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Abstract. This paper addresses the relevant scientific and practical problem of
improving geodetic support for construction on technogenically disturbed territories
through the implementation of modern Global Navigation Satellite System (GNSS)
technologies. A considerable proportion of areas affected by mining activities are
characterized by the development of slow deformation processes that may adversely
affect the stability of building foundations, engineering structures, utility networks, and
infrastructure facilities. Consequently, there is a growing need for a high-precision
monitoring system capable of providing timely detection of ground surface

displacements and forecasting the development of hazardous geodynamic processes.
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The objective of this study is to provide a scientific basis for and develop a
comprehensive methodology for GNSS-based deformation monitoring of technogenically
disturbed territories intended for engineering surveys, design, construction, and
operation of civil and industrial facilities. The proposed methodology is based on the
application of autonomous GNSS reference stations, high-precision static GNSS
observations, advanced GNSS data processing software, and statistical methods for
coordinate time-series analysis.

The study proposes the design of an autonomous GNSS reference station
integrating a multi-frequency, multi-constellation GNSS receiver, a solar-powered
autonomous energy supply system, a control unit, a wireless communication module,
and a local data storage unit. The proposed technical solution enables long-term
continuous operation of the monitoring network with minimal maintenance
requirements. The originality of the developed design is supported by a patent
application, demonstrating the practical significance of the proposed monitoring system.

Optimal parameters for organizing static GNSS observations are substantiated,
including observation session duration, satellite signal sampling interval, observation
frequency, satellite constellation geometry requirements, and quality assessment
criteria. In addition, a GNSS data processing workflow based on Bernese GNSS
Software, GAMIT/GLOBK, Trimble Business Center, and Leica Infinity has been
developed, providing automated coordinate determination for monitoring benchmarks,
generation of deformation time series, and statistical assessment of the reliability of the
obtained results.

Keywords: GNSS monitoring, deformation of engineering structures, geodetic
monitoring, satellite measurements, geodetic control, measurement accuracy, automated

data processing, economic efficiency of monitoring.

Problem Statement. The development of technogenically disturbed territories for

construction purposes is a complex scientific and engineering challenge, the relevance of



which is increasing due to the expansion of urban development and the shortage of
available land resources. Such territories include areas undermined by underground
mining operations, zones affected by open-pit mining, reclaimed waste dumps and
disposal sites, areas of abandoned mines, underground cavities, and other technogenic
facilities. This problem is particularly significant in the mining and industrial regions of
Ukraine, especially within the Kryvyi Rih Basin, the Dnipro region, and Donbas, where
a substantial proportion of prospective construction sites are characterized by disturbed
geological conditions, heterogeneous soil foundations, and the long-term manifestation
of technogenic geodynamic processes [1].

Construction and subsequent operation of structures in such areas are associated
with an increased risk of differential settlement, horizontal displacement, local
subsidence, landslide processes, and ground-surface deformation. These phenomena
may cause changes in the design position of foundations, cracking of load-bearing
structures, malfunction of utility networks, and a reduction in the operational reliability
of buildings. Therefore, the timely detection of spatial displacements of the ground
surface and structural elements is a prerequisite for ensuring construction safety and
predicting the further development of deformation processes [5].

Traditional geodetic control methods, including high-precision geometric levelling,
total station measurements, and linear-angular surveying, provide high accuracy in
deformation determination; however, they are predominantly discrete in nature. Results
can only be obtained at specific times during field observations, while repeated
measurements require considerable labour and time, the continuous presence of
personnel, and stable intervisibility between monitoring points. In inaccessible, unstable,
or potentially hazardous areas, these limitations may hinder the prompt acquisition of
information and reduce the overall efficiency of monitoring.

The application of Global Navigation Satellite Systems creates the prerequisites for
the transition from periodic geodetic control to automated continuous monitoring. GNSS

technologies enable the determination of three-dimensional coordinates of control



points, the accumulation of observation time series, remote data transmission, and the
rapid detection of spatial displacements. When geodetic-grade multi-frequency
receivers, stable monitoring points, long observation sessions, and precise post-
processing are used, millimetre-level accuracy may be achieved for horizontal
displacement determination and several-millimetre accuracy for vertical deformation
assessment. In RTK mode, accuracy is generally at the centimetre level and depends on
baseline length, satellite constellation geometry, atmospheric conditions, signal
multipath, and the quality of connection to the reference network [6].

