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Summary

Land subsidence is a complicated phenomenon, relevant in the Holocene coastal-plain of the Nether-
lands, that can be triggered by many different mechanisms and components. To cope with the effects of
land subsidence, detailed information on which mechanisms are causing subsidence and its variation
over time and space are needed. Subsidence studies predominantly focus on grass and agricultural ar-
eas with organic soils above the groundwater level. In this study, subsidence is also evaluated for dikes
and the urban environment. It is attempted to model subsidence behaviour of four different projects,
grass plots within the Krimpenerwaard polder, locations along the N3 Dordrecht, an embankment con-
structed for the A5 Badhoevedorp and locations along the Markermeerdikes, and to verify these model
results with subsidence measurements available. Existing one-dimensional models for different subsi-
dence components are used in the evaluations.

For grass and agricultural areas it is found that subsidence behaviour could be modelled and the re-
sults lie within the range of uncertainty of the subsidence measurements used. However, the equations
used are often empirical and do not include all relevant influencing factors and couplings. Compres-
sion by degradation of organic material as a response to drainage of organic soil is the main subsidence
component in these areas. Anaerobic degradation of organic material is also included in the modelling
approach, a component that is often neglected in other subsidence studies. Two infrastructure related
projects provided insight to subsidence components in the urban environment. Compression by load-
ing is the main subsidence component relevant in this area type, and thus settlement models are suit-
able to approximate the subsidence behaviour. However, a slight underestimation of creep shows that
the existence of a small additional subsidence component for a situation with soft soil layers pushed
below the water table could not be excluded. Unravelling subsidence behaviour from dikes showed
to be more complicated, where an interplay between different components is relevant. Based on the
evaluation in this study compression by loading and compression by an oxidation or shrinkage com-
ponent are indicated the main subsidence components. Many uncertainties and assumptions used in
this evaluation influenced the results.

For all area types disentangling subsidence into contributions of separate components based on a
total measured subsidence signal causes large uncertainties, as modelled subsidence contributions for
individual components could not be verified.
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List of Definitions

Subsidence the vertical downwards movement of points at surface level or below surface level, com-
pared to a defined datum

Land subsidence the downwards movement of a point at surface level, which can be caused by different
processes

Settlement subsidence caused by the weight of a loading component, that induces compression of the
subsoil. It should be noted that settlement refers to the vertical movement of the original
ground surface level, also when the loading component is a soil structure which raises the
land.

Klink the compression of soil by its own weight. The geotechnical definition of ‘klink’ is used in this
study, in contrast to the definition from the soil science perspective where it is used to de-
fine compression of peat as a result of lowering the groundwater level, due to shrinkage and
oxidation and a loss in buoyancy which causes an additional load (Zuur, 1958).

Compression the reduction of the soil volume, which can be caused by different processes, like external
loading, oxidation and shrinkage.

Compaction the (often mechanical) densification of soil by the expulsion of air or water from the soil
pores.

Organic Soil a soil with an organic matter content higher than 20 m%, following the geotechnical engi-
neering definition

Peat a soil with an organic matter content higher than 75 m%, following the geotechnical engineering
definition

xii



1
Introduction

The west and northern area of the Netherlands can be characterised as a coastal-deltaic plain, where
soft soil conditions are encountered. These coastal-deltaic plain deposits are found at approximately
50% of the surface area of the Netherlands (Koster et al., 2018a), where the thickness is generally increas-
ing from east to west (TNO-GSN, 2016). Soft soil layers have been deposited during the latest period on
the geological timescale, the Holocene, and find their foundation on sandy Pleistocene depositions.

Two problems faced in this area, but also in many other coastal-deltaic areas around the world, are
sea-level rise and land subsidence. Where the combination of these two processes imposes an even
larger relative sea-level rise to these coastal areas, compared to sea-level rise itself. The first problem,
sea-level rise, requires a global response where humanity needs to act as one. In contrast, the second
one is a local problem where local governments and entities focus on.

Different mechanisms cause and have caused land subsidence in the Netherlands. A division can
be made between deeper and shallower mechanism. This is illustrated in figure 1.1, which is based on
a Dutch figure from STOWA (2019). Deeper processes causing subsidence are isostacy and tectonics,
and shallower processes are compression by loading (which includes initial compression, primary and
secondary consolidation), compression by aerobic and anaerobic decomposition of organic material
and compression by shrinkage. This study focuses on shallow subsidence processes. Relevant anthro-
pogenic and natural drivers are shown in figure 1.1 as well, these drivers can trigger mechanisms that
cause subsidence.

Coastal-deltaic plains throughout the world support a large proportion of the population and this
will only increase, as the ongoing trend of coastal migration is expected to continue (Neumann et al.,
2015). Land subsidence in coastal-deltaic areas has different consequences. Some of the most impor-
tant consequences are (Van den Born et al., 2016):

• Increased vulnerability to flooding

• Damages to infrastructure, pipelines and
buildings because of differential subsidence

• Increase in upward seepage of brackish
groundwater

• Local hotspots of water accumulation
caused by a high precipitation event

• Threat to archeological preservation

• Negative adhesion of pile foundations
(when soft soil layers subside faster than
the foundation pile itself, this poses an ad-
ditional load on the pile foundation)

• Possible problems with wooden founda-
tions that end up above the groundwater
level

Together these problems cause an increase in maintenance costs, for both the flood defence system and
the maintenance of housing and infrastructure. Gilles Erkens mentioned in an interview with Boersma
(2015) that the extra costs per resident in the Netherlands are approximately e250 only for the main-
tenance of housing and infrastructure due to subsidence. Van den Born et al. (2016) showed that land

1
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Figure 1.1: Main mechanisms and drivers of land subsidence, based on STOWA (2019)

subsidence in the Netherlands will lead to high costs (approximately e21 miljard between 2010 and
2050) and a change in policy might be needed to lower these costs.

To cope with the effects of land subsidence, detailed information on which mechanisms are caus-
ing subsidence and its variation over time and space are needed. Different coping mechanisms can be
applied, based on which mechanisms are acting. Two examples are the use of lightweight construc-
tion materials when compression by loading is the main mechanism and raising the water table when
compression by oxidation is the main mechanism.

1.1. Scope
Most land subsidence studies in the Netherlands focus on grass- and agricultural areas, and often ur-
ban areas are avoided because of surface sealing and problems with restricted areas (Van Asselen et al.,
2018). Surface sealing (by pavements and roads for example) and restricted areas (not accessible) limit
the availability of the soil for taking samples. Two studies that both did differentiate in these land use
types are that of Koster et al. (2018b), who considered both grass- and agricultural lands and the cities
Amsterdam and Rotterdam in their study and Van Asselen et al. (2018) who even differentiated be-
tween six study areas, varying in subsurface and loading components. These six types are no loading
sites, agricultural loading sites, natural heavy-loading sites, modest urban loading, heavy urban load-
ing and dike embankment loading. In this research it is proposed to separate three different types of
areas present in the coastal-deltaic plane of the Netherlands to further study the mechanisms of land
subsidence. These are:

• Dikes • Grass and agricultural
lands

• Residential areas and
infrastructure

The characteristics, expected relevant mechanisms, drivers and consequences of land subsidence are
explained below for each distinguished area type.
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Area 1: dikes
The first study area are dikes, where soft soil areas loaded by these embankments are considered. Dif-
ferent mechanisms are working here. Considering the subsoil of the embankment, compression by
external loading (the embankment) is relevant. Van Asselen et al. (2018) showed that peat under em-
bankments can already be compressed up to 75%, which means a height reduction of 75% relative to the
initial decompressed height, but this depends on the time since loading, the overburden weight and the
organic matter content of the peat. Compression by shrinkage and oxidation of the layers in the natural
subsoil is not expected to contribute much to subsidence of the embankment, because this material is
often pushed below the groundwater table level. Compression by anaerobic decomposition is also not
expected to contribute much, due to the absence of the usage of fertilizers. Oxidation, shrinkage and
anaerobic decomposition can be relevant for land subsidence of the hinterland of the dike.

For the embankment body itself, compression by shrinkage and loading through the construction
material itself is important. Oxidation might also be relevant, but to a lower extent, as only a certain
degree of organic material in clay is accepted for the construction of an embankment. Potential sta-
bilization/destabilization of this organic matter should be considered. The compression of the soil in
the embankment body itself is called klink. An important consequence of subsidence of these construc-
tions is the increase in flooding risk, but also differential settlements can be harmful to the functionality
of dikes.

Figure 1.2: Schematic representation of relevant subsidence mechanisms for dikes

Area 2: grass and agricultural lands
The second area type is areas that have experienced continued loading by lowering of the groundwa-
ter level for agricultural purposes. These areas are mostly peat lands or clay covered peat lands. The
main subsidence mechanisms that are relevant for this area are expected to be compression by load-
ing, shrinkage and oxidation. Schothorst (1977) quantified the contribution of different mechanisms
to the total subsidence for low moor peat soils in this area type, and found that approximately 65% of
total subsidence can be attributed to compression by shrinkage and peat oxidation above the ground-
water table and only 35% was attributed to compression of layers below the groundwater table caused
by loading through the peat above the water table that lost its buoyancy. Many other studies agree that
peat oxidation and shrinkage are the main contributing mechanisms to land subsidence in grass- and
agricultural areas (Beuving and van den Akker, 1996, Erkens et al., 2016, Fokker et al., 2019, Stouthamer
et al., 2008, Van Asselen et al., 2018). Compression by anaerobic decomposition of organic material
can also be relevant here (Smolders et al., 2013), because of oxidation and the use of fertilizers, which
enhance the presence of nitrate in the saturated soil layers.

To reduce subsidence from compression by oxidation and shrinkage, maintaining current water
levels or even raising them can work (Kooi and Erkens, 2020, Querner et al., 2012, Van Hardeveld et al.,
2017). However, higher groundwater levels have negative consequences for the agricultural sector. The
potential loss of biodiversity in the ecosystems can be a consequence of subsidence in this area type
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(Parish et al., 2008). Another important factor in the relevance of land subsidence for this area type are
the emissions of carbon dioxide (CO2) caused by oxidation.

Figure 1.3: Schematic representation of relevant subsidence mechanisms for grass- and agricultural lands

Area 3: residential areas and infrastructure
This area type is mostly characterised by buildings and infrastructure. The main mechanisms that
are relevant for this area are compression by loading and (to a lesser extent) oxidation and shrinkage.
Van Laarhoven (2017) showed that compression by oxidation no longer contributes to subsidence in
parts of the city Gouda, but the mechanism responsible for the main part of observed subsidence here
is compression caused by urban loading. Koster et al. (2018b) showed that contributions of loading and
oxidation differ from between grass- and agricultural areas and the two cities considered, differences in
contributions of shrinkage were not mentioned in the study.

The main driver of land subsidence in this area is loading by anthropogenic activity, as a result of
construction of civil projects, but also groundwater table lowering can contribute. Consequences of
land subsidence in this area type are an increased flooding risk, negative adhesion on foundation piles,
damage of wooden foundation piles, flooded cellars, differential settlements that cause damages to
infrastructure and buildings and local hotspots of water accumulation. An important characteristic of
this area is the type of soil which has been used for raising the land, that can be found here. This layer
has a varying thickness for different locations. In case of infrastructure, this layer consists mainly of
sand, while in case of residential areas both clay and sand are used to raise the natural areas.

