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Abstract. The article examines the combined use of satellite radar and stationary systems for monitoring spatial displacements
of structures (SSMSDS) to detect vertical deformations of dams. The object of research is the dam of the Kaniv HPP in
Ukraine. Dam deformation monitoring includes automated use of GEOMOS software, as well as a GNSS and TPS points
network. DInSAR radar interferometry algorithms were applied to calculate the vertical displacements of the dam based on
satellite observations. This study analyzed 30 satellite images from Sentinel-1, taken every 12 days from August 10th, 2020 to
August 5th, 2021. The error in determining the vertical movement speed of the dam control points is based on the data of radio
interferometric measurements relative to the results obtained from GNSS and linear-angular measurements for the period from
August 2020 to February 2021. The error margin was found to be 0.41 mm/mo, with an average speed of -3.5 mm/mo during
that period. From February 2021 to August 2021, the error margin increased to 0.85 mm/mo, with an average speed of +1.7
mm/mo. Combining radar and ground measurements confirmed the seasonal spatiotemporal distribution of the rates of vertical
dam displacements, with the dam body subsiding from August 2020 to February 2021 and then rising from February 2021 to
August 2021. The radar measurements also identified anomalous speed zones with no GNSS points or reflectors for linear-
angular measurements, which could indicate hidden defects related to the dam's strength. Overall, the results showed the
effectiveness of using DInSAR technology and ground-based automated systems to monitor potentially dangerous objects, such
as dams.

Keywords: deformation monitoring, vertical displacements, GNSS measurements, TPS measurements, differential
interferometry (DInSAR), dam.

1. Introduction

The territory of Eastern Ukraine is saturated with potentially dangerous industrial facilities and areas whose
geodynamic processes require constant control and monitoring to detect deformations. With the beginning of the full-
scale invasion of Ukraine, man-made territories appeared in the danger zone. Military actions and aggression on a vast
territory lead to numerous man-made and ecological disasters. Technogenic threats to energy facilities and
hydrotechnical structures are especially dangerous. As a result of long-term operation, most large dams in the territory
of Ukraine are prone to aging processes. Moreover, these engineering structures are periodically subjected to extreme
loads from missile attacks.

In this regard, it is essential to monitor HPP dams, in particular by geodetic and geotechnical methods. In the conditions
of war, remote methods are especially relevant. To date, some Ukrainian hydropower dams have installed systems for
continuous monitoring of their displacements and deformations (Horb, 2023). These systems are built on the basis of
the use of GNSS receivers and robotic total stations with automatic recognition of reflectors (TPS) and geotechnical
sensors (deformographs, gap meters, inclinometers). The measurement results have a point spatial distribution.
However, not all elements can be covered by these measurements, since the dam is comprised of separate concrete
blocks and is connected to earthen dams. The monitoring systems for dams use GNSS receivers, robotic total stations,
and geotechnical sensors to measure spatial distribution. Traditional geodetic methods like high-precision leveling,
GNSS, TPS measurements, and measurement of Straightness are used to periodically monitor spatial displacements and
deformations of soil dams within 3-12 months. However, this approach does not provide continuous spatial information
and a satisfactory frequency of measurements over time. To address these shortcomings, the results of automated
systems for monitoring displacements and deformations are combined with remote sensing using interferometric
synthetic aperture radar (InSAR) for a comprehensive analysis of hydroelectric dams under extreme conditions. The
reliability and accuracy of the joint processing of geodetic radar measurements are assessed in this study.

2. Page layout

When monitoring technogenic areas, traditional ground geodetic methods have limitations due to a small number of
ground points and difficulties in adverse weather conditions (Carla 2019). However, remote shooting methods have
improved geospatial data collection technology, increasing accuracy and efficiency. SAR satellites and radar
interferometry are crucial tools in monitoring ground surface movements, as well as minor displacements in structures



like dams, buildings, and bridges (Perissin 2016). Radar observations can be conducted at any time of day (Graham
1974) and are not affected by cloudiness or insufficient lighting (Perissin 2016). With satellite technology, the
displacement of Earth's surface can be determined accurately from a centimeter to a millimeter (Rosen 2000).

In recent years, automated data processing methods have demonstrated significant improvements in processing SAR
images. In fact, they even surpass traditional geodetic methods in terms of accuracy (Passah et al. 2023). InSAR
technology allows for dynamic evaluation of objects under study, providing displacement maps that can be remotely
analyzed. Satellite interferometry with a synthesized aperture (InSAR) is particularly useful in studying landslides on a
global, local, or regional scale (Colesanti et al. 2006). Changes in the vertical and horizontal position of a network of
points caused by hydrometeorological, geological, hydrological, and other factors, including man-made territories, can
be detected. This is particularly relevant for hydropower plants, which often cover river valleys affected by endogenous
and exogenous processes. It is crucial to choose the right radar image processing method to determine the displacement
of large engineering objects, such as hydraulic structures.

