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1. INTRODUCTION
Hydropower dams are critical infrastructure assets, 

integral to energy generation, water resource management, 
and flood control. Their longevity and functionality are crucial, 
yet these structures are subject to ageing (Sims et al., 1994) 
and deterioration due to natural geological movements and 
environmental conditions (Prișcu, 1974; Ohmachi et al., 2011). 
The Poiana Mărului dam in Caraș-Severin County, Romania, 
an embankment rockfill dam with a clay core, exemplifies 
these challenges. Embankment dams like Poiana Mărului 

demonstrate inherent flexibility, but they also experience 
deformation and displacement over time, attributed to the 
settling of their constitutive materials, mainly rocks and clays 
(Popovici, 2002; Cetin et al., 2000).

In Romania, the standard practice for monitoring 
hydropower dams involves annual or bi-annual topo-
geodetical surveys, as mandated by law to ensure optimal 
operation, maintenance, and accident prevention (Romanian 
Law nr. 466, 2001). While effective, these traditional surveys 
may not provide a complete picture of the complex dynamics 
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of dam deformation and displacement. This limitation 
necessitates the exploration of supplementary monitoring 
methods (Adamo et al., 2001; Chun Hun, et al., 2018). 

This paper introduces a comprehensive approach 
to dam monitoring by integrating topo-geodetical data 
with geophysical techniques and satellite-based InSAR 
technology. More specifically, it focuses on the incorporation 
of levelling data for monitoring annual vertical displacements 
at fixed points on the dam (Prișcu, 1974), complemented 
by the application of Ground Penetrating Radar (GPR). GPR 
is investigated for its potential to identify areas of interest 
related to degradation or internal deformation within the 
dam‘s crest, thereby providing context and explanations 
for trends observed in topo-geodetical data (Adamo et 
al., 2021). Moreover, the paper assesses the application of 
publicly available processed InSAR data from the European 
Ground Motion Service (EGMS), a key component of the 
Copernicus Land Monitoring Service. This assessment aims to 
evaluate the suitability of InSAR data for monitoring vertical 
displacements at the Poiana Mărului dam, with a view to 
establishing a foundation for future, more extensive InSAR 
data projects. By synthesising these diverse methodologies, 
the study endeavours to form a holistic monitoring 
framework for the Poiana Mărului dam, reflecting the concept 
of assembling a complex puzzle where each component 
contributes to the dam‘s safety and efficient operation. This 

integrative approach not only augments our understanding 
of the structural behaviour of the Poiana Mărului dam but also 
proposes a versatile model for enhanced dam monitoring 
applicable to similar infrastructures both in Romania but also 
globally.

2. MATERIALS AND METHODS

2.1. Location

The Poiana Mărului Dam, a rockfill with a clay core 
embankment dam, is situated on the Bistra Mărului River, in 
the Caraș-Severin County (Hidroelectrica, 2023), Romania 
(Fig. 1) and it was commissioned in 1992. Spanning 408 m 
in length, the dam boasts a narrow crest width of 10 m and 
rises to a height of 130 m. The reservoir captures water from 
a 204 km² basin and integrates additional flows from adjacent 
basins through secondary intakes, resulting in a substantial 
accumulation of 96.2 million m³. Geologically, the dam‘s 
location is notable for its rocky metamorphic terrain, providing 
stability to the structure (Hidroconstrucția, 2023). The 
surrounding slopes, with an average inclination of about 38º, 
are covered with a relatively thin layer of diluvium. The site was 
specifically chosen for its confined area, bordered by the bend 
of the river and the valley‘s topography. The dam itself features 
a unique design incorporating anchorages with a clay core, a 
decision driven by economic and practical considerations. 