Figure 1.4: Schematic representation of relevant subsidence mechanisms for living areas and infrastructure

1.2. Land subsidence calculation models
Different models exist to predict land subsidence in the Netherlands. The most important ones are
described in table 1.1, which is based on the Dutch version from STOWA (2019).
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Software
Package

Processes
included

Application
Most
Important
Limitation

Atlantis

- Peat oxidation
- Compression because of
changes in groundwater level
(Isotache & Koppejan)

Regional / national maps;
long timeframes; focus
on Holocene deposits

No Darcy (only Terzaghi);
no shrinkage (or partly
implemented through
oxidation)

SUB-CR

- Compression because of
changes in groundwater
level and hydraulic head
(Isotache)

Regional, relatively deep
groundwater systems; influence
of withdrawal

Not suitable for large
phreatic lowerings; no
oxidation/shrinkage

D-Settlement
- Compression caused by
loading at the surface
(Isotache & Koppejan)

Local area; settlements by
loading (often embankments);
vertical drainage

Not suitable for time
dependent phreatic level;
no oxidation/shrinkage

FlexPDE

- Compression by loading
at the surface and by changes
in phreatic or hydraulic
head (Isotache)

Local area; settlements because
of increment and subsidence
because of variation of phreatic
level and/or hydraulic head

Not suitable for large
phreatic level lowerings;
no oxidation/shrinkage

Plaxis
- Compression/deformation by
general external/interal
loadings (2D soft soil creep)

Local area; 2D geotechnical;
situations with deformations in
multiple dimensions

No oxidation/shrinkage

Table 1.1: Overview of some relevant software packages used in the Netherlands to predict shallow land subsidence, (STOWA,
2019)

1.3. Problem description
The often negative consequences of land subsidence were described before and these show the problem
of this topic in itself. To better mitigate these negative effects, or even prevent them from occurring, a
good understanding and predicting of the mechanisms causing these problems is necessary. Large dif-
ferences between the relevant mechanisms and drivers are found considering different coastal-deltaic
regions, but even within one coastal-deltaic region these differences exist. In the Netherlands this com-
plexity has two main causes: 1. the high heterogeneity of the subsurface and 2. the high spatial vari-
ability in loading by different components (lowering water table, structures and buildings).

The previous section on already existing subsidence models shows the large variety in modelling
approaches and also their main limitations. Models to predict land subsidence often do not include all
mechanisms (oxidation and/or shrinkage and potential anaerobic decomposition) and some of them
are only applicable on a regional or national scale. There is a need for a more local model that does
include all relevant processes and can be used to predict land subsidence on a project scale, by com-
bining the effects from all the relevant processes. Project scale is meant here on a spatial scale, since the
temporal effect should not be limited to a project only. The main problem here is the step from theory
to application which is essential for developing such a tool. A smaller step in this process is the identi-
fication of the contributions of different mechanisms to total subsidence for different projects, which is
not fully understood yet.

For the three types of study areas defined before, different components that can contribute to land
subsidence were identified. However, as mentioned before, there is still a debate on the contributions
from these different mechanisms and their coupled behaviour. Zain (2019) showed that there are effects
of oxidation on the compression behaviour, the swelling behaviour and the water retention capacity of
a peat soil. Improving knowledge on disentangling total subsidence into its separate components is the
first step in the process from theory to application which can help with the design of projects on the
coastal-deltaic plane.

Considering dike embankments a division can be made between subsidence mechanisms of the
subsoil and subsidence mechanisms of the embankment body. In current design practices, often only
settlements of the subsoil due to compression of by loading are evaluated in calculations. In some
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design cases an average subsidence rate for grass-and agricultural areas is added to consider subsidence
in general for the design but also values from the "bodemdalingskaart" (land subsidence map of the
Netherlands) are used for incorporating subsidence in design practices. Klink of the embankment body
itself is sometimes considered by the contractor, who uses a percentage of the design height, based
on experience, to identify additional height needed. A better understanding of the contributions of
different processes and their interaction can help with the design practices of these soil structures.

For the grass and agricultural lands the contribution of anaerobic decomposition of organic mate-
rial is often not included in land subsidence studies (as it is assumed not to be relevant), and its poten-
tial contribution has not been quantified. This topic is currently getting more attention, as potential
anaerobic degradation is also relevant for rewetting/renaturing peatlands.

Looking at the third area type, it can be seen that more residential areas are constructed due to both
the growth in population and the trend of urbanisation. These residential areas are constructed on
soft-soil deposits where the impact of these constructions on the existing subsidence rates is relevant.

Another factor that complicates land subsidence studies is that the existing studies to modelling of
separate land subsidence components often do not define clearly all relevant limitations, definitions
and boundary conditions, which makes it hard to identify what can actually be concluded from these
researches. Land subsidence is an interdisciplinary problem and terminology can differ amongst disci-
plines.

1.4. Objective and research questions
This research aims to gain insight into contributions of different shallow subsidence sources to total
land subsidence on a project scale, considering areas with different land uses in the Netherlands using
current land subsidence modelling techniques and verification with project data. It is important to
mention that only one-dimensional modelling techniques are used. The main research question and
subquestions used to gain insight into land subsidence are:
How do different shallow land subsidence processes contribute to total land subsidence for areas with
different land uses over time, measured on a project scale and can these be modelled accurately on this
project scale using existing modelling techniques?

• What is the result of the comparison of project data for grass and agricultural areas (area type 2)
and residential areas and infrastructure (area type 3) to the land subsidence model result (sum of
all individual components over time)

• What is the result of the comparison of project data for dikes (area type 1) to the land subsidence
model result (sum of all individual components over time)?

• How sensitive are model results to potential variation of input and model parameters, due to
heterogeneity of soil?

• Can it be assumed that there are no other effects contributing to subsidence than primary and
secondary consolidation when soft soil layers (soft clays and peat) are pushed below the ground-
water level?

• What happens with the subsidence rate in grass and agricultural areas when shallow groundwater
table lowering stops and the water table is not lowered any further from the current level?

• How does a shift from grass and agricultural areas to residential areas, infrastructure or dikes
influence the already existing land subsidence rate?
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2
Soft soil

To understand the relevance of land subsidence in the Netherlands, the Holocene subsoil deposits,
sections 2.2 and 2.3, and their formation, section 2.1, are evaluated in this chapter. The last section, 2.4,
goes into soil water interaction.

2.1. Formation of the Holocene coastal-deltaic plain in the Netherlands
In the Netherlands, formation of peat began as a result of rapid sea-level rise that caused drowning of
the area around 9500 cal year BP (Van de Plassche, 1982). This peat that was formed on top of the Pleis-
tocene deposits is referred to as basal peat, since it forms the base of the Holocene sequence. From 8500
cal year BP onwards the setting changed, the sea-level rise decreased, and the coastal and delta plain
diversified, where marine transgression succeeded the formation of peat (Hijma et al., 2009). Basal peat
formation continued to form in distal flood basins. In the fluvial part of the coastal-deltaic plain me-
andering rivers occurred. During this period, up to around 5500 cal year BP, sequences of intercalated
peat and overbank clastic layers formed due to a shift in sediment supply to the flood basins over time.
These shifts were caused by repeated avulsion of tidal and river channels (van Asselen et al., 2017). As
the relative sea-level rise further decreased around 5500 cal yr BP (Van de Plassche, 1982), a coastal
beach barrier-complex began to form, which disconnected tidal basins from the sea. Because of this
disconnection, the water became less saline and less clastic sediments reached the lower coastal plain.
This facilitated the widespread peat formation in the back-barrier area (Vos, 2015), where thick and ex-
tensive peat beds developed. An overview of three of the landscapes during this described time frame
is shown in figure 2.1, these are paleogeographical maps constructed by Vos (2015).

Around 1000 CE anthropogenic activities began to cause deterioration of the peatlands, ditches cre-
ated to drain the peatland by gravity resulted in land subsidence of the area. In the fluvial dominated
parts, deforestation and increased erosion in the catchment area caused increased loads of sediments
in clay and silt (Erkens et al., 2006), which then influenced the avulsion behaviour of the rivers in the
period 500 BCE to 1000 CE.

When drainage of the peatlands by gravity was restricted by equaling water levels of the rivers and
tidal inlets, changes occurred in the water management for mainly agricultural practices. Over a longer
timeframe ‘polders’ were created to manage groundwater levels. Currently, each polder has its own
water regime and therefore the groundwater levels are spatially variable.

Koster et al. (2018a) stated that at present there are three types of landscapes in the coastal-deltaic
plain of the Netherlands. The first type is the central coastal plain, distal to sea ingressions and over-
loaded river branches. Original thick peat beds here were spared from sedimentation and peat can be
exposed at the surface. The last 1000 years, these areas have been mainly in agricultural use. The second
area type is where the peat beds have been clay covered. These can be found along major rivers, marine
ingressions and estuaries. Last, there are the areas which are covered by anthropogenic brought-up soil,
due to urbanisation, and these form the third type of area.

8
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Figure 2.1: Paleogeographical reconstructions of the Netherlands during the Holocene, from Vos (2015). From left to rigth: 9000
BC, 5500 BC and 1500 BC

2.2. Clay soil
Soft clay layers are common in the coastal-deltaic plane of the Netherlands. These can be problematic
because of its natural states with high compressibility. Clay is a mineral soil type. Its particles are gen-
erally identified by their grain size, which is smaller than 0.002 mm. The size of pores in clay is small,
which limits air and water movement in the soil. The type of clay mineralogy and the amount of clay
minerals in the soil influences its properties, like its plasticity, its swelling potential and the ability to
adsorb ions and molecules.

2.3. Organic Soil and Peat
Organic soil is a general term for a soil with a high content of organic matter. Some of its characteristics
(low bulk density, swelling and shrinkage behaviour and high porosity) make it difficult to describe the
soil behaviour with concepts and methods for mineral soil (Dettmann et al., 2014). The distinction of
peat and organic soil is a difficult matter, geotechnical definitions are used in this report (see the List of
definitions).

Peat soil is formed by accumulation of partially decomposed and undecomposed biomass, where
the accumulation rate is higher than the degradation rate. It is heterogeneous and can have an anisotropic
character, caused by a potential preferred pore orientation during the peat-forming process and layer-
ing of root and plant material within the soil matrix (Kruse et al., 2008). These effects strongly influence
water movement in peat soils (Beckwith et al., 2003a). Though, this anisotropic character can be lost
upon degradation of the material, caused by for example artificial drainage (Beckwith et al., 2003b).
General characteristics of peat soils are a low unit weight, as the solid matter only contributes little to
the total weight of the soil, and a high water content. Peat soil has a sponge type of structure, this can
be seen in figure 2.3, which can retain a lot of water.

The structure of peat influences its engineering behaviour. Peat holds a double level structure, con-
sisting of a microstructure and a macrostructure, this can be seen in figure 2.2 which illustrates general
composition of peat. The macrostructure refers to features that can be observed with the naked eye,
while the microstructure refers to features at the particle or fibre level.

The total porosity of peat is very high, it often exceeds 80% (Boelter, 1968), and pores are highly
irregular. The structure and arrangement of pores in peat soil are largely controlled by the degree of
decomposition of the organic material and the peatland vegetation. In general peat contains three
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Figure 2.2: Schematic representation of the composition of peat
(Huang et al., 2009)

Figure 2.3: Back-scattered electron (BSE) images of a sphagnum
peat soil in Canada, with pore types indicated at the 20µm

picture. (Rezanezhad et al., 2016)

different types of pores, (Rezanezhad et al., 2016): (I) open and connected macropores, (II) closed or
partially closed cells and (III) dead-end or isolated pore spaces. These three zones are indicated in
figure 2.3. Pores from type I form the ‘active porosity’ of the soil that allows water movement, while
pores type II and III together represent the ‘inactive porosity’ where the water fraction is immobile.

