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Summary

Large areas in the Netherlands are subjected to ground subsidence. This subsidence can have a natural cause
or an anthropocene cause. The subsiding ground is leading to a lot of problems on buildings and infrastruc-
ture. Therefore, it is desired to be able to predict the amount of ground subsidence expected in the subsiding
areas, so preventive or solution-oriented actions can be taken.

This research is targeted to the area of the city Woerden, located in the western part of the Netherlands.
The buildings in this city are founded on piles and therefore the focus has been put on roads. For the order
of magnitude of the ground subsidence in this area, the satellite data has been obtained by Interferometric
Synthetic Aperture Radar or InSAR. From the satellite data, a settlement rate and amplitude of seasonal oscil-
lation can be deducted. The data has been analysed in order to uncover any coherence with the soil profile in
the area. The main soil types of the soil layers are sand, peat and clay. The soil layers can be divided into the
Echteld Formation and Nieuwkoop Formation and have been deposited during the Holocene.

Three different groups, group A to C, of locations are constructed. In group A the soil profiles do contain
only sand and clay. The soil profiles of group B consists of sand, clay and some peat. Lastly, the soil profiles
of group C contain sand, clay and a large amount of peat. The settlement rate was found to be the highest for
the locations of group C, where the largest amount of peat is present within the soil profiles. The amplitude
of the seasonal oscillation was found higher for group C than for group A. The amplitudes for group B can not
clearly be categorised. There have been two variables analysed to find whether the satellite data is reflecting
the soil profiles. These variables are the thickness of the soil layers, and the ratio of thickness and depth of
the soil layers.

Looking at the settlement rate, a trendline for the data in group A could be constructed between the satellite
data and both variables. Since the soil profiles of group B and group C also contain peat layers, the trendline
for group A is used to predict the amount of settlement rate generated by the clay layers in group B and C.
This part is subtracted from the total settlement rate and the remainder is assigned to be originating from the
peat layers. Another trendline can be drawn for the residual settlement rate and the thickness, as well as the
ratio thickness and depth of the peat layers. Both trendlines can be combined into one overall trendline. By
back-calculating the settlement rate for the location by using the overall trendline, it can be calculated how
well the trendline predicts the settlement rate. For the thickness of the soil layers, the trendline deviates 0.28
mm/year on average from the satellite data. For the ratio of thickness and depth of the soil layers, the con-
structed trendline deviates 0.30 mm/year on average from the satellite data, leading to a divergence of 7.1%
and 7.5% respectively.

The same approach has been executed for the amplitude of the seasonal oscillation. These overall trend-
lines deviate 0.20 mm and 0.16 mm from the satellite data for the thickness and ratio of the thickness and
depth of the soil layers respectively. The divergence is 13.8% for the trendline of the thickness of the soil lay-
ers and 9.5% for the trendline comprising the ratio thickness and depth of the soil layers.

In addition, it has been analysed whether the groundwater level has any influence on the settlement rate
or amplitude of the seasonal oscillation. For the settlement rate, five different time periods have been anal-
ysed. It can be stated that fluctuations of the groundwater level do influence the settlement rate. The periods
with a high groundwater level show a decrease in settlement rate. The effect of the groundwater level to the
amplitude of the seasonal oscillation is not as clear. Although the seasonal trendlines show a seasonal effect,
the peaks and troughs of the graphs are not occurring simultaneously.

The main conclusion is that for both the settlement rate and the amplitude of the seasonal oscillation a co-
herence exists for both variables. For the settlement rate, the optimal depth of influence is established to be
3 metres. The coherence between the settlement rate and the ratio of thickness and depth of the soil layers
is slightly higher than the coherence of the thickness of the soil layers. For the amplitude of the seasonal
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oscillation, the optimal depth of influence is found to be 1.5 metres. The coherence between the amplitude
and the ratio of thickness and depth of the soil layers is lower than the coherence of the thickness of the soil
layers. Additional research on the influence of the depth and fluctuation of the groundwater level is recom-
mended since there are indications the groundwater level is playing a role. Also addition research should be
performed in areas with corresponding ground profile to be able to establish a general conclusion to how well
InSAR data portrays the soil profile.
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1
Introduction

Large parts of the Netherlands are experiencing subsidence, leading to a variety of consequences. The sub-
sidence can have natural causes. Firstly, the lithosphere below the Netherlands is still descending as a result
of the melt of the large ice mass in Scandinavia, which was present during the last glacial period. Secondly,
extension of the lithosphere takes place, decreasing the thickness of the crust. However, the major part of
the subsidence can be ascribed to human activity. By lowering the groundwater level, the top layer of the
subsurface is dehydrating and the organic matter of peat oxidises. Furthermore, extracting natural resources
at large depth results in movement of the surface. Due to the removal of material, the pressure decreases and
the subsurface equilibrium is disrupted, causing the overlying material to subside.

Subsidence of land is causing a lot of problems to buildings or infrastructure. Buildings can have shallow
or deep foundation. A shallow foundation is situated near the surface, while a deep foundation transfers the
load of the buildings to larger depth, for example by using piles. Buildings with a shallow foundation will sub-
side along with the subsurface, causing damages such as cracks in the walls if the subsidence is not equally
distributed over the building. Buildings constructed on a deep foundation will barely subside, however other
problems arise. Firstly, the surroundings of the buildings do sustain settlement and for houses this means
gardens do subside. Secondly, the subsiding surroundings cause the foundations to be placed higher, which
is a problem for timber piles especially. If timber piles are situated above the groundwater level, the piles
can decay (“paalrot”) and the loss of part of the piles cause subsidence of the structure above [23]. Thirdly,
problems with infrastructure occur as a consequence of land subsidence. Subsidence of roads may lead to
cracking of the pavement or an irregular road surface. Fourthly, cables, lines and pipes of public utility com-
panies sustain subsidence which can cause them to break [23].

The subsidence is currently measured by three different methods: gravity measurements, Global Navigation
Satellite Systems (GNSS) and Interferometry Synthetic Aperture Radar (InSAR). Gravity measurements make
use of the gravity of the Earth to acquire absolute values of the displacement of the Earth's surface. Each ob-
ject on Earth is subjected to a certain amount of gravity force. When the surface is subsiding, the gravity force
on the along moving object is increasing. Currently, there are six stations in the Netherlands where gravity
measurements are taken. To enhance the reliability of the measurements, the measurements have to be car-
ried out for several years at suitable places [14].
For the GNSS method, the positions of certain �xed stations are measured in three dimensions (North, East
and vertical). The foundations of these stations are normally �xed into deep layers and therefore the method
cannot capture displacement of the shallow layers [13]. The position measurement takes place using time
observation by means of satellites. The satellite transmits a signal, and the time of transmitting and the satel-
lite position are stored. Whenever the re�ected signal is returned, the time and new satellite position can be
compared to the stored data and is used to calculate the distance to the satellite. At least the signals of four
different satellites need to be received to obtain a three-dimensional position [1]. The most common GNSS
is the Global Positioning System (GPS).

Synthetic Aperture Radar (InSAR) is a technique using satellites as well. The satellites transmit a signal, and
amplitude and phase of the re�ected signal is stored in an image. By acquiring different images at different
times, the phase difference between the images can be used to calculate the displacement at millimetre scale.
The advantage of InSAR is that the technique is not dependent on pre-determined physical markers. The lo-
cations of the measuring points are dependent on the strength of the re�ected signal and the consistency of
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2 1. Introduction

the signal in time. Therefore, hard objects such as buildings and other infrastructure are suitable for InSAR
measurements, but vegetation is not [44].
The displacement values are relative in time with respect to the �rst acquisition, which has a displacement
value of zero. The measurements are also relative with respect to a reference point, which is generally placed
at a location that is stable in terms of displacement. However, subsidence mechanisms occurring at large
depth are assumed to affect all measuring points [13]. There is no clear distinction between deep and shallow
subsidence, however, in general, deep subsidence can be interpreted as the subsidence caused by extraction
of natural resources and natural factors, which will be explained later in section 3.1. In this report the shallow
subsurface is referred to as the top three metres of the subsurface. The obtained displacement measurements
which are analysed in this report, are relative to a reference point. Since the reference point is also subjected
to deep subsidence and the displacement values represent the shallow subsidence.
All measuring points containing a time series of displacement values can be displayed on a deformation map
[44] or surface, and object motion map [13]. On the front page of this report the ' Bodemdalingskaart '[12] is
shown. The ' Bodemdalingskaart ' was created through a collaboration of different organisations, such as the
NCG (Netherlands Geodetic Commission), TU Delft and SkyGeo. SkyGeo is responsible for the data process-
ing and visualisation of the InSAR data. The purpose of this map is to give an estimate of the movements on
measuring point level.