Fig. 1. The location of the Poiana Mărului hydropower dam.
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Standing at approximately 130 m, the dam rests on 
hard, fissured rocky substrates overlaid by deposits around 
6-8 m thick (Hidroconstrucția, 2023). More specifically the 
constituent material is represented by gneisses sourced from 
a quarry only 4 km away and the clay from about 12 km near 
the Zăvoi commune. The dam includes a sophisticated water 
discharge system, consisting of an underground culvert, 
a cylindrical tower, an underground gallery, and a rapid 
channel. Additionally, the bottom emptying mechanism, 
with a pressure intake gallery and flat valves, plays a vital 
role in managing water flow. For sealing, the dam utilises 
injection veils and drainage boreholes, integrated into a 
perimeter gallery below the clay core. Adjacent to the dam, 
the MHC Poiana Mărului hydropower facility is equipped 
with a Francis-type turbine and has a unique unclogging 
mechanism for the turbine flow (Hidroconstrucția, 2023).

2.2. Levelling Method

The topo-geodetic method used in this study represents 
the geometric levelling method. Precision geometric levelling 
is typically employed to ascertain building subsidence. This 
involves levelling marks (bench marks) embedded in the 
structure, aligning them with fixed external reference points 
forming a supporting network, or the levelling network. 
This can vary in structure, often comprising closed polygons 
or parallel traverses, depending on the object‘s size and 
shape. It includes marks on the observed structure and 

external control marks, with their design influenced by local 
conditions and the construction‘s material (Fig. 2). 

At the Poiana Mărului dam, the levelling network is 
formed of 8 fundamental (fixed) marks, among which two 
are placed near the dam keeper’s house, and 2 others are 
placed on each individual berm; and 48 bench marks, 
placed on the downstream side of the dam and on the crest 
(Fig. 2). Throughout the years, due to usually environmental, 
natural and placement of the fixed points, these might 
suffer movement or even damage themselves, which would 
make them unsuitable for surveying, therefore reducing the 
consistency in number of readings occurring every year, and 
lowering the amount of information to be correlated in some 
specific areas.

Therefore, the geometric levelling network (Coșarcă, 2003) 
is established through levelling landmarks, where measurements 
between these landmarks are taken to determine level 
differences and route lengths under observation. For 
effective network adjustment, several elements are essential: 
measuring level differences using the geometric levelling 
method; understanding path lengths for determining 
measurement weights (1), and finally, knowing the altitude of 
height marks (Hi) in the levelling point network. The process 
involves determining absolute altitudes of new network 
points, the most likely level differences on measured routes, 
and the accuracy of these values (Avram et al., 2017). 

Fig. 2. Overview of the Levelling Network, with visible bench marks on different berms. The position of the GPR profiles on the dam’s crest is also 
shown.
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The methodological framework can be either a functional 
model (Gauss-Markov), focusing on size relationships without 
random elements (2) where v represents the correction vector 
of the recorded value, A represents a coefficients matrix, x is 
a parameter vector and l the free terms vector; or a statistical 
(stochastic) model (3), considering random variables 
indicating potential displacements and deformations where 
σ0

2 is the unit variance Qxx=N-1 represents a block extracted 
from the cofactors matrix (Avram et al., 2017).

  (1)

 v = Ax – l  (2)

   (3)

Geometric corrections (Coșarcă, 2003) are determined for 
compensated values of unknown size (4) and differences in 
measured levels (5), followed by normalisation and solving 
of the system of linear correction equations. This procedure 
yields corrections for new point altitudes (6) and level 
differences (7), where N represents the normal matrix of 
the system of equations, A is the system of equations which 
describes the matrix correction coefficients, P represents 
the weight matrix, x is the vector of unknown elements 
and finally l is the matrix describing the free terms (Avram, 
et al., 2017). The accuracy elements involve calculating the 
standard deviation of unit weight (8) - where n represents 
the total number of measured level differences and h is the 
number of unknown points in the network; the standard 
deviation of individual level differences (9), and of the 
indirectly determined quantities (10), contributing to the 
overall accuracy of altitude determinations in the network 
(11).