Thus, an important scientific task is to substantiate the structure of a GNSS
monitoring system for technogenically disturbed territories, determine the optimal
configuration of the control network, establish the frequency and duration of
observations, assess the accuracy of spatial displacement determination, and develop
criteria for identifying hazardous deformations. The results of such monitoring can be
used to assess the suitability of territories for development, monitor the condition of
construction sites, forecast deformation processes, and support timely engineering
decisions aimed at ensuring the reliability and safety of buildings and structures [7].

Analysis of recent research and publications. The issues of geodetic monitoring
of ground surface and engineering structure deformations using Global Navigation
Satellite Systems (GNSS) have been extensively investigated over the past decades.
Particular attention has been devoted to the development of high-precision monitoring
systems for predicting hazardous deformations, assessing the stability of technogenically
disturbed territories, and ensuring the safe operation of engineering and construction
facilities.

Blewitt G. was among the first researchers to demonstrate the feasibility of
applying GPS technologies for high-precision positioning in geodynamic monitoring.
His studies showed that carrier-phase GNSS observations enable the determination of
control point displacements with millimetre-level accuracy, making GNSS an effective

tool for monitoring slow ground deformation processes. According to Blewitt, this



approach is based on the establishment of continuously operating observation networks,
the accumulation of coordinate time series, and their statistical analysis to identify long-
term trends in spatial displacement [8].

The methodology of GNSS-based deformation monitoring was further advanced by
Teferle F. N., who demonstrated that continuous GNSS observations allow the detection
of both long-term geodynamic movements and local deformations of engineering
structures. The author emphasized that integrating permanent GNSS networks with
advanced mathematical modelling techniques significantly improves the reliability of
deformation prediction and spatial displacement assessment [9].

Studies conducted by Vernant P. confirmed the effectiveness of continuously
operating GNSS stations for determining present-day horizontal and vertical crustal
movements. The proposed methodology is based on comprehensive analysis of
coordinate time series, enabling the separation of natural geodynamic processes from
local anthropogenic deformations and improving the reliability of spatial displacement
estimation [10].

Among Ukrainian researchers, Trevoho I. S. and Shevchenko T. H. have made
significant contributions to the development of satellite geodetic technologies. Their
studies demonstrated the effectiveness of GNSS technologies for engineering surveying,
deformation monitoring of buildings and structures, and the establishment of high-
precision geodetic networks. The proposed approach combines satellite observations,
conventional geodetic methods, and modern processing software to improve the
accuracy of spatial coordinate determination for monitoring stations [4].

The problem of geodetic monitoring of technogenically disturbed territories in
mining regions of Ukraine has been extensively investigated by Khomenko P. A. The
author emphasized that mining-affected territories are characterized by complex spatial
and temporal deformation processes requiring systematic geodetic observations. His
research highlights the advantages of modern GNSS technologies for the early detection

of hazardous ground deformations and for predicting their future development [5].



However, an analysis of contemporary scientific publications indicates that most
studies focus primarily on crustal deformation monitoring, the deformation analysis of
individual engineering structures, or the development of permanent GNSS reference
networks. Considerably less attention has been devoted to the comprehensive
monitoring of technogenically disturbed territories for construction purposes, where it is
necessary to simultaneously assess foundation stability, monitor spatial deformation
processes, and evaluate the suitability of sites for future development.

Therefore, the literature review confirms the significant potential of GNSS
technologies for geodetic deformation monitoring. Nevertheless, there is still no
comprehensive methodology integrating continuous GNSS observations, advanced time-
series analysis, spatial displacement assessment, and engineering evaluation of the
suitability of technogenically disturbed territories for construction. The development of
such an integrated approach constitutes the scientific novelty and practical significance
of the present study.

Research Objective. The objective of this study is to provide a scientific basis for
and develop a comprehensive methodology for GNSS-based deformation monitoring of
technogenically disturbed territories using autonomous GNSS reference stations. The
proposed methodology is aimed at improving the accuracy of spatial displacement
determination, assessing the stability of soil foundations, and providing reliable geodetic
support for construction projects in areas subjected to significant anthropogenic impacts.

Materials and methods of research.