Upon further decomposition of the organic material, the proportion of large pores becomes smaller
as the material is broken down into smaller fragments, which reduces the interparticle space. Moreover
the degree of decomposition is also linked to the water retention capacity of peat soil. Peat soil that
is undecomposed and has a large active porosity can releases more of its saturated water content to
drainage than decomposed peat.

Organic soils are commonly described by their organic matter content, but there are also other fac-
tors that can be used to classify organic soils or peat. Examples are the state of decomposition, the
vegetation type of the origin material and the appearance of the soil. Different systems used for the
classification of peat soils are explained in appendix A.1.

2.4. Soil water
Soil contains water under natural conditions. The gravimetric water content of the soil w and the volu-
metric water content θ are defined as

w = Mw

Ms
θ = Vw

Vs
= w · ρs

ρw
, (2.1)

where Mw is the mass of water [kg], Ms is the mass of the solid particles [kg], Vw is the volume of water
[m3], Vs is the soil volume [m3], ρs is the density of the soil [g/cm3], ρw is the density of water [g/cm3].
Water in soil can be divided in different categories, by the type of binding. Water that is not bound to the
soil and can be drained by gravity is called percolating water. Adhesive water is the water that surrounds
solid particles due to the attraction of water to the mineral surface, the amount of adhesive water in the
soil is linked to the surface area of the soil particles. Capillary water is retained by capillary forces in soil
pores. This is shown in figure 2.4.

Capillary forces strongly influence the amount of water that can be retained in the soil, for soil water
often its potential is considered. Potential (ψ) is defined as "the work required to lift a unit quantity
(volume, mass or weight) from a free water surface to a specific height in a pore (capillary) or to remove it
from the soil matrix" (Blume et al. (2016), p.232). The total potential is a sum of different components:
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Figure 2.4: Retention of soil water, (Gebert, 2018/2019)
Figure 2.5: Soil water retention curves, (Blume et al., 2016). AC is
the air capacity, FC is field capacity and PWP is the permanent

wilting point.

ψ=ψz +ψm +ψo +ψg . (2.2)

In this equation ψ is the total potential [kPa], ψz is the gravitational potential [kPa], ψm is the matric
potential [kPa],ψo is the osmotic potential andψg is the gas potential [kPa]. The gravitational potential
represents the work that is needed to lift a unit of water from a reference level to a new level. The matric
potential is the work that is needed to extract a unit of water from the soil. Its value has a negative sign
because it counteracts the gravitation. The osmotic potential is the work that is needed to extract a unit
of pure water from the soil solution, and it is related to the amount of dissolved salts in the free pore
water. This value also has a negative sign. The gas potential is considered when the soil air pressure
does not correspond with the pressure at a selected reference level, often this term is not needed.

Water content (gravimetric or volumetric or degree of saturation) and matric potential are correlated
and this is defined through a soil water retention curve (SWRC). A decrease in water content results in a
higher matric potential. These curves vary for different soil horizons and layers, as the curve is mainly
determined by the particle size distribution and pore volume. These curves also vary for drainage com-
pared to wetting and this phenomenon is called hysteresis. Examples of SWRCs are shown in figure
2.5.



3
Compression by loading

As a result of the ongoing growth of population and the increase in urbanisation, construction is now
dealing with areas with more problematic soft soil conditions. Settlements related to the load from
constructions on these soft soils can be evaluated using consolidation models and settlement models.
Different loading steps and phases are often included.

Another situation where consolidation and settlement models can be used is when the groundwa-
ter level is lowered. The soil layer that ends up above the groundwater level faces a loss of buoyancy
where it then exerts an additional load to the layers below. Compared to other loading by construction
components, this will only be a small component, though very relevant for subsidence problems in the
agricultural and grasslands.

Changes in the stress state of the soil causes deformations of soil, where time-dependent behaviour
is relevant. Considering Terzaghi’s effective stress principle a change in effective stress can be caused
by either a change in the total stress component or the pore pressure:

σ′
v =σv −u, (3.1)

where σ′
v is vertical effective stress [kN/m2], σv is total vertical stress [kN/m2] and u is pore water pres-

sure [kN/m2]. For this research, an increase in the total stress (loading by an external component) and a
decrease in pore water pressure (lowering of the water table level) are most relevant. In general, a load-
ing component causes settlement. This total settlement component can be seen as the sum of three
components

St = Si +Sco +Scr , (3.2)

where St is the total settlement [m], Si is the immediate settlement [m], Sco is the consolidation set-
tlement [m] and Scr is the creep settlement [m]. Figure 3.1 shows a general curve of settlement over
time, including the three components of total settlement. In this figure the so-called ‘hypothesis B’ is
adapted, where part of the creep settlement is considered to occur already during consolidation (De-
gago et al., 2011). Sometimes a fourth component is mentioned, which is called tertiary compression.
More information on this component and its relevance is provided in section 3.4. This component is
generally not included in settlement calculations.

3.1. Settlement components
Initial compression
For one-dimensional settlement considerations the immediate settlement component follows from the
initial compression of the soil, caused by the elasticity of soil structure and by compression and expul-
sion of gas in the soil pores. This settlement component is often small compared to the total settlement.

12
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Figure 3.1: General settlement over time curve

Consolidation
When there is a change in the pressure state of a saturated soil with a low hydraulic conductivity, initially
pore water reacts in absence of drainage. This creates a situation with excess pore water pressure. Over
time this excess pore water pressure dissipates, as water drains from the soil, and the vertical effective
stress increases, the soil approaches its final steady state pore water pressure distribution. This process
is called consolidation. Rearrangement of soil grains and drainage of pore water cause a volume change
of the soil.

Different factors influence the consolidation process. The generation of excess pore water pressures
is governed by the rate of loading compared to the rate at which the soil can drain. The permeability of
the soil is an important parameter here, where a higher permeability allows for faster consolidation, if
all other factors remain unchanged. Due to the presence of fine grained soils with generally low perme-
ability’s, like clay and peat, in the coastal-deltaic plain, this consolidation process is relevant in for the
study areas in this project. The layer thickness and boundary conditions also affect the consolidation
process. A thicker layer will need more time to complete consolidation and the boundary conditions
define the maximum length of the drainage path. The duration of consolidation is called the hydrody-
namic period.

Creep
After the hydrodynamic period has ended, and no change of effective stress can be measured anymore,
still some settlements may occur. This effect is often called creep and can be described using visco-
plasticity. It is a mechanical process which has different explanations. Le et al. (2012) identified five
main groups of explanations for soft soil creep deformations, which are (1) creep due to breakdown of
interparticle bonds (2) creep due to jumping of molecule bonds (3) creep due to sliding among particles
(4) creep due to water flows in a double pore system and (5) creep due to structural viscosity. As men-
tioned by both Le et al. (2012) and Kaczmarek and Dobak (2017), depending on the explanation, some
of these processes overlap at some points.

In soils with clay particles, different types of bonding occur, for example the primary valence bonds,
van der Waals forces, hydrogen bonds, etc. Due to the consolidation process these interparticle bonds
may be disconnected. It is proposed that the breakdown of these interparticle bonds may lead to fur-
ther rearrangement of grains over time, causing creep settlement. This mechanism was proposed by
Terzaghi (1941) and accepted by others (Crooks et al., 1984, Mesri, 2003, Mesri and Godlewski, 1977).
The second mechanisms of creep is linked to the theory of rate process. It mentions that for the move-
ment of molecules and atoms causing creep, sufficient activation energy is needed. Related to this
activation energy, Mitchell et al. (1968) concluded creep is a thermally activated process. Mesri (1973)
however mentioned that the effect of temperature is insignificant compared to the influence of other
factors. The third principle is creep due to sliding among particles. As consolidation is explained as
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the drainage of water without slipping between soil grains, creep can be explained as a volume reduc-
tion due to slippage of soil grains. Bonds between particles increase friction and cause resistance to
sliding, which explains the slow occurrence of creep settlement. A generally accepted theory for peat
and other organic soils is creep due to water flow in a double porosity system (De Jong, 1968, Zhang and
O’kelly, 2013). It is stated that creep results from the pore water movement from micropores to macrop-
ores, while consolidation is the result of drainage from the macropores. Some studies also mention the
degradation of organic material as a component of creep settlements for organic soils. Last, structural
viscosity is mentioned as a cause of creep. It means a structural resistance to compression within a clay
structure, caused by the absorbed water layer surrounding clay particles.

3.2. Consolidation models
One dimensional consolidation can be considered for land subsidence. Terzaghi’s one dimensional
consolidation, equation (3.3), can be derived from the general three-dimensional consolidation equa-
tion using the following assumptions:

• Loading is one
dimensional

• There is saturated flow

• Fluid is incompressible

• Soil grains are
undeformable

• Soil is uniform

• Stiffness in the soil is
constant

• Hydraulic conductivity of
the soil is constant

• Flow is controlled
by Darcy’s law

• Small strain hypothesis

δu

δt
= cv

δ2u

δz2 , (3.3)

where u is the excess pore water pressure [kN/m2], cv is the consolidation coefficient [m2/s], z is the
vertical direction [m] and t is time [s]. The consolidation coefficient is defined as

cv = k

γw ·mv
= k ·Eoed

γw
, (3.4)

with cv the consolidation coefficient [m2/s], k is the vertical permeability [m/s], γw is the unit weight
of water [kN/m3] and mv (= 1/Eoed ) is the compressibility coefficient [m2/kN].

Terzaghi’s one dimensional consolidation equation can be solved either analytically or numerically.
The analytical solution uses an overall degree of consolidation factor, which relates to the time factor of
the problem. The numerical approach uses a step-wise numerical solution of the problem, where the
degree of consolidation, effective stress and pore pressures are calculated at different points in space
and time. The analytical solution is further discussed in section 3.2.1 and the numerical approach in
section 3.2.2. The implementation of the degree of consolidation factor in settlement models is shown
for different constitutive models (Deltares, 2016):

∆h(t ) =
{

U (t )∆hcons (σ′)+∆hcr eep (σ′, t ) for Koppejan
U (t )∆hdr ai ned (σ′, t ) for a/b/c isotache and NEN-Bjerrum.

(3.5)

In this equation σ′ is the vertical effective stress [kN/m2], ∆hcons is the consolidation contribution to
settlement from Koppejan [m], ∆hcr eep is the creep contribution to settlement from Koppejan [m],
∆hdr ai ned is the theoretical layer deformation under drained conditions according to a/b/c isotache
or NEN-Bjerrum [m] and ∆h(t ) is the total settlement over time [m].

3.2.1. Analytical solution (Terzaghi model)
The analytical solution of the one dimensional consolidation equation works with a degree of consoli-
dation, that symbolizes the progress of consolidation over time. This can be calculated with

U (t ) = 1− 8

π2

∞∑
i=1

1

(2i −1)2 exp

[
−(2i −1)2π

2

4

cv t

h2

]
, (3.6)
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where U (t ) is the degree of consolidation [-], cv is the coefficient of consolidation [m2/s], h is length of
the drainage path [m] and t is the time [s]. Some approximation formulas for this complicated equation
have been developed, and these are evaluated in appendix A.2.

