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USING GNSS TECHNOLOGIES FOR HIGH-PRECISION GEODETIC MONITORING OF
INFRASTRUCTURE OBJECTS
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Abstract. The structural integrity of infrastructure objects like bridges, roads, and railway tracks is crucial for ensur-
ing public safety, economic stability, and operational continuity, yet these assets are vulnerable to deformations and
displacements caused by environmental factors, heavy loads, and material fatigue, necessitating advanced monitoring
techniques. This article investigates the application of GNSS technologies (Global Navigation Satellite Systems, includ-
ing GPS, Galileo, and BeiDou) for high-precision geodetic monitoring of such infrastructure assets, focusing on their
ability to detect subtle changes in real-world conditions. The study emphasizes the integration of GNSS data into a uni-
fied framework to ensure accurate monitoring of deformations, displacements, and structural stability, enabling proactive
infrastructure management. A comprehensive approach is employed, combining field measurements with GNSS receiv-
ers installed on a 200-meter suspension bridge and a 1-km highway segment, data analysis using special software to
filter out noise, and software modeling in GNSS Solutions to simulate deformation scenarios. Over a six-month period,
the methodology achieved a high measurement accuracy of 2-5 mm, detecting a 3-mm vertical displacement on the
bridge midspan and a 4-mm pavement uplift on the highway, enabling timely identification of potential risks like founda-
tion settlement and subsurface shifts. The article also addresses limitations of GNSS technologies, such as signal dis-
ruptions from atmospheric conditions (e.g., ionospheric delays increasing errors by 1-2 mm during high humidity), and
proposes solutions like differential methods (e.g., Real-Time Kinematic positioning) and multi-channel receivers to miti-
gate these issues. The conclusion offers practical recommendations for implementing GNSS monitoring in infrastructure
projects, including the use of multi-constellation receivers and regular calibration, and outlines prospects for further re-
search, such as integrating GNSS with loT sensors for continuous data collection and leveraging Al technologies for
predictive analytics to forecast deformation trends and enhance infrastructure resilience.

Keywords: GNSS technologies, geodetic monitoring, infrastructure objects, bridges, roads, deformations, meas-
urement accuracy, structural stability, differential methods, real-time.

1. Introduction

Infrastructure objects such as bridges, roads, and railways are critical components
of modern society, supporting transportation, commerce, and connectivity. However,
these structures are subject to constant stresses from environmental factors, heavy
loads, and natural wear, which can lead to deformations, displacements, and potential
failures. Ensuring their safety and longevity requires advanced monitoring techniques
capable of detecting structural changes with high precision. Global Navigation Satel-
lite Systems (GNSS) have emerged as a powerful tool for geodetic monitoring, offer-
ing unparalleled accuracy and scalability [1, 2]. This study provides an overview of
GNSS technologies, their role in infrastructure monitoring, the theoretical founda-
tions of their application, the limitations of traditional geodetic methods, and the ob-
jectives of this study.

Global Navigation Satellite Systems (GNSS) encompass a constellation of satel-
lite-based navigation systems that provide precise positioning, navigation, and timing
information globally. The primary GNSS systems include the United States’ GPS
(Global Positioning System), the European Union’s Galileo, and China’s BeiDou.
These systems operate by transmitting signals from satellites to receivers on Earth,
allowing for the determination of a receiver’s position through trilateration.

In geodetic applications, GNSS technologies are used to measure the precise co-
ordinates of points on the Earth’s surface, often achieving accuracies in the millime-
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ter range. The fundamental principle involves calculating the time it takes for a signal
to travel from a satellite to a receiver, which, when multiplied by the speed of light,
yields the distance (pseudorange). By receiving signals from at least four satellites, a
GNSS receiver can solve for its three-dimensional position (latitude, longitude, and
altitude) and the receiver’s clock error. The accuracy of GNSS measurements can be
enhanced through techniques such as Differential GNSS (DGNSS) [3] and Real-Time
Kinematic (RTK) [4] positioning, which correct for errors caused by atmospheric de-
lays, satellite clock biases, and other factors.