 , where i = 1,2, …, n (4)

  (5)

  (6)

  (7)

  (8)

 , where i = 1,2, …, n (9)

 , where i = 1,2, …, n  (10)

  (11)

Surveys were carried out using the high precision 
equipment, Leica Sprinter with 3 m levelling barcode staffs, 
and a 5 kg levelling staff base, to carry out the measurements 
for the detection of vertical displacements, in the 2016 and 
2017 data, as described by Stănescu et al., 2017. However, 
for this paper, data from 2008-2013 are also considered for 

a better overview of the vertical displacements in the dam, 
where the equipment used must comply with the same 
precision standard due to the national regulations and laws 
for dam monitoring in Romania (STAS 2745/90).

More specifically, the chosen levelling method was the 
middle geometric levelling of the first order (Nistor, 1993). 
For the data processing the compensation chosen for the 
levelling network, was the conditioned compensation of the 
measurements with different precisions (Nistor, 1998).

2.3. Ground Penetrating Radar Method

The Ground Penetrating Radar (GPR) method represents 
a complex geophysical technique for subsurface imaging, 
utilising electromagnetic waves to detect and characterise 
various subsurface objects and anomalies. This non-invasive 
approach is extensively employed in a variety of studies 
ranging from archaeological, to geotechnical, geological 
studies, with the method even being recently applied to 
studies of geological mapping on Mars, with significant 
potential and outcomes (Hamran et al., 2022). In geotechnical 
studies the GPR method is widely used for monitoring 
deformations and damages in road pavements, bridges 
stability studies, railway gravel inspection, damage caused by 
cracks in concrete inspection studies (Batrakov et al., 2017), 
mapping water infiltrations and sinkholes (De Giorgio et al. 
2014). In the past few years, more research has emerged in 
terms of possibilities of using the method on hydropower 
dams, which represent sensitive subjects in their nature 
due to their economic impact and devastating outcomes if 
these structures are prone to damage and failing due to their 
degradation in time. 

The typical GPR equipment comprises a control console, 
responsible for setting acquisition parameters and managing 
the antenna operations, including automatic measurements. 
Additionally, it features a distance-measuring wheel for 
profiling georadar distances and an antenna operating at 
frequencies usually ranging from 150 MHz to 8 GHz, tasked 
with emitting and receiving electromagnetic signals (Daniels, 
2004).

The fundamental operating principle of GPR involves the 
transmission of electromagnetic waves into the subsurface 
by the antenna. These waves travel through the medium 
at a velocity determined by the material‘s permittivity ε (or 
dielectric constant). While moving the antenna over the 
ground, the antenna emits electromagnetic pulses, which 
upon encountering materials or objects with different 
permittivity values, the signal partially reflects back to the 
surface antenna where it is recorded, while another portion 
of the energy continues to travel through the environment 
until it is eventually attenuated (Reynolds, 2011). During 
this process, the antenna continuously transmits signals at 
a pre-set frequency, determined via the console, with data 
recording occurring within a pre-selected time window 
(Conyers, 2004). GPR data is captured in a similar format 
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to seismic methods, represented as vertical traces over 
time. The cumulative adjacent traces, resulting from the 
antenna‘s movement across the surveyed surface, forms a 
two-dimensional image known as a radargram, displaying 
distance along the x-axis and time along the z-axis (Conyers, 
2004). Reflections within the radargram typically manifest 
as hyperbolas due to the antenna‘s ovaloid footprint and 
its varying interception angles of the same object during 
movement. The transformation of data from the time 
domain to the spatial domain, known as migration, involves 
mathematical transforms that align the hyperbolic reflections 
with the actual dimensions and shapes of the subsurface 
objects (Reynolds, 2011).

The selection of a specific antenna frequency is 
contingent upon the study‘s objectives. A general rule is 
that higher frequencies yield more detailed information but 
at shallower depths, whereas lower frequencies facilitate 
deeper penetration but with reduced detail.

