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Abstract

Purpose. This study aims to develop a real-time deformation monitoring system using GNSS/Continuously Operating
Reference Station (CORS) technology for open-pit mine dump sites.

Methods. The system comprises a single CORS station installed in Cam Pha City, Quang Ninh Province, Vietnam, utili-
zing a Stonex GNSS receiver and a Trimble Zephyr 2 antenna. Components include a GNSS receiver based on the Trimble
OEM BD970 module, monitoring control, and data processing software installed on a server computer for remote access. The
real-time kinematic (RTK) method using CORS technology is employed for continuous monitoring at a frequency of 5 Hz,
with data output in the standard NMEA format. The sliding window algorithm is applied to detect displacement occurrences
and magnitudes. Performance and reliability are evaluated through two experiments with varying baseline lengths.

Findings. The simulation experiment results show a maximum difference of 5 mm in horizontal displacement and 8 mm in
vertical displacement when compared with measurements from a laser distance meter. The real-world experiment at the Dong
Cao Son waste dump in Quang Ninh Province, Vietnam, confirms the system’s effectiveness and feasibility. Monitoring data
are successfully transmitted to a host computer at Hanoi University of Mining and Geology.

Originality. This study introduces a novel real-time deformation monitoring system based on GNSS/CORS technology,
designed to ensure continuous, stable operation and real-time data processing over extended periods.

Practical implications. The developed system provides an efficient, economical, and safe solution for real-time monitoring

and early warning of deformations at open-pit dump sites, contributing to improved mining operations.
Keywords: GNSS, CORS, mine dump deformation, open-pit mine, sliding window, Dong Cao Son dump

1. Introduction

Landslides are a common natural hazard in mountainous
regions with steep slopes and in mining areas. A landslide is
the movement of a mass of soil. It rocks down a slope under
the influence of gravity, along with other contributing factors
such as surface and groundwater pressure, seismic tectonic,
and human activities [1]. Landslides often damage property
and human lives, destroy structures at the base of waste
dumps, and cause environmental degradation [2]. Since
waste dumps are artificial landforms created during the
mineral extraction, landslides, displacements, and defor-
mations continuously occur from the initial dumping phase
and can persist for many years thereafter. To minimize the
geographical area used, mining waste is typically dumped in
a designated area following a specific method or sequence,
with a natural slope angle and usually at a height significant-
ly greater than the original terrain.

After blasting, excavation, and transportation, the soil and
rock in the waste dump become loose and lack the cohesive
strength they had in their undisturbed state. These conditions

are reinforced by rainfall, causing the soil and rock in waste
dumps to be prone to displacement. Literary research indi-
cated that the soil and rock in waste dumps continuously
displace, causing surface deformation [3]. The intensity of
displacement and deformation is most incredible during the
initial dumping phase and gradually decreases over time.
Real-time monitoring of displacement and landslides in
waste dumps provides highly valuable information, such as
the movement’s magnitude, velocity, and direction. This
information helps us understand how the displacement
evolves and enables early warnings about the potential occur-
rence of future landslides.

One of the strategies to mitigate risks caused by land-
slides is the implementation of real-time monitoring and
immediate warning systems. Various solutions have been
proposed for monitoring landslides utilizing a system of
sensors embedded in the sliding mass [4]-[6], total sta-
tions [7], terrestrial laser scanners [8], and remote sensing
techniques [9], [10]. The application of Global Positioning
System (GPS) technology for monitoring landslides and
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other geological hazards has been documented in research
studies [11]-[14], indicating its effectiveness. Each of
the aforementioned methods has its advantages, disad-
vantages, and applicability. These methods operate based
on discrete monitoring periods; therefore, the monitoring
data is not continuous, making it impossible to provide
early warning of landslides.

Since the advent of Global Navigation Satellite System
(GNSS) technology, many countries have established Con-
tinuously Operating Reference Stations (CORS) networks as
spatial infrastructure for various purposes, including land-
slide monitoring. The advantage of CORS networks is con-
tinuous operation in all weather conditions, providing real-
time correction in the three dimensions [15]. The application
of CORS networks with the Virtual Reference Station (VRS)
technique has been used for real-time landslide monito-
ring [16]. The benefit of using a CORS network is that it
allows for large distances between CORS and tracking sta-
tions, thereby reducing the number of required stations and
lowering monitoring costs. However, the CORS network
technology is influenced significantly by atmospheric errors,
such as ionospheric and tropospheric delays, which limit the
positioning accuracy of the VRS technique to approximately
the centimeter level [17].

In addition to CORS network technology, single CORS
technology combined with low-cost GNSS receivers has also
been studied in various works [18]-[20]. The advantage of
single CORS technology is its ability to better eliminate the
influence of atmospheric errors on monitoring results. How-
ever, single CORS technology has limitations, such as the
restricted distance between the CORS and monitoring sta-
tions, which increases the number of CORS stations, leading
to higher monitoring costs. CORS stations are also prone to
displacement and unstable geological masses. Additionally,
low-cost GNSS receivers are used, resulting in lower accura-
cy and inefficient data transmission.

Some of Vietnam’s largest open-pit coal mines are con-
centrated in the Cam Pha region of Quang Ninh Province.
Millions of cubic meters of soil and rock are excavated an-
nually and dumped into waste piles. Among these, the Dong
Cao Son waste dump is the largest in Vietnam, covering an
area of over 452 hectares, with the height of the waste dump
approximately 300 meters above sea level. Given the loca-
tion and height, the likelihood of landslides and the dis-
placement of soil and rock is very high. However, landslide
and displacement monitoring at the Dong Cao Son waste
dump are still based on periodic measurements using tradi-
tional surveying equipment, such as levels, electronic total
stations, and GPS receivers. Currently, the Vietnam Depart-
ment of Surveying, Mapping, and Geographic Information
has completed the construction of the CORS network (called
VNGEONET) of 65 stations across the entire territory of
Vietnam. However, this station density is still low, with large
distances between stations, ranging from 80 to 120 km,
making it challenging to apply the CORS network with VRS
techniques for monitoring displacement and landslides
at open-pit mine waste dumps.

