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Abstract 

Interferometric Synthetic Aperture Radar (InSAR) has been a crucial technique for monitoring land subsidence and 
uplift due to its ability to provide high-resolution, continuous spatial and temporal data. This thesis aims to enhance the 
understanding of ground deformation mechanisms in regions with complex geological settings by integrating InSAR 
estimations with hydrogeological and geomechanical models. Two case studies are investigated: Antwerp Harbour, a 
major industrial area experiencing significant land subsidence, and the Saint-Vaast region, a former coal mining area 
facing land subsidence and uplift challenges. 

 
In Antwerp Harbour, subsidence is driven by natural and anthropogenic factors. The natural consolidation of Holocene 

sediments, the additional consolidation due to the backfill overload along harbour docks, the saturated-unsaturated 
consolidation of backfill materials, and the consolidation of compressible layers induced by groundwater pumping in 
Cenozoic aquifers are identified as the possible key drivers. Persistent Scatterer InSAR (PS-InSAR) was employed to 
monitor displacements, providing high-resolution surface deformation data. Coupled hydrogeological and 
geomechanical modeling was conducted in a local scale model out of the border of backfill to isolate only the effects of 
groundwater extraction on land subsidence. This approach enabled the exclusion of other factors and focused specifically 
on the impact of groundwater pumping. By integrating these methods, the study quantified the contribution of groundwater 
extraction relative to other factors, enhancing the understanding of complex interactions between surface deformations 
and subsurface processes. 

 
The Saint-Vaast region presents unique geohazards due to presence of an old drainage adit in the historical coal 

mining region. During the post-mining period, this drainage adit was filled with water, changing subsurface pressure 
regimes and causing both land subsidence and uplift. This study used three decades of PS-InSAR data to detect and map 
temporal and spatial dynamics of ground displacements. All relevant spatial data, including an old drainage adit from the 
coal mining exploitation period, geological layers, and hydrogeological conditions, were mapped to understand the 
structural context of observed deformations. Thirteen years of piezometric well data provided insights into subsurface 
hydrodynamics. Breakpoints in the PS-InSAR time series, significant shifts in deformation rates, were identified showing 
the temporal evolution of ground deformation and its correlation with hydrogeological events. Correlation analysis linked 
ground deformation with mudflow events in 2009 and 2018, demonstrating a strong relationship between changes in 
groundwater levels and surface deformation patterns. 

 
This thesis provides a comprehensive methodology for studying surface deformation phenomena by integrating the 

PS-InSAR technique with hydrogeological and geomechanical analyses and models. The insights gained contribute to a 
better understanding of the complex interactions between surface and subsurface processes, supporting the 
development of effective strategies for mitigating deformation-related geohazards. These geohazards are associated 
respectively with industrial areas under extensive developments and with densely populated urbanized areas. The main 
idea of the thesis is also to conduct a comparison between SAR data obtained by different satellites vs the estimated 
ground displacement measurements deduced from the SAR LOS timeseries and other techniques like hydrogeological 
and geomechanical models. 

 
Additionally, this research assesses the performance of Integrated Geodetic Reference Stations (IGRS) installed in 

Antwerp, close to the Doel nuclear plant.  The performance assessment focused on analyzing the IGRS data for stability 
and reliability, demonstrating generally high consistency and accuracy in range and azimuth measurements using SAR 
data. The results, including time series and Signal-to-Clutter Ratio (SCR) analysis, validated the quality of radar 
measurements. However, for a definitive assessment of their ability to measure and monitor surface displacements 
accurately, further validation with GPS antenna installed on the station would be necessary. Future studies should aim to 
seek this purpose. This would involve decomposing the line-of-sight (LOS) deformation into vertical and horizontal 
components and comparing these with GPS measurements to confirm their accuracy in monitoring surface 
displacements.
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1.1. Background 

 
 
 
 
 
 
 

 
InSAR, or Interferometric Synthetic Aperture 

Radar, is a remote sensing technique that has 
become increasingly important in monitoring and 
understanding natural hazards such as land 
subsidence and uplift (Aswathi, et al. 2022; Bokhari et 
al. 2023). InSAR's capacity to provide high-resolution, 
continuous spatial and temporal data makes it an 
essential tool for detecting and mitigating the impacts 
of geological and hydrogeological processes (Krieger 
et al. 2009; Cigna et al. 2011). Land subsidence, the 
gradual settling or sudden sinking of the Earth's 
surface, is a potentially destructive hazard caused by 
various natural and anthropogenic activities, posing a 
serious threat to infrastructure, water resources, and 
human safety (Siriwardane-de Zoysa et al. 2021; 
Zhang et al. 2024). Land subsidence can result from a 
range of factors, including natural processes like 
sediment compaction, tectonic activity, and 
anthropogenic activities such as groundwater 
extraction, mining, and the construction of heavy 
infrastructure (Abidin et al. 2012; Maaß and 
Schüttrumpf 2018; Ikuemonisan and Ozebo 2020). In 
coastal and urban areas, subsidence increases flood 
risks and can result in significant economic losses 
(Huang and Jin 2018; Voyiadjis et al. 2024). 

 

To fully use the capabilities of InSAR, advanced 
techniques such as Persistent Scatterer InSAR (PS-
InSAR) (Ferretti et al. 1999) and Multi-Temporal InSAR 
(MT-InSAR) (Hooper 2008) have been developed 
(Aswathi et al. 2022). PS-InSAR enhances 
conventional InSAR by focusing on stable, point-like 
reflectors known as persistent scatterers, which 

consistently reflect radar signals over time. This 
technique significantly improves the accuracy of 
ground deformation measurements by filtering out 
noise and atmospheric disturbances, allowing for 
millimeter-level precision in detecting surface 
movements (Crosetto et al. 2016).  

 
PS-InSAR’s ability to cover large areas with high 

spatial resolution allows for the mapping of ground 
deformation patterns over wide regions (Qu et al. 
2015). PS-InSAR is particularly advantageous in urban 
environments, where numerous man-made 
structures serve as reliable persistent scatterers. This 
capability is especially beneficial in industrial areas 
such as Antwerp Harbour, where traditional ground-
based measurements are often sparse or entirely 
absent. 

 
Despite the advancements offered by InSAR and 

hydrogeology, relying solely on either technique for 
studying land subsidence and uplift can result in 
significant limitations and incomplete interpretation. 
While InSAR provides precise measurements of 
surface deformation, it does not provide the ability to 
directly identify subsurface processes or determine 
the causes of the observed movements. On the other 
hand, hydrogeological studies offer crucial insights 
into subsurface fluid dynamics and geological 
conditions but often lack the spatial and temporal 
resolution to capture detailed surface deformation 
patterns. Without the integration of both, studies may 
either overlook critical subsurface interactions or fail 
to accurately link surface observations to their 
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underlying causes. This can lead to incomplete 
hazard assessments and less effective mitigation 
strategies. By combining InSAR with hydrogeological 
and geomechanical data, a more comprehensive 
understanding of deformation mechanisms is 
achieved. 

 
Despite the clear benefits of integrating InSAR 

with hydrogeological and geomechanical analyses, 
several challenges persist. One major challenge is the 
difference in spatial and temporal scales at which 
these data sets are acquired. InSAR typically provides 
high-resolution, wide-area coverage over time, while 
hydrogeological data can be more localized and 
sporadic. Aligning these disparate data sets to ensure 
coherent and meaningful interpretations remains 
challenging. Additionally, the inherent uncertainties in 
both InSAR measurements and hydrogeological 
models need to be carefully interpreted and 
managed. Another significant challenge is the 
interdisciplinary expertise required; effective 
integration demands not only technical proficiency in 
remote sensing and geomechanics but also a deep 
understanding of hydrogeological processes. 
Overcoming these challenges is essential for 
developing more accurate models and reliable 
interpretations of land subsidence and uplift, 
ultimately leading to better-informed decision-
making and risk management. 

 
Despite the challenges, integrating InSAR with 

hydrogeological data and modeling provides a 
comprehensive methodology for studying surface 
deformation phenomena. This multidisciplinary 
approach is essential for explaining the complexities 
of subsurface dynamics and their surface 
phenomenon. Hydrogeological data, encompassing 
groundwater flow and distribution patterns, offer 
essential insights into subsurface fluid dynamics, 
while geomechanical models explain the stress-strain 
relationships within the subsurface. The combination 
of these approaches captures both surface and 
subsurface processes. 

The motivation for this study is to increase our 
understanding of ground deformation mechanisms, 
especially in regions with complex geological settings. 
This research aims to address the challenges of 
accurately characterizing and understanding 
subsurface deformation in those areas that are 
characterized by significant subsurface 
heterogeneity, which complicates the interpretation 
of surface deformation signals.  

 
One exemplary application of InSAR is in 

monitoring subsidence in Antwerp harbour, one of 
Europe's largest and busiest ports. Antwerp harbour 
has been experiencing significant subsidence due to 
both natural and anthropogenic factors. Naturally, the 
gradual consolidation of Holocene sediments causes 
slow compression and ground sinking over time. 
However, human activities have accelerated this 
process. The heavy infrastructure associated with 
port facilities, such as docks, warehouses, and 
transportation networks, adds substantial weight to 
the land, causing further compression. Additionally, 
continuous dredging of the Scheldt River and port 
expansion activities have disrupted the natural 
sediment balance, increasing subsidence. The 
presence of heavy industries, such as petrochemicals 
and shipping, contributes further by increasing the 
load on the ground. Historical urban development has 
also played a role in the long-term subsidence issues. 
These combined factors, particularly noticeable from 
the late 20th century onwards, highlight the necessity 
for continuous monitoring and management to 
mitigate flood risks and maintain the economic 
viability of Antwerp's port.  

 
In contrast, the Saint-Vaast region, a former coal 

mining area, faces unique challenges related to the 
reactivation of old mining voids and changes in 
subsurface hydrology. This area has a long history of 
coal mining that dates back to the late 19th century, 
resulting in an extensive network of underground 
tunnels and voids. Over time, the cessation of mining 
activities led to the abandonment of these voids, 
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which began to fill with water due to the natural 
groundwater recharge process. This re-flooding 
changed the subsurface pressure regimes 
significantly, causing both subsidence and uplift in 
different periods. The reactivation of these old voids, 
as they filled with water, introduced a complex set of 
hydrogeological dynamics, where the increased pore 
pressure in the aquifer above the mined-out spaces 
led to the deformation of the overlying strata. The 
presence of loose sediments of thin layers of clay and 
sand further complicated the situation, as these 
materials responded differently to the changes in 
pressure and saturation. This combination of factors 
resulted in ground movements in different periods. 
The region has experienced at least two mudflow 
outbursts from an old gallery so far. These events, in 
2009 and 2018, have led to land subsidence. 
Monitoring and mitigating these risks require a 
detailed understanding of the interplay between 
historical mining activities, current groundwater 
dynamics, and the geological characteristics of the 
area.
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1.2. Objectives & Motivations  

 
In this study, we aim to address key questions 

about the mechanisms of ground deformation in 
regions with complex geological settings, using two 
distinct but related case studies: Antwerp Harbour 
and the Saint-Vaast region.  

 
The Antwerp Harbour case study explores ground 

deformation by integrating InSAR data with 
hydrogeological and geomechanical modeling. In 
contrast, the Saint-Vaast region involves comparing 
InSAR deformation time series with piezometric time 
series. 

 
The first essential question this thesis seeks to 

answer focuses on the subsidence driver in the 
Antwerp local model: What are the effects of 
groundwater extraction in the subsidence estimated 
in the local model area, and how can the results from 
the local model help us generalize the role of 
groundwater extraction in driving deformation across 
the entire Antwerp region? 

 

In previous studies, it was concluded that the 
deformation observed by InSAR was significant 
primarily in areas where backfill is present, 
particularly in the harbour (Declercq et al. 2021). 
Based on this observation, it was assumed that the 
subsidence in Antwerp was driven solely by the 
compaction of the backfill material. However, this 
conclusion overlooked other important potential 
subsurface processes that may contribute to the 

observed ground deformation. Limiting the 
interpretation of subsidence to only backfill 
compaction oversimplifies the complexity of the 
region’s geological and hydrogeological dynamics, 
especially considering that some subsidence is 
estimated in areas where no backfill is present. 
Therefore, a more comprehensive analysis is required 
to fully understand the subsidence mechanisms at 
play. To address this, we have specified four possible 
drivers of subsidence in the entire Antwerp region: the 
natural consolidation of the Holocene estuarine 
sediments, the additional consolidation in the 
saturated Holocene estuarine sediments due to the 
backfill overload (8-meter-thick embankments) along 
the harbour docks, the saturated-unsaturated 
consolidation of the backfill materials, and the 
consolidation of the most compressible layers, due 
to pore pressure decrease induced by groundwater 
pumping in the different Cenozoic aquifers. 

 
To isolate the effects of deformation due to 

possible groundwater extraction, we conducted 
coupled hydrogeological and geomechanical 
modeling outside the borders of the embankment. 
This approach allowed us to exclude the effects of the 
other three drivers and focus specifically on the 
impact of groundwater pumping on the subsidence 
observed by PS-InSAR. The contribution of 
groundwater extraction relative to the other factors is 
quantified. This increases our understanding of the 
complex interactions between surface deformations 
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and subsurface processes. We aim to isolate 
deformation caused by groundwater extraction and 
identify which shallow or deep layers are responsible 
for this deformation. Specifically, we seek to 
determine whether the deformation originates from 
an aquifer or an aquitard. At the end, the mechanisms 
of deformation in the local model can be generalized 
to the entire Antwerp region. While it is true that we 
are not conducting modeling for the entire Antwerp 
area, the hydrogeological conditions in the local 
model are similar to those beneath the Antwerp 
harbour, with the key difference being the presence of 
backfill material in the harbour, which is absent in the 
local model. If groundwater extraction plays a role in 
subsidence within the local model, it is reasonable to 
suggest that it could also be contributing to 
subsidence in the Antwerp harbour. However, the 
extent to which groundwater extraction contributes to 
subsidence in the harbour remains uncertain, as we 
do not know how much of the deformation in the 
Antwerp harbour is specifically due to this factor. 
Further investigation would be required to quantify its 
share in the overall subsidence observed in the 
harbour area. 

 
The second essential question this thesis seeks 

to answer focuses on the Saint-Vaast region: What 
are the hydrogeological processes driving 
subsidence and uplift in the post-mining area of 
Saint-Vaast, and how are these related to the 
clogging of water in the old mining galleries? Using 
three decades of PS-InSAR estimations we detected 
and mapped temporal and spatial dynamics of 
ground deformation in Saint-Vaast, capturing distinct 
periods of both subsidence and uplift. 

 
We also mapped all relevant spatial data, 

including an old drainage gallery from the mining 
time, the geological layers, and hydrogeological 
conditions of the region, and locations of mudflow 
outbursts. 

 
To gain insights into subsurface hydrodynamics, 

we used 13 years of data from piezometric wells in the 
region. These wells monitored groundwater levels 
and provided critical information on subsurface water 
dynamics. We defined breakpoints in the PS-InSAR 
time series, which are significant shifts in 
deformation rates indicative of underlying 
geomechanical processes. Identifying these 
breakpoints was crucial for understanding the 
temporal evolution of ground deformation and its 
correlation with hydrogeological events.  

 
Finally, we conducted a correlation analysis to 

link the observed ground deformation with the two 
significant mudflow events in 2009 and 2018. This 
demonstrated a strong relationship between changes 
in groundwater levels, as recorded by the piezometric 
wells, and the surface deformation patterns 
estimated through PS-InSAR. 

 
In addition to the core questions of the study, an 

extra research objective is introduced in this thesis 
related to the implementation and evaluation of 
Interferometric Geodetic Reference Stations (IGRS) in 
Doel. The question posed is: How does the corner 
reflector of the Doel Integrated Geodetic Reference 
Station (IGRS) perform in terms of precise positioning 
using SAR data? This investigates the effectiveness of 
IGRS in improving the precision of InSAR 
measurements by analyzing its contributions in this 
specific case study, focusing on signal-to-clutter 
ratio and radar cross-section optimizations.
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1.3. Method & Materials 
 

 

 

 

 

 

 

 
 

Figure 1.1 shows the comprehensive workflow 
used in our study in Antwerp. It starts with the 
acquisition and processing of radar data for PS-InSAR 
analysis, which provides high-resolution surface 
deformation data. This is followed by hydrogeological 
modeling using MODFLOW to simulate groundwater 
flow, incorporating sub-layering to capture delayed 
pore pressure propagation. Next, geomechanical 

modeling calculates vertical deformation by 
integrating storage parameters and stress-strain 
relationships. Finally, the modeled deformations are 
compared with PS-InSAR results. This integrated 
approach allows us to isolate and quantify the 
contribution of groundwater extraction to subsidence 
relative to other factors.  

 
 

 
Figure 1.1. Workflow of the study integrating PS-InSAR analysis with hydrogeological model coupled to 

geomechanical model in Antwerp. 
 

Figure 1.2 illustrates the workflow of the 
methodology applied in the Saint-Vaast case study. 
The PS-InSAR processing workflow follows the same 
steps as in the Antwerp case, as shown in Figure 1.1. 
After the deformation patterns were obtained from 

PS-InSAR, a correlation analysis was performed 
between the time series of the piezometric well data 
and the LOS time series extracted from the PS-InSAR 
results. This analysis aimed to investigate the 
evolution of the uplift and subsidence related to 
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clogging of the old water adit present in the region.   
 

 
Figure 1.2. Workflow of the study integrating PS-InSAR analysis with piezometric data in Saint-Vaast. 

  

In this study, we used InSAR data from multiple 
satellite missions to monitor displacements in 
Antwerp Harbour and the Saint-Vaast region. A 
detailed table summarizing the InSAR images used, 
including relevant parameters is provided (Table 1.1). 

In addition, two columns specifying the Local 
Incidence Angle (°) in the middle of each region and 
the corresponding Scaling Factor (Vertical), which 
converts Line of Sight (LoS) measurements to vertical 
displacements, have been included in the table. 

 
 

Table 1.1 InSAR data characteristics for Antwerp Harbour and Saint-Vaast region 
Region Satellite Wavelength 

(cm) 
Track
/Path 

Geometry Local 
Incidence 
Angle (°) in 
the middle 

of each 
region 

Scaling 
Factor 
(on to 

vertical 
direction) 

Pixel Size 
Slant 
range 
(m) × 

Azimuth 
(m) 

Revisit 
Time 

Antwerp TerraSAR
-X 

X-Band 48 Descendin
g 

21.53 1.075 1.2 ×3.3 11 days 

116 Ascending 24.04 1.095 

ERS-1/2 C-Band 423 Descendin
g 

29.62 1.150 10.2 ×6 35 days 

Envisat C-Band 423 Descendin
g 

23.80 1.093 7.8 ×3.5 35 days 

Sentinel-
1A 

C-Band 88 Ascending 
 

24.23 1.097 2.3 ×14.1 12 days 

Saint-
Vaast 

ERS-1/2 C-Band 423 Descendin
g 

25.53 1.108 10.2 ×6 35 days 

Envisat C-Band 423 Descendin
g 

28.89 1.142 7.8 ×3.5 35 days 

Sentinel-
1A 

C-Band 161 Ascending 39.97 1.305 2.3 ×14.1 12 days 
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1.4. Thesis Outline  

 
The structure of this thesis is organized to 

address the research questions and objectives 
outlined. Chapter 2 provides a summary of the 
foundational background theory necessary to 
understand the methodologies employed in this 
study. This covers the principles of PS-InSAR and the 
integrated approach of hydrogeological models 
coupled with geomechanical models. This 
theoretical framework sets the stage for the detailed 
case studies that follow. 

 
Chapter 3 presents the first case study, focusing 

on the Antwerp Harbour region. This chapter delves 
into the specific question of identifying and 
monitoring the key drivers of subsidence in Antwerp. 
This chapter is under the form of a submitted paper to 
the Hydrogeology Journal. 

 
Chapter 4 shifts to the Saint-Vaast region, 

addressing the second essential question. This 
chapter explains the hydrogeological and 
geomechanical processes driving subsidence and 
uplift in this post-mining area. This chapter is under 
the form of a submitted paper to Natural Hazards 
Journal.  

 
Chapter 5 focuses on the implementation and 

evaluation of Interferometric Geodetic Reference 
Stations (IGRS) as a novel approach and a key step for 
enhancing the accuracy of ground deformation 
measurements. This chapter examines how IGRS can 
improve the precision of InSAR results by optimizing 

signal-to-clutter ratio (SCR) and radar cross-section 
(RCS).  

 
Chapter 6 concludes the thesis by summarizing 

the key findings from both case studies, highlighting 
the challenges encountered, and discussing the 
broader implications of these findings. This chapter 
offers perspectives on future research directions and 
practical applications for managing deformation-
related risks in similar regions.  

 
References compile all the references cited 

throughout the thesis. 
 
Appendices present scientific contributions and 

publications resulting from conference 
presentations, in the frame of this thesis, provided as 
an appendix.
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Background Theory  
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2.1. Principles of PS-InSAR 

 
 
 
 
 
 
 
 

 
This chapter provides a fundamental review of the 

underlying principles of PS-InSAR, hydrogeological 
modeling, and geomechanical modeling essential for 
this study. While many of these processes are 
performed using specialized software, understanding 
the theoretical basis is crucial for comprehending the 
exact procedures and methodologies employed. 
Specifically, the geomechanical modeling in this 
research is conducted using Python code developed 
as part of this study. 

 
Interferometric Synthetic Aperture Radar (InSAR) 

relies on the principles of radar interferometry, where 
the phase of the radar signal is used to infer changes 
in the distance between the satellite and the ground 
surface (Rosen et al. 2000; Dzurisin and Lu 2007; 
Hrysiewicz et al. 2023). The phase information is 
sensitive to changes in the order of the radar 
wavelength, typically a few centimeters This 
sensitivity allows InSAR to detect very small surface 
deformations over large areas with high spatial 
resolution (Klees and Massonnet 1999). By 
interference of the two images, very small slant-range 
changes of the same surface can be inferred (Mastro 
et al. 2020). The slant-range is the direct line-of-sight 
distance between the radar on the satellite and the 
target on the ground. 

 
 Traditional radar systems, known as Real 

Aperture Radar (RAR), have resolutions limited by the 
physical size of the antenna (Blackledge 2005). A 
larger antenna can provide better resolution, but this 

is often impractical for airborne or spaceborne 
systems. Synthetic Aperture Radar (SAR) overcomes 
this limitation by synthesizing a large antenna 
electronically (Yang 2022) enabling higher-resolution 
images (Khoshnevis and Ghorshi 2020). Figure 2.1 
illustrates the basic operation of a SAR system 
highlighting the transmission and reception of 
microwave signals, and the formation of the synthetic 
aperture. The figure shows how the radar antenna, 
moving along the satellite's orbit, synthesizes a large 
aperture by collecting reflected signals over a series 
of positions. 

 

 
Figure 2.1 Schematic representation of Synthetic 

Aperture Radar (SAR) operation systems 
 
SAR sensors transmit microwave pulses toward 

the Earth's surface and record the backscattered 
signals (Tomiyasu 1978; Moreira et al. 2013). By 
analyzing the phase differences between the 
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reference and secondary images acquired at different 
times, InSAR can detect sub-centimeter deformation 
with millimeter-precision (Eneva et al. 2011). These 
phase differences can result from various factors, 
including tectonic movements, subsidence, or 
volcanic activity (Bürgmann et al. 2000; Bokhari et al. 
2023). The significant advantage of InSAR is its ability 
to provide accurate deformation measurements over 
large areas with high spatial resolution. 

 
InSAR data can be collected from ascending or 

descending satellite passes (Figure 2. 2). An 
ascending pass occurs when the satellite moves from 
south to north, whereas a descending pass occurs 
when it moves from north to south (Bouraoui 2013). 
These different geometries provide complementary 
perspectives, which can be crucial for comprehensive 
deformation analysis.  

 

 
 
Figure 2.2 Schematic representation of ascending and 

descending geometry in SAR imaging 
 

InSAR techniques measure only one-dimensional 
(1D) displacement in the satellite's Line of Sight (LOS) 
direction, which combines three-dimensional (3D) 
displacement components (east 𝑑𝐸, north 𝑑𝑁, and up 
𝑑𝑈) and indicates the displacement of the ground 
surface towards or away from the satellite (Hanssen 
2001; Azadnejad et al. 2024). As illustrated in Figure 
2. 3, a SAR satellite system can only detect the 

component of ground displacement that lies along 
the LOS. Consequently, the measured displacement 
represents only a portion of the true displacement 
magnitude. Thus, decomposing the deformation 
measured by InSAR into vertical and horizontal 
components is essential for a complete 
understanding of surface movements.  

 
This LOS displacement can be written as Equation 

(1):  

𝑑𝐿𝑂𝑆 = (−sin 𝜃 cos 𝛼  sin 𝜃 sin 𝛼  cos 𝜃) (

𝑑𝐸

𝑑𝑁

𝑑𝑈

)           (1) 

where 𝜃 is the local incidence angle, and 𝛼 is the 
azimuth of the zero-Doppler plane (ZDP) at the 
position of the target (Chang et al. 2018; Brouwer and 
Hanssen 2023). Estimating all three displacement 
components typically requires at least three 
independent Line of Sight (LOS) observations that are 
spatially and temporally coincident (Azadnejad et al. 
2024). 

 

 
Figure 2.3 The displacements as detected by the line 

of sight directions. 
 

The general equations for LOS displacement in 
ascending and descending passes can be written as: 

 
𝑑𝐿𝑂𝑆−𝐴 =            (2) 
−𝑑𝐸 sin 𝜃𝐴 cos 𝛼 + 𝑑𝑁 sin 𝜃𝐴 sin 𝛼 + 𝑑𝑈 cos 𝜃𝐴 
𝑑𝐿𝑂𝑆−𝐷 =            (3) 
𝑑𝐸 sin 𝜃𝐷 cos 𝛼 + 𝑑𝑁 sin 𝜃𝐷 sin 𝛼 + 𝑑𝑈 cos 𝜃𝐷 
 

where 𝑑𝐿𝑂𝑆−𝐴 and 𝑑𝐿𝑂𝑆−𝐷 are the LOS displacements 
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measured during the ascending and descending 
passes, and 𝜃𝐴 and 𝜃𝐷 are the incidence angles for the 
ascending and descending passes, respectively. In 
summary, the negative sign in the ascending pass 
equation reflects the coordinate system and viewing 
geometry of the satellite, where eastward movement 
is considered negative relative to the ascending 
satellite’s perspective (Figure 2.4). 
 
 

 
Figure 2.4 Coordinate system and viewing geometry of 

the satellite during ascending and descending passes. The 
unit vectors 𝑢𝐴̂ and 𝑢𝐷̂ represent the LOS directions for the 

ascending and descending passes, respectively. 
 

However, it is important to emphasize the importance 
of carefully considering the assumptions made about 
displacement components in InSAR analysis, 
highlighted in Brouwer and Hanssen (2023). In some 
previous approaches, it has been assumed that 
displacements in the north-south direction (𝑑𝑁) can 
be considered negligible. As Brouwer and Hanssen 
(2023) point out, one of the most frequently occurring 
geometric InSAR errors is the decomposition error. 
Specifically, the error arises when it is assumed that 
by combining ascending descending (the maximum 

number of spatio-temporally coinciding and 
independent) LOS observations, it is possible to 
accurately separate east-west horizontal 
displacement from vertical displacement. This 
assumption inevitably leads to biased estimates 
because the estimators for 𝑑𝐸 , 𝑑𝑁 , 𝑎𝑛𝑑 𝑑𝑈 are 
correlated and simply ignoring 𝑑𝑁 from the inverse 
problem will lead to biased estimates for the other 
two.   

In many practical situations, where only two LoS 
sets are available—typically from ascending and 
descending satellite passes—an important concept 
to consider is the null line. The null line arises 
because, with only two LOS observations, the 
problem becomes underdetermined, meaning there 
are an infinite number of possible solutions for the 
displacement components. However, by 
understanding the viewing geometry of the two 
acquisitions (even before observations are made), we 
can define the null line. The null line represents the 
direction in which the two LOS observations have zero 
sensitivity, meaning no displacement can be 
observed along this direction. It is formed by the 
intersection of two null planes—one associated with 
the ascending LOS and the other with the descending 
LOS. Visually, these planes intersect to create the null 
line, which is fully described by its azimuth angle 𝜙 
and elevation angle 𝜁 (Figure 2.5). The significance of 
the null line in InSAR interpretation is that 
displacement in the direction of the null line cannot 
be detected by the satellite geometry. Therefore, 
knowing the orientation of the null line is crucial 
before conducting an InSAR survey, as it defines the 
direction in which the system cannot observe any 
ground motion. This orientation can be calculated by 
taking the cross-product of the two normal vectors 
(the LoS unit vectors) of the ascending and 
descending acquisitions (Brouwer and Hanssen 
2023): 

 
𝑛 = 𝑢𝐴̂ × 𝑢𝐷̂                        (4) 
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Although the nature of the problem cannot be 
formally solved, standardizing InSAR product 
generation and interpretation is proposed in the 
literature (Brouwer and Hanssen 2023). According to 
that study, there are two primary recommendations 
for handling this issue: the physical option and the 
geometric option.  

 

Figure 2.5 Illustration of the null line formed by the 
intersection of two null planes from ascending and 

descending LOS observations. Adapted from (Brouwer 
and Hanssen 2023). 

 
The first option involves changing the orientation 

of the Cartesian reference frame based on prior 
physical knowledge. For example, if the system under 
observation, such as a landslide or glacier, is 
influenced by gravity, the displacement vector can be 
assumed to lie within a 2D vertical plane. In this case, 
the frame is rotated so that one direction (such as the 
longitudinal direction of a linear infrastructure) can be 
potentially assumed to be displacement-free. 
However, this approach comes with the risk of 
introducing biased estimates if the reference frame is 
misaligned. 

 
The second option, which is more geometrically 

rigorous, involves using a Null-Line aligned (NLA) 
Cartesian coordinate system. This approach takes 
advantage of the orientation of the null space and 

forces the orthogonal projection of the displacement 
vector onto a plane that is orthogonal to the null line. 
By doing this, the in-plane components (such as east 
and vertical) can be uniquely and unbiasedly 
estimated, while avoiding bias from the ignored 
displacement direction.  

 
When only one LoS observation is available, it is 

possible to project the displacement on to any 
desired direction. For instance, projecting the 
observed displacement onto the vertical direction can 
provide an estimate of vertical ground movement. 
This projection is performed as an oblique projection 
onto the vertical axis and is represented by the 
following formula: 

 

𝑑𝑃𝑜𝑉 =
1

cos 𝜃
𝑑𝐿𝑂𝑆           (5) 

 
Here 𝑑𝑃𝑜𝑉  represents the projection of the LOS 

displacement on to the vertical direction, and 𝜃 is the 
incidence angle of the radar signal. It is important to 
note that this projected value 𝑑𝑃𝑜𝑉  does not equal the 
actual vertical displacement 𝑑𝑈. The reason is that 
the projection adjusts the LOS observation based on 
the satellite's viewing geometry and does not capture 
the true vertical displacement unless the satellite is 
observing directly from above, which is never the 
case. 