In dam monitoring GPR has the capability to provide a 
characterization of the internal structure (Pueyo Anchuela, 
2018) with the help of radargrams allowing for an in depth 
analysis of internal features (Loperte et al., 2011), like 

foundations level (Gerea, 2023), water inclusions or seepage 
(Kayode, 2018), subsidence levels, voids (Xu et al., 2010), 
degradation areas, and so on. By visualising these elements 
and conducting repeated measurements over time, GPR 
effectively contributes to understanding and monitoring the 
stability and temporal evolution of structural integrity in such 
constructions.

At the Poiana Mărului dam, the surveys were carried out 
using a GSSI SIR-3000 GPR equipment consisting of a console, 
a wheel and a 200 MHz antenna (Fig. 3). The device is not 
specialised for geotechnical measurements and does not 
present standardised functions for identifying construction 
elements, this being a complex and flexible equipment that 
can be used in all fields of interest as long as the antenna 
used is the right one for the studied objective, and the 
parameters procurement are carefully selected to highlight 
the objectives. Data was collected in the form of two parallel 
profiles (Fig. 2) positioned on the crest of the dam, on its 
cubic stone surface (Fig. 4), approximately 4 m away from 
the dam’s crest safety fences. For analysing the first top layers 
of the dam’s crest and to make sure that no interferences 
from the side walls would add more unwanted noise to the 
radargrams and influence the data quality.

Fig. 3. The GSSI SIR-3000 GPR system used to collect the GPR data, consisting of a 200 MHz antenna, a wheel and a console.
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The data was processed using ReflexW, a GPR and seismic 
processing software, and both radargrams followed the same 
steps and the same filter parameters, following a sequence 
of signal processing steps which start with geometrical 
correction, followed by the application of 1D filters, which act 
on individual traces, and 2D filters which act on more traces 
at a time, and finishing steps to amplify the signals of interest 
and transforming from time domain to distance domain 
through migration. Several processing methodologies 
and sequences of filter applications have been tested and 
analysed, but this sequence of functions and filters succeeds 
in highlighting features of interest within the dam crest 
without overly distorting the underlying information.

The specific data processing functions and their order is 
as follows:
(i)  Trace exclusion was performed using the ‘remove range’ 

function to eliminate the initial section of data, specifically 
for the Poiana Mărului dam radargrams. 

(ii)  The zero time adjustment was achieved through the 
‘move startime’ function.

(iii) Low-frequency noise was mitigated using the ‘subtract-
mean’ (dewow) function.

(iv) Frequencies outside the antenna’s operational range 
were filtered out employing a ‘butterworth bandpass 
filter,’ targeting both low and high-frequency ranges.

(v)  Systematic coherent noise, known as ringing, was 
reduced by applying the ‘background removal’ function, 
which involves subtracting an average trace.

(vi) Signal amplification was conducted using the ‘gain’ 
function, focusing on energy decay.

(vii) ‘fk-Stolt migration’ tool was used by applying a velocity 
setting of 0.12 m/ns (based on the hyperbola fitting tool), 
for transforming data from time domain to distance and 
reducing the appearance of the hyperbolas.

After data processing, several elements that are part of 
the internal structure of the dam could be identified and 
delimited.

2.4. The InSAR method

Interferometric Synthetic Aperture Radar (InSAR) 
is a cutting-edge remote sensing technology that has 
revolutionised the monitoring of Earth‘s surface changes, 
which can also be useful in dam deformation monitoring. 
InSAR utilises the phase differences of radar signals emitted 
from satellites to detect subtle surface deformations. The 

Fig. 4. Overview on the dam’s crest, highlighting the pavement conditions visible at the surface.
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technique involves sending radar pulses from space and 
measuring the time it takes for these pulses to be reflected 
back to the satellite. The phase of these radar signals – which 
indicates the position of a wave cycle at a specific moment – is 
crucial in InSAR analysis. By comparing the phase of the signals 
at different times, InSAR can detect with up to millimetre level 
precision changes in the Earth‘s surface, and is especially 
effective in vertical deformations or subsidence monitoring 
analysis (Alonso-Díaz, 2023). This capability is particularly 
significant in monitoring the structural health of dams, 
where even small displacements can indicate potential issues 
(Prișcu, 1974). Unlike traditional ground-based monitoring 
techniques, InSAR can provide a comprehensive view of 
surface deformations over the entire area of a structure.