Therefore, this study aims to apply single CORS technol-
ogy as a reference station and to develop a high-precision
GNSS receiver for monitoring displacement and landslides at
waste dumps in open-pit mines in Vietnam.
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2. Methods

A method for real-time detection of displacement and
landslides at waste dumps in open-pit mines is proposed,
which includes a GNSS-based monitoring system and pro-
cessing and analyzing the monitoring data.

2.1. The monitoring system

2.1.1. Design of the GNSS-based displacement
monitoring system

The GNSS-based monitoring system for displacement
and landslides must be designed to ensure stable and conti-
nuous operation, signal decoding, data transmission, pro-
cessing, and real-time display. The system consists of three
main components, shown in Figure 1. The first component is
the single CORS station, the second is the network of moni-
toring stations, and the third is the data transmission system.

Global Navigation Satellite System - GNSS

(3)Data
transmission

(2)Monitoring stations system

(1)Single CORS system

Figure 1. Diagram of the landslide monitoring system based on
single CORS technology

The single CORS system provides positional correction
to the monitoring stations in the standard Radio Technical
Commission for Maritime Services (RTCM) format. It pro-
cesses the data of RTK measurement networks, corrects
integer ambiguities of the CORS system, and develops cor-
rection models for tropospheric, ionospheric, and satellite
orbit errors. Additionally, the CORS station’s central compu-
ter hosts the data processing software for the CORS station,
monitoring data processing software, and serves as a data
storage center. The monitoring station system consists of mul-
tiple GNSS receivers using the RTK relative method. The
GNSS receivers connect with the CORS station’s central com-
puter via a 4G WiFi modem and receive positional corrections
from the CORS station to obtain accurate coordinates. The
corrected coordinates of the monitoring stations are transmit-
ted to the main computer in the standard NMEA format.

The data transmission system is responsible for transmit-
ting positional corrections from the CORS station to the
monitoring stations and transmitting the data from the moni-
toring stations to the main computer of the CORS station.
Data is transmitted using the Network Transport of RTCM
via Internet Protocol (NTRIP). The monitoring system oper-
ates based on the GNSS relative positioning method, utiliz-
ing carrier-phase and pseudorange measurements. To elimi-
nate or minimize specific error sources affecting positioning
results, differencing equations (phase differences) are em-
ployed. The second-order differencing equations of the
CORS station, the monitoring station, and two satellites i and
j eliminate satellite and receiver clock errors and, therefore,
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are commonly used to determine the baseline vector. The
second-order differencing equations for pseudorange and
carrier-phase measurements are [21]:
ij iJ i, 0]
AVPL = AVl + AVIGL + AV + AV ep W
Lj _ L] i,] i,] i,]
AN Gyl = AVl = AV + AVTyL — LAVN Y + AV e,

where:

AV —the second-order difference, i and j are the non-
reference and the reference satellites;

M, C — the monitoring and the CORS stations;

P, g— the pseudorange and the carrier-phase measurements;

A — the carrier wavelength;

p —the geometric distance between the monitoring and
CORS stations to the satellites;

I — the ionospheric delay;

T — the tropospheric delay;

N — the integer ambiguity;

ep — the random pseudorange noise and other errors.

Additionally, in relative positioning, minimizing errors
caused by tropospheric and ionospheric delays is necessary.
These errors have a spatial correlation with the baseline
length; therefore, to reduce their impact on RTK positioning,
the baseline length should not exceed 10 km.

2.1.2. Establishment of the CORS station system

The main components of a CORS station are the GNSS
CORS antenna and receiver. In addition, there are several
auxiliary components, such as data transmission cables, in-
ternet connection and modem, server computer, power sup-
ply, and uninterruptible power supply (UPS).

The antenna used in the CORS station must be designed
to ensure high phase center stability, eliminate multipath
errors, improve measurement accuracy, and provide the best
positioning solutions by receiving satellite signals within the
GNSS system. This study uses a Zephyr 2 Trimble geodetic
receiver (USA). The Zephyr 2 geodetic antenna fully sup-
ports the reception of current and future GNSS satellite sig-
nals, including GPS, GLONASS, Galileo, BeiDou, QZSS,
IRNSS, OmniSTAR, Trimble RTX, and SBAS [22].

The GNSS receiver used in the CORS station is the Sto-
nex SC2000 receiver (Italy). The SC2000 receiver offers high
accuracy, robust performance, and stability. It can receive
signals from 555 channels of satellites in the GNSS constella-
tion, determine coordinates using carrier-phase measurements
with an accuracy of less than 1mm, and support data linking
through 4G telecommunication networks, Bluetooth, and
WLAN. It can be easily configured via WebUI and remote
computers and supports the NTRIP server and NTRIP Caster.
The accuracy for static measurements is 3 mm + 0.1 ppm in
the horizontal and 3.5 mm + 0.4 ppm in the vertical. The
accuracy for RTK measurements is 8§ mm + 1 ppm in the
horizontal and 15 mm + 1 ppm in the vertical [23].

The GNSS antenna is installed on a pillar that has been
surveyed and selected in accordance with technical
standards, ensuring it is securely and stably constructed.
The GNSS CORS antenna is located in Cam Pha City,
Quang Ninh Province, Vietnam, within 10 km of the
Dong Cao Son waste dump. The Zephyr 2 geodetic antenna
is connected to the SC2000 GNSS receiver via a specialized
cable. The receiver is linked to a WiFi modem with internet
connectivity and is powered by a stable power supply.
Data from the SC2000 GNSS receiver is transmitted to
the main server computer set up at the Hanoi University
of Mining and Geology.

