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Abstract 

Recent advances in remote sensing allow an almost continuous and reliable monitoring of 

embankment dams, that is complementary to traditional monitoring and essential to ensure 

their safety and proper operation. Multi-temporal Interferometric Synthetic Aperture Radar 

(MT-InSAR) techniques provide long-term deformation time series for stable scatterers in 

dams and associated infrastructures. This information is particularly valuable in cases where 

conventional monitoring systems are limited or compromised, as it facilitates a continuous 

assessment of the dam's settlement and deformation patterns. 

However, the delay between spatial data acquisition and the update of the time-series of de-

formations, hinder the applicability of these techniques to real-time monitoring and alert sys-

tems. To overcome this issue, cutting-edge research is focused on the integration of MT-

InSAR, traditional auscultation and reduced-order models of dam behavior.  

This study presents the integration of MT-InSAR monitoring, conventional monitoring and 

FEM modelling, applied to Vadomojón Dam, a 75 m high earthfill structure located on the 

Guadajoz River in southern Spain. The deformations detected by MT-InSAR are compared 

with those obtained from conventional instrumentation and a physics-based numerical model 

of the dam. Special attention is given to the temporal variability of crest settlement measure-

ments, using the reservoir level record as the primary input for the model. 

A detailed analysis of the patterns of deformation obtained by MT-InSAR is presented, distin-

guishing between dam consolidation deformation and second and third order deformation 

“noises”. A modeling strategy using the Finite Element Method (FEM) is proposed, consider-
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ing the underlying physical processes, and validated with MT-InSAR deformation patterns. 

The proposed methodology may prove useful for developing coupled MT-InSAR-FEM models 

in cases where information on the actual behavior of the embankment dam is more limited. 

This research leads the path to the development of models of reduced complexity calibrated 

with MT-InSAR data, allowing the almost real-time simulation of critical conditions, as 

floods, dam failure and seismic scenarios. 

Keywords: remote sensing, FEM modelling, embankment dams, integrated monitoring sys-

tems, alert systems. 
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1 INTRODUCTION 

Embankment dams play a crucial role in water resource management, flood control, and 

hydroelectric power generation. Due to their large-scale nature and susceptibility to settlement 

and deformation, effective monitoring systems are essential to ensure their long-term perfor-

mance and structural integrity. Traditional instrumentation, such as inclinometers, extensome-

ters, and geodetic surveys, provides direct displacement measurements but often lacks 

extensive spatial coverage and requires significant maintenance efforts. In contrast, remote 

sensing technologies such as MT-InSAR enable the acquisition of deformation data over large 

areas with high spatial resolution and minimal maintenance costs. The development of satel-

lite-based monitoring solutions offers a promising alternative for the assessment of embank-

ment dams, particularly in cases where access to ground-based instruments is limited or the 

monitoring infrastructure is compromised. 

This study evaluates the effectiveness of MT-InSAR for monitoring embankment dam set-

tlements by analyzing its application to Vadomojón Dam (Figure 1). By comparing MT-

InSAR-derived deformation data with conventional instrumentation and a numerical model 

based on physical principles, we aim to provide insights into the accuracy and reliability of 

MT-InSAR techniques for dam safety assessments. 

Figure 1: Profile of Vadomojón Dam 

2 METHODOLOGY 

2.1 InSAR Data Acquisition and Processing 

MT-InSAR relies on the processing of radar signals acquired by satellite sensors to detect 

ground displacement over time. The technique involves measuring the phase differences be-

tween multiple radar images captured at different time intervals, allowing for the identifica-

tion of surface deformations with millimeter-scale precision. For this study, Sentinel-1 

satellite data were utilized due to their consistent acquisition schedule and free accessibility. 

The data were processed using Persistent Scatterer Interferometry (PSI) and Small Baseline 

Subset (SBAS) techniques to enhance measurement accuracy and minimize noise caused by 

atmospheric disturbances. Advanced filtering methods were applied to reduce decorrelation 

effects and improve signal coherence over the dam structure.  
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2.2 Ground-Based Monitoring and Validation 

To validate the MT-InSAR results, conventional monitoring data, including geodetic 

measurements and piezometric readings, were collected from an established network of moni-

toring stations on the dam structure. A total of 19 control points were available along the dam 

crest and berms to measure vertical displacements over time (Figure 2).  

Figure 2: Location of conventional leveling points in Vadomojón Dam 

These observations were compared with the InSAR-derived deformation patterns to assess 

the consistency and reliability of satellite-based monitoring. Additional environmental data, 

including precipitation records, temperature fluctuations, and reservoir water levels, were in-

corporated into the analysis to contextualize observed deformation trends. These auxiliary da-

tasets helped to interpret the seasonal variability of dam settlement and assess potential 

correlations with hydro-meteorological factors. Conventional and MT-InSAR monitoring re-

sults were integrated in a common database accessible by web, EyeRADAR Dam. 

2.3 Numerical Modeling Using FEM 

A numerical model was developed using the Finite Element Method (FEM) to simulate the 

mechanical response of Vadomojón Dam under different operational conditions. The model 

incorporated material properties, reservoir level fluctuations, and external environmental fac-

tors to predict expected deformation patterns. By comparing the numerical simulation results 
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with both InSAR and ground-based measurements, the study aimed to establish a comprehen-

sive understanding of the dam's behavior. The computational model was calibrated using his-

torical settlement data, ensuring an accurate representation of the dam's structural response to 

changing hydrostatic conditions. Sensitivity analyses were also conducted to evaluate the im-

pact of varying material stiffness, hydraulic conductivity, and loading conditions on defor-

mation patterns. 