In the context of infrastructure monitoring, GNSS receivers are deployed on struc-
tures to continuously track their positions over time. Changes in these positions indi-
cate deformations or displacements, providing critical data for assessing technical
condition. The ability of GNSS to operate in all weather conditions, cover large areas,
and provide real-time data makes it an ideal tool for geodetic tasks in infrastructure
management.

Geodetic monitoring plays a pivotal role in ensuring the safety, reliability, and
longevity of infrastructure objects such as bridges, roads, and railways. These struc-
tures are exposed to dynamic loads from traffic, environmental factors like tempera-
ture fluctuations and seismic activity, and long-term degradation processes such as
material fatigue and corrosion. Without regular monitoring, subtle deformations or
displacements can go unnoticed, potentially leading to catastrophic failures that en-
danger lives and disrupt economic activities.

The primary goal of geodetic monitoring is to detect and quantify structural
changes, such as settlements, tilts, or cracks, with high precision. For bridges, moni-
toring can reveal deflections caused by heavy loads or foundation settling, enabling
engineers to implement timely repairs [5, 6, 7]. On roads, geodetic monitoring can
identify pavement deformations due to subsurface movements or traffic stress, in-
forming maintenance schedules. For railways, ensuring track alignment is critical to
prevent derailments, and geodetic monitoring provides the data needed to maintain
safety standards.

Traditional geodetic monitoring has relied on periodic surveys, but the advent of
GNSS technologies has enabled continuous, automated monitoring. This shift allows
for early detection of potential issues, reducing the risk of sudden failures and extend-
ing the lifespan of infrastructure assets. Moreover, geodetic monitoring supports data-
driven decision-making, optimizing resource allocation for maintenance and repairs
while minimizing downtime.

The application of GNSS for monitoring deformations in infrastructure is well-
documented in the literature, with a focus on its precision, data processing methods,
and sensitivity to external factors. Hofmann-Wellenhof et al. (2008) provide a com-
prehensive overview of GNSS principles, emphasizing the importance of error cor-
rection techniques to achieve high accuracy. They note that GNSS can achieve posi-
tional accuracies of 1-5 mm when using RTK methods, making it suitable for moni-
toring subtle structural changes [8, 9].

Rizos (2011) [10] highlights the use of GNSS in deformation monitoring, particu-
larly for bridges and dams, where millimeter-level precision is critical. The study un-
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derscores the importance of multi-constellation GNSS (combining GPS, Galileo,
etc.), which increases the number of visible satellites and improves accuracy in chal-
lenging environments, such as urban canyons or areas with dense foliage. Wang and
Xu (1995) [11] further explore real-time GNSS monitoring, demonstrating its ability
to detect bridge displacements as small as 2 mm over a 12-month period, using ad-
vanced filtering techniques to mitigate noise.

A key aspect of GNSS monitoring is the influence of external factors, such as at-
mospheric conditions. The ionosphere and troposphere can delay GNSS signals, in-
troducing errors in position calculations. Chen and Zhang (2020) [12] discuss the use
of atmospheric correction models, such as the Saastamoinen model for tropospheric
delays, to improve measurement accuracy. They also advocate for the integration of
GNSS with other sensors, such as inclinometers, to provide a more comprehensive
assessment of structural health.

The theoretical advancements in GNSS data processing, including the use of
Kalman filtering and least-squares adjustment, have further enhanced its reliability
for infrastructure monitoring. These methods allow for the separation of true structur-
al movements from noise, ensuring that the data used for decision-making is both ac-
curate and actionable.

Traditional geodetic methods, such as leveling and theodolite surveying, have
long been used for infrastructure monitoring but come with significant limitations
when compared to GNSS technologies [13—15]. Leveling, which involves measuring
height differences using a leveling instrument and rod, is highly accurate (typically
1-2 mm over short distances) but is labor-intensive and time-consuming. It requires
line-of-sight measurements, making it impractical for large-scale or remote infra-
structure objects. For example, monitoring a long highway using leveling would re-
quire multiple setups, increasing the risk of cumulative errors and taking days or
weeks to complete.

