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APPLICATION OF INSAR TECHNOLOGY
FOR MONITORING OF THE SHERUBAY-NURA
RESERVOIR DAM

Abstract. This paper investigates the potential of multi-temporal satellite radar interferometry for monitoring the deformation state of the Sherubay-Nura Reservoir
dam. Spatial and temporal displacements of the structure were assessed using the SBAS-InSAR approach based on Sentinel-1 satellite imagery. Trihedral corner reflectors
were employed to improve the reliability of interferometric measurements by ensuring stable identification of reference points. The analysis enabled the identification of
localized deformation zones and the assessment of displacement rates and their temporal evolution, demonstrating the effectiveness of integrating InSAR technology with
corner reflectors for the remote monitoring of hydraulic structures.
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Hlepy6aii-Hypa cy Koiimacbl 0eretinin moHutopunrijieyie InSAR TexH0/10rusICBIH KOJIIaHY

Amnnarna. Makanana Illepy6aii-Hypa cy koiimacel Gererini ae(opMaIMsIbIK KaF(aiiblH MOHUTOPHUHTIICY/Ie KOITYaKBITThI CITyTHUKTIK Pa/MOIOKALUSAIBIK HHTEP-
(epomeTpust TEXHONOTHACHIHBIH MYMKIHIIKTEpi KapacTeipbliFaH. Sentinel-1 cnyTHUKTIK Tycipinimaepi Herizinge SBAS-InSAR ogiciH KoniaHy apKbUibl KYPbUTBICTBIH
KeHICTIKTIK-YaKbITTBIK BIFbICYIAapbIHA Oarasay skyprizinai. MHTephepoMeTpHsIIbIK oIeyIepAlH CCHIMAIINH apTThpy MaKcaThiHAA OaKblIay HYKTEIEePiH TYPAKThI COii-
KECTEHAIPY/II KAMTaMaCchI3 €TETiH YIIKBIPIIbI OYPBILITHIK IIAFbULIBIPFBIIITAD MaiiaanaHbliabl. XKyprisiaren tanaay aedopMalusiapIbiH KePrilikTi aliMaKTapblH aHBIKTAY-
Fa, BIFBICY JKbIIIAMJIBIKTAPBl MEH OJIAPJbIH JIaMy CHITAThIH OarajiayFa MyMKIHJIK Oeplii ’KoHE THAPOTEXHUKAIIBIK KYPbUIbICTAP/IbIH Ae()OPMALMSIIBIK KaFIaiblH KALIBIKTaH
MouuTopuHrineyne INSAR TexHOMOrusicbl MeH OYpBIITHIK HIAFbUIIBIPFBIITAP/IBI O1pJIeCill KOJIAHYAbIH THIMALTIIIH pacTapbl.

Tyitinoi cosoep: SBAS-InSAR, cnymnuxmik paduonokayusnvis unmepgepomempus, Sentinel-1, scep 6o2emi, deghopmayusnap MOHUMOPUH2L, OYPbIUMbIK WASLLIObIP-
2blumap, 2e00e3usiblK MOHUMOPUHE.

IIpumenenne Texnosoruu InSAR st Monutopunra 1amosl Illepy6aii-Hypunckoro Boqoxpanuiauima