When multiple consolidating layers are present between drainage boundaries, the analytical solu-
tion works with a fictitious homogeneous soil layer that has an equivalent coefficient of consolidation.
This is a simplification of reality. Soil layers that are considered drained are often assumed to have a
100% degree of consolidation from the beginning in the calculation approach.

3.2.2. Numerical (Darcy model)
The other option for solving the one-dimensional consolidation equation is using a numerical solution
where pore pressures and effective stress are calculated at different points in space and time. The pore
pressure distribution over time can be solved using an integrated spatial Fourier interpolation along
sections of the vertical profile. Settlements at the interfaces of different sections are solved through
iterations within each time step. The value of this time step should be determined in such a way that
a stable solution can be ensured. It is an approach where the general storage equation, equation (3.7),
is used to determine the influence of excess pore pressure on soil settlements of different layers. This
method derives the deformation during consolidation from the development of the effective stress. To
do this, excess pore pressures are calculated at different points in time and space, according to

k

γw

d 2u

d 2z
+ dε

d t
+L = 0, (3.7)

where u is the excess pore water pressure [kN/m2], k is the Darcy vertical permeability [m/day], dε
d t is

the strain rate and L is a leakage term in case of the application of vertical drains. Equation 3.7 is based
on excess pore pressure and full saturation is assumed below the water level. Therefore, changes in
phreatic storage and permeability caused by a variation in saturation are neglected. The permeability
of a soil is actually a function of its void ratio. The numerical solution approach allows to use a strain
dependent permeability, calculated by

k = k0 ·10
− 1+e0

Ck
ε
, (3.8)

where k0 is the initial permeability [m/s], Ck
1+e0

is the permeability strain modulus [-], ε is the strain
[-], Ck is the permeability strain factor [-] and e0 is the initial void ratio [-]. Situations with multiple
consolidating layers between drainage boundaries can accurately be represented using this modelling
approach, as the degree of consolidation is calculated at different depths and no average coefficient of
consolidation needs to be determined.

3.2.3. Discussion consolidation models
The numerical solution approach is often recommended, this is due to several reasons. Most important
is a higher accuracy compared to the analytical solution (Deltares, 2016). Other differences are shown
in table A.2 in appendix A.2.

3.3. Constitutive models
Three different constitutive models to calculate settlements over time exist. These are the Koppejan,
NEN-Bjerrum and the abc isotache model. The NEN-Bjerrum and the abc isotache model share the
same isotache formulation theory, but the NEN-Bjerrum uses linear strain, εC and the abc isotache
model uses natural strain, εH . A graphical representation of this difference is shown in figure 3.2. The
strains are defined as:

εC = h0 −h

h0
εH =− ln

(
h

h0

)
=− ln

(
1−εC )

. (3.9)

It can be seen through the definition of linear strain that values of strain higher than one can occur,
which mean a settlement larger than the thickness of the layer. This problem is not there when natural
strain is used, its value tends to infinite when the height tends to zero. Considering small strains, the
two definitions become nearly equivalent.
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Figure 3.2: Difference natural and linear strain (Den Haan, 2003)

3.3.1. Koppejan model
The Koppejan model is a traditional choice to model settlements in the Netherlands. The model was de-
veloped by Koppejan who combined theories from Terzaghi and Keverling-Buisman to describe overall
settlement behaviour (Koppejan, 1948). The model distinguishes between contributions to total settle-
ments based on vertical effective stresses lower or higher than the preconsolidation pressure. In total,
four different contributions can be distinguished in this model:

• Consolidation settlement for σ′ <σp ,
governed by the consolidation compression
coefficient Cp

• Consolidation settlement for σ′ >σp ,
governed by the consolidation compression
coefficient C ′

p

• Creep settlement for σ′ < σp , governed by
the consolidation compression coefficient
Cs

• Creep settlement for σ′ > σp , governed by
the consolidation compression coefficient
C ′

s

Combining the consolidation and creep contributions gives two equations for the total settlements, one
for a situation with a stress below preconsolidation pressure, equation (3.10) and one for the situation
with stress higher than the preconsolidation pressure, equation (3.11):

∆h

h0
= ∆hcons +∆hcr eep

h0
=

[U (t )

Cp
+ 1

Cs
log

(
1+ t

τ0

)]
ln

(
σ′

σ0

)
, σ0 <σ′ <σp , (3.10)

∆h

h0
= ∆hcons +∆hcr eep

h0
=

[U (t )

Cp
+ 1

Cs
log

(
1+ t

τ0

)]
ln

(
σp

σ0

)
+

[U (t )

C ′
p

+ 1

C ′
s

log

(
1+ t

τ0

)]
ln

(
σ′

σp

)
, σ0 <σp <σ′.

(3.11)

In these equations∆h is total change in height [m] which consists of a consolidation∆hcons and a creep
∆hsec contribution, h0 is the initial height [m], U (t ) is the degree of consolidation [-], t is time [days], τ0

is the reference time [days], σ′ is the vertical effective stress [kN/m2], σ0 is the initial vertical effective
stress [kN/m2] and σp is the preconsolidation pressure [kN/m2]. If the preconsolidation pressure is
equal to the initial vertical stress for the calculation (σp =σ0) equation (3.11) simplifies to

∆h

h0
=

[U (t )

C ′
p

+ 1

C ′
s

log

(
1+ t

τ0

)]
ln

(
σ′

σp

)
, σ0 =σp <σ′. (3.12)
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The degree of consolidation factor (U (t )) is implemented in a way that it corresponds with equation
(3.5) and this factor only influences the consolidation settlements over time. Figure 3.3 shows the set-
tlement behaviour as a function of the natural logarithm of stress, together with the parameters men-
tioned above.

Figure 3.3: Koppejan settlement graph with parameters

3.3.2. NEN-Bjerrum model
Both the NEN-Bjerrum and the abc isotache model are based on the same isotache formulation. This
isotache formulation is a theoretical basis for the creep rate. In the isotache formulation it is implied
that all compression which is not elastic results from visco-plastic creep, where it should be noted that
this visco-plastic part includes both consolidation and creep components as defined in this study. This
model works with the assumption that creep strain is described by both a stress dependent and stress
independent part. Creep rate reduces with a higher overconsolidation, which is influenced through
ageing and unloading situations. This principle was noticed first by Bjerrum (1967), but Den Haan
(1994) developed the mathematical formulation. It is shown using the NEN-Bjerrum parameters in
figure 3.4 and with the abc parameters in figure 3.5. The NEN-Bjerrum isotache lines are parallel with a
slope of C R −RR. Parameter RR is coupled to the direct (elastic) strain, and parameters C R and Cα are
related to the secular visco-plastic component. Parameter C R is coupled to the stress dependent part
of the formulation and Cα is coupled to the stress independent part.

Figure 3.4: Isotache principle with NEN-Bjerrum parameters,
based on Deltares (2016)

Figure 3.5: Isotache principle with abc parameters, based on
Deltares (2016)

This model supports the current international standards for settlement predictions. Linear strain soil
parameters are used under the assumption that strains are small. Its parameters can be easily deter-
mined based on oedometer tests. Considering idealized drained NEN-Bjerrum behaviour, there are
three contributions to total settlement, the direct (elastic) settlement, consolidation settlement and
creep settlement,

∆h

h0
= RR log

(
σp

σ0

)
+C R log

(
σ′

σp

)
+Cα log

(
t

τ0

)
, (3.13)
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using

C R = Cc

1+e0
RR = Cr

1+e0
,

where Cr is the reloading/swelling index [-], Cc is the compression index above preconsolidation pres-
sure [-], Cα is the coefficient of secondary compression [-], and e0 is initial void ratio [-]. Figure 3.6
shows the parameters used in this model and how they are related to settlements. It should be noted
that these graphs are based on idealized drained behaviour.

(a) Primary settlement during loading (b) Primary and secondary settlement over time

Figure 3.6: Idealized NEN-Bjerrum settlements graphs for drained conditions with relevant parameters (Deltares, 2016)

The full mathematical formulation of the solution for the NEN-Bjerrum model, including the time effect
through the degree of consolidation and considering several loading, reloading and unloading steps is
given in the equations below:

εC (t ) =U (t ) ·
(
RR log

(
σp

σ′
0

)
+C R log

(
σ′

n

σp

)
+Cα log

(
t − tn +θn

τ0

))
, (3.14)

where

θn =
(σ′

n−1

σ′
n

)C R−RR
Cα · (θn−1 + tn + tn−1),

with θ0 = τ0 ×
(σp

σ′
1

)C R−RR
Cα

,

(3.15)

σp =


σ′

0 +POP for POP compression
σ′

0 ×OCR for OCR compression

σ′
0 ×

( tag e

τ0

) Cα
C R−RR for equivalent age compression.

(3.16)

In this equation θn is the equivalent age [days], tn is the begin time of step n [days] and n is the number
of the load step [-], POP is the pre-overburden pressure [kPa] and OC R is the overconsolidation ratio
[-].

3.3.3. Abc isotache model
As mentioned before, the abc isotache model is similar to the NEN-Bjerrum model, only this model
uses natural strain and natural strain parameters. In case of large strains it is expected that this model
gives more realistic settlement curves.

The isotache principle is shown in figure 3.5 using abc isotache parameters. Parameter a is coupled
to the direct strain, and parameters b and c are related to the so-called ‘secular component’ (which
includes both consolidation and creep). Parameter b is coupled to the stress dependent part of the
secular strain formulation and c is coupled to the stress independent part. Isotache lines are parallel
with a slope of b − a. Den Haan (1994) avoided the use of the terminology elastic compression for the
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direct component, as he expressed some doubts regarding the full reversibility of this component upon
unloading. Similar to the NEN-Bjerrum model, there is a full mathematical formulation of the drained
solution for the abc isotache model, considering several loading, reloading and unloading steps,

εH (t ) =U (t ) ·
(
a ln

(
σp

σ′
0

)
+b ln

(
σ′

n

σp

)
+ c ln

(
t − tn +θn

τ0

))
, (3.17)

where

θn =
(σ′

n−1

σ′
n

) b−a
c × (θn−1 + tn + tn−1),

with θ0 = τ0 ×
(σp

σ′
1

) b−a
c

,

(3.18)

σp =


σ′

0 +POP for POP compression
σ′

0 ×OCR for OCR compression

σ′
0 ×

( tag e

τ0

) c
b−a for equivalent age compression,

(3.19)

where εC is the linear strain [-], θn is the equivalent age [days], tn is the begin time of step n [days] and
n is the number of the load step, POP is the pre-overburden pressure [kPa] and OCR is the overconsoli-
dation ratio [-].

3.3.4. Discussion constitutive models
In this section the previously presented constitutive models are evaluated. Houkes (2016) reviewed
multiple settlement prediction models and validated then on the basis of some case studies in the
Netherlands. All three constituve models presented above were included in this review, and two (NEN-
Bjerrum and abc isotache) were included in the validation part. Amongst others, this study provided
input for this discussion.

Koppejan:
Limitations:

• The superposition principle used in the Koppejan model is proved to be incorrect (De Rijk, 1978).
Using the Koppejan method together with the analytical (Terzaghi) consolidation approach leads
to problems when a new loading phase is applied while consolidation following the previous load-
ing phase is not ‘fully’ finished yet, due to this superposition principle. This is because the time for
the second creep function starts from the moment the next loading is applied, while the effective
stress used in this equation does not exist yet because the previous loading step has not com-
pletely consolidated yet. This then leads to an overestimation of the creep settlement Van Baars
(2003).