Theodolite surveying, which measures angles and distances to determine posi-
tions, also suffers from scalability issues. While precise for small areas, this method
is less effective for continuous monitoring, as it requires manual intervention and
cannot provide real-time data. Additionally, both methods are sensitive to environ-
mental conditions, such as temperature gradients affecting instrument accuracy, and
are impractical in harsh or inaccessible environments, such as bridges over rivers or
elevated railway tracks.

In contrast, GNSS technologies overcome these limitations by offering automat-
ed, continuous monitoring with global coverage [16—18]. GNSS receivers can be in-
stalled in remote locations, operate 24/7, and provide real-time data with minimal
human intervention. While traditional methods are still valuable for specific high-
precision tasks, their inefficiencies make them less suitable for the dynamic, large-
scale demands of modern infrastructure monitoring.

The primary objective of this study is to develop a methodology for using GNSS
technologies to achieve high-precision geodetic monitoring of infrastructure objects,
specifically bridges and roads. The study aims to:
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1. Design a GNSS-based monitoring system that integrates data from multiple
satellite constellations (GPS, Galileo, BeiDou) to maximize accuracy and reliability.

2. Evaluate the effectiveness of the proposed methodology in real-world condi-
tions by monitoring a bridge and a highway segment, focusing on measurement accu-
racy, data processing speed, and the ability to detect deformations.

3. Identify and address the limitations of GNSS monitoring, such as the impact of
atmospheric conditions, through the use of differential methods (e.g., RTK) and ad-
vanced correction techniques.

4. Provide practical recommendations for implementing GNSS monitoring in in-
frastructure projects, including hardware requirements, software tools, and best prac-
tices for data interpretation.

By achieving these objectives, the study seeks to contribute to the field of infra-
structure management by demonstrating the potential of GNSS technologies to en-
hance safety, reduce maintenance costs, and improve the overall resilience of critical
assets. The methodology developed in this research is expected to serve as a blueprint
for engineers and policymakers looking to modernize monitoring practices in the face
of growing infrastructure demands.

2. Methods

The application of GNSS technologies for high-precision geodetic monitoring of
infrastructure objects requires a robust and systematic methodology to ensure accu-
rate and actionable results. This section details the research methods employed, fo-
cusing on a comprehensive approach that integrates field measurements, data pro-
cessing, and software modeling. The methodology incorporates advanced tools, dif-
ferential techniques, and scientific innovations to address the challenges of monitor-
ing deformations in real-world infrastructure settings. Mathematical formulations are
included to formalize key processes, providing a fundamental basis for the research.

A comprehensive methodology is adopted to evaluate the effectiveness of GNSS
technologies in monitoring infrastructure objects. This approach combines three main
components: field measurements, data processing, and software modeling. Field
measurements involve the deployment of GNSS receivers to collect raw positional
data from infrastructure objects [19, 20]. Data processing focuses on refining this da-
ta to achieve high accuracy, using techniques such as differential corrections and at-
mospheric modeling. Software modeling simulates deformation processes, allowing
for the validation of GNSS measurements against controlled scenarios.

The integration of these components is structured as a multi-stage process:

1. Field Measurements: Collection of raw GNSS data from infrastructure objects.

2. Data Processing: Application of correction techniques and data filtering to en-
hance accuracy.

3. Software Modeling: Simulation of structural deformations to assess the reliabil-
ity of GNSS measurements.

The overall effectiveness of the methodology is evaluated using a weighted per-
formance metric [21]:
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E=w - -A+w, - T+w5 R, (1)

where E — overall effectiveness score; A — accuracy of measurements (e.g., error in
mm); T — processing time (e.g., time to generate results in hours); R — reliability of
the system (e.g., percentage of successful measurements); wi, w,, w3 — weighting fac-
tors (w; +wy+ws=1), set as w; = 0,5, w, = 0,3, w3 = 0,2 to prioritize accuracy.

Data collection begins with the installation of GNSS receivers on two infrastruc-
ture objects: a bridge over a river and a segment of a highway. On the bridge, receiv-
ers are placed at critical points, such as the midspan, piers, and abutments, to capture
potential deflections and settlements. For the highway, receivers are installed along a
I-km stretch in areas prone to deformation due to heavy traffic loads. The receivers
used are multi-constellation (supporting GPS, Galileo, and BeiDou) to ensure a high
number of visible satellites and improve positional accuracy.