 
In cases, when two LOS observations are 

available, such as from ascending and descending 
satellite passes, it is possible to project the 
observations onto a specific plane. One common 
approach is to project the LOS displacement vector 
onto the plane spanned by the east and vertical (EU) 
axes. The projection can be written as: 

 

𝑑𝑃𝑜𝐸𝑈 = [
1 0 0
0 0 0
0 0 1

] 𝑈𝐿𝑂𝑆𝑑𝐿𝑂𝑆          (6) 

 
where 𝑑𝑃𝑜𝐸𝑈  is the projection of 𝑑𝐿𝑂𝑆 on to the EU 
plane. This projection provides estimates for the 
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eastward 𝑑𝐸  and vertical 𝑑𝑈 displacement 
components. However, it is crucial to understand that 
these are not the true displacement components.  
 

The final approach to address the 
underdetermined problem is to present the LOS 
observations unchanged as the ultimate product 
(Brouwer and Hanssen 2023). 
 

The signal received by the SAR antenna contains 
an amplitude, which depends on the intensity of the 
reflection on Earth and is influenced by the surface's 
roughness, and a phase, which carries the distance 
information between the satellite and the ground 
target (Hanssen and Klees 1998). By comparing the 
phase differences between multiple SAR images 
taken at different times, it is possible to detect very 
small changes in the Earth's surface. Differential 
Interferometric Synthetic Aperture Radar (D-InSAR) is 
a technique that enhances InSAR by isolating the 
deformation signal through the removal of the 
topographic phase component from the 
interferogram (Zebker et al. 1994). 

 
The basic principle of D-InSAR involves the generation 
of interferograms, which are images formed by the 
difference in phase information between two SAR 
images taken at different times. By differentiating 
these interferograms, we can detect changes in phase 
information that correspond to surface deformations. 
This technique considers two SAR complex images, 𝐼1 
and 𝐼2, taken at different times, 𝑡1 and 𝑡2: The pixel 
value of 𝑖 from refrence and secondary radar image is 
given by: 
 

 𝐼1𝑖
= 𝐴1𝑖

exp(𝑗𝜑1𝑖
)           (7) 

𝐼2𝑖
= 𝐴2𝑖

exp(𝑗𝜑2𝑖
)           (8) 

 
where 𝐴1𝑖

 and 𝐴2𝑖
 are the amplitudes of the pixel 𝑖 in 

the two images, and 𝜑1𝑖
 and 𝜑2𝑖

 are the phases of the 
pixel 𝑖 in the two images. The complex interferogram 
is calculated as: 

𝐼1𝑖
𝐼2𝑖

∗ = 𝐴1𝑖
𝐴2𝑖

exp (𝑗(𝜑1𝑖
− 𝜑2𝑖

))         (9) 
 
where 𝐼2𝑖

∗ is the complex conjugate of 𝐼2𝑖
. The 

resulting interferogram contains both amplitude and 
phase information. The phase difference 
 𝛥𝜙𝐼𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑜𝑔𝑟𝑎𝑚 is wrapped within the range of −𝜋 to 
+𝜋. The observed phase values 𝜑1𝑖

 and 𝜑2𝑖
 in the 

images are given by:  
 

𝜑1𝑖
= −

2𝜋2𝑅1

𝜆
+ 𝜑𝑆𝑐𝑎𝑡,1𝑖

       (10) 

𝜑2𝑖
= −

2𝜋2𝑅2

𝜆
+ 𝜑𝑆𝑐𝑎𝑡,2𝑖

       (11) 

 
where 𝑅1 and 𝑅2 are geometric distances 

between the radar sensor and the target on the ground 
during the first and second image acquisitions, and 
𝜑𝑆𝑐𝑎𝑡,1𝑖

 and 𝜑𝑆𝑐𝑎𝑡,2𝑖
 refer to the contributions of the 

scattering phases in both images. If the In case the 
scattering characteristics are equal during both 
acquisitions, the interfrometric phase for pixel 𝑖 can 
be given by (Hanssen 2001): 

 

𝛥𝜙𝐼𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑜𝑔𝑟𝑎𝑚,𝑖=𝜑1𝑖
− 𝜑2𝑖

= −
4𝜋∆𝑅

𝜆
      (12) 

 
For accurate interferogram generation, several 
preprocessing steps are essential. These include 
calibration, radiometric correction, and co-
registration of SAR images. Calibration involves 
correcting sensor-specific biases to ensure the 
accuracy of the radar signal. Radiometric correction 
adjusts for variations in signal strength caused by 
differences in the surface reflectivity and sensor 
characteristics. Co-registration aligns multiple SAR 
images to a common grid, ensuring that each pixel 
corresponds to the same ground location across all 
images (Zhai and Whang 2007). This step is crucial for 
minimizing errors in phase difference calculations 
and improving the overall quality of the interferometric 
products. 

 
After the essential preprocessing steps, phase 

difference  𝛥𝜙𝐼𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑜𝑔𝑎𝑟𝑚 can be further calculated 
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and decomposed as: 
 

 𝛥𝜙𝐼𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑜𝑔𝑟𝑎𝑚 = 𝛥𝜙𝑡𝑜𝑝𝑜 + 𝛥𝜙𝑑𝑖𝑠𝑝 + 𝛥𝜙𝑎𝑡𝑚 +

𝛥𝜙𝑜𝑟𝑏 + 𝛥𝜙𝑓𝑙𝑎𝑡 + 𝛥𝜙𝑛𝑜𝑖𝑠𝑒                         (13) 
 

Here, 𝛥𝜙𝑡𝑜𝑝𝑜 is the phase component due to 
topography, 𝛥𝜙𝑑𝑖𝑠𝑝 is the phase component due to 
displacement, 𝛥𝜙𝑎𝑡𝑚 is the phase component due to 
atmospheric delays, 𝛥𝜙𝑜𝑟𝑏  is the phase component 
due to orbital errors, 𝛥𝜙𝑓𝑙𝑎𝑡 is the flat Earth 
component (also known as the reference plane 
phase) and 𝛥𝜙𝑛𝑜𝑖𝑠𝑒  is the phase noise. By using a 
DEM, the topographic phase 𝛥𝜙𝑡𝑜𝑝𝑜 can be simulated 
and subtracted from the total phase difference 
 𝛥𝜙𝐼𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑜𝑔𝑟𝑎𝑚 (Xue et al. 2020):  

 

𝛥𝜙𝑡𝑜𝑝𝑜 =
4𝜋

𝜆
∙ (

ℎ

𝜌 sin 𝜃
)         (14) 

 
where ℎ is the height difference between the SAR 
satellite and the ground surface, 𝜆 is the wavelength 
of the radar signal, 𝜌 is the perpendicular baseline, 
and 𝜃 is the angle between the baseline and the radar 
line of sight. Additionally 𝛥𝜙𝑓𝑙𝑎𝑡 caused by the phase 
difference at different positions on the reference 
plane and is proportional to the parallel baseline 𝐵|| 
(Xue et al. 2020): 

 

𝛥𝜙𝑓𝑙𝑎𝑡 = 2𝜋 ∙
𝐵||

𝜆
          (15) 

 
 After subtracting the topographic phase and flat 

Earth components, the remaining phase difference 
includes contributions from displacement, 
atmospheric delays, orbital errors, and noise. To 
further refine the deformation signal, multiple 
interferograms can be used to reduce the 
atmospheric effects and noise. Many techniques are 
introduced in the literature, such as Permanent (also 
persistent) Scatterers InSAR (PS-InSAR) (Ferretti et al. 
2000; Ferretti and Rocca 2001), Small Baseline 
Subset (SBAS) (Berardino et al. 2002).  

 

Persistent Scatterer Interferometry (PS-InSAR) is 
an advanced InSAR technique that improves the 
accuracy and reliability of deformation 
measurements by focusing on stable radar targets, 
known as Persistent Scatterers (PS) (Hooper and 
Zebker, 2007). These are typically man-made 
structures or natural features that reflect radar signals 
consistently over time (Perissin and Wang 2010). PS-
InSAR can measure millimeter-level displacements, 
making it highly effective for long-term monitoring of 
ground deformation in the region with an even lower 
rate of deformation (Suresh et al. 2019).  To address 
the various errors that can affect InSAR 
measurements, the Single Master PS-InSAR 
technique, as implemented in the Stanford Method 
for Persistent Scatterers  (StaMPS) software, 
effectively mitigates these error components through 
a combination of data stacking and error modeling. 
The Single Master approach involves selecting one 
SAR image as the reference (master) and generating 
all interferograms using this master image against 
other images (slaves). Figure 2.6 illustrates an 
example of a star graph of perpendicular baseline 
versus temporal baseline between pairs of images, 
illustrating the selection of a single master image 
(brown dot) and its relative position to multiple slave 
images (blue dots) for interferogram formation. 

 

Figure 2.6 Graph of perpendicular baseline versus 
temporal baseline, illustrating the selection of a single 

master image (brown dot) and its relative position to 
multiple slave images (blue dots) for interferogram 

formation. 
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The workflow in StaMPS is designed to select PSs 
and compute their displacement history by following 
the principles of the PS-InSAR technique. This 
involves several key steps: data collection and 
preprocessing, interferogram formation, PS 
identification, phase model decomposition, phase 
unwrapping, estimating deformation and removing 
other components, time series analysis. Each of 
these steps relies on specific formulations and 
mathematical models  (El Rai and Simonetto 2009; 
Sousa et al. 2010; Bayer et al. 2017).  

 

Initially, the workflow selects PSs by considering a 
constant velocity model for target motion. Pixels are 
selected based on this model, and their phase history 
is analyzed. Only pixels with a history consistent with 
the functional model are included as final PS 
candidates. When using the PS-InSAR technique, the 
initial selection of PSs is based on a specific model or 
assumption about how the ground is deforming. 
Typically, this model assumes a constant velocity of 
deformation over time. If the actual ground 
deformation does not follow this assumed model 
(e.g., if it is non-linear, variable, or follows a different 
pattern), then the technique might not correctly 
identify all the relevant PS. As a result, the method 
might not be able to accurately measure or detect the 
true deformation, limiting its effectiveness and 
applicability in such cases. This can limit the 
application of the technique if the actual deformation  
model deviates from the initial hypothesis (Mancini et 
al. 2021). 

 
In the StaMPS method, the initial selection of PS 

candidates is performed based on amplitude analysis 
(Ferretti et al. 2001; Chen et al. 2022). The statistical 
relationship between amplitude and phase stabilities 
is exploited, using a high value of the amplitude 
dispersion index (𝐷𝐴) as a threshold (Ferretti et al. 
2001; Sousa et al. 2011). 𝐷𝐴 is defined as: 

𝐷𝐴 =
𝜎𝐴

𝜇𝐴
                   (16) 

where 𝜎𝐴 is the standard deviation, and 𝜇𝐴 is the mean 

of a series of amplitude values. StaMPS uses the 
statistical relationship between amplitude stability 
and phase stability to reduce the initial number of 
pixels for phase analysis. In some studies, a threshold 
value of approximately 0.4 is used (Yang et al. 2022), 
however, it is important to note that this threshold is 
not universally applicable and depends on various 
factors, including the environmental conditions. In 
StaMPS, the threshold for candidate Persistent 
Scatterers (PS) is often set higher than in other 
software, such as the Delft PSI processing package 
(DePSI), where a more conservative value around 0.25 
is often used. This is because, in StaMPS, the final 
selection of PS is based on phase analysis, allowing 
for a higher initial threshold.  (Ferretti et al. 2001). 
Studies by Hooper et al. (2007) have shown that using 
a threshold lower than 0.4 results in the selection of 
the largest number of stable PS while also reducing 
the computational effort for phase analysis. 

 
After selecting a subset of pixels as initial 

candidates, the phase stability for each pixel is 
estimated using phase analysis, based on the 
assumption that deformation is spatially correlated 
(Zhang et al. 2015; Ansar et al. 2022). Consequently, 
signals associated with isolated movement of 
individual bright scatterers may be missed and 
considered as noise. The phase observations are 
“wrapped,” meaning only the fractional phase is 
measured, not the integer number of cycles from the 
satellite to the Earth's surface (Crosetto et al. 2016; El 
Kamali et al. 2020). Phase unwrapping resolves the 
ambiguity in phase measurements, which are initially 
wrapped within the interval [−𝜋, +𝜋]. This process is 
essential to reconstruct the true phase signal and 
involves minimizing phase differences between 
neighboring pixels while ensuring consistency. 
Various algorithms exist for phase unwrapping, such 
as the Minimum Cost Flow (MCF) algorithm, which 
seeks to minimize phase discontinuities in a wrapped 
phase map (Eineder et al. 1998).  

 
However, the StaMPS software employs a 
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different approach for phase unwrapping, employed 
specifically for PS-InSAR applications. StaMPS uses a 
technique called 3D phase unwrapping. This method 
is designed to work effectively in the context of PS-
InSAR by employing the phase gradients in 𝑥, 𝑦, and 
time 𝑡 directions (Hooper and Zebker 2007). This 
technique is implemented within a software package 
called Statistical-Cost Network-Flow Algorithm for 
Phase Unwrapping (SNAPHU), which utilizes a 
statistical-cost, network-flow model to determine the 
most probable solution for phase unwrapping (Chen 
and Zebker 2000; 2001; 2002). Some widely used 
InSAR software packages including StaMPS are 
benefiting from this algorithm (Hooper et al. 2012).  

 
SNAPHU is an advanced algorithm designed to 

handle phase unwrapping problems efficiently, 
particularly in the context of interferometric SAR 
applications (Yu et al. 2019). The primary challenge in 
phase unwrapping is to correctly estimate the 
absolute phase values from the wrapped phase data, 
which are inherently modulo-2π ambiguous. SNAPHU 
approaches this by modeling the phase unwrapping 
task as an optimization problem where the goal is to 
minimize a cost function that reflects the likelihood of 
phase discontinuities. Phase observations of 
neighboring PS candidates are processed through a 
band-pass filter, which includes an adaptive phase 
filter and a low-pass filter applied in the frequency 
domain. This method selects the candidates with the 
lowest residual noise (Liu 2013). Each pixel is initially 
weighted by setting the amplitude in all 
interferograms to an estimate of the signal-to-noise 
ratio (SNR) for the pixel, which in the first iteration is 
estimated from DA. The SNR is refined using residuals 
in subsequent iterations. Once the algorithm 
converges on estimates for the phase stability of each 
pixel, those most likely to be PS pixels are selected, 
with a threshold determined by the acceptable 
fraction of false positives. Additionally, pixels that 
appear stable only in a subset of the interferograms or 
those influenced by scatterers in adjacent PS pixels 
may be excluded (Sousa et al. 2011). A phase stability 

indicator, 𝛾𝑥 which is based on temporal coherence 
estimator, is used to assess whether a pixel qualifies 
as a PS: 

 
𝛾𝑥 = 
1

𝑁
|∑ 𝑒𝑥𝑝{𝑗(𝜙𝑖𝑛𝑡,𝑥,𝑖 − 𝜙̅𝑖𝑛𝑡,𝑥,𝑖 − 𝜙̂𝑖𝑛𝑡,𝑥,𝑖)}𝑁

𝑖=1 |                 (17) 

 
where 𝑁 is the number of interferograms, and 𝜙̂𝑖𝑛𝑡,𝑥,𝑖 
is the estimate of the wrapped phase 𝜙𝑖𝑛𝑡,𝑥,𝑖 of the 𝑥-
th pixel in the 𝑖-th flattened and topographically 
corrected interferogram. The root-mean-square 
change in coherence, 𝛾𝑥, is calculated after each 
iteration. When this value ceases to decrease, the 
solution has converged, and the algorithm stops 
iterating. Pixels are then selected based on their 
probability of being PS pixels, considering their 
amplitude dispersion and  𝛾𝑥 (Hooper et al. 2007) 

 
Once the PSs are selected, their phase is 

corrected for spatially uncorrelated look angle (SULA) 
errors using a DEM. If the phase difference between 
neighboring PSs, after SULA correction, is less than 𝜋, 
the phase values can be unwrapped. The primary 
observation in PSI is the double difference between 
master and slave images for nearby PSs (Hanssen 
2004). This double difference, incorporating both 
temporal and spatial differences, requires a reference 
in both time (master image) and space (reference PS 
or area). After phase unwrapping, high-pass filtering in 
time and low-pass filtering in space can be applied to 
mitigate spatially correlated errors such as 
atmospheric and orbital effects. The remaining signal 
represents deformation and spatially uncorrelated 
errors, which can be modeled as noise (Sousa et al. 
2010; 2011). 

 
After the generation of the interferogram stack, PS 

selection, phase unwrapping, and isolating of the 
deformation phase in each interferogram, the 
construction of time series in PS-InSAR is conducted. 
This involves transforming phase information from 
multiple interferograms into a coherent series of 
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displacement measurements over time. A 
mathematical model, often assuming linear or 
seasonal deformation, is fitted to the unwrapped 
phase data to relate the observed phase differences 
to ground displacement over time. This model helps 
to interpolate the displacement at each PS for times 
when no SAR image is available. The unwrapped 
phases from the interferograms are used to solve an 
inverse problem, where the goal is to estimate the 
incremental displacements that occurred between 
each pair of acquisition dates. This involves setting up 
and solving a system of linear equations that describe 
the relationship between phase differences and 
ground displacement:  

 

𝛥𝜙 = 4𝜋 ∙
∆𝑑

𝜆
         (18) 

 
where 𝛥𝜙 is the phase difference, 𝛥𝑑 is the 
displacement, and 𝜆 is the radar wavelength. By 
integrating the incremental displacements over time, 
a cumulative displacement time series is constructed 
for each PS point. This provides a detailed temporal 
profile of ground deformation: 

 
𝑑(𝑡𝑛) = 𝑑(𝑡1) + ∑ Δd(𝑡𝑖, 𝑡𝑖+1)𝑛−1

𝑖=1       (19) 
 

where 𝑑(𝑡𝑛) is the cumulative displacement at 
time 𝑡𝑛, and Δd(𝑡𝑖, 𝑡𝑖+1) is the incremental 
displacement between times 𝑡𝑖  and 𝑡𝑖+1. 

 
By analyzing the time series data, long-term 

trends in ground deformation can be identified. By 
mapping the displacement time series for all PS 
points, spatial patterns of deformation can be 
analyzed. Techniques such as spatial autocorrelation 
(e.g., Moran's I) and clustering (e.g., K-means) can 
help identify areas with similar deformation 
behaviors, indicating underlying geological or 
anthropogenic processes. 

Errors from atmospheric delays and orbital 
inaccuracies are mitigated using models and filtering 
techniques. High-pass filtering in the temporal 

domain removes long-wavelength atmospheric noise, 
while low-pass filtering in the spatial domain reduces 
high-frequency phase noise.  

 
Decomposing the time series into trend, 

seasonal, and residual components can provide 
insights into the nature of the deformation. Methods 
such as Seasonal-Trend decomposition using Loess 
(STL) can separate these components, helping to 
distinguish between consistent trends and periodic 
variations  
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2.2. Hydrogeological Modeling 

 
 
 
 
 
 

 
Hydrogeological modeling is a crucial component 

in understanding subsurface water flow and 
managing groundwater resources effectively. The use 
of 3D hydrogeological models allows for a detailed 
representation of the complex interactions within 
groundwater systems. One of the most widely used 
software tools for this purpose is MODFLOW, 
developed by the U.S. Geological Survey (McDonald 
and Harbaugh 1988). This software, when integrated 
with Groundwater Modeling System (GMS), provides a 
powerful platform for simulating groundwater flow 
and contaminant transport in three dimensions. 

 
In our study on subsidence, MODFLOW plays an 

essential role in accurately modeling the groundwater 
flow, which is a critical factor influencing ground 
deformation. While MODFLOW itself is not used for 
geomechanical modeling, the detailed groundwater 
pressures deduced from groundwater flow 
simulations that it provides are crucial inputs for our 
geomechanical analyses.  

 
By incorporating the variations in groundwater 

levels and pressures simulated by MODFLOW, we 
can more accurately analyze subsidence 
phenomena. This integration enables us to achieve a 
more precise understanding of the swelling and 
consolidation processes. 

 
MODFLOW operates on the principles of 

groundwater flow equations derived from Darcy's law 
and the continuity equation. Darcy's law states that 
the flow rate through a porous medium is proportional 

to the hydraulic gradient and the hydraulic 
conductivity of the medium. Mathematically, this can 
be expressed as: 

 
𝑞 = −𝐾∇ℎ         (20) 

 
where 𝑞 is the specific discharge (m/s), 𝐾 is the 
hydraulic conductivity (m/s) and ∇ℎ is the hydraulic 
gradient (dimensionless). The continuity equation for 
incompressible flow, where the density 𝜌 is constant, 
which ensures mass conservation, is given by:  

 

∇ ∙ q +
𝜕𝑛

𝜕𝑡
= 0                        (21) 

 
where 𝑛 is the storage coefficient (dimensionless), 
and 𝑡 is time. Combining Darcy's law with the 
continuity equation for steady-state flow in three 
dimensions, we obtain:  
 
𝜕

𝜕𝑥
(𝐾𝑥𝑥

𝜕ℎ

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝐾𝑦𝑦

𝜕ℎ

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝐾𝑧𝑧

𝜕ℎ

𝜕𝑧
) + 𝑊 = 0  

    (22) 
 

where 𝐾𝑥𝑥, 𝐾𝑦𝑦, and 𝐾𝑧𝑧  are the hydraulic 
conductivities in the 𝑥, 𝑦, and 𝑧 directions, 
respectively, and 𝑊 is the water flow rate per unit area 
of the geological medium that is injected (𝑊 > 0)or 
withdrawn (𝑊 < 0). All this equation's terms are in 
(m3/m2 m s) or (m/s) showing the volume of flowing 
water per unit cross-sectional area of the porous 
medium, per second.  
 
For transient conditions, where storage changes must 
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be accounted for, combining Darcy's law with the 
continuity equation in three dimensions we obtain:  
 
𝜕

𝜕𝑥
(𝐾𝑥𝑥

𝜕ℎ

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝐾𝑦𝑦

𝜕ℎ

𝜕𝑦
) + (𝐾𝑧𝑧

𝜕ℎ

𝜕𝑧
) + 𝑊 = 𝑆𝑆

𝜕ℎ

𝜕𝑡
  

    (23) 
 
This equation is the development of Equation (22) 
under transient conditions. In Equation (23) all terms 
are in (s-1) expressing the volume of flowing water per 
volume of porous medium per unit of time. In this 
equation 𝑆𝑆 is the specific storage coefficient which is 
the volume of groundwater gained or released per unit 
volume of saturated porous medium and per unit 
change in piezometric head ℎ. 
 

In MODFLOW, these 3D partial differential 
equations are simplified and solved using a quasi-3D 
approach. The model uses a 2D partial differential 
equation that is solved using finite-difference 
methods (Igboekwe MU and Amos-Uhegbu 2011) 
layer per layer. For the 2D horizontal plane, 
considering the Dupuit assumption, the steady-state 
groundwater flow Equation (22) becomes: 

 
𝜕

𝜕𝑥
(𝑇𝑥𝑥

𝜕ℎ

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑇𝑦𝑦

𝜕ℎ

𝜕𝑦
) + 𝑊 = 0      (24) 

 
For transient conditions, the Equation (23) 

becomes: 
 

𝜕

𝜕𝑥
(𝑇𝑥𝑥

𝜕ℎ

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑇𝑦𝑦

𝜕ℎ

𝜕𝑦
) + 𝑊 = 𝑆

𝜕ℎ

𝜕𝑡
       (25) 

 
where 𝑇𝑥𝑥 and 𝑇𝑦𝑦 are the transmissivities in the 𝑥 

and 𝑦 directions, respectively and 𝑆 is the volume of 
groundwater gained or released per unit area of 
saturated porous medium and per unit change in 
piezometric head ℎ. For more details on these 
concepts, readers are referred to (Dassargues 2018).  

 
 In MODFLOW, the model domain is discretized 

into a grid of cells, each representing a portion of the 
aquifer. The hydraulic properties such as hydraulic 

conductivity, specific yield, and specific storage 
coefficient are assigned to each cell based on field 
data or geological interpretations. Boundary 
conditions and initial conditions are specified to 
simulate real-world scenarios (Harbaugh et al. 2000). 

 
GMS enhances MODFLOW by providing a 

graphical user interface that simplifies the 
construction, visualization, and calibration of 
complex 3D groundwater models (Aquaveo 2023). 
GMS supports various pre-processing and post-
processing tools, enabling users to create detailed 
geological models, assign properties, and visualize 
simulation results effectively. 

 
To enhance simulation accuracy in modeling 

subsidence, compressible layers must be finely 
discretized into sublayers, maintaining consistent 
hydrogeological and geomechanical parameters. This 
fine discretization improves the representation of 
water pressure distribution within each layer, which is 
particularly critical for thick, low-permeability layers. 

 
In 3D hydrogeological modeling, the conceptual 

model is critical as it defines the hydrostratigraphy 
and hydrodynamic characteristics of the aquifer 
system. The conceptual model includes information 
on aquifer boundaries, recharge and discharge areas, 
and the interaction between surface water and 
groundwater (Tóth 1970; Anderson et al., 2015). This 
information is used to set up the numerical model in 
MODFLOW, where the model domain is divided into 
layers representing different hydrogeological units. 

 
MODFLOW's capability to simulate various 

hydrogeological processes makes it suitable for a 
wide range of applications, including groundwater 
resource management, contamination assessment, 
and aquifer remediation. The software can simulate 
steady-state and transient flow conditions (Zheng and 
Wang 1999).  
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2.3. Geomechanical Modeling 

 
 
 
 
 
 

 
Pumping or draining groundwater can cause land 

subsidence through settlement. This phenomenon is 
explained by the Terzaghi principle for saturated 
porous media (Terzaghi 1925): 

 
𝜎 = 𝜎′ + 𝑝          (26) 
 
Here 𝜎′ is the effective stress, 𝑝 is the water 

pressure, and 𝜎 is the total stress, all expressed in Pa 
[ML-1T-2]. Effective stress, the 'grain to grain' stress 
within the solid matrix of the medium, drives 
consolidation. When water pressure decreases in a 
saturated geological medium, effective stress 
increases, inducing consolidation (Dassargues 
2018). 

 
In confined conditions, the total stress may often 

be considered unchanged as the pressure decreases 
through the confined layers and is very slow to 
propagate, and the saturation of the upper layers can 
be maintained by recharging from the surface. In 
unconfined conditions, a portion of the effective 
stress decrease is balanced by a possible decrease of 
the total stress by lowering the total saturated column 
(Dassargues 1995; Dassargues 2018). This is 
important to note that land subsidence does not 
necessarily require a partial desaturation of the 
geological formation. Any decrease in pore pressure, 
leading to an increase in effective stress, is sufficient 
to trigger the consolidation process. Consolidation is 
a delayed process due to the slow change in 
groundwater storage, influenced by the 
compressibility of the saturated porous medium 

under transient flow conditions. This geomechanical 
behavior in compressible layers made of clay, peat, 
and loam can be described by elastic, elastoplastic, 
or visco-elastoplastic rheological laws. Over time, the 
viscous component of this process is considered 
'secondary consolidation’ and is often neglected. The 
volume compressibility of a saturated porous 
medium is expressed as: 

 

−
1

𝑉

𝜕𝑉

𝜕𝑡
= 𝛼

𝜕𝜎′

𝜕𝑡
         (27) 

 
Here 𝛼 is the volume compressibility of the porous 

medium [Pa-1]. A decrease in total volume 𝑉 [L3] is 
expected with an increase in effective stress. Volume 
compressibility depends on the value of 𝜎′ and thus 
the pre-consolidation effective stress 𝜎′

𝑚𝑎𝑥. 
 
Land subsidence induced by human activities, 

such as groundwater extraction, is experienced in 
regions with compressible sediments. These layers, 
including recent fluviatile, coastal, estuarine, deltaic, 
and lacustrine sediments (Poland and Davis 1969), 
may be under-consolidated, meaning they are at a 
lower effective stress than expected at their depth in a 
saturated column in equilibrium. 

 
Geomechanical data critical to understanding 

this process include the specific storage coefficient 
𝑆𝑆, which relates to the volumetric compressibility of 
the saturated medium. Oedometer tests, which are 
one-dimensional vertical consolidation lab tests in 
drained conditions, provide compressibility 
assessments. These values depend on the effective 
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stress state and whether it is above or below the pre-
consolidation effective stress 𝜎′

𝑚𝑎𝑥. 
 
A ‘compression constant’ 𝐶 and a ‘swelling 

constant’ 𝐴 can be defined as describing the effective 
stress-strain relationship. These last are defined in a 
linearized ln 𝜎′, relative deformation) diagram, which 
shows the presumed elasto-plastic geomechanical 
behaviour. The 'swelling constant' 𝐴 illustrates the 
reversible elastic behaviour (below the pre-
consolidation effective stress), whereas the 
'compression constant' 𝐶 describes the non-
reversible plastic behaviour (above the pre-
consolidation effective stress) (Figure 2.7).  

 
 

Figure 2.7 Diagram of relative deformation (𝜀𝑉) in 
function of the natural logarithm of effective stress (ln 𝜎′) 

(modified from Dassargues (2018)) 
 
Similarly, in a linearized, (log 𝜎′, void ratio 𝑒) 

diagram, a compression index 𝐶𝐶 and a swelling index 
are depicted 𝐶𝑆 (Figure 2.8). Oedometer tests allow 
us to determine those characteristics as cited in 
various studies (Lambe 1951; Jorgensen 1980; Yoon 
et al. 2011; Dassargues 2018). Considering the 
intrinsic connection between the specific storage 
coefficient and compressibility values, groundwater 
literature often distinguishes the elastic and inelastic 
(plastic) geomechanical behaviours via elastic and 
inelastic specific storage coefficients (𝑆𝑠𝑘𝑒 and 𝑆𝑠𝑘𝑣) 
(Zhuang et al. 2017; Li et al. 2022).  