The European Ground Motion Service (EGMS), a 
component of the Copernicus Land Monitoring Service, 
provides processed InSAR data, making this technology more 
accessible for various applications, like analysing sinkholes 
in urban areas (Busetti et al., 2020), subsidence monitoring 
in coastal areas (Alonso-Díaz et al., 2023) and including 
the monitoring of embankment dams (Ruiz-Armenteros 
et al., 2021), which is attempted in this study. EGMS offers 
consistent, continent-wide ground motion measurements, 
leveraging the capabilities of the Copernicus Sentinel-1 
satellites. In terms of applications of InSAR on embankment 
dams have demonstrated its effectiveness in various 
contexts. For instance, the monitoring of the displacement 
and potential settlement in large dam structures has been 
successfully conducted using InSAR data, providing key 
insights into the behaviour of these dams under different 
environmental and operational conditions (Marchamalo-
Sacristán et al., 2023). Such applications underscore the 
potential of InSAR, in complementing traditional methods 
like levelling surveys and ground-penetrating radar, offering 
a more comprehensive understanding of dam behaviour and 
enhancing the capability to ensure their safety and longevity.

The application of EGMS InSAR data in monitoring 
embankment dams like the Poiana Mărului dam represents 
a significant advancement in ensuring their structural 
integrity. InSAR data from EGMS allows for the detection of 
displacement trends at an almost real-time monitoring level 
(every 6 days based on satellite orbit period of the Sentinel-1 
pair of satellites), without any other intervention on the field, 
this representing being a remote sensing method, even 
though limited by resolution.

In terms of available data in this paper only the Ortho 
products have been used, representing the calibrated 
products derived from ascending and descending paths, 
and possess distinct acquisition geometries (Capes & 
Passera, 2021). This results in a non-identical distribution 
of measurement points (MPs) across the two datasets. To 
guarantee that both datasets accurately represent the same 
ground area, the data is averaged onto a shared 100 m 
grid. This specific grid spacing aligns with other Copernicus 
services, offering a balanced trade-off between the resolution 

of the data and the spatial extent covered by the database 
(Capes & Passera, 2021). Radar backscattering is the process 
where a target object reflects a part of the radar energy back 
towards the radar antenna. This occurs when a radar signal 
emitted by a satellite comes into contact with an object on 
Earth, causing some of the signal to scatter back towards 
the source. The radar then captures this backscattered 
energy. The intensity of this backscattered signal determines 
the luminosity of each pixel in an image (Detektia, 2024). 
Consequently, interpreting images from synthetic aperture 
radar (SAR) can be complex due to this relationship between 
the backscattered signal and the image brightness. Therefore 
two types of ground measurement points can be described, 
the permanent Scatterers or PS, which represent radar 
targets that exhibit high reflectivity, leading to notably 
bright pixels in the SAR imagery (Detektia, 2024). Typically, 
they correspond to discrete man-made structures; and the 
distributed Scatterers or DS, which are often represented by 
clusters of adjacent pixels in the SAR image, each displaying 
a similar radar signature. Despite the presence of temporal 
decorrelation phenomena, these scatterers still enable the 
extraction of displacement data. They generally correspond 
to extensive areas showing uniform phase behaviour 
(Detektia, 2024).