The achievement of the research objective is ensured through the implementation
of an integrated approach that combines modern satellite geodetic technologies,
mathematical methods for spatial data processing, and geoinformation analysis tools for
assessing deformations in technogenically disturbed territories. The proposed
methodology is based on the principles of continuous geodetic monitoring, enabling

high-precision determination of the coordinates of monitoring points, analysis of



coordinate time series, and timely detection of hazardous changes in the spatial position
of the ground surface.

The experimental basis of the study consists of a network of autonomous GNSS
reference stations equipped with multi-frequency, multi-constellation GNSS receivers
capable of simultaneously tracking signals from the GPS, Galileo, and BeiDou satellite
navigation systems. Depending on the required positioning accuracy, geodetic-grade
receivers such as Leica GS18 T, Trimble R10-2, Topcon HiPer HR, or high-precision u-
blox ZED-F9P modules may be employed.

To ensure long-term autonomous operation, each monitoring station is equipped
with solar panels, rechargeable battery power systems, a charge controller, a wireless
communication module for remote data transmission, and local data storage devices.
This configuration enables continuous long-term monitoring without the permanent
presence of field personnel, significantly reduces maintenance requirements, and

minimizes the influence of human factors on measurement quality and reliability (Fig.

).
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Figure 1. Structural Diagram of the Autonomous GNSS Reference Station



The software environment used in this study comprises a suite of specialized
packages for GNSS observation processing and statistical analysis of coordinate data
(Table 1). High-precision coordinate determination is performed using Bernese GNSS
Software, GAMIT/GLOBK, Trimble Business Center, and Leica Infinity. These
software packages provide automated processing of carrier-phase observations,
mitigation of systematic errors, quality assessment of GNSS measurements, and precise
coordinate determination in both national and global reference coordinate systems.

Spatial interpretation of the monitoring results is performed using the QGIS and
ArcGIS geographic information systems. These platforms enable the generation of
displacement maps, deformation contour maps, and spatial distribution models of
potentially hazardous zones, thereby supporting comprehensive analysis and
visualization of deformation processes.

Table 1. Functional Capabilities of the Software Used in the Study

Software Software Class Primary Application Output
Bernese GNSS Software Scientific GNSS post-processing Mllhmeter—le\./el .
coordinate determination
GAMIT/GLOBK Scientific Time-series analysis Displacement vectors
Trimble Business . Processing of field GNSS Measurement quality
Commercial .
Center observations control
Leica Infinity Commercial Comp rehgnswe processing of Network adjustment
geodetic measurements
QGIS GIS Spatial analysis Deformation maps
ArcGIS Pro GIS Geostatistical modeling Spatlal. models anq,
deformation forecasting

The analysis of the software capabilities demonstrates that the combined use of
scientific GNSS processing packages (Bernese GNSS Software and GAMIT/GLOBK)
provides high-precision determination of monitoring point coordinates and reliable
estimation of deformation parameters. In contrast, commercial software solutions
(Trimble Business Center and Leica Infinity) facilitate efficient processing of field

observations and comprehensive quality control of geodetic measurements. The




application of Geographic Information Systems (QGIS and ArcGIS Pro) enables spatial
visualization of monitoring results, generation of displacement maps, digital surface
models, and geostatistical analysis of deformation processes, constituting an essential
component of an integrated GNSS-based monitoring system for technogenically
disturbed territories.

The software framework adopted in this study includes scientific GNSS processing
packages (Bernese GNSS Software 5.4 and GAMIT/GLOBK 10.7), commercial
software (Trimble Business Center and Leica Infinity), time-series analysis tools
(HECTOR and CATS), and GIS platforms (QGIS and ArcGIS Pro) for spatial
visualization and interpretation of monitoring results.

An 1mportant practical outcome of this research is the development of an
autonomous GNSS reference station, the technical design of which is protected by a
Ukrainian patent application accepted for examination by the Ukrainian National Office
for Intellectual Property and Innovations (UANIPIO). The proposed station integrates a
multi-frequency GNSS receiver, an autonomous power supply system, wireless data
transmission modules, and local data storage facilities, thereby enabling continuous
high-precision monitoring of deformations in technogenically disturbed territories. The
patented technical solution protects the original configuration of the station's functional
components, ensuring autonomous operation, resistance to adverse environmental
conditions, and long-term continuous performance under field conditions with minimal
maintenance requirements.