Research question and methodology
InSAR is already used for different purposes, e.g. monitoring displacements for slope stability and subsi-
dence measurements caused by mining activities or various engineering projects [42]. These applications are
all events where displacements are generated by human activities. The aim of this research is to investigate
whether InSAR data is useful at locations where the cause of land movement is less apparent. For that reason
is will be analysed how the obtained displacement values have been effect by the presence of different soil
types at the location of where displacement values are obtained. In addition, the impact of the groundwa-
ter level to the displacement values is analysed. The evaluated InSAR data has been obtained in the area of
Woerden, which is a city in the western part of the Netherlands. The buildings in this city are constructed
on a deep foundation and thus not subjected to shallow subsidence. Therefore, buildings cannot be used as
a re�ecting area of the InSAR data. To minimise the effect of the re�ecting area, a stable surface is desired.
Since roads are not affected by changes of vegetation, it has been chosen to only analyse displacement values
obtained on roads. Therefore the main research question is:

To what extent can InSAR be used to monitor land movement mechanisms in the shallow subsurface on ur-
ban roads?

In order to answer the main research question, the following sub-questions have been formulated:

• What coherence exists between the measured settlement rate and the soil types within the soil pro�le?

• What coherence exists between the amplitude of the seasonal oscillation obtained by the InSAR data and
the soil types within the soil pro�le?

• To which extent can the observed InSAR data be explained by presence of the groundwater level in the soil
pro�le?

Firstly, suitable locations, located on asphalt roads, within the research areas, where InSAR data could be
used are needed. To increase the reliability of the data, at least four different measuring points containing
corresponding output are used. To minimise the contribution of several different subsidence mechanisms,
only locations with no road construction or improvement will be used. Therefore, solely the effects of dehy-
dration and groundwater level �uctuation will remain. For all suitable locations the soil pro�les are collected.
Finally, the data of soil pro�les, the data of the groundwater levels and the data of the InSAR are combined.
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Outline
First, the geological background of the research area is given in Chapter 2. The geological background and
the corresponding soil types are important because they affect different subsidence mechanisms. The sub-
sidence mechanisms occurring in the Netherlands are described in Chapter 3. In Chapter 4 a more detailed
explanation of InSAR is given. Knowing different subsidence mechanisms and how InSAR works, the method-
ology of this research is described in Chapter 5. In Chapter 6 the results are presented and the results are
discussed in Chapter 7. Lastly, the conclusion and recommendations are found in Chapter 8.





2
Geological background

In the top part of the investigated subsurface, four different soil types are encountered. The main soil types
are sand, peat and clay. The soil types can be divided into two different formations. The sand and clay are part
of the Echteld Formation, which consist of �uvial deposits. In addition, small layers of gravel can be found
in this formation. The peat are described by the Nieuwkoop Formation. The formations can be encountered
intertwined [9]. In this chapter the geological background of both formations is given. The geological back-
ground is divided into depositional environment, composition, thickness and distribution of the formations.

The Echteld Formation and the Nieuwkoop Formation both have been deposited during the Holocene. The
Holocene is the current geological epoch which started approximately 11700 years ago with the ending of the
last glacial period of the Pleistocene. Towards the end of the last glacial period, the temperature on Earth
started to rise [8]. The temperature rise caused ice sheets to melt, which resulted in a rise of the sea water
level as well. The increase in temperature stopped around 9500 years ago when the temperature reached the
values as they are nowadays on Earth. However the melt of the remaining ice sheets continued and therefore
the rise of the sea water level continued as well. The sea water level reached the current Dutch coastline about
8500 years ago [18].

2.1. Echteld Formation
The Echteld Formation is characterised by its heterogeneity in lithology. This is caused by the different depo-
sitional environments related to the river. The formation consists largely of deposits of meandering precur-
sors of the current Rhine and Meuse [49].

2.1.1. Depositional environment
Meandering rivers are rivers which are sinuous in shape and only on the inside of the bends have depositional
bars [36]. In general a meandering river moves sideways by erosion of the banks at the outer bends and
sediment deposition on the banks at the inner bends. The water velocity is highest in the outer bends and
lowest in the inner bends. The high velocity in the outer bends results in erosion of the banks. The lower water
velocity in the inner bends allows sedimentation to take place. This sediment deposition is characterised by
a �ning upward sequence, meaning the grain size is increasing towards the base. The heavier particles, which
are mostly the largest, are deposited �rst. With reducing water velocity, the lighter particles are deposited
as well. Therefore, the lightest and in general smallest particles can be found on top. The sequence of large
particles at the bottom and decreasing particle size towards to top is called a �ning upward sequence [36].
For the Echteld Formation the depositional environment of a meandering river can be divided into seven
lithofacies or sedimentary units. These lithofacies are channel deposits, abandoned river channel deposits,
bank deposits, crevasse splay deposits, dyke burst deposits, �ood basin deposits and delta deposits [9].

2.1.2. Lithofacies
Channels are depressions in the land surface that con�ne the water �ow of the river [36]. Channel deposits
predominantly consist of sand, varying in grain size from very �ne to very coarse.

Two types of abandoned channels can be described. Firstly the river �ow can change direction and form a
new channel, leaving the old channel abandoned. This event is called avulsion and normally occurs instantly
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and is usually triggered during large �oods. It is also possible that the river �ow takes a short-cut, disconnect-
ing a small part of the channel, in most events one loop of the meandering river. The disconnected meander
loop is also called an oxbow lake [36]. The water in the abandoned channels is standing and soil particles
settle. The abandoned channels are silting up by supply of sediment by water during �oods. Whenever the
water depth becomes 2 metres or less, development of peat can arise [18]. In the abandonned channels the
most common soil type is clay, which can be alternated with small layers of sand and peat [49].

The banks are the land areas alongside the channel. A levee is a bank of sediment on the edge of the river
channel which is higher than the level of the banks and normally the river stays between the levees. How-
ever during periods of high water level the water can overturn the levees and sedimentation on the banks or
�oodplain take place. The lighter particles are in the water in the top part of the channel and during �oods
these particles are transported by the water onto the banks. Bank deposits mainly consists of clay, but also
small layers of sand are found. Horizontal layering in the sediment can be observed [49].

A crevasse splayoccurs when the water level in the river is high. The water will break through the levee and
a small branched (crevasse splay)-channel is created into the bank. Sedimentation from the channel onto
the bank appear. This sediment is coarser than the deposits of the banks. The result is a great lithological
variation on short distances. When branching of the crevasse-channel itself occurs, a crevasse-complex can
be constructed into the bank [18].

dyke burst deposits and crevasse splays have a similar origin, since both involve a levee breach. However,
dyke burst deposits are deposited with much larger �ow rates [8]. dyke burst deposits particularly occur
where levees intersect old channels. The sandy surface below the levee induces seepage and an underwater
vortex or kolk can be created. Behind the kolk the material is deposited in the shape of a fan [10].

The �ood basin is the lowland area near a river and is found behind the banks. When �ooding occurs, the
water will over�ow the banks and �oods the �ood basins. The subsurface of the �ood basins is slightly con-
cave and therefore water will rest in these areas. In the standing water the soil particles in the water will settle
[18]. Clay is predominantly present in �ood basins, but also some plant remains of reed and wood are ob-
served [49].

Lastly deltas can be found at the end of the river, the so-called river mouth. The river mouth is located where
the water of the river �ows into a lake or the sea and the �ow velocity is abruptly reduced by the standing wa-
ter of the sea or lake. The suddenly reduced velocity results in deposition of the transported material, where
the coarsest material is deposited �rst [36]. The delta deposits ascribed by the Echteld formation predomi-
nantly consist of sand and often alternating layers of sand and clay are encountered [49].

Within the research area, most deposits have been deposited as (abandoned) channel or bank deposits. Most
other lithofacies can also be encountered within the research area, however, delta deposits are certainly not
found inside the area.

2.1.3. Lithological composition of the different lithofacies
Because of the large variety in the different lithofacies, the lithological composition of the lithofacies is sum-
marised in Table 2.1. In general sand is deposited in or near the river channel. The clay particles are lighter
and will be transported over larger distances, therefore clay is deposited outside the river channel where the
�ow velocity is less than in the channel.
The colour of all lithofacies can be said to be grey to brown. Above the phreatic surface the colour of the
lithofacies is brown. Below the phreatic surface the colour of the lithofacies is gray, except organic clay which
has a brown-gray colour. In general the channel, bank and crevasse splay deposits are calcareous below the
phreatic surface.
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Table 2.1: Lithological composition of the lithofacies ascribed to the Echteld Formation [49]

Unit
Occurrence of the soil type

Characteristics
Predominantly Occasionally

Channel Very �ne to very coarse
(63 – 2000¹ m) sand,
occasionally gravelly

Clay, sandy or strong silty Lateral accretion surfaces
Fining upward sequences
Freshwater shells

Abandoned
channel

Clay, weak to strong
silty and occasionally
organic

Very �ne to moderately
coarse (63 – 300¹ m) sand

Thin layers of peat

Freshwater shells

Bank Clay, sandy and weak
to strong silty

Very �ne to �ne
(63 – 150¹ m) sand

Remnants of freshwater shells

Crevasse splay Clay, sandy and weak
to strong silty

Often thin layers of
very �ne to �ne
(63 – 300¹ m) sand

Very �ne to very coarse
(63 – 2000¹ m) sand

Freshwater shells
Large lithological variation
over short distances, in
vertical and horizontal
direction

Dyke burst Clay, sandy and
moderate to strong
silty

Very �ne to very coarse
(63 – 2000¹ m) sand

Very poor grain size sorting

Flood basin Clay, weak to
moderately silty and
weak to strong organic

Plant residues of reed
and wood

Delta Very �ne to �ne
(63 –210¹ m) sand

Clay, moderate to strong
silty

Marine shells

2.1.4. Distribution and thickness of the formation
In Figure 2.1a the distribution of the Echteld Formation in the Netherlands is shown, along with today's larger
Dutch rivers. It can be said that most of the deposits are located in the river basins of the Rhine and Meuse.
The other parts of the formation are located near smaller rivers, which are originally branched channels of
the Rhine.
The thickness of the Echteld Formation varies from 1 meter in the eastern part up to 20 metres in the western
part of the Netherlands [9]. The thickness of the channel deposits is varying from 5 to 15 metres [49].
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(a) Distribution of Echteld Formation [49] (b) Distribution of Nieuwkoop Formation [50]

Figure 2.1: Distribution in the Netherlands of the Echteld Formation and Nieuwkoop Formation

2.2. Nieuwkoop Formation
The Nieuwkoop Formation can be subdivided into four different members, namely Griendtsveen, Holland
Peat, Basal Peat and Flevomeer [9]. Only the Basal Peat member and Holland Peat member are located in the
research area.