(Aswathi 2022) presents a general overview of the possibility of using InSAR, including monitoring hydropower
facilities. Among the listed methods of remote sensing, we selected those that are most widely used and approved by
other researchers. Persistent Scatterer Interferometry PSInSAR (Ferretti 2011; Bouali et al. 2017) is suitable for
determining the deformation of artificial structures and other stable points. Persistent scatterer (PS), which is used to
identify pixels, is a ground-based specially installed radar target that has a constant high value of reflectivity for a long
time period. Distributed Scatterer Interferometry DS-InSAR (Flores-Anderson 2019) uses a dense ground network of
distributed scatterer (DS), i.e. natural radar targets that have a radar signature and reflectivity similar to PS. The method
is convenient for determining deformations in forested regions, as well as for assessing soil deformation. Small Baseline
Subset SBAS (Vajedian 2015) generates vector maps of average strain rate and displacement time series for the study
area based on the small baseline subset technique using points with defined coordinates. The Multi-temporal Satellite-
based Differential Interferometry MTInSAR combines either PS and DS methods (Xiong et al. 2019), or PS and SBAS
methods (Farova 2019). The deformation field is obtained by phase calculation and time series analysis. Time Series
Interferometric Synthetic Aperture Radar TS-InSAR (Cao 2018) detects slow strain rates by examining phase changes
in SAR images acquired by low-carrier sensors. Displacement along the installed scatterers leads to the automatic
interpretation of dam deformation scenarios. The application of TS-InSAR, PSInSAR, DS-InSAR, and SBAS methods,
provides the technological selection of points (pixels) with high coherence and consistency of time series on SAR
images. They also determine the dynamics and direction of scatterer displacements. Combined MTInSAR has the
greatest advantages for the study of engineering structures, as the time series of the displacement along the installed
scatterers leads to the automatic interpretation of dam deformation scenarios.

Several scientific publications have reported on the successful application of PSInSAR technology in analyzing dam
deformation. Wang et al. (2011) used this technology to study the Three Gorges Dam area in China on the Yangtze
River, while Vazquez-Ontiveros et al. (2023) studied the Sanalona Dam in Mexico. The results obtained through
PSInSAR were consistent with traditional geodetic methods and GNSS measurements. Additionally, Pang et al. (2023)
confirmed the effectiveness of SBAS-InSAR technology in studying vertical displacements of the Bangiao Reservoir
Dam surface in China between 07/03/22 and 08/20/22. The dam displacement fluctuated between 4 to -8 mm, with the
largest deviations between InSAR and GNSS (BeiDou) monitoring values being 2 mm. In another study by Liu et al.
(2021), two methods of remote monitoring, namely distributed scatterer DS-InSAR, and SBAS-InSAR, were used to
study the deformation of the Xiaolangdi Dam. The results obtained through cross-validation showed that the different
InSAR methods produced identical results. Xiong et al. (2019) used MTInSAR technology to monitor the Chang Lingpi
Dam and found that the maximum deformation rates of the dam crest monitoring points were up to -30 mm/year, with
discrepancies between radar interferometry and ground geodetic measurements not exceeding 2.1 mm/year. Finally, the
TS-InSAR method (Xiao and He 2019; Xiao et al. 2022) was applied to study the sudden subsidence of the Sardoba
Reservoir in Uzbekistan, which was found to be up to 60 mm. Timely verification by ground methods helped avoid a
significant man-made disaster.

The advantage of the listed methods lies in the high accuracy of measurements. However, these methods require the
installation of special reflectors (PS), which complicates the process of remote monitoring of objects, especially in hard-
to-reach places. To obtain a continuous field of deformations, it is advisable to use the method of Differential
Interferometry DInSAR (e.g., Crosetto et al., 2011). DInSAR makes it possible to study large flat surfaces. It provides a
spatial picture of deformations, thus increasing the safety of technogenic territories, and preventing the disaster.
DInSAR is a classical data processing method. Undoubtedly, the combined use of DInSAR with the PSInSAR method
in the presence of PS is the best option for monitoring engineering structures. This significantly increases the accuracy
and reliability of monitoring the deformations of potentially dangerous objects and their adjacent territories (Farova
2019).

The application of the DInSAR method has a number of advantages. This method provides remote measurements of
relatively small deformations within large areas of the Earth's surface. This helps to detect displacements in regions
where deformations are difficult to measure with classical ground geodetic methods. It also allows for achieving results
both with lower labor costs and cost indicators.



The differential method has limitations in urbanized areas with high buildings, in forested and snowy areas. In such
cases, ambiguous results may occur, including changes in the display of objects or zones, the appearance of shadows,
and signal interference (Herrera 2013). The most important limitation of DInSAR is the loss of coherence. This
parameter characterizes the correlation of the values of the main and auxiliary images. If the coherence value is close to
one, it means that the signal-to-noise ratio for the interference pattern is satisfactory. In order to get reliable strain
estimates, the phase of the interferometric signal needs to be satisfactory. Coherent pixels or PSs are the pixels that meet
this requirement and are often used in DInSAR (Crosetto 2011).