AHHOTanMs. B crarbe paccMOTPEeHbI BO3BMOXHOCTH MHOTOBPEMEHHOW CITyTHHKOBOII PaHOIOKAIMOHHON HHTEP(HEPOMETPUH JUISi MOHHUTOPHHTA Je()OPMALIMOHHOTO
cocrosiaus nam6sl Llepy6aii-Hypunckoro Bogoxpanunuma. Ha ocrose Metona SBAS-InSAR 1o qaHHBIM CITy THHKOBO# CheMKH Sentinel-1 BBIIOIHEHA OLICHKA TPOCTPAH-
CTBEHHO-BPEMEHHBIX CMEILCHNH coOpykeHHs. s OBBILICHHS HAJIKHOCTU HHTEP(HEPOMETPHUCCKIX U3MEPEHHIT HCIOIBb30BAHBI TPEXIPAHHBIC YTOIKOBBIC OTPaXKaTelu,
obecreynBIINe yCTONUMBYIO HACHTH(OHKALIMIO KOHTPOJIBHBIX TOUYEK. BBINOIHEHHbINH aHAIN3 O3BOIMII BBISBUTH JIOKAJIbHBIC 30HBI 1e(OpMalMii, OLIEHUTh CKOPOCTH M Xa-
paKTep pa3BUTHS CMEIICHUH, TOATBEPAHB 3P (HEKTUBHOCTH COBMECTHOTO IPUMEHEHNUsT TeXHOIOruH INSAR 1 yroikoBbIX OTpaskaTesne Ajs AMCTAaHIIMOHHOTO MOHHTOPHHIA
THIPOTEXHUYECKUX COOPYIKCHUM.

Kntouesvie cnosa: SBAS-InSAR, cnymuuxosasn paouonokayuonnas unmep@epomempus, Sentinel-1, 3emnsinas damba, MoHumopune oeopmayuil, yeoikosvle ompa-
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Jlcamentt, 200e3uU4ecKutl MOHUMOPUHZ.

Introduction

Hydraulic structures are classified as critical infrastructure
facilities whose safe operation largely depends on the timely
detection and assessment of deformation processes. The de-
velopment of settlements and horizontal displacements may
reduce the operational reliability of a structure and increase the
risk of structural failure. At present, the monitoring of earth-fill
dams is primarily based on high-precision leveling, electronic
total station surveys, and Global Navigation Satellite System
(GNSS) observations. Although these methods provide high
measurement accuracy, they yield information only at discrete
control points, limiting the assessment of the spatial distribu-
tion of deformations over the entire surface of a structure and
requiring regular field surveys.

One of the most promising approaches to remote deforma-
tion monitoring is Interferometric Synthetic Aperture Radar
(InSAR). Modern multi-temporal InSAR (MT-InSAR) tech-
niques, including Persistent Scatterer Interferometry (PS-In-
SAR) and the Small Baseline Subset (SBAS) method, enable
the estimation of line-of-sight (LOS) displacements, the gen-
eration of high-resolution deformation maps, and the analysis
of deformation dynamics over time. Advances in time-series
processing algorithms have substantially reduced the effects of
atmospheric delays, temporal decorrelation, and noise, making
InSAR one of the most effective tools for monitoring slowly
evolving deformation processes affecting engineering struc-
tures [1].

A review of recent studies indicates that the application of
InSAR has expanded considerably and now encompasses the
monitoring of hydraulic structures, landslides, mining areas,
transportation infrastructure, and urban environments [2].

A major milestone in the development of this technology was
the launch of the Sentinel-1 satellite constellation, which pro-
vides regular revisit intervals, global coverage, and free access
to archived SAR data. These capabilities have significantly
enhanced the feasibility of long-term deformation monitor-
ing without the need for continuous on-site field inspections.
Recent investigations have demonstrated the high potential of
MT-InSAR for monitoring various types of hydraulic struc-
tures. In the case of the Upper Atbara earth-fill dam, Sentinel-1
time-series analysis revealed the spatial heterogeneity of de-
formation across different sections of the dam [3]. For the Be-
ninar Dam (Spain), the integration of MT-InSAR results with
engineering modeling was shown to improve the effectiveness
of comprehensive structural health assessment and provide a
more reliable evaluation of dam stability [4]. Studies conduct-
ed on the Xiaolangdi and Bangiao dams (China) confirmed the
capability of MT-InSAR to identify the spatial distribution of
deformations, analyze their seasonal variability, and assess the
influence of reservoir water-level fluctuations on displacement
patterns [5, 6]. Similar findings have been reported for tailings
dams, where multi-temporal interferometry enables the iden-
tification of zones affected by non-uniform deformation and
facilitates the early detection of potentially hazardous geotech-
nical processes [7, 8].