2.2.1. Depositional environment
The rise in sea water level also caused the groundwater level to rise, which created large swamps in the coastal
areas. In these swamps the Basal Peat member was formed. Due to further increase of the sea water level,
large parts of the coastal areas were �ooded and mud�ats were created which resulted in covering the Basal
Peat by marine deposits, consisting of primarily clay [18].
The rise of the sea water level also induced the development of beach ridges parallel to the coast by supply of
sand originating from the seabed of the North Sea. The beach ridges increased and connected and therefore
the marine in�uence behind the beach ridge decreased, which resulted in the formation of lagoons behind
the beach ridges. When the salinity of the water in the lagoons behind the beach ridge was reduced by supply
of fresh water from rivers and rainfall, the Holland Peat member was formed [18].

2.2.2. Lithological composition
The predominant soil type of this formation is brown to black peat. Some of the peat can be characterised
as clayey, the peat has a grey-brown to brown colour. Occasionally gyttja is present, which has a yellow to
green-brown colour [50]. Gyttja is a �ne-grained organic mud which can be formed when the water depth is
at least 2 metres [9].

Classi�cation of the peat is based on the nutrients in the environment in which the peat-forming plants oc-
cur. The environment can be eutrophic (high nutrient content) or oligotrophic (low nutrient content).
In the different environments, different types of peat can develop depending on the present vegetation and
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the water depth. The sequence for an eutropic and oligotrophic environments are indicated in Figure 2.2. For
an eutrophic environment the sequence is as follows: gyttja, reed peat (rietveen), sedge peat (zeggeveen), for-
est peat (bosveen)and swamp forest peat (not indicated in Figure 2.2) . Gyttja develops when the water depth
is more than 2 metres. When the water decreases below 2 metres, reed peat can develop. Sedge peat develops
when the water depth is less than 0.5 meter. The difference between forest peat and swamp forest peat is
the ratio of the present trees. When there are mainly birches (oligotrophic environment) or alders (eutrophic
environment), it is called forest swamp. When the amounts of trees are equal, it is called swamp forest peat.
In the oligotrophic environment, sphagnum peat (mosveen), heath peat (not indicated in Figure 2.2) and dy
can develop. Dy is the oligotrophic brown-black variant of gyttja.
In the Holland Peat member reed peat, sedge peat, forest peat, swamp forest peat, heath peat and sphagnum
peat can be encountered. The Basal Peat member mainly consists of reed peat or forest peat, although gyttja
and sedge peat can be present as well [9].

Figure 2.2: The development of different types of peat [18]

2.2.3. Distribution and thickness of the formation
The distribution of the Nieuwkoop Formation throughout the Netherlands is represented in Figure 2.1b. The
formation is located near the deposits of the Echteld Formation and in the coastal regions, both northern and
western coastal areas of the country. The thickness of the Nieuwkoop Formation is on average between 0.5
and 4 metres, however values of 8 metres or less than 0.1 meter can be encountered as well [50]. In general
the thickness of the Basal Peat member is between 0.1 and 0.6 meter and the thickness of the Holland Peat
member approximately 5 metres [48].





3
Main contributing components to the

subsidence in the Netherlands

Subsidence is de�ned as "The sudden sinking or gradual downward settling of the Earth's surface with little
or no horizontal motion" [27]. Subsidence is taking place largely throughout the Netherlands induced by
various causes. These causes can be divided into natural and anthropocene factors. The natural factors are
mechanisms which can not be controlled by human. The anthropocene factors are induced or reinforced by
human activity. The most common causes for subsidence in the Netherlands are explained in this chapter.

3.1. Natural factors
The natural or geological factors of ground subsidence can be divided into isostasy, compaction and tectonic
causes and these factors will be further explained in this section. Figure 3.1 indicates the values of these
factors applicable in the Netherlands for the last 2.5 million years. The values for compaction are varying
between -0.05 and 0.00 mm per year, for isostasy between -0.15 to 0.00 mm per year and for the tectonic
causes between -0.07 to 0.03 mm per year. The positive values indicate tectonic causes also provoke uplift.

Figure 3.1: Contribution of compaction, isostasy and tectonics to ground subsidence in the Netherlands for the last 2.5 million years [24]
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3.1.1. Isostasy
The two outer layers of the Earth are the lithosphere and the asthenosphere and their division is based on
mechanical properties [21]. The lithosphere is the Earth's crust and part of the upper mantle and behaves
as a rigid solid. The asthenosphere is the ductile and highly viscous part of the upper mantle and is found
below the lithosphere [45]. Because of the ductility of the asthenosphere, buoyancy is created meaning the
lithosphere �oats on the asthenosphere [41].

In terms of subsidence, isostasy is the movement related to adjustment in buoyancy of the lithosphere due to
mass changes induced by sediments, ice and water [24]. Two components of isostasy are glacio-isostasy and
hydro-isostasy. Glacio-isostasy is the change in surface loads caused by the presence of ice sheets [6]. Dur-
ing the last glacial period northern Europe was covered by large ice sheets up to 2,5 km thick, which caused
additional surface loads to the lithosphere and led to subsidence of hundreds of metres [18]. The elasticity of
the lithosphere caused other nearby parts of the lithosphere, including the Netherlands, to raise. At the end
of the last glacial period the temperature started rising and the ice sheets were melting. The melting of the ice
sheets resulted in a decrease of the surface load, leading to post-glacial rebound. Post-glacial rebound is the
process of returning to an isostatic equilibrium [22]. Currently parts of the Netherlands are still subsiding as
a result of the post-glacial rebound.
Hydro-isostasy is the change in surface loads on the lithosphere caused by the presence of water. During
glacial periods, the water is stored in ice sheets on land and therefore the loads on the oceanic crust are
reduced resulting in uplift of the oceanic crust [6]. Melting of the ice sheets resulted in an increase of the
sea-level and therefore �ooding of The North Sea basin. The �ooding increased the water loads leading to
subsidence of the bottom of the basin and therefore enhancing the subsidence due to glacio-isostasy [9].

3.1.2. Compaction
Compaction is the subsidence caused by compression of layers of sediment or rock in vertical direction by
loading of overlying sediment [24]. The solid-particles are not compressible itself but the soil skeleton is,
therefore compaction occurs by reduction of the pore space. The additional load of the overlying sediment
results in excess pore water or gas pressure. The excess pressure generates dissipation of the present water or
gas and the rate of this dissipation is controlled by the permeability of the layer [29].

Cenozoic deposits in the Netherlands can be divided into Tertiary, Pleistocene and Holocene deposits. The
Tertiary deposits mainly consists of large amounts of clay, deposited in a shallow marine environment. The
Pleistocene and Holocene deposits are primarily of �uvial origin and the sediment mainly consists of sand for
the Pleistocene deposits and clay and peat for the Holocene deposits [30]. Studies on the coastal areas of the
Netherlands show that the Tertiary clay deposits largely contribute to the subsidence due to their substantial
thickness and low permeability [28]. The contribution to the subsidence by the Holocene deposits is assumed
to be small due to their relatively small thickness of the layers.

3.1.3. Tectonics
The lithosphere is not one piece of material, but it is broken into several tectonic plates and the Netherlands
is located on the Eurasian Plate. The plates move relative to each other causing tension within the plates. The
tensions are creating folds or faults within the rock layers and result in uplift or subsidence of the ground level
[26]. As a result of normal faults, a horst and graben structure can arise, where the horst is a raised fault block
bounded by the faults and a graben is a depressed fault block [21].

Figure 3.1 indicates some of the tectonic structures within the Netherlands. The green area in the southeast of
the Netherlands is part of the Roer Valley Graben along with the Peel High, the red area on the northeast part
of the graben [24]. The blue area in the western part is the West Netherlands Basin [39]. Also two pink areas
can be seen, indicating large values of subsidence. These areas are the Zuiderzee Basin [24] for the southern
pink area and the Vlieland Basin for the northern pink area [39].