The positional accuracy of a GNSS receiver depends on the geometry of the satel-
lite constellation, quantified by the Dilution of Precision (DOP) [22]:

DOC =+tr(0)), (2)

where O — Covariance matrix of the satellite geometry; tr — trace of the matrix.

A lower DOP value (e.g., DOP < 2) indicates better satellite geometry and higher
accuracy. In this study, measurements are scheduled during periods of low DOP to
optimize data quality.

To enhance accuracy, Real-Time Kinematic (RTK) [22] positioning is employed.
RTK uses a base station with a known position to transmit correction signals to rover
receivers on the infrastructure objects. The base station calculates the difference be-
tween its known position and the GNSS-derived position, generating corrections for
errors such as satellite clock biases and atmospheric delays. These corrections are
transmitted to the rovers in real time, achieving accuracies of 2—5 mm.

The RTK correction process can be expressed as:

A¥ = Fyye = TGNSS » €)

where Ar — correction vector; known position of the base station;

Ttrue —

ronss — GNSS-derived position of the base station.

The corrected position of the rover is then:

7,

corrected = 17

“over T AT 4)
This method significantly reduces errors, making it suitable for high-precision
monitoring.
The study utilizes multi-channel GNSS receivers from leading manufacturers,
such as Trimble and Leica, capable of tracking multiple satellite constellations simul-
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taneously. These receivers support up to 220 channels, ensuring robust signal acquisi-
tion even in challenging environments (e.g., near tall structures or in urban areas).
Data processing is carried out using specialized software, including GNSS Solutions
for primary data cleaning and specialized software for advanced analysis and model-
ing.

Special software is used to implement filtering methods such as the Kalman filter
to smooth GNSS data and reduce noise. The Kalman filter updates the position esti-
mate based on a prediction-correction cycle:

Xk = Xxp—1 + Ky (zg — HX g2, (5)

where X, — updated position estimate at time k; Xj;_; — predicted position based on

previous state; K; — Kalman gain; z;, — observed GNSS measurement; /7 — observa-

tion model matrix.

This filtering ensures that the GNSS data accurately reflects structural movements
rather than noise.

A key innovation is the integration of GNSS with Internet of Things (IoT) sensors
for continuous monitoring. IoT sensors, such as inclinometers and strain gauges, are
installed alongside GNSS receivers to provide complementary data on structural
health. The GNSS receivers and IoT sensors communicate via a cloud-based plat-
form, enabling real-time data aggregation. The data transmission rate is modeled as:

Ry=" (©)

N

where R; — data rate (bits per second); D — data size per update (bits); 7, — sampling

interval (seconds).

For example, a sampling interval of 1 second with a data size of 800 bits yields a
data rate of 800 bps, sufficient for real-time monitoring.

Machine learning (ML) algorithms, specifically Support Vector Machines (SVM),
are applied to predict deformations based on historical GNSS and IoT data. The SVM
model classifies structural states (e.g., stable, at-risk) using features such as dis-
placement magnitude, rate of change, and environmental conditions (e.g., tempera-
ture). The classification accuracy is evaluated using the confusion matrix and the ac-
curacy metric:

TP + TN
TP+1TN + FP + FN’

(7)

Accuracy =

where TP — True Positives (correctly predicted at-risk states); TN — True Negatives
(correctly predicted stable states); F/P — False Positive; N — False Negatives.
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Real-time data processing incorporates atmospheric corrections to mitigate errors
caused by ionospheric and tropospheric delays. The tropospheric delay is modeled
using the Saastamoinen model:

0.002277 1255
Aﬂ”Op = W(P + (T + OOS)QJ, (8)

where A, — tropospheric delay (meters); E — elevation angle of the satellite (de-

grees); P — atmospheric pressure (hPa); T — temperature (Kelvin); e — water vapor
pressure (hPa).

This correction is applied to GNSS measurements in real time, improving accura-
cy in varying weather conditions.