2.1.3. Determination of the coordinates of the CORS station

The coordinates of the CPCOC6 station are adjusted
using the Trimble Business Center 5.2 (TBC 5.2) software
and connected to several nearby CORS stations in the
VNGEONET network (Fig. 2). The input data in the Rinex
format used in the adjustment are obtained from the CORS
station over an observation duration of 48 hours.

Figure 2. Diagram of the CAMPHA Network after baseline solution

The coordinates of the CORS station CPCOC6 after ad-
justment in the geocentric Cartesian coordinate system and
their root mean square error are shown in Table 1. The coor-
dinates of the CPCOCG6 station are input to the GNSS
SC2000 receiver via the WebUI (User Interface) by logging
into the receiver through the Internet Explorer browser and
entering the IP address: 192.168.1.8.

2.1.4. Design of the components of the real-time
monitoring system

We design the real-time monitoring system of displace-
ment and landslide of waste rock dumps with components
shown in Figure 3.

The name and features of each component in the real-
time monitoring system of displacement and landslides of
waste rock dumps are shown in Table 2.

Table 1. Geocentric Cartesian coordinates of CORS stations after adjustment

No. Station Components of the geocentric Cartesian coordinate system RMSE (m)
X Y Z mx my mz
1 DLAP -1745598.78725 5672891.65324 2327550.26809 0.00092 0.00071 0.00259
2 DSON -1724387.01504 5714538.80995 2239949.35580 0.00093 0.00070 0.00261
3 MCAI -1832589.78244 5646288.92354 2324879.29953 0.00095 0.00072 0.00286
4 QNIN -1748220.88257 5696376.11332 2267426.69992 0.00094 0.00070 0.00268
5 SDON -1722819.93506 5688541.30127 2306007.29293 0.00090 0.00068 0.00247
6 TYEN -1779027.03634 5671511.54804 2305159.56917 0.00087 0.00067 0.00238
7 CPCOC6 -1771161.81800 5687390.41800 2272073.82000 0.00280 0.00220 0.01510
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Table 2. Name and features of each component in the monitoring system

No. Component Feature Note
1 GNSS antenna Receiving GNSS signal Supplied by the manufacturer
2 GNSS receiver Receiving and decoding GNSS signals Self-developed
3 WiFi modem with 4G SIM card Transmission of monitoring data Supplied by the manufacturer
4 Alarm and signaling module Warning through sound and lighting Supplied by the manufacturer
Storage and supplying power for the .
5 12V battery GNSS receiver and modem Supplied by the manufacturer
6 Solar energy-charged controller Charging the battery Supplied by the manufacturer
7 Solar panel Providing input power for the Supplied by the manufacturer

monitoring station system

Figure 3. Components and their connection diagram in the real-
time landslide and displacement monitoring station sys-
tem: 1 — GNSS antenna; 2 — GNSS receiver; 3 — WiFi
modem with 4G SIM card; 4 — alarm and signaling
module; 5 — 12V battery; 6 — solar energy-charged con-
troller; 7 — solar panel

2.1.5. Design and development of the GNSS
receiver for the monitoring station

The GNSS receiver is designed and developed based on
the Trimble OEM BD970 module (Fig. 4a). This module
can receive 220 channels from satellite systems, such as
GPS (L1C/A, L2E, L2C, L5), GLONASS (L1C/A, L1P,
L2C/A, L2P), SBAS (L1C/A, L5), Galileo (L1BOC, ES5SA,
E5B, E5AItBOC1), BeiDou (B1, B2), and QZSS (L1C/A,
L1 SAIF, L2C, L5). The RTK positioning accuracy
is 8mm+ 1ppm in the horizontal component and
15 mm + 1 ppm in the vertical component, with a baseline
of up to 30 km [24].

This module has an Ethernet LAN port. It can be con-
nected to a WiFi modem to transmit monitoring data to the
server computer via an IP address and access port on the
modem at the CORS station. The GNSS BD970 module,
combined with other selected modules, is connected and
assembled (Fig. 4b) to form a complete GNSS receiver for
the monitoring station system (Fig. 4c).

The GNSS receiver operates using a computer program
written in the C# programming language within the Ar-
duino software environment. The program source code is
uploaded to the Atmega328P control chip of the GNSS
receiver via the Arduino UNO module, which is connected
to the computer through a USB port.

The GNSS receiver and other components, as shown in
Table 1, form the real-time monitoring station system in
Figure 5. This monitoring station system performs high-
quality real-time kinematic (RTK) measurements. It trans-
mits the data to the main computer via an IP address and an
access port previously configured.
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Figure 4. Stages of GNSS receiver station assembly: (a) GNSS
receiver module BD970 with Bluetooth and communica-
tion components;(b) internal view of the monitoring sta-
tion during assembly;(c) completed GNSS-based moni-
toring station with control interface

Figure 5. Real-time landslide monitoring system

2.2. Data processing, analysis, and displacement detection

Data processing, analysis, and displacement detection in-
volve detecting and removing outliers in the RTK time se-
ries, converting geocentric Cartesian coordinates to local
topocentric coordinates in the WGS84 reference, and analy-
zing the data to detect displacement.

2.2.1. Outlier detection in RTK time series

In continuous monitoring based on GNSS RTK tech-
niques, outliers may appear alongside points of change
caused by sudden displacements. Therefore, during data
processing, it is necessary to identify and remove outliers
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from the time series. In Figure 6, points I, II, and III are out-
liers, while point IV is a point of change (also known as a
displacement point). Outliers are due to relatively significant
deviations in the time series. In contrast, displacement points
are caused by changes in state over time within the time
series. As shown in Figure 6, after 11:12:15, a change
occurred in the measurement time series, and the displace-
ment point was detected.