Despite these advantages, published studies indicate that the
application of InSAR is subject to several limitations. The qual-
ity of the derived deformation measurements is influenced by
the coherence of the radar signal, satellite imaging geometry,
the spatial resolution of SAR data, and the orientation of the
displacement vector relative to the satellite line of sight. Conse-
quently, the highest reliability is achieved through the integra-
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tion of satellite interferometry with conventional ground-based
geodetic monitoring methods, allowing cross-validation of the
obtained results and improving the accuracy of deformation as-
sessments for hydraulic structures [9, 10].

The aim of this study is to evaluate the capabilities of
MT-InSAR for monitoring the spatio-temporal deformation of
the Sherubai-Nura Reservoir dam using multi-temporal Senti-
nel-1 SAR observations.

Methodology of Satellite Monitoring Using InSAR

The study was conducted on the Sherubai-Nura Reservoir
dam, located in the Karaganda Region of the Republic of Ka-
zakhstan. The hydraulic structure was commissioned in 1960
and has been in continuous operation for more than 60 years.
Structurally, the dam is an earth-fill embankment with a rock-
fill body and a concrete spillway.

To assess the deformation state of the structure, Synthet-
ic Aperture Radar (SAR) images acquired in Spotlight mode
from a descending satellite orbit with left-looking imaging
geometry were used. The central radar incidence angle was
29.9820°. The SAR imagery had a ground sampling interval
of 0.45 m in the range direction and 0.35 m in the azimuth
direction, providing sufficient spatial resolution for detailed
analysis of localized deformation.

A total of 16 SAR images acquired between July and Octo-
ber 2025 were included in the interferometric processing. The
spatial coverage of the study area by the satellite observations
is presented in Figure 1.

Figure 1. Spatial coverage of the acquired images.
Cyper 1. Tycipinimaepain kKeHicTIKTiK KAMTBLTYBI.
Puc. 1. IIpocTpancTBeHHOE NOKPHITHE CHUMKOB.

The SAR data were processed using the Small Baseline
Subset (SBAS) technique, which is based on solving a system
of interferometric equations through Singular Value Decom-
position (SVD). This approach minimizes the effects of both
temporal and spatial decorrelation, enabling the generation of
stable deformation time series. The network of connections
between the SAR images used and the corresponding interfer-
ometric pairs is presented in Figure 2.

To analyze the spatio-temporal deformation of the study
area, the SBAS-InSAR multi-temporal interferometric tech-
nique was employed. This method enables the reconstruction
of ground deformation dynamics by generating deformation
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Figure 2. List of the source synthetic aperture radar
(SAR) images used, including their acquisition dates.
Cypert 2. Tycipijim kyHaepi kepceTijireH naiigaianblIFaH
f6acTanKbl paTHOIOKAIUSIBIK CypeTTepaiH Tizimi.
Puc. 2. CiucoK HCIMOJIB30BAHHBIX HCXOIHBIX

PaAUOJIOKAIUOHHBIX CHUMKOB € JaTaMU CbeMKMH.

time series and estimating displacement velocities along the
satellite line of sight (LOS) from interferograms formed using
SAR images with short temporal and perpendicular baselines.
The SBAS-InSAR approach is based on constructing a redun-
dant network of interferometric pairs generated from SAR
images acquired within limited temporal and spatial baseline
intervals.

At the first stage of processing, an interferometric network
is generated, defining the set of SAR image pairs used for sub-
sequent interferometric analysis. One SAR image is selected
as the reference image, relative to which all other images are
co-registered with sub-pixel accuracy up to 1/100 of a pixel.