 

Using the oedometer test results, the elastic 
(𝑆𝑠𝑘𝑒) and inelastic skeletal specific storage (𝑆𝑠𝑘𝑣)  

 

 

 

 

 

Figure 2.8 Diagram of void ratio (𝑒) in function of the 
logarithm of effective stress (𝑙𝑜𝑔 𝜎′) (modified from 

Dassargues (2018)) 
 

coefficients  introduced in the 1D-geomechanical 
model used in this study can be calculated 
(Hoffmann 2003). First, compressibility 𝛼 is 
calculated using the results of oedometer tests in 
terms of geomechanical parameters (𝐴, 𝐶) 
(Dassargues 2018): 
 

{
𝛼 =

1

𝐴.𝜎′          𝜎′ < 𝜎𝑚𝑎𝑥
′  

𝛼 =
1

𝐶.𝜎′          𝜎′ ≥ 𝜎𝑚𝑎𝑥
′

      (28) 

 
 

Alternatively, if the provided geomechanical 
parameters are (𝐶𝐶 , 𝐶𝑆): 

 

{
𝛼 = 0.434 ×

𝐶𝑆

𝜎′          𝜎′ < 𝜎𝑚𝑎𝑥
′  

𝛼 = 0.434 ×
𝐶𝐶

𝜎′          𝜎′ ≥ 𝜎𝑚𝑎𝑥
′

     (29) 

 
Once the compressibility values 𝛼 were obtained, the 
specific storage coefficients can be directly written in 
relation to volume compressibility (Pa-1) [M-1LT2] 
(Dassargues 2018): 
 
𝑆𝑆 = 𝜌𝑔𝛼                                 (30) 
 
where 𝜌 is the density of water and 𝑔 is the 
acceleration due to gravity. Finally, to obtain the 
elastic and inelastic skeletal specific storage 



 

26 

 

coefficients for the geomechanical model used in this 
study, the specific storage values were multiplied by 
the thickness of each layer 𝑏 (Hoffmann et al. 2003): 
 

{
𝑆𝑠𝑘𝑒 = 𝑆𝑆 (𝑒𝑙𝑎𝑠𝑡𝑖𝑐) × 𝑏           𝜎′ < 𝜎𝑚𝑎𝑥

′  

𝑆𝑠𝑘𝑣 = 𝑆𝑆 (𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐) × 𝑏        𝜎′ ≥ 𝜎𝑚𝑎𝑥
′     (31) 

 

where 𝑆𝑠𝑘𝑒 and 𝑆𝑠𝑘𝑣 are the inelastic and elastic 
skeletal specific storage coefficients of each 
sublayer. In the 1D geomechanical model used in this 
study, these parameters are crucial for the vertical 
deformation simulation in each layer. 
 

From the pore pressure and effective stress 
calculated at each time step, a 1D vertical 
geomechanical model simulates deformations 
through these equations: 

 

{
Δb = 𝑆𝑠𝑘𝑒 × Δℎ          ℎ < ℎ𝑚𝑖𝑛 
Δb = 𝑆𝑠𝑘𝑣 × Δℎ          ℎ ≥ ℎ𝑚𝑖𝑛

                   (32) 

 
where ℎ  is the hydraulic head at a given timestep, and 
ℎ𝑚𝑖𝑛 is the preconsolidation head corresponding to 
the maximum preconsolidation stress. 
 

To enhance simulation accuracy in modeling 
subsidence, particularly in this study, compressible 
layers must be finely discretized into sublayers, 
maintaining consistent hydrogeological and 
geomechanical parameters. This fine discretization 
improves the representation of water pressure 
distribution within each layer, which is particularly 
critical for thick, low-permeability layers. Using these 
principles, subsidence simulations in this study can 
more accurately capture the time-dependent 
deformations in hydrogeological materials, reflecting 
both elastic and inelastic characteristics. This 
approach provides a comprehensive theoretical 
background for understanding and predicting land 
subsidence behavior effectively, specifically for the 
purposes of this study.
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3 
Subsidence in Antwerp 
Harbour: PS-InSAR and 
Coupled Hydrogeological-
Geomechanical Modeling  

 This chapter is based on the paper titled, "Challenges in comparing land subsidence measurements by PS-InSAR with 
simulations from coupled hydro-geomechanical modeling: a case study in Antwerp harbour," by A. Choopani, P. Orban, P. Y. 
Declercq, X. Devleeschouwer, and A. Dassargues, which is currently under review at the Hydrogeology Journal. 
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3.1. Abstract 
 

 
 
 
 
 
 
 
 

 Land subsidence is a serious problem, 
especially in rapidly urbanizing areas. Monitoring 
the subsidence velocities and their evolution in 
time is valuable but not sufficient to determine the 
ongoing processes, causes, and contributing 
components. Interferometric Synthetic Aperture 
Radar (InSAR) technology has advanced over the 
last 30 years, enabling better spatial resolution for 
detecting surface deformation. However, to explain 
the geomechanical or hydrogeological causes of 
subsidence, additional tools and approaches are 
necessary. Studies that integrate a variety of 
geodetic observations, Global Navigation Satellite 
System campaigns, and the deployment of 
extensometers in various sublayers along with 
space-based InSAR measurements, provide 
valuable insight into the ongoing consolidation 
processes. Groundwater flow models coupled to 
geomechanical models provide physically 
consistent results of consolidation induced by 
water pressure decrease in pumped or drained 
aquifer-aquitard systems mainly made of loose and 
recent sediments. However, the conceptual 
choices for such consolidation computation may 
vary widely, potentially leading to biased results for 
comparison with measured values. Recent 
investigations have integrated various geodetic 
approaches to detect, quantify, and map the 
effective components of subsidence. A few of them 
address the actual limitations and challenges 
connected to the comparison between  

measurements and results from coupled models. 
In this paper, the most important practical and 
conceptual challenges are described starting from 
InSAR measurements until a valid comparison with 
the simulated values of consolidation. One 
practical case study of local land subsidence in 
Belgium is used as an illustration in a geological 
context of recent loose sediments. 
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3.2. Introduction 
3.2.1. InSAR Technology 
 
Interferometric Synthetic Aperture Radar (InSAR) 

measurements have provided new insights into land 
movement detection. Land subsidence or uplift due 
to pore pressure changes induced by pumping or 
drainage can make up most of these movements. To 
obtain reliable estimations of ground level motion, 
InSAR measurements require appropriate 
processing. InSAR effectively allows estimating land 
surface deformations over time. The displacement 
time series and land surface velocity map in the 
satellite Line Of Sight (LOS) are the two primary 
outputs. While these measurements provide an 
integrated estimation of consolidation occurring 
below the surface, they do not provide information 
about the specific layers affected by the 
consolidation processes. Nevertheless, their 
contribution to understanding ground movement 
remains invaluable. They have revealed cases that 
were previously undetected by other surveying 
techniques (Gambolati and Teatini 2015). InSAR 
generates an interferogram using a pair of complex 
SAR images acquired at two distinct times and from 
slightly differing orbital positions. By analyzing the 
phase difference between these two acquisitions, the 
displacement of the ground surface can be 
determined along the satellite LOS (Massonnet and 
Feigl 1998; Chen et al. 2020). The Global Positioning 
System (GPS) campaigns, subsoil elevation surveys 
using cable or pipe borehole extensometers, and 
leveling are traditional land subsidence assessment  

 
 
 
 
 
 
 
 
 
 
 

 
techniques that can provide data with millimeter- 
scale precision.  However, these methods have 
several limitations. While some can provide 
continuous data, they often do not offer continuous 
spatial coverage. They can be costly and time-
consuming, especially when monitoring large areas. 
While they are invaluable for specific applications 
(e.g., borehole extensometers allow for the detection 
of the consolidation in each individual layer), they 
might not always be the most practical choice for 
broad-scale and continuous monitoring (Zhou et al. 
2019; Li et al. 2022). Multi-Temporal InSAR (MT-
InSAR) technology, due to its extensive geographical 
coverage and higher precision, can detect 
displacements with millimeter-level precision in the 
vertical coordinate (z) (Ghorbani et al. 2022). Under 
optimal conditions, this offers a fine spatial 
resolution down to the meter scale in horizontal 
coordinates (x, y) and millimeter-level precision in the 
vertical coordinate (z) (Peng et al. 2022). This higher 
precision in the vertical dimension makes MT-InSAR 
particularly valuable for monitoring small ground 
movements over time, compensating for the typical 
centimeter-level precision in conventional InSAR by 
using multiple temporal acquisitions to enhance 
measurement accuracy.  This is one of the most cost-
effective methods for assessing ground surface 
displacement over large areas. Due to the link 
between water pressure in the geological layers and 
consolidation processes, InSAR has recently been 
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employed as a basic dataset for the estimation of 
aquifer storage characteristics through inverse 
groundwater modeling (Chaussard et al. 2014; Miller 
and Shirzaei 2015; Miller et al. 2017; Motagh et al. 
2017; Jiang et al. 2018; Gualandi and Liu 2021). Multi-
temporal InSAR methods, including Persistent 
Scatterer Interferometric Synthetic Aperture Radar 
(PS-InSAR) (Ferretti et al. 2000; 2001) and the Small 
Baseline Subset (SBAS) technique (Berardino et al. 
2002), are among the predominant categories of 
InSAR techniques. They are primarily employed to 
mitigate the effects of atmospheric distortions and 
topographic inaccuracies creating artifacts (Chen et 
al. 2021). Compared to PS-InSAR, the SBAS approach 
is more suitable for detecting displacement in areas 
with less stable or coherent reflectors, such as rural 
environments. However, the accuracy is primarily 
influenced by the characteristics of the Earth's 
surface, which can be compromised in vegetated 
regions with high temporal decorrelation (Xu et al. 
2021). In highly vegetated regions or areas with 
significant surface changes, the temporal 
decorrelation can lead to challenges in phase 
unwrapping.  Conversely, PS-InSAR identifies pixels 
exhibiting consistent and permanent scattering 
behavior over time. This enables the mapping of 
displacement patterns and quantifies surface motion 
over extended periods, thereby addressing the 
limitations of the conventional InSAR approach 
(Ferretti et al. 2000; 2001; 2007; Fiorentini et al. 
2020). While the PS-InSAR technique is frequently 
regarded as optimal for estimating land surface 
movement in urban regions, the comparison of these 
estimations with results simulated by process-based 
geomechanical models coupled to hydrogeological 
models brings distinct challenges, as detailed in this 
paper. 

 
3.2. 2. Subsidence Due to Groundwater Pumping 

or Drainage  
 
Pumping or draining groundwater can lead to 

settlement, which in turn may result in land 

subsidence. This phenomenon has been recognized 
for many years and can be explained by using the 
concept of the Terzaghi principle, formulated in 1925 
(Terzaghi, 1925) for saturated porous media:  

 
𝜎 = 𝜎′ + 𝑝                         ( 33 ) 
 
where 𝜎′ is the effective stress, 𝑝 is the water 
pressure, and σ is the total stress, all expressed in Pa 
[ML-1T-2]. Effective stress is defined as the 'grain to 
grain' stress or the stress occurring within the solid 
matrix of the saturated medium. 
 

Any increase in this effective stress is thus 
considered as the driver of consolidation. A decrease 
in water pressure in a saturated geological medium 
induces an increase in effective stress in both 
confined and unconfined conditions (Dassargues 
2018). In confined conditions, the total stress may be 
considered unchanged as the pressure decrease 
through the confining layers is very slow to propagate, 
and the saturation of the upper layers can be 
maintained by the recharge from the surface. In 
unconfined conditions, a portion of the effective 
stress decrease is balanced by a possible decrease 
of the total stress by lowering the total saturated 
column (Dassargues 1995; Dassargues 2018).  

 
This is important to note that land subsidence 

does not necessarily require a partial desaturation of 
the geological formation. Any decrease in pore 
pressure, leading to an increase in effective stress, is 
sufficient to trigger the consolidation process. 

 
Consolidation can be a delayed compaction 

process due to the slow change of groundwater 
storage caused by the compressibility of the 
saturated porous medium under the transient flow 
and drained conditions. This geomechanical 
behavior occurring in the most compressible layers 
as clayey, peaty, and loamy loose sediments, can 
most often be described by elastic, elastoplastic, or 
visco-elastoplastic rheological laws. The viscous 
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component, delayed in time, can also be invoked in 
the long term and considered as a ‘secondary 

consolidation’. 

The volume compressibility of a saturated porous 
medium is expressed by: 
 

−
1

𝑉

𝜕𝑉

𝜕𝑡
= 𝛼

∂𝜎′

𝜕𝑡
                           ( 43 ) 

 
where 𝛼 is the volume compressibility of the porous 
medium [Pa-1], the negative sign is justified as a 
decrease of total volume V [L3] is expected for an 
increase in effective stress. An important observation 
is that volume compressibility is not constant but 
depends on the value of 𝜎′ and thus also on the pre-
consolidation effective stress 𝜎′𝑚𝑎𝑥 (i.e., the highest 
effective stress value previously applied to the 
considered porous medium). 

 
Land subsidence induced by anthropogenic 

changes in groundwater conditions can be local or 
regional. The subsiding regions most often 
correspond to areas where compressible loose 
sediments are present. Compressible layers are 
made of recent fluviatile, coastal, estuarine, deltaic, 
and lacustrine sediments (Poland and Davis 1969). 
Under certain sedimentological circumstances, they 
can even be under-consolidated (i.e., at a lower 
effective stress than the expected one at the 
considered depth in a saturated column in 
equilibrium). 
 

3.2. 3. Land Subsidence in Antwerp 
 
This part of the study focuses on the land 

subsidence estimated, around Antwerp city, the 
second  largest city in Belgium. Surface 
displacements in this area have been detected and 
mapped since the 1990s. This monitoring was 
achieved by employing the PS-InSAR space-based 
technique on ERS1/2, ENVISAT ASAR, and Sentinel-
1A radar data (Declercq et al. 2021; Choopani et al. 

2023). As a result, land subsidence measurements 
are available for this site during the periods between 
1992–2001, 2003–2010, and 2016–2023. For this 
study, high-resolution TerraSAR-X data from 2019-
2022 were also used. PS-InSAR provides insights into 
both the spatial extent and magnitude of surface 
deformation. Displacement magnitudes are 
presented as LOS velocity over specific observation 
periods and displacement time series. A global 
hydrogeological map (Figure 3.1) across Belgium and 
the neighbouring countries is provided. 

 

Located on both riversides of the Scheldt, within 
Antwerp city limits, the harbour has seen progressive 
development. The elevation in the Scheldt polders 
varies from 0.5 to 5 m relative to Belgium reference 
altitude (Declercq et al. 2021). The region lies on low-
lying polders in the upper reaches of the Sea Scheldt 
estuary (Figure 3.2).  

 
Despite no significant groundwater extraction 

recorded in the area, subsidence spanning the entire 
Antwerp region has been observed since 1992 using 
PS-InSAR. The subsidence rates in the Antwerp city 
center differ from those in the harbour installations. 
In the habour area, land subsidence can be driven by 
different processes than groundwater pumping, such 
as the natural and over-consolidation of Holocene 
estuarine sediments due to backfill overload (8 m 
thick embankments) along the harbour docks, and 
the saturated-unsaturated consolidation of backfill 
materials (Figure 3.2). 

 

To ensures a focused analysis of the subsidence 
due to changes in water pressure in the aquifers and 
aquitards while excluding the effects of compaction 
of the embankment, it was decided to choose a study 
area deliberately positioned outside the 
embankment limits. 
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To understand potential consolidation processes 
in the most compressible strata (Paleocene and 
Eocene) arising from pore pressure decreases in 
various Cenozoic aquifers (Figure 3.3), a 3D 
groundwater flow model coupled to a 1D-
geomechanical model has been developed. This 3D 
groundwater flow model covers an area of 1.1 Km² 
and includes nine layers of loose sediments (Figure 
3.3) The study area comprises nine main 
hydrogeological units up to a depth of 225 meters. 
These include four aquifers, four aquitards, and the 
uppermost layer, composed of mixed sand and clay.  
The uppermost layer (Layer 1) is the Quaternary 
Layer, including Polder deposits, characterized by 
mixed sand and clay. Below this (Layer 2) is the 
Pleistocene and Pliocene Aquifer System, which 

actually forms part of the broader Miocene aquifer 
and consists primarily of sandy deposits. Layer 3 is 
Boom Aquitard, composed of clay, which acts as a 
confining unit. Layer 4 is the Ruisbroek-Berg Aquifer, 
also known as the Upper Oligocene Aquifer, featuring 
sandy materials.  

 
Layer 5 is the Tongeren Aquitard, another 

significant confining layer rich in clay. Layer 6 is the 
Lower Oligocene Aquifer, composed of sandy 
sediments. Layer 7 is the Bartoon Aquitard System, 
characterized by its clay composition. Layer 8 is the 
Ledo-Paniselian-Brusselian Aquifer System, 
consisting of mixed sand and clay. Finally, Layer 9 is 
the Paniselian Aquitard System, the deepest unit, 
mainly composed of clay.

Figure 3.1 Global hydrogeological map. Data from the International Hydrogeological Map of 
Europe at a scale of 1:1,500,000 (IHME1500) (BGR and UNESCO, 2013) 
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Figure 3.2 Location map of Antwerp region in Belgium. The location of the cross-section AA’ (Figure 3.3) is highlighted 
(with a dashed black line) on the map. (The border of the Anthropogenic layer is from the Geological 3D model (v3.1))

Figure 3.3 Simplified hydrogeological cross-section AA’ (as drawn in Figure 3.2) showing in depth the interlayering 
between compressible clayey aquitards and sandy aquifers. Elevation values are given in m and above the Belgian 

reference level. The numbers shown on each layer represent the corresponding layer number in the model. This cross-
section is based on an interpretation of data from the Geological 3D model (v3.1) and the Hydrogeological 3D model 

(v2.1) available on (DOV 2024).
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In the subsequent section, we review the various 
methods and models employed for calculating land 
subsidence. The third section highlights challenges 
arising from the limited availability of hydrogeological 
and geomechanical data, using the case of Antwerp 
as an illustration. The issues related to the temporal 
gap between the periods of availability of stress 

factors data and the time series of subsidence 
estimated by PS-InSAR are also discussed. The fourth 
section delves into the needed simplifying 
assumptions that can impact the comparison 
between displacements detected by PS-InSAR with 
those simulated by the 1D-geomechanical model 
coupled to the groundwater flow model.
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3.3. Land Subsidence Modeling 
 

 
 
 
 
 
 
 

The phenomenon of land subsidence has been 
observed for centuries. Initially, occurrences were 
primarily attributed to natural causes such as 
tectonic activities, karstification, and the natural 
compaction of sedimentary basins (Heiken et al. 
2013). By the late 19th and early 20th centuries, 
human activities, such as mining, gas or oil 
exploitation, and groundwater pumpings, introduced 
a new set of challenges (Reddish and Whittaker 
2012). Coal extraction from underground mines, for 
instance, created voids that led to ground collapses 
(Forster 2000). In the 20th century, with growing 
urban centers and agricultural expansion, 
groundwater extraction became one of the primary 
causes of land subsidence. Extensive extraction from 
aquifers often resulted in a reduction of pore 
pressure, leading to the compaction of granular 
layers and subsidence at the surface (Poland and 
Davis 1969). 

 
 Some of the most notable cases of subsidence 

from groundwater extraction include the San Joaquin 
Valley in California and Mexico City (Galloway et al. 
1999; Galloway and Riley 1999; Strozzi and 
Wegmuller 1999). Other significant global instances 
of subsidence have been recorded in locations 
(among many others) such as Bangkok (Phien-wej et 
al. 2006); Venice (Gambolati et al. 1974; Tosi et al. 
2009; Zanchettin et al. 2021); Tokyo (Sato et al. 2006); 
Shanghai (Dassargues et al. 1993; Dong et al. 2014); 
Jakarta (Abidin et al., 2011); and Tehran (Tavakkoli 

Estahbanati and Dehghani, 2018). 
 

These geohazards not only may impact 
infrastructures but also reduce the aquifer storage 
capacity, leading to a vicious cycle of further 
extraction and subsidence (Famiglietti, 2014). 

 
The oil and gas industry are also confronted with 

significant subsidence issues due to hydrocarbon 
extraction. This is induced by reservoir and 
overburden layers compaction and subsequent 
surface subsidence (Geertsma, 1973; Ferretti 2014; 
Thienen-Visser et al. 2015). Predictive models are 
needed to possibly anticipate these changes, 
especially in coastal flat regions where land 
subsidence exacerbates flood risks (Wdowinski et al. 
2016). 

 
Initial efforts to model subsidence were largely 

empirical, particularly for groundwater-induced 
subsidence (Holzer and Bluntzer 1984). These 
models often drew correlations between water 
extraction volumes and observed land subsidence. 
Subsequently, models began to incorporate 
theoretical and mechanistic elements, integrating 
soil mechanics and hydrogelogy principles to 
simulate aquifer system compaction,and their 
results were compared with observed land 
subsidence. These models have been implemented, 
for example, in Pixley, California (Helm 1976); 
different areas in the United States (Gabrysch and 
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Bonnet 1975; Holzer and Galloway 2005); and in Iran 
(Motagh et al. 2007). Statistical and semi-empirical 
methods including regression analysis (Allen 1973; 
Duncan and Chang 1970; Poulos et al. 2001) and 
’black box’ models (Phoon and Tang) were also 
developed. While regression analysis requires large 
datasets to establish these relationships between 

land subsidence and withdrawal volume, the ’black 
box’ method can work with limited data concerning 
the hydraulic and geomechanical properties of the 
layers. However, they offer lower reliability, especially 
if they are used for prediction with stresses that are 
out of the calibration range (Wang et al. 2019).  

 
While empirical models provided initial insights 

into subsidence, they were constrained by 
encompassed assumptions of spatial-temporal 
uniformity, linear behaviour, a lack of mechanistic 
understanding, and a narrow focus on single 
variables, although a few did touch upon nonlinear 
behaviour with clear limitations (Burbey 2002; 
Domenico and Schwartz 1997; Galloway and Burbey 
2011; Wang et al. 2019).  

 
Building on a process-based approach, Terzaghi 

introduced his one-dimensional consolidation theory 
in 1925, bringing into focus the time-dependent 
settlement of saturated soils under load (Terzaghi 
1925; Jaeger et al. 2009). This conceptual model 
linking the effective stress to the water pore pressure 
in saturated, compressible soils allows to couple 
groundwater flow calculation to geomechanical 
behaviour laws. The groundwater flow equation, 
considering Darcy law and the conservation of 
groundwater mass, can be coupled to 1D 
geomechanical laws to predict time-dependent 
compaction of clays (Terzaghi 1943; Hubbert 1957). 
While limitations are lying in simplicity and 1D 
dimensionality, this provided the first robust 
mathematical framework for understanding 
subsurface behaviour. Subsequent models focused 
on consolidation and subsidence phenomena, 
drawing from this work (Poland and Davis 1969). 
Following Terzaghi's work, Biot introduced a more 
encompassing poro-elastic theory in 1941, which 
considered the interaction between the soil skeleton 
deformation and the pore fluid movement in multiple 
dimensions (Biot 1941). The formulated differential 
equations combined considerations from both 

equilibrium and fluid dynamics. These first 
generations of mathematical equations offered a 
deeper understanding of the intricate deformation 
processes, fluid migration, and the distribution of 
stress within underground formations (Detournay 
and Cheng 1993). Over time, the importance of 
modeling the irreversible, or plastic, behavior 
became evident. This led to the incorporation of 
elasto-plastic formulations including compressibility 
coefficients that depend on the stress state and 
stress history (Wood 1990). In that framework, the 
Cam-Clay model emerged as a significant 
elastoplastic model for clays, providing insights into 
both consolidation and yield mechanisms (Schofield 
and Wroth 1968). More intricate models such as the 
Modified Cam-Clay for over-consolidated clays and 
the Hardening Soil Model for modeling stress-
dependent stiffness and plastic behavior in soils were 
developed (Roscoe and Burland 1968; Schanz 1998; 
Schanz et al. 1999). All those models keep the 
essence of Cam-Clay family models where the 
elastic and plastic deformation upon consolidation 
process is separated by the vertical preconsolidation 
stress of the materials that correspond to the yielding 
limit upon 1D compression Viscoelastic models also 
emerged, blending theory and empirical observations 
to merge both elastic and viscous behaviours (Findley 
et al. 2013). Creep models capturing the time-
dependent deformations experienced by saturated 
soils under constant effective stress loading 
(Yasuhara et al. 1988; Mitchell and Soga 2005), can 
simulate substantial subsidence (Seed 1965), 
emphasizing the importance of these models in 
geotechnical engineering. 

 
In one-dimensional flow and consolidation 
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modeling, lateral strains and drainage are typically 
disregarded, implying that the movement of fluid and 
associated deformations are assumed to occur 
predominantly in the vertical direction (Davis and 
Raymond 1965; Schiffman and Stein 1970; Yun 2002; 
Radhika et al. 2020). Semi-3D models, simulate 
horizontal groundwater flow in aquifers and vertical 
flow in aquitards, employing Terzaghi's 1D 
consolidation theory for soil deformation (Hu et al. 
2004; Xu et al. 2008; Shen and Xu 2011). In the three-
dimensional (3D) flow coupled with one-dimensional 
(1D) consolidation model, groundwater movement is 
computed in 3D, while compaction is calculated 
exclusively in the vertical direction (Gambolati and 
Freeze 1973; Shen et al. 2006; Shi et al. 2006; Xu et 
al. 2008). Finally, while Biot’s 3D consolidation theory 
provides an all-encompassing representation of 
seepage, stress changes, and soil deformation, its 
extensive resource and data requirements limit its 
widespread application (Gambolati and Freeze 1973; 
Sukirman and Lewis 1994).  

 
Given the complexity of the land subsidence 

processes, the shortcomings of analytical solutions 
became increasingly evident (Lewis and Schrefler 
1987). Numerical methods, based on the Finite 
Difference Methods (FDM) and the Finite Element 
Methods (FEM) (Zienkiewicz and Taylor 1989) were 
used. Other techniques like the Boundary Element 
Method (BEM) (Mirsalari et al. 2017), meshfree or 
meshless methods (Khoshghalb and Khalili 2010), 
Lattice Boltzmann Method (LBM) (Kim et al. 2019), 
and Discontinuous Galerkin methods (Chen et al. 
2013) can also address the complex geomechanical 
issues (Galloway and Burbey 2011). 

 
Land subsidence prediction is chiefly based on 

two coupled models that simultaneously examine 
groundwater flow and consolidation (Gambolati and 
Freeze 1973), requiring the development of advanced 
simulation software (Reddish and Whittaker 2012; 
Guzy and Malinowska 2020). COMPAC used an FDM 
method for pioneering the modeling of 1D 

consolidation in compacting aquifer systems (Helm 
1986) considering vertical stresses in aquitards. This 
software was the first to allow simulation of 
recoverable and non-recoverable consolidations 
(Helm 1976). The IBS1 tool, combined with 
MODFLOW for 3D regional groundwater flow, 
simulated subsidence in ‘interbeds’ layers (Prudic 
1989), which are the compressible layers between 
high permeable aquifers. Despite the unrealistic 
assumption of an instant aquifer head propagation in 
the compressible and low permeability layers, 
hydrogeologists have used IBS1 extensively 
(Mahmoudpour et al. 2016). For thick aquitard layers, 
this IBS1 assumption becomes highly unrealistic. The 
SUB Package proposed with MODFLOW enabled to 
simulate time-dependent decrease in pressure 
propagation and compaction in thick, low-
permeability units (Hoffmann et al. 2003). Earlier 
codes used also an approach with a single equivalent 
layer rather than distinct ones, preventing from 
offering individual subsidence results for each layer 
(Jafari et al. 2016; Choopani et al. 2019). The SUB-WT 
package for MODFLOW offers the possibility of a total 
stress variation (Leake and Galloway 2007; Leake and 
Galloway 2010). However, in most of these 
groundwater-dependent geomechanical models, 
constant elastic and inelastic compressibility 
coefficients are assumed constant, which does not fit 
with the reality (Dassargues 1996) as the 
compressibility is dependent on the reached effective 
stress influenced by the induced groundwater 
drawdown (Guzy and Malinowska 2020). Beyond 
these mentioned codes, specific advanced modeling 
solutions were also developed by different research 
teams for a detailed and reliable simulation of land 
subsidence (Brinkgreve and Vermeer 1999; 
Calderhead et al. 2011; Hu et al. 2013; Pham et al. 
2019; 2020). For example, among the first ones, 
Dassargues et al. (1993) developed a 3D FEM model 
for simulating transient groundwater pressure 
conditions in the area of Shanghai. This model was 
coupled to 30 vertical 1D flow-compaction 
geomechanical FEM models where pore pressure 
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conditions on the boundaries of the aquifer layers 
were actualized at each time step from the 3D model. 
Specifically, this approach allowed to have a very fine 
discretization of the clay layers. This also allowed to 
take the hydraulic conductivity and specific storage 
variations (in function of the stress-state) into 
account (Dassargues 1995). 

 
More recently, the implementation of Artificial 

Intelligence (AI) and Machine Learning (ML) in 
geomechanical modeling is evolving, bringing 
improved simulation efficiency and predictive 
capabilities (Baghbani et al. 2022; Zhang et al. 2023). 
In subsidence prediction and mapping, various AI 
methodologies have been adopted, including 
Artificial Neural Networks (ANN) (Zhao and Chen 
2011; Yang and Xia 2013; Rafiee et al. 2022), Adaptive 
Neuro-Fuzzy Inference Systems (ANFIS) (Jang 1993; 
Park et al. 2012; Faryabi 2023), and Support Vector 
Machines (SVM) (Lee et al. 2018; Mehrnoor et al. 
2023; Rajabi et al. 2023). Additionally, various other 
methodologies, such as adaptive neuro-fuzzy 
inference system–genetic algorithm (ANFIS–GA) 
(Wen et al. 2022), Random Forest (RF) (Ebrahimy et 
al. 2020), and Bayesian Logistic Regression (BLR) 
(Tien Bui et al. 2018), have found applications in 
mapping susceptibility to land subsidence (Eghrari et 
al. 2023). However, despite their potential, AI and ML 
are not without limitations. Since these models are 
largely data-driven, but not physically- or process-
based, they rely on the quality and quantity of 
available data (Bejani and Ghatee 2021). Without 
sufficient or reliable data, AI and ML models may 
produce skewed or over-fitted results (Ray 2019). 
Hence, the traditional understanding and 
interpretability provided by classic groundwater flow 
coupled to geomechanical models remain essential. 

  
The understanding of land subsidence has 

deepened immensely, from basic observations to 
advanced computational and predictive models. 
Initially attributed to only natural processes, 
significant human-induced contributors, especially 

groundwater extraction, have been identified, 
explained, and simulated in recent times (Liu et al. 
2024; Wang et al. 2024). The advancements, favored 
by computational innovations, have been very useful 
in forecasting, understanding, and managing 
subsidence, especially in regions vulnerable to 
multiple subsidence drivers. Yet, challenges persist, 
especially in defining detailed geological layers 
properties and their behavior under varied pore 
pressure and thus effective stress conditions.
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3.4. Challenges in Measurements 
& Data 
3.4.1. Data Overview 
3.4.1.1. Land Subsidence Measurements 

 
 

 
 
 
 
 
 
 
 
 

Land surface deformation can be measured and 
mapped using different geodetic techniques 
(Galloway et l. 1999; Galloway and Burbey 2011). 
Among the traditional methods of displacement 
assessment, differential leveling can be accurate and 
cost-effective for local scale surveys. However, 
establishing high-quality observations from first-
order precision in leveling is time-consuming, labor-
intensive, and overpriced on a regional scale (Qin et 
al. 2018). Extensometers are used to measure 
displacements in deeper strata, allowing to 
determine the compaction of individual consolidating 
layers. They offer crucial data on the deformation rate 
and magnitude (Gabrysch and Coplin 1990; Galloway 
and Burbey 2011).  