60.0
50.0

40.0

w
o
o

N
o

Measured value (mm)
(=]

>

N

Time (UTC)

Figure 6. Outlier and displacement points in the time series. I, 11,
and I1I are outliers, and 1V is the displacement point

Detecting and removing outliers in observational data
without accompanying information is challenging, especially
with large datasets. To detect outliers in the measurement
time series, this study utilizes observational data in the
standard NMEA format [25]. NMEA-standard data includes
messages of different types. To reduce the size of observa-
tional data and ensure more stable data transmission, we use
two measurement messages: GGA and GST. These messages
contain positional information and other supplementary data,
making them suitable for detecting and removing outliers.
The GGA message is the most commonly used in GPS or
GNSS positioning. It includes the following information:
UTC (1), latitude (2), northing (3), longitude (4), easting (5),
a quality indicator of positioning (6), the number of satellites
used (7), horizontal dilution of precision (8), antenna height
above the geoid (9), a unit of antenna height (10), separation
between the WGS-84 ellipsoid and the geoid (11), unit of the
baseline in meter (12), age of differential GPS data record
(13), ID of the reference station, ranging from 0000 to 4095
(14), and checksum of the message string (15). The structure
of a GGA message and its details are shown in Figure 7.

GGA- Time, position, and fix related data

1 2 34 567 9 1011 12131415
¥ e H¢¢¢HlH¢
SGNGGA hhmmss.ss, lILILa,yyyyy.yy,a.x,xx,x.x,X.X,M,X.X,M,c.c,b*hh
SGNGGA.010842.00,2102.54503834,N,10720.57641438,E 4.17,0.7.293.160,M,-22.849,M.1.0.0000*72
¥ SRR L L
1 2 3 4 567 8 9 1011 121314 15

Figure 7. Structure of the GGA message and its details

The GST message contains information about the position
correction time (1), residuals of pseudo-range (2), semi-major
axis of the error ellipse (3), semi-minor axis of the error ellipse
(4), orientation angle of the semi-major axis of the error ellipse
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(5), error in the Y-axis (6), error in the X-axis (7), vertical error
(8), and the message string checksum (9). The structure of the
GST message and its details are shown in Figure 8.

GST — Position error statistics

1 234‘3678

$¢¢¢¢

$GNGST,hhmmss. sswbbccddeetfgg*hh
$GNGST,010842.00,0.134,0.005,0.005,50.5,0.005,0.005,0.012%73

tt

5

1 2 3 4 7 8 9

Figure 8. Structure of the GST message and its details

In GGA messages, there is an indicator of the quality of
RTK results with six levels numbered from 0 to 5. An indica-
tor of 4 indicates RTK results of high accuracy, and the user
will accept this message. Potential outliers are detected based
on the following three criteria: completeness of the message
series, RTK positioning quality indicator, and the position
error. The detection of potential outliers is carried out in the
following three steps:

Step 1. Removal of incomplete messages. NMEA-stan-
dard messages transmitted from the monitoring station to the
central computer via the NTRIP protocol may encounter
transmission errors, resulting in incomplete information. To
filter out these incomplete messages, their integrity must be
verified. The corresponding measurement data lines are dis-
carded if the messages lack complete information. All charac-
ters are analyzed from the “$” character to the “*” character
to verify the integrity of the information in the measurement
message series. Then, a bitwise operation algorithm is ap-
plied, starting from the first character to the next, until the end
of the series, to generate a new parsed checksum. This parsed
checksum is compared with the checksum in the transmitted
message. If the two checksums match, the measurement data
line is accepted to proceed to the second filtering step.

Step 2. Filtering of position-corrected measurement mes-
sages. In RTK positioning, the measurement quality can vary at
different levels, which is reflected in the quality indicator in the
GGA message. The RTK measurement quality indicator has six
levels numbered from 0 to 5. An indicator of 4 corresponds to
RTK positioning of the best quality, and the message is retained.
Messages with indicators 0, 1, 2, 3, and 5 will be discarded.

Step 3. Filtering of the measurement messages by posi-
tion errors. The messages with the best quality have been
retained after step 2. However, the RTK positioning errors
also vary, as shown in the GST message. Only the messages
with position errors minor than the allowed limits will be
retained to achieve high accuracy. This study uses the hori-
zontal and vertical error limits of 4 and 8 mm. In Figure 6,
points I, II, and III are outliers, while point IV is the change
point (also known as the displacement point). The outliers
are caused by relatively significant deviations in the mea-
surement time series. In contrast, the displacement point is
due to a sudden change in the position. As shown in Fi-
gure 6, after 11:12:15, a change occurs in the measurement
time series, and the displacement point has been detected.

2.2.2. Coordinate conversion

The established monitoring station system uses the RTK
dynamic observation method for displacement monitoring.
The coordinates of the monitoring station are determined in
the geocentric coordinate system with Cartesian components
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X, Y, Z or geodetic components B, L, H. For convenience in
detecting displacement, these coordinate components, after
the three steps of noise filtering mentioned above, will be
converted into the local tangent plane coordinate system N,
E, U. The relationship between the geocentric Cartesian
coordinates and the local tangent plane coordinates is:

N; X, - X,
E |=R"|Yv-Y, |, )
U; Z,-7,
where:
R” — the rotation matrix determined as:
—sinBy-cosLy —sinBj-sinl, cosB
RT = —sin cos L 0 (3)
cosBy-cosly cosBy-sinly sinB,

The coordinates of the monitoring point in the local tan-
gent plane coordinate system N, E, U are then calculated as:

N; —sinBy-cosLy —sinBy-sinl, cosBy | |X;—X

E |= —sin cos L) 0 |- |,@&

U; cosBy-cosLy cosBy-sinly sinBy | |Z;-Z,
where:

Bo, Lo, Ho — the geodetic coordinates of the origin point of
the local tangent plane coordinate system;

Xo, Yo, Zo—the geocentric Cartesian coordinates of the
origin point calculated as:

Xy = (NO +H0)~cosBO -cos Ly
YOZ(NO +H0)COSB()SIHLO (5)
ZO = |:N0 (1—62)+HO:|'SinBO

For convenience in developing a computer program, the
coordinates of the observation point in the local tangent

plane coordinate system can be calculated from Equation (3)
using Equation (5) as:

(6)

N; = —(Xl-f Xo)sinBocosLOf (Yif Yo)sinBOsinL0+ (Z,-f Zo)cosBO
E; = —(X;— Xo)sinLy+ (¥;— Yy)sinLg
U, = (Xl-— Xo)cosBocosL0+ (Yl-— Yo)cosBosinLO+ (Zl-— Zo)sinBO

The horizontal position of the RTK measurement point in
the local tangent coordinate system is determined as:

P = JN,.Z +E? . (7

The observation points’ horizontal and vertical position
time series (P;, U;) are analyzed to detect the horizontal and
vertical displacement.