3.2. Anthropocene factors
The anthropocene factors contributing to ground subsidence are a result of human activity. The most com-
mon causes by human activity are constructing of structures, resource extraction and groundwater level man-
agement and these causes will be brie�y explained in this section.
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3.2.1. Compaction and consolidation
Consolidation and compaction are processes which occur when the subsurface is loaded by the weight of
buildings or infrastructure. The difference between compaction and consolidation lies in the presence of
water within the pores. Consolidation is the process of volume change of a soil due to drainage of water out
of the pores and compaction is the volume change of a soil due to drainage of air from the pores.
The applied load causes an increase in pore water pressure which leads to drainage of the excess water. The
drainage of the water is dependent on the permeability of the soil. Sand does have a high permeability and
drainage will occur rapidly. Drainage for soils with lower permeability, such as clay, will take much longer
and therefore the �nal settlement will take place over a longer period of time. Besides the permeability of the
layer, the rate of consolidation is affected by the thickness and compressibility of the layer. The highest values
of subsidence due to consolidation can be found in weak clay or peat layers distributed during the Holocene.
These layers are located in the northern and western parts of the Netherlands [15].

3.2.2. Resource extraction
Extraction of resources in the Netherlands can be divided into extraction of oil, gas, salt, coal or water. In this
section, the consequences of extracting the different resources is brie�y explained. The method of extracting
and depth of extracting is not the same for the resources and therefore a different response of the subsurface
is occurring. However, all responses will lead to subsidence.

3.2.2.1. Oil and gas
Extraction of oil or gas leads to a decrease of pore pressure in the reservoir rock. This reduction of pore
pressure results in an increase of the total stress of the reservoir rock and as a consequence the rock layer will
be compacting. The amount of subsidence as a result of the compaction is dependent on the depth of the
extraction, the dimensions and size of the �eld and the mechanical properties of the reservoir rock [4]. The
maximum subsidence in one of the largest gas �eld in the Netherlands, the Groningen gas �eld, is measured
at 33 centimetres in the period of 1964 to 2013 [33]. The Netherlands counts 253 producing gas �elds in total
of which only 106 gas �elds are located onshore. Also two out of twelve producing oil �elds can be found
onshore [46].

3.2.2.2. Salt and coal
Oil and gas extraction is not the only form of mining taken place in the Netherlands; salt is also being mined.
Typically salt mining occurs as solution mining, a process where fresh water is pumped into the ground dis-
solving the salt and thereafter the brine is pumped out. The cavities created by the removal of the salt remain
�lled with brine. However, the brine in the cavities has a lower density than the initial salt. The potential
subsidence in the regions occur due to compaction of the cavities by the changes of density and is dependent
on the amount of extracted salt and the properties of the surrounding layers [26].
However, another used method is the squeeze-method. The squeeze-method is based on the mechanical
properties of the salt, which becomes ductile at certain depth. The pressure within the salt cavern is lowered
and the weight of the overlying sediment presses the salt towards the wells, where it will be pumped out.
For this method no caverns are left but the subsidence occurs because the salt is removed and the overlying
sediment is �lling the loss of volume [34]. This method has been used at a location in Veendam and the sub-
sidence at this location is expected to be 69 centimetres in 2025 [35].

In the past, mining of coal occurred in the southern part of the Netherlands, but the mines have been closed
since 1974. During the underground mining operations, the area suffered subsidence up to several metres.
Also the groundwater level was lowered by hundreds of metres in order to allow mining which also resulted in
subsidence. The consequences nowadays are uplift of the area due to ongoing rise of the groundwater level
[4]. Also the remaining adits and caverns can become unstable and could therefore collapse, which leads to
subsidence on local scale [15].

3.2.2.3. Groundwater
Extraction of groundwater normally takes place in the subsurface with much lower depth than extraction
of oil and gas. The layers of which groundwater are extracted is more sensitive for consolidation and com-
paction than layers located at higher depth. By extracting the groundwater, the water pressure in the layers
is decreased and therefore consolidation occurs. Typical values for the annual rate of subsidence are in the
order of a centimetre per year [26].
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3.2.3. Groundwater management
In the Netherlands there are water boards, which are regional government organisations with the responsi-
bility of maintenance of water barriers, waterways and water levels and wastewater puri�cation [19]. Main-
tenance and managing of the groundwater level is important to prevent water shortage in periods of drought
and �ooding in periods of high rainfall. However, maintaining the groundwater level at a certain level has
some disadvantages as well.
To maintain the groundwater levels, drainage of the water occurs when the water level is too high. Due to
the drainage, the top layer of soil is dry causing consolidation and ripening of peat and clay sediments. The
volume change of the soil due to consolidation occurs because of the decrease of water pressure [26]. The
next section is about soil ripening to clarify the process.

3.2.4. Soil ripening
Soil ripening can occur in natural conditions. However, arti�cial drainage is a sudden process compared
to the velocity of drainage in natural conditions and soil ripening proceeds more quickly under arti�cial
drainage. This is why the process of soil ripening is mentioned as anthropocene effect of groundwater level
management. Ripening of peat and clay sediments starts at the moment of drainage: oxygen enters the
soil and chemical processes are started. Ripening can be divided into three sub-processes, namely physi-
cal, chemical and biological ripening. The different processes occur more or less simultaneously. Physical
ripening includes all processes related to the dehydration of the colloidal part of the soil. Chemical ripening
involves all chemical and physico-chemical changes of sediments, e.g. oxidation of different components in
originally reduced environments. Biological ripening is the result of the activity of all sorts of fauna and �ora
present within the soil, such as withdrawing moisture from the soil by transpiration of the plant roots [37].

The two main consequences of soil ripening are the loss of organic material and of the water absorption
qualities of the soil. As a result of chemical ripening, part of the organic material is oxidised and disappears.
This process occurs in all types of sediment containing organic material but has the most effect on peat soil,
since it means that part of the soil skeleton itself disappears resulting in reduction of the volume of the soil
[37].
Part of physical ripening is the change of the microstructure of clay minerals and very small particles of or-
ganic material. Normally, water is stored in the cavities of the crystal lattice of the particles or form a small
coating of water around the soil particles. Due to the physical ripening, water is withdrawn from the cavities
and the volume of the sediment is reduced. The changes in structure also cause the soil not being capable
of absorbing the same amount of water again in the cavities and therefore the process of withdrawal of water
out of the cavities is an irreversible process [37].



4
InSAR

Remote sensing or satellites are increasingly important in the techniques of observing the Earth. InSAR or
Interferometric Synthetic Aperture Radar is a remote sensing technique that can be used to derive movements
of the Earth's surface on millimetre scale. This technique has been part of this study and therefore will be
further explained in this chapter.

4.1. Radar
RAdio Detection And Ranging (radar) is “a method, system or technique, including equipment components,
for using beamed, re�ected, and timed electromagnetic radiation to detect, locate or track objects, to measure
altitude and to acquire a terrain image” [5]. The radar system consists of a transmitter and a receiver. The
transmitter transmits electromagnetic pulses within the radio wave and microwave wavelengths. When an
object is hit, the pulses will be re�ected and the receiver will pick up these re�ected signals [5]. The distance
to the detected object can be determined by the two way travel time of the pulse. Furthermore, physical
quantities such as size or surface roughness of the object can be derived [25]. The advantage of the use of
radio waves and microwaves by radar is that these waves can pass through clouds, rain and dry snow and
therefore radar is hardly obstructed by unfavourable weather conditions [5].

4.2. Synthetic Aperture Radar
Synthetic Aperture Radar (SAR) is part of the imaging radars [25]. The side-looking radar system is attached
to an aircraft or satellite and its antenna transmits short pulses as the aircraft or satellite moves. The re�ected
pulses are received by the same antenna and used to produce an image. The limitation of the resolution in
�ight direction by the physical length of the antenna is reduced by the motion of the system, synthetically
enlarging the length of the antenna. This enlargement of the antenna leads to an increase of the resolution in
�ight direction of about three orders of magnitude [25].
A representation of the geometry of a typical SAR system can be found in Figure 4.1. The azimuth is the �ight
direction of the aircraft or satellite and the range is the direction perpendicular to the �ight direction. The
slant range is the distance between the antenna and the hit object and is represent by R. The incidence angle
or look angle is the angle between the surface normal and the radar beam and is often represented by µ. The
radar footprint or the resolution cell is determined by the resolution in range and azimuth. The resolution
cell is responsible for the radar re�ection data of all scatterers mapped to a single pixel [25].

15
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Figure 4.1: Geometry of a Synthetic Aperture Radar system [2]

The pixels are often represented as a grid, although it does not have a physical size since they are in�nites-
imally small points [25]. The data of one pixel includes the coherent sum of all re�ected signals within that
pixel, including a phase and an amplitude, stored as a complex number, Equation 4.1 [17].

P ÆAi Ã (4.1)

In this equation, i is the imaginary number and the amplitude and phase of the re�ected signal are repre-
sented by A and Ã [17]. The amplitude gives the intensity I of the re�ection as A Æ

p
I [47].

The phase is determined by the time delay between transmitting and receiving the signal. The signal is a si-
nusoidal function and therefore time delay is equivalent to the phase change, Á, between the signals [3]. The
formula for this phase change is found in Equation 4.2.