Numerous scientific studies have confirmed that the DInNSAR method is effective in determining dam deformations
compared to other terrestrial methods. The movement of the Conza Dam in Italy, located in an active seismic zone, was
observed using 40 images of the Envisat-ASAR satellite from 2004 to 2010. The results were compared to the data from
extensometers, and both monitoring systems provided similar dam subsidence values of 65 mm with a maximum
deviation of 4.5 mm between SAR and USBR measurements. DInSAR is highly sensitive in detecting minor
deformations, as seen in the monitoring results of the Campolattaro Dam in Italy using Sentinel-1A images, which
recorded subsidence of the dam within 1-2 mm and were confirmed by high-precision leveling results (S.L. Ullo 2019).
Quite satisfactory results can be obtained even when using images with a low resolution, up to 100 m. The stability of
the Taiho Subdam in Okinawa Prefecture, Japan was confirmed through the use of images from the Japanese satellite
ALOS PALSAR (K. Honda et al. 2012). The dam experienced vertical displacements of 8§9.1 mm (DInSAR) and 104.2
mm (GPS) between 2006 and 2010, as well as 0.8 mm (DInSAR) and 3.4 mm (GPS) between 2008 and 2009. Satellite
radar technologies, especially DInSAR, allow for the use of accumulated databases of radar images to inspect and
clarify the deformation processes of dams from past years. The combination of archival instrumental surveys from
1975-1980 and DInSAR from 1995-2010 was used to identify a long-term deformation process in the La Pedrera
reservoir dam in SE Spain, providing a complete non-uniform spatiotemporal view of displacements in the dam that
was impossible to detect through ground instrumental measurements. The InSAR method is useful for determining
displacement with high accuracy when deformations are slow, and unknown dynamics can be detected thanks to a fairly
high frequency of repeated images. This was demonstrated in a study by Joaquim et al. in 2016 (Joaquim et al. 2016).
After conducting research on various dams across the world, it was discovered that satellite SAR interferometry
methods can be used to observe movements in dam structures. Through long-term monitoring of dams using the
DInSAR method, it is possible to achieve accurate results in determining deformations that are on par with terrestrial
geodetic methods. However, this method is most effective when monitoring slow deformations over time and when
combining the results with ground geodetic measurements. The only drawback of this method is that the reliability of
the results is dependent on weather conditions. In our particular case, we utilized the DInSAR technology to determine
surface deformations of the Kaniv HPP, which is located on the Dnipro River near the northern outskirts of the city of
Kaniv in the central part of Ukraine (Fig. 1).
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Fig.ﬂl Location of the Kaniv HPP



The construction of hydropower facilities was carried out mainly from 1967 to 1975. The reservoir was filled from 1972
to 1978. The main structures and nodes of the hydroelectric power station include: 1) right-bank earthen dam; 2)
gateway; 3) HPP building with a concrete dam; 6) left-bank earthen dam. The concrete part of the dam is divided by
expansion joints into six sections with a length of 57.00 m each. The length of the pressure front of the hydroelectric
unit is 16.30 km, and the maximum water level difference between the upper and lower beif is 12 m. The general
appearance of the HPP structures is shown in the photo (Fig. 2).

D The HPP building and the first section of the dam, :I sections 2-6 of the dam,
Fig. 2 General view of the Kaniv HPP and geological zoning of the dam

The buildings located on the soil massif are subject to complex engineering and geological conditions. The geological
structure consists of a complex of Quaternary sediments, including the floodplain alluvial formation, the Shevchenko
Formation, and the buried moraine layer. The concrete construction node is divided into two areas based on engineering
and geological conditions: the HPP building and the first section of the dam, and the second to sixth sections of the
dam. The first section of the dam has a high deposit of moraine, with an uneven roof that lies at absolute elevations
ranging from +43,000 to +62,000 m. In the second section, the sand layer at the base is several tens of meters thick and
contains numerous layers and lenses of clay soils. To ensure a sturdy foundation, poor-quality foundation soils in the
HPP building and most of the dam are deepened to a depth of 3-4 m and replaced with clean sand. Each section houses
four horizontal hydro units with generators with a capacity of 17.50 MW, and the height of the dam from the base to the
top of the crane beam is 39.70 meters.

To control the displacements and deformations of the Kaniv HPP dam, a stationary monitoring system for spatial
displacements of structures (SSMSDS) was implemented. The SSMSDS is a hardware and software complex designed
to perform periodic precision measurements by GNSS receivers and robotic electronic total stations (TPS) to determine
the coordinate-time location of geodetic points fixed on the surface of the dam. It includes geodetic pylons with GNSS
receivers, robotic electronic total stations, communication and computer equipment, and specialized software that
operates continuously.