2.2.3 Displacement detection

Real-time displacement detection identifies the time at
which the displacement occurs and estimates its magnitude.
This study uses the sliding window (SW) model to detect
displacement. The SW model is developed based on the
Bayesian equation [26] and is interpreted as follows.

Suppose there is a continuous coordinate time se-
ries X (x1, x2, ..., xn) corresponding to measurement times
T(t, to, ..., ty), referred to as a large array (large window).
First, the coordinates time series is split into several smaller
arrays (smaller windows) with adjacent sizes typically cho-
sen as s> 15, depending on the size of the large window.
Specifically, the first window starts from the first coordinate
to the s™ coordinate; the second window starts from the sec-
ond coordinate to the (s + 1)™ coordinate and continues until
the X array’s end. This approach is called the sliding window
method, as shown in Figure 9.

The sliding window method is based on the variation of
the standard deviations of the small window (sub-array)
within the large window (main array) of coordinates [27].

| SW, Size=5

SW, |u[2]3[4]s5]6[7[8]ofuwo [1i[12]13[1415]16[17]18[19]20]...]
SWo [1[2]3]4]s5]s]7[s][ofo 2351617 18]19]20]...]
sw; [1]2]3]4[s5]e[7[s]ofto Ju[12]13]14]15]16]17]18]19]20]...

[1]2]3]4]5]6][7]8]9]10
[1]2]3]4]s5]6[7]8]9]10

[l lis[e[17]18[19]20]...]
[l lisJws[17]1s[19]20]...]

SWi

Large array X

v

Figure 9. Describe the sliding window method
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Since outliers have been removed previously from the
coordinate time series, only displacement points remain. In
Figure 8, there are both outliers and displacement points; after
outlier removal, only displacement points remain (Fig. 10).
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Figure 10. Displacement points in a coordinate time series after
outlier removal

After selecting the size of the sliding window, the stan-
dard deviation of the i window is computed as:

®)

where:
x; — the j™ observation;
i — the sliding window index;

X, — the mean value in the i window;

s — the window size.
The number of sliding windows with a size s in the time
series of k observations is calculated as:



K.C. Pham, H.V. Nguyen. (2025). Mining of Mineral Deposits, 19(3), 120-131

&)
To detect the displacement points, a threshold value of 3o
is used. This threshold is used as:

nsw=k—-s+1.

‘xj —xi‘ <30 — Non—displacement x ; point

(10)

‘x ; —xi‘ > 30 — Displacement x; point

J

The estimated displacement value will be calculated as
the difference between the measurement value of the last
point and its preceding point in the sliding window in which
the displacement occurs:

QeleXj—Xj_l. (11)
The estimated displacement is:
1 ™ 1M
Op=— 2 X——2X%. (12)
ny k=m+1 m =1

Suppose there is an RTK measurement time series as
shown in Figure 10, consisting of 57 measurement points
after outlier removal. If the sliding window size is 15, then
the number of sliding windows is 44. The calculation results
for detecting displacement points with an RTK measurement
time series are shown in Table 3.

Table 3. Example calculation results of displacement points detection

nsw Time —x 3 The last observation Qe MmO, mm Note
UTC J o mm o mm in the window o "
1 11:11:10 2.07 1.12 3.37 10.0 — -
2 11:11:15 0.85 1.08 3.25 7.1 — -
3 11:11:20 0.23 0.96 2.89 7.9 — -
14 11:12:15 1.64 1.49 4.47 10.3 — -
15 11:12:20 16.71 4.85 14.54 26.6 16.3 jg  displacement
point
42 11:14:30 2.74 1.65 4.95 29.2 — -
43 11:14:35 2.59 1.71 5.14 294 — -
44 11:14:40 1.31 1.72 5.17 28.3 — —
According to Table 3, at sliding window 15, there is a (a)

displacement point with |xj—x_i|>3o' (16.71 > 14.54), and

the last point of this window is the displacement point at
11:12:20 (UTC). The estimated displacement is 16.3 mm,
while the observed value is 18.0 mm.

2.3. Validation of experimental model

A displacement simulation device is designed and fabrica-
ted to verify the proposed monitoring system’s feasibility,
performance, and accuracy. The simulation device system,
shown in Figure 11a, consists of two steel cylindrical tubes of
different diameters nested inside each other and positioned
vertically. The larger steel tube is fixed, while the smaller one
can move vertically inside the larger steel tube to create simu-
lated vertical displacement. A steel circular plate is attached to
the top of the smaller steel tube, with a small hole at the center
for mounting the GNSS antenna. Three locking pins place the
smaller steel tube within the larger steel tube. A metal plate
with four small wheels is fixed at the bottom of the larger steel
tube. These wheels can move along two horizontal steel
bars to create simulated horizontal displacements. A SINCON
SD-120C laser distance meter is placed at two fixed reference
points to measure horizontal and vertical displacements of the
simulation device with an accuracy of +1 mm. The complete
simulation device system is shown in Figure 11b.