µ Æ
2¼

¸
2R Æ

4¼

¸
R (4.2)

The sinusoidal function has a period of 2 ¼, ¸ is the wavelength of the signal and 2R is the two-way distance,
where R is the slant range [3].

The complex phasor can be divided into an imaginary and real part, Im {P} ÆAsin(Ã) and Re{P} ÆAcos(Ã)
[47]. The real and imaginary part of the phasor are related to the amplitude (Equation 4.3) and phase (Equa-
tion 4.4).

A Æ
p

(Re(P))2 Å (Im (P))2 (4.3)

Ã Æarctan
µ

Im (P)

Re(P)

¶
(4.4)

4.3. Interferometric Synthetic Aperture Radar
Interferometric Synthetic Aperture Radar (InSAR) is a technique where the phase difference between two
SAR-images is used to create an interferogram. Interferometry is used for the measurement of small displace-
ments of an object. The images need to be aligned and resampled to the same grid since two observations
are never retrieved from the exact same point. The complex phasors can be multiplied, giving a complex in-
terferogram, which contains the phase difference and amplitude multiplication of the two data sets [25]. The
formula to calculate the complex interferogram is given by Equation 4.5 [47].



4.3. Interferometric Synthetic Aperture Radar 17

Pms ÆPm ¢P¤
s ÆAm ¢As ¢exp(i ¢(Ã m ¡ Ã s)) (4.5)

In the formula (.) ¤ denotes the complex conjugate part and m and s stands for the master and slave image.
(Ã m ¡ Ã s) is the interferometric phase ' ms for a single pixel, which is the difference in phase values of different
images [17]. The formula for the calculation of the interferometric phase is shown by Equation 4.6 [47].

' ms ÆÃ m ¡ Ã s Æ ¡2¼a Å ' f l at Å ' topo Å ' de f o Å ' atmo Å ' or b Å ' scat Å ' noi se (4.6)

The phase ambiguity or a, is the number of full cycles. ' f l at is the �̀at Earth' phase and describes the con-
tributions due to a reference ellipsoid, where topography is absent. ' topo describes the in�uence of the
present topography to the �at ellipsoidal surface. Both ' f l at and ' topo are related to a different position of
the antenna at acquiring the different images. ' de f o is the contribution as a result of the displacement of the
surface, which causes a change in the signal travel path length. ' atmo is the phase caused by the atmospheric
delay, as a result of different atmospheric conditions during the two acquisitions. ' or b is the phase difference
due to error in the orbit parameters. ' scat describes the difference between the scatter characteristics of the
observed area within a resolution cell during the two acquisitions. In ' noi se all other sources of noise are
collected, such as thermal and processing noise. [47]

4.3.1. Deformation phase
The displacement of the surface is of particular interest in this study and therefore the deformation phase
will be brie�y explained into more detail. The displacement causes a change in the travel path length and the
phase can be calculated as represented in Equation 4.7 [47]. In this equation DLOS is the measured difference
in path length in the line of sight (LOS) or slant-range direction.

' de f o Æ
¡ 4¼

¸
DLOS (4.7)

The line of sight measurement can measure both horizontal and vertical deformation. The measurement is
the projection of the actual three-dimensional displacement vector, d . This vector consists of a North ( dn ),
East (de) and up ( du ) direction. For a satellite with an orbit heading ®, de�ned with respect to the North, the
relation is shown by Equation 4.8 [47].

DLOS Ædu cos(µ) ¡ sin(µ)[dn cos(®¡ 3¼/2) Å de sin(®¡ 3¼/2)]

Ædu cos(µ) ¡ sin(µ)[¡ dn sin(®) Å de cos(®)]
(4.8)

The equation is applicable for a right-looking satellite and is slightly different for a left-looking satellite. In
the formula µ is again the incidence angle and ( ®¡ 3¼/2) is the angle with the azimuth look direction which
is perpendicular to the satellite orbit. In Figure 4.2, the deformation vector components are represented
visually.

Figure 4.2: Decomposition of the deformation vector represented in a top-view (left) and 3D view (right) [16]
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4.3.2. Phase unwrapping
The obtained interferogram only contains the relative phases in the interval [ ¡ ¼,¼) [25] . Phase unwrapping
is the process of converting the relative phases to absolute phases by adding number of cycles (2 ¼) to the
relative phase [5] . The absolute phases are necessary because they can be translated to deformation values
[47].
Phase unwrapping can be done by different methods and is often executed in two steps. The �rst step is
always the most crucial since it strongly depends on the smoothness of the signal. For instance, using Persis-
tent Scatterer Interferometry, a certain pixel is �rst unwrapped in time followed by spatial unwrapping. For
this method a certain smoothness of the signal is required. Other methods can �rst unwrap spatially followed
by an integration in time. [47]

4.3.3. Different scatterers
As described in Section 4.2, a pixel includes the coherent sum of all re�ected signals or scatterers. The most
common type of scatterers are the Persistent Scatterers and Distributed Scatterers, shown by Figure 4.3. The
Persistent Scatterers are pixels that are dominated by one large re�ector. The re�ecting objects have high
re�ecting properties en re�ect the majority of the signal. The strongest re�ections come from buildings and
other structures [44].
Distributed Scatterers is a pixel containing many weaker re�ections, at a relatively similar strength. The
derived displacement originates from a larger homogeneous area represented by multiple small re�ections
rather than one large re�ection from a single object. When the transmitted signal hits a smooth object, most
part of the signal bounces off and only a very small part is re�ected to the satellite. Because roads can be
considered as smooth objects, the Distributed Scatterers are applicable for roads [44].

Figure 4.3: Distributed Scatterer (left) and Persistent Scatterer (right) [7]

4.3.4. Reliability and precision
The reliability of the measurements mostly depends on how well the phase unwrapping is performed. Crucial
factors in�uencing the phase unwrapping are the noise level of the observations, the spatial and temporal
smoothness of the actual deformation signal and the atmospheric in�uence [47].
The precision of the individual measurements and its point location depends on the satellite resolution. The
resolution of the used data set is a high resolution with a size of 3.0 by 2.1 m. The precision of the individual
measurement is 2 to 3 millimetres. The precision of the point location is in the order of 1 to 2 metres. This
could mean a certain point appears to be in the water, while it actually gives the deformation of a quay wall
[44].



5
Methodology

In this chapter the methodology is described. The data is divided into two groups, namely satellite data and
subsurface data. In the satellite data section, usage of the provided satellite data is described as well as the
derivatives of the provided satellite data. The subsurface data section describes the acquirement of the soil
pro�les. In this section the information about the ground water levels is given as well.

5.1. Research area
The data has been acquired in the area visualised in Figure 5.1. The research area has been limited to the city
of Woerden, which is a city in the western part of the Netherlands. In this study only asphalt roads with no
road construction for at least 10 years are used. Roads are used because they are �at surfaces constructed with
a shallow foundation, meaning they move along with the ground movement. Foundations of roads consists
of different layers of material to spread the loads originating from the road. The foundation layers below the
roads analysed in this research are currently unknown and therefore have not been included. It is assumed for
the roads, the external processes, such as consolidation, have been �nished after 10 years if no construction
works have taken place in the meantime.

(a) Small scale (b) Medium scale (c) Large scale

Figure 5.1: Location of the research area

5.2. Calculation software
The executed calculations for this research have been performed using MATLAB®. MATLAB has been de-
veloped by MathWorks and is programming language primarily designed for numeric computing. MATLAB
can be used for statistics, calculation of functions, plotting of data, matrix manipulations, writing and imple-
menting of algorithms and creation of graphical user interfaces [32].

5.3. Satellite data
In this research, the distinction is made between measurements, points and locations. Measurements are the
individual displacement values computed on a certain date. The �rst displacement value is the start of the
time series and this value is set to zero. All following displacement values are relative to the measurement.
The series of multiple measurements form one point. For each point, a total of 99 measurements have been
computed. The locations are the positions of corresponding points within the research area. There are 21
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locations in the area consisting of multiple points, varying from four to eleven, and each of these points
contains 99 measurements.

5.3.1. Measurements
Each series of measurements contains 99 individual measurements, which have been obtained between 22
November 2013 and 15 July 2017. The individual measurements are not useful for analysis, since the precision
is not accurate enough as addressed in Section 4.3.4. However, the measurements can be used to obtain a
overall and linear trendline. The overall trendline approximates the trend in the data of the measurement
time series the best. The overall trendline shows �uctuation in the displacement values. The increase of
the displacement values is partly reversed, followed by a new increase of displacement values. The linear
trendline represents the resulting settlement rate since the increase of the displacement values is larger than
the reversal.

