer
built into the smartphone, obtains location data using GPS, and combines it with previ-
ously received external sensor data. Third, it performs the real-time transmission of these
continuously acquired data to the server. Currently, the number of vehicles (smartphones)
is recorded in the data such that the vehicles that transmitted the data can be distinguished.
This study used Firebase, a mobile and web application development platform, as the
server. Finally, the data uploaded to the server are queried in real time and visualized on
a map of the smartphone screen. Because the data transmitted to the server include the
sensor and location data of each vehicle, the location of other vehicles moving in real time
can be checked on the map. The interface and usage methods of the developed application
are shown alphabetically in Figure 4. If the smartphone’s GPS sensor is activated, location
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information can be shared, such that the location of vehicles connected to the same server
can be visualized on a map. When a value greater than a specific threshold is acquired from
the sensor, it is marked on the screen. The flowchart of the functioning of the application is
shown in Figure 5. As the accumulated data obtained from each application increase over
time, the retrieval and storage of these data in the Firebase database are highly inefficient.
Therefore, a data-logging Python code was developed instead of continuously recording
all the data in the database. It connects to the Firebase server from a separate computer,
retrieves the values acquired from the application in real time, and records them in a
separate database. Thus, a big-data system that can store and analyze data obtained from
all vehicles was built.

() Binetooth (e) )

sensor Database Server

¥ Server Connect
search Name Connect
button Input Box Button

A A Connected Truck [| Connected (9I3]
(Bluetooth) )

AP 0:3 HUE AP Che 3

Real-time data viewer

Vibration (C)
Dust
Distanc
Gas

Vehicle Selection

Select Graph

© Openstrwetmap contritiors

Figure 4. Interface of developed smartphone application. (a) Bluetooth sensor search button, (b) searched
Bluetooth modules, (c) graph selection window, (d) selected graph, (e) database name input box, (f) server
connect button, and (g) vehicle selection window.

Start
| Location data acquisition and visualization on the map | Upload acquired data
(location, vibration, dust, gas, ete.)
L 2

| Acceleration data acquisition and vibration calculation | |

¥

/ Click the sensor search button I

Download data from other apps |

Visualize the location of vehicles on the map |

¥

| Visualize the graph and data value

| Sensor data acquisition |

2

/ Click the server connect button I Mark outliers on the map |

Quit the App?

No
(No need to reconnect
Bluetooth and server)

Figure 5. Flowchart showing the procedures in which the Connected Mine application works.
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4. Results
4.1. Preliminary Test at the University

Prior to the application at the mining site, the developed digital device was attached
to a RoboMaster S1 unit (Figure 6a), and a preliminary test was performed at Samcheok
Campus, Kangwon National University. RoboMaster S1, developed by DJI, is a radio-
controlled vehicle with video shooting and autonomous driving capabilities. It is equipped
with a two-axis mechanical gimbal, a Mecanum wheel, and a high-performance motor.
Additionally, it is equipped with advanced Al technology that supports the scratch and
python programming languages. Because the roads at Samcheok Campus, Kangwon
National University, are all paved, simulating an environment with rough road surface
conditions is challenging, such as mine sites with ordinary vehicles. However, RoboMaster
51, a small radio-controlled vehicle, can perform experiments on rough terrain or unpaved
paths. Furthermore, because RoboMaster S1 has a built-in battery, the power of the digital
device is supplied by RoboMaster without requiring a separate battery to operate the device.
The route of the RoboMaster for the preliminary test at Kangwon National University is
shown in Figure 6b. Section 1 was a relatively flat paved road, and Section 2 was a rougher
sandy road. After Section 2, the road was paved again, and Section 3 was adjacent to the
road on which cars passed. The location and sensor measurements could be checked in
real time through the developed application and recorded on a desktop computer using
python codes.

‘ ﬁ)ust sensor

LiDAR

Figure 6. Images of (a) RoboMaster S1 and (b) preliminary test site (Samcheok Campus, Kangwon
National University).

The data logging results obtained using the developed application are shown in
Figure 7. RoboMaster S1 has a small body and wheels; therefore, a significant vibration was
measured even on a relatively flat surface. Vibration values of up to 9 m/s? were observed
during the test. The distance to the ground using LiDAR also changed significantly. A
distance of approximately 10 cm was measured on average. Distances ranging from
1 to 16 cm were recorded when the body of the RoboMaster vibrated during the test.
Because RoboMaster S1 has a low height, only short-range results were obtained when
using LiDAR; however, it can be used for longer-distance measurements in high-height
dump trucks and heavy equipment. In Section 2, where the road surface was rough,
the vibration and distance from the ground surface changed significantly. In addition,
unlike other paved routes, Section 2 was an environment where dust could accumulate;
thus, the dust density was seen to significantly increase up to 39 pg/m?3. The gas sensor
did not fluctuate significantly and maintained a generally constant value; however, the
gas concentration increased in Section 3. This was because, during the test, vehicles
passed along the adjacent road and emitted exhaust gases. Through a preliminary test, we
confirmed that the developed application could detect, share, and record changes in the
surrounding environment.
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Figure 7. Data logging results of vibration, distance from the surface, gas concentration, and dust
concentration.