 
Differential Light Detection And Ranging (Dif-

LiDAR) is another method for displacement 
monitoring at the local-scale. LiDAR data is costly 
due to its high-resolution hardware requirements, 
demanding direct physical access to the target area, 
complex data processing for converting point clouds 
into meaningful 3D models, and dealing with large 
data volumes (Challis et al. 2008; Liu 2008). LiDAR 
estimates typically have standard deviations in the 
order of 5 cm or less (Streutker and Glenn 2006), 
making them less suitable for regions with millimeter 
deformations (Zheng et al. 2022). The Global  

Navigation Satellite System (GNSS) offers high 
temporal resolution observations and  
determines an absolute position by harnessing 
signals from at least four Earth-orbiting satellites. This 
allows for millimeter-level precision in a three-
dimensional plane (Langley et al. 2017; Hu et al. 
2019; Del Soldato et al. 2021). However, at a regional 
scale, GNSS surveys are limited by their point-based 
measurements and thus limited large-scale 
coverage. The use of GNSS campaigns also comes 
with significant workloads, elevated costs, and the 
difficulty of maintaining observation sites over 
extended durations (Hongdong et al. 2011). 
 

These drawbacks are addressed by PS-InSAR 
techniques, which also mitigate the limitations of the 
conventional InSAR method (Ferretti 2000; 2001; 
2007; Fiorentini et al. 202). Yet, even with PS-InSAR, 
the deformation pattern might not be accurately 
delineated if the spatial density of the Persistent 
Scatterers (PS) is lacking (Dehghani et al. 2013). 
Moreover, highly localized displacement 
assessments are constrained by the spatial 
resolution of C-band SAR data sets, which can 
reduce the ability to detect and map smaller-scale 
deformations (Khan et al. 2022). On the contrary, 
high-resolution SAR imagery from X-band satellites 
can provide 
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tremendous data points covering an area with 
sufficient data control on the ground to precisely map 
land subsidence phenomena, but the drawback is 
the cost and the availability of the X-band SAR images 
on a specific target area. Concerning the example 
located in Belgium as mentioned previously, the 

overall displacement between 2001–2015 was 
assessed using two LiDAR campaigns over Flanders 
(Werbrouck et al. 2011; Meylemans 2017). However, 
achieving a sub-centimeter confidence interval 
remains challenging for the detection of the Antwerp 
subsidence with the order of a few millimeters a year. 

The Belgian GNSS network includes 33 permanent 
GNSS reference stations corresponding to the 
Flemish RTK-network (FLEPOS) along with the 
WALCORS (Walloon Region) and GPSBru (Brussels 
Region) (Deruyter et al. 2022). Of these 33 stations, 

BEZA is situated in Antwerp harbour, while ANTW and 
ATWR are located in the suburban area close to the 
Antwerp city center (Figure 3.4a) (Digitaal Vlaanderen 
2023). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.4 a Isolines of the cumulative deformations (in mm) from leveling surveys conducted by Pissart and Lambot 
(1989) during the period 1946–1980, overlaid on a historical map of the Antwerp region from 1946 (Esri Netherlands 

2015), GNSS stations, referenced inside the Flemish FLEPOS network (Digitaal Vlaanderen 2023), are highlighted; b time 
series showing measured vertical deformation at these GNSS points. 
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These stations were deployed in 2003 (ANTW), 
2010 (BEZA), and 2018 (ATWR, replacing the previous 
ANTW station). These stations have monitored 
surface elevation and have shown an average velocity 
of -0.55, -2.13-, and -1.65±0.49 mm/year over the 
periods of 2003–2018, 2010–present, and 2018–
present respectively (Figure 3.4b). Historically, a 
classical national leveling was conducted twice in 
Belgium: first from 1946–1948, and again from 1976–
1980 (Pissart and Lambot 1989). The most 
pronounced displacement measured between 1946–
1980 is illustrated by the isoline of -20 mm, which 
passes through the Antwerp harbour (Figure 3.4a).  

 
The most recent deformation measurements in 

Antwerp were obtained using the Stanford Method for 
PSs (StaMPS) time series analysis software (Hooper 
et al. 2007; Hooper 2008). StaMPS integrates the 

principles of PS-InSAR into its methodology. The 
spatial variability and temporal evolution of 
displacement in the region were determined using 
data from the ERS (1992–2001) (Figure 3.5a), Envisat 
(2003–2010) (Figure 3.5b), and Sentinel-1A (2016–
2020) satellites (Declercq et al. 2021). For this 
research, the Sentinel-1A data was extended to cover 
up to 2023 (Figure 3.5c). Additionally, TerraSAR-X 
data from 2019–2022, processed using the SARPROZ 
software (Perissin et al. 2011), were also used to 
complement the analysis. For this study, only the 
time series of deformation from TerraSAR-X data 
during 2019-2022 was used to compare with the 
results of deformation from the geomechanical 
model. Annual average velocity map along LOS from 
TerraSAR-X data are not depicted in Figure 3.5 and 
will be detailed in a separate study.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.5 Annual average velocity map along LOS observed by: a ERS (1992–2001); b ENVISAT (2003–2010) data from 
(Declercq et al. 2021); and c Sentinel (2016-2023) radar data.  The location of the reference point in the Envisat and 

Sentinel processing is shown with the black circle in b and c. 
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For each satellite operational duration, an InSAR 
time-series data stack for Antwerp was processed to 
offer a reliable displacement time series spanning 
1992–2023. In the central region of the Antwerp 
harbour, measurements integrated over specific 
periods provided estimations of land subsidence. For 
the intervals 1992–2001, 2003–2010, and 2016–
2023, the highest estimated average subsidence 
located approximately in the middle of the harbour 
was -4.4 mm, -4.1 mm, and -7.4 mm +/- 0.49 mm, 
respectively along LOS. The highest rate is reported to 
focus on the areas experiencing the most significant 

deformation over each mission. In Figure 3.6, the time 
series of these points are illustrated. The key 
parameters presented in the figure include the R-
squared (R²) value indicating the goodness of fit for 
the linear regression model, the standard error, the 
standard deviation and the p-value of the time series. 
The p-value is provided to demonstrate the statistical 
significance of the trend, with lower values indicating 
a stronger confidence in the observed subsidence 
pattern. Together, these parameters help to evaluate 
the reliability and robustness of the subsidence 
estimates for each period. 
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Figure 3.6 Time series of the PS points with the highest subsidence rates in the middle of the Antwerp harbour for the 
periods 1992–2001, 2003–2010, and 2016–2023. 

 
The displacement rates and their associated 

uncertainties are well-supported by statistical 
parameters. The R² values for the ERS (0.94), Envisat 
(0.92), and Sentinel (0.88) data indicate that the linear 
models fit the time-series data with high accuracy, 
capturing between 88% and 94% of the variance. The 
small p-values (0.0 for all missions) further confirm 
that the observed trends are statistically significant, 
implying that the linear model is a valid representation 
of subsidence over time. For the ERS data, the 
standard error (SE) of the estimated subsidence rate 
was 0.16 mm/year, for Envisat it was 0.23 mm/year, 
and for Sentinel, the SE was 0.22 mm/year. These 
values reflect the uncertainty in the linear trend 
estimation and indicate that the subsidence rates 
reported for each mission are reasonably precise 
within their respective confidence intervals. The 
standard deviation values (12.87 mm for ERS, 19.03 
mm for Envisat, and 20.43 mm for Sentinel) are a 
combination of the noise in the observations and the 
non-linear component of the displacement 
mechanism. This indicates that while the linear model 
captures the overall trend well, subsidence behavior 
may exhibit short-term variations within each dataset. 

 
 The city center of Antwerp, situated on the 

eastern bank of the Scheldt River, exhibited relative 
stability with average displacement rates of 0.2 
mm/year during 1992–2001, -0.1 mm/year during 
2003–2010, and 0.2 mm/year during 2016–2023.  
These reported values are relative to a reference point 
in the PS-InSAR processing framework. The reference 
point is critical for calculating relative displacements, 
as PS-InSAR measures the change in distance 
between a satellite and the Earth’s surface, rather 
than absolute motion. For each time-series stack, 
displacements are measured with respect to the 
unique reference point, whose absolute motion 
cannot be known, only postulated. The ERS data were 
processed over a broader region that extends beyond 
the Antwerp area (Declercq et al. 2021), and the 
reference point used for this analysis is located at 
4.54° E, 50.93° N. This reference point is not within the 
Antwerp region but is positioned roughly at the 
centroid of the triangle formed by the cities of Leuven, 
Mechelen, and Brussels. For the Sentinel and Envisat 
stacks, the reference point was chosen on the eastern 
side of Antwerp city, outside the city's ring. For the 
Sentinel and Envisat stacks, the reference point was 
chosen on the eastern side of Antwerp city, outside 
the city's ring (Figure 3.5. b and c). Geologically, this 
location was selected due to the sedimentary layers 
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beneath that region, which consist of aeolian sands 
and silts from the late Pleistocene (Gent Formation). 
These sediments are significantly old and 
consolidated. The consolidation of these layers over 
thousands of years supports the assumption that this 
area is currently relatively stable, making it a 
reasonable choice as the reference point. Yet, this 
choice is necessarily ‘assumptions-based’, and may 
(i) not be correct (e.g. due to deep dynamic processes 
or due to autonomous motion of the scatterers), and 
(ii) not be identical between different sensors and 
time-series. The consequence is that reported 
absolute displacement rates (or changes in absolute 
displacement rates between sensors) of less than, 
say, 0.8 mm/y, need to be considered as not 
significant, and that geophysical interpretation of 
such small rates should be avoided. Additionally, the 
reference point was averaged from a cluster of values 
within a 30-meter radius of the point indicated in 
Figures 3.5, b, and c, ensuring a robust reference 
point. Since the noise of the reference PSs propagates 
to the time series of each PS point, interpretation of 
the time series becomes more reliable when a 
reference point is chosen with limited scattering 
noise, i.e., the most coherent PSs (Van Leijen 2014). 
This is the second reason that the reference point is 
chosen in the reason that many human-made 
structures act as high-coherence PSs. The TerraSAR-
X data also used the same reference point as Envisat 
and Sentinel, though its results are not shown here as 
they will be discussed in a separate study. 

 
The reference point plays a crucial role in InSAR 

time-series analysis, as all displacement 
measurements are calculated relative to it. If the 
reference point in the one stack were moving 
downward by 0.5 mm/year while we assume it is 

stable (0.0 mm/year), this would introduce a 
systematic error in the displacement measurements. 
Specifically, all measurements would indicate less 
subsidence than what is actually occurring by 0.5 
mm/year. In other words, the displacement values 
across the study area would be underestimated by 
that amount. This could lead to an incorrect 
interpretation of the deformation patterns, especially 
over long time periods, where the cumulative error 
becomes more significant. The approach to mitigate 
potential systematic errors introduced by the 
reference point in displacement measurements is 
discussed in Chapter 5. 

 
In the case of the Antwerp subsidence, which is 

mainly driven by the compaction of sediments 
beneath the harbour and potentially due to 
groundwater extraction, horizontal displacement 
components are generally expected to be minimal. 
This is because compaction processes tend to cause 
predominantly vertical subsidence as the ground 
compresses under its own weight or due to external 
stressors such as reduced pore pressure from 
groundwater pumping. In such cases, the sediment 
layers typically settle vertically rather than moving 
laterally. Moreover, the geological structure in the 
study area does not indicate any significant tectonic 
or lateral movement that would result in noticeable 
horizontal deformation. Therefore, the horizontal 
displacement components can be reasonably 
neglected in this context. 

 
In summary, various methods have captured the 

Antwerp land subsidence patterns over the years. To 
explain the causes of such displacements, the 
subsequent section will explore hydrogeological data.   

 
3.4.1.2. Hydrogeological Data 

 
For groundwater modeling, accurate information 

regarding the geometry and the hydrogeological 
properties of the different layers is needed. The 

simulation of groundwater flow and consolidation 
processes necessitates values for the key parameters 
such as the horizontal hydraulic conductivity (𝐾ℎ), the 

https://repository.tudelft.nl/person/Person_02ff4cb9-5eff-4f6e-9f99-88142a577272
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vertical hydraulic conductivity (𝐾𝑣), and the specific 
storage (𝑆𝑆) of each layer. Data about the source/sink 
of groundwater, such as groundwater extraction rates 
and recharge, also play an important role. The 
hydrogeological characteristics of aquifers and 
aquitards can be assessed using various techniques, 
this falls outside the scope of this paper. In situ 
measurements such as pumping, and recovery tests 
data are usually available only in aquifers. For 
aquitards, lab-scale measured data based on 
permeameter and oedometer tests are only 
exceptionally available. As a result, first-guessed 
values for those parameters are often based on 
estimations gathered from the literature (Dassargues 
2018) on the basis of the identified lithologies. The 
main problem is however that a large uncertainty 
usually remains for these values of parameters that is 
only partially solved by calibration of the model on 
measured data. The reliability of the calibration 
depends then strongly on the availability of historically 

measured potentiometric heads in each aquifer and 
in different locations. 

 
In the study conducted in Antwerp, we were facing 

significant challenges related to data scarcity. For 
several layers, hydraulic conductivity parameters are 
derived either from direct measurements or from prior 
calibrations documented in other studies, as detailed 
in Table 3.1 (Gedeon et al. 2007). Most hydraulic 
conductivity values were inferred from grain size 
distribution analysis, occasionally supplemented by 
pump or slug tests. Two potentiometric maps were 
available in Antwerp: one for the Miocene aquifer 
(2011) (Layer 2) and another for the Oligocene aquifer 
(2009) (Layers 4 and 6) (Vandersteen et al. 2012; 
Vlaamse Milieumaatschappij 2016). As the deeper 
aquifers are characterized by a high salt content, they 
are less exploited than the shallow layers, which offer 
reserves of high-quality groundwater (Vandersteen et 
al. 2012).  

 

Table 3.1 Values of vertical and horizontal hydraulic conductivity in different layers used for the Antwerp local model, 
derived from various sources including the Central Campine model (Verbeiren et al. 2006), Brulandkrijt model (Ministerie 

van de Vlaamse Gemeenschap 2004), and direct measurements (Vandersteen et al., 2012).
Layer 𝑲𝒉(𝒎/𝒔)a 𝑲𝒗(𝒎/𝒔) 𝑲𝒉and 𝑲𝒗 source 

1 1.5 × 10−5 3.0 × 10−6 Central Campine model 
2 6.5 × 10−5 1.3 × 10−6 Central Campine model 
3 3.8 × 10−9 1.7 × 10−10 Brulandkrijt model and Central Campine 

model 
4 2.7 × 10−5 6.7 × 10−6 Brulandkrijt model 
5 1.8 × 10−10 5.4 × 10−11 measured 
6 2.3 × 10−6 2.3 × 10−8 Brulandkrijt model 
7 1.2 × 10−11 1.2 × 10−13 Brulandkrijt model 
8 4.1 × 10−5 1.0 × 10−5 Brulandkrijt model 
9 1.2 × 10−9 1.2 × 10−11 Brulandkrijt model 

a  For model layers that combined two zones with similar lithology, a geometric mean of their values was calculated to 
obtain a single representative value for each unified layer. Furthermore, where the literature provided two calibrated 
values from different models for the same layer, we also calculated their geometric mean. In cases where a range of 

values was provided, geometric means of these ranges were determined.
 

In the broader Antwerp region, the Miocene 
aquifer system experiences thus significant pumping 

activity. However, this aquifer was not being exploited 
locally within the area of our local model. On the 
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contrary, within the Oligocene aquifer, a centrally 
located pumping well with an extraction rate of 2,800 
m³/year is taken into account within the Oligocene 
aquifer. The layer corresponds to layer 6 (Lower 
Oligocene Sandy Aquifer) of our model (Figure 3.3). 

Given the limited availability of data on groundwater 
levels and fluxes, calibration of the model and 
optimization of the parameters were considered 
inappropriate within the scope of this research. 

 
3.4.1.3. Geomechanical Data 
 
The consolidation process leading to land 

subsidence is inherently linked to a decrease in pore 
pressure. The specific storage coefficient (Ss) acts as 
the primary coupling parameter, closely linked to the 
volumic compressibility of the saturated porous 
medium (Dassargues 2018). The oedometer test 
represents common one-dimensional vertical 
consolidation lab tests in drained conditions. The 
results of oedometer tests are used for 
compressibility assessment (Yong and Townsend 
1986).  

 
The compressibility value is dependent on the 

effective stress state, and thus, on the current pore 
pressure. Furthermore, the change of compressibility 
values is dependent on whether the current effective 
stress is higher or lower than the pre-consolidation 
effective stress (𝜎𝑚𝑎𝑥

′ ), which is the maximum 
effective stress previously endured (Dassargues 
1998). For each layer, the pre-consolidation effective 
stress influences thus the further geomechanical A 
‘compression constant’ (C) and a ‘swelling constant’ 
(A) can be defined for describing the effective stress-
strain relationship. These last are defined in a 
linearized (ln 𝜎′, relative deformation) diagram, which 
shows the presumed elasto-plastic geomechanical 
behaviour. The 'swelling constant' (A) illustrates the 
reversible elastic behaviour (below the pre-
consolidation effective stress), whereas the 
'compression constant' (C) describes the non-
reversible plastic behaviour (above the pre-
consolidation effective stress) (Figure 3.7a).  

 
Similarly, in a linearized (log 𝜎′, void ratio e) 

diagram, a compression index (𝐶𝐶) and a swelling 

index are depicted (𝐶𝑆) (Figure 3.7b). Oedometer 
tests allow to determine those characteristics as 
cited in various studies (Lambe 1951; 
Jorgensen1980; Yoon et al. 2011; Dassargues 2018).  

 
Considering the intrinsic connection between the 

specific storage coefficient and compressibility 
values, groundwater literature often distinguishes the 
elastic and inelastic (plastic) geomechanical 
behaviours via elastic and inelastic specific storage 
coefficients (𝑆𝑠𝑘𝑒 and 𝑆𝑠𝑘𝑣) (Zhuang et al. 2017; Li et 
al. 2022).  

 
In the local model, our assessment of 

geotechnical parameters was based on thorough 
reviews of geotechnical reports and studies. For the 
shallow layers, tested samples from four boreholes, 
located near the eastern boundary of the local model 
(Geotechnics Department in Flanders 1999) were 
analyzed to derive the C and A constants. For the 
deeper low-permeability layers, comprehensive 
geomechanical studies conducted in the region (i.e. 
Kallo, Mol, and Essen), together with hydrogeological 
reports, have provided 𝐶𝐶 and 𝐶𝑆 index values (Deng 
et al. 2011; Nguyen et al. 2014). For the sandy 
aquifers corresponding to layers 4, 6, and 8 (Figure 
3.3), the same geomechanical parameters were used 
than those of the sandy layer 2, a shallow layer for 
which we had direct borehole data. This decision was 
based on similarities in lithology between them, even 
though both their depths and thicknesses differed 
significantly. We also considered the same 
parameters for layer 5, a deep clay aquitard, as we did 
for Boom Clay (layer 3). For layers 7 and 9, 
corresponding to the deep clay aquitards, 
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characteristics similar to those of the Ieperiaan clay (Nguyen et al. 2014) were chosen. 

 
 
  
 
 
 
 
 
 
 
 
 
 
 

Figure 3.7 Schematic representation of oedometeric results in different axis systems: a diagram of relative deformation 
(𝜀𝑉) in function of the natural logarithm of effective stress (ln 𝜎′); b diagram of void ratio (𝑒) in function of the logarithm 

of effective stress (log 𝜎′) (modified from Dassargues (2018)) 
 
Using the oedometer test results, we calculated 

the elastic (𝑆𝑠𝑘𝑒) and inelastic skeletal specific 
storage (𝑆𝑠𝑘𝑣) coefficients introduced in the 1D-
geomechanical model (Hoffmann 2003). To drive 
these coefficients, we started by calculating the 
compressibility (𝛼). When geomechanical 
parameters (A, C) were available, the compressibility 
was determined using the formula (Dassargues 
2018): 
 

{
𝛼 =

1

𝐴.𝜎′          𝜎′ < 𝜎𝑚𝑎𝑥
′  

𝛼 =
1

𝐶.𝜎′          𝜎′ ≥ 𝜎𝑚𝑎𝑥
′

        (35) 

 

where  𝜎′ is effective stress, and 𝜎𝑚𝑎𝑥
′  is pre-

consolidation effective stress. In cases where the 
geomechanical parameters (𝐶𝐶 , 𝐶𝑆) were provided 
the compressibility was calculated using the 
relationship (Jorgensen 1980): 
 

{
𝛼 = 0.434 ×

𝐶𝑆

𝜎′          𝜎′ < 𝜎𝑚𝑎𝑥
′  

𝛼 = 0.434 ×
𝐶𝐶

𝜎′        𝜎′ ≥ 𝜎𝑚𝑎𝑥
′

        (36) 

 

Once the compressibility values (𝛼) were 
obtained, the specific storage coefficients can be 
directly written in relation to volume compressibility 
(Pa-1) [M-1LT2] (Dassargues 2018): 

 
𝑆𝑆 = 𝜌𝑔𝛼                      (36) 

 
where 𝜌 is the density of water and 𝑔 is the 
acceleration due to gravity. Finally, to obtain the 
elastic and inelastic skeletal specific storage 
coefficients for the geomechanical model, the 
specific storage values were multiplied by the 
thickness of each layer (b) (Hoffmann et al. 2003): 
 

{
𝑆𝑠𝑘𝑒 = 𝑆𝑆 (𝑒𝑙𝑎𝑠𝑡𝑖𝑐) × 𝑏           𝜎′ < 𝜎𝑚𝑎𝑥

′  

𝑆𝑠𝑘𝑣 = 𝑆𝑆 (𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐) × 𝑏        𝜎′ ≥ 𝜎𝑚𝑎𝑥
′       (38) 

 
These parameters, which are fundamental for 

deformation simulation in each layer, are detailed in 
Table 3.2, including sources for the (A, C) and (𝐶𝑆, 𝐶𝐶) 
values with appropriate references. Further, the pre-
consolidation effective stress  (𝜎𝑚𝑎𝑥

’ )for the 
uppermost layer was assumed based on the current 
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potentiometric head at the initial date of simulation, 
representing a normally consolidated state. This 

implies that the uppermost layer behaves 
inelastically as it adjusts to changes in stress.  

 
Table 3.2 Elastic and inelastic skeletal storage coefficients for each model layer. These values are calculated from 

oedometer test results conducted on samples from four boreholes on the eastern boundary of the local model 
(Geotechnics Department in Flanders 1999), Essen and Mol (Deng et al. 2011), and Kallo (Nguyen et al. 2014) 

Layer 𝑆𝑠𝑘𝑒(-) 𝑆𝑠𝑘𝑣(-) 𝐴 and 𝐶 source location 𝐶𝑆 and 𝐶𝐶 source 
location 

1 3.0 × 10−3 2.3 × 10−2 Eastern boundary 
boreholes 

- 

2 3.5 × 10−3 2.1 × 10−2 Eastern boundary 
boreholes 

- 

3 3.5 × 10−2 8.0 × 10−2 - Essen and Mol 
4 9.2 × 10−4 5.3 × 10−3 Derived from similar 

lithology (see Layer 2) 
- 

5 2.3 × 10−3 5.1 × 10−3 - Derived from similar 
lithology (see Layer 3) 

6 8.3 × 10−4 4.8 × 10−3 Derived from similar 
lithology (see Layer 2) 

- 

7 1.5 × 10−2 4.4 × 10−2 - Similar to Ypresian 
clay a in Kallo 

8 1.1 × 10−3 6.3 × 10−3 Derived from similar 
lithology (see Layer 2) 

- 

9 2.7 × 10−3 8.1 × 10−3 - Derived from similar 
lithology (see Layer 7) 

a For Layer 7, data sourced from Ypresian clay samples in Kallo is used due to its lithological similarity and comparable 
depth characteristics, although it is not directly part of the modeled layers 

 
For the deeper, over-consolidated layers, the pre-

consolidation effective stress is considered as the 
equivalent to the potentiometric head of 50 meters 
below the current head in each layer. This reflects 
sedimentary paleo loading and unloading events, 
implying an over-consolidation state. Consequently, 
these deeper layers exhibit elastic behavior when the 
effective stress is below this historical maximum and 
inelastic behavior when it exceeds this threshold. 

 
In summary, geotechnical data from diverse 

sources with inherent assumptions were adopted. 
Indeed, uncertainties on these values are large due to 
data limitations and lithological variability. Table 3.2 
lists the values for both elastic and inelastic skeletal 

storage coefficients across the layers of the model 
considered for the geomechanical computations. 
They are our best approximations based on existing 
data and limitations. 
 

3.4.2. Impact of Data Scarcity on Modeling 
 

The challenges arising by data scarcity 
significantly influenced the groundwater modeling 
process in our study. Accurate prescription of 
boundary conditions was particularly problematic 
due to limited piezometric data. Specifically, 
prescribed heads were implemented on the lateral 
boundaries of the main aquifers (layers 1, 2, 4, 6, and 
8), while no-flow conditions were assigned to the 
bottom, top, and lateral boundaries of the aquitard 
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layers. The scarcity of piezometric data on the border 
of the local model posed significant challenges for 
prescribing boundary conditions. A limited number of 
piezometers were available near the model borders, 
and all the aquifers considered in the model were not 
surveyed. Therefore, to prescribe boundary 
conditions, we projected transient water level values 
from the nearest piezometers outside the region onto 
the model borders, using the gradient of the only two 
available piezometric maps. Another significant issue 
was the lack of data on solicitation, as only one 
pumping well is recorded in the region, which might 
not represent the full extent of groundwater extraction 
activities. This introduces uncertainties in our 
understanding of local groundwater dynamics. 
Additionally, the scarcity of hydrogeological and 
geomechanical parameter data, as discussed in 
previous sections, further compounded the 
uncertainty in our model. The temporal data gaps 
also posed a challenge. The study used PS-InSAR 
data from different temporal series: ERS (1992–
2001), Envisat (2003–2010), TerraSAR-X (2019–2022) 
and Sentinel-1A (2016–2023). Groundwater level 

data were available only for the period from 2007 to 
2016. Given these data constraints, we decided to 
run our model simulation from 2007 to 2023. The 
initial period (2007–2009) was characterized by 
unstable model conditions due to the model starting 
from an equilibrium state, requiring time to stabilize. 
Therefore, only the results from 2009–2023 are 
considered reliable. 

 
Between 2010 and 2016, the lack of PS-InSAR 

data prevented continuous comparisons of 
deformation data. After 2016, the absence of 
piezometric data meant the model had to rely on 
solicitation data from a single recorded pumping well, 
which was insignificant and might not fully capture 
the extent of groundwater extraction activities. This 
limitation affects the reliability of the simulation 
results for the 2016–2023 period. These data 
limitations highlight the challenges in achieving 
accurate and reliable subsidence modeling and in 
comprehensively comparing these results with PS-
InSAR estimations.



 

50 

 

 
 
 
 
 
 
 
3.5. Simulated Delayed 
Deformation 
 
In most numerical models, the water pressure 

variation is assumed linear within one finite element 
or one finite difference cell. This induces an 
unrealistic approximation of the pore pressure in the 
aquitard compressible layers if they are modelled by 
one layer of cells or elements. For obtaining a better 
approximation of the vertical distribution of the pore 
pressure, the compressible layers must be 
discretized with finer sublayers. Thus, using 
MODFLOW, the discretization of Main Layers (MLs) 
into finer Sub-Layers (SLs) enhances the accuracy of 
simulations, even if these SLs are given the same 
hydrogeological and geomechanical parameters. A 
finer vertical resolution allows a more detailed 
representation of water pressure and thus 
distribution within each layer. This is particularly 
critical for thick, low-permeability layers, which are 
more susceptible to delayed consolidation due to 
slower pore-water pressure dissipation in the low-
permeability and compressible layers. By subdividing 
layers (i.e., in our case layer 2 into four, layer 3 into 
eight, layer 5 into four, layer 7 into eight, and layer 9 
into four) finer vertical resolution was achieved 
(Figure 3.8). The increased number of SLs introduces 
a time-stepping aspect to the mechanical behavior of 
the model, thereby enabling the simulation to 
approximate the delay in deformation that is 
observed in hydrogeological materials exhibiting 
elastic or inelastic characteristics. Through this 
discretized layering, the model can more accurately  

 
 
 
 
 
 
 
 
 
 
 
 
 

simulate deformation over time in each SL and 
eventually each ML of the local model. 

 
MODFLOW simulations were conducted to 

model fluid flow and water head dynamics across 
these adjusted SLs. The simulation spanned from 
2007–2023, providing temporal evolution of the 
hydraulic head which is used as input for deformation 
calculations. Hydrogeological and geomechanical 
parameters were maintained across the SLs, with 
values corresponding to their original ML. 

 
From the pore pressure (and thus the effective 

stress) calculated at each time step and in each 
sublayer, a 1D vertical geomechanical model is used 
to simulate the deformations. Our custom script 
calculates incremental deformation (∆b) at each time 
step, for each sublayer, using the following 
equations: 
 

{
∆𝑏 = 𝑆𝑠𝑘𝑣 × ∆ℎ          ℎ < ℎ𝑚𝑖𝑛

∆𝑏 = 𝑆𝑠𝑘𝑒 × ∆ℎ          ℎ ≥ ℎ𝑚𝑖𝑛
                        (39) 

 
In Equation (37), 𝑆𝑠𝑘𝑣 and 𝑆𝑠𝑘𝑒 are the inelastic 

and elastic skeletal specific storage coefficients of 
each SL, respectively, ℎ is the hydraulic head at a 
given timestep at the center of each cell and ℎ𝑚𝑖𝑛 is 
the preconsolidation head corresponding to the 
maximum preconsolidation stress. The script 
compares ℎ and ℎ𝑚𝑖𝑛 at each timestep and 
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determines the type of deformation: the initial ℎ𝑚𝑖𝑛 
for sublayer 1 was set to the initial head at the start of 
the simulation and for the other layers, an 

overconsolidation corresponding to a head of 50 
meters below the initial head is considered, leading 
to only elastic deformation.

 

 
 

Figure 3.8 3D visualization of the hydrogeological model a with only the Main Layers (MLs); b with the finer discretization 
in Sub Layers (SLs) 
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3.6. Results 
 
We used a 3D groundwater flow with the 

hydrogeological setup of our study area, which is 
situated on the southwestern border of Antwerp, 
specifically outside the harbor backfill. Piezometric 
heads were monitored from 2007–2016 using 
observations from three piezometric monitoring 
wells. At the lateral boundaries of the aquifer layers, 
hydraulic head values were prescribed, while for the 
low permeability remaining boundaries a no-flow 
condition was considered. Hydrogeological 
parameters were gathered from past studies 
conducted in this part of Flanders and each layer was 
considered as homogeneous. A regular grid was used 
in the XY plane, consisting of 110 by 110 cells, each 
with an area of 10 meters by 10 meters. In the Z axis, 
cell dimensions varied based on the thickness of 
each SL.  

 
3.6.1. Water Head Evolution in Different 

Sublayers 
 
To address the delayed responses in 

deformation, the 9 Main Layers (ML) were subdivided 
into 32 Sublayers (SL).  