Overall trendline

The overall trendline is the trendline which approaches the data best. The overall trendline consists of a linear
component and a periodic component. The linear component includes the vertical movement of a measure-
ment point in time and the periodic component comprises the seasonal effect. A certain measurement point
can have a linear and periodic movement and all factors will have a certain value. However, one of the two
components can also be absent. In that case, the factors of that component will be set to zero. The overall
trendline can be derived using Equation 5.1.

yi Æx1 Å x2t i Å x3t 2
i Å x4 sin(2¼t i ) Å x5 cos(2¼t i ) (5.1)

In this formula y i represents the displacement value derived at time t i . The value for time t i is given by the
difference in time between the �rst measurement and measurement i , expressed in years minus 1.9317. The
value 1.9317 represents the middle of the timeline and is derived by adding all differences in time between
the �rst measurement and measurement i , divided by the total number of measurements, expressed in years.
The value does not correspond to the difference in time between the �rst and last measurement divided by
two, because the measurements are not constant in time. Normally the measurements are taken every 11
days, however some measurements are lacking which causes the middle of the timeline to shift.
The factors x i determine the shape of the trendline. The shape factors for each measurement series are dif-
ferent and can be derived by solving a matrix equation with a [ A]{x} Æ{y} structure. Matrix A contains the
time-dependent variables for each measurement. Each row of the matrix is constructed by the variables of
the corresponding t i , so there will be 99 rows and 5 columns in total. Since x 1 is not dependent on time, the
�rst column exists of ones. Vector x represents the shaping factors of the trendline and vector y represents the
displacement values at each t i , given by the satellite data. The outline of the matrix equation is represented
by Equation 5.2.
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Linear trendline

The linear trendline disregards the seasonal effect of the measurements and is used to approach the vertical
movement of the measurement points in time. The structure of the linear equation is yi Æat i Å b, where a
and b are the slope and intercept with the y-axis respectively. For the construction of the linear trendline the
function poly�t , a built-in function of MATLAB, has been used. The input for this function (referred to as
p in this report) are the x-values and y-values of the function and the degree ( n) of the desired polynomial
�t, represented by Function 5.3. The result of p is a vector of length n+1 and contains the coef�cients in
descending powers, being a and b of the linear trendline.

p Æpol y f i t (x, y,n) (5.3)
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Amplitude of seasonal oscillation
The amplitude of the seasonal oscillation indicates the magnitude of the seasonal effect. The amplitude is
calculated using the factors x 4 and x5, which are the individual amplitudes of the sine and cosine compo-
nents of Equation 5.1. The overall amplitude of the equation can be calculated by the equation shown in
Equation 5.4.

Ampl i tude o f seasonal osci l l at ion Æ
q

x2
4 Å x2

5 (5.4)

Settlement rate
The settlement rate can be calculated by using three different methods. The �rst method uses the data sheet
provided by SkyGeo. For each point the linear displacement has been given. The given values have been av-
eraged and are found in Table 5.1.
For the second and third method the function poly�t in MATLAB again has been used. For the second method
the values of the overall trendline are used as input for the function. For the third method the measurement
values for the different points are averaged �rst, given one set of the measurement values. This set of mea-
surement values is used as the input for the poly�t function. This method does not exclude any outliers of
the measurement values. This consequence can be seen in Table 5.1, since the settlement values for the third
method are, in general, more diverging from the other values.
For the analysis of the results, the second method will be used since this method is less prone to outliers
than the third method. Also the exact methodology for the establishment of the �rst method is not known.
However, the third method will be used in Section 6.4.2 as the second method will not be practicable.

Table 5.1: Settlement rates calculated by different methods

Location
Method 1

[mm/year]
Method 2

[mm/year]
Method 3

[mm/year]
A1 -0.66 -0.73 -0.83
A2 -0.94 -0.99 -1.08
A3 -1.15 -1.20 -1.30
A4 -0.36 -0.45 -0.57
A5 -0.74 -0.71 -0.66
A6 -0.30 -0.34 -0.37
A7 -0.75 -0.85 -0.96

B1 -3.73 -3.67 -3.55
B2 -3.84 -3.84 -3.92
B3 -3.35 -3.48 -3.68
B4 -3.80 -3.64 -3.50
B5 -3.62 -3.57 -3.53
B6 -3.20 -3.28 -3.41
B7 -3.03 -2.98 -2.89

C1 -4.27 -4.29 -4.43
C2 -4.57 -4.51 -4.46
C3 -5.11 -5.07 -5.01
C4 -4.52 -4.40 -4.22
C5 -4.48 -4.39 -4.27
C6 -4.47 -4.48 -4.51
C7 -4.75 -4.79 -4.87

5.3.2. Points
The number of points represent the number of similar measurement series at one location. One single series
of measurements would not be reliable because of the precision of the coordinates of the locations, see Sec-
tion 4.3.4. By increasing the number of points, the covered area by the points is increased and it is less likely
that all the points are not located on the road. It has been chosen to have at least four points per location. In
Table 5.2, the number of the points for each location are given. The maximum distance between the points
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has been given as well. The positions of the points per location are shown in Appendix A. The amplitudes
and settlement rates used in the analysis of the results are an average of the points per location, but since the
measurement series are comparable the average is a good representation.

Table 5.2: Number of points and maximum distance between the points for each location

Location number
Group A Group B Group C

Number of
points

Maximum
distance [m]

Number of
points

Maximum
distance [m]

Number of
points

Maximum
distance [m]

1 5 6 6 10 7 17
2 5 8 10 13 6 16
3 11 14 6 12 8 10
4 5 11 5 8 5 7
5 7 13 6 13 6 9
6 5 6 4 8 7 13
7 8 12 4 5 4 9

5.3.3. Locations
All three groups contain seven different locations, therefore there are 21 locations in total. The locations are
located in four different districts in the city of Woerden. These districts are Schilderskwartier (developed in
the 1960s), Bedrijventerrein Barwoutswaarder (developed in the 1980s), Bedrijventerrein Polanen (developed
in the 1990s) and Middelland-Zuid (developed in the 1990s). The districts and the locations within these dis-
tricts are represented in Figure 5.2. It should be remarked the different districts have been developed within
different time periods and therefore the subsurface will be in different stages of subsidence due to different
loading duration.
Schilderskwartier is one of the oldest districts of Woerden and is the only residential district of the involved
districts. It can be noted that only one location is found in this district. Three main causes can be related to
this small number of useful locations. Firstly, the major part of the roads have brick pavements rather than
asphalt covering. Secondly, the few asphalt roads within the district are old and therefore have been under
construction, which makes them not suitable for this research. Lastly, roads in residential areas are quite nar-
row and trees or buildings are close to the roads cause blockage of the satellite's sight.
The other three districts are industrial areas. These three districts are Bedrijventerrein Barwoutswaarder,
Middelland-Zuid and Bedrijventerrein Polanen . One of the bene�ts of the industrial areas is the areas are
much more open, since there are fewer trees or buildings directly located near the road, leading to less block-
ing of the satellite's sight. Another bene�t is that the roads are mostly empty at the time of the satellite passing,
where in the residential areas vehicles are placed on the roads and therefore in�uence the satellite data.
Middelland-Zuid and especially Bedrijventerrein Polanen bear a lot of locations. This is due to the fact the
roads in these districts are relatively new, meaning the roads are hardly damaged and therefore do not need
construction works, but they meet the 10 years requirement.



5.4. Subsurface data 23

Figure 5.2: The locations inside the research area

5.3.4. Coef�cient of Determination
The coef�cient of determination, or R-squared ( R2), is a statistical measure that determines the ability of a
model to predict or explain an outcome in a linear regression structure. The coef�cient of determination
indicates the proportion of the variance in the dependent variable that is predicted or explained by linear
regression and the independent variable [20]. In case of simple linear regression, the R-squared value is the
square of the correlation coef�cient, which is a measure of correlation between two variables. The value of
R-squared ranges from 0 to 1, where 1 means the linear regression line perfectly �ts the data.

R2 Æ1¡
SSR

SST

Æ1¡

P
i (yi ¡ byi )2

P
i (yi ¡ y)2

(5.5)

The value of R-squared can be determined by the function shown by Function 5.5. In this formula, SSRis
the Sum of the Squared Regression, SST, the Sum of the Squared Total, yi , the actual observation, byi , the pre-
dicted observation and y is the mean of the actual observations [40].

The R-squared value can be determined by MATLAB as an intrinsic function, which is part of the Basic Fit-
ting Tool [31]. The linear regression model is represented by the linear trendline and the R-squared value
represents how well the trendline �ts the data.

5.4. Subsurface data
When knowing the locations of useful satellite data, the soil pro�les of these locations can be established.
The technique of obtaining these soil pro�les is explained in this section. Also some research has been done
to the groundwater levels. The groundwater levels are signi�cant because the presence of water impacts the
soil behaviour of clay, such as reduction the shear strength and stiffness.
The depth of the boreholes and the groundwater levels are given relative to the Normaal Amsterdams Peil
(NAP). The NAP is a reference level used for all levels of height and depth. The value of 0 m NAP is equal to
the average sea level of the North Sea. The advantage of using a datum reference is that all levels are relative
to the same point, making it easier to compare the levels.
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5.4.1. Groundwater data

The city of Woerden lies within the working area of the water board De Stichtse Rijnlanden. The water board
has divided the working area into smaller sections, and for each section a decision has been made on the
water level to be maintained within that section [38]. This decision will be renewed every ten years.
The water board and the municipalities within their working area have founded a water innovation network
named Winnet . One of the responsibilities of Winnet is to maintain the monitoring wells and data processing
and analysis of the data produced by the monitoring wells. The monitoring wells measure the groundwater
level each hour and the measured levels of each monitoring well can be found on the website of Winnet .
In Figure 5.3 the location of the used monitoring wells can be found. It can be seen that for each district, the
data of two monitoring wells has been utilised. In Table 5.3 the average ground water level of these monitoring
wells is given, as well as the ground level at the monitoring well and depth of the average ground water level.
The average groundwater levels of the monitoring wells are used to make a deliberate assumption of the
groundwater levels at the different locations. It should be remarked that the exact groundwater level can only
be known by monitoring the groundwater level in time.