• The model has not been designed to model unloading and reloading behaviour (Deltares, 2016).
Unloading and reloading behaviour is relevant for projects where, for example, temporary sur-
charges are used. This is a common method in the Netherlands to limit residual settlements for
construction purposes.

• The model works with the linear strain concept: when the loading component is large with re-
spect to the initial effective stress, unrealistic large strains are modelled. Natural strain concept
is introduced for the Koppejan model, but this requires the model parameters to be determined
based on natural strain as well, which is often neglected in practice.

• This model assumes that creep is stress-dependent, also below the preconsolidation pressure.
This is different from the other two constitutive models.

• The parameter U(t) is only implemented for the consolidation settlement. Consequently, the
largest creep settlement already occur after the first day, even when the hydrodynamic period is
larger than one day. To limit this effect, sometimes the U(t) factor is also applied to the creep term
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(DWW, 1991), but this is theoretically incorrect as it is conflicting with the assumptions used to
derive the 1D consolidation theory of Terzaghi.

Positive aspects:

• The Koppejan model is and has been a standard settlement model in the Netherlands, because
of its simplicity. Consequently, many geotechnical engineers have experience working with this
model.

• Duffy et al. (2020) showed potential for the parametrization of NEN-Koppejan settlement predic-
tion using CPT (cone penetration testing). These and similar methods could reduce the influence
of human error on settlement prediction.

• An incremental Koppejan method has been developed by Van Baars (2003). This method was
reported to work well for staged loading. However, the incremental method is commonly not
implemented in settlement prediction software.

NEN-Bjerrum
Limitations:

• The model works with the linear strain concept: when the loading component is large with re-
spect to the initial effective stress, unrealistic large strains are modelled.

• No clarity on implementation of the degree of consolidation in the equation was found. At the
moment the implementation of the parameter U (t ) in equation (3.14) is based on test scenarios
with D-Settlement software. For the Koppejan settlement model it is clearly stated in literature
that the degree of consolidation should be used for the consolidation settlements only (Cp and
C ′

p ). The same clarity was not found for the NEN-Bjerrum model. Test scenarios with only the
direct component (RR) or only creep settlement (Cα) showed that the degree of consolidation is
also used in the calculation of these components over time.

Positive aspects:

• Isotache principle: does not use superposition principle anymore, and is therefore more suitable
to model unloading/reloading situations

Abc-isotache
Limitations:

• No clarity on implementation of the degree of consolidation in the equation was found. At the
moment the implementation of the parameter U (t ) in equation (3.17) is based on test scenarios
with D-Settlement software. Same as for the NEN-Bjerrum model.

• Generally there is less experience on working with the abc isotache model compared to working
with the Koppejan model.

Positive aspects:

• This model provides the most complete
theoretical description as:

– Natural strain is introduced in
settlement predictions

– Intrinsic time is used

– Parameters b and c are independent of
stress and time

Generally
All three models are evaluated in literature, with geotechnical engineers having different opinions on
which model is most suitable in what situation. Generally, an uncertainty margin of 30% is given for
settlement predictions with these constitutive models (CROW, 2004).
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Houkes (2016) compared multiple different settlement prediction methods for soft soils in the Nether-
lands. Many limitations of settlement models and the use of their parameters were evaluated in this
work. For the results obtained during that research the NEN-Bjerrum model yielded the best results in
practice, though it was mentioned that "theoretically, the abc model provides the most sound and versa-
tile description of soil behaviour upon compression as well as unloading, as a function of time and stress,
in a natural strain formulation" (Houkes (2016), p.105).

Parameter determination is an important factor for the use of all consitutive models. Compression
coefficients for the Koppejan and the NEN-Bjerrum models can be converted to each other. For con-
verting these parameters to abc-isotache compression parameters more caution is needed, because
these are natural strain parameters and the others are linear strain parameters. Some formulas for this
conversion are given in Den Haan et al. (2004). When it is known what model is intended to be used,
the parameter determination should be targeted at this constitutive model as directly as possible.

All constitutive models described here are limited to one dimensional problems. This should be
considered when facing problems were two dimensional effects could have their influence. In com-
monly used software, like D-Settlement, an option for two dimensional settlement predictions is pro-
vided. This should be used with caution as still one dimensional vertical settlement prediction models
are used. In this project, when possible, multiple constitutive models are used to evaluate their different
results. This mostly depends on the availability of soil parameters.

3.4. Discussion
Two aspects that have not been considered, but do have an influence on the modelling of compression
behavior from loading are discussed below. These are the tertiary compression phase, as found in liter-
ature, and characteristics of compression behaviour for organic and peat soils.

Tertiary compression
Research indicated that sometimes the rate of creep is not constant with logarithmic time, as observed
by Edil and Dhowian (1979) in peat soils and by Bishop and Lovenbury (1969) in clay soils. This lead
to the term ‘tertiary compression’, introduced by Edil and Dhowian (1979), which indicates a change in
the strain rate during creep. The component is shown in figure 3.7.

Figure 3.7: Tertiary compression included on time versus strain figures (Liingaard et al., 2002)

Edil and Dhowian (1979) suggested that this behavior is related to a major structural change, that oc-
curs at some value of strain for a particular load increment. It was indicated that for peat this tertiary
compression occurred at all stress levels, but that a higher stress level caused it to occur more quickly
and to have a lower intensity.

This phase is not included in current modelling techniques. Den Haan and Edil (1994) mentioned
that caution needs to be taken for modelling practical problems of peat compression with the abc iso-
tache model over large periods of time, in relation to the tertiary compression findings. Related to com-
pression for peat soils, Den Haan (1994) introduced the possibility of using an additional parameter d
in the abc isotache model to include tertiary compression behavior. The drained formulation of the abc
isotache model is then



22 3. Compression by loading

εH (t ) = a ln

(
σp

σ′
0

)
+b ln

(
σ′

n

σp

)
+

(
c +d ln

(
σ′

n

σp

))
ln

(
t − tn +θn

τ0

)
= a ln

(
σp

σ′
0

)
+

(
b +d ln

(
t − tn +θn

τ0

))
ln

(
σ′

n

σp

)
+ c ln

(
t − tn +θn

τ0

)
.

(3.20)

The determination of the parameter d is difficult and the tertiary effect is known to be small relative to
the overall final strain. Equation (3.20) has not been used and the tertiary component is often neglected
in practice. Though Malinowska (2016) mentioned that tertiary compression in should be included in
consolidation settlement models .

Organic soils / peat
Describing behaviour of organic soil with models on the basis of mineral soil can be problematic. Fibres
in organic soil strongly influence the compression behavior of the soil, especially in peat soils. With a
higher fibre content, the behavior of these soils will differ more from the behavior of inorganic soils.
Johari et al. (2016) and Duraisamy et al. (2007) showed that a higher fibre content will result in a higher
compression index and a larger settlement.

Fibres in the soil also cause an anisotropic factor in the material, where for instance differences in
horizontal and vertical hydraulic conductivity are relevant (Beckwith et al., 2003a). Considering a one-
dimensional consolidation problem, the vertical hydraulic conductivity is used. The hydrodynamic
period for peat soil is relatively short because of its commonly high initial hydraulic conductivity. How-
ever, during loading the hydraulic conductivity of peat decreases strongly.

Robinson (2003) indicated that the use of Terzaghi’s one dimensional consolidation theory might
be inappropriate, as organic particles in peat soils can be compressible. This is a violation of one of
the assumptions that was used in the derivation of the equation (see the list in section 3.2). Yang and
Liu (2016) mentioned part of the initial settlement might come from organic matter compression but
no detailed studies to this component had been found. Moreover, in their study it is indicated that the
compression of gas bubbles in the peat soil can complicate the situation further. These gasses are the
result of degradation processes and can be trapped within the peat soil voids. The deformation of peat
soil is then defined as a coupled process of three components: drainage of pore water, volume change
of gas bubbles in the soil and compression of organic particles. Yang and Liu (2016) derived a new
consolidation model for peat soils, where both gas bubbles and possible compression of organic matter
grains were included:

Figure 3.8: Consolidation equation for peat, including effects of compressible organic matter and gas bubbles, from Yang and
Liu (2016)

It was concluded based on comparison of test data with the model results that this model equation
could be used to analyze the consolidation behavior of peat soil. A drawback of this method is the
many parameters that are used, like the time factor λ, the initial constrained modulus Em and the gas
bubble radius r . It is expected that the compressibility of organic material in peat soil itself is often not
a relevant contribution compared to other subsidence processes, as the actual organic material in peat
soil is only about 5 to 10% of its total soil volume.
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Compression by degradation of organic

material

An important component of subsidence in the Netherlands is compression by degradation of organic
matter. In this section this process will be evaluated. The current knowledge on this process is sum-
marized, including factors that influence the subsidence or subsidence rate caused by this component,
section 4.1. After that, existing modeling techniques that were found in literature are evaluated and
discussed, section 4.2.

4.1. Degradation process
Organic matter is a complex material that consists of many different organic compounds and can be
found in aquatic and terrestrial environments. Organic compounds are a class of chemical compounds,
they consist of carbon atoms bonded to hydrogen and often bonded to other elements as well. Soil or-
ganic matter (SOM) describes the organic matter component in mineral soil. It consists of all plant and
animal residues and their organic transformation residues. Living components, soil flora and fauna, are
not included in the SOM. When constant environmental conditions are maintained, there is an equi-
librium between the supply and degradation of organic matter in the soil. This equilibrium results in a
characteristic organic matter content.

Degradation or decomposition of SOM is the conversion from complex chemical compounds to
smaller and more simplified compounds through different processes in the soil. These are physical-
mechanical, chemical and biological processes. The biological processes, decomposition by micro-
organisms in soil, are most important for the degradation. Different processes are relevant during
degradation, which can happen simultaneously or sequentially. Definitions of some important pro-
cesses are given below:

• Mineralization: Complete decomposition by micro-organisms that convert organic matter to in-
organic compounds. The carbon of the organic compounds is released as CO2 or methane (CH4),
though it should be noted that CH4 is not an inorganic compound. Plant nutrients are released
as well.

– Assimilation: Micro-organisms use organic components as building material for their cell
material.

– Dissimilation: Micro-organisms oxidize organic components to obtain energy for their life
functions.

• Immobilization: Conversion of inorganic compounds to organic compounds

• Humification: Formation of humus, which is derived from microbial decomposition of organic
residues. Under natural conditions, soil humus is decomposed very slow. Humus can persist

23
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for large time frames (several hundred years) in combination with soil minerals, as interaction
between these components can limit availability for microbial degradation.

Decomposition of organic material can be aerobic or anaerobic, based on the availability of oxygen.
When SOM decomposition under aerobic conditions is considered, for example due to the increase
extent of aeration following the drainage of peatlands, often the term ‘oxidation’ is used. Under aero-
bic conditions oxygen functions as electron acceptor. The endproduct of this process is CO2. Under
anaerobic conditions other components function as electron acceptor, as oxygen is not available. The
use of other components proceeds in a sequential order, based on redox potential. This results in an
order of processes, which is denitrification, fermentation, sulfate reduction and last methanogenesis.
These are important pathways for SOM degradation considering situations with organic soils and high
groundwater levels in the Netherlands. End products of this decomposition process can be CO2 and
CH4, together with many others.