Two simulation surveying campaigns were conducted on
July 16, 2023, at two locations in Cam Pha City, Quang Ninh
Province, Vietnam, as shown in Figure 12. The simulation
experiments were carried out with both horizontal and verti-
cal displacements. The GNSS antenna was mounted on the
simulation device and connected to the GNSS receiver, im-
plementing the RTK positioning method with the CORS
station CPCOC6 via its IP address and access port.
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GNSS Antenna

Laser
distance

Figure 11. Simulation device used in displacement monitoring:
(a) schematic model and detailing parts; (b) real model

In this experiment, six observation cycles were conducted
to create five sudden displacements with random values.
Each observation was made for approximately 20 minutes,
with a signal interval or sampling rate of 5 seconds. After
each observation cycle, the antenna’s position was changed
horizontally and vertically to create simulated displacements.
The differences in horizontal and vertical distances from the
reference point of the laser distance meter to the antenna’s
phase center were considered the displacement magnitudes.

The two experimental locations are 3.10 and 11.09 km
from the CORS station. The observational data are transmit-
ted to the host computer and saved in a text file. The file
name is automatically assigned as the name of the monitor-
ing station, followed by the observation date. Table 4 shows
a simulated experimental observation data segment in the
standard NMEA format. The observation data are then pro-
cessed to detect and remove outliers and converted to a local
tangent plane coordinate system.



K.C. Pham, H.V. Nguyen. (2025). Mining of Mineral Deposits, 19(3), 120-131

] {(CAMBODIA/ - *
4 R

<A

B
PRI

Figure 12. Study areas of simulation and real-world monitoring experiments of mine dump sites in the Google Earth map

Table 4. Coordinates of the monitoring point at different times in a time series after the removal of outliers

No Time Geocentric Cartesian coordinates Local tangent plane coordinates
) (UTC) X (m) Y (m) Z (m) N (m) E (m) U (m)
1 04:59:37 -1768531.139 5688654.788 2270997.668 0.000 0.000 0.000
2 04:59:42 -1768531.141 5688654.795 2270997.672 -0.001 0.000 -0.008
3 04:59:47 -1768531.143 5688654.803 2270997.674 0.000 0.001 -0.016
4 04:59:52 -1768531.143 5688654.798 2270997.672 0.000 -0.001 -0.011
5 04:59:57 -1768531.142 5688654.800 2270997.674 -0.002 0.001 -0.013
6 05:00:02 -1768531.141 5688654.798 2270997.671 0.001 0.001 -0.010
7 05:00:07 -1768531.142 5688654.798 2270997.672 0.000 0.000 -0.011
8 05:00:12 -1768531.144 5688654.799 2270997.672 0.001 -0.001 -0.012
9 05:00:17 -1768531.144 5688654.801 2270997.675 -0.001 -0.001 -0.015
10 05:00:22 -1768531.146 5688654.805 2270997.675 0.000 -0.001 -0.013
1281  07:33:57 -1768531.041 5688654.453 2270998.012 -0.447 -0.005 -0.203
1282 07:34:02 -1768531.041 5688654.449 2270998.008 -0.444 -0.007 -0.208
1283 07:34:07 -1768531.040 5688654.442 2270998.006 -0.445 -0.008 -0.215
1284  07:34:12 -1768531.035 5688654.442 2270998.006 -0.445 -0.004 -0.217
1285  07:34:17 -1768531.038 5688654.438 2270998.005 -0.445 -0.008 -0.220
1286  07:34:22 -1768531.040 5688654.445 2270998.011 -0.448 -0.007 -0.211
1287  07:34:27 -1768531.037 5688654.443 2270998.008 -0.446 -0.005 -0.215
1288  07:34:32 -1768531.038 5688654.447 2270998.009 -0.446 -0.005 -0.211
1289 07:34:37 -1768531.039 5688654.447 2270998.009 -0.445 -0.006 -0.210
1290 07:34:42 -1768531.039 5688654.447 2270998.009 -0.445 -0.006 -0.210

Based on the observation time series coordinates, the ob-
served horizontal and vertical displacements at the first and
second locations are detected, as shown in Table 5.

The plots of observed horizontal and vertical displace-
ments from the simulation experiments at the first and
second locations are shown in Figure 13.

3. Results and discussion

The real-world field experiment is conducted at the Dong
Cao Son waste dump in Cam Pha City, Quang Ninh Pro-
vince, Vietnam. The Dong Cao Son dump was established to
accommodate waste rock disposal from large open-pit mines,
including the Cao Son, Péo Nai, and Coc Sau mines
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(Fig. 12). Over the years, the amount of waste rock deposited
in this dump has reached hundreds of millions of cubic me-
ters. As per the approved plan, the total surface area of the
dump is 636 hectares, with a disposal height of +300 m
above sea level. The dump has a length of 3118 m and a
width of 1650 m [27]. After decades of operation, meeting
the waste disposal needs of open-pit mines in the Cam Pha
area, it has become Vietnam’s most significant waste dump.
A portion of the waste dump has been rehabilitated, restored,
and reforested, while most of the area remains active. Due to
the large surface area of the dump, the field experiment is
conducted in an eastern region with a high potential for dis-
placement. Six monitoring stations were designed within the
experimental area and numbered from M1 to M6 (Fig. 14).
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Table 5. Results of horizontal and vertical displacements observed from the simulation experiment

Time of Actual Observed Difference
Location =~ Campaign displacement displacement (mm) displacement (mm) (mm)
P Horizontal Vertical Horizontal Vertical Horizontal Vertical
1 05:21:07 30 -27 25.6 -31.3 4.4 4.3
First 2 05:55:12 60 -15 56.2 -20.4 3.8 5.4
locaéon 3 06:26:32 73 -30 69.0 -35.5 4.0 5.5
4 06:47:37 107 -24 102.3 -29.8 4.7 5.8
5 07:11:52 183 -125 179.5 -129.2 3.5 4.2
1 08:48:07 49 -68 52.9 -62.4 3.9 5.6
Second 2 09:14:27 135 -56 140.4 -49.8 5.4 6.2
location 3 09:40:37 112 -54 107.1 -48.1 4.9 5.9
4 10:12:07 108 -43 103.0 -49.5 5.0 6.5
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Figure 13. Plots of horizontal and vertical displacements in the simulation experiment: (a) and (b) at the first location; (c) and (d) at the
second location

Figure 14. Locations of monitoring points in areas of the Dong
Cao Son mining waste dump

—— Time (UTC)

At the locations of monitoring stations, reference points
are installed deep into the waste dump to monitor the dis-
placement of land and rocks. These reference points are
made of pillars on which a secured screw can fix a receiver
to reduce receiver centering errors. A 1-meter-long steel
cylindrical tube is used to install the antenna of the monito-
ring station, which is mounted at one end of the cylindrical
tube and placed in a secured screw-centering configuration.