In parallel, proprietary software for real-time deformation monitoring is currently
being developed. The software is designed for automated acquisition and processing of
GNSS observations collected from the monitoring network, including data filtering,
displacement computation, and graphical visualization of deformation processes. The
system incorporates an automatic alert module that generates warnings whenever
predefined displacement thresholds are exceeded, enabling rapid response to potentially

hazardous deformation trends during both the construction and operational phases of



engineering structures. The implementation of proprietary software is expected to reduce
dependence on foreign commercial packages while ensuring full compliance with
Ukrainian geodetic standards and regulatory requirements.

The experimental site for GNSS deformation monitoring was selected based on its
representativeness of technogenically disturbed territories and the presence of long-term
anthropogenic impacts capable of inducing ongoing ground deformation processes. The
proposed methodology is intended for application in reclaimed mine dumps, former
industrial sites, and areas affected by open-pit or underground mining activities that are
considered potentially suitable for future civil or industrial development. Site selection
was performed according to a comprehensive set of geodetic, geotechnical, and
operational criteria to ensure the feasibility of high-precision GNSS observations. The
principal site selection criteria are presented in Table 2.

Table 2. Criteria for Selecting an Experimental Site for GNSS Deformation

Monitoring
Criterion Characteristics Significance for the Study
Territory type Reclaimed mine dump, Study object

industrial site, undermined area

Presence of deformation

Settlement, horizontal
displacement, local subsidence

Monitoring the development of
geodynamic processes

Development potential

Civil or industrial construction

Assessment of site suitability for
construction

Sky visibility

Satellite elevation mask angle >
15°

Ensuring stable GNSS signal
reception

Electromagnetic environment

Minimal level of
electromagnetic interference

Reducing measurement errors

Availability of CORS stations

Distance to the nearest CORS
station < 30-50 km

Improving coordinate
determination accuracy

Geological conditions

Stability of the reference
benchmark

Ensuring long-term stability of
the reference point




A local geodetic monitoring network was established within the selected study
area, consisting of one reference benchmark located outside the active deformation zone
and a system of monitoring benchmarks uniformly distributed across the experimental
site. The reference benchmark served as the primary control point for determining
absolute coordinates, whereas the monitoring benchmarks were used to detect and
quantify spatial displacements occurring within different parts of the study area.

The proposed network configuration enables the simultaneous determination of
absolute coordinates of monitoring points, assessment of relative displacements between
individual benchmarks, analysis of the spatial characteristics of deformation
development, and generation of coordinate time series required for forecasting
geodynamic processes.

The overall monitoring methodology comprises the following stages: selection of
the experimental site, establishment of the autonomous GNSS monitoring network,
configuration of GNSS data acquisition parameters, execution of static GNSS
observations, post-processing of GNSS measurements, statistical analysis of coordinate
time series, and spatial interpretation of the obtained results. The workflow of the

proposed methodology is illustrated in Fig. 2.
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Figure 2. Experimental Site for GNSS Monitoring of a Technogenically Disturbed Territory

Field measurements were performed in the static GNSS observation mode, which is
considered the most effective approach for detecting slow ground deformation processes
(Table 3). Satellite signals were recorded at 30-second intervals, with the duration of
each observation session ranging from 4 to 8 hours. Observation campaigns were
conducted once per quarter, enabling the analysis of both seasonal variations and long-
term deformation trends.

To improve the reliability and accuracy of the monitoring results, a satellite
elevation mask angle of at least 15° was applied, the geometry of the satellite
constellation was evaluated using the Dilution of Precision (DOP) parameter, and all
observation data were recorded in the international RINEX 3.x format for subsequent
high-precision post-processing.

Table 3. Parameters of Static GNSS Observations

Parameter Value Purpose
Observation mode Static Monitoring of slow ground deformation
Sampling interval 30s Generation of coordinate time series
Observation session duration 4-8h Reliable ambiguity resolution
Observation frequency Once per Analysis of seasonal and long-term deformation
quarter trends
Minimum satellite elevation mask >15° Elimination of low-elevation satellite signals
Minimum number of satellites >4 Ensuring stable positioning
Preferred number of satellites 10-25 Improving coordinate determination accuracy
Maximum PDOP value <4 Control of satellite constellation geometry
Data storage format RINEX 3.x IGS standard for sc1ept1ﬁc GNSS data
processing

The raw GNSS observation data were processed using scientific-grade GNSS
software, namely Bernese GNSS Software and GAMIT/GLOBK. The processing
workflow included pre-processing with gross error detection and elimination, generation

of double-differenced carrier-phase observations to mitigate systematic errors, and




resolution of integer carrier-phase ambiguities using the LAMBDA or FARA algorithms
[7, 12].