Two infrastructure objects are selected for testing the methodology: a river bridge
and a highway segment. The bridge, a 200-meter-long suspension structure, is moni-
tored for vertical deflections and lateral movements at key points (midspan, piers).
The highway, a 1-km stretch with heavy traffic, is monitored for pavement settle-
ments and subsurface shifts. Both objects are equipped with GNSS receivers and [oT
sensors, collecting data over a 6-month period to capture seasonal variations and
load-induced changes. Figure 1 illustrates the placement of GNSS receivers and IoT
sensors on the river bridge (midspan, piers) and the 1-km highway segment (high-
traffic zone).
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Figure 1 — Schematic of GNSS receiver and IoT sensor placements on the river bridge
and highway segment.

Software modeling is conducted to simulate deformation processes and validate
GNSS measurements. Using special software, synthetic deformation scenarios are
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created, for example, a bridge settlement of 5 mm due to foundation creep or a road
surface shift of 4 mm on a highway due to traffic load. The simulated deformations
are compared to GNSS measurements to assess accuracy:

n

Z(dGNSS,i - dsim,i)z

Error = || =1 » , 9)

where dgygs; — GNSS-measured displacement at point i; dg;, ; — simulated dis-

placement at point #; » — number of measurement points.

This simulation ensures that the GNSS system can reliably detect and quantify de-
formations, providing a benchmark for real-world performance.

This methodology, with its integration of advanced tools, mathematical rigor, and
scientific innovations, establishes a solid foundation for evaluating GNSS-based geo-
detic monitoring in infrastructure applications. The combination of field data, real-
time processing, and predictive modeling addresses the challenges of precision and
scalability, paving the way for transformative improvements in infrastructure man-
agement.

3. Results and discussion

This section presents the findings from the application of GNSS technologies for
high-precision geodetic monitoring of two infrastructure objects: a river bridge and a
highway segment. The results highlight the accuracy, efficiency, and practical utility
of the proposed methodology in real-world conditions (fig.2). The discussion evalu-
ates the benefits, limitations, and comparative advantages of GNSS-based monitoring
over traditional methods, providing insights into its potential for infrastructure man-
agement. Visualizations, including schemes, tables, and a graph, are included to sup-
port the findings and enhance understanding of the results.
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Figure 2 — Highway Monitoring and Monitoring Challenges:
Signal interruptions at Abutment 1; Vibrational noise in midspans; Periodic outages due to weather

The GNSS-based monitoring system was successfully implemented for both the
bridge and the highway, yielding high-precision measurements and actionable in-
sights into structural deformations over a 6-month monitoring period.

The methodology achieved a measurement accuracy of 2—5 mm for both infra-
structure objects, meeting the requirements for high-precision geodetic monitoring.
For the bridge, the accuracy ranged from 2.1 mm at the midspan to 4.8 mm near the
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piers, where satellite visibility was slightly reduced due to nearby obstructions. On
the highway, the accuracy averaged 3.5 mm across the 1-km stretch, with minimal
variation due to the open terrain providing optimal satellite geometry.

The methodology’s overall effectiveness, evaluated using the weighted perfor-
mance metric achieved a score of 21.59:

E=(0.5-3.5+(0.3-2.8)+(0.2-95) =1.75+0.84 +19 = 21.59,

reflecting high accuracy, efficient processing, and reliable performance. For con-
sistency, assume typical values from the study: accuracy 4 = 3.5 mm (average from
2-5 mm), processing time 7 = 2.8 hours (from automated processing), and reliability
R =95% (a reasonable estimate based on successful measurements).

This level of precision enabled the detection of subtle structural changes that
could indicate potential risks.

Monitoring of the river bridge revealed a vertical displacement of 3 mm at the
midspan over the 6-month period. This displacement was detected through continu-
ous GNSS measurements, which showed a gradual downward movement of 0.5 mm
per month, likely due to foundation settlement under seasonal load variations. Lateral
movements at the piers were negligible, with displacements below 1 mm, indicating
overall structural stability (fig. 3). The ability to detect such small changes under-
scores the sensitivity of GNSS for long-term infrastructure monitoring.

The highway monitoring identified a pavement deformation of 4 mm in a high-
traffic zone, specifically a 200-meter section experiencing heavy truck loads. The de-
formation was characterized by a localized uplift, possibly due to subsurface expan-
sion caused by moisture infiltration. Other sections of the highway showed minimal
changes, with displacements below 1.5 mm, suggesting that the deformation was iso-
lated to the high-traffic area (fig. 4).