A two-dimensional Finite Element Method (FEM) model has been developed to analyze 

the highest section of the Vadomojón Dam. The numerical simulations were carried out using 

the MIDAS GTS-NX software, implementing a fully coupled hydro-mechanical analysis. The 

hydraulic behavior was simulated under transient conditions for a substantial portion of the 

control period, with reservoir levels varying over time according to actual recorded data. 

The constitutive model adopted for the dam's core was the Hardening Soil Model, which 

extends the hyperbolic Duncan-Chang formulation by incorporating a cap-yielding surface to 

account for isotropic compression stress paths. This model effectively captures the nonlinear 

stress-strain response of the material under deviatoric loading conditions. The model parame-

ters were calibrated based on laboratory tests conducted during the dam's construction phase. 

Conversely, the foundation and rockfill shoulders were represented using linear elastic models 

with a Mohr-Coulomb failure criterion to account for material strength characteristics. 

It is important to note that none of these models incorporate time-dependent parameters or 

mechanisms capable of simulating secondary consolidation effects. However, this limitation 

does not compromise the objectives of the study, as the focus is not on replicating the abso-

lute magnitude of settlements but rather on analyzing their temporal variations relative to the 

mean trend. These fluctuations are primarily driven by changes in effective stress resulting 

from transient seepage conditions. Furthermore, the influence of suction on effective stress in 

partially saturated zones was not considered in this analysis. 

3 RESULTS AND DISCUSSION 

3.1 Settlement Patterns and Deformation Trends 

The MT-InSAR analysis (Figures 3 and 4) revealed a consistent pattern of settlement along 

the crest of Vadomojón Dam, with measured vertical displacements exhibiting a strong corre-

lation with reservoir level variations. The observed settlement rates agreed with historical rec-

ords from geodetic surveys, confirming the reliability of InSAR measurements. The temporal 

analysis indicated that settlement rates were more pronounced during rapid reservoir draw-

downs, highlighting the influence of hydrostatic pressure variations on embankment behavior. 

These findings align with theoretical expectations that embankment dams experience in-

creased consolidation during reservoir drawdown due to changes in effective stress distribu-

tion. 
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Figure 3: Location of MT-InSAR measuring persistent scatterers in Vadomojón Dam 

Figure 4: Comparison of water level evolution (blue line, in meters above sea level) and MT-InSAR meas-

ured deformation in the crest of Vadomojón Dam (red line, in mm) in the period 2018-2023. Dam consolidation 

trend was removed. 
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3.2 Comparison with Ground-Based traditional monitoring 

The validation process demonstrated a high degree of agreement between MT-InSAR-

derived displacements and conventional monitoring data (Figure 5). Minor discrepancies were 

observed, particularly in areas with dense vegetation or complex terrain, where signal decor-

relation may have affected measurement accuracy. Despite these limitations, InSAR provided 

a valuable complementary dataset to enhance the spatial coverage of traditional monitoring 

techniques. The integration of MT-InSAR with ground-based observations allowed for a more 

robust assessment of dam stability, providing early indications of potential structural issues. 

Furthermore, long-term analysis of InSAR-derived settlement rates provided valuable insights 

into progressive deformation trends that may not be fully captured through periodic ground-

based surveys. 

Figure 5: Comparison of deformation in the crest measured with traditional levelling (red) and MT-InSAR 

(blue) in the period (2014-2019). 

3.3 FEM Model Validation and Interpretation 

The FEM simulation results aligned closely with the observed deformation patterns, rein-

forcing the physical plausibility of InSAR measurements. By incorporating reservoir level 

fluctuations and material behavior into the numerical model, the study successfully captured 

the temporal evolution of settlement trends (Figure 6).  
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Figure 6: Plot showing modelled deformation (black, in mm) and MT-InSAR measured deformation (red, in 

mm) for the crest of Vadomojón dam with respect to water level evolution (blue, in meters above see level) in 

the period 2018-2023. Dam consolidation trend was removed. 

This integration highlights the potential of combining InSAR observations with numerical 

modeling to improve predictive capabilities and enhance early warning systems for embank-

ment dams. The model's predictive performance was further validated through sensitivity 

analyses, demonstrating its ability to simulate various operational scenarios and assess poten-

tial future risks. 

4 CONCLUSIONS 

This study demonstrates the effectiveness of MT-InSAR for monitoring embankment dam 

deformations, using Vadomojón Dam as a case study. The findings highlight the strong 

agreement between MT-InSAR measurements, conventional monitoring data, and FEM simu-

lations, validating the feasibility of satellite-based deformation monitoring for dam safety as-

sessments. The integration of MT-InSAR with numerical modeling enhances the 

interpretability of displacement patterns and provides a valuable tool for decision-making in 

dam management. 

Future research should focus on the integration of MT-InSAR, traditional auscultation and 

reduced-order models of dam behavior. This research leads the path to the development of 

models of reduced complexity calibrated with MT-InSAR data, allowing the almost real-time 

simulation of critical conditions, as floods, dam failure and seismic scenarios. 
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