Displacements were determined as the differences between the coordinates of
corresponding monitoring benchmarks obtained during two consecutive observation
campaigns. Vertical displacements (AH) were calculated from the Up component in the
local topocentric coordinate system. Horizontal displacements were represented by the
North (AN) and East (AE) coordinate components, while the resultant horizontal
displacement vector was calculated as: D = V(AN? + AE?).

Typical time series of vertical displacements recorded at the monitoring

benchmarks for the experimental site are presented in Fig. 3.
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The graph shows the time series of vertical displacements (AH) for the reference benchmark (B1) and
monitoring benchmarks (P1-P7) over the period from January 2024 to October 2025.

Positive values indicate upward movement, while negative values indicate settlement.
The data were obtained from static GNSS observations conducted once per quarter.

Figure 3. Time Series of Vertical Displacements of GNSS Monitoring Benchmarks (Model
Data, 2024-2025)

Statistical assessment of the reliability of the obtained results is an essential stage
of GNSS data processing, as it enables the discrimination between actual deformation
processes and random measurement errors. Following network adjustment, the root
mean square errors (RMSEs) of the coordinates are determined for each monitoring

benchmark, providing quantitative estimates of the accuracy of the calculated spatial

positions.



The primary criterion for identifying deformation is whether the measured
displacement exceeds the level of random measurement uncertainty. In high-precision
geodetic practice, the three-sigma (36) criterion is commonly adopted, according to
which a displacement is considered statistically significant if its absolute value exceeds
three times the corresponding standard deviation. For the vertical component, this
condition is expressed as

|AH>36AH, (1)

and for the resultant horizontal displacement as

|ID[>36D, (2)

where:

AH 1s the vertical displacement of a monitoring benchmark between two

consecutive observation campaigns;

D is the magnitude of the horizontal displacement vector;

oAH and oD are the standard deviations (root mean square errors) associated with

the determination of the corresponding displacement components.

The application of the 3¢ criterion provides a confidence level exceeding 99.7%,
indicating that the detected displacement is highly unlikely to result from random
measurement errors and therefore represents an actual deformation of the ground surface
or engineering structure. Consequently, this criterion has become a standard tool in high-
precision geodetic monitoring because it significantly reduces the probability of false
deformation detection.

To further verify the statistical reliability of the obtained results, Student's t-test
was applied at a significance level of a = 0.05. This statistical test evaluates whether the
differences between the coordinates determined during two consecutive observation
campaigns are statistically significant. If the calculated test statistic (t<sub>obs</sub>)
exceeds the corresponding critical value (t<sub>crit</sub>) for the appropriate number

of degrees of freedom at the 0.05 significance level, the null hypothesis of no



displacement is rejected, and the detected movement is considered statistically
significant.

The combined application of the three-sigma criterion and Student's t-test provides
a high level of confidence in the interpretation of GNSS monitoring results. The
integration of these statistical methods makes it possible not only to quantify spatial
displacements but also to assess their statistical significance, which is essential for
forecasting deformation development, evaluating the stability of technogenically
disturbed territories, and supporting engineering decision-making related to the safe
operation, rehabilitation, or future construction development of the investigated sites [8,
91].

Presentation of the main research material. The accuracy of GNSS-based
deformation monitoring was evaluated using two complementary approaches: internal
accuracy assessment, based on network adjustment residuals, and external validation,
performed through comparison with the results of precise geometric levelling or
terrestrial laser scanning. Figure 4 presents a comparison of the accuracy achieved by
the principal geodetic monitoring techniques.

Static GNSS observations provide horizontal positioning accuracy of +1-3 mm and
vertical accuracy of £3—8 mm, representing an optimal balance between measurement
precision and operational efficiency for deformation monitoring of technogenically
disturbed territories. These accuracy characteristics satisfy the requirements of high-
precision geodetic monitoring and support reliable detection of both horizontal and
vertical ground displacements, making GNSS an effective tool for engineering surveys,

construction control, and long-term monitoring of geodynamic processes [8—10].
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The root mean square errors (RMSEs) obtained for the coordinate determination of

the GNSS monitoring benchmarks are presented in Table 4.