Geodetic points of SSMSDS are divided into reference and control points. Reference points are designed to assess the
influence of geodynamic factors on the network of control points. The reference points of the SSMSDS of the Kaniv
HPP are KNR1 and KNR2 points located farthest from the concrete dam (Fig. 3), which are fundamental geodetic
points equipped with a GNSS receiver Leica GMX902 GG with an AR10 antenna, a Leica Total Stations (TPS) TM30
robotic total station (Fig. 4a).
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Fig. 4 General view of geodetic points of SSMPPSS of Kaniv HPP
a) KNR1, KNR2; b) MP1 —- MP6 i ACP2; c) PP1 — PP4i ACP1

Control points of SSMSDS of the Kaniv HPP are divided into GNSS points and TPS points. GNSS points are equipped
with Leica GMX902 GG GNSS receivers with an AR10 antenna and a reflector for TPS measurements (Fig. 4, b).
These include points MP1 - MP6, PP1 - PP4, ACP1, and ACP2, the coordinates of which are determined on the basis of
GNSS and linear-angular measurements (Fig. 3). TPS points are equipped only with reflectors for TPS measurements
(Fig. 4, c¢). These include points 1CP1 — 1CP22, 2CP01 — 2CP18, and PCP1 — PCP6 (46 points), the coordinates of
which are determined only on the basis of linear and angular measurements.

The measurements of the SSMSDS are conducted continuously with a frequency of 30 seconds, while TPS
measurements with a frequency of 6 hours are performed from reference points to control points equipped with



reflectors. The GEOMOS software is used to determine the coordinates of all control points of the SSMSDS every 6
hours, which are then averaged for each day. The stability of the reference points KNR1 and KNR?2 is assessed based on
the results of daily GNSS measurements processed by the BERNESE software (http://www.bernese.unibe.ch/). A
detailed analysis of the results of GNSS and TPS measurements revealed seasonal horizontal and vertical fluctuations of
all control points, with extreme values of displacements occurring almost every year in the first decade of February and
August. This regularity can be observed at all dams of Ukraine equipped with SSMSDS. The reason for these seasonal
opposite shifts is the temperature deformation of the dam (Tretyak and Palianytsia 2022). It is important to note that
seasonal deformations of the dam are confirmed by the data of joint processing of geodetic and geotechnical sensors
(Tretyak, Zayats and Hrabovyi 2023). Displacement occurs according to a linear law within seasonal periods (Tretyak
and Palianytsia 2021), and it is necessary to consider the linear displacement speeds of control points within these
periods. The semiannual change in the direction of the vectors of vertical displacements of control points leads to an
annual fluctuation of the dam by up to 20 mm per year. The measurements of the SSMSDS are conducted continuously
with a frequency of 30 seconds, while TPS measurements with a frequency of 6 hours are performed from reference
points to control points equipped with reflectors. The GEOMOS software is used to determine the coordinates of all
control points of the SSMSDS every 6 hours, which are then averaged for each day. The stability of the reference points
KNR1 and KNR?2 is assessed based on the results of daily GNSS measurements processed by the BERNESE software.
A detailed analysis of the results of GNSS and TPS measurements revealed seasonal horizontal and vertical fluctuations
of all control points, with extreme values of displacements occurring almost every year in the first decade of February
and August. This regularity can be observed at all dams of Ukraine equipped with SSMSDS. The reason for these
seasonal opposite shifts is the temperature deformation of the dam. It is important to note that seasonal deformations of
the dam are confirmed by the data of joint processing of geodetic and geotechnical sensors. Displacement occurs
according to a linear law within seasonal periods, and it is necessary to consider the linear displacement speeds of
control points within these periods. The semiannual change in the direction of the vectors of vertical displacements of
control points leads to an annual fluctuation of the dam by up to 20 mm per year.

For example, Fig. 5 presents a time series of vertical displacements of control GNSS point MP1. It can be seen from
this figure that the extremes of displacement occur every year in February and August.

2020.5 2021 2021.5

T (years)
Fig. 5 Time series of height displacements of the MP1 reference GNSS point

To compare the vertical displacements of SSMSDS, we used radio interferometric images from the period between
2020.6 and 2021.6. During this time, we compared the results of daily GNSS and TPS measurements with radar images
from the Sentinel-1 satellite taken every 12 days. Tables 1 and 2 show the vertical velocities of GNSS and TPS control
points for the periods between (2020.6-2021.1) and (2021.1-2021.6). The accuracy of speed determination for most
control points is almost ten times smaller than their values, as shown in Tables 1 and 2.

Table 1 Vertical movement speeds of GNSS control points for the period from 2020.6 to 2021.6

PERIOD
POINT 2020.6 — 2021.1 2021.1 —2021.6
Vu, (mm/mo) Mvu, (mm/mo) Vu, (mm/mo) Myu, (mm/mo)

ACP1 -1.9 0.4 0.7 0.3
ACP2 0.1 0.4 -0.8 0.3

MPI -4.1 0.4 3.1 0.3

MP2 -3.8 0.4 2.8 0.3

MP3 -3.9 0.4 2.6 0.3




MP4 -3.2 0.4 24 0.3
MP5 -3.7 0.4 22 0.4
MP6 -3.5 0.4 2.5 0.4
PP1 -3.3 0.5 0.6 0.5
PP2 -4.2 0.4 3.0 0.4
PP3 -1.6 0.5 -0.3 0.5
PP4 -1.5 0.3 * *

Note: * Data is missing due to a malfunction of the GNSS receiver.