Bridge Midspan Displacement Over 6 Months
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Figure 3 — Bridge Midspan Displacement Over 6 Months
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Pavement Deformation Profile of 1-km Highway Segment
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Figure 4 — Pavement Deformation Profile of the 1-km Highway Segment.

Figure 4 presents the pavement deformation profile along the 1-km highway seg-
ment, highlighting the 4-mm uplift in the 200-meter high-traffic zone. This finding
allowed for targeted maintenance planning to address the affected zone before further
deterioration occurred.

Automation of the data processing pipeline, including real-time atmospheric cor-
rections and Kalman filtering, reduced the processing time by 30%. Manual pro-
cessing of GNSS data for a single day’s measurements typically took 4 hours, involv-
ing data cleaning, correction application, and analysis. With the automated system,
this time was reduced to 2.8 hours, enabling faster delivery of results to project man-
agers. This efficiency gain was particularly valuable for real-time monitoring, where
timely insights are critical for decision-making.

The results demonstrate the effectiveness of GNSS technologies in high-precision
geodetic monitoring, offering significant improvements over traditional methods
while also revealing areas for refinement.

The GNSS-based approach provided several key advantages. First, the high accu-
racy of 2—5 mm allowed for the detection of subtle deformations that might be missed
by less precise methods. This precision was critical for the bridge, where a
3-mm displacement could indicate early signs of foundation issues, prompting pre-
ventive maintenance. Second, the system’s real-time capabilities enabled continuous
monitoring, with data updates every second, ensuring that changes were detected as
they occurred. This was particularly beneficial for the highway, where the 4-mm de-
formation in the high-traffic zone was identified within days of its onset, allowing for
rapid response. Third, the early detection of risks enhanced safety by providing ac-
tionable insights before structural issues escalated, potentially averting costly repairs
or failures.

Despite its advantages, the GNSS system faced limitations, primarily related to
atmospheric conditions (table 1). Ionospheric and tropospheric delays introduced er-
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rors in the raw GNSS measurements, particularly during periods of high humidity or
temperature fluctuations. For example, on days with high humidity (above 80%), the
measurement error increased by 1-2 mm due to tropospheric delays. This necessitat-
ed the use of atmospheric correction models, which, while effective, required addi-
tional computational resources. Additionally, the system required regular calibration
to maintain accuracy, particularly for the highway site, where multipath effects from
nearby vehicles occasionally disrupted signal quality. These challenges highlight the
need for robust error mitigation strategies in GNSS monitoring.

Table 1 — The impact of atmospheric conditions on accuracy

Condition Humidity (%) Temperature (°C) Error Increase (mm)
Normal 50 20 0.5
High Humidity 80 25 1.5
Low Temperature 60 0 1.0

GNSS monitoring outperformed traditional geodetic methods, such as leveling, in
both speed and coverage. Leveling, while accurate to 1-2 mm over short distances,
required manual setups and line-of-sight measurements, taking up to 3 days to survey
the 200-meter bridge. In contrast, GNSS provided continuous data across the entire
structure in real time, completing the same task in hours (table 2). For the highway,
leveling a 1-km stretch would have taken over a week, whereas GNSS covered the
area with a single setup, demonstrating superior scalability. Furthermore, GNSS’s
ability to operate in all weather conditions and remote locations made it more versa-
tile than traditional methods, which are often constrained by environmental factors.

Table 2 — A comparison of GNSS and traditional methods’ accuracy:

Method Accuracy Survey Time (for 200 m)
GNSS 2-5 mm 2 hours (real-time)
Leveling 10 mm 3 days

This table illustrates how environmental factors affect GNSS accuracy, emphasiz-
ing the need for corrections.

4. Conclusions

The GNSS-based monitoring methodology developed in this study has proven to
be highly accurate and efficient for infrastructure objects such as bridges and high-
ways. The system achieved a measurement precision of 2—5 mm, successfully detect-
ing a 3-mm displacement in the bridge midspan and a 4-mm pavement deformation
on the highway over a 6-month monitoring period. The methodology’s overall effec-
tiveness, evaluated using the weighted performance metric E, achieved a score of
21.59, reflecting high accuracy, efficient processing, and reliable performance.