Table 4. Root Mean Square Errors of Coordinate Determination for the GNSS

Monitoring Benchmarks

Benchmark oN (Mm) oE (Mmm) oU (Mm) 63D (mm)
P1 Base 0,8 0,9 2,1 2,4
P2 1,1 1,2 3.8 4,1
P3 0,9 1,0 3,2 3,5
P4 1,3 1,4 4,5 4,9
P5 1,0 1,1 3,5 3,8

To improve positioning accuracy, the following approaches were applied:
integration with the Ukrainian CORS (Continuously Operating Reference Stations)
network, referencing to the International GNSS Service (IGS) network, and the stacking
method for averaging the results of multi-epoch GNSS data processing. The reliability
of the monitoring results is further enhanced through the structured storage of reference

station telemetry together with each measurement epoch, ensuring complete traceability



of the observation conditions and improving the quality of long-term deformation
analysis.

The economic feasibility of the proposed monitoring system represents an
important factor in assessing its practical implementation. The cost of a single cycle of
conventional geodetic monitoring (precise levelling combined with total station
measurements) for a site covering approximately 1-2 ha typically ranges from UAH
15,000 to 25,000. In contrast, an autonomous GNSS-based monitoring system,
following the initial investment of approximately UAH 80,000—120,000 for a network
consisting of 6—8 monitoring benchmarks, provides continuous automated monitoring
with minimal additional operating costs. Consequently, the proposed system is expected
to achieve a payback period of approximately 1-2 years under regular operation.

According to industry statistics, the costs associated with eliminating emergency
situations caused by unforeseen foundation deformations are, on average, five to ten
times higher than the costs of implementing a preventive geodetic monitoring system.
Therefore, the proposed GNSS monitoring methodology is not only technically effective
but also economically justified for ensuring the long-term safety and reliability of civil
and industrial construction projects.

Conclusions. The conducted research confirmed the high effectiveness of Global
Navigation Satellite System (GNSS) technologies for deformation monitoring of
technogenically disturbed territories intended for future construction development. The
proposed methodology, combining static GNSS observations, high-precision post-
processing of satellite data, and statistical evaluation of the obtained results, provides
reliable determination of spatial displacements of monitoring benchmarks with
millimetre-level accuracy.

The accuracy assessment demonstrated that the reliability of GNSS-based
deformation monitoring should be evaluated using two complementary approaches. The
first is internal quality control, based on the analysis of network adjustment residuals,

root mean square errors (RMSEs) of the estimated coordinates, and network adjustment



quality indicators. The second is external validation, performed by comparing GNSS-
derived results with independent geodetic techniques, including precise geometric
levelling and terrestrial laser scanning (TLS). This integrated approach provides a
comprehensive assessment of deformation reliability while minimizing the influence of
systematic measurement errors.

A comparative analysis of contemporary geodetic monitoring methods
demonstrated that the static GNSS technique achieves horizontal positioning accuracy of
+1-3 mm and vertical accuracy of +£3—8 mm, fully satisfying the requirements for
monitoring slow ground deformation processes. Unlike conventional surveying methods,
GNSS technology enables the simultaneous determination of three-dimensional
coordinates for a large number of monitoring points, supports continuous automated
observations, and covers extensive areas without requiring intervisibility between
monitoring stations.

The study also demonstrated that the integration of GNSS observations with precise
geometric levelling, terrestrial laser scanning, and modern Geographic Information
System (GIS) technologies significantly improves the reliability of deformation
assessment. The combined use of these complementary techniques provides mutual
verification of monitoring results, enables continuous spatial representation of
deformation processes, and establishes a robust information framework for predicting
future geodynamic changes.

Therefore, the proposed GNSS-based deformation monitoring methodology can be
recommended for geodetic support of construction projects on technogenically disturbed
territories, monitoring the condition of engineering structures, reclaimed mine dumps,
open-pit mines, tailings storage facilities, and other potentially hazardous sites. Practical
implementation of the proposed approach will contribute to improving engineering
safety, ensuring the timely detection of hazardous deformations, and supporting
informed decision-making regarding the operation, maintenance, and future

development of construction sites.