Therefore in terms of spatial resolution, the PS full 
resolution, represented by the single pixel of Sentinel-1 
constellation products in Interferometric Wide Swath is 5 × 
20 m, and for the DS is better than 100 m, and a temporal 
resolution of 6 days from 2016 onwards (Capes & Passera, 
2021). The mean velocity resolution is less than 1 mm/year 
and the 3D geolocation accuracy is better than 10 m. 

For the Poiana Mărului Dam, a number of 17 data set 
points have been found to overlap with the position and 
area of the hydropower dam and its surroundings (Fig. 5), 
among which 15 appear to be covering specifically the dam’s 
body including the crest. Two Orto data sets have been used, 
a data set ranging from 2018 to 2022, and another data set 
with fewer points ranging from 2015 to 2021. Data has been 
downloaded and visualised in ArcGIS Pro, as well as graphs 
have been analysed on the EGMS platform.

3. RESULTS AND DISCUSSION
The levelling data is represented in the form of graphs 

for each berm including the crest (Figs. 6-10), where the data 
covers the difference between consecutive years in measured 
and compensated displacement values for each bench mark. 
The data starts with 2008 and goes up to 2017, with no data 
available for the years 2014 and 2015 unfortunately, and due 
to this, there is a significant variation visible in the graphs 
which is clearly marked in all graphs at the 2016-2013 data 
row. Another observation would be given by the fact that 
data from 2009 even though constant throughout all of 
the berms in terms of general trending of the data (when 
comparing with the displacement differences from other 
year intervals) appears as having much larger values. 
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However, what can be observed in the data, there 
are some specific trends, especially in the displacement 
differences in the benchmarks from the crest (Fig. 6). On the 
crest there appears that on the bench marks numbered 42-44 
there appears to be a constant higher gradual displacement 
from one year to another compared to the benchmarks 
surrounding these. With a very low displacement variation 
on the benchmark 48 which is placed closer to the road 
leading to the dam’s crest. A fairly similar pattern, with a 
larger constant displacement variation, can be observed in 
the berm just below the crest (Fig. 7), in the 605 m, where 
it appears as well, a higher variation in the benchmarks 31-
33, positioned approximately in the middle area of the dam 
(similar to the benchmarks from the crest).

Going on the lower berms, in the 585 m berm (Fig. 8) the 
trend of the benchmarks in terms of displacements, from 
one side to the other seems to have a similar pattern to the 
previous two levels, with the middle benchmarks having 
a higher variety throughout the years. The displacements 
from the last two berms (Figs. 9-10) seem to have a rather 
low overall variety throughout the benchmarks compared to 
the previous ones, and low variety in terms of displacements 
from one year to another. 

The processed GPR data, in the form of radargrams (Fig. 11) 
appears to highlight certain areas of interest throughout the 
whole profile, and offer useful reflections or information 
from up to approximately 4 m below the ground. It appears 
that the highlighted features appear to be constant on both 
profiles. The most notable feature is represented by the 
visibility of 3 top reflective horizons, rather discontinued from 
one side to the other of the profiles, which can be interpreted 
as different layers of material, part of the foundation of the 
road on top of the crest. These horizons appear to change in 
depth between 140 m - 165 m on the profile’s length, marked 
by a high reflective area at the lowest point of the horizons. 
This area marks an area of a slight subsidence. On the sides 

of the profile, there appear to be areas described by stronger 
reflections, marking a change in material. As the profile was 
close to the roads on both sides, it is not surprising to see 
these interferences, which might probably mark the edge of 
the dam’s body. As these represent the first GPR data from 
the dam’s crest, and not being able to compare with previous 
data from different years, to assess the variation through 
time, at this stage it can be said that the variation in the depth 
and width of the horizons represents probably the mixing 
of the materials in between, as the GPR would normally be 
able to differentiate between the materials having different 
permittivity values (sands, clays, etc.). It is not clear what the 
cause is for this, and if the thickness of the layers has always 
been inconsistent through the dam’s top layers.