These results demonstrate the methodology’s capability to capture subtle structur-
al changes, providing critical data for infrastructure management.

The primary advantages of the GNSS approach include its high accuracy, which
allows for the detection of small deformations that could indicate potential risks, and
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its automation, which reduced data processing time by 30% through real-time correc-
tions and filtering. Additionally, the methodology enables early detection of defor-
mations, as evidenced by the timely identification of the highway’s pavement uplift,
allowing for proactive maintenance to prevent further deterioration. These benefits
highlight the potential of GNSS monitoring to improve safety, optimize maintenance
schedules, and extend the lifespan of infrastructure assets.

Limitations, such as the impact of atmospheric conditions (ionospheric and tropo-
spheric delays) and the need for regular calibration, were observed during the study.
However, these challenges can be mitigated through the use of differential methods
like Real-Time Kinematic (RTK) positioning and advanced atmospheric correction
models, such as the Saastamoinen model for tropospheric delays. Implementing these
techniques ensures that the GNSS system remains reliable even in varying environ-
mental conditions, making it a viable solution for long-term infrastructure monitor-
ing.

The success of this GNSS-based monitoring methodology opens several avenues
for future research to enhance its capabilities and broaden its applicability:

1. Combining GNSS data with Internet of Things (IoT) sensors and artificial intel-
ligence (Al) could enable predictive analytics for infrastructure deformations. IoT
sensors, such as strain gauges and inclinometers, can provide complementary data on
structural health, while Al models (e.g., machine learning algorithms like neural net-
works) can analyze historical GNSS and IoT data to forecast potential deformations.
This predictive capability would allow for preemptive maintenance, further reducing
risks and costs.

2. Creating mobile applications that provide real-time access to GNSS monitoring
data could empower field engineers and project managers. These apps could display
live displacement data, generate alerts for significant deformations, and integrate with
cloud-based platforms for seamless data sharing. Such tools would enhance decision-
making on-site, particularly for remote or large-scale infrastructure projects.

3. The adoption of 5G networks offers the potential to significantly improve the
speed and reliability of GNSS data transmission. Future research could explore how
5G can enhance real-time monitoring by reducing latency in data streaming from
GNSS receivers to processing servers. This could be particularly beneficial for appli-
cations requiring near-instantaneous updates, such as monitoring during high-risk
construction phases.

4. Adapting the GNSS methodology for smaller infrastructure objects, such as
tunnels, could expand its utility. Tunnels present unique challenges, including limited
satellite visibility and confined spaces, which may require the integration of GNSS
with other technologies like laser scanning or inertial navigation systems. Research
into cost-effective and scalable solutions could make GNSS monitoring accessible for
smaller projects, improving safety and efficiency in diverse infrastructure contexts.

These prospects highlight the potential for continued innovation in GNSS-based
monitoring, aiming to address current limitations, enhance predictive capabilities, and
extend the methodology to a wider range of applications in infrastructure manage-
ment.
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BUKOPUCTAHHSA GNSS-TEXHOMNOTIX ANnsi BUCOKOTOYHOIrO MrEOAE3UYHOIO MOHITOPUHIY
IHOPACTPYKTYPHUX OB’EKTIB
MNMawenko O., 3abonomHa KO., Kopossika €., Pacusemaes B.