After completion of the co-registration procedure, interfer-
ograms are generated for each selected image pair through pix-
el-wise multiplication of the complex signal of the master im-
age by the complex conjugate of the slave image signal. Since
each SAR image contains both amplitude and phase compo-
nents, the interferometric phase () represents the phase dif-
ference between two acquisitions. This phase decomposition is
essential for the accurate separation of the deformation signal
during subsequent processing stages. At the second processing
stage, interferogram filtering and phase unwrapping are per-
formed. To isolate the deformation-related phase component,
the topographic phase contribution is first estimated using a
Digital Elevation Model (DEM), after which a differential in-
terferogram is generated. In this case, one complete phase cy-
cle variation (2m) corresponds to a surface displacement equal
to half of the radar wavelength, or to an elevation difference
determined by the relationship between the perpendicular and
critical baselines. To reduce the influence of phase noise, an
adaptive Goldstein filter is applied, which effectively suppress-
es random phase fluctuations while preserving the structure of
interference fringes required for subsequent processing.

Phase unwrapping was performed using the Delaney Min-
imum Cost Flow (MCF) algorithm, which minimizes phase
discontinuities by selecting optimal unwrapping paths in ar-
eas characterized by low coherence. The resulting unwrapped
interferograms were subsequently inverted using the least
squares method, taking into account the temporal relation-
ships between SAR acquisitions. This procedure enables the
reconstruction of incremental displacement sequences and the
generation of cumulative deformation time series. Following
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phase unwrapping, the quality of the generated interferograms
was assessed. Interferometric pairs characterized by low co-
herence and pronounced artifacts, including phase discontinu-
ities, were excluded from further processing. When necessary,
coherence threshold values were adjusted, after which the
interferometric network was reconstructed using an updated
set of image pairs. One of the key requirements for obtaining
reliable results in interferometric processing is the presence of
targets with stable radar backscattering characteristics with-
in the study area. For this purpose, trihedral corner reflectors
were installed as part of the study. The operating principle of a
corner reflector is based on multiple specular reflections of the
radar signal from mutually perpendicular surfaces, allowing a
significant portion of the incident electromagnetic energy to
be redirected back toward the satellite antenna. As a result, a
bright and stable point target with a high radar cross-section
(RCS) is formed in SAR images, clearly distinguishable from
the surrounding surface. Aluminum was selected as the mate-
rial for reflector fabrication due to its high electrical conduc-
tivity, which ensures efficient radar signal reflection through
minimal energy losses during electromagnetic wave interac-
tion with the surface, as well as its low weight and high corro-
sion resistance. The edge length of 1 m was selected consid-
ering the operating wavelength of the Sentinel-1 C-band radar
system, ensuring reliable detection and stable identification
of the reflectors during multi-temporal SAR data processing.
Corner reflectors serve as reference ground targets, providing
high signal amplitude and stable phase characteristics over
time. Therefore, they are essential for the calibration and geo-
referencing of satellite observations within InSAR monitor-
ing applications. Each reflector was installed on an individual
concrete foundation equipped with an adjustable inclination
mechanism to ensure precise orientation toward the satel-
lite (Figure 3). Monitoring of the reflectors across a series of
SAR acquisitions confirmed the stability of signal amplitude
and phase consistency over time, enabling their application
for: internal calibration of deformation time series; external
validation of InSAR measurement accuracy; ensuring metric
consistency between satellite-derived data and ground-based
observations.

Figure 3. General view of the corner reflector and its
angle adjustment.
Cypet 3. BYpbIIITBIK IAFBLIABIPFBIIITHIH KAJIIbI
KOPpiHici ’k9He OHbIH OYPBIIIBIH PeTTeY.
Puc. 3. OcHoBHOI1 BHI oTpaxkaTe/isi 1 PeryJIHpOBKa yIJia.

Monitoring of the reflectors across multiple SAR images
enabled an increase in the backscatter intensity of individual

reflectors and allowed the optimal orientation angle of each
reflector to be adjusted.