In terms of InSAR data, visible in figure 12, the first row of 
data points shows variation throughout the points of -13.9 
mm/year, with higher mean velocities concentrated in the 
middle, and with decreasing velocities moving outwards 
(with the highest velocity calculated between 2018-2022). A 
similar pattern can be observed going down on the next row 
(Fig. 13), where the most extreme points seem to have lower 
velocities compared to the points in the interior of the set, 
with a maximum velocity, for the point in the middle, of -8.4 
mm/year. The values appear to be more reduced, when going 
even further to the next sets (Figs. 14-15), and as moving 
towards the bottom of the dam (on the downstream side) the 
variation is also reduce throughout the data sets from one 
side to the other, but the number of points is reduced as well, 
from 5 to only 3 and 2 respectively. At the lower levels the 
maximum velocities appear to be -2.00 mm/year (Fig. 14) and 
-1.8 mm/year (Fig. 15) in the points with the higher variation. 
Therefore it can be observed from the area closer to the dam’s 
crest to the bottom of the dam. Apart from the data, what can 
be observed in the InSAR platform is how isolated in terms of 
points is the dam’s body compared to the surroundings. 

Fig. 5. 3D overview of the InSAR available data from the EGMS platform for the 2018-2022 data set located at the Poiana Mărului dam.
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Fig. 6. Displacement values resulted from the levelling data collected on the dam’s crest.

Fig. 7. Displacement values resulted from the levelling data collected on the 605 m berm.
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Fig. 8. Displacement values resulted from the levelling data collected on the 585 m berm.

Fig. 9. Displacement values resulted from the levelling data collected on the 565 m berm.
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Actually it appears that the Poiana Mărului dam is 
covered with more data points when compared to larger and 
more significant hydropower dams from Romania, where 
in some cases there are none (Gura Apelor, Vidraru, the two 
largest dams in Romania, for example have low to none 
InSAR displacement data coverage). This is most probably to 
the large exposed area

Adding all of the data in ArcGIS and all of the observed 

information from all of the 3 methods, it appears to be easier 

to integrate visually the data and extract information with 

similar behaviours throughout different methods. Therefore, 

it appears that there exist a couple correlations between 

different types of data. 

Fig. 10. Displacement values resulted from the levelling data collected on the 545 m berm.

Fig. 11. Processed GPR data (radargrams) collected on the dam’s crest.
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Fig. 12. Vertical displacement values resulted from the InSAR data of the first row of data points.

Fig. 13. Vertical displacement values resulted from the InSAR data of the second row of data points.
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Fig. 14. Vertical displacement values resulted from the InSAR data of the third of data points.

Fig. 15. Vertical displacement values resulted from the InSAR data of the fourth row of data points.
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The data marked in the GPR area as a subsidence (Fig. 11), 
appears to correlate with the area marked by the 42-44 
benchmarks (Fig. 6), whereas the horizons appear to be 
slightly higher in the extremities of the profiles.

When it comes to the InSAR data, even though the pixel 
size is quite large, the precision of the pixels is still very good, 
and different patterns can be observed for example in the 
InSAR data from the 2018-2022 data set (Fig. 16). Similar to 
the overall trend of the displacement data resulting from the 
levelling method (Figs. 6-10), there appears to be a slightly 
higher negative displacement value right across the middle 
of the dam from the crest of the dam to the lowest berm. 
The points of highest variation from each berm data set 
from the levelling data is displayed to help with visualising 
the correlation between the two data sets. Another similar 
pattern is represented by the decreasing velocities in the 
area closer to the crest of the dam towards the bottom of 
the dam, as well as decreasing velocities when moving from 
the middle towards the extremities of the dam (toward both 
of the roads). Similar pattern is visible when comparing the 
levelling data with the second InSAR data set from 2015-
2021 (Fig. 17), however the velocities are slightly reduced by 
1-2 mm compared to the previous set. 