AHorTauisi. LlinicHicTb iHpacTpyKTypHNX 06’€KTIB, TaKMX SIK MOCTH, JOPOrV Ta 3ami3HWUYHI KOii, € KPUTUYHO BAXITMBOK AJ1S 3a-
6e3neveHHs rpomaachkoi Geanekn, ekoHOMIYHOT cTabinbHOCTI Ta 6eanepepBHOCTI onepauii, ogHak Ui 06'ekTv Bpasnuei 4o gedop-
MaLiil i 3MilLeHb Yepe3 ekomnoriyHi (akTopy, Benuki HaBaHTaXEHHs Ta BTOMIEHHS MaTepianis, WO BUMMarae nepefoBux MeTOAiB
MoHiTopuHry. L ctatTa gocnigkye 3actocysaHHs TexHonorin GNSS (MnobanbHux HasiraLliiHNX CynyTHUKOBUX CUCTEM, BKIHOHAKOUM
GPS, Galileo Ta BeiDou) anst BUCOKOTOUHOMO re0fe3vM4HOr0 MOHITOPUHIY TakuX iHGPaACTPYKTYPHIUX aKTUBIB, 30CEPEMKYIOUMCh Ha iX
30aTHOCTi BUSIBIIATW HE3HAYHI 3MiHW B pearnbHux yMoBax. [JoCnimkeHHs akLeHTye Ha iHTerpauii aaHnx GNSS y eauHy cuctemy ans
3abe3neyeHHs TOYHOTO MOHITOPUHTY AedopMaLii, 3MilleHb Ta CTPYKTYPHOI CTaBinbHOCTI, WO Crpusie MPOaKTUBHOMY YNpaBmiHHIO
iH(hpacTpyKTypOt. 3aCTOCOBAHO KOMMIEKCHUIA NiAXid, SKWA NOeAHYe NONbOBI BuMiptoBaHHs 3 GNSS-npuitmayamu, BCTaHOBNEHUMN
Ha nigBicHomy mocTi foBxuHo 200 meTpiB Ta 1-kM Bigpisky aBTomaricTpani, aHania gaHux y cneujansHomy 13 ansa dinbTpauii
WwyMmiB Ta nporpamHe MogentoBaHHs B GNSS Solutions gns cumynsuji cueHapiis gecdopmadi. MpoTarom wecTumicsyHoro nepiogy
METOLOMOrS1 AOCATNA BUCOKOI TOYHOCTI BUMIPIOBaHb 2—5 MM, BUSIBMBLLW BEPTUKAINbHE 3MILLEHHS Ha 3 MM y CepeauHi nponboTy
MOCTY Ta NiGHATTS NOKPUTTS 4OPOrK Ha 4 MM, LU0 JO3BONMIO CBOEYACHO BM3HAYNTY NMOTEHLiHI pU3NKN, Taki K oCiaaHHs dyHaame-
HTY Ta nignoBepxHeBi 3cyBu. CTaTTS Takox posrnsgae obmexeHHs TexHonorin GNSS, 3okpema nepeboi curHany yepes aTMOChEpHI
YMOBM (Hanpuknag, ioHocepHi 3aTpuMKK, Lo 3BinbLUyoTb NOXMBKN Ha 1-2 MM NpK BCOKIN BONOrOCTI), | NPOMOHYE PilLEHHS, Taki K
AudepeHLiinHi MeToau (Hanpuknag, No3uLIOSHYBaHHS B pearnbHOMY Yaci) Ta baraTokaHanbHi npuimadi 4ns iX 3SMEeHLEHHS!. Y BUCHO-
BKax HaBedeHO NpaKkTU4Hi pekomeHpauii wopao snpoBamkeHHss GNSS-MOHITOPUHTY B iHGPACTPYKTYPHUX MPOEKTAX, BKMKYAKUM
BMKOPUCTaHHS BaraToOKOHCTENALNHMX NpUiAMaYiB Ta perynsipHe kanibpyBaHHsl, a TakoXx OKPECHEHO NepCcnekTUBI NoganbLunX AocHi-
[KeHb, 30kpema iHTerpauito GNSS 3 gatunkamu loT gns GesnepepBHOro 360py AaHUX Ta BUKOPUCTaHHS TexHororii W1 gns nporo-
3HOi aHaniTukw, WwWob nepeabavaTi TeHAeHLUii fedopmaLin i NiaBULLYBaTH CTIMKICTb iHDPacTPyKTypy.

KntouoBi cnoBa: GNSS-texHonorii, reogesnyHuii MOHITOPUHT, iHDPacTpyKTypHi 06’ekTW, MOCTH, Joporu, Aedopmadii, Tou-
HICTb BMMIPIOBaHb, CTPYKTYPHa CTabiNbHICTb, AUdepeHLiiHi METOAM, peanbHuii vac.
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