Table 2 Vertical movement speeds of TPS control points for the period from 2020.6 to 2021.6

PERIOD PERIOD
POINT 2020.6 —2021.1 2021.1 —2021.6 POINT 2020.6 —2021.1 2021.1 —2021.6
Vu, My, Vu, Myu, Vu, Mvu, Vu, My,
(mm/mo)| (mm/mo) (mm/mo) (mm/mo) (mm/mo) | (mm/mo) (mm/mo) (mm/mo)
1KCP1 -2.9 0.2 1.4 0.4 1KMP19 -34 0.3 1.4 0.3
1KCP2 -0.9 0.2 -0.9 0.4 1KMP2 -2.8 0.1 0.6 0.3
1KM1 2.2 0.1 1.1 0.1 1KMP20 -3.1 0.3 1.4 0.3
1KM2 2.4 0.1 0.8 0.2 1KMP21 -3.4 0.3 1.7 0.3
1KMP10 -3.1 0.2 1.3 0.3 1KMP22 -3.3 0.3 1.6 0.3
1KMP11 -3.7 0.2 1.5 0.3 1KMP4 -2.8 0.1 0.3 0.4
1KMP12 -3.6 0.2 1.7 0.3 1KMP7 -3.1 0.2 0.4 0.4
1KMP13 -3.6 0.1 1.4 0.3 1KMP8 -3.5 0.1 1 0.4
1KMP14 -3.6 0.2 1.2 0.3 1KMP9 -3.6 0.2 1.1 0.4
1KMP15 -3.5 0.2 1.5 0.3 1KPP1 -3 0.3 2.6 0.3
1KMP16 -3.8 0.1 1.7 0.3 1KPP2 -3.6 0.1 2.4 0.3
1KMP17 -39 0.2 1.8 0.3 1KPP3 -4.1 0.2 2.2 0.3
1KMP18 -3.6 0.2 1.7 0.3 1KPP4 -2.9 0.2 1.4 0.3

Figs. 4 - 5 present the spatial distribution of vertical displacements of GNSS and TPS points for the periods (2020.6 - 2021.1) and
(2021.1 - 2021.6). Fig. 6 reveals that the vertical velocities of points are distributed uniformly within the concrete part of the dam.
However, the velocities of points on the land side of the dam (GNSS control points ACP-1, ACP-2, and TPS points 1KM1, 1KM2,
1KCP1, 1KCP2) are significantly lower. This is obviously related to the temperature deformation of the concrete part of the dam.
According to the results of measurements in the period (2021.1 - 2021.6) (Fig. 7), on the concrete part of the dam, the vertical
displacement velocities of the GNSS control points are uniform, but for the TPS points, the spatial distribution of velocities is more
uneven. This could be a result of defects in the strength of the dam structures against temperature deformations when the southern
side of the dam, on which the TPS reflectors are located, is heated. Similarly, as in the previous period, the velocities of points

located on the land side of the dam are significantly smaller in magnitude.




Fig. 6 Scheme of vertical velocity displacement vectors of control points of the linear-angular network of SSMSDS at Kaniv

HPP for the period from 2020.6 to 2021.1. ( —= GNSS point displacement velocity vector, TPS linear-
angular network point displacement velocity vector

Fig. 7 Scheme of vertical velocity displacement vectors of control points of the linear-angular network of SSMSDS at Kaniv

HPP for the period from 2021.1 to 2021.6. ( ——= GNSS point displacement velocity vector, TPS linear-
angular network point displacement velocity vector



Methodology

Using the DInSAR technology on satellite radar, the Kaniv HPP dam's surface deformations were studied. The research
was conducted on the Linux platform's SNAP software, which is freely available, by using radar images captured by the
Sentinel-1 satellite (http://step.esa.int/downloads/6.0/installers/esa-snap_all_unix_6_0.sh). These images were uploaded
to the Copernicus Open Access Hub web platform (https://scihub.copernicus.eu/). Differential interferometry is the
technique used to create a differential interferogram, which quantifies and reflects the earth's surface movement
between two epochs of shooting (Massonnet et al. 1998). After removing the topographic effect, the phase component
of two SAR images is differentiated to calculate the displacement. One image is taken at the initial measurement epoch,
while the other is taken at the next measurement epoch. The construction of a vertical displacement map involves three
stages: Co-Registration, the construction of a differential interferogram, and the formation of a vertical displacement
map. The TOPS module is used for the coregistration of Sentinel-1 images obtained by TOPSAR technology to form an
interferogram (Yagiie-Martinez et al. 2016). The resulting data is exported to the SNAPHU plugin, which is used to
unfold a filtered interferogram, resulting in an image with certain distortions (Chen et al. 2003). The expanded results
should be interpreted as the relative vertical displacements between the pixels of the two images. The data obtained
after the deployment of the phase is loaded again into SNAP and the removal of geometric distortions is performed.
Then the accuracy of the data is checked. As a result, we get an offset in the direction of the straight line that connects
the satellite radar to the point on the ground surface (LOS). Positive values of LOS displacements mean movement of
the surface in the direction of the radar (rising), and negative values - movement away from the radar (lowering). The
final stage is the geocoding of the height matrix, that is, the conversion of phase values into height and the
transformation of the displacement map into a geographic coordinate system. The study processed 31 satellite images
received by the Sentinel-1 satellite from August 10, 2020, to August 5, 2021, received every 12 days (Table 3).