Through the emission of these greenhouse gasses, degradation of organic matter has an influence
on enhanced global warming. CO2 emissions from aerobic degradation of SOM in peat soils in the
Netherlands are about 4.2 million ton CO2 per year (Van den Akker et al., 2012), which is approximately
3% of the total yearly emission of greenhouse gasses in the Netherlands. Emissions of CH4 are often
evaluated with respect to rewetted peatlands, where anaerobic circumstances might cause an increase
of CH4 emissions. Compared to CO2, CH4 has a lower atmospheric lifetime but a larger radiative effi-
ciency (Myhre et al., 2013).

Organic compounds each have an own decomposition rate, some compounds are more easily degrad-
able than others. SOM consists of organic material at different stages of their decomposition process.
Examples of different chemical compounds of organic matter are cellulose, hemicellulose, soluble sug-
ars and lignin. Reaching further in the decomposition process, the material often becomes more re-
sistant against further decomposition, due to a decrease in both hydroxyl and methoxyl groups and an
increase in the carboxyl groups (Alexander et al., 1961).

The decomposition rate for aerobic situations is higher than for anaerobic situations, considering
a peat soil. Freeman et al. (2001) stated that this anaerobic decomposition rate for peat soils is low
because of the chemical composition of peat soil. It contains a high amount of phenolic compounds,
which are not easy degradable without oxygen as the enzyme phenol oxidase is nearly inactive in anaer-
obic conditions. Moreover, these phenolic compounds act as inhibitors by preventing hydrolase en-
zymes from carrying out normal decomposition processes (Freeman et al., 2001). Fenner and Freeman
(2011) showed that when oxygen is introduced to the system, there is a double effect where the phenolic
compounds itself start to be decomposed and normal decay process for other compounds can be re-
sumed as well by hydrolase enzymes. However, Brouns et al. (2016) concluded that this emzymic latch
theory was not supported by their research for drained peat soils in the Netherlands.

Peat and organic soils are soil types where possible degradation of organic material is relevant.
Drainage of peatlands creates a loss of water that is retained in the ‘sponge’ like material. When oxy-
gen then is introduced to the system, through for example intensive drainage and agriculture, SOM can
be degraded. This degradation and humification leads to the degradation of the structure of the soil,
which causes a reduction in the water retention, water storage and water transmission capacity of the
soil (Kechavarzi et al., 2010). Through this process a subsidence component is introduced, which con-
sists mostly of the loss of water that is retained, as the volume of the organic particles themselves is
small compared to the total soil volume. This process is shown in figure 4.1.

An important factor to consider is that not all SOM is available for decomposition. Part of the organic
matter is stabilized through interaction with the soil matrix, isolation in soil pores, physical occlusion
within aggregates and absence of the required microbial decomposers (Bailey et al., 2019, Smernik and
Skjemstad, 2009). Kleber et al. (2011) showed that chemical recalcitrance of older organic matter may
not be as relevant for stabilization as was previously considered.

Next to this stabilization/destabilization effect, some other factors also have influence on the de-
composition rate of organic material. Influences of temperature, water content, oxygen supply, pH, soil
properties and composition of the organic material are evaluated.
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Figure 4.1: Schematic representation of processes upon drainage of peat soil, based on sketch from Julia

Temperature
The rate of decomposition for any microbiological process increases with an increase in temperature,
until a certain optimal temperature is reached. This effect was described by Arrhenius (1889) using

k = A∗e−Ea /RT , (4.1)

where k is the reaction rate constant [time−1], A is a pre-exponential factor, Ea is the activation energy
[J mol−1], R is the universal gas constant [J mol−1 K−1] and T is the temperature [K].

This effect is often characterized by a Q10 temperature coefficient (Tate et al., 1987). The Q10 value is
a value that describes the effect of an increase of 10°C on the degradation rate. It depends on the micro-
bial reaction, the composition of the organic matter, and the temperature range. Many different studies
have been conducted to find this value for decomposition of organic material in the temperature range
from 15-35°C. It is commonly stated that generally this value lies between 2 and 3 (Addiscott, 1983,
Campbell et al., 1981, von Lützow and Kögel-Knabner, 2009), considering SOM as one homogeneous
pool. Bunnell et al. (1977) stated that this Q10 value increases with depth in the soil. Vermeulen and
Hendriks (1996) concludes this as well and states that this shows micro-organisms in the top soil are bet-
ter adapted to a situation with temperature fluctuations. Most micro-organisms are mesophilic, which
means there optimal temperature lies between 20-40°C, with an optimum of 35°C. Micro-organisms
that prefer much higher temperatures (> 45°C) are called thermophilic and the ones that have a low op-
timal temperature (< 20°C) are psychrophilic. Micro-organisms that are best adapted to the prevailing
environmental conditions will proliferate. As they each have different degradation qualities and rates,
this can indirectly influence the degradation rate as well.

The temperature effect considering degradation of SOM is relevant considering climate change sce-
narios. Querner et al. (2008) stated that an increase of temperature of 2°C together with a change in air
circulation in the future increases the rate of subsidence and CO2 emissions, caused by aerobic degra-
dation, by 68%.

Water content
With a low amount of water in the soil, soil dries and its matric potential increases. This exerts an
osmotic force on micro-organisms which restricts them. Different micro-organisms have different tol-
erances towards decreasing water potentials. At a very low matric potential, the remaining water in the
soil is located in the smallest pores and in a thin water film around the soil particles. This can also limit
micro-organisms in the degradation process when nutrients cannot move by diffusion through these
thin water layers, and micro-organisms become substrate-limited.

In contrast, when the water content gets too high a lack of oxygen caused by a slow diffusion rate of
oxygen in water limits aerobic decomposition of organic material. Water content and oxygen content
in pores are linked, since pores filled with water cannot contain gas and the other way around.

Statements on an optimal water content for microbiological processes should be treated with care,
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as this effect of water always depends on the pore size distribution, which is determined by soil texture
and compaction. In general it can be said that the water content should be high enough not to have the
osmotic force, but not too high where it limits the water-free porosity of the soil.

A variation in water content of soil has an accelerating effect on decomposition of stabilized organic
material (Denef et al., 2001). Due to alternation swelling and shrinkage conditions some organic ma-
terial gets physically mechanically decomposed. This previously stabilized organic mass then becomes
available for further decomposition by micro-organisms. This is relevant in peatlands, where varying
groundwater levels can cause these alternating situations.

Considering aerobic decomposition of organic material, quality of the pore water is can also be an
influencing factor. Brouns et al. (2014) showed that salinization could reduce aerobic decomposition
with 50%, and this response does not depend on land use and peat origin. Salinization showed no effect
on the anaerobic decomposition rate.

Oxygen supply
Oxygen supply in the soil is determined by diffusion laws. The main important parameter governing
this behaviour is the gas diffusion coefficient of soil, which depends on many variables. It is mostly
determined by the texture and compaction of soil, which drive soil parameters like porosity, air-filled
porosity (AFP), aggregation, connectivity and tortuosity of pores (Moldrup et al., 2001). More irregular
shapes of pores cause the diffusion coefficient to be lower and reduce oxygen transportation (Hendriks,
1991). As mentioned before, oxygen supply can limit degradation, and this is connected with water
content as well because oxygen has a low diffusion coefficient in water (a factor of about 104 lower than
in air).

Even with a low water content and a high water-free porosity, oxygen deficiency can occur, due to a
high concentration of other gases produced in the soil. In soil aggregates porosity is commonly lower
than the overall porosity. This slows down transportation of oxygen and influences possible occurrence
of anaerobic conditions.

Whether aerobic conditions or anaerobic conditions occur can vary over time, because of variations
in groundwater level and, in agricultural context, possible tillage operations. Moreover, shrinkage pro-
cesses have a positive influence on the oxygen supply in the soil, through shrinkage cracks.The possible
variation of effective diffusion coefficient over time is also important. Increasing compression of soil
will decrease the effective diffusion coefficient, and thus decrease the depth that oxygen can diffuse
into the soil.

pH value
Microorganism activity in the soil is greatest near neutral pH, though the optimal pH value varies for
different types of microorganisms (McCauley et al., 2009). Most bacteria function optimal in an envi-
ronment with a neutral pH value. In acidic conditions fungi will be more represented, as they are better
resistant to these conditions. Bacteria commonly grow faster and decompose more material to CO2

than fungi, and therefore neutral conditions generally have a positive influence on the decomposition
rate. Though this should be treated with care as some organic compounds are more easily decomposed
by fungi than by bacteria.

Soil properties
The influence of the soil properties can be connected to its water retention properties, its pore size dis-
tribution and therefore its water and gas transport properties. When a soil is too coarse grained, not
enough water can be retained, but when a soil is too fine grained, the oxygen supply is limited.

Chemical properties of the soil have its influence through the nutritional elements that are or are
not present in the soil, and also govern soil pH and salinity, of which the influence was discussed be-
fore. Many studies tried to relate total organic carbon (TOC)/total nitrogen (C/N) ratios to decomposi-
tion rates (Dijk, 1980, Hassink, 1995, Liu et al., 2007, Murayama and Zahari, 1991), but it is shown that
variation in environmental conditions and different types of organic matter have influences on such a
relation. In general organic matter with low C/N ratios are better degradable than organic matter with
high C/N ratios, considering the same environmental conditions. Brouns et al. (2016) identified phos-
phorus enrichment as a potential driver of an increase in decomposition rate in drained peat soils in
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the Netherlands.

Composition of organic matter
Another important chemical influence on the decomposition rate is the composition of the organic
matter. Different organic constituents have different decomposition rates, as mentioned before. Below
organic constituents are mentioned from easy to decompose to very difficult to decompose.

sug ar s −→ pr otei ns −→ hemi cel l ulose −→ cel l ul ose −→ f at s, w axes and r esi ns −→ l i g ni n

In the Netherlands, old organic and peat soils are present, with a generally high degree of humification.
Therefore, the composition of humus material itself is relevant. Humus exists of humic substances.
These substances can be subdivided in three groups, based on their solubility in water for different
levels of acidity, these are: humins, humic acids and fulvic acids.

• Humins: The fraction of humic substances that is not soluble in water at any acidity level. This
fraction has functions related to the soil water retention capacity, the soil structure and stability
and the cation exchange system. This component is the most resistant against decomposition.

• Humic acids: The fraction of humic substances that is soluble in water at an acidity level of pH
> 2 (acid-insoluble materials)

• Fulvic acids: The fraction of humic substances that is always soluble in water, independent of
acidity level. Results from Qualls (2004) supported the hypothesis that fulvic acid is more rapidly
degraded than humic acid, and thus the least stable of the three.

4.2. Existing modelling techniques
The currently available modelling techniques for subsidence following degradation of organic material
are described here. These modelling techniques are developed for compression by oxidation, not for
anaerobic decomposition of organic material.

Stephens et al., 1984
Stephens et al. (1984) developed a modelling equation which links soil temperature and drainage depth
to soil subsidence in low-moor peat soils, called the "Stephens-Stewart-Chew" basic subsidence equa-
tion. This equation is based on Arrhenius’s law. The Stephens-Stewart-Chew subsidence equation is

S(T,h) = (a +bh)ek(T−T0) (4.2)

where S(T,h) is the biochemical subsidence rate [cm year−1], h is the depth of the water table [cm], k
is the reaction rate constant [-], T is the soil temperature [°C], T0 is a threshold soil temperature below
which the biochemical reaction is not active [°C], and a [cm year−1] and b [year−1] are fitting parame-
ters.