Six pillars are designed and fabricated from stainless steel
and securely embedded into the waste dump surface using
cement mortar at the designated positions. Once the pillars are
firmly attached to the surface of the waste dump, the surveying
equipment used for the observation station is installed.

After the monitoring station was installed and the param-
eters were set, it was connected to the CORS station
CPCOCE6 via the IP address and access port configured in the
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CORS station’s modem. Data from each monitoring station
is transmitted to the main computer located in the laboratory
at Hanoi University of Mining and Geology via the IP ad-
dress 118.70.171.179, with each monitoring station having
its own data access port. A computer software package used
for observation management, data processing, and analysis,
which is termed the GNSS CORS WDM Server, is designed
and built, as shown in Figure 15.

rffffed

Figure 15. Software interface for real-time monitoring of mining
waste dump displacement

This software can manage up to 50 monitoring stations

simultaneously, and the data from each station is transmitted

to the main computer through its specific access port. De-

tailed information at each observation station, such as the

real-time position of the station, positioning quality, and the
point positions time series chart, is displayed on a module of
the GNSS CORS WDM Server software. This helps users
monitor the real-time movements of the waste dump. In
addition, daily data at each observation station in the stand-
ard NMEA format are automatically stored in a predefined
folder, with the file name created by the station’s name fol-
lowed by the observation date (day, month, year). A seg-
mented processed time series of displacement monitoring of
the Dong Cao Son waste dump is shown in Table 6.

The observations were conducted in the two simulated
experiments at two different survey station locations with
varying baseline distances. At the first location with the
baseline distance of 3.10 km to the CORS station CPCOCS6,
the most considerable differences between the actual and
observed displacements were 4.7 mm in the horizontal direc-
tion and 5.8 mm in the vertical direction. At the second loca-
tion with a baseline distance of 11.09 km, the corresponding
most significant differences of 5.4 and 6.5 mm in the hori-
zontal and vertical displacements, respectively, were found.
The most critical differences observed at the two experi-
mental station locations are shown in Table 7.

As the baseline distance to the CORS station increases,
the difference between the actual and observed displace-
ments also increases. This indicates that as the baseline
distance increases, the positioning error of the observation
station also increases. Therefore, when monitoring dis-
placement at a waste dump site, the baseline distance be-
tween the CORS and monitoring stations should not exceed
10 km. In this study, we have established the CORS station
CPCOCE6 at a distance of 7.5 km from the Dong Cao Son
waste dump observation area, which is considered a reason-
able distance. The real-time monitoring results of the Dong
Cao Son waste dump displacement reflect the actual dis-
placement condition at this site.

Table 6. A segmented processed time series of displacement monitoring of the Dong Cao Son waste dump

No Time Geocentric Cartesian coordinates Local tangent plane coordinates

) (UTC) X (m) Y (m) Z (m) N (m) E (m) U (m)

1 1:08:32 -1775322.94 5684896.205 2275884.055 0.000 0.000 0.000
2 1:08:37 -1775322.94 5684896.208 2275884.055 0.002 0.001 -0.003
3 1:08:42 -1775322.941 5684896.209 2275884.058 -0.001 0.001 -0.005
4 1:08:47 -1775322.942 5684896.213 2275884.059 -0.001 0.001 -0.009
5 1:08:52 -1775322.94 5684896.206 2275884.058 -0.002 0.001 -0.002
6 1:08:57 -1775322.935 5684896.204 2275884.058 -0.004 0.005 0.001
7 1:09:02 -1775322.934 5684896.198 2275884.057 -0.004 0.004 0.007
8 1:09:07 -1775322.938 5684896.205 2275884.058 -0.003 0.002 -0.001
9 1:09:12 -1775322.938 5684896.203 2275884.055 0.000 0.002 0.002
10 1:09:17 -1775322.934 5684896.2 2275884.055 -0.002 0.005 0.006
11 1:09:22 -1775322.938 5684896.205 2275884.059 -0.003 0.003 -0.001
12 1:09:27 -1775322.935 5684896.196 2275884.056 -0.004 0.003 0.009
13 1:09:32 -1775322.936 5684896.204 2275884.056 -0.001 0.004 0.002
14 1:09:37 -1775322.939 5684896.205 2275884.056 0.000 0.002 0.000
15 1:09:42 -1775322.935 5684896.2 2275884.052 0.001 0.004 0.007
16 1:09:47 -1775322.935 5684896.199 2275884.053 0.000 0.003 0.007
17 1:09:52 -1775322.936 5684896.198 2275884.054 -0.002 0.002 0.007
18 1:09:57 -1775322.935 5684896.202 2275884.054 0.000 0.004 0.004
19 1:10:02 -1775322.935 5684896.201 2275884.052 0.001 0.004 0.006
20 1:10:07 -1775322.936 5684896.199 2275884.056 -0.003 0.003 0.006
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Table 7. Most significant differences between actual and observed
horizontal and vertical displacements at the two simula-
ted experimental locations

Monitoring Baseline, Largest difference, mm

location km Horizontal Vertical
First 3.10 4.7 5.8
Second 11.09 5.4 6.5

4. Conclusions

This study has developed a displacement monitoring sys-
tem in mining waste dumps based on GNSS/CORS technolo-
gy. A high-precision, low-cost GNSS receiver was developed
based on Trimble’s technology and was used for real-time
displacement monitoring at the waste dumps in open-pit
mines. The RTK positioning method provided observation
time series for real-time displacement detection. The observa-
tion data in the NMEA standard format allowed for real-time
data transmission from the monitoring station to the server
computer over an IP network using the NTRIP protocol. The
observation data in the NMEA standard format were processed
through three steps to detect and remove outliers, retaining the
highest precision measurements to improve the accuracy of the
monitoring results. The outlier-removed observation coordi-
nates were then converted into the local tangent plane coordi-
nate system for displacement analysis. The sliding window
model based on the Bayesian equation was developed, suc-
cessfully detecting the time of displacement occurrence and
estimating the displacement magnitude in real time.