A promising direction for future research is the integration of autonomous GNSS
monitoring benchmark networks with continuous remote monitoring systems, GIS-based
information platforms, and artificial intelligence (Al)-based prediction algorithms. Such
integration will enable real-time detection of critical deformation changes, improve the
forecasting of geodynamic hazards, and enhance risk management during the
construction and long-term operation of civil and industrial infrastructure.

References

1.DBN V.1.3-2:2010. (2010). Heodezychni roboty u budivnytstvi [Geodetic Works
in Construction]. Kyiv: Ministry of Regional Development of Ukraine. 58.

2.DSTU-N B V.1.2-18:2016. (2016). Nastanova shchodo obstezhennia i
monitorynhu budivelnykh konstruktsii [Guidelines for Inspection and Monitoring of
Building Structures]. Kyiv: UkrNDNC. 47.

3.DBN V.2.1-10:2018. (2018). Osnovy ta fundamenty sporud [Foundations of
Buildings and Structures]. Kyiv: Ministry of Regional Development of Ukraine. 64 p.

4. Trevoho, I. S., & Shevchenko, T. H. (2012). GNSS v heodezii [GNSS in
Geodesy]. Lviv: Lviv Polytechnic Publishing House. 196.

5.Khomenko, P. A. (2019). Monitorynh deformatsii zemnoi poverkhni metodamy
suputnykovoi heodezii [Monitoring of Ground Surface Deformations Using Satellite
Geodesy Methods]. Kharkiv: Kharkiv National University of Civil Engineering and
Architecture. 128.

6.Hofmann-Wellenhof, B., Lichtenegger, H., & Wasle, E. (2008). GNSS — Global
Navigation Satellite Systems. Vienna: Springer. 516.

7.Leick, A., Rapoport, L., & Tatarnikov, D. (2015). GPS Satellite Surveying (4th
ed.). Hoboken, NJ: John Wiley & Sons. 840.

8.Blewitt, G., & Lavallée, D. (2002). Effect of annual signals on geodetic velocity.
Journal of Geophysical Research, 107(B7). DOI: https://doi.org/10.1029/2001JB000570



9.Teferle, F. N., Bingley, R. M., Williams, S. D. P., et al. (2009). Crustal motions
in Great Britain. Geophysical Journal International, 178(1), 23-46. DOI:
https://doi.org/10.1111/.1365-246X.2009.04185.x
10.Vernant, P., Reilinger, R., McClusky, S., et al. (2014). Geodetic constraints on
deformation at active tectonic margins. Tectonophysics, 631, 1-9. DOI:
https://doi.org/10.1016/j.tecto.2014.05.017
11.International GNSS Service (IGS). (2026). GNSS Data Formats and Standards.
Available at: https://igs.org/formats-and-standards
12. Teunissen P.J.G. The least-squares ambiguity decorrelation adjustment: a
method for fast GPS integer ambiguity estimation. Journal of Geodesy. 1995. Vol. 70. P.
65-82. DOI: 10.1007/BF00863419.
€.10. bepe3an, €.I'. XaunoBka
GNSS-MOHITOPUHI' JE®OPMAIIIA MOPYHIEHUX TEPUTOPIA
AJISA TIOTPEB BYIIBHUIITBA

Anomauia. Y cmammi po3enaHymo axmyaibHe HAYKOBO-NPUKIAOHE 3A80AHHS
niogUWeHHs eqheKmUBHOCMI 2e00e3udH020 3abe3neyents OYOi6BHUYMeAa Ha MexXHO2EeHHO
NOPYULEHUX MEPUMOPIAX WLIAXOM BHPOBAONCEHHSI CYUACHUX MEXHON02IU 2l00aTbHUX
Hagieayiunux cynymuuxkosux cucmem (GNSS). 3unauma uwacmumna mepumopit, wo
3a3Hanu  6NAUBY  2IPHUYOO00YEHOI  OIANbHOCMI,  XAPAKMEPUSYEMbCA  PO3GUMKOM
NOGIIbHUX 0eOpMAYiiHUX NPOYecis, AKi MOAHCYMb He2AMUBHO 8NIAUBAMU HA CMIUKICMb
OCHOB 0Y0igenb | Cnopyo, IHIHCeHepHUX Mepedxc ma 00 'ekmie ingppacmpykmypu. V 368'a3xy
3 YuM BUHUKAE HEOOXIOHICMb CMBOPEHHS GUCOKOMOYHOI cucmemu MOHIMOPUHRY,
30amuoi 3a0e3neyumu C80€4acHe BUAGIeHHs. NPOCMOPOBUX 3MIUEHb 3eMHOI NOBEPXHI
ma npocHO3yY8aHHs PO3GUMKY Hebe3NeYyHUX 2e00UHAMIYHUX NPOYECIS.