Results

The interferometric processing results provided informa-
tion on displacement velocities characterizing the deforma-
tion state of the Sherubai-Nura Reservoir dam. The analy-
sis was performed using more than 26,000 measurement
points distributed across the study area. The obtained results
showed that the average displacement velocity was 3.1 mm/
year. Spatial analysis of the displacement velocity distribu-
tion enabled the identification of three deformation concen-
tration zones (Figure 4). Deformation Zone No. 1 is located
within the sluice complex area, Zone No. 2 is situated in the
central part of the dam body, and Zone No. 3 is located in
the southern section of the structure.The most pronounced
spatial displacement gradients were observed in the area of
the sluice complex, where both positive and negative veloc-
ity values were detected within a limited area. A detailed
analysis of the deformation time series revealed that, within
Zone No. 1, positive displacements are associated with the
concrete elements of the sluice structure, whereas negative
displacement values are concentrated in the area of the flow
energy dissipation structure, including the side walls of the
spillway and the bridge roadway.

Figure 4. Deformation zones.
Cypert 4. le¢opmanus aiiMmakTapbl.
Puc. 4. 3oubl 1epopmanmii.

Analysis of the time series for three control points charac-
terized by the maximum displacement velocities demonstrated
a high degree of consistency in both cumulative deformation
trends and instantaneous velocity variations. The obtained de-
pendencies indicate the stable nature of the recorded deforma-
tion signal.

Over the investigated period of approximately three months,
the cumulative displacement reached 0.02 m in the satellite
line-of-sight direction. It should be noted that the identified
positive displacements exhibit clear spatial localization and
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coincide with the location of the concrete structures of the
sluice complex.

The absence of a random distribution of the deformation
signal and the consistent behavior of the time series indicate
that the detected displacements represent a stable characteris-
tic of the investigated area rather than being caused by random
errors associated with interferometric processing.

Discussion of the Results

The analysis of the spatial distribution of deformations
demonstrated that different structural elements of the dam
exhibit varying responses to operational loads. The most in-
tensive displacements detected within the sluice complex area
are likely associated with a combination of structural and op-
erational factors. At the same time, the absence of maximum
hydrostatic loads during the study period does not allow water
pressure to be considered the sole cause of the observed defor-
mations, indicating the need for further investigation of their
development mechanisms.

The effectiveness of the SBAS-InSAR approach is attribut-
ed to the use of an interferometric network composed of im-
age pairs with small spatial and temporal baselines, enabling
the reconstruction of the spatio-temporal displacement pattern
while maintaining high coherence of the interferometric data.
An additional factor that improved the reliability of the results
was the use of corner reflectors, which enhanced the quality
and reliability of control point identification.

Compared with traditional geodetic monitoring techniques,
the proposed approach provides continuous information on the
deformation state of the structure, allowing the localization of
deformation zones and the assessment of their temporal evo-
lution. However, the method has several limitations associated
with the determination of displacements only along the satellite
line of sight (LOS), as well as with the dependence of measure-
ment accuracy on radar signal coherence and imaging geometry.

Further development of this research should focus on inte-
grating InSAR-derived measurements with GNSS observations,
high-precision leveling, and total station monitoring, as well as
extending the duration of satellite observation time series. This
will improve the reliability of deformation interpretation, enable
the assessment of seasonal variations, and help identify the pri-
mary factors governing the deformation behavior of the dam.

Conclusion

The results of the study demonstrated the applicability of the
SBAS-InSAR technique for monitoring the deformation state
of the Sherubay-Nura Reservoir dam. The use of multi-tempo-
ral Sentinel-1 SAR data enabled the generation of a spatially
continuous displacement velocity field, the identification of lo-
calized deformation zones, and the assessment of their spatial
and temporal variability. The installation of corner reflectors
ensured reliable identification of reference points and improved
the stability of interferometric measurements. The obtained re-
sults indicate the potential of integrating SBAS-InSAR with
corner reflectors for the remote monitoring of hydraulic struc-
tures, particularly in areas characterized by a limited number
of stable natural scatterers. However, a comprehensive eval-
uation of the proposed approach requires validation against
independent reference data, including ground-based geodetic
measurements. Future research should focus on extending the
satellite observation time series, investigating the influence of
seasonal and operational factors on deformation patterns, and
further improving the integration of InNSAR and conventional
geodetic monitoring techniques.
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