Figure 5.3: The locations and codes of the used monitoring wells

Table 5.3: Average groundwater level at different monitoring wells

Monitoring well
Average groundwater level

[m NAP]
Ground level

[m NAP]
Depth of average ground water level

[m]
B31D1510 -1.68 +0.40 2.08
B31G2310 -1.58 +0.37 1.95
B31D1515 -1.56 -0.72 0.84
B31D1521 -1.81 -0.16 1.65
B31G2259 -1.41 -0.64 0.77
B31G2312 -1.86 -0.87 0.99
B31G2256 -1.47 -1.02 0.45
B31G2257 -1.80 -1.26 0.54
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5.4.2. Soil data
The soil pro�le is largely varying at small distances because of the �uvial origin of the soil deposition. Due to
the variation, it is important to get the soil pro�les as close as possible to the locations of the satellite data. It
is not possible to get the soil pro�les directly beneath the satellite data, since the data is located on asphalt
roads. Therefore, the soil pro�les are taken in lawns adjoining the roads.
For the locations A3 and C4 the soil pro�les are performed by the company Eijkelkamp which executed
ground investigation when installing the monitoring wells. It has only been requested for these data loca-
tions since the locations were very close to these monitoring wells and therefore the soil pro�les would be
representative. All the other locations are not located near any monitoring wells and therefore the soil pro-
�les had to be determined. The soil pro�les are taken with a gouge auger. A gouge auger is a metal tube
with one open side. A gouge auger is meant to push into soft soil and shows the soil pro�le with a length
corresponding to the length of the tube. The used gouge auger had a tube with a length of one metre. An
extension rod can be used to extend the distance between the gouge auger and handle, meaning larger depth
can be reached. The taken soil pro�les vary in length from 3 to 5 metres. The encountered soil inside the tube
is divided into different soil sections and for each section the top and bottom is determined. The values of
depth are rounded to tens of centimetres. The encountered soil inside the tube is determined by viewing and
touching the soil.
A disadvantage of this method is that for each metre, the gouge auger has to be pulled out, meaning that for
reaching four metres of depth the gouge auger has been pulled out three times. In case of very soft soil, the
hole that has been created by pulling out the gouge auger can be partially back-�lled by the soil. If the gouge
auger is put in again there is a part of collapsed soil incorrectly assigned to a larger depth. This does eventu-
ally lead to a larger thickness of soil than there actually is present.





6
Results

The gathered locations have been divided into three groups, group A, B and C, and the division has been
based on the settlement rate of the locations. Group A includes the locations with a settlement rate of 0 to -1
mm/year, group B the locations with a settlement rate of -3 to -4 mm/year and group C the locations with a
settlement rate of -4 to -5 mm/year. In Figure 6.1 the relation between the amplitude of seasonal oscillation
and settlement rate are indicated per group. The data and soil pro�les of the different groups have been
compared and it has been investigated if there is any connection between the soil pro�les and the settlement
rate obtained by the satellite measurements. The displacement values given by the satellite measurements
can be approximated by a trendline. In this chapter the results are presented. First, the details of the locations
of the three different groups are further discussed.

Figure 6.1: Link between the amplitude of seasonal oscillation and settlement rate

6.1. Three different groups
All the suitable locations have been divided into three different groups based on the settlement rates. Al-
though some of the soil pro�les are more than three metres, all the pro�les have been given a maximum
pro�le length of three metres. This has been done to optimise the comparison between the different loca-
tions, where some of the pro�le lengths are only three metres long. The displacement values measured by
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the satellite for the individual locations are represented in Appendix B, Appendix C and Appendix D for the
locations of group A, group B and group C respectively. In these appendices, the seasonal and linear trend-
lines and the amplitude can be found schematically. In Figure 6.2 the data of location A3 is displayed as an
example. The following three sections present the data collected from the soil pro�les as well as the values
for the settlement rate and amplitude for the locations per group.

Figure 6.2: Individual measurement series (top) and trendlines (bottom) for location A3

6.1.1. Group A: 0 to -1 mm/year
Group A is the group with the lowest settlement rates. A representative soil pro�le for group A can be found
in Figure 6.3 (left). All soil pro�les of the different locations of this group can be found in Appendix E.1.
An overview of the most substantial data is found in Table 6.1. Most of the soil pro�les do not contain any
peat layers, except for location A7. The peat layer is found within the top 3 metres and should be taken into
account when evaluating the results.
It can be noticed that for location A3, the settlement rate is higher than 1 mm per year. However, since the soil
pro�le does not show any remarkableness compared to the other soil pro�les, it has been decided to keep the
location.

Table 6.1: Speci�cations of the different locations part of group A

Location
Settlement rate

[mm/year]
Amplitude

[mm]
Ground level

[m NAP]
Depth of the
clay layer [m]

Total thickness
clay layer [m]

A1 -0.73 0.864 -0.40 0.40 0.90
A2 -0.99 0.940 -0.60 0.40 2.60
A3 -1.20 1.347 -0.64 0.30 2.70
A4 -0.45 1.028 -0.50 0.40 1.40
A5 -0.71 0.558 -0.70 0.50 2.50
A6 -0.34 0.348 +0.40 0.60 0.50
A7 -0.85 1.367 -0.80 0.30 2.70
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(a) Soil pro�le of A1 (b) Soil pro�le of B1 (c) Soil pro�le of C1

Figure 6.3: Representative soil pro�les of group A (left), group B (centre) en group C (right)

6.1.2. Group B: -3 to -4 mm/year
The soil pro�les of group B can be found in Appendix E.2. A representative soil pro�le for group B can be
found in Figure 6.3 (centre). The soil pro�les of group B show an alternation of clay and peat layers, introduc-
ing of dif�culty in the evaluation of the results. In Table 6.2 the speci�cations of the soil pro�les and data of
the group B can be found. For the locations with soil pro�les containing multiple clay layers, the total thick-
ness indicated by the table is the total amount of the different layers summed. The depth remains the depth
of the top clay layer.
For location B7 the settlement rate is slightly below the given interval. However, the value of the settlement
rate by method 1, given in Table 5.1, is within the interval.

Table 6.2: Speci�cations of the different locations part of group B

Location
Settlement

rate
[mm/year]

Amplitude
[mm]

Ground
level

[m NAP]

Depth of
the clay
layer [m]

Total thick-
ness clay
layer [m]

Depth of
the peat
layer [m]

Total thick-
ness peat
layer [m]

B1 -3.67 1.289 -1.30 0.30 1.40 1.70 1.30
B2 -3.84 2.493 -0.90 0.50 1.50 1.00 1.00
B3 -3.48 2.553 -0.9 0.20 1.80 1.40 1.00
B4 -3.64 1.813 -1.20 0.20 0.90 1.10 1.90
B5 -3.57 1.386 -1.20 0.40 0.60 1.00 2.00
B6 -3.28 1.502 -1.20 0.30 1.10 1.40 1.60
B7 -2.98 0.935 -1.00 0.50 2.00 1.40 0.50

6.1.3. Group C: -4 to -5 mm/year
Group C is the group with the highest settlement rates and the soil pro�les contain the largest amount of peat
as well. A representative soil pro�le for group C can be found in Figure 6.3 (right). The thickness of the peat
layers is at least 2 metres, which can be seen in Table 6.3. The soil pro�les of the locations of group C are
shown in Appendix E.3.
It can be noticed that for location C3, the settlement rate is slightly above the given interval. However, since
the soil pro�le does not show any remarkableness compared to the other soil pro�les, is has been decided to
keep the location.
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Table 6.3: Speci�cations of the different locations part of group C

Location
Settlement

rate
[mm/year]

Amplitude
[mm]

Ground
level

[m NAP]

Depth of
the clay
layer [m]

Total thick-
ness clay
layer [m]

Depth of
the peat
layer [m]

Total thick-
ness peat
layer [m]

C1 -4.29 3.182 -1.20 0.10 0.80 0.90 2.10
C2 -4.51 1.061 -1.40 0.50 0.40 0.90 2.10
C3 -5.07 1.514 -1.50 0.30 0.40 0.70 2.30
C4 -4.40 1.511 -1.02 0.40 0.60 1.00 2.00
C5 -4.39 1.251 -1.40 0.40 0.30 0.70 2.30
C6 -4.48 2.115 -1.60 0.20 0.60 0.80 2.20
C7 -4.79 2.113 -1.60 0.20 0.60 0.80 2.20

6.2. Settlement rate
The three groups were divided based on the settlement rate. The main difference within the soil pro�les is
the presence of peat, where the settlement rate is the lowest if no peat is present.