 
The evolution between 2007 and 2023 of the 

water head across SLs corresponding to each ML is 
illustrated through nine subplots (Figure 3.9).  The 
uppermost SL (ML 1), composed of a mix of sand and 
clay, shows water head fluctuations similar to those 
observed in ML 2, which includes four SLs classified  

 
 
 
 
 
 
 
 
 
 

 
as an aquifer. This similarity is attributed to the 
applied identical boundary conditions for both MLs. 
This assumption was made due to the lack of direct 
piezometric data for ML 1, assuming that the 
hydrogeological influences are comparable to those 
affecting the adjacent aquifer. Main Layer 3, as a low-
permeability aquitard, reveals stability of the water 
heads in time across its sublayers (SL 6-13), isolating 
the overlying aquifer (ML 2) from deeper 
hydrogeological influences. The base of ML 3 (SL 13) 
exhibits a minor but consistent decline in water head, 
decreasing at a rate of -0.03 m/year. This subtle 
change is attributed to the hydraulic gradient induced 
by lower prescribed heads in the adjacent ML 4.  ML 4 
is a dynamic sandy aquifer experiencing the highest 
change, showing a water head drop at a rate of -0.23 
m/year linked to groundwater extractions or natural 
drainage processes within the aquifer. The ML 5 is an 
aquitard. The influence of the dynamic aquifer above 
begins to be moderated as evidenced by the 
decreasing water head declines from the uppermost 
SL 15 at -0.17 m/year to deeper SLs, which show 
reductions to -0.09 m/year and -0.06 m/year 
respectively. The computed water head decline in SL 
18 to -0.08 m/year, reversing the previous downward 
trend, suggests an influence from the aquifer 
conditions of ML 6 below. In ML 6, the rate of decline 
in the water head is -0.11 m/year, showing less 
variation than in the aquifer ML 4. In the aquitard ML 
7 water heads are stable in time across the SLs. The 
water head increases from higher elevation SLs to 
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lower ones (from SL 20 to SL 27) due to the head 
gradient between the adjacent aquifers ML 6 and ML 
8. The aquifer ML 6, exhibits a decline in water head (-
0.11 m/year), creating less downward pressure, while 
the aquifer ML 8, with a rising water head (+0.13 
m/year), exerts more upward pressure on the lower 
sublayers of the aquitard ML 7. The rising water head 
in ML 8 is likely due to the cessation of pumping wells 
that were active in the past, allowing for the recovery 

of the water heads. ML 9 (SL 29 to 32) as the base of 
the model is classified as a low permeability aquitard. 
The slight increase in water head (+0.02 m/year) 
observed in the uppermost SL 29 is attributed to the 
influence of the aquifers ML 8 above, which imposes 
an increasing head. In contrast, the deeper SLs (SLs 
30 to 32) show almost no change due to their depth 
and the aquitard properties. 

 

Figure 3.9 Temporal evolution of water head across different sublayers of 3D-flow transient simulation, spanning 2007-
2023. The rates of change for each layer are indicated in meters per year (m/year)



 

54 

 

3.6.2. Pore Pressure Distribution Across Model 
Layers 

 

 
 

Figure 3.10. illustrates the distribution of pore 
pressure in the function of depth in one vertical 
column in the center of the local model. Logically the 
graph shows the pore pressure increases with depth. 
In ML 1, 2, 3, and 7, pore pressure profiles remain 
stable over time. The last SL of ML 3 shows evolving 
lower water pressures with time, reflecting its 
interaction with the aquifer pressures in ML 4. ML 5, 
an aquitard, similarly exhibits evolving lower 

pressures indicating the significant pressure changes 
driven by lower water heads in the aquifer ML6. This is 
due to its position between ML 4 and ML 6, both 
aquifers, creating a strong hydraulic gradient. In 
contrast, ML 8 shows a slight increase in pore 
pressure over time, indicating rising water heads. 
Stable and consistent pore pressures are computed 
in ML 9, with nearly no variation over time.

Figure 3.10 Temporal evolution of water head across different sublayers of 3D-flow transient simulation, spanning 2007-
2023. The rates of change for each layer are indicated in meters per year (m/year). 

 
3.6.3. Computed Deformation Across Model 

Layers 
 

 
 

The variations in deformation are linked to the 
characteristics and water head fluctuations within 
each main layer (ML) and sublayers (SL). Figure 3.11 

presents the deformation time series computed 
across the SLs within each ML during the simulation 
period.  
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Figure 3.11 Temporal evolution of deformation (in mm/year) across different sublayers of the 1D-geomechanical model, 
during the 2007-2023 period. 

In ML 1, the deformation rate of -0.39 mm/year is 
significantly high compared to other layers, despite 
only slight water head variation. This shows the effect 
of the inelastic storage coefficient that is higher than 
the elastic storage coefficient. 

 
In contrast, each SL of ML 2 shows negligible 

elastic deformation of -0.01 mm/year despite a 
similar water head variation as in ML 1. In ML 2 and 

deeper, deformation is only elastic. ML 3 exhibits 
minimal deformation across its sublayers (SL 6-13) 
except for the sublayer closest to ML 4 (SL 13). Very 
low deformation rates in the SLs of ML 3 are 
consistent with their stable water head in time. In the 
deeper part of ML 3 (SL 13) a slight deformation is 
computed at a rate of -0.3 mm/year, induced by the 
lower heads in ML 4. Although this rate of 
displacement is minimal, the Boom clay in this layer 
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has a high compressibility and low permeability, 
making it highly sensitive to even small changes in 
water pressure. This means that a very negligible 
water pressure drop can result in significant 
deformation, leading to a total displacement of up to 
2 mm over the period 2007–2016. ML 4 shows the 
highest rate of deformation, with a deformation rate 
of -0.42 mm/year, which corresponds to the  

significant rate of water head decline. This aquifer is 
primarily composed of sand with shells and 
glauconite, explaining its compaction. In ML 5, 
deformation rates decrease with depth: the 
uppermost SLs (SL 15) exhibit a rate of -0.19 
mm/year, reducing to -0.10 mm/year in the middle of 
ML 5, and further to -0.07 mm/year in the deeper SL. 
The deformation rate of -0.09 mm/year in SL 18 
illustrates the effects of the influence of aquifer ML 6 
below. ML 6 shows a moderate deformation rate of -
0.11 mm/year, as the water head is declining. ML 7, 
another aquitard, shows no deformation across SLs 
20-27 due to stable water heads in time, preventing 
experiencing deformation. In ML 8, rising water heads 
at a rate of +0.13 m/year lead to swelling of +0.28 
mm/year rather than compaction. Finally, ML 9 at the 
base of the model shows minimal deformation due to 
the stable water head in time. While SL 29 shows a 
slight swelling of 0.03 mm/year, influenced by the 
upward pressure from the upper ML 8, this 
deformation is too small to be significant. Overall, 
negligible deformation is computed in ML 9. 

 
3.6.4. Comparison Between 1D Geomechanical 

Results with PS-InSAR Estimations 
  
Figure 3.12 shows the comparison between 

computed vertical deformation values from the 1D 
geomechanical model coupled to the 3D 
groundwater model (specifically plotted for the 
central cell of the model) and deformation values 
Projected onto the Vertical (PoV) direction estimated 
by PS-InSAR across different periods. The PS-InSAR 
data, extracted from four PS-InSAR data processed in 
this study, SkyGeo, and EGMS, represents the 

average time series of PS points located within the 
limits of the local model area, rather than single PS 
points. This averaging approach ensures a more 
reliable and representative comparison by mitigating 
the effects of local anomalies and measurement 
noise that could affect individual PS points but 
doesn’t correct for the differences in the reference 
frame. 

 
The PS-InSAR estimations are relative time series 

of the displacements. It is important to note that the 
results from the various missions, processing 
procedures, and providers use different reference 
points, i.e., different reference frames, as discussed 
earlier. Only if all these reference points can be 
guaranteed to be identical and/or stable, the results 
can be considered unbiased, comparable, and 
geophysically interpretable. If a reference point is 
assumed to be stable but is moving, this would result 
in an under- or overestimation of displacement 
across the entire region relative to that point. Such a 
guarantee of having identical and/or stable reference 
points for all the products cannot be given. 
Consequently, different numerical values for the 
different products cannot be unambiguously 
interpreted from a (geo)physical perspective. 

  
Only for visualization purposes, the initial values 

of the Envisat, Sentinel, and TerraSAR-X timeseries 
were aligned with the ERS trendline. However, it is 
important to recognize the limitations of this 
approach. First, the projected displacement onto the 
vertical differs for each dataset due to variations in 
satellite viewing geometries. This means that aligning 
trendlines does not account for the different ways in 
which deformation is observed by each satellite 
potentially leading to misinterpretation of the 
compared deformation data. Additionally, the 
reference points for each dataset are not the same. 
Since each reference point plays a key role in 
calculating relative displacements, assuming 
equivalence across missions can introduce biases, 
particularly if the stability of the reference points 
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varies. Lastly, deformation rates in the Antwerp region 
change over time due to factors like groundwater 
extraction and sediment compaction. Aligning 
trendlines implies a consistent subsidence trend 
across different missions, but this assumption 
overlooks the evolving nature of subsidence. The ERS 

trendline represents historical data and should not be 
assumed to continue unchanged in later periods 
observed by other missions. Thus, while this 
alignment allows for easier visual comparison, it does 
not accurately reflect the distinct deformation 
behaviors across different periods and mission

Figure 3.12 Comparison between PS-InSAR estimations of displacement values projected onto the vertical direction from 
different datasets, and simulated deformation from the 1D geomechanical model coupled to the groundwater model. 
Note that the different products each refer to a different reference frame, as they choose a different reference point (or 

point set). Therefore, the observed differences cannot be unambiguously attributed to (changes in) geophysical 
processes. 

InSAR inherently measures 3D deformation 
projected onto LOS. Thus, it is important to address 
the potential horizontal component of deformation 
when interpreting InSAR results. For the case of 
Antwerp, the horizontal deformation is not expected 
to be significant enough to impact the overall 
interpretation of subsidence patterns. To justify this 
there are two different perspectives. From an InSAR 

perspective, the data are sensitive to displacements 
along the LOS, but the sensitivity of LOS 
displacement to vertical components is typically 
higher than that to horizontal components (north-
south and east-west). This is because the radar signal 
is more aligned with vertical movements, while 
horizontal sensitivity, particularly in the north-south 
direction, is reduced due to the satellite's flight 
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geometry. Specifically, the smaller heading angle 
between the satellite flight path and the north 
direction diminishes InSAR's ability to detect north-
south deformation (Ren and Feng 2020). Moreover, 
the horizontal component of the displacement would 
cause variations in LOS displacement between 
ascending and descending passes, as the satellite's 
look direction changes. In this study, however, no 
significant difference between the LOS 
displacements in ascending and descending passes 
was observed, which indicates minimal horizontal 
movement in the region. Based on results from 
SkyGeo, for a set of random PS points in the middle of 
Antwerp harbour with a high rate of deformation 

during the Sentinel (2017–2022) period, the region 
shows minimal variation between ascending and 
descending LOS displacements, as illustrated in 
Figure 3.13. The average velocity of deformation from 
the descending pass is -8.12 mm/year, while the 
ascending pass shows -7.52 mm/year. This small 
difference in velocity between the two passes 
suggests that horizontal movement is minimal in this 
area. If significant horizontal deformation were 
present, we would expect larger discrepancies 
between the ascending and descending 
observations, as the horizontal component would 
contribute differently to the LOS displacements in 
each pass due to the varying satellite look directions. 

 

Figure 3.13 Comparison of LOS displacements between ascending and descending passes for a set of PS points 
located in the middle of the harbour (2017–2022). The difference of 0.6 mm/y is not considered to be significant (i.e., 
based on ascending and descending reference frame differences, different physical scatterers, and precision of the 

estimated rates). This suggests that the displacement can be considered to be pure vertical 
 
From a hydrogeological and geological 

perspective, the primary cause of subsidence in 
Antwerp, particularly in the harbor area, is attributed 
to the consolidation of soft Holocene sediments and 
potentially, groundwater extraction. These processes 
typically lead to vertical compaction of the sediments 

due to the loss of pore water, which in turn results in 
subsidence. While horizontal movement are always 
expected with subsidence patterns due to driving 
mechanisms at depth, their contribution scales with 
the subsidence gradient, and is often less than 10-
15% of the vertical component. The consolidation of 
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clayey and silty layers due to effective stress 
increases following groundwater withdrawal further 
supports the idea that the subsidence is 
predominantly vertical. Horizontal forces, which 
would lead to significant lateral movement, are 
typically absent in this context. Without significant 
tectonic activity, lateral spreading, or horizontal 
strain, the deformation will be dominantly vertical.  
Despite the unclear trends of PS-InSAR estimations 
during data gaps, this provides a practical solution for 
visualization and allows for simultaneous 
comparison of deformation rates across the 
datasets. Computed deformations in model were 
also shifted vertically to allow the comparison. PS-
InSAR data provides deformation estimations along 
the LOS of the satellite, which was projected onto the 
vertical direction for comparison purposes.  
 

While the ERS data offers historical insight into 
subsidence from 1992–2000, showing a trend of -1.9 
mm/year, it does not overlap with the deformation 
phase simulated in the geomechanical model (i.e., 
post-2007) limiting long-term comparisons. Similarly, 
the Envisat data, spanning from 2003–2010, only has 
three years in common with the modeled time series 
and shows a rate of -0.3 mm/year, which falls within 
the noise level. The early stage of the model, from 
2007–2009, is not considered reliable as the model is 
too much dependent on initial conditions during the 
first years of the simulation. Later, we lack PS-InSAR 
data from 2010–2016. Post-2016, both the model 
and PS-InSAR provide time series, but the model 
results are based only on quite uncertain water 
pressure induced by a single pumping well with a 
nearly insignificant discharge rate, rather than on 
head values from measured piezometric data, which 
were, unfortunately, not anymore available during 
this recent period. All these data issues affect the 
comparison reliability and interpretation. Concerning 
PS-InSAR data processing, the Sentinel data periods 
are not entirely aligned: our processing through ISCE-
STAMPS covers 2016-2023 (green), while SkyGeo and 
EGMS data span 2017-2022 (purple and orange, 

respectively). The Sentinel data which serves as the 
input for both SkyGeo and EGMS are the same. 
However, the final InSAR information products 
generated by these providers differ due to variations 
in processing techniques, such as noise filtering, 
threshold settings, reference point selection  and 
other choices. Both products exhibit low noise and 
clear deformation rates, complementing the results 
from our processing. Additionally, our processing of 
TerraSAR-X data through SARPROZ for 2019–2022 
shows a rate of -2.43 mm/year similar to those 
estimated by SkyGeo and EGMS. 

 
From 2009 to 2016, the 1D geomechanical model 

shows a rate of -1.78 mm/year, which falls between 
the vertical deformation rates observed from PS-
InSAR estimations (excluding the non-reliable 2007–
2009), closely matching the SkyGeo which shows 
slightly higher rate of -2.67 mm/year and similar to 
EGMS data from the same period showing -2.78 
mm/year. Later from 2016 to 2023, deformations 
computed by the model are probably underestimated 
as these results are based on incomplete recorded 
pumping data (as mentioned previously). The 
TerraSAR-X data processed in this study, covering 
2019–2022, shows a deformation rate of -2.43 
mm/year, which aligns closely with the estimates 
from SkyGeo and EGMS. The Sentinel data processed 
through ISCE-STAMPS shows a lower rate of -0.90 
mm/year during 2016–2023. These variations can be 
attributed to differences in processing techniques, 
regional factors, and the inherent limitations of InSAR 
as an estimation method. 

 
3.6.5. Sensitivity Analysis of 1D Geomechanical 

Model 
  
To evaluate the sensitivity of the 1D 

geomechanical model to changes in specific storage 
parameters, we considered ten different scenarios 
with an increase of 100% for the inelastic specific 
storage in ML 1 and the elastic specific storage in the 
rest of the MLs. Computed deformations from the 1D 
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geomechanical model under these different 
scenarios compared to the reference scenario are 
shown in Figure 3.14. Scenario 10 represents the 
combined effect of a 100% increase in specific 
storage across all model layers, providing the overall 
system sensitivity. The sensitivity analysis indicates 
that a 100% increase in specific storage of each layer 
results in varying impacts on computed 
deformations. For instance, the cumulative 
deformation at the end of the period for scenario 5, is 
-17.6 mm, compared to -13.6 mm in the reference 
scenario. Results show that ML 4 is the most sensitive 

layer to changes in specific storage values, where a 
100% change in the parameter results in a 27% 
change in cumulative deformation. For scenario 1 
(inelastic specific storage increased by 100% in ML 
1), an additional deformation mean rate of 0.44 
mm/year during 2009–2016 is computed with respect 
to the reference scenario. In the case of ML 8, where 
water heads are rising, a 100% increase in elastic 
specific storage results in a 23% decrease in 
cumulative deformation compared to the reference 
scenario. This represents the highest swelling from 
the reference scenario. 

 

Figure 3.14 Comparison of deformations from the 1D geomechanical model under different scenarios, showing the 
sensitivity to a 100% increase of the inelastic (scenario 1) and elastic (scenarios 2-9) specific storage parameters, and 

the combined effect (scenario 10). 

 

On the other hand, MLs 2, 7, and 9 showed the 
least sensitivity, with an identical cumulative 
deformation as with the reference scenario. This is 
because there is nearly no pressure change over the 

simulated period in these layers meaning their exact 
values are less critical and can vary without greatly 
affecting the model results. For scenario 10, with a 
100% increase in specific storage across all layers 
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simultaneously, the cumulative deformation was 
significantly different from the reference scenario, 
indicating the cumulative impact of changes in all 
layer's specific storage on the total deformation. If the 
parameters were chosen incorrectly, even a 100% 
increase in specific storage (which is a modest 
change in geotechnical terms) would result in a 100% 
increase in deformation. This highlights the 
importance of carefully selecting the parameters, as 
even modest changes can significantly impact the 
model results.
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3.7. Conclusions  

 
 
 
 
 
 
 
 

In previous studies, it was concluded that the 
deformation observed by InSAR in the Antwerp region 
was significant where backfill is present, mainly 
within the harbor, and that areas without backfill did 
not experience substantial deformation. Therefore, 
subsidence was attributed solely to backfill 
compaction. This interpretation, however, 
oversimplified the causes of subsidence in the region. 
By focusing only on backfill compaction, previous 
studies neglected other potential factors contributing 
to the deformation. In this study, we demonstrated 
that outside of the backfill areas, groundwater 
extraction plays a role in subsidence, a factor that 
was largely overlooked in earlier studies. 

 

This study demonstrates the value of comparison 
of PS-InSAR estimation projected onto the vertical 
direction, with vertical deformation calculated by a 
coupled hydro-geomechanical model to provide a 
more comprehensive understanding of land 
subsidence mechanisms. This is illustrated in a case 
study near Antwerp. We developed a detailed 3D 
groundwater flow model using MODFLOW and then 
used a customized code executing a 1D 
geomechanical model based on the same 
geomechanical equations as the SUB package of 
MODFLOW (Hoffmann et al. 2003). By dividing the 
nine MLs into 32 SLs, we were able to implicitly 
consider delay effects for the water pressure 
propagation in the low permeability layers. For our 
study case, the significant water head declines in the 
Ruisbroek-Berg Aquifer (ML 4) and the Lower 

Oligocene Aquifer System (ML 6), lead to notable 
compaction while the increase in water head in the 
Wemmel-Lede Aquifer (ML 8) results in swelling. This 
swelling compensates for a part of the total 
compaction, leading to less resulting land 
subsidence. Additionally, relatively stable water 
heads in time in aquitards resulted in minimal 
deformation except in ML 5 (Tongeren Aquitard) and 
its SLs, influenced by the declining water heads in ML 
4 and ML 6. In the polder deposits (ML 1) and 
Pleistocene and Pliocene Aquifer System (ML2), the 
water heads are only slightly decreasing. However, 
due to the inelastic deformation in ML 1, slight 
deformations are computed. No deformation is 
computed in ML 2 despite experiencing the same 
negligible water head decline. The period 2007–2009 
was not considered in calculating the rate due to the 
model dependency on initial conditions, which 
resulted in slight uplift and unreliable results. During 
2009–2016, the maximum deformation was 
simulated, primarily because this period had the 
most significant changes in water heads.  After 2016, 
due to the lack of measured piezometric data, the 
model output relied only on pumping data from a 
single well. This is probably quite incomplete, as it 
may not account for all groundwater extraction 
activities of unauthorized pumping in the area 
resulting in underestimating deformation after 2016. 

 
This study aligned PS-InSAR datasets (ERS, 

Envisat, TerraSAR-X, and Sentinel) only for 
comparison purposes of deformation rates over time.  
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LOS deformation estimations from PS-InSAR were 
projected to the vertical direction. The ERS data from 
1992–2000 indicated a subsidence trend of -1.9 
mm/year, though it did not overlap with the post-2007 
deformation phase simulated in the geomechanical 
model. The Envisat data from 2003–2010 showed a 
rate of -0.3 mm/year within the noise level, with only 
three years overlapping with the model time series. 
The early stage of the model (2007–2009) can be 
considered unreliable due to the influence of initial 
values, and the lack of PS-InSAR data from 2010–
2016 further complicated comparisons. Post-2016, 
both the model and PS-InSAR data provided time 
series, but model results were based on incomplete 
pumping data.  
 

The 1D geomechanical model rate of -1.78 
mm/year during 2009–2016 closely matches the 
SkyGeo, EGMS, and TerraSAR-X rates of -2.67, -2.78, 
and -2.43 mm/year respectively. Considering that in 
PS-InSAR, detecting small-scale deformations in the 
millimeter range is challenging due to several 
inherent limitations, the deformation rates obtained 
from the different PS-InSAR datasets of SkyGeo, 
EGMS, and our Sentinel processing (all Sentinel-
based) along with the results of TerraSAR-X are 
remarkably consistent. This consistency is a 
significant achievement, considering the various 
uncertainties and limitations in the PS-InSAR 
process, especially the challenge of selecting a 
stable reference point, which can introduce biases if 
the reference itself is subject to any movement. On 
the other side, the 1D geomechanical model coupled 
to the 3D hydrogeological model also carries its own 
set of uncertainties. The model is sensitive to key 
geomechanical parameters, and the accuracy of 
these parameters directly impacts the deformation 
simulations. Despite these uncertainties, the model 
produced a deformation rate of -1.78 mm/year for the 
2009–2016 period, which is closely aligned with the 
deformation rates from the PS-InSAR datasets. This 
convergence between the model simulation and the 
PS-InSAR estimations demonstrates a high level of 

agreement between independent approaches, 
suggesting that both the model and the satellite-
based observations are capturing the main 
mechanisms driving subsidence in the Antwerp local 
model. This emphasizes the model effectiveness in 
capturing subsidence mechanisms, though 
comprehensive data integration is crucial for reliable 
subsidence assessment. The pore pressure profiles 
have indicated hydrostatic pressure evolution with 
depth and time, influencing subsidence, and 
highlighting differences in response between aquifers 
and aquitards. The sensitivity analysis has shown that 
changes in specific storage parameters can 
significantly impact the model results, particularly for 
some layers such as layers 4 and 5. Despite 
uncertainties and assumptions in parameter 
estimation, the combined use of PS-InSAR data and 
coupled hydro-geomechanical models provided 
valuable insights into subsidence mechanisms and 
driving factors. 

 
A critical finding of this study is the importance of 

selecting and interpreting the reference point in PS-
InSAR processing. In this study, it was assumed that 
the reference points for all missions (ERS, Envisat, 
Sentinel, TerraSAR-X, SkyGeo, and EGMS) were 
stable. Although this assumption is reasonable 
based on prior knowledge of the physical 
characteristics of the area, high coherency of the 
selected point, and geological stability, any slight 
movement of the reference point could introduce 
bias into the displacement calculations. For 
example, if the reference point itself moves vertically, 
it can lead to under- or overestimation of the 
subsidence rates. Since it is inherently impossible to 
‘detect’ reference point instability from the InSAR 
data only, this possibility must be considered, 
particularly in long-term studies. In Chapter 5, we 
discuss a solution to ensure reference point stability 
using corner reflectors equipped with GPS, which 
would allow for independent validation of the 
reference point position. 
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Furthermore, potential horizontal deformation 
was evaluated. Differences of 0.6 mm/y were 
detected between ascending and descending orbits, 
which suggests that horizontal movement in 
Antwerp’s subsidence is expected to be less than 1 
mm/y. This aligns with the geological context of 
sediment compaction and groundwater extraction, 
the introduced causes of vertical subsidence in this 
region. 

 
Although the focus of this study was on a local 

area outside the Antwerp harbor, the findings can be 
extended to help explain the subsidence observed in 
the harbor itself. The hydrogeological and 
geomechanical processes modeled in the local area 
share similarities with the larger Antwerp region. The 
geology and hydrogeology of both areas are very 
similar as they share similar lithology, except that 
Antwerp Harbour contains backfill material, including 
material excavated from the river, which is not 
present in the local model area. Additionally, results 
from the local coupled hydrogeological model to the 
1D geomechanical model showed that after 2016, 
when the model was no longer based on piezometric 
data (which were unavailable post-2016) and relied 
only on pumping well data, deformation was likely 
underestimated. This indicates that there may be 
more unauthorized pumping in the local model area. 
Given that the local model is located outside the 
harbor, it raises the question of how much 
groundwater pumping, both authorized and 
unauthorized, may be contributing to subsidence 
within the Antwerp harbor itself, where industrial 
activity is significantly higher. This suggests that 
subsurface processes driven by groundwater 
extraction are not only active but may be even more 
pronounced in the harbor region. 

 
Future work could specifically focus on obtaining 

more detailed geomechanical parameters, and also 
detailed hydrogeological parameters like hydraulic 
conductivity and specific storage coefficient. 
However, acquiring more comprehensive and 

detailed datasets of stress factors, including actual 
data on groundwater extraction rates and other 
transient influences, appears to be crucial. Thus, 
more extensive and detailed data sets of historical 
data concerning water pressure changes and 
pumping changes would significantly enhance the 
accuracy of subsidence predictions and the overall 
reliability of the models. A key recommendation is to 
increase the number of piezometric wells across the 
entire Antwerp region, particularly in layers most 
sensitive to water level fluctuations, as these are 
critical for understanding the full extent of 
subsidence driven by groundwater extraction. It is 
recommended to develop the same coupled 
hydrogeological and geomechanical model, this time 
for the entire Antwerp region, to accurately estimate 
the vertical deformation caused by groundwater 
extraction across the whole area. This would allow us 
to isolate the share of deformation due to the 
compaction of backfill from that due to groundwater 
extraction, providing a clearer understanding of the 
contributing factors to subsidence in the region. 
Additionally, there is a need to use the Integrated 
Geodetic Reference Stations (IGRS) within the region 
to ensure the stability of a reference point or to 
accurately measure its velocity if any. The IGRS is a 
corner reflector that is equipped with a GPS antenna. 
In other words, it is a collocated benchmark whose 
movement can be estimated as a single physical 
structure. This station is already installed in the 
Antwerp harbor, close to the Doel Nuclear plant, and 
is investigated in detail in Chapter 5. However, it is 
recommended that the data from this station needs 
to be actively used. With this, we are capable of 
measuring the absolute physical deformation of the 
reference point. This would allow us to determine 
whether the reference point is stable or moving, and, 
if it is moving, to account for this movement in the PS-
InSAR analysis.  This would significantly enhance the 
reliability of the PS-InSAR results, allowing them to be 
more confidently compared with the outputs of the 
geomechanical model, leading to improved 
subsidence assessments in the Antwerp area.  
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4 
Land Surface Deformation 
in Saint-Vaast 

 This chapter is based on the paper titled, " Assessing Hydrogeological Hazards in the Post-Mining Region in Saint-Vaast, 
Belgium: Insights from Three Decades of SAR Data and Piezometric Analysis," by A. Choopani, P. Y. Declercq, B. Ronchi, X. 
Devleeschouwer, which is currently under review at the Journal of Natural Hazards. 
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4.1. Abstract 

 
 This study assesses hydrogeological hazards in 

the Saint-Vaast region, Belgium, impacted by three 
decades of deformation post-coal mine closure. 
Using Persistent Scatterer Interferometric Synthetic 
Aperture Radar (PS-InSAR) applied to 30 years of 
Synthetic Aperture Radar (SAR) data along with 
geological investigations and 13 years of piezometric 
well data, we analysed subsurface dynamics leading 
to environmental hazards in the region. We focused 
on identifying key periods of significant deformation 
pattern changes. The soft Wealden terrains (Lower 
Cretaceous) are characterized by alternating 
sandstones, clay, and sand facies, composing the 
sedimentary roof of an old mine drainage adit dug at 
30 meters depth. The presence of this mined adit 
structure is contributing to the current vulnerability of 
the region. Especially, when the abandoned mine 
drainage adit was filled with water following the 
cessation of pumping. Due to an increase in the water 
level in the Wealden aquifer below the gallery, natural 
groundwater flow paths and pressures have 
increased over time. At least two significant mudflow 
outbursts, in 2009 and 2018, occurred. This study 
shows that both events were correlated with changes 
in water level and deformation. Moreover, results 
suggest a new phase of rising water levels and ground 
uplift due to increased pressure in the Wealden 
aquifer. A crucial outcome of this research is the 
assessment of the potential for another similar 
incident soon, informed by the correlation analysis of 
water level and ground displacement time series.
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4.2. Introduction 
 
Land subsidence is a gradual vertical or sinking 

movement of the Earth surface, arising from a variety 
of causes such as the compaction of underground 
strata and natural geological processes. This results 
in a noticeable decrease in ground elevation in 
specific regions (Galloway et al. 1999; Tomás et al. 
2014; Figueroa-Miranda et al. 2018; Herrera-García 
et al. 2021; Bagheri-Gavkosh et al. 2021). Ground 
subsidence can be attributed to various factors, 
prominently the extraction of resources like oil, coal 
mines, and groundwater (Allen 1988; Meyer and 
Powley 1988). While many cases related to these 
causes have been extensively documented 
(Marschalko et al. 2012; Gonnuru and Kumar 2018; 
Métois et al. 2020; Cai et al. 2023; Chaussard et al. 
2013; Orhan 2021), the impact of abandoned mines 
remains less explored in the literature. While the 
literature predominantly highlights the environmental 
problems of abandoned mines, it pays less attention 
to their physical hazards, and related issues (Salom 
and Kivinen 2020; Mhlongo 2023). The consequences 
of mining activities on the environment and human 
health extend well beyond the active mining period, 
persisting into the post-operational phase (Kivinen et 
al. 2018). Various factors drive mining closures—
safety concerns, regulatory constraints, resource 
exhaustion, and economic considerations, among 
others (Rezun et al. 2001; Hartman and Mutmansky 
2002; Syahrir et al. 2021). The geomechanical 
process underlying subsidence due to abandoned 
mines is complicated. When voids created by mining 
activities are left unfilled, they can become unstable 
over time. The overburden, or the layers of rock and  

 
 
soil above the void, starts to collapse into the empty 
space, leading to a decrease in ground surface level 
(Reddish and Whittaker 1989). The extent of 
subsidence, which can be influenced by factors such 
as the volume of the mined-out void, the depth of 
mining, and the geomechanical properties of the 
overburden (Lee and Abel 1983; Meng et al. 2021; 
Wang et al. 2022), has environmental implications. 
These include topographical changes (Palmer et al. 
2010), disruptions to natural drainage (Lechner et al. 
2016), ecosystem destabilization (Feng et al. 2022), 
groundwater pollution (Shepley et al. 2008), and the 
occurrence of challenges like acid mine drainage 
(Siriwardane et al. 2003). 
 