The values for k and T0 were determined based on laboratory data for peat soils in Everglades,
Florida. The parameters a and b could then be found using measured yearly subsidence rate. The
following equation was then constructed, where Tx is the annual average soil temperature at 10 cm
depth:

S(T,h) = (−0.1035+0.0169h)(2)(Tx−5)/10. (4.3)

A positive aspect from this model is that it includes the effect of temperature on the decomposition
rate and thus on the subsidence rate from oxidation. Drawbacks are that the model parameters are
found for Everglades peat soils and not for Dutch peat soils. Laboratory and field data is necessary to
determine model parameters for other soils. Influences of water content, pH, soil properties and the
composition of organic matter are not included through the formula, but embedded in the a and b
parameters itself. Influence of temperature differences over depth are not considered. Moreover, it is
questionable whether this models only subsidence from oxidation, as its parameters are determined by
comparing total subsidence with measurements.
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Van der Meulen et al., 2007
Van der Meulen et al. (2007) estimated the sediment deficiency in the Netherlands. To estimate the
volume loss due to peat oxidation they used

∆ht = hdr y · (1−e−Vox ·∆t ), (4.4)

in which ∆ht is the height reduction of the peat layer above the phreatic water level at time t [m], Vox is
the rate of peat oxidation [m m−1 year−1],∆t is the increase in time [year] and hdr y is the total thickness
of the peat organic matter thickness above phreatic water level [m]. Other studies were this equation
was used as well are Fokker et al. (2015), Muntendam-Bos et al. (2009) and Koster et al. (2018b).

This equation uses the parameter Vox , which is determined for a typical Holocene peat in the Nether-
lands. The value that is commonly used is 0.015 m m−1 year−1, found by Van der Meulen et al. (2007),
who stated that this value was empirically obtained. It is not clear how this value of 0.015 m m−1 year−1

was empirically obtained, therefore it cannot be concluded for what conditions this is valid. Influences
of temperature, pH, water content, soil properties and the composition of organic matter are not in-
cluded directly, but can be included through a variation of this parameter.

Van den Akker et al., 2008
Van den Akker et al. (2007) determined empirical relations between land subsidence and drainage of
peatland for situations with and without a clay layer on top. These empirical relations are based on
subsidence measurements at the Zegveld polder. Linear relations were proposed between the ditch
water level (DWL) or the average deepest groundwater level (ADG, dutch: GLG) and land subsidence
rates. This is shown in figure 4.2. All subsidence mechanisms following shallow groundwater lower-
ing are all indirectly represented in these equations, which is the largest limitation of this modelling
approach.

(a) Relations DWL to land subsidence (b) Relations GLG to land subsidence

Figure 4.2: Relationships found by Van den Akker et al. (2007) in the Zegveld polder

For a peat soil without clay cover, the following equations can be used to quantify land subsidence by
lowering of the shallow groundwater level:

∆L = 15.5 ·DW L+2.7, (4.5)

∆L = 23.537 ·GLG −6.68, (4.6)

where DWL is the ditch water level and GLG is the average lowest groundwater level. For a peat soil with
a thin clay layer (< 40 cm) cover two slightly different equations can be used to quantify land subsidence
by lowering of the shallow groundwater level:

∆L = 15.5 ·DW L−3.5, (4.7)
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∆L = 23.537 ·GLG −10,47. (4.8)

These equations are commonly used in land subsidence assessments in the Netherlands, because the
input data required is often available. Querner et al. (2012) mentioned in their study that this relation
can only be used for situations with similar climate conditions as in the Netherlands. Van Hardeveld
et al. (2017) used an modelling equation which was obtained by combining the two relations from
Van den Akker et al. (2007). An average clay thickness of 0.2 m at the Zegveld location was assumed
to come to a combined formulation of the equations

∆L = 23.45 ·GLG −18.34 ·C L−6.68, (4.9)

in which, ∆L is the rate of soil subsidence [mm year−1], GLG is the average deepest groundwater table
level [m below surface] and C L is the thickness of a potential clay layer on top of the peat layer [m]. In
the research from Van Hardeveld et al. (2017) a time step of 5 years was used for parameter adjustment
because it is stated this time step best reflects the average readjustment period of surface water levels
in Dutch peatlands.

Zanello et al., 2011
Zanello et al. (2011) used an improved version of the modelling approach from Stephens et al. (1984) in
their study to irreversible peat subsidence in the Zennare Basin. They chose this approach because the
equation does includes the effect of temperature. The modelling approach was adjusted so local agri-
cultural practices (ploughing) and carbon fraction changes over the long term could also be included.
To do this a corrective factor is introduced in

S∗(T,h) = S(T,h)
εu,τ

εu,τ0

, (4.10)

where S∗(T,h) is the subsidence rate considering the available carbon matter [cm year−1], S(T,h) is the
subsidence rate as calculated by Stephens et al. (1984) [cm year−1], εu,τ is the carbon fraction of the peat
above the water table level at time t [-] and εu,τ0 is the carbon fraction of the peat above the water table
level at time t0 [-]. εu,τ can be calculated with

εu,τ = εu,τ0 −
(
1− ρl ·εl

ρu

)
τ0 −τ
τ?

, (4.11)

where ρl is the bulk density of the peat soil below the water table [kg m−3], εl is the organic matter
fraction of the peat soil below the water table [-], ρu is the bulk density of the peat soil above the water
table [kg m−3], τ0 is the peat thickness at time t0 [cm], τ is the peat thickness at time t [cm] and τ? is the
reference thickness of the initial peat above the water table [cm].

Hoogland et al., 2012
Hoogland et al. (2012) used a model to forecast land subsidence in the polder Groot-Mijdrecht to see
how long and where agricultural land use will still be possible in the future. This model included
an overall calculation of the subsidence rate, as also other subsidence components where included
through the parameter C ,

dE(s, t )

d t
=−K · f O(s, t ) · {E(s, t )−W (s, t )}−C , (4.12)

in which dE(s, t ) is the subsidence rate [mm year−1], E(s, t ) is the surface elevation at location s and
time t [mm], W (s, t ) is the regulated surface water level at location s and time t [mm], f O(s, t ) is the
fraction of the upper part of the soil profile where sufficient oxygen is available for oxidation, K is the
fraction of peat thickness that oxidises [year−1] and C is the additional subsidence rate due to other
processes [mm year−1]. f O(s, t ) is calculated using the equation below, which uses a parameter for the
maximum depth were sufficient aeration occurs, D :
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f O(s, t ) =
{ P (s,t )

D P (s, t ) ≤ D
1 P (s, t ) > D.

(4.13)

In their research this parameter D was approximated by the groundwater level depth in dry periods,
which was estimated to be 0.80 m based on (Van den Akker et al., 2007). The parameters K and C
were found based on a model calibration with project data from the polder Groot-Mijdrecht, where
K = 0.0105 [year−1] and C = 0.68 [mm year−1]. A positive aspect of this model is that it includes a factor
to account for the influence of oxygen supply on the subsidence rate. Taking the parameter C out of
equation 4.12 gives an equation that can be used to estimate subsidence from compression by oxida-
tion.

Fokker et al., 2019
Fokker et al. (2019) used a modified version of the equation used by Van der Meulen et al. (2007). The
modification is the consideration of admixed clastic sediments, because only the organic material oxi-
dises. They calculated the height reduction from oxidation with

∆hox = (1−e−Vox ·∆t ) · (h(t )−λr,ox h0), (4.14)

in which ∆hox is the reduction of peat thickness above the phreatic water level [m], Vox is the rate of
oxidation [m m−1 year−1], ∆t is the increase in time [year], h(t ) is the total thickness of peat above
phreatic water level [m], λr,ox is the fraction of the initial thickness which consists of admixed clastic
sediments [-] and h0 is the initial thickness in [m].

This equation also uses the parameter Vox , but in this research parameters are extracted from project
data from Flevoland, through Ensemble Smoothing with Data Assimilation (ES-MDA). Two estimates
are done for each parameter, one based on a Koppejan settlement model approach, and one based on
a NEN-Bjerrum settlement model approach. The values found in their study are listed in table 4.1.

Table 4.1: Estimated values for the parameters of the oxidation equation for peat from Fokker et al. (2019). Number in the
brackets is the standard deviation in units of the last digit.

Parameter NEN-Bjerrum estimate Koppejan estimate Unit
Vox Peat 0.0123 (17) 0.0088 (16) m m−1 year−1

λr,ox Peat 0.09 (30) 0.088 (26) -

Bootsma et al., 2020
Bootsma et al. (2020) described a modelling approach that can be selected in the subsidence model
Atlantis, where the volume loss by oxidation is calculated by an organic-mass based approach. The
height reduction in a time step is calculated by

∆Lox =∆Mor g V̂ , (4.15)

where ∆Lox is the height reduction by oxidation [m], ∆Mor g is the change in organic mass [kg] and V̂ is
the specific volume of oxidation [m3/(kgm2)]. The change in the organic matter content over one time
step is calculated with

∆Mor g =−αmL∆t , (4.16)

where αm is an empirical constant which is estimated based the project data from Van den Akker et al.
(2007), which represents the constant rate of organic mass loss [kg year−1], L is the current height of
the unsaturated zone [m], and ∆t is the time step [year]. To use equation 4.15 the parameter V̂ can be
calculated with

V̂ = 0.5

For gρbulk

(
1+er f

(
For g −0.2

0.1

))
, (4.17)
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where For g is the organic mass fraction and ρbulk is the dry bulk density. These parameters are updated
each time step, based on the organic mass loss. The initial dry bulk density can be calculated using an
equation from Erkens et al. (2016):

ρbulk (t0) = 100

For g (t0)

(
1−e−

For g (t0)
0.12

)
, (4.18)

where For g (t0) is the organic mass fraction at time t = 0 [-]. The updated For g can be calculated based
on the updated Mor g , equation 4.20. The updated organic mass content is calculated with

Mor g (t +∆t ) = Mor g (t )+∆Mor g (t ), (4.19)

For g = Mor g

Mor g +Mmi n
, (4.20)

where Mor g is the organic mass content and Mmi n is the mineral mass content. The updated dry bulk
density, which is used in equation 4.17, can be calculated based on the updated L and Mor g by using

ρbulk = Mor g +Mmi n

L
. (4.21)

The initial organic mass content can be calculated with formula 4.22. Mmi n (the mineral mass content)
stays constant over time and can be calculated with equation 4.23,

Mor g = For g (t0) ·ρbulk (t0) ·L(t0), (4.22)

Mmi n = (1−For g )ρbulk L. (4.23)

A positive aspect of this approach is that soil properties can be more accurately represented by working
with organic mass content and bulk densities. Moreover, this approach can also be used for organic
clays because of its organic mass based approach. To use this model characteristics of the soil need to
be known. A limitation is that the value of the parameterαm is not given in the paper, and no indication
of a possible value in the Netherlands is provided in this research.

Overview models oxidation
Table A.3 in appendix A.3 shows an overview of the characteristics of the above mentioned oxidation
modelling techniques.

4.3. Discussion
Degradation of organic material, especially the aerobic component, is known to be relevant for land
subsidence in the Netherlands, and is incorporated in most subsidence models through one of the
equations introduced in the previous section. Based on theoretical knowledge, it is assumed that the
subsidence calculated by these equations follows mostly from the loss of water of the soil, through a
decrease in water retention capacity caused by the degradation of the organic material. This factor is
often not specifically mentioned in the subsidence studies. For area type 2, the natural and agricultural
lands, this submodel is expected to be an important factor for the overall model results.