Table 3 Information on Sentinel-1 satellite images used for research

Date ORBIT_CYCLE | REL_ORBIT | ABS_ORBIT Date ORBIT_CYCLE | REL_ORBIT | ABS_ORBIT
10.08.2020 137 87 22863 18.02.2021 153 87 25663
22.08.2020 138 87 23038 02.03.2021 154 87 25838
03.09.2020 139 87 23213 14.03.2021 155 87 26013
15.09.2020 140 87 23388 26.03.2021 156 87 26188
27.09.2020 141 87 23563 07.04.2021 157 87 26363
09.10.2020 142 87 23738 19.04.2021 158 87 26538
21.10.2020 143 87 23913 01.05.2021 159 87 26713
02.11.2020 144 87 24088 13.05.2021 160 87 26888
14.11.2020 145 87 24263 25.05.2021 161 87 27063
26.11.2020 146 87 24438 06.06.2021 162 87 27238
08.12.2020 147 87 24613 18.06.2021 163 87 27413
20.12.2020 148 87 24788 30.06.2021 164 87 27588
01.01.2021 149 87 24963 12.07.2021 165 87 27763
13.01.2021 150 87 25138 24.07.2021 166 87 27938
25.01.2021 151 87 25313 05.08.2021 167 87 28113
06.02.2021 152 87 25488

Based on the results of processing satellite images, a time series of its vertical displacement was determined for each
pixel (10x10 m). For example, Fig. 8 presents the time series of the vertical displacement of one of the points located
near the MP2 GNSS point determined by radar interferometry data. It can be seen from this figure that during the period
from 2020.6 to 2021.1, there is a subsidence of the point A% -40 mm, and during the period from 2021.1 to 2021.6, on
the contrary, there is a rise of the point by approximately the same amount. This is evidenced by the trend lines plotted
on the time series. Practically all points determined on the dam have similar trends, which coincide with the data of
GNSS stations and TRS measurements.
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Fig. 8 The time series of vertical displacements of one of the points located near the MP2 GNSS point, determined by radar
interferometry data

The construction of displacement maps in relation to the initial date has revealed some unusual vertical displacement
values in certain satellite images. For instance, in Fig. 9 in the epoch from 2020.6 to 2020.9, a significant subsidence of
the dam was detected, which is not typical for the time series. To identify the reasons for this, we decided to examine
the  meteorological characteristics of  the atmosphere  in  this area on  those  dates
(https://meteopost.com/weather/archive/). Precipitation was recorded in three images: 14th November 2020, 7th April
2021, and 13th May 2021. The presence of precipitation distorts the image on the displacement maps, and it affects the
quality of the measurement results due to the influence of atmospheric processes and weather conditions. Monitoring
deformations under adverse conditions can cause errors in the obtained results, and this problem is further exacerbated
by prolonged periods of precipitation.

-0,01
-0,015
-0,02
-0,025
-0,03
1-0,035
-0,04
-0,045
-0,05
-0,055
-0,06

-0,065

-0,07

Fig. 9 Map of vertical displacements for the period 08.10.20 - 11.14.20



For the entire area of the dam, based on the results of processing radar images using the DInSAR method, the linear
velocities of vertical displacements for two periods (2020.6 - 2021.1), (2021.1 - 2021.6) were determined for each pixel.
Table 4 shows, a fragment of the data array presenting the results of determining the vertical velocities. It also
demonstrates an assessment of the accuracy of the dam points' movement (pixel size 10x10 m).

Table 4 Fragment of the array of data on the determination of the vertical velocities of the dam points for the periods
2020.6 —2021.6, 2021.6 — 2022.1

TIME PERIOD
X Y 2020.6 —2021.1 2021.1 —2021.6
V (( mm/mo) My ( mm/mo) V (( mm/mo) My ( mm/mo)
262.21 3.60 -4.1 2.0 3.5 1.3
261.25 9.28 -4.4 2.0 3.8 1.4
260.17 15.67 -4.6 2.0 3.9 1.4
259.09 22.07 -4.7 2.0 4.2 1.3
258.02 28.46 -4.8 2.0 4.3 1.3
256.94 34.85 -5.0 2.0 4.2 1.3
255.86 41.25 -5.1 2.0 4.3 1.4
254.78 47.64 -5.3 1.9 4.3 1.4
253.71 54.04 -5.6 1.9 4.4 1.3
252.63 60.43 -5.6 1.9 4.4 1.3

Tables 5 - 6 present the results of determining the vertical movement speeds of the control points of the dam for the
periods (2020.6 - 2021.1 and 2021.1 - 2021.6) based on GNSS, linear-angular, and radio interferometric measurements.
The given vertical velocities according to DInSAR data correspond to the nearest pixel located relative to the control
point. Tables 5 — 6 show the speed differences determined by the results of radio interferometric measurements and
GNSS or linear-angular measurements.