4.2. Field Test at the Samdo Mine

The developed system was installed on four vehicles, and field experiments were
performed along the path from the office to the mine adit (Figure 8). The developed digital
device was attached to the front of the vehicle, and a smartphone was installed inside the
vehicle so that it could be checked by the driver. The experiment was conducted using a
diesel truck and three sedans (Figure 9), and four vehicles moved back and forth along the
route from the office to the mine adit. The movements of other vehicles could be checked
in real time on each smartphone screen. The vibration, distance from the surface, gas
concentration, and dust concentration measured for each vehicle are shown in Figure 10.
Although the positions of the four vehicles slightly differed at a particular time, the sensor
values showed a similar trend because they moved in succession while maintaining a
close distance. The vibration, distance from the surface, and dust concentration changed
significantly almost simultaneously, because the dust was generally generated in high-
vibration areas. The gas concentration was high in the middle and at the end of the graphs.
Because the experiment was conducted by having the test vehicles move back and forth
from the office to the mine adit, the area of high gas concentration in the middle of the
graph corresponded to the vicinity of the mine adit. The Samdo mine is a limestone mine;
therefore, gas emission is not a significant problem. However, the high gas concentration
was attributed to the numerous vehicles parked around the mine adit and office.

\ 100

Figure 8. Route from the office to the mine adit for the application of the developed system,
(a) a photo of the mineral processing facility and water facility, and (b) a photo of the mine adit.
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Figure 9. Photos of vehicles and installed digital devices used in the experiment.
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Figure 10. Data logging result graphs of the experimental results of four vehicles.
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From the graphs, the changes in the values acquired through various sensors in
each vehicle can be continuously checked; however, similarly determining the spatial
distribution of the data is challenging. Because the data obtained in this study included
location information through GPS, all the data of the four vehicles were averaged for the
adjacent data using ArcGIS Pro and were subsequently visualized (Figure 11). The points
indicating high vibration or a short distance from the surface are distributed in Sections A
and B. Section A comprised the mineral processing facility and car wash facility (Figure 8a)
for vehicles leaving the mine, and high vibration values were also observed around the
mine adit (Figure 8b), corresponding to Section B. In Section A, the road surface was rough,
and the road was narrow because of the car wash equipment on the side; therefore, vehicles
should be driven with care. In Section B, vehicles shook significantly owing to a sudden
change in the slope. Vehicles could move more stably if road conditions in these areas are
improved. The dust concentration was generally low near the office; however, it was high
near Sections A and B. This was because many vehicles and equipment were concentrated
around the mine adit and mineral processing facility, and the dust washed from the car
wash equipment accumulated on the top of the road, causing a dust wind when vehicles
passed by. The gas concentration was relatively distributed and was high in the vicinity of
the office and mine adit. This is because vehicle exhaust gas is the leading cause of the high
gas concentration, and vehicles are mainly concentrated around the office and mine adit. In
addition, as the vehicle continued to move, a high gas concentration was distributed over
the entire route.

Vibration Distance from the surface

s 0 100
=363 —

Distance from the surface (cm)
® =

Vibration (m/s’)

B

Dhust (pg/m) Gas (ppm)
® = <144
8 = -
8 0 100 0m S Sl
ol - © <133 [ 100 200,
e — 5 TS —

Figure 11. Analysis results of the spatial distributions of vibration, distance from the surface, dust
concentration, and gas concentration. Sections A and B have rough road conditions.

5. Conclusions

This study developed a technology that can monitor the environment of mining
sites and share information among vehicles by attaching digital devices combined with
various sensors. The dust density, gas concentration, and road surface conditions were
observed at a mining site using a dust sensor, a gas sensor, and LiDAR, respectively. The
vehicle’s location and vibration values were measured using GPS and accelerometers built
into the smartphone. The data measured using the digital device were transmitted to
the smartphone application through a Bluetooth module, and the sensor value could be
checked in real time through the application. The Firebase database was used to share the
data acquired from each vehicle, allowing each application to continuously upload its own
data and receive data from other applications. Before applying the developed system to
the mining site, a preliminary test was performed using RoboMaster S1, a wireless control
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vehicle, at Samcheok Campus, Kangwon National University. The measured data differed
according to the road conditions. At the mining site, four vehicles were tested along a
haulage road. The vibrations of the vehicles were high at the mine adit where the working
vehicles were concentrated. Therefore, we concluded that the road surface required to be
improved, or more attention should be paid to these areas. Because dust inevitably occurs
during work, the dust density was relatively high at the mine adit; however, most workers
wore dust masks and were in vehicles. Thus, direct harm was insignificant. However,
long-term inhalation of dust can be harmful to the human body; therefore, workers working
outside the vehicle should wear a dust mask with particular caution. In this study, the
system was applied to ordinary vehicles to avoid interference with work at the mining site.
However, in the future, we plan to improve the system and apply it to several field haulage
trucks. Consequently, the battery system should be improved to connect the power of the
vehicle to the developed digital device. In addition, the data processing method and server
system should be improved such that data can be processed and shared quickly, even
when many vehicles access the system. If multiple haulage trucks share information and
accumulate data, a more reliable risk area analysis could be possible across the entire mine
area through a big-data analysis in the future. Furthermore, if this study is combined with
IoT-based underground mine communication technology, the locations of vehicles could be
identified, and environmental data could be acquired within an underground mine.
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