The coal-rich region of Wallonia in Belgium has 
played an important part in the country's industrial 
advancement and overall economic growth (Saelens 
2023). Coal mining began in the 12th century in Liège 
and Charleroi, and peaked in the 19th-20th centuries 
(Destatte 1997). With mining came the inevitable 
challenges – one of the most persistent of which is 
land subsidence. Mines in Wallonia, due to their 
depth and extraction methods, have led to various 
instances of ground deformation. Liège and Hainaut, 
in particular, experienced significant subsidence 
(Devleeschouwer et al. 2008a; 2008b; Declercq et al. 
2021; 2023) , affecting infrastructure, and waterways, 
and even leading to occasional surface water 
inundation or minor flooding (Camelbeeck et al. 
2022). By the mid-20th century, the coal reserves in 
Belgium were dwindling, and extraction costs surged. 
This culminated in coal mining becoming 
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economically nonviable, leading to the closure of 
many mines (Esposito et al. 2021). This left behind 
environmental challenges, the main of which is land 
subsidence (Declercq et al. 2023; Schroeder et al. 
2008). 

 
As urbanized areas expand and interact with 

these historical underground cavities, the urgent 
need for careful monitoring, prediction, and 
management of associated ground hazards is 
revealed. Traditional monitoring methods such as 
leveling have long served as foundational techniques 
(Bitelli et al. 2000). The advent of technology 
introduced advanced systems like the Global 
Navigation Satellite System (GNSS) (Costantino and 
Angelini 2011) and Light Detection And Ranging 
(LiDAR) (Joyce et al. 2014). Despite their precision, 
these methods can sometimes be constrained in 
terms of spatial coverage or necessitate intensive 
data acquisition efforts (Palmqvist et al. 2021). Radar 
interferometry has introduced a range of methods 
suitable for different geospatial challenges. 
(Osmanoğlu et al. 2016). Techniques such as 
Differential Interferometric Synthetic Aperture Radar 
(DInSAR), a subset of Interferometric Synthetic 
Aperture Radar (InSAR), have been used to assess 
changes over time between multiple SAR acquisitions 
(Wang et al. 2020). Recent Multi-Temporal InSAR (MT-
InSAR) techniques (Songbo et al. 2020; 
Tavakkoliestahbanati et al. 2024) including 
Interferometric Point Target Analysis (IPTA) (Werner et 
al. 2003; Yarmohammad Touski et al. 2023) and 
SqueeSAR (Ferretti et al. 2009) extend capabilities by 
analyzing displacement time series from both point-
like and distributed scatterers. The Small Baseline 
Subset (SBAS) approach (Berardino et al. 2002) 
exploits small temporal and spatial baselines to 
minimize atmospheric artifacts and decorrelation 
effects, thereby enhancing the reliability and 
accuracy of surface displacement measurements 
over time. Persistent Scatterer Interferometric 
Synthetic Aperture Radar (PS-InSAR) is characterized 
by temporal consistency and extensive spatial 

coverage, particularly within urban environments. 
(Ferretti et al. 2000, 2001; Hooper et al. 2004). PS-
InSAR uses coherent radar targets that remain 
consistent over a set of acquisitions (Estahbanati and 
Dehghani 2018). These Persistent Scatterers (PS) are 
typically associated with fixed elements. The 
advantage of PS-InSAR over other methods is its 
ability to detect millimeter-scale ground 
displacement across wide areas even in the presence 
of vegetation, by focusing on stable, reflective 
infrastructures. This capability is necessary for 
regions like Saint-Vaast, which, like many suburban 
areas in Belgium, is characterized by a combination 
of built environments and vegetation. Several studies 
have applied InSAR and its various techniques to 
investigate subsidence due to mining activities (Kim 
et al. 2022; Tian et al. 2024). 

 
Saint-Vaast, a municipality located in Wallonia 

(Belgium), is an example of challenges associated 
with land surface deformation as evidenced by PS-
InSAR (Choopani et al. 2022). Due to extensive coal 
mining that began in the late 19th century, the 
subsurface has experienced significant changes. 
These changes have transformed the region from a 
zone which was originally for resource extraction into 
the areas now characterized by high-risk of 
geohazards.  

 
A drainage adit is situated approximately 30 

meters below the surface in Saint-Vaast. The 
subsurface includes confined aquifers and sublayers 
that have been documented to have low mechanical 
stability. Historically, this drainage adit played a 
crucial role in coal mining period. In the present 
context, their existence, in combination with other 
subsurface features, is responsible for a series of 
geohazards. In February 2009, a clog rupture 
occurred causing significant damage to a residential 
area (7 houses, the pedestrian walkways, and the 
road itself were affected by ground deformations 
implying the formation of fissure cracks in the walls of 
the houses). In response to this event, a drainage pipe 
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at the mouth of the adit was installed to drain the 
excess water to the river Haine, providing a mitigation 
measure against future similar incidents. Following 
the 2009 event, 6 piezometric wells were installed in 
the region to monitor the water level in the vicinity of 
the adit and the ground deformations observed at the 
surface. There was no piezometric data available to 
provide evidence of increasing water levels or 
instability prior to that event. This study aims to 
confirm and analyze these conditions, presenting 
evidence of deformation occurring before 2009. By 
2018, the installed pipe became obstructed due to 
subsurface instabilities, likely including a collapse of 
loose sands from the Wealden deposits leading to a 
new phase of rise in the water level within the aquifer. 
This time the pipe effectively redirected the mudflow 
towards the river Haine, preventing further damage to 
the residential areas probably after a similar clog 
rupture inside the adit.  

 
Analysis of these events has indicated a strong 

correlation between subsurface hydrodynamics 
indicated by piezometric wells and surface 
deformations observed by PS-InSAR. Consequently, 
this research enables the prediction of future similar 
events by integrating its findings. 

 
For this research, we used satellite data that 

spanning a non-continuous period of 31 years for the 
Saint-Vaast region, including ERS (1992-2006), 
Envisat (2003-2010), and Sentinel-1A (2016-2023), 
acquired. The deformation maps resulting from 
processing of radar data, showed changing zones of 
gradual subsidence and uplift over time, closely 
aligning with areas historically associated with coal 
mining. The piezometric wells data closely align with 
the displacement time series obtained from PS-
InSAR, indicating a strong agreement between the 
two. 

 
Following the introduction, the paper is 

structured as follows: Section 2 outlines the 
geography and geology of the Region of Interest (ROI). 

Section 4.4 details the research methods and 
materials used. Section 4 presents the results, 
providing a clear understanding of the phenomena 
observed. Section 5 discusses the insights and 
implications of the findings. Finally, Section 6 
concludes the paper with a correlation analysis 
between the displacement time series obtained from 
PS-InSAR and the water level data from piezometric 
wells. By identifying periodic patterns in these data 
sets, we aim to predict similar events in the future and 
develop a monitoring system to prevent and alert 
against recurring subsurface events, thereby 
protecting communities and infrastructure.
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4.3. Region of Interest 

4.3.1. Geographical and Geological Setting 
 
The ROI is in Saint-Vaast, within the Hainaut 

region of Wallonia, Belgium. This region has 
historically been a significant coal mining zone. The 
ROI, situated in the Center coal basin, primarily 
encompasses La Louvière and extends to parts of five 
neighboring municipalities, including Manage, 
Morlanwelz, Binche, Estinnes-au-Val, and Mons. 
Adjacent towns include Le Roeulx, Seneffe, Chapelle-
lez-Herlaimont, and Anderlues (Figure 4.1a).  

 
Geologically, the subsurface consists of a 

Paleozoic basement corresponding to the 
NamurianWestphalian series (Upper Carboniferous) 
overlain by sedimentary series from the Meso-
Cenozoic, Pleistocene, and Holocene eras. These 
latter deposits are primarily composed of colluvial 
and alluvial materials. The location of cross-section 
AA' has been added to Figure 4.1a.  

 
The deep geological layers are mostly composed 

of Namurian-Westphalian (Upper Carboniferous) 
coal-bearing deposits from the Brabant para-
autochthonous unit (Laurent et al. 2021). The folded 
coal-bearing sequence of the Paleozoic basement is 
divided by regional faults into several structural units 
referred to as 'massifs.' These massifs are grouped 
into three structural units on the Binche-Morlanwelz 
geological map: in the north, the Parautochthonous 
massifs; further south, at the edge of the study area, 
the thrusted massifs; and south of the study area, the 

Massif du Midi. In the studied region the 
Parautochthonous massifs are the Comble Nord 
Massif below the Placard Fault containing a normal 
sequence of Lower (carbonate) to Upper (detrital and 
coal-bearing rocks) Carboniferous. The ‘Massif du 
Placard’ is lying on the Comble Nord Massif through 
the Placard Fault. The ‘Massif du Centre’ is lying on 
the ‘du Centre’ Fault and is covered by the ‘Massif de 
Masse’ corresponding to a very complex thrusted 
structural and thick unit (1200 m) topped by the Midi 
Fault. 

  
Figure 4.1 Location of both 2009 and 2018 events 

on a geological map from Wallonia geoportal 
(modified from (Frippiat et al. 2013)). The location of 
cross-section AA' has been highlighted, b 
topographical map from Shuttle Radar Topography 
Mission (Farr et al. 2007) and highlighting 
hydrographic networks and Wealden terrains and 
watersheds. 

 
The southern area reveals Lower Devonian rocks 
(essentially sandstones, phyllites, and 
conglomerates rocks) of the Ardennes allochthonous 
unit thrusted towards the North by the Midi Fault on 
top of the Upper Carboniferous coal-bearing 
deposits. The northern area is marked by limestones 
and dolomite rocks of the Lower Carboniferous also 
part of the faulted and folded Brabant Para-
autochtonous unit. Above the strongly structurally 
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deformed Paleozoic sequence, the Meso-Cenozoic 
cover is a combination of Cretaceous clays and 
sands (Wealden deposits), marls (Turonian in age), 
and chalks (Turonian to Santonian in age), forming 
part of the Mons basin. The upper part of the Meso-
Cenozoic cover contains Paleocene and Eocene 
clays and sand sediments (the Hannut and Carnières 
Formations respectively) linked to the North Sea 
basin extension (Drevet et al. 2010). The Saint-Vaast 
area is overlain by Pleistocene loam deposits and 
alluvial sediments along the alluvial plain of the Haine 
River. The Wealden deposits are Lower Cretaceous 

sediments, but their age is changing throughout the 
Mons Basin from the western side (Barremian) to the 
eastern side (Albian) (Yans, 2003). The Wealden 
sediments are generally found in kilometric lenses 
trapped in the depressions of the Palaeozoic 
basement but also inside natural karstic features 
distributed throughout the Paleozoic carbonate top 
surface. The Wealden deposits have been mapped 
originally by Marlière (1946) and more recently from 
core descriptions and allowing to propose of a revised 
cartography of the Wealden deposits around Saint-
Vaast (see Figure 4.1, report ISSeP from 2010).

 

Figure 4.1 Location of both 2009 and 2018 events on a geological map from Wallonia geoportal (modified from (Frippiat 
et al. 2013)). The location of cross-section AA' has been highlighted, b topographical map from Shuttle Radar 

Topography Mission (Farr et al. 2007) and highlighting hydrographic networks and Wealden terrains and watersheds.

Hydrographically, the region lies in the Haine sub-
basin of the Scheldt basin, which reaches the Canal 
du Centre to the north and is flowed by the Haine from 

east to west (Figure 1.b). Prominent tributaries 
include the Ruisseau des Estinnes and Ruisseau de la 
Princesse. The Haine originates in Anderlues and is 
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fed by multiple smaller streams, like the Olive stream 
and Marais stream. Urbanization is most prevalent in 
the north, where the Canal du Centre intersects the 
region. This area is marked by the Strépy-Thieu boat 
lifts and the Canal du Centre Historique. Waterway 
routes in this zone, such as the Thiriau du Luc and its 
tributaries, often intertwine with the Canal du Centre 
Historique path (Drevet et al. 2010).  
 

The study area relief is affected by traversing 
watercourses and is marked by colliery spoil heaps, 
some even exceeding 190 m in height (Figure 1. b) 
(For detailed information on the Albert 1er spoil heap, 
see Destination Terrils: Terril Albert 1er.). Its average 

altitude is around +100 m, but this varies with +75 m 
elevations to the northwest and about +150 m to the 
southeast (Figure 1.b). The river Haine is the 
predominant hydrological feature in the study area, 
situated 608 m to the south of the initial incidence 
point. Central to the study area is drawn the mapping 
of an underground adit corresponding to an old adit 
located in the upper part of the thick lens of Wealden 
deposits. A detailed view of the geological features, 
including the direction and approximate depth of the 
adit, along with the schematic location of drilled 
piezometric wells is shown in the cross-section 
(Figure 4.2).

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.2 Cross-section AA' (highlighted in Figure 4.1a) illustrating the geological layers and the position of the drainage 
adit. The section highlights the direction and approximate depth of the adit relative to the Wealden deposits, as well as 

the overlying Turonian marls and Cretaceous aquifer. 

This mining adit is horizontal or slightly inclined 
and was possibly excavated to access a water-
bearing storage level inside the Saint-Vaast hill. The 
“Charbonnages de La Louvière et Sars-Longchamps” 
colliery with the mine shafts 9 and 10 of the coal 
extraction site Albert 1er, started in 1914 and stopped 
in 1961, is the nearest active colliery in Saint-Vaast 
(Nicau, 2024).  The latter colliery ceased the same 
year and was included in a bigger operational colliery 
named “Charbonnages de Ressaix-Mariemont-La 

Louvière" still supervised administratively by the 
regional Walloon administration. Given the proximity 
of the adit drainage with the active coal exploitation 
Albert 1er site, there is an issue most probably in 
relation to underground water fluxes from the nearby 
hill area containing the Cretaceous aquifer (chalks) 
and aquiclude (Wealden and Turonian marls). 
Turonian marls constitute a relatively impervious 
cover with a thickness of 20-30 m acting as a 
hydraulic barrier and confining the Wealden 

https://www.destinationterrils.eu/fr/terril-albert-1er
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underground water located in the sandy layers, 
potentially located at the top of the Wealden deposits 
(Frippiat et al., 2013). The significance of this adit is 
further highlighted by its evident role in the 
documented events and the geospatial estimations 

of land subsidence and uplift as revealed by PS-InSAR 
data. Given its importance, our focus will narrow to 
the region surrounding this adit, offering more 
detailed research and discussions (Figure 4.3).

Figure 4.3 Detailed geospatial mapping of the historical underground gallery near Albert 1erColliery. The 

topographical background map is sourced from CartoWeb (NGI).Inset black and white photo adapted from (Hudson 

Institute of Mineralogy, n.d.) showing the Albert 1er colliery in Saint-Vaast (photo copyrighted to J. Duriau, Trivières). 

 
4.3.2. Saint-Vaast Incidents of 2009 and 2018 

 
The most important geological feature in the 

Saint-Vaast subsurface is the presence of the 
Wealden terrains (Figure 4.1a). The Wealden 
geological layer features a complex stratigraphical 
sequence, with clayey horizons at the top 

transitioning to more mixed sandy-clay compositions 
at depth. These deposits are kilometric lenses 
located in very localized depressions of the Paleozoic 
basement in general and specifically present here in 
the Saint-Vaast area. Their formation resulted from 
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continental sedimentary processes and 
environments during the Early Cretaceous period, 
characterized by alternating deposition of clay and 
sandy layers. The clayey horizons are originally 
located in the middle and lower part of the sequence, 
while the mixed sandy-clay deposits are found at the 
top. The sandy portions have high permeability and 
can store and transmit substantial volumes of water. 
In contrast, the clayey sections act as impermeable 
barriers, often trapping and isolating water bodies in 
sandy lenses inside the clay horizons. Alongside 
these terrains, coal-bearing aquifers are present, 
which are essentially water-bearing layers associated 
with the exploited coal seams. These aquifers play a 
pivotal role in the hydrogeological dynamics of the 
region although the top of the Paleozoic basement 
has been strongly affected by the weathering with 
clay sequences that are sometimes very difficult to 
distinguish from the clay layers of the Wealden 
deposits itself. Their interactions with the overlying 
and underlying terrains, especially the Wealden 
clayey horizons, determine much of the subsurface 
water flow and storage patterns (Drevet et al., 2010). 
Given the geological characteristics of the Wealden 
terrain, this study examines the incidents that 
occurred in 2009 and 2018 in Saint-Vaast where 

Cretaceous chalk layers overlay impermeable 
Turonian marls above the loose sands of the Hainaut 
Group. These sands, saturated and under excessive 
pressure, put the gallery at risk due to the pressure 
difference between the upper underground aquifers 
and the high level of the Haine River. Over long 
periods, such conditions can accumulate significant 
potential energy. A natural or anthropogenic 
disruption in the Wealden clay horizon could cause 
the pressurized water from the Wealden confined 
aquifer to be released suddenly, as observed in the 
2009 and 2018 incidents. The pressurized release 
can be even more pronounced if the coal aquifer, at 
any given point, directly interfaces with the sandy 
Wealden terrains. Considering the extensive mining 
history of the region, abandoned mining galleries and 
shafts may have served as potential pathways or 
reservoirs for groundwater flow. Given their expansive 
and interconnected nature, this adit plays a crucial 
role in subsurface hydrodynamics. 
 

To better understand these dynamics, a cross-
section showing the hydrogeology of the region, 
including the locations of piezometric wells and the 
variabilities in the lithology of the Wealden terrain at 
each piezometer, has been created (Figure 4).

 
 
 
 
 
 

 

 
 
 
 
 

 
 

 

 

 

 

Figure 4. 4 Geological cross-section over the piezometric wells F1 to F5 in the Saint-Vaast region, illustrating the 

lithological variability of the Wealden terrain across different piezometric wells, modified from (Drevet et al. 2011). 
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When active, mining operations often involve 
dewatering processes to keep these galleries free 
from groundwater influx. This is typically achieved by 
pumping out the water that seeps into the mine shafts 
and the exploited underground galleries. However, 
once mining ceases and dewatering is stopped, 
groundwater starts to reclaim these anthropic voids 
left from the exploitation. The abandoned galleries 
and shafts begin to act as conduits, allowing water to 
flow more freely than through the surrounding rock or 
sediment. Indeed, they can significantly change the 
natural flow paths of groundwater. This has profound 
implications for the hydrogeological dynamics of the 
region. If these saturated galleries and shafts are 
close to or intersect with other geological formations, 
like the Wealden terrains or coal-bearing aquifers, 
they can influence water movements between them. 
For instance, the presence of adit features inside the 
Wealden deposits in the Saint-Vaast hill where these 
galleries are near the surface or have compromised 
mechanical integrity due to the presence of loose 
sand pockets might imply sudden water discharges, 
especially if there is a significant pressure differential 
due to the formation of a plug associated to the 
confined water-bearing sandy lenses in the Wealden 
deposits. This can explain the anomalies observed in 
the area.
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4.4. Methods & Materials 
4.4.1. PS-InSAR Technique, Processing, and SAR 
Datasets 

 
 
 
 
 
 
 
 
 

 
Synthetic Aperture Radar (SAR) data, when 

analysed through the PS-InSAR technique, has 
significantly advanced the monitoring of ground 
deformations from space.  A challenge, however, 
arises when there is an absence of man-made 
structures in the study area, or when the deformation 
does not conform to a predefined temporal model 
(Crosetto et al. 2016). Stanford Method for Persistent 
Scatterers (StaMPS) is developed to overcome 
traditional PS-InSAR limitations. The method did not 
rely only on the presence of man-made structures for 
detection and was able to find low-amplitude natural 
targets (Hooper et al. 2004, 2007). The methodology 
creates N interferograms from a set of N+1 SAR 
images, acquired over different time intervals 
(Sadeghi et al. 2013). These images are then related 
to a designated master image, a process optimized to 
maximize stack coherence. The criteria for selecting 
PS candidates are based on the amplitude dispersion 
index (Shamshiri et al. 2018). This quantitative 
measure evaluates the stability of the target radar 
backscatter over time. Stable targets typically exhibit 
lower amplitude dispersion values and are, therefore, 
indicative of potential PS candidates. The 
fundamental inputs for PS-InSAR are interferograms – 
products that include the phase difference between 
two SAR acquisitions, thus revealing ground 
displacements that occurred between the two 
acquisition times. To produce these interferograms, a 

set of SAR images is required, where a specific image 
is chosen as a ‘reference’ and the others are termed 
‘secondary’. The difference in phase between the 
reference and each of the secondary images 
generates individual interferograms (Dehghani and 
Nikoo, 2019). In our study, the Delft Object-oriented 
Radar Interferometric Software (Doris) (Kampes 
1999), was used for interferometric processing of 
Single Look Complex (SLC) data of both the ERS and 
Envisat satellites. While Doris can handle Sentinel-1A 
data, for our research goals, Sentinel-1A data was 
processed using the InSAR Scientific Computing 
Environment (ISCE) (Rosen et al. 2012). Upon 
interferogram generation, PS-InSAR protocol, driven 
by the StaMPS, employs the amplitude dispersion 
index as a foundational metric (Osmanoglu 2011). 
This criterion which is linked to the stability of radar 
backscatter over time, is very important in the 
detection and monitoring of PS points. This method 
ensures that the detected deformation signals belong 
only to those scatterers exhibiting stability, thus 
refining the accuracy and reliability of the resultant 
deformation insights. To measure the expansion and 
dynamics of ground deformation in Saint-Vaast, we 
integrated three C-Band SAR datasets spanning three 
decades. Our study started with an analysis of 
ERS1/2 satellite imagery spanning the period from 
1992 to 2001. This was succeeded by ENVISAT 
images, covering the years from 2003 to 2010. We 
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subsequently incorporated Sentinel-1A imagery from 
the years 2016 through 2023 into our dataset. The 
resolution of these data is presented in Table 4.1 
(Zebker et al. 1994; Small et al. 2003; Bourbigot 
2016). An external Shuttle Radar Topography Mission 
(SRTM) Digital Elevation Model (DEM) was used to 
mitigate topographic distortions inherent in the 
interferometric phase data. Following SAR data 
processing, we identified PS by applying a threshold 
for temporal coherence, set at a value bigger than 0.7. 
This threshold is usually considered as specific 
criteria, which assess the reliability of scatter points 
based on their consistency in reflecting radar signals 
across multiple acquisitions (Kenner et al. 2016; 

Chen et al. 2018). Certain temporal gaps between 
ENVISAT and Sentinel-1A were evident. Nonetheless, 
the integrated data provides the deformation 
dynamics in Saint-Vaast across a non-continuous 
span of three decades. We used 98 descending ERS, 
129 descending Envisat, and 187 Sentinel-1A 
ascending images spanning between April 1992 to 
January 2001, March 2003 to October 2010, and June 
2016 to April 2023 respectively. Table 4.1 delineates 
the specific attributes of the three SAR datasets 
employed in this study. Figure 4.5 shows the 
perpendicular baseline against temporal baselines of 
the generated interferograms.

 
Table 4.1 Summary of SAR datasets used for analysis.

 

 

 

 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 

 

Figure 4.5 Star graphs showing perpendicular baselines (in meters) against acquisition dates for three SAR-image 

datasets, spanning the ERS, ENVISAT, and Sentinel-1A periods. 

 

Satellite Number of 
interferograms 

Start date of 
spanning 

The end date of 
the spanning 

Reference 
date 

Number of PS 
per km2 

Imaging 
geometry 

ERS 1/2 74 26/04/1992 03/01/2001 18/02/1998 98 Descending 
Envisat 73 19/03/2003 13/10/2010 15/08/2007 129 Descending 

Sentinel-1A 203 07/06/2016 20/04/2023 20/09/2019 187 Ascending 
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4.4.2. Water Level Monitoring  
 
To assess the risk of an accident of this type 

recurring in Saint-Vaast a detailed study of the 
piezometry of the aquifers was conducted by the 
Public Service of Wallonia. Piezometric wells, 
monitoring the Wealden and Chalk aquifers in the 
Saint-Vaast area, offer insights into the subsurface 
hydrology influenced by historical mining activities. 
Five piezometers (F1 to F5) near the collapsed area 
were cored in the Wealden facies to assess the 

potential influence of historical mining activities on 
groundwater pressures. Piezometer F6 in the vicinity 
of the collapse region was specifically set up to 
monitor the water level in the chalk aquifer to 
understand its hydrological behaviour and 
interactions. The location of the different available 
piezometers in the studied area is shown in Figure 
4.6. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Location map of piezometric wells concerned with the study. The map background is sourced from CartoWeb 

(copyrighted to NGI). 
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4.5. Results  

 
In this part of the paper, we present the results 

and discussion of our study on land surface 
deformation of the Saint-Vaast region. Our analysis 
using 3 decades of SAR data and 13 years of 
piezometric wells monitoring, explains the ground 
deformations and its hydrogeological drivers. 
Comparison between the SAR estimations with 
hydrogeological measurements shows a significant 
correlation between groundwater level variations and 
surface displacement during specific intervals within 
the study period.  

 
4.5.1. PS-InSAR Displacements 

 
In our investigation of ground displacement in the 

Saint-Vaast area, we used PS-InSAR analysis across 
three distinct radar datasets from 1992 to 2023. We 
estimated significant displacement trends within a 
5.7 square kilometer region of historical mining 
activity. Initially, from 1992 to 2001, this zone 
exhibited uplift movement with an average 
displacement of 2.65 mm/year, peaking at 4.49 
mm/year along the LOS (Figure 4.7a). The period 
between 2003 and 2010 showed a stabilization in 
LOS displacement rates, averaging 0.94 mm/year. 
During this time, fluctuations range from a slight 
subsidence of -0.96 mm/year to an uplift of up to 1.5 
mm/year along the LOS (Figure 4.7b). This period 
indicates a transient equilibrium within the 
subsurface structures. Contrasting to these periods, 
the recent years from 2016 to 2023 marked a notable 

shift to land subsidence, with an average LOS 
displacement rate of -1.24 mm/year, descending to a 
minimum of -3.65 mm/year (Figure 4.7c). The velocity 
values along the Line of Sight (LOS) illustrated in 
Figure 4.7 provide a ground displacement velocity but 
should be interpreted with caution, as they may not 
fully represent the deformation dynamics over the 
entire estimation period. While the mean LOS velocity 
during the Sentinel-1A satellite monitoring period 
suggests a trend of subsidence, a closer examination 
of the recent time series data shows a beginning 
pattern of an uplift.  

 
The displacement values obtained from PS-InSAR 

are calculated relative to a reference point. This 
reference point, assumed to be stable, is a key factor 
in PS-InSAR processing. For the ERS data (1992–
2001), the reference point was located at a specific 
latitude and longitude (4.54° E 50.932° N), part of a 
broader regional processing. For the Envisat (2003–
2010) and Sentinel-1A (2016–2023) datasets, a 
presumedly stable reference region was identified 
near the dynamic deformation area based on the 
stability observed during the ERS period. Specifically, 
the reference point for Envisat and Sentinel-1A data 
was located at coordinates [4.05, 50.51], with a 50-
meter buffer around it. In other words, the time series 
shows displacement relative to the average 
deformation of all PS inside this specific area. All 
displacement values in the Envisat and Sentinel-1A 
analyses were calculated relative to this reference 
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point, ensuring consistency and minimizing potential 
bias from reference point movement. However, the 
assumption of reference point stability remains a 
critical consideration in long-term subsidence 
assessments. It will be addressed in chapter 5 in 
detail.  

 
Different trends over time, emphasize the 

complexity of deformation processes in the Saint-
Vaast region, where short-term fluctuations can 
significantly deviate from longer-term trends. Figure 
4.7 also illustrates how the pattern of deformation, 
including both uplift and subsidence phases, 
symmetrically aligns along the boundaries of the 
Wealden terrains. This alignment revealed by PS-
InSAR time series analysis, emphasizes the 
geological influence on deformation dynamics. 
Additionally, Figure 4.7 shows the location of 
piezometric wells to highlight their position in the 
pattern of deformation.  

 
In Figure 4.7, it is important to account for the 

incidence angle multiplication factors when 
interpreting the LOS velocity values. The LOS 
displacement values represent a combination of 
movements in 3D directions projected along the 
satellite’s line of sight. Having the local incidence 
angle at each PS point, the deformation can be 
projected onto the vertical or horizontal direction. The 
scale factor for the projection of LOS deformation 
onto vertical directions is provided in Table 1.1 in 
section 1.3. In the table, the scale factor is based on 
the local incidence angle measured at the middle of 
each region, and it varies slightly depending on the 
geometry of the radar acquisition in different 
datasets. For the PS points located within a 200 m 
buffer area from the cross-sections BB' and CC’ (solid 
purple lines in Figure 4.7), the LOS velocity during the 
three satellite periods is further estimated and 
illustrated (Figure 4.8). Additionally, a time-lapse of 
yearly changes in LOS velocity maps is provided in the 
supplementary materials. 

 

As shown in Figure 4.8a, a consistent positive 
peak of deformation along the cross-section BB' 
during both the ERS and Envisat periods is centered 
around the longitude at 4.17. with increasing and 
decreasing LOS values respectively before and after 
the peak. The ERS data indicate a higher uplift at this 
peak, while during the Envisat period, the general 
deformation pattern across the region tends towards 
stability, yet a slight uplift is still estimated along the 
cross-section, with a lower peak compared to the 
ERS period. Conversely, Sentinel-1A data reveal a 
transition to subsidence displaying the highest rate of 
land subsidence along the cross section around the 
longitude 4.175. 

 
This deformation pattern, with an increasing 

trend towards the centre of the land subsidence 
bowl, and the center of maximum movement shifting 
slightly over time compared to the peak in the uplift, 
indicates a dynamic subsurface process, evolving 
from uplift to land subsidence.It has to be noted also 
that the three periods have a significant stability area 
from the longitude interval 4.1775 to the end. An 
increasing trend in the LOS velocity values is also 
visible before the longitude 4.1775 starting from the 
lowest negative LOS velocity values. The end of the 
cross-section reached the urbanized area of La 
Louvière where the subsurface data seems to 
indicate a very reduced amount of Wealden deposits 
with a reduced cover of Meso-Cenozoic deposits.  

 
CC' is along the axis of the semi-symmetrical 

shape of the Wealden terrains, running in a 
northwest-southeast direction. As shown in Figure 
4.8b, during the ERS period, like BB', there is an uplift 
along the cross-section. However, moving from C to 
C', the value of uplift increases towards the lobe of 
the Wealden border. Unlike BB', the uplift at the end 
of the cross-section does not turn into subsidence 
but continues to show uplift, though at a lower 
rate.During the Envisat period, similar uplift is 
observed along CC'. 
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Figure 4.7 Mean velocity map of Saint-Vaast region along LOS direction during a ERS period (1992-2001), b ENVISAT 

ASAR period (2003-2010), and c Sentinel-1A period (2016-2023). Incidence angles for each plot, which affect LOS 

deformation interpretation, are provided in Table 1.1.
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Figure 4.8 Average LOS velocity for PSs located within a 200 m buffer along a cross-section BB' b cross section CC' 

(highlighted in Figure 4.7) passing over the deformation zone during three periods.

