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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 refl ectors 
were employed to improve the reliability of interferometric measurements by ensuring stable identifi cation of reference points. The analysis enabled the identifi cation of 
localized deformation zones and the assessment of displacement rates and their temporal evolution, demonstrating the eff ectiveness of integrating InSAR technology with 
corner refl ectors for the remote monitoring of hydraulic structures.
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Шерубай-Нұра су қоймасы бөгетінің мониторингілеуде InSAR технологиясын қолдану
Аңдатпа. Мақалада Шерубай-Нұра су қоймасы бөгетінің деформациялық жағдайын мониторингілеуде көпуақытты спутниктік радиолокациялық интер-

ферометрия технологиясының мүмкіндіктері қарастырылған. Sentinel-1 спутниктік түсірілімдері негізінде SBAS-InSAR әдісін қолдану арқылы құрылыстың 
кеңістіктік-уақыттық ығысуларына бағалау жүргізілді. Интерферометриялық өлшеулердің сенімділігін арттыру мақсатында бақылау нүктелерін тұрақты сәй-
кестендіруді қамтамасыз ететін үшқырлы бұрыштық шағылдырғыштар пайдаланылды. Жүргізілген талдау деформациялардың жергілікті аймақтарын анықтау-
ға, ығысу жылдамдықтары мен олардың даму сипатын бағалауға мүмкіндік берді және гидротехникалық құрылыстардың деформациялық жағдайын қашықтан 
мониторингілеуде InSAR технологиясы мен бұрыштық шағылдырғыштарды бірлесіп қолданудың тиімділігін растады.

Түйінді сөздер: SBAS-InSAR, спутниктік радиолокациялық интерферометрия, Sentinel-1, жер бөгеті, деформациялар мониторингі, бұрыштық шағылдыр-
ғыштар, геодезиялық мониторинг.

Применение технологии InSAR для мониторинга дамбы Шерубай-Нуринского водохранилища
Аннотация. В статье рассмотрены возможности многовременной спутниковой радиолокационной интерферометрии для мониторинга деформационного 

состояния дамбы Шерубай-Нуринского водохранилища. На основе метода SBAS-InSAR по данным спутниковой съемки Sentinel-1 выполнена оценка простран-
ственно-временных смещений сооружения. Для повышения надежности интерферометрических измерений использованы трехгранные уголковые отражатели, 
обеспечившие устойчивую идентификацию контрольных точек. Выполненный анализ позволил выявить локальные зоны деформаций, оценить скорости и ха-
рактер развития смещений, подтвердив эффективность совместного применения технологии InSAR и уголковых отражателей для дистанционного мониторинга 
гидротехнических сооружений.

Ключевые слова: SBAS-InSAR, спутниковая радиолокационная интерферометрия, Sentinel-1, земляная дамба, мониторинг деформаций, уголковые отра-
жатели, геодезический мониторинг.

Introduction
Hydraulic structures are classifi ed 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-fi ll 
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 fi eld 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 eff ects of 
atmospheric delays, temporal decorrelation, and noise, making 
InSAR one of the most eff ective tools for monitoring slowly 
evolving  deformation  processes  aff ecting  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  signifi cantly 
enhanced  the  feasibility  of  long-term  deformation  monitor-
ing without the need for continuous on-site fi eld 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-fi ll dam, Sentinel-1 
time-series analysis revealed  the spatial heterogeneity of de-
formation across diff erent 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 eff ectiveness 
of comprehensive structural health assessment and provide a 
more reliable evaluation of dam stability [4]. Studies conduct-
ed on the Xiaolangdi and Banqiao dams (China) confi rmed the 
capability of MT-InSAR to identify the spatial distribution of 
deformations, analyze their seasonal variability, and assess the 
infl uence of reservoir water-level fl uctuations on displacement 
patterns [5, 6]. Similar fi ndings have been reported for tailings 
dams, where multi-temporal interferometry enables the iden-
tifi cation of  zones  aff ected 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  infl uenced 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-

IRELAND

The 10th MINEX Europe
Mining & Exploration Forum

ABOUT MINEX FORUM MINEX
Forum was founded by Advantix Ltd. in 2005 to stimulate international cooperation in 
the field of sustainable development of mining and metallurgical production in 
Eurasian countries. Over the years, the MINEX Forum has become one of the most 
authoritative international events in Europe and Central Asia. The Forum’s ecosystem 
brings together thousands of specialists from hundreds of companies and 
organisations around the world.

28-30 October, Trim, Ireland
Europe’s Mining: Investable, Sustainable, Essential

2026.minexeurope.com

C

M

Y

CM

MY

CY

CMY

K



Горный журнал Казахстана №9’ 2026

28 Геодезия
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.
Сурет 1. Түсірілімдердің кеңістіктік қамтылуы.
Рис. 1. Пространственное покрытие снимков.

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 

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 (φ) 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 (2π) 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 

Figure 2. List of the source synthetic aperture radar 
(SAR) images used, including their acquisition dates.

Сурет 2. Түсірілім күндері көрсетілген пайдаланылған 
бастапқы радиолокациялық суреттердің тізімі.

Рис. 2. Список использованных исходных 
радиолокационных снимков с датами съемки.
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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 refl ectors 
were installed as part of the study. The operating principle of a 
corner refl ector is based on multiple specular refl ections of the 
radar signal from mutually perpendicular surfaces, allowing a 
signifi cant  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 refl ector fabrication due to its high electrical conduc-
tivity, which ensures effi  cient  radar  signal  refl ection  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  identifi cation 
of the refl ectors during multi-temporal SAR data processing. 
Corner refl ectors 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 refl ector 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 refl ectors across a series of 
SAR acquisitions confi rmed 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 refl ector and its 
angle adjustment.

Сурет 3. Бұрыштық шағылдырғыштың жалпы 
көрінісі және оның бұрышын реттеу.

Рис. 3. Основной вид отражателя и регулировка угла.

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

refl ectors  and  allowed  the  optimal  orientation  angle  of  each 
refl ector 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 identifi cation 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 fl ow 
energy dissipation structure,  including the side walls of  the 
spillway and the bridge roadway.

Zone No. 1

Zone No. 2

Zone No. 3

Figure 4. Deformation zones.
Сурет 4. Деформация аймақтары.

Рис. 4. Зоны деформаций.

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  identifi ed 
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 InSAR and conventional 
geodetic monitoring techniques.
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