Memoro Oocnidxcennss € naykoge oOIPYHMYBAHHS MA pO3POOJEHHS KOMNIEKCHOT
memoouku GNSS-monimopuney oepopmayiti mexHo2eHHO NOPYWEHUX mMepumopii,

OpIEHMOBAHOT HA BUKOPUCMAHHA Y NPOYECT THICEHEPHUX GUULYKYBAHb, NPOEKNYBANHS,



byoisHuymea ma excnayamayii 00'€ekmieé YuBiibHO20 1 NPOMUCIOB020 NPUHAYUEHHSL.
3anpononosana memoouka b6azyemucs Ha 3acmocysanui asmonomuux GNSS-peneprux
CMaHyii, GUCOKOMOYHUX CMAMUYHUX CYNYMHUKOBUX CHOCIMEPEdICeHb, CYYACHUX
npocpamHux Komniaekcie oopobxu GNSS-eumiprosanv ma memoodie cmamucmuyHo20
AHANi3y 4acosux psoie KOOPOUHam.

V' pobomi 3anpononosano KOHCMPYKYI0O A8MOHOMHOI penepHoi cmawyii, sKa
00'eonye  bacamouacmomuuti  6acamocucmemuuti  GNSS-nputimay,  cucmemy
ABMOHOMHO20 eIeKMPONCUBTICHHS HA OCHOBI COHAYHUX NaHeel, KOHMpOoJep Kepys8aHHs,
MO0V be30pomogoi nepedaui inghopmayii ma 010K NOKANbHO20 30epedrCeH sl OaHUX.
3anponoHnosane mexuiune piuienHs 3a0e3neyye MONCIUBICIMb MPUBAN020 De3NnepepsHO20
@DYHKYIOHYBAHHA MepexCi MOHIMOpUHey 6e3 NOCMItiIHO20 00CLY208)8AHHS NEPCOHATOM.
OpucinanbHicmb  KOHCMPYKYIL  niOmMeepodcyeEmvcsi NAMEHMHUM — PIUEeHHAM, WO
3abe3neuye nPaKmuyHy YiHHICMb 3anPONOHOBAHOL CUCTNEMU.

Obrpynmosano eubip onmumanbHux napamempis opeawizayii cmamudnux GNSS-
CNOCMEPEeIHCEeHb, BKAIYAIOYU MPUBALICTb CEAHCI8 BUMIPIO8AHDL, IHMEPBAl peccmpayil
CYNYMHUKOBUX CUSHATIB, NePIOOUYHICMb YUK CHOCIEPENCEHb, BUMOCU 00 2eOMempii
CYNYMHUKOBO20 CY3Ip'a ma Kpumepii OYIHIO8AHHS AKOCMI OMPUMAHUX Pe3)lbmamis.
Pospobneno anecopumm o06podoxu GNSS-Oanux i3 BUKOPUCMAHHAM  NPOCPAMHUX
komnnexcie Bernese GNSS Software, GAMIT/GLOBK, Trimble Business Center ma
Leica Infinity, wo 3abe3neuye agmomamuzosane 8U3HaA4eHHs KOOPOUHAM KOHMPOIbHUX
penepie, opmysanHs uyacoeux paoie 3MiWjeHb Ma OYIHIOBAHHS IX CMAMUCMUYHOL
00CMOGIPHOCMIL.

Kniwwuosi cnosea: GNSS-monimopune, Oegopmayii  iHdCEeHEpHUX  Ccnopyo,
2e00e3udHUll  MOHIMOPUHE, CYNYMHUKOBI SUMIPIOBAHHS, 2€00e3UdHULl KOHMPOIb,
MOYHICMb BUMIPIOBAHb, ABMOMAMU308AHA 00POOKA OAHUX, eKOHOMIYHA epeKmUBHICb

MOHIMOPUHR)).
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