However, the uplift rate is slower, and the general 
deformation pattern shows a gradual decrease in 
uplift. By the end of the cross-section at C', the 
deformation stabilizes. Sentinel-1A data reveals a 
transition to subsidence displaying the highest rate of 

land subsidence along the cross-section from C to C', 
similar to BB'. The value of the peak subsidence is the 
same as observed in BB'. However, in BB', the 
minimum peak is very sharp, indicating that the 
subsidence sharply reaches its lowest point around 
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longitude 4.175, transitioning from stability at the 
beginning of B. In contrast, along CC', the subsidence 
smoothly reaches the same peak, maintaining this 
peak until around longitude 4.185, and then gradually 
stabilizes. The differences between the three periods 
are, in part, due to the use of different reference 
points for each satellite mission. The ERS data uses a 
specific reference point as part of a larger processing 
(located at specific coordinates mentioned 
previously), while the Envisat and Sentinel periods 
use a reference point that was chosen near the center 
of the area based on its stability during the ERS 
period. Any potential movement of these reference 
points could slightly influence the interpretation of 
the results. For example, while the reference points 
are assumed to be stable, even a slight shift in the 
reference point could cause a relative overestimation 
or underestimation of the displacement along the 
LOS for a given period.   

 
Analysis of cross-sections BB' and CC' suggests 

that the deformation processes in the region are 
influenced by the orientation and distribution of the 
Wealden terrains, leading to more uniform 
deformation patterns along CC'.   

 
4.5.2. PS-InSAR Timeseries Analysis 
 
In the following, we implemented data processing 

and investigated land deformation, building upon the 
processed dataset of PS-InSAR time series derived 
from the StaMPS software. Our analysis 
concentrated on identifying and interpreting 
breakpoints within the time series data to gain a 
deeper understanding of the relation between 
displacement values and incidents in the region. 
Breakpoints are those dates where significant shifts 
in the deformation rate are observed, indicative of 
underlying hydrogeological processes and their 
influences that change the deformation dynamics. 
The identification of these breakpoints is crucial for 
understanding the temporal evolution of land 
deformation, as they signify periods where the 

deformation trend undergoes notable changes. Our 
analysis defines multiple linear trends by identifying 
breakpoints, which represent distinct phases of uplift 
or subsidence. Within these smaller sections, linear 
trends are sufficient to capture the nature of the 
deformation process. This approach focuses on the 
overall pattern of deformation, as it directly relates to 
significant changes in water levels. The goal is to 
understand the correlation between the main trends 
of uplift or subsidence and the rising or drawing of 
water levels, rather than accounting for seasonal or 
minor fluctuations that do not influence the broader 
trend. 

 
This observation is significant as these 

breakpoints are consistently present across all five 
displacement timeseries (Figure 4.9). These 
timeseries correspond to the average timeseries of 
PSs located within a 100 m radius of five piezometers, 
labeled F1, F2, F3, F4, and F5/F6—the latter two 
being co-located (Figure 4.6). Incorporating these 
points helps explain the clog ruptures that occurred 
in 2009 and 2018. The ERS satellite data spanning 
from April 1992 to January 2001 provided the  first 
estimations of displacement in the region. 
Throughout this period, the time series data indicated 
a consistent uplift until April 1998, after which a 
phase of relative stability was observed across all 
piezometric wells until 2001 except for F4, which 
showed subsidence after April 1998. (Figure 4.9). 
Although no specific incidents were documented 
during this stable phase from April 1998 to January 
2001, the historical context and subsequent 
deformation patterns suggest the possibility of an 
unreported subsurface event occurring during that 
time. From March 2003 to the end of January 2009, 
our analysis of Envisat satellite data revealed a 
notable uplift in all 5 timeseries, with rates reaching 
3.44 mm/year near F5/F6 wells and reducing to 1.3 
mm/year around F4. The locations of these 
piezometers are shown on the velocity map (Figure 
4.7). The last year of the Envisat period (January 2009- 
October 2010) showed a stabilization in the trends 
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across the all-time series. This phase of relative 
stability ended just before the first documented clog 
rupture event in February 2009. This suggests a 
correlation between the end of the uplift phase and 
the hydrogeological disturbances.  

 
One important point is that the ERS, Envisat, and 

Sentinel-1A data sets were processed independently, 
and the reference points used for each are different. 
Additionally, we cannot assume that the trend 
observed in the ERS time series should continue 
indefinitely or align perfectly with later datasets like 
Envisat and Sentinel-1A.  

 
The SAR data showed that a regional pattern is 

visible and most probably in relation to the 
subsurface activities of the coal mines in this part of 

the basin. The cessation of the groundwater pumping 
activities due to mining closure led to a gradual rise of 
the groundwater levels, increasing pore water 
pressure and reducing effective stress in the 
subsurface, weakening the soil or rock structure. This 
long-term evolution is illustrated by a regional 
uplifting trend in the studied area that is still visible 
during the ERS period. The ENVISAT period is still 
highlighting this trend in the southern area while the 
northern area showed negative LOS velocities 
suggesting a land subsidence affecting the urban 
areas of Le Roeulx, La Louvière, and Manage. The end 
of this uplifting trend is clearly visible during the 
Sentinel-1A data where the LOS velocity values 
indicate stable conditions mostly for the central and 
northern areas while the southern area continued to 
show uplifting conditions.    
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Figure 4.9 LOS displacement timeseries from ERS, Envisat, and Sentinel-1A data for the PS points in the vicinity of 
piezometric wells, averaged for all PS points located within a radius of 100 m from each piezometer. Incidence angles for 

each plot, which affect LOS deformation interpretation, are provided in Table 1.1. 
 

Looking now to the studied area of Saint-Vaast, a 
different pattern is visible with strong positive, slightly 
positive to almost stable, and negative LOS velocity 

values respectively during the ERS, ENVISAT, and 
Sentinel-1A time interval. This process illustrated the 
change of the behaviour from uplifting conditions to 
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the progressive development of the land subsidence 
bowl. The rising trend indicates the progressive influx 
of groundwater that can accumulate in the confined 
Wealden water-bearing sandy lenses causing an 
initial uplift (2003-2010), followed by a period of 
stability (January 2009-October 2010) as pressures 
balanced. Eventually, the continuous pressure 
buildup exceeded the subsurface material strength, 
triggering the 2009 clog rupture through sudden 
pressure release. The radar data gap from October 
2010 to June 2016 limited direct estimations, yet it is 
possible that the ground surface initially subsided 
during this time. This resulted from the expulsion of 
large volumes of water and mud due to the 2009 
rupture. Not only the release of water but also the 
transition of the materials of sand and clay from the 
Wealden terrain contributed to this subsidence. This 
temporarily reduced the sub-surface pressures, 
leading to land subsidence. However, with the clog of 
the pipe, which was installed after the event of 2009, 
pressures would have gradually built up again, 
initiating a new uplift phase. The exact onset of this 
uplift is uncertain, but Sentinel-1A data from June 
2016 onwards captures the final phase of this uplift 
period till December 2017. During this period 
maximum and minimum uplift of 4.28 and 2.65 
mm/year in the vicinity of F1 and F4 was observed 
respectively. This was followed by a shift to 
subsidence (around June 2018). The start of this 
subsidence phase coincided with the second clog 
event in the pipe installed post-2009, leading to an 
increase in pore pressure once again. However, 
unlike the previous incident, no rupture occurred this 
time due to the effective water and mud transfer by 
the same pipe to the river Haine. This managed 
discharge initiated a rapid subsidence phase post-
2018, with the subsidence rate peaking at -12.28 
mm/year near F2 in the first half of 2018, the highest 
among all other piezometric vicinities. The 
subsidence rate then decelerated significantly in the 
latter half of 2018 and continued at a reduced pace 
until September 2021. Among the piezometric wells, 
the highest and lowest subsidence rates were 

observed near F1 and F4, at -2.97 and -1.29 mm/year, 
respectively. After September 2021, a new uplift 
phase started, observable across various parts of the 
region. This uplift, occurring around all piezometric 
wells, exhibits a consistent positive displacement 
rate estimated between 2.64 to 3.8 mm per year. 
Given the historical patterns described so far, it is 
reasonable to anticipate another significant event in 
the near future. The next section explores the 
relationship between deformation and piezometric 
wells, highlighting their interconnected dynamics. 
 

4.5.3. Analysis of Piezometric Wells  
 

Concerning the relationship between piezometric 
wells and incidents, several key insights were 
identified. The hydrogeological characterization of 
the Wealden terrain with a variable composition is 
critical for understanding the subsurface water 
dynamics and their influence on surface 
deformation. The installation of piezometers F1 to F5 
after the 2009 incident and the subsequent 
monitoring of water table levels provided a direct 
insight into the aquifer response to external pressures 
and events. Piezometer F6 was also installed but for 
the purpose of monitoring the chalk aquifer. Notably, 
the water table levels show distinct trends and 
anomalies.  

 
Table 4.2 shows the characteristics of 

piezometric wells installed in the region. A detailed 
time series visualization of water levels across six 
piezometric wells, with Wells F5 and F6 situated in 
the same location, is also provided (Figure 4.10). In 
the figure, the legend clarifies which data comes from 
which company or method, identifying the different 
sources of data collection. Visual examination of the 
fluctuation reveals not only unexpected events but 
also potential measurement issues. Initial data from 
F2 appear accurate, yet exhibit unusually high 
fluctuation rates, possibly due to installation issues 
with the piezometer. Rates exceeding 10 cm/h are 
unlikely to be natural, suggesting sensor 
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malfunctions or external disturbances. F1 exhibited 
rapid water level rises in early October 2009, early 
March 2010, and early November 2010 (red vertical 
dashed lines in Figure 4.10). The first one aligns with 

a tracer test based on our knowledge, providing a 
clear explanation for this fluctuation. However, the 
origins of the subsequent increases in March and 
November 2010 are not as readily identifiable.

 
Table 4.2 Summary of SAR datasets used for analysis.

 

 

 

Figure 4.10 Time series of the 6 piezometric wells installed near the location of the mudflow outburst and the 
damages at the surface in the residential area of Saint-Vaast after the first event in 2009. The red dashed lines 

indicate rapid water level rises observed in F1 during early October 2009, early March 2010, and early November 
2010.

 
The water table at F5 in the Wealden terrain 

stands roughly 10 meters above the chalk aquifer 
level at F6. With the lower sampling frequency of F6, 
yet it exhibited no significant fluctuations within the 
chalk aquifer throughout the entire observation 
period, suggesting that the chalk strata were probably 
not a contributing factor to the documented 
incidents. It makes sense as the chalk aquifer is 
separated from the Wealden aquifer by a thick 
aquiclude comprising the Cretaceous formations 

and the thickness of this aquifer is reduced on the hill 
of Saint-Vaast residential area compared to the 
southern area on the other side of the Haine river. Five 
piezometers, even F2, despite its considered lower 
reliability, exhibited remarkably consistent 
responses, indicating a coherent hydrogeological 
behaviour across the monitored area. Within this 
dataset, critical breakpoints are highlighted with 
vertical dashed black line marking key dates in the 
monitoring timeline. They are segmented into four 

Well Latitude Longitude Natural Ground 
Elevation (m) 

Aquifer/Layers 
Monitored 

F1 50.462492 4.167734 +90.97 Wealden terrains 
F2 50.462606 4.167733 +93.38 Wealden terrains 
F3 50.461011 4.169797 +90.35 Wealden terrains 
F4 50.464950 4.169780 +105.65 Wealden terrains 
F5 50.457987 4.170972 +77.25 Wealden terrains 
F6 50.457987 4.170972 +.77.06 Chalk aquifer 
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distinct phases: beginning with the initial setup in 
2009 after the first clog rupture event, leading into 
Phase 1 (P1) which continues until mid-2010. It is 
then followed by Phase 2 (P2) from mid-2010 to 
February 2018, Phase 3 (P3) from February 2018 to 
April 2021, and Phase 4 (P4), from April 2021, through 
to the end of our dataset in late 2022. To investigate 
the water level fluctuations, a more detailed analysis 
of the piezometric time series between these 
breakpoints is provided (Figure 4.11). Immediately 
after the 2009 incident, a substantial release of water 
and mud was observed, leading to a decline in water 
levels across all piezometers, except for F4, during 

Phase 1 (P1). F4 exhibited a gradual increase in water 
level at a rate of 1.58 m/year, different from the 
general pattern observed in the other wells. The 
negative water level trends observed in P1 across all 
wells except F4 transitioned in P2 to either 
stabilization, as seen in F2, or to recovery, with rising 
levels in F1, F3, and F5. The rising trend in F4 
persisted during P2, at a reduced rate of 0.58 m/year.  
A strange observation was made towards the end of 
2018. A sudden and pronounced rise in water levels 
in F3 and F5, accompanied by a sharp decline in F4, 
indicates an anomalous hydrogeological event or a 
potential shift in subsurface dynamics.  

 
Figure 4.11 Water level evolution in piezometric wells installed near the incident site after the first event in 2009. The 
figure is segmented into four distinct phases:  a initial setup to mid-2010 (P1), b mid-2010 to February 2018 (P2), c 

February 2018 to April 2021 (P3), and d April 2021 to late 2022 (P4), showing detailed fluctuations during these 
significant phases
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The second incident coincided with this 
hydrological behaviour observed at the end of the P2 
and beginning of the P3 phases. Initially, in early 
2018, there was a sharp increase in water levels in F5 
and F3, which suddenly transitioned to a decline, 
followed by a gradual decrease. A similar pattern was 
noted in F1 and F2, although data for the initial phase 
of the drop in F3 and F5 are missing for these wells 
due to irregular sampling during that time. F4 water 
level fell sharply, at a rate 3.09 m/year, yet showing a 
different steeper decline compared to the other wells, 
despite a similar downward trend. The different 
behaviour of F4, compared to F1, F3, and F5, despite 
all being situated within the Wealden terrains, could 
be explained by lateral variations in the geological 
composition of these sites. The Wealden terrains are 
generally characterized by sandy layers at shallower 
depths transitioning to clay materials with increasing 
depth, as observed in F1, F3, and F5. However, 
drillings at F2 and F4 have more clayey horizons 
closer to the surface (Fig. 4). This could explain F4 
unique hydrogeological response, and the different 
water level trends observed. The clay layers, known 
for their lower permeability compared to sandy 
formations, could restrict water movement, thereby 
decoupling F4 water level responses from those 
observed in the more permeable, sandy 
environments of F1, F3, and F5. Another potential 
explanation could rely on the aspect of a lateral clog 
issue more to the northern part in the adit, implying 
that another clog was created after the 2009 event in 
between the positions of the F1-F2-F3 piezometers 
and the F4 piezometer. This other clog related to a 
collapse event inside the adit, might have initiated a 
change in the hydrogeological response to 
groundwater accumulation much further to the North 
of the adit implying already a pressure change leading 
to an uplift. If this scenario is correct, it might explain 
why the 2018 event is characterized by a strong water 
level decline in the F4 area while the F1-F2-F3 also 
follow the same pattern with a smaller amplitude. 
Nevertheless, the potential lateral location of the 
second clog associated with the 2018 event has not 

created damage to the surfaces in another part of the 
residential area of Saint-Vaast nor right at the surface 
of the 2009 event.  

 

P4 marks a potentially new hazardous phase, 
characterized by a noticeable rise in water levels, 
signaling the risk of a new incident. This period, 
showing the start of an upward trend in water levels 
aligns with uplift estimations from the recent 
Sentinel-1A data. Essentially, the rising water levels, 
with limited outlets for relief, could escalate 
subsurface pressure, heightening the risk of further 
incidents. 
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4.6. Discussion & Conclusions  

 
The events experienced in Saint-Vaast typically 

follow a pattern of progressive clogging, rupture, and 
subsequent surface deformation. However, rather 
than occurring at a fixed interval, the recurrence of 
these events is highly dependent on hydrological 
conditions, particularly infiltration rates. During 
periods of significant water infiltration, the confined 
aquifer system becomes pressurized, leading to 
uplift. When the water cannot escape due to clogging, 
pressure continues to build until rupture occurs, 
releasing water, mud, and transition of sediments 
out, which in turn initiates a subsidence phase. The 
duration of each phase—uplift, stability, and 
subsidence—can vary considerably, depending on 
local weather patterns and groundwater recharge 
rates. Since late 2021, the region has shown signs of 
uplift again, suggesting a potential recurrence of 
clogging events like those in the past. This poses a 
recurring geohazard issue in this densely populated 
urbanized area of Saint-Vaast that requests a 
detailed monitoring approach in the long term to 
follow up a post-mining hazard. 

 
Piezometric analysis showed significant 

correlations between water level fluctuations in the 
Wealden aquifers and instances of ground 
deformation. The events of 2009 and 2018 highlight 
the region's vulnerability to hydrogeological hazards 
due to post-mining activities. The combination of 
piezometric well evolutions and PS-InSAR time series 
of deformation provides a comprehensive 

explanation for these events. 
 
The temporal analysis identified critical 

breakpoints in displacement trends and piezometric 
well time series, offering insights into subsurface 
processes. These breakpoints align with observed 
hydrogeological events, indicating a direct link 
between subsurface water pressures and ground 
stability. 

 
Starting from these considerations, a simple 

approach is here proposed to continue the 
monitoring of the whole area by combining the two 
techniques (i.e. piezometric wells and PS-InSAR 
data). The purpose of this approach is to give an 
overview of the collapse risk and clogging effect 
inside the abandoned mined adit considering how to 
tackle input data uncertainty. Frequently, in risk 
analysis a strong interference between uncertainty 
and decision-making is present and therefore it is 
crucial to generate an easy, accessible and 
transparent decision procedure capable of solving 
also complex problems characterized by poor local 
information. The case of Saint-Vaast is associated to 
the presence of an adit structure that has been 
mapped on old mine documents and to a long period 
of digging using many shafts to reach the level. The 
adit is potentially precisely located while the depth 
and the size (height and dimensions of the adit) are 
almost unknown. The lithology of the Wealden facies 
has been recently investigated through the 5 
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piezometric levels but only on a very limited depth 
implying a strong uncertainty in the presence, 
thickness and numbers of water-bearing sandy 
lenses inside the Wealden deposits through the entire 
thickness of the series but also in the lateral facies 
variations that might be very relevant for such kind of 
continental deposits. The depth of the adit and the 
dimensions do not allow visual inspections neither 
while it would be very suitable to have a clear view of 
the stability of the roof along the entire length of the 
adit. The 5 piezometers are also not very well 
distributed, and their number is insufficient to cover 
the entire adit. The unknow lithologies forming the 
roof of the adit are also creating large uncertainties in 
the places where mechanical instabilities might 
create roof collapses leading to clogging issues. 
Depending on the location of the potential future clog 
issue, the incident might be either almost not visible 
or generate again surface displacements. The 
management of post-mining hazards associated to 
such kind of features at shallow depth requires a 
combined monitoring system as the one used in this 
paper by two different technologies. It is potentially 
worth the time to check the other mapped adit 
features found in the area and associated with the 
Wealden deposits to determine whether other areas 
might also be influenced by similar surface 
displacements.  
 

The analysis of land surface deformation in the 
Saint-Vaast region, Belgium, over three decades 
(1992-2023), using PS-InSAR techniques and 
correlating these findings with piezometric well data, 
has enhanced our understanding of the 
hydrogeological dynamics and associated 
geohazards of post-mining activities. This study 
highlights the relationship between subsurface water 
dynamics and resulting land deformation due to the 
presence of an old mining gallery. 

 
The PS-InSAR time series analysis shows the 

temporal progression of ground displacement across 
three radar datasets. ERS data mainly (1992-2001) 

exhibit an uplift phase from 1992 until 1998, 
transitioning into stability from 1998 to 2001. Envisat 
observations (2003-2010) continue the uplift from 
2003 to 2009, followed by stability in 2009-2010. 
Sentinel-1A data (2016 onwards) show an uplift 
phase from 2016 to 2018, a dramatic subsidence 
after 2018, and a reduced subsidence rate until 2021. 
From 2021, a new uplift phase is observed. Velocity 
maps align with the geological features of the 
Wealden terrains, emphasizing subsurface 
hydrogeological processes impact on ground 
deformation. 

 
This investigation demonstrates the importance 

of integrated SAR and piezometric analyses in 
understanding and predicting geohazards in the post-
mining region of Saint-Vaast. The dynamic interaction 
between geological structures, historical mining 
activities, and hydrogeological processes presents a 
complex but understandable pattern of ground 
deformation. This approach is crucial for early 
detection and mitigation of potential geohazards, 
safeguarding communities and infrastructures in this 
vulnerable post-mining region. Historical piezometric 
and PS-InSAR data show a clear correlation. 
Whenever there was an increase in the water level, an 
uplift was monitored. This is linked to sand and clay 
roof collapse in the gallery, leading progressively to a 
clog. Mudflow outbursts are associated with water 
floods and eventually cause subsidence.
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5 
Performance Assessment of 
Corner Reflectors 
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5.1. Introduction 

 
 
 
 
 
 
 

 
The integration of multiple geodetic observation 

techniques has become increasingly essential for 
precise and accurate monitoring of the Earth's 
surface deformation. One innovative approach in this 
domain is the use of Integrated Geodetic Reference 
Stations (IGRS), which combine various 
measurement technologies including Global 
Navigation Satellite Systems (GNSS), Interferometric 
Synthetic Aperture Radar (InSAR), leveling, and 
others. 

 
This chapter focuses on assessing the 

performance of corner reflectors within the IGRS 
framework installed at Doel. The need for IGRS 
becomes particularly evident when addressing the 
challenges encountered in previous chapters 
regarding the selection of a stable reference point for 
PS-InSAR processing. As discussed, comparing data 
from different satellite missions (e.g., ERS, Envisat, 
Sentinel-1) introduces significant uncertainties and 
potential bias due to differences in reference points. 
These biases can lead to misinterpretations of 
subsidence or uplift trends across missions. An IGRS 
provides a consistent, stable reference to minimize 
these uncertainties, significantly reduce bias, and 
ensure more reliable comparisons across satellite 
datasets.  Moreover, the implementation of IGRS is 
not only crucial for current satellite missions but also 
for future missions that may come online. As new 
satellites with varying orbital parameters, sensor 
technologies, and resolutions are launched, the IGRS 
will serve as a standardized reference point, enabling 

integration and comparison of InSAR data from 
different sources. This will enhance the long-term 
monitoring of deformation and ensure continuity in 
data quality, making the IGRS an indispensable tool 
for future geodetic research. Evaluating these corner 
reflectors is critical for enhancing the accuracy and 
reliability of geodetic measurements, thereby 
contributing to a more accurate measuring of land 
surface deformation.  

 
Artificial radar reflectors, such as corner 

reflectors, play a significant role in geodetic 
applications, particularly in enhancing the precision 
of InSAR measurements. Theirprimary purpose is to 
provide a stable, well-defined reference point for 
detecting motion in the context of surface 
deformation studies. These reflectors are used to tie 
the InSAR data to a known position, which can be 
continuously monitored using GNSS. The integration 
of GNSS measurements ensures that any motion of 
the corner reflector reference point is accurately 
tracked over time, providing a precise and stable 
basis for assessing land surface deformation. 
Additionally, they serve in InSAR datum connection 
and geodetic integration. Initially, SAR observations 
are positioned in a 2D radar datum (azimuth and 
range), which can be transformed into a Cartesian 
geocentric terrestrial reference frame using the range-
Doppler equations and an external elevation model.  

 
The IGRS concept addresses the challenge of 

integrating multiple geodetic techniques by providing 
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co-located reference points. This ensures that 
observations from different methods represent the 
same physical processes. GNSS, for example, 
provides 3D spatial positioning through satellite 
signals, while InSAR monitors deformation by 
analyzing differences in radar signal phases between 
two images. By integrating these methods, IGRS 
facilitates the translation of InSAR measurements into 
a consistent geodetic datum (Kamphuis 2019). 

 
The main goal of IGRS is to integrate GNSS and 

InSAR data to ensure that time series represent 
consistent deformation characteristics. This 
integration is crucial for accurately interpreting 
measurements from various sensors and monitoring 
methodologies. The known location of the IGRS in a 
global coordinate reference system allows for 
calibrated deformation time series and improved 
geolocation estimates for InSAR scatterers.  

 
In the following chapter, it aims to develop and 

evaluate the performance of IGRS corner reflectors 
installed in Doel, Belgium. The objectives include 
establishing a standard procedure for analyzing the 
SAR time series of artificial radar reflectors to 
estimate their Radar Cross Section (RCS), Signal-to-
Clutter Ratio (SCR), and time series of range and 
azimuth movements. The goal is to implement this 
procedure using an efficient, open-source toolbox 
called GECORIS.
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5.2. Theoretical Background  

The performance of corner reflectors is crucial for 
accurate SAR positioning. Unlike transponders, 
passive corner reflectors are simpler to manufacture 
due to the absence of electronic components. 
However, their design and installation require careful 
consideration of various factors such as application 
requirements, weather conditions, materials used, 
background noise at the installation site, and the 
satellite's signal wavelength and orbit geometry. For a 
corner reflector to be effective, its reflected signal 
must be distinguishable in the SAR image, meaning 
the backscattered signal must be stronger than the 
surrounding background noise, known as clutter. The 
SCR quantifies this relationship. High SCR values are 
essential as they directly impact the accuracy of LOS 
measurements. For instance, a high SCR ensures that 
the phase variations caused by nearby scatterers do 
not significantly affect the measured phase of the 
dominant scatterer, thus reducing errors in point 
target measurements. 
 

Extensive research and development efforts have 
focused on optimizing corner reflector designs for 
geodetic applications. Various types, including 
triangular and square trihedral reflectors, have been 
tested for their backscattering performance and 
robustness under different weather conditions. These 
tests aim to identify the most effective and durable 
designs.  

 
These reflectors have been tested in diverse field 

conditions and orientations to ensure their 

effectiveness. For instance, corner reflectors have 
been evaluated for their performance in both 
ascending and descending satellite tracks. Following 
successful testing, these reflectors have been 
permanently installed at strategic locations to 
enhance geodetic measurements. The choice of 
reflector design, including the use of thicker 
aluminum plates and protective covers, ensures 
consistent performance in various environmental 
conditions. 

 
The integration of these theoretical and practical 

considerations into the design and deployment of 
corner reflectors directly influences the accuracy of 
SAR positioning. To further understand and optimize 
this process, it is essential to delve into the 
mathematical formulations that govern SAR 
measurements, SCR, and RCS. 

 
SAR measurements can be represented by the 

Impulse Response Function (IRF), which is crucial in 
determining the resolution cell on the Earth’s surface. 
This IRF is typically modeled as a 2D sinc-like function 
in both azimuth and range directions. For a corner 
reflector, the signal observed in the SAR image is a 
combination of its dominant point scattering and the 
contributions from surrounding scatterers, or clutter. 
The power of the signal 𝑦 captured by SAR can be 
expressed as: 

 
𝑦 = 𝐴𝑒𝑥𝑝(𝑖𝜓)         (40) 
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where 𝐴 represents the amplitude, and 𝜓 is the 
phase. The power 𝑃 or intensity 𝐼 of this signal is then: 
 
𝑃 = 𝐴2 = ℜ(𝑦)2 + ℑ(𝑦)2       (41) 
 
where ℜ(𝑦) and ℑ(𝑦) are the real part and imaginary 
part of the complex signal 𝑦. 
 

For distributed scatterers, the radar brightness 𝛽0 
is a useful measure. It provides a normalized value 
that accounts for the strength of the radar signal as a 
function of the resolution cell area particularly in the 
slant-range direction. Radar brightness is derived 
from the pixel values (Digital Numbers, 𝐷𝑁) recorded 
in the SAR image and is given by:  

 

𝛽0 =
𝐷𝑁2

𝐾𝐷𝑁
2 𝐾

         (42) 

 
This expression includes both a pixel scaling 

factor 𝐾𝐷𝑁 and calibration constant 𝐾. These factors 
are used to properly scale the digital number 𝐷𝑁 
values and convert them into a standardized 
radiometric measure. 

 
For idealized point scatterers like corner 

reflectors, RCS is a critical parameter. It measures 
how much power is reflected to the radar from a target 
and is expressed in square meters. The RCS can be 
estimated using two primary methods: the integral 
estimation method and the peak estimation method. 
In the integral estimation method:  

 

𝑅𝐶𝑆 ≈  
𝐼𝑃

𝐾

𝑃𝐴

𝐶𝐹
                        (43) 

 
In this equation, 𝐼𝑃 is the integrated power within 

the main lobe of the radar signal response, 𝑃𝐴 is the 
pixel area in the SAR image, and 𝐶𝐹 is accounting for 
the relative power in the sidelobes. In the Peak 
estimation method: 

 
𝑅𝐶𝑆 ≈  𝛽0∆𝑎𝑧∆𝑟        (44) 
 

In this equation, ∆𝑎𝑧 and ∆𝑟 are the azimuth and 
range resolution respectively.  

 
SCR is another key parameter, which is 

determined by the ratio of the reflector’s signal power 
to the power of the surrounding clutter within the 
resolution cell. Mathematically, it is expressed as: 

 

𝑆𝐶𝑅𝐶𝑅 =  
𝐼𝐶𝑅,𝑝𝑒𝑎𝑘

′

𝐼𝑐̅𝑙𝑢𝑡𝑡𝑒𝑟
≈

𝑅𝐶𝑆𝐶𝑅

𝛽̅0
𝑐𝑙𝑢𝑡𝑡𝑒𝑟∆𝑎𝑧∆𝑟

      (45) 

 
In this equation, 𝐼𝐶𝑅,𝑝𝑒𝑎𝑘

′  is the highest intensity of 
reflector, corrected for the clutter,  𝐼𝑐̅𝑙𝑢𝑡𝑡𝑒𝑟 the 
expected intensity of the clutter, and 𝛽̅0

𝑐𝑙𝑢𝑡𝑡𝑒𝑟
 

multiplied by the resolution cell area is the expected 
radar brightness of the clutter. The 𝑆𝐶𝑅 directly 
impacts the accuracy of the LOS measurements, as it 
influences the phase variance 𝜎𝜙 which in turn affects 
the standard deviation of the LOS displacement 
𝜎𝑑𝐿𝑂𝑆

. The phase variance can be approximated by:  
 

𝜎𝜙 ≈ √
2

2𝑆𝐶𝑅−√3
𝜋⁄

         (46) 

 
and the corresponding standard deviation of LOS 
displacement is given by:  
 

𝜎𝑑𝐿𝑂𝑆
=

𝜆

4𝜋
𝜎𝜙         (47) 

 
where 𝜆 is the wavelength of the radar signal 
(Czikhardt et al. 2021). 
 