6.2.1. Thickness
Firstly, the thickness of the soil layers is examined. Because the soil pro�les of group A do not contain peat,
the settlement rate is induced by the clay layers. In Figure 6.4(a) the thickness of the clay layers and settlement
rate is displayed, with a total length of the soil pro�les of 3 metres. The four locations in the right corner (A2,
A3, A5 and A7) seem to be restrained by the taken length of the soil pro�les. The thickness of the clay layers
at these locations is restricted by a limited depth of investigation, which is 3 metres. However, this does not
mean no clay will be present below these depth. Nevertheless, a trendline has been established to estimate
the settlement rate induced by the thickness of the clay layer. The trendline can be found in Equation 6.1,
where Tc represents the thickness of the clay layer.

Sclay Æ ¡0.25¤ Tc ¡ 0.28 (6.1)

Figure 6.4: Graphs of settlement rate and thickness
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For the peat containing groups the settlement rate is divided into two parts. The �rst part consists of the
calculated settlement rate induced by the thickness of the present clay layers using the trendline. The second
part is the settlement rate induced by the present peat layers, which is the remaining amount, so the total
settlement rate minus the part induced by the clay layers. The remaining amount of settlement rate is further
referred to as the residual settlement rate. Figure 6.4(b) shows the results of the residual settlement rate
and the thickness of the peat layers for both group B and group C. The individual groups are addressed in
Figure 6.4(c) for group B and Figure 6.4(d) for group C.
For the data of Figure 6.4(b) a trendline has been created as well, which is shown by Equation 6.2. In this
formula, Tc represents the thickness of the peat layer.

Speat Æ ¡1.07¤ Tp ¡ 1.64 (6.2)

Combining Equation 6.1 and Equation 6.2 will give Equation 6.3. This equation is used to calculated the total
settlement rate for the locations of group B and group C, which are the groups where the soil pro�les contains
both clay layers and peat layers.

Stotal ÆSclay Å Speat

Æ ¡0.25¤ Tc ¡ 1.07¤ Tp ¡ 1.92
(6.3)

The total settlement rate of each location has been calculated with Equation 6.3 and the differences between
the obtained and calculated settlement rate have been evaluated in order to check the reliability of the func-
tion. The average absolute deviation is given in Figure 6.7(a). The average absolute deviation is 0.34 mm/year
for group B and 0.22 mm/year for group C, leading to an average of 0.28 mm/year for all locations. The relative
deviation is 9.5% and 4.7% for group B and group C respectively.

Figure 6.5: Graphs showing the difference between the real and calculated values of the settlement rate

6.2.2. Ratio thickness and depth
The ratio of thickness and depth of the soil layers is introduced to check if the depth of the soil layers is
relevant for the amount of settlement rate. Again the results of group A are used to establish a trendline for
the clay part, since this group does not contain peat layers. Figure 6.6(a) shows the results of the thickness
over depth ratio of the clay layers and the settlement rate, as well as the trendline. The trendline is given by
Equation 6.4, where Tc and dc represent the thickness and depth of the clay layer.

Sclay Æ ¡0.078¤
Tc

dc
¡ 0.35 (6.4)

The residual settlement rate is again determined by the total settlement rates minus the settlement rate in-
duced by the clay layer calculated by Equation 6.4. The �tting of the ratio of thickness and depth of the peat
layers and the residual settlement rate is given in Figure 6.6(b). The data of Figure 6.6(b) appear to be �t-
ting and therefore also a trendline for the data of this graph is established, given by Equation 6.5. Tp and dp

represent the thickness and depth of the peat layer in the trendline.

Speat Æ ¡0.66¤
Tp

dp
¡ 2.16 (6.5)
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Figure 6.6: Graphs of settlement rate and ratio of thickness and depth

There is an equation for the part of the settlement rate for both the clay and peat component and combining
these equations (Equation 6.4 and Equation 6.5) leads to Equation 6.6. This equation estimates the total
settlement rate of a location based on the thickness and depth of the soil layers, if only peat and clay layers
are present within the soil pro�le.

Stotal ÆSclay Å Speat

Æ ¡0.078¤
Tc

dc
¡ 0.66¤

Tp

dp
¡ 2.51

(6.6)

The total settlement rate of each location has been calculated with Equation 6.6 and the differences between
the obtained and calculated settlement rate have been evaluated in order to check the reliability of the func-
tion. The average absolute deviation is given in Figure 6.7(a). The average absolute deviation is 0.29 mm/year
for group B and 0.31 mm/year for group C, leading to an average of 0.30 mm/year for all locations. The rela-
tive deviation is 8.1% and 6.9% for group B and group C respectively, meaning the average absolute deviation
is lower for group B but the relative deviation is higher.

Figure 6.7: Graphs showing the difference between the real and calculated values of the settlement rate

6.3. Amplitude of the seasonal oscillation
The groups have been divided based on the settlement rate and it does not mean the division also holds
for the magnitude of the amplitude, which is the magnitude of the seasonal effect shown by the seasonal
trendline. However, in this section the initial division of the three groups will remain.
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6.3.1. Thickness
First the thickness of the clay layers is taken into consideration. Figure 6.8 displays the graph of the total
thickness clay layers and amplitude, valid for a length of 3 metres for the soil pro�les. In Figure 6.8(b) however,
location A1, A4 and A6 are the three locations where the bottom of the clay layer is identi�ed and looking at
the graph these three locations can be roughly linearly related. For the other four locations, it seems that
increasing the total amount of clay is only shifting the data on the x-axis. The thickness of the clay layers
of these locations is increasing with depth, but these increase of thickness does not enhance the magnitude
of the amplitude. In other words, the magnitude of the amplitude is most likely arise from the presence of
clay to a limited depth and the presence of the soil layers below that depth does not have any contribution
to the magnitude of the amplitude. A depth of 3 metres seems to be too large and therefore, the depth of
investigation is reduced to 1.5 metres since.

Figure 6.8: Graphs of thickness of the clay layers and amplitude for pro�le length of 3m

Figure 6.9 shows the graphs are represented for the thickness of the clay when the soil pro�les have been cut
off at 1.5 metres. The differences between the groups is created by the soil type within the soil pro�les of 1.5
metres. Figure 6.9(a) shows the data for all groups, where in the other three graphs the data for the individual
groups is represented.
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Figure 6.9: Graphs of the thickness of the clay layer and amplitude for the top 1.5m of the pro�les

It appears that for group A and group C the amplitude is linearly related to the thickness of the clay layers in
the �rst 1.5 metres of the soil pro�les. However, the amplitude is higher for group C than it is for group A. For
group B no trend can be seen in Figure 6.9(c).

Because the data for group A and C are linearly related and the amplitude of group C is higher, it seems
the presence of peat is affecting the magnitude of the amplitude. The same approach is used it as has been
used for the settlement rate. First a trendline is established for the data of group A, since these soil pro�les
contain mostly clay. The trendline is given by Equation 6.7 and is visualised by Figure 6.10.

Aclay Æ1.33¤ Tc ¡ 0.41 (6.7)

When only considering the individual data, it can be seen that especially in Figure 6.10(d) the data is not
really �tting for just group C. For group B, Figure 6.10(c), there are two locations with zero thickness for the
peat layer. These locations do contain peat layer within their soil pro�le, but not in the top 1.5 metres. For
location B1 the residual amplitude is small and therefore Equation 6.7 will hold for this location. This can
not be said for location B3, where the residual amplitude is much larger. However, the data considering both
groups is �tting much better and a trendline can be drawn �tting the data in Figure 6.10(b). The equation of
the trendline is given by Equation 6.8. In Figure 6.10(b) locations B2, B3 and C1 can be indicated as outliers,
since their values of amplitude do not match the trendline.

Apeat Æ1.72¤ Tp Å 0.18 (6.8)
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Figure 6.10: Graphs of thickness of the peat layers in group B and group C and amplitude

Combining Equation 6.7 and Equation 6.8 will result in Equation 6.9. The new equation can be used to calcu-
lated the amplitude at the locations based on the thickness of the clay and peat layers. The calculated values
are compared with the real values of the locations.

Atotal ÆAclay Å Apeat

Æ1.33¤ Tc Å 1.72¤ Tp ¡ 0.23
(6.9)

Figure 6.11(a) shows the absolute difference between the calculated and real values of the amplitude, given
in millimetres. The three outliers, being locations B2, B3 and C1, can be clearly identi�ed. Figure 6.11(b)
gives the relative deviation and the �gure does not only identify the outliers. The other locations with high
relative deviation have a small value for the amplitude and therefore the deviation has a larger impact. The
average values for the absolute and relative deviation for all locations, including the outliers, are 0.42 mm and
20.5% respectively. The average absolute deviation per group is 0.45 mm for group B and 0.40 mm for group
C, meaning a relative deviation for group B of 21,3% and 19,9% for group C. Whenever the outliers are left
out of the calculation of the averages values, the average absolute deviation will reduce to 0.20 mm and the
relative deviation reduces to 13.8%.

Figure 6.11: Graphs showing the difference between the real and calculated values of the amplitude

6.3.2. Depth
Figure 6.12 shows the �tting of depth of the clay layers and the amplitude of seasonal oscillation. For all three
groups a linear relation can be observed. However, the data of group A have in general lower values than the
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