A= Vpinsar — V(GNSS or TPS). (1)

Table 5 Results of determining the vertical speeds of movement of dam's control points for the period (2020.6 - 2021.1)
according to GNSS, linear-angular and radio interferometric measurements

Control points v Vr = AR =
X v (GNSS OR TPS) VDInsAR A v A A_A
™ (M (mm/mo) (mm/mo) (mm/mo) DInSAR ™ AAVG AVG
(mm/mo) (mm/mo)
MPI 215.57 24.07 4.1 -4.7 -0.6 -3.5 0.6
MP2 252.25 67.61 -3.8 -54 -1.6 -4.2 -0.4
MP3 289.00 111.15 -3.9 -5.2 -1.3 -4 -0.1
MP4 325.92 154.88 -3.2 -44 -1.2 -3.2 -0
MP5 362.71 198.50 -3.7 -4.8 -1.1 -3.6 0.1
MP6 399.48 242.01 -3.5 -3.7 -0.2 -2.5 1
PP1 205.45 88.20 -3.3 -5.3 -2.0 4.1 -0.8
PP2 232.78 120.47 4.2 -5.1 -0.9 -3.9 0.3
1KCP1 102.65 -51.63 -2.9 -3.9 -1.0 2.7 0.2
1KM1 -112.55 124.54 2.2 -3.7 -1.5 -24 -0.2
1KM2 -73.48 91.40 24 -3.7 -1.3 24 -0
1KMP10 260.14 171.34 -3.1 -4.6 -1.5 -3.3 -0.2
1KMP11 251.41 160.98 -3.7 -4.8 -1.1 -3.5 0.2
1KMP12 242.55 150.49 -3.6 -5.0 -14 -3.8 -0.2
1KMP13 233.58 139.86 -3.6 -5.2 -1.6 -3.9 -0.3
1KMP14 224.93 129.62 -3.6 -5.2 -1.6 -4 -0.4
1KMP15 223.28 127.60 -3.5 -5.2 -1.7 -4 -0.5
1KMP16 214.61 117.36 -3.8 -5.2 -1.4 -4 -0.2
1KMP17 205.62 106.69 -3.9 -5.1 -1.2 -3.8 0.1
1KMP18 196.81 96.26 -3.6 -5.0 -14 -3.8 -0.2
1KMP19 188.13 85.96 -3.4 -4.9 -1.5 -3.6 -0.2
1KMP2 331.54 334.09 -2.8 -4.1 -1.3 -2.9 -0.1
1KMP20 186.59 84.16 -3.1 -4.8 -1.7 -3.5 -0.4
1KMP21 177.78 73.71 -34 4.3 -0.9 -3.1 0.3
1KMP22 168.97 63.26 -3.3 -4.3 -1.0 -3.1 0.2
1KMP4 350.70 317.95 -2.8 -4.4 -1.6 -3.2 -0.4
1KMP7 361.80 291.80 -3.1 -4.2 -1.1 -2.9 0.2
1KMP8 343.99 270.70 -3.5 -4.2 -0.7 -3 0.5
1KMP9 343.99 270.70 -3.6 4.2 -0.6 -3 0.6
1KPP3 280.17 176.76 4.1 -4.5 -0.4 -3.3 0.8
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Table 6 Results of determining the vertical speeds of movement of the dam's control points for the period (2021.1 - 2021.6)
according to GNSS data, linear-angular and radio interferometric measurements