All of these observations from three different methods 
appear to be showing similar overall trends throughout the 
dam’s body on both the crest and the downstream side of it. 
It appears that the displacement is more intense in the upper 
part of the dam, starting with the crest, and decreasing in 
variety while moving down with the observations from both 
the InSAR and levelling methods. The other observation is 
given by the overall trend of the displacements from north 
to south, where on each berm there appears to be a middle 
which shows higher varieties throughout the whole berms, 
this being a similar trend which appears in the GPR data 
as well, showing a slight subsidence in the area of highest 
vertical negative displacement in the crest levelling data.

4. CONCLUSIONS

Three different methods have been assessed and an 
integration of the data has been attempted in order to 
provide information from different perspectives, for a better 
understanding of the vertical displacement behaviour of the 
embankment - rockfill with clay core dam, Poiana Mărului in 
Romania.

Fig. 16. Overlapping in GIS the InSAR data from 2018-2022 with the levelling benchmarks position, highlighting (blue dots) the benchmarks with 
highest variation from each berm.
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Fig. 17. Overlapping in GIS the InSAR data from 2015-2020 with the levelling benchmarks position, highlighting (blue dots) the benchmarks with 
highest variation from each berm.

The annual topo-geodetic surveys offer important 
information about the behaviour in time of the hydropower 
dams. In the case of the Poiana Mărului dam, the data shows 
a tendency in terms of negative displacements or subsidence 
appearing regularly in the area close to the upper- middle 
of the dam. Even though these movements are still in the 
normal displacement values to comply with the functionality 
standards regarded by the law, specific to these types of 
dams, and the levelling method provides high accuracy and 
precision of these type of measurements, the topo-geodetic 
data does not provide more information about the internal 
structure of the construction, where the GPR data comes in 
with new information. 

The GPR method managed to show information from 
the body of the dam’s core, down to approximately 4 m. 
The GPR data highlights different layers in the top part of 
the dam interpreted as foundation layers, which appear to 
have different thicknesses, and highlights an area of slight 
subsidence which appears to correlate with the levelling 
data. In general, the GPR data provides a subsurface imaging 
and characterisation of the top metres of the crest which 
can help in the future with better localised repair attempts 
for example. Even though the GPR method has limitations 

in terms of its applications in areas rich in clay content, it 
appears that on this dam it allowed for highlighting features 
of interest. And as the Poiana Mărului dam is made of rock and 
in theory only its core is made of clay, due to the positioning 
of the GPR profiles, data was collected mostly from the clay 
part of the dam.

The publicly available InSAR data from the European 
Ground Motion Service (EGMS), even though with a very 
low pixel resolution, still provides a significant amount of 
data coverage and precision in order to observe similar 
trends when compared to the annual levelling surveys. It 
appears that other dams in Romania are not as well covered 
with processed InSAR data points for vertical displacement 
analysis, where the position of the Poiana Mărului dam and 
the orientation, makes it a good candidate for these kinds 
of studies. InSAR methods have the advantage of reaching 
mm precision without the need of field surveys (or with 
minimal field surveys) and have the potential of offering real 
time displacement information as the satellites are orbiting 
the Earth every 6 days which comes with new data sets. For 
a better correlation of the individual values though, there 
is a need for a higher resolution, which can be achieved by 
processing individual data regularly, and incorporating a 
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DEM data set with a much higher resolution. However, the 
platform still proves to provide significant information about 
the overall displacement trend of the dam’s body.

Correlating all of these data together was done in ArcGIS 
proved to be a very easy way to handle data from different 
types of methods, which allows for better overviews and 
overlaps of the data from different sets and to extract useful 
information from areas of interest. 

The Poiana Mărului dam appears to have an overall trend 
and characteristics in terms of vertical displacement spread 
across the dam’s body, and all of these methods fit in to 
provide a better overview of the dam’s behaviour through 
time. 
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