The performance of the developed monitoring system
was evaluated through two displacement simulation experi-
ments. The maximum differences between actual and mea-
sured displacements in the horizontal and vertical directions
were 4.7 and 5.8 mm, respectively, when the baseline dis-
tance was 3.10 km. With the more extended baseline of
11.09 km, the most significant differences were 5.4 mm for
horizontal displacement and 5.8 mm for vertical displace-
ment. The monitoring system has been proven to be entirely
feasible for real-time displacement detection at the Dong Cao
Son waste dump at open-pit mines in Vietnam.
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MowniTtopunr aedgopmaniii BigBaiB BiTKpuTHX ripHUYHX podiT y peajJbHOMY 4aci 3 BUKOPHCTAHHAM
po3podaenux GNSS-npuiimauis: npuxian Binsaay Jour Kao Con, B’eTnam

K.K. ®am, X.B. Hryen

Merta. Po3pobka crcTeMH MOHITOPUHTY AedopMalliil y peKHMi peaqbHOro 4acy i3 BUKOpHUCTaHHAM TexHosorii GNSS/Mepeixi mocTiiiHo
nitounx pedepenu-craniiii (CORS) ams BigBasiB kap’€pHUX po3pOOOK.

Metoaunka. Cucrema Brirouyae enuHy CORS-cranmito, BcraHoBieHy y micti Kamda, nposinuis Kyanraine, B’eTHam, 13 BUKOPUCTaHHIM
npuiimMada Stonex GNSS Tta anTenn Trimble Zephyr 2. [lo cknany cucremu Bxoaats GNSS-npuiimad Ha 6a3i moxynsa Trimble OEM BD970,
nporpaMHe 3a0e3MeucHHs sl KOHTPOJI0 MOHITOPHHTY Ta OOpOOKM NaHMX, iHCTANIbOBaHE HAa CEPBEPHOMY KOMIT'FOTEpi JUIS BiIJaJICHOTO
noctymy. Jlns Ge3nmepepBHOr0 MOHITOPHHTY 3aCTOCOBYETHCS METOJ] KiHeMaTuku B peanbHoMy daci (RTK) Ha ocHoBi Texnomorii CORS i3
yactoToro 5 ['li, BuxinHi naHi popMyroThes y ctannapTHoMy ¢opmari NMEA. [lnst BUsiBIICHHS BUIIAJIKIB Ta BEINYMH 3MIIlEHb BUKOPHUCTAHO
ITOPUTM “KOB3HOTO BikHa”. EQEKTHBHICTh Ta HaAIHHICTh CHCTEMH OLIHIOBAINCS 3a Pe3yJIbTaTaMH JBOX EKCIEPHMEHTIB 3 PI3HOIO JTOBXH-
HO0 0a30BOi JIiHii.

PesyabTaT. BusHaueHo, 10 pe3yJbTaTH MOJEIBHOTO EKCHEPUMEHTY IOKa3aIM MAaKCHMAaJIbHY PI3HHIO 5 MM JUIS TOPHU30HTAIBHUX 1
8 MM U BEpTHUKAJIBHHUX 3MIllEHb y TOPIBHSAHHI 3 aJbTEPHATHBHUM BHMIPIOBAHHIM JIa3epHUM JajiekoMipoM. HaTypHuii ekcepruMeHT Ha
sigsaii Jlonr Kao Con y nposiniii KyanrHiae, B’eTHam, miaTBepauB e(EeKTHBHICTD 1 MPaLe3AaTHICT CHCTEMU MOHITOPHHTY AedopMariiii y
BifiBasIax Kap’epHUX po3pobok. OTprMaHi JaHi MOHITOPHHTY JedopMalliif BigBady yCHIIIHO IepefaHi Ha cepBepHUil koM toTep ['ipHI9O0-
TE€OJIOTIYHOTO YHIBEpCHTETY XaHOsI.

HaykoBa HoBu3Ha. [IpescTaBieHo HOBY CHCTEMY MOHITOPHHTY JedopManii y pexxuMi peabHoro yacy Ha ocHoBi TexHounorii GNSS/CORS,
po3po0IieHy Ut 3a0e3MeueHHs Oe3MepepBHOT, CTa0UIBLHOT POOOTH Ta OTIEPATHBHOT 0OPOOKH TaHHUX YIPOJOBK TPUBAIOTO MEPIOy.

IpakTnyna 3HaynMicTb. Po3pobieHa cucrema € eeKTUBHIM, €KOHOMIUYHUM 1 O€3MEYHUM PIIICHHSAM U1 MOHITOPHHTY B PEaTbHOMY
Yaci Ta paHHBOTO TOTIEPEHKEHHA PO AedopMaliii Ha BiBajax BiIKPUTHX TIPHHYUX POOIT, OI0 CHpHUSE MiIBUILCHHIO O€3NEeKH Ta ¢(EeKTUB-
HOCTI TIpHUYHX OTIEpaIliii.

Knrwuoei cnosa: GNSS, CORS, deghopmayis siosany, 8iokpume 2ipHuye 8UpOOHUYMBO, aN2OPUMM K083H020 ikHa, siosan [one Kao Con
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