Control points Xow You V(GNSS OR TPS) VbInsarR A Vo sZ}f—z AAvG A ARA;/G
(mm/mo) (mm/mo) (mm/mo) (mm/mo) (mm/mo)
ACP1 102.65 -51.63 0.7 4.0 3.3 1.4 0.7
MP1 215.57 24.07 3.1 4.3 1.2 1.8 -1.3
MP2 252.25 67.61 2.8 4.4 1.6 1.9 -0.9
MP3 289.00 111.15 2.6 4.2 1.6 1.6 -1
MP4 325.92 154.88 2.4 3.6 1.2 1.1 -1.3
MP5 362.71 198.50 2.2 4.2 2.0 1.7 -0.5
MP6 399.48 242.01 2.5 4.3 1.8 1.7 -0.8
PP2 232.78 120.47 3 4.6 1.6 2 -1
1KCP1 102.65 -51.63 1.4 4.0 2.6 1.4 0
1KM1 -112.55 124.54 1.1 3.0 1.9 0.5 -0.6
1KM2 -73.48 91.40 0.8 3.3 2.5 0.8 -0
1KMP11 251.41 160.98 1.5 4.2 2.7 1.7 0.2
1KMP12 242.55 150.49 1.7 4.4 2.7 1.9 0.2
1KMP13 233.58 139.86 1.4 4.5 3.1 2 0.6
1KMP14 224.93 129.62 1.2 4.4 3.2 1.9 0.7
1KMP15 223.28 127.60 1.5 4.4 2.9 1.9 0.4
1KMP16 214.61 117.36 1.7 4.4 2.7 1.8 0.1
1KMP17 205.62 106.69 1.8 4.3 2.5 1.8 -0
1KMP18 196.81 96.26 1.7 4.4 2.7 1.9 0.2
1KMP2 331.54 334.09 0.6 3.8 3.2 1.3 0.7
1KMP20 186.59 84.16 1.4 4.4 3.0 1.9 0.5
1KMP21 177.78 73.71 1.7 4.2 2.5 1.6 -0.1
1KMP22 168.97 63.26 1.6 4.0 2.4 1.4 -0.2
1KMP4 350.70 317.95 0.3 5.2 4.9 2.7 2.4
1KMP7 361.80 291.80 0.4 4.4 4.0 1.9 1.5
1KMPS8 343.99 270.70 1 4.6 3.6 2.1 1.1
1KPP1 205.46 88.21 2.6 4.6 2.0 2.1 -0.5
1KPP2 232.79 120.48 2.4 4.6 2.2 2 -0.4
1KPP3 280.17 176.76 2.2 3.8 1.6 1.3 -0.9

Tables 5 — 6 show that there are systematic components in the distribution of differences A. The average value of the
differences A for the period (2020.6 — 2021.1) is Aave = —1.23 mm/mo with a standard deviation of Stdev = 0.41 mm/mo,
and for the period (2021.1 — 2021.6) Aave = +2.52 mm/mo with a standard deviation of Stdev = 0.85 mm/mo. These
variations in speed that occur regularly are caused by various factors, including temporal and spatial decorrelation,
signal delay from tropospheric delays that are not corrected perfectly in InNSAR data [Heresh Fattahi & Falk Amelung
2014], orbital or topographical errors (Pawluszek- Filipiak et al. 2020), and the shift in vertical velocities of points from
the LOS coordinate system to WGS-84.

Tables 5 and 6 show the reduced vertical velocities determined from radio interferometric measurements with the
systematic component removed

V:=Vbinsar — Aave, )
as well as reduced differences A«

Ar =A — Aaye.. (3)

Figs. 10 and 11 present bar charts of the distribution of reduced differences A;. For the period (2020.6 — 2021.1) most values of A;
are in the range of —0.5 + +0.3 mm/mo, and for the period (2021.1 —2021.6) they are in the range of —1.1 + +0.8 mm/mo.
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Fig. 10 Bar chart of the distribution of reduced differences Ar for the measurement period (2020.6 — 2021.1)
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Fig. 11 Bar chart of the distribution of reduced differences Ar for the measurement period (2021.1 — 2021.6)

According to the data of reduced vertical velocities determined from radio interferometric measurements, schemes of
their spatial distribution were constructed for two periods (2020.6 —2021.1) and (2021.1 — 2021.6). As can be seen from
Figs. 12 and 13, the spatial distribution of deformation rates of the dam surface is uneven. A common area is
highlighted on both maps, where there is a field of maximum deformation rates. GNSS points and reflectors for linear
and angular measurements are not installed in this area. In this regard, this territory is not identified by GNSS and
linear-angular measurement data.
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Fig. 12 Map of isolines of rates of vertical deformations of the dam surface for the period (2020.6 — 2021.1)
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Fig. 13 Map of isolines of rates of vertical deformations of the dam surface for the period (2021.1 — 2021.6)
Conclusions

The research was conducted at the Kaniv hydroelectric power station using geodetic control points from the Stationary
System for Monitoring the Spatial Displacement of Structures (SSMSDS). The SSMSDS was measured using GNSS
and TPS, and all control point coordinates were determined with GEOMOS software. To compare the dam's surface
vertical displacements, radar images were double-processed for a year, from August 2020 to August 2021, with a 12-
day frequency. Both ground and satellite measurements showed similar temporal and spatial displacement patterns. The
vertical displacement vectors of control points were opposite in direction for the first and second halves of each year.
For the first half of the year, most items rose, while in the second half, they fell. This semiannual change led to the dam
fluctuating up to 20mm annually, with the extremes occurring in February and August. Based on the data of radio
interferometric measurements, the error in determining the vertical movement speeds of dam control points relative to
the results obtained from GNSS and linear-angular measurements for the period of 2020.6-2021.1 is 0.41 mm/mo. The
average speed during this period is -3.5 mm/mo. For the period of 2021.1-2021.6, the error is 0.85 mm/mo with an
average speed of +1.7 mm/mo. By jointly processing radar images and GNSS and TPS data, the Kaniv HPP dam's
vertical displacement velocities were spatially distributed, and anomalous velocity zones were identified. These zones
can indicate hidden defects related to the dam's strength. This technology demonstrates the reliability of the results and
the effectiveness of monitoring potentially dangerous objects like dams.
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