The careful consideration of corner reflector 
design is essential for achieving high SCR and RCS 
values, which directly influence the accuracy and 
reliability of InSAR measurements. As noted, the RCS 
depends heavily on the physical characteristics of the 
corner reflector, including its size, shape, and 
material. For instance, the theoretical RCS for a 
square trihedral reflector with an inner leg length of 
0.7 meters is approximately 34.7 dBm², whereas a 
triangular trihedral reflector of the same size typically 
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achieves a lower RCS of around 25.1 dBm² (Figure 
5.1). These values, however, can vary in practice due 
to factors such as orientation errors and 
environmental conditions. The impact of RCS on SAR 
positioning is visually evident in Figure 5.1, which 
shows how RCS varies with the inner leg size of 

different types of corner reflectors. This figure 
underscores the importance of selecting a reflector 
with an optimal design to maximize the reflected 
signal's strength and improve measurement 
accuracy.

  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Relationship between Radar Cross Section (RCS) and inner leg length for C-band (Sentinel-1) trihedral corner 

reflectors, comparing triangular and square designs. The inset illustrates the geometric shapes of the reflectors. Adapted 
from (Garthwaite et al. 2015).

 
The design and installation process of corner 

reflectors also involves selecting appropriate 
materials and ensuring that the reflectors are oriented 
correctly relative to the satellite’s line of sight. For 

example, using thicker aluminum plates and 
protective covers can help maintain consistent 
performance, even in adverse weather conditions.  

 
 
  

 
 
 
 
 
 
 
 
 
 

 
Figure 5.2 LOS displacement error as a function of Signal-to-Clutter Ratio (SCR) for L/C/X-Band InSAR data. Adapted 

from (Garthwaite 2017).
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As discussed, the relationship between SCR and 
LOS measurement precision is critical. As illustrated 
in Figure 5.2, an SCR of 20 dB can lead to a LOS 
displacement error as small as 0.5 mm in C-band 
InSAR measurements. This precision is essential for 
high-accuracy geodetic applications.  

 
These considerations highlight the necessity of 

optimizing both the design and deployment of corner 

reflectors to enhance the accuracy of geodetic 
measurements. The inclusion of Figures 5.1 and 5.2 
not only provides a visual representation of these 
critical relationships but also reinforces the 
importance of SCR and RCS in achieving precise SAR 
positioning, thus making them indispensable tools for 
understanding and improving corner reflector 
performance in practical applications.
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5.3. IGRS Installation in Doel 
 

The installation of IGRS corner reflectors at the 
Doel site was a meticulously planned process, taking 
into account several critical factors to ensure optimal 
performance for InSAR measurements. One of the 
primary considerations was the location of the site, 
which needed to be carefully selected to balance 
accessibility with the technical requirements for 

accurate geodetic measurements. The Doel site, 
located within the protected area of the Doel nuclear 
plant in Belgium (location shown in Figure 5.3), was 
chosen based on its suitability for long-term 
monitoring and its minimal exposure to environmental 
and urban interference. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

Figure 5.3 Location of the IGRS corner reflector installation site within the protected area of the Doel nuclear plant in 
Belgium
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Additionally, the site’s proximity to essential 
utilities, such as electricity and internet, was crucial 
to support the continuous operation and data 
transmission required for the monitoring activities. 

 
Key factors considered during the installation 

included sky visibility, accessibility, and the specific 
application requirements for geodetic infrastructure 
monitoring. Ensuring unobstructed visibility toward 
the satellites was crucial for maximizing the 
effectiveness of the corner reflectors. The orientation 
of the reflectors was carefully calculated based on the 
azimuth and elevation angles relative to the known 
satellite orbits, such as those of Sentinel-1. This 
precise alignment was necessary to ensure that the 
reflectors would capture and return the satellite 
signals without obstruction, thereby providing 
accurate data for InSAR analysis. 
 

In addition to these technical considerations, the 
installation process also took into account the 
potential for signal interference and clutter. A 
thorough SCR analysis was performed before 
installation to identify the best possible location for 
the reflectors within the site. This analysis ensured 
that the chosen location would minimize background 
noise and maximize the accuracy of the radar signal 
measurements. The SCR analysis at Doel was 
particularly important given the potential for 
interference from nearby structures or vegetation, 
which could affect the accuracy of the InSAR data. 

 
On 22 July 2022, the first IGRS in Belgium was 

installed at the Doel site. This marked the beginning of 
the station's capability to support high-precision 
InSAR measurements. After the initial installation, 
further refinements were made to optimize the 
reflector's performance. On 15 May 2023, the 
reflector was adjusted to achieve an optimal 
inclination, ensuring it was correctly aligned to receive 
the maximum Radar Cross Section (RCS). This 
adjustment was crucial for enhancing the accuracy 
and reliability of the reflected signals, thereby 

improving the overall effectiveness of the InSAR 
measurements conducted at the site. 

 
The GNSS station DOEL00BEL at Doel, Belgium, 

is a well-established site managed by the National 
Geographic Institute of Belgium. The IGRS in Doel is 
approximately located at 51.3218°N latitude and 
4.2500°E longitude with an elevation of 45 meters. 
The station is built on a concrete slab foundation with 
a depth of 1.3 meters, a thickness of 55 cm, and 
approximate dimensions of 1 m² (with minor 
variations). Approximately 5 cm of the concrete slab 
is visible above the grass level. It features a SEPT 
POLARX5E receiver supporting GPS, GLONASS, and 
Galileo satellite systems. The single vertical pole 
monument stands 2.4 meters tall, anchored on a 
concrete foundation. The concrete slab rests directly 
on Quaternary sediments without deeper vertical 
steel poles; instead, four horizontal steel rods were 
embedded near the base of the slab, extending 30 cm 
into the surrounding Quaternary sediments and 30 
cm into the concrete. This was done to stabilize and 
lightly anchor the foundation. The station uses a 
SEPCHOKE_B3E6 antenna with an SPKE radome, 
connected by a 30-meter coaxial cable and aligned 10 
degrees from the true north. The foundation sits on a 
combination of sand, clay, and peat layers, which 
are on sedimentary bedrock.  on sedimentary bedrock 
within the Eurasian tectonic plate, ensuring stable 
and precise geodetic measurements for regional 
monitoring. (For further details about the DOEL00BEL 
GNSS station, including technical specifications and 
comprehensive site information, readers can visit the 
official GNSS metadata website). 
 

To complement the installation at the Doel site, 
ongoing maintenance and monitoring procedures 
were established. Regular checks are conducted to 
ensure that the reflectors remain properly aligned and 
free from obstructions, such as debris or vegetation 
growth, which could degrade the quality of the 
reflected signals. This proactive approach helps to 
maintain the high SCR and RCS values necessary for 
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precise InSAR measurements, ensuring that the Doel 
IGRS continues to provide valuable data for geodetic 
and environmental monitoring.  
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5.4. Results 

 
 
 
 
 
 
 
 
 

The processing of this chapter was done using the 
GECORIS open-source Python toolbox. In this 
analysis, SAR data from tracks ascending 88 and 161 
and descending 37 and 110 were used to assess the 

positioning accuracy of corner reflectors under 
varying correction factors. Table 5.1 summarizes the 
RCS values, acquisition periods, and characteristics 
of used data for each track: 

 
Table 5.1 Summary of RCS values, acquisition time, and periods for different SAR tracks, covering both pre- and 

post-installation periods. 
Track Geometry Average RCS 

before CR 
installation 

(dBm²) 

Average RCS 
after CR 

installation 
(dBm²) 

Acquisition 
period 

Acquisition time 

110 Descending 9.84 28.8 04/01/2022-
28/07/2024 

05:58:57-05:59:12 

37 Descending 5.21 28.6 11/01/2022-
23/07/2024 

05:50:47-05:51:03 

161 Ascending 5.93 28.8 07/01/2022-
25/06/2024 

17:33:26-17:33-41 

88 Ascending 14.16 28.4 02/01/2022-
26/07/2024 

17:25:16-17:25:32 

 
The Absolute Positioning Errors (APE) in both 

range and azimuth are calculated as the difference 
between the detected subpixel peak positions and 
the expected radar coordinates, taking into account 
various timing biases. These biases include 
contributions from the ITRF position, solid earth tides 
(SET), tropospheric (tropo) and ionospheric (iono) 
delays, bistatic correction, Doppler effects, and FM-
rate mismatches. For the Doel IGRS corner reflector, 
calculations were performed on a triangular corner 
reflector. 

 

The impact of individual SAR positioning 
corrections was analyzed for ascending and 
descending tracks, as represented in Figure 5.4. Each 
scatter point in Figures 5.4a-d corresponds to a single 
Sentinel-1 acquisition, with each graph representing 
data from a different track (ascending 88, ascending 
161, descending 37, and descending 110). These 
points illustrate how the application of various SAR 
positioning corrections progressively refines the 
accuracy, as shown by the clustering of points closer 
to the origin.  
 



 

103 

 

The analysis of range and azimuth errors across 
four Sentinel-1 tracks reveals distinct patterns in 
positioning accuracy. Ascending tracks (88, 161) 
show more initial scatter than descending tracks (37, 
110). 

 

However, all tracks benefit from corrections, with 
descending tracks generally showing tighter 
clustering after corrections. Across all tracks, FM-
rate and Doppler corrections show the most 
substantial improvement in clustering, particularly in 
range.

 
Figure 5.4 Impact of Individual SAR Positioning Corrections on Absolute Positioning Errors (APE) in Range and Azimuth 
for the Doel IGRS Corner Reflector. Stack of data from a Track 110 (Descending), b Track 37 (Descending), c Track 161 

(Ascending), and d Track 88 (Ascending). Each scatter point represents a single Sentinel-1 acquisition, with different 
colors and markers indicating the various corrections applied, such as plate motion, SET, tropo, iono, bistatic, Doppler, 

and FM-rate.
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The time series graphs in Figure 5.5 illustrate the 
range and azimuth errors for the four SAR tracks over 
time, with each colored marker representing a 
different track: blue triangles for ascending 88, green 
diamonds for ascending 161, orange circles for 
descending 37, and red squares for descending 110. 
The horizontal lines in each plot indicate the mean 
error for the corresponding dataset, serving as a 
baseline for comparison and highlighting each track's 
overall positioning accuracy. In the range plot, most 

tracks fluctuate around their mean lines, but 
ascending track 88 shows more variability, with some 
points below the mean, suggesting occasional 
deviations in range accuracy.  Additionally, ascending 
track 88 shows the highest variability in azimuth 
positioning, indicated by the largest standard 
deviation (2.13 m) among the others. Descending 
track 37 demonstrates the most stability with 
minimal variation in both range and azimuth (0.19 and 
1.01 m respectively).

Figure 5.5 Time series of positioning errors for comparison of a range errors b azimuth errors, across different tracks.
 

Figure 5.6 shows the RCS time series for the Doel 
IGRS corner reflector apparent for four different 
Sentinel tracks. The SCR of each is calculated and 
written on the graph. These parameters are key 
factors that illustrate the performance of corner 

reflectors.  The plotted data reveals how the 
reflectivity of corner reflectors varies over time. The 
dashed vertical line indicates the installation and 
alignment date of the reflector. Before the installation 
of the corner reflector, the observed RCS was 
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dominated by clutter, as seen in the lower apparent 
RCS values. After installation, the RCS significantly 
increased, indicating the impact of the corner 
reflector on signal strength.  The horizontal lines show 
the average RCS for each track before and after 
installation. 

 
The SCR values in Figure 5.6 indicate that the 

descending tracks (Tracks 37 and 110) generally have 
higher SCRs—19.7 dB and 19.1 dB, respectively—
compared to the ascending tracks (Tracks 88 and 
161), which have SCRs of 16.5 dB and 16.1 dB. This 

suggests that the descending tracks experience less 
background noise, allowing for clearer detection of 
the corner reflector signal.  

 
Conversely, the clutter RCS is higher for 

ascending tracks, indicating that these tracks 
encounter more background reflections, which could 
be due to their specific geometric configuration or 
environmental conditions. This higher clutter RCS 
may contribute to the lower SCR in the ascending 
tracks, making the signal less distinct against the 
background.

 

Figure 5.6 Apparent RCS time series of the Doel IGRS corner reflector for four different Sentinel-1 track 
 

For the Doel IGRS corner reflector, the radar 
brightness (Beta0) before and after installation was 
evaluated for all four tracks. Figure 5.7 shows two 
examples, one from ascending track 161 (Figure 5.7a) 
and the other one from descending track 37 (Figure 
5.7b). These are the result of smoothed data and the 
oversampling of the radar brightness, which is 
conducted with a factor of 32. 

 
Figure 5.7 reflects the radar brightness before 

and after the installation of the corner reflector on the 

specified dates (07/01/2022 for track 161 and 
11/1/2022 for track 37 for before installation, and 
07/06/2023 for track 161 and 29/07/2023 for track 37 
for after installation). 

 
Beta0, or radar brightness, is typically calculated 

for each SAR acquisition. It represents the radar 
reflectivity of the surface for a specific acquisition, 
reflecting the power of the radar signal returned to the 
satellite after interacting with the ground. By 
analyzing Beta0 across multiple acquisitions, 
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changes in reflectivity over time could be assessed, 
which can be useful for monitoring surface changes 
or selecting a master image for interferometric 

analysis based on the highest Beta0 values, ensuring 
the best signal quality for further processing.

. Figure 5.7 Radar brightness in azimuth and range geometry for a before installation for descending track 37 
(11/01/2022), b before installation for ascending track 161 (07/01/2022), c after installation for descending track 37 

(29/07/2023) and d after installation for ascending track 161 (07/06/2023).
 

Figure 5.8 presents cross-sectional views of the 
radar brightness (Beta0) at its peak value before and 
after the installation of the corner reflector. The 
cross-sections were taken along both azimuth and 
range directions for descending track 37 and 
ascending track 161, corresponding to Figure 5.7 
specifically.  

 
Figure 5.8a shows the azimuth and range cross-

section for track 37 before the installation of the 
corner reflector, while Figure 5.8b presents the same 
cross-section for track 161 before installation. Figure 
5.8c illustrates the azimuth and range cross-section 
for track 37 after installation, and Figure 5.8d displays 
the cross-section for track 161 after installation. 
 

Before the installation of the corner reflector, the 
radar brightness (Beta0) profiles in both azimuth and 
range directions lacked a distinct peak, meaning the 
reflected signal was weak and dispersed. This makes 
it challenging to accurately pinpoint the position of 
the reflector, which is crucial for precise geolocation 
and positioning tasks.  

 
After installation, the reflector creates a strong, 

sharp peak in the Beta0 profile, significantly 
improving the clarity and accuracy of the reflected 
signal. This sharp peak is essential for reliable 
positioning, as it ensures the reflector's location is 
easily identifiable in the radar data. 
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Figure 5.8 Azimuth and range cross-sections of Beta0 for a track 37 before installation of CR, b track 161 before 
installation of CR, c track 37 after installation of CR, and d track 161 after installation of CR.  

 
Additionally, the relationship between SCR and 

phase noise is investigated. Table 5.2 summarizes 
values of SCR, standard deviation of phase, and 
displacement precision for four different tracks.  



 

108 

 

 
Table 5.2 Values of SCR, standard deviation of phase, and displacement precision for four different satellite 

paths 

Path SCR (dB) Standard deviation of 
phase (degrees) 

Displacement precision 
(mm) 

Ascending 88 16.5 6.1 0.5 
Ascending 161 16.1 6.4 0.5 
Descending 37 19.1 4.5 0.3 

Descending 110 19.0 4.5 0.4 

 
The results demonstrate a clear relationship between 
SCR, phase noise, and displacement precision 
across the different SAR paths analyzed. As expected, 
paths with higher SCR values exhibit lower phase 
noise, leading to improved displacement precision. 
For example, the descending path 37, with the 
highest SCR of 19.1 dB, shows a phase standard 
deviation of only 4.5 degrees, resulting in a 
displacement precision of 0.349 mm. In contrast, the 

ascending path 161, which has a lower SCR of 16.1 
dB, exhibits a higher phase standard deviation of 6.4 
degrees and a corresponding reduction in 
displacement precision to 0.496 mm. This inverse 
relationship highlights how stronger SCR ratios lead 
to more reliable and accurate surface displacement 
estimates, as phase noise diminishes with increased 
SCR.
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5.5. Discussions 
 

The chapter presented a comprehensive analysis 
of the integration and performance evaluation of IGRS 
in Doel, focusing on the use of corner reflectors for 
InSAR applications. The key objective was to assess 
how corner reflectors enhance the accuracy of 
surface deformation monitoring through improved 
radar signal reflectivity, as indicated by RCS and SCR. 

 
The results demonstrate the effectiveness of the 

corner reflectors in improving the quality of SAR data. 
The analysis of the RCS time series before and after 
the installation revealed a significant increase in 
signal strength, reflecting the impact of the corner 
reflectors on the radar measurements. This 
enhancement is crucial for precise geodetic 
measurements, as the corner reflectors provide a 
consistent, strong return signal, which is essential for 
accurate InSAR analysis. 

 
The Beta0 analysis before and after the 

installation provided further insights into the 
reflectivity changes induced by the corner reflectors. 
The radar brightness maps illustrate the substantial 
increase in radar brightness after the installation, 
confirming the improved signal quality. This increase 
is particularly evident in the all track’s data, which 
showed a notable rise in both RCS and Beta0 values, 
indicating a more robust and reliable signal post-
installation. 
 
The discussion also highlighted the role of SCR in 
performance evaluation. The higher SCR values 
observed in descending tracks compared to 
ascending ones suggest that these tracks experience 

less background noise, leading to clearer and more 
accurate detection of the corner reflector signal. This 
finding highlights the importance of considering track 
geometry and environmental factors when deploying 
corner reflectors for geodetic purposes. 
 

The results clearly show that higher SCR values 
lead to reduced phase noise, which in turn improves 
displacement precision. This finding highlights the 
potential benefits of having an IGRS available in areas 
such as Antwerp and Saint-Vaast. If an IGRS had been 
available from the beginning of periods of different 
satellite missions in the Antwerp and Sint-Vaast 
cases, it could have provided a stable, high-SCR 
reference point, reducing the uncertainty associated 
with phase noise and enhancing the overall precision 
of displacement measurements. 

 
 Additionally, by anchoring the relative InSAR 

measurements to a consistent, well-defined geodetic 
reference frame, the integration of GNSS data would 
have provided independent verification of reference 
point stability. In both case studies, the lack of a 
stable, known reference point meant that 
displacement measurements could be biased due to 
reference point motion. Using IGRS would have 
minimized the potential bias in displacement 
measurements due to reference point motion. 

Overall, the study emphasizes the role of corner 
reflectors in enhancing the accuracy of InSAR 
measurements within the IGRS framework. The 
significant improvements in RCS, Beta0, and SCR 
post-installation reflect the successful integration of 
these reflectors into the geodetic monitoring system, 
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providing valuable data for precise surface 
deformation analysis. 

 
This is a crucial step for the future integration and 

comparison of time series of LOS measurements, 
converted to vertical and horizontal displacements, 
with data from GNSS, ensuring comprehensive and 
accurate monitoring.
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Conclusion and 
Perspectives 
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6.1. Conclusion  

 
 
 
 
 
 
 

 
The dissertation provides an extensive 

investigation into land deformation and associated 
hydrogeological hazards in Belgium, focusing on the 
regions of Antwerp and Saint-Vaast. Through a 
combination of PS-InSAR analysis of SAR data, 
piezometric well monitoring, and numerical 
modeling, the research explains the intricate 
dynamics of ground deformation in these two regions. 

 
The study of land subsidence in Antwerp 

employed a temporal analysis of surface 
displacements, using high-resolution TerraSAR-X 
data from 2019 to 2022, along with mid-resolution 
historical data from ERS1/2, ENVISAT ASAR, and 
Sentinel-1A radar datasets spanning 1992–2001, 
2003–2010, and 2016–2023 respectively. This multi 
temporal space-based monitoring technique 
provided detailed insights into the spatial extent and 
magnitude of deformation over more than three 
decades. 

 
The observations revealed a persistent trend of 

land subsidence, particularly pronounced in the 
harbor area. The subsidence rates differed 
significantly between the zones of Antwerp harbor and 
Antwerp city center, highlighting the influence of 
varying geological and hydrological conditions. The 
subsidence at the local model, situated outside the 
backfill area, was analyzed using a 3D groundwater 
flow model coupled with a 1D geomechanical model. 
This location outside the backfill zone was chosen to 
focus the analysis on the deformation due to the role 

of hydrological processes, excluding the effects of the 
compaction due to the presence of backfill material 
and load changes associated with that in the harbor. 
This approach allowed for a clearer understanding of 
subsidence driven by groundwater dynamics and 
sediment consolidation in the areas which is not 
subject to the presence of backfill. 

 
This modeling approach enabled the simulation 

of swelling and compaction resulting from changes in 
water pressure across various aquifers. Notably, 
significant declines in water heads in the Ruisbroek-
Berg Aquifer and the Lower Oligocene Aquifer System 
led to substantial compaction, while rising water 
heads in the Wemmel-Lede Aquifer resulted in 
swelling, which partially compensated the overall 
land subsidence. 

 
A significant aspect of the study was the 

comparison of deformation rates calculated from the 
numerical model with those estimated by PS-InSAR. 
The rates of deformation derived from the PS-InSAR 
data provided a high-resolution temporal and spatial 
understanding of ground movement, while the 
numerical model offered insights into the 
mechanisms driving these deformations in the 
sublayers. The similarity in trends observed from both 
methods validated the model accuracy in capturing 
the subsurface processes. Notably, the deformation 
rates obtained from SkyGeo, EGMS (both using 
Sentinel data), and TerraSAR-X processed in this 
study were similar and aligned well with the model 
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results, as they covered almost the same period. 
However, there were discrepancies when comparing 
the rates from Sentinel data processed in this study 
with those from SkyGeo, EGMS, and TerraSAR-X. 
Despite these differences, the fact that the results are 
comparable is already a significant achievement, 
considering the inherent limitations of both methods. 
This indicates a consistent pattern of subsidence 
across different data sources and underscores the 
robustness of the integrated approach. The PS-InSAR 
provided a more immediate response to surface 
changes, whereas the model could sometimes lag 
due to the simplifications and assumptions made 
about the subsurface properties and processes. 
However, with the strategic sub-layering in our 
modeling, which implicitly accounted for potential 
delays, this issue was effectively mitigated, ensuring a 
coherent understanding of deformation dynamics. 

 
Despite the robust modeling framework, the study 

faced several challenges related to data scarcity. The 
limited availability of detailed hydrogeological and 
geomechanical parameters posed significant hurdles 
in achieving accurate deformation simulation. 
Furthermore, the temporal gaps in the PS-InSAR data 
and the lack of continuous piezometric 
measurements and reliable pumping data 
complicated the comparison of the computed 
deformation by the model and estimated by the PS-
InSAR. These limitations highlight the necessity for 
continuous and high-quality data collection to 
enhance the reliability of subsidence assessments. 
The research emphasizes the importance of 
integrated monitoring approaches that combine 
satellite-based measurements with in-situ data to 
provide a comprehensive understanding of 
subsurface dynamics. Such integration is crucial for 
accurately assessing and computing ground 
deformation in complex geological settings. 

 
In conclusion, the study of land subsidence in 

Antwerp shows the important role of advanced 
geodetic and hydrogeological monitoring in studying 
subsidence drivers. The findings demonstrate that 
significant water head declines in specific aquifers 
drive substantial compaction while rising water heads 
in other aquifers lead to swelling. The challenges 
posed by data scarcity and the need for continuous 
monitoring are emphasized, underscoring the 
importance of integrating different monitoring 
techniques to achieve accurate subsidence driver 
interpretation.  

 
The investigation into natural hazards in Saint-

Vaast focused on a region significantly affected by 
historical mining activities, particularly due to the 
presence of abandoned drainage galleries and 
changes in groundwater dynamics. The geological 
setting, characterized by Wealden terrains and 
historical mining galleries, played a crucial role in 
influencing subsurface dynamics and associated 
hazards. The study integrated three decades of SAR 
data from ERS (1992–2001), Envisat (2003–2010), 
and Sentinel (2016–2023), along with 13 years of 
piezometric wells data (2009–2023), to analyze 
ground deformation patterns and their 
hydrogeological drivers. The PS-InSAR analysis 
revealed a complex pattern of ground displacement, 
with phases of uplift and subsidence influenced by 
changes in subsurface water pressures. This 
deformation is also significantly affected by the 
mudflow outbursts, which have transported a 
substantial number of loose sediments toward the 
surface of the valley. The temporal progression of 
these displacement patterns was closely linked to 
hydrogeological disturbances, including clogging and 
pressure rising in the drainage gallery and then 
subsequent mudflow outbursts. 

 
Two significant incidents in 2009 and 2018 were 

analyzed in detail. The PS-InSAR time series data 
indicated that the initial uplift phase observed from 
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2003 to 2009 was followed by a period of stability, 
which ended with the first documented clog rupture in 
2009. This incident was attributed to the progressive 
rising of groundwater heads in the chalk aquifer and 
increasing pressures in the confining layers of clay in 
Wealden layers, leading to increased pore water 
pressure and subsequent pressure release. The radar 
data gap from 2010 to 2016 limited direct 
observations. However, the important subsidence 
following the 2009 mud outburst suggests that not 
only compaction occurred but also a significant 
transport of sediments out of the previously clogged 
gallery towards the valley. The reoccurrence of uplift 
in the Sentinel data from 2016 to 2018, followed by a 
shift to subsidence in 2018, coincides remarkably 
with the second outburst. This shows probably again 
a non-negligible transport of sediments, but this time 
directly to the river Haine using the pipe which was 
installed in 2009 as a precaution for future similar 
events. 

 
The analysis of measured piezometric heads in 

Saint-Vaast provided key insights into the 
hydrogeological dynamics influencing ground 
deformation. Water head fluctuations in the aquifer 
correlated with ground displacement events. After the 
2009 incident, water heads initially dropped, then 
stabilized and recovered. A sharp rise in water heads 
at the end of 2018, suggested a second clogging 
evolution followed by a rupture. This triggered rapid 
subsidence, which slowed over time but highlighted 
the vulnerability of area to subsurface pressure 
changes. Identifying critical breakpoints in the 
displacement and piezometric time series data 
highlighted the direct link between subsurface water 
pressures and ground stability, emphasizing the need 
for continuous monitoring and preventive measures 
to mitigate future risks. 

 
In conclusion, the investigation into 

hydrogeological hazards in Saint-Vaast emphasizes 

the complex interaction between geological 
structures and natural and anthropogenic 
hydrogeological processes. The study highlights the 
necessity for integrated monitoring systems that 
combine PS-InSAR and piezometric analyses to 
provide a comprehensive understanding of ground 
deformation dynamics. The recurring pattern of uplift 
and subsidence observed in the region is so 
meaningful that monitoring both time series can 
robustly predict future similar patterns. Based on the 
observed trends, while there appears to be a pattern 
of incidents occurring approximately every 9-11 years, 
it is more likely that these events are influenced by 
variations in effective groundwater recharge rather 
than a strict cycle. For example, the unusually wet 
conditions since last October could have accelerated 
the process, potentially leading to an earlier 
significant event than previously anticipated. This 
hypothesis could be confirmed by observing the rising 
groundwater levels in the coming months. This 
prediction shows the need for proactive measures to 
manage and mitigate the risks associated with 
subsurface geohazards in the region. 

 
The dissertation's findings from both Antwerp and 

Saint-Vaast underscore the critical importance of 
integrated geodetic and hydrogeological monitoring in 
understanding and managing land subsidence and 
hydrogeological hazards in post-mining regions. The 
comprehensive analysis combining PS-InAR data with 
numerical modeling and piezometric monitoring 
provided valuable insights into the subsurface 
dynamics driving ground deformation. In both regions, 
the challenges posed by data scarcity and the need 
for continuous high-quality data collection were 
emphasized. The successful application of advanced 
geodetic techniques and hydrogeological analysis 
demonstrated the importance of integrating different 
monitoring approaches to achieve accurate 
subsidence assessments and effective risk 
management.  
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6.2. Perspectives  

 
 
 
 
 
 
 

 
The research on land deformation and 

hydrogeological hazards in Antwerp and Saint-Vaast 
has laid a solid groundwork for future studies and 
strategies for mitigation. While the investigation has 
provided valuable insights through the application of 
PS-InSAR analysis, piezometric well monitoring, and 
numerical modeling, it has also highlighted several 
areas that warrant further research and development 
to enhance our understanding and management of 
these geohazards. 

 
The study points out several key areas for future 

exploration and mitigation efforts: In Antwerp, the 
study reveals the critical importance of 
understanding/recording stress factors and pumping 
activities that accurately reflect real-world 
conditions. Collecting detailed and reliable data on 
stress factors and especially pumping activities 
should be a priority. This involves accurate 
documentation and continuous monitoring of 
industrial activities and water extraction rates. 
Understanding these factors is crucial for creating 
precise models of subsurface stress and simulating 
their impacts on land subsidence. Additionally, 
expanding the network of piezometric wells remains 
essential. Increasing both the spatial and temporal 
resolution of the recorded piezometric heads in the 
wells will improve the understanding of groundwater 
head variations and their impact on subsurface 
effective stress. This involves strategic location 
choices to cover different hydrogeological settings, 

and frequent monitoring to capture rapid groundwater 
head changes.  Increasing the number of piezometric 
wells would allow us to construct a more detailed and 
reliable model covering an extended region. With 
more piezometric data, specific areas, including 
those with high-resolution data such as TerraSAR-X 
can be considered during periods when we face a 
temporal gap of mid-resolution SAR data. This will 
increase the common periods between two 
displacement time series from the 1D geomechanical 
model and PS-InSAR, providing a more robust 
comparison. Additionally, having longer-term 
piezometric data would enable us to dedicate a 
portion of it to validate the results of the 3D flow 
model. This ensures that the inputs to the 1D 
geomechanical model, which are derived from the 
simulated 3D flow model, are reliable. 

 
Ensuring the accuracy of reference points is 

critical for reliable PS-InSAR analysis. The installation 
of Integrated Geodetic Reference Stations (IGRS) in 
Antwerp, operational since May 2023, provides a 
stable and accurate reference point for future 
displacement measurements.  

 
One of the critical insights from this study is the 

need for accurate and stable reference points to 
ensure reliable PS-InSAR displacement 
measurements. The installation of IGRS can help 
tackle the reference point problem observed in both 
Antwerp and Saint-Vaast case studies, where 
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different satellite missions used different reference 
points, leading to potential biases in displacement 
estimations. Further deployment of IGRS across 
Belgium is essential, particularly in regions with active 
deformation such as Mechelen, Leuven, Brussels and 
Saint-Vaast. Strategically positioning IGRS near urban 
areas, industrial zones, and regions of significant 
groundwater extraction would provide a more 
accurate, stable reference for InSAR and GNSS 
observations. The coordination of such deployments 
should involve national geodetic agencies like the 
National Geographic Institute of Belgium 

 
The deployment of extensometers could also 

significantly enhance future studies by providing 
detailed measurements of the displacement between 
two points, capturing vertical deformations in specific 
sublayers, including aquitards and aquifers. This data 
can be used to validate the 1D geomechanical model 
results, providing an additional data set for calibration 
of the subsidence simulations. 
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