Relevance organic matter degradation Netherlands
Figure 4.3 shows the estimated SOM content in the upper 0.3 m of the Dutch soils. Hotspots with a high
percentage of SOM in the topsoil are found in the western and northern parts of the Netherlands. Conijn
and Lesschen (2015) showed that within the type 2 areas, grasslands generally contain more SOM than
croplands and nature areas. As explained in sections 2.3 and 4.1, it is not only the SOM content but
also the stability of the material and the resistance against further decomposition, that are relevant in
determining the potential relevance of an oxidation component.
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Figure 4.3: Estimated SOM content in the upper 0.3 m of the soil in the Netherlands (Lesschen et al., 2012)

In the Netherlands, generally organic soils can be found where the SOM is of high stability and age
and the degree of humification is high. These organic soils are relatively stable against further decom-
position, and only a change in the system, like the introduction of oxygen, can induce a higher degra-
dation rate.

Modelling approach
Different oxidation models described in section 4.2 each have their own positive and negative aspects.
All models use a parameter that in a way characterizes a rate of the oxidation process, examples for this
are Vox , k, K and αm . This is based on a hypothesis from Kortleven (1963) who argued that per year a
fraction of the organic mass is decomposed and leaves the soil through this process. Influencing factors
like temperature, pH, water content, soil properties and the composition of organic matter are included
indirectly in this parameter.

Most approaches do not directly include the influence of a higher temperature on the decompo-
sition rate. The only exception here is the approach of Stephens et al. (1984), which was also used by
Zanello et al. (2011). Oxygen supply is most often assumed to be sufficient throughout the unsaturated
zone of the soil, only Hoogland et al. (2012) included a factor that accounted for the maximum depth
where sufficient aeration occurs in the unsaturated zone.

There are many characteristics related to the soil properties and the composition of the organic
matter that influence the decomposition rate, as mentioned in section 4.1. Zanello et al. (2011), Fokker
et al. (2019) and Bootsma et al. (2020) all used a factor to consider a fraction or mass of mineral parti-
cles admixed in the organic soil layers, εl , λr,ox and Mmi n . In the approach of Fokker et al. (2019) this
factor λr,ox actually characterises the height of the soil layer that remains for t −→∞. From a theoretical
perspective, it makes sense that there a certain height of the soil remains, but this might be more than
only height from the mineral particles, as some SOM can be stabilised by the soil matrix and remains
unavailable for degradation.

Based on the evaluation of the oxidation models and their parameters, it is seen that generally two
parameters are used in the oxidation models, excluding the temperature based approaches. One to
characterise the rate of the degradation process and one to characterise the height of the unsaturated
soil layer that remains after long periods of time. This general behaviour is visualised in figure 4.4.

The model of Hoogland et al. (2012) does include the first parameter, but similarly to the model of
Van der Meulen et al. (2007) does not include a second parameter characterising the height remaining at
large timeframes. Instead, this model has an extra parameter characterising the maximum depth where
aerobic degradation can occur without being restrained by oxygen deficiency, which partly decouples
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Figure 4.4: Characteristic oxidation curve determined by two model parameters

the boundary between aerobic and anaerobic degradation from the groundwater level.
As can be seen, these models are based on a simplified version of reality, where there is a complex

interaction between soil environment, the microorganisms responsible for degradation of organic ma-
terial and water retention of the soil. This is not only identified for subsidence studies, biochemical
studies found this as well. Zak et al. (2019) looked at carbon turnover in rewetted peatlands in Germany
and concluded that it is not sufficient to look at measurements of single parameters (nutrient availabil-
ity, pH, redox-conditions, etc.) only to come up with an estimation for this, due to the high complexity
of driving factors and possible metabolic processes. Vermeulen and Hendriks (1996) stated that mod-
els based on the hypothesis from Kortleven (1963) (using a rate of oxidation parameter) have proved
suitable for engineering applications.

Considering the modelling techniques evaluated in section 4.2 some techniques are less suitable for
this study than others. First, the approach of Van den Akker et al. (2007) will not be used to evaluate
oxidation specifically, because the result of this equation includes all subsidence components as a re-
sult to drainage of peat soil as it is based on subsidence measurements. These equations are used to
compare results for all subsidence processes together. The temperature based approaches can only be
used when soil temperature data is available for a location close to the project. Ros et al. (2012) men-
tion that the Arrhenius function and the Q10 function both give an overestimation of mineralisation
rate for temperatures <15°C. Temperatures below 15°C are relevant part of the year for the Netherlands.
An overestimation of the aerobic degradation subsidence component with temperature based mod-
els can thus be expected. Moreover, it is uncertain whether this approach only includes compression
by oxidation, or also includes other subsidence components, as it was calibrated based on subsidence
measurements. The modelling approach from Bootsma et al. (2020) is not used in this study, because
no information is available on organic matter content of the considered soils, which is essential for this
mass based approach.

Anaerobic decomposition
When anaerobic decomposition is evaluated in literature, this is mostly related to water quality or nutri-
ent availability in the peatlands, and not from a land subsidence perspective. No existing modelling ap-
proaches were found for a subsidence component by anaerobic degradation of organic material. Some
studies mentioned an indication of the ratio between aerobic and anaerobic degradation rates. Groe-
nendijk et al. (2005) and Kemmers and Koopmans (2010) showed that anerobic processes are about 30
to 50% less efficient than aerobic degradation. Hendriks and van den Akker (2012) estimated that the
contribution of anaerobic degradation to the overall degradation of the peat can maximum be around
10%. A possible approach to include anaerobic degradation is using a factor to calculate a rate of degra-
dation parameter for the anaerobic process. This is further evaluated in section 8.2.2.

To be able to accurately predict the anaerobic decomposition, more knowledge on the principles of
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anaerobic degradation in peat lands is needed. When more knowledge is available, a model including
soil chemistry and the availability of electron acceptors other than oxygen should be evaluated. Soil
models mentioned for this aspect are often more focused on the nutrient availability and solute flow in
the soil and not designed from a land subsidence perspective. Examples of two models often encoun-
tered in literature are SWAP (Soil-Water-Atmosphere-Plant) and ANIMO (Agricultural Nutrient Model).



5
Compression by shrinkage

Shrinkage of soil can also contribute to measured subsidence over time. Compression of soil by shrink-
age is a decrease in soil volume through a decrease in water content. More specifically, it is the contrac-
tion of soil layers above the water table, following the development of negative pore water pressures in
the unsaturated zone of the soil as the soil dries. A loss of water can be caused by components like:

• Evapotranspiration: the sum of evaporation and transpiration components. Evaporation is the
loss of water from the soil to the atmosphere. The driving force for this process is the difference
between water vapour pressure in the atmosphere and at the soil surface. Transpiration is a loss of
water from plants where the water is released as water vapour. Transpiration rates can be different
for different plants, but also depend on energy supply, wind and the vapour pressure gradient.

• Soil sealing: the covering of soil with impermeable material, like buildings, asphalt, pavements,
parking lots, etc. This limits infiltration of water in the soil.

• Dewatering: drainage of groundwater. Through this process the groundwater level is lowered,
which causes a loss of water in the upper part of the soil.

• Excessive groundwater use: when more groundwater is used than recharged, this leads to a loss of
water. Groundwater can be used for industrial purposes, irrigation purposes, etc.

Shrinkage can be divided in a reversible and a non-reversible component, where the non-reversible
components is most important for long term subsidence considerations. Non-reversible shrinkage can
be seen as a final process of soil structure forming processes. Often initial dewatering holds the non-
reversible shrinkage part, after which shrinkage and swelling become more reversible. An important
characteristic of soil shrinkage is that the ratio of shrinkage does not have to be similar in all directions.
On a macroscopic level, total shrinkage shows in two ways, through shrinkage cracks and subsidence of
the surface.

There are four phases of shrinkage, through which soil volume decreases when soil dries. These four
phases are listed below. The first phase is only relevant for a well structured soil, the others are relevant
for both well structured and non structured soils.

• Structural shrinkage: When a shrinkage process is interrupted by addition of water, the soil starts
to partially swell. Resuming drainage then influences the shrinkage where this youngest water
is drained first. The soil can start to shrink by reaching a denser packing of the soil aggregates
through large pores which were previously filled with this youngest water. Reeve and Hall (1978)
showed that the total volume change in this shrinkage phase is dependent on organic carbon
levels and structural development of the soil and that the volume change in this phase is often
negligible compared to the total loss of water.

35
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• Normal / basic / proportional shrinkage: This is the volume decrease due to water loss from the soil
aggregates, where the soil starts to become unsaturated. Soil particles assume a denser packing,
as water between these particles is lost. The volume decrease of the soil is then equal to the water
loss.

• Residual shrinkage: In this phase, air enters the aggregate soil system and the aggregates are not
fully saturated anymore. The volume still decreases but now the volume loss does not match
water loss anymore, because the mineral particles cannot move any closer together. Due to the
air in the aggregate soil system, the soil starts to have a lighter colour.

• Zero shrinkage: In this last phase the soil particles have reached their densest configuration. No
volume decrease will occur anymore upon further extraction of water.

These four phases are often shown in soil shrinkage characteristic curves (SSCCs), which show the rela-
tion between soil water content and soil volume. An example of two SSCCs are shown in figure 5.1.

Figure 5.1: SSCCs for both a well structured and a non structured soil, from Mishra et al. (2019), who modified the curve from
(Cornelis et al., 2006).

To understand fully how the soils behave upon drying, two different stages of the shrinkage principles
should be understood. The first stage is the link between water content changes and three-dimensional
volume changes, which is shown through the SSCC. The second stage is a link between this three-
dimensional volume change to the shrinkage consequences: development of cracks and surface subsi-
dence. For this second stage Bronswijk (1990) developed a general relation between the volume change
by shrinkage and the subsidence of the soil volume, see equation 5.1. This is based on a soil cube with
initial volume V [m3] and initial sides z [m], shown in figure 5.2.

Figure 5.2: Reference situation for the development of equation (5.1), based on figure from Bronswijk (1990)
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1− ∆V

V
= (1− ∆z

z
)rs , (5.1)

where rs is a dimensionless geometry factor, also seen in the study from Rijniersce (1983), that functions
as a distribution factor for cracking and surface subsidence:


rs = 1 subsi dence wi thout cr acki ng
1 < rs < 3 subsi dence domi nates cr acki ng
rs = 3 i sotr opi c shr i nkag e
rs > 3 cr acki ng domi nates subsi dence
rs →∞ cr acki ng wi thout subsi dence.

(5.2)

General factors influencing shrinkage of soil aggregates are: clay content, clay mineralogy, composition
of cation exchange complex and organic matter content and environmental circumstances. The en-
vironmental circumstances influence actual shrinkage while the other factors determine the potential
shrinkage of the soil. These factors will be further discussed below:

Clay content and mineralogy
Clay content and mineralogy are often mentioned in relation with shrinkage and swelling of soils. More
specifically, it is the expansible mineral content of soil that is important. Two soils with the similar clay
contents, can still behave very different based on the mineralogy of the clay particles. Different type of
clay minerals exist and they can be categorized in five main groups: the koaline group, smectite group,
illite group, chlorite group and a group with others. The smectite group of clay minerals is associated
with strong shrinkage and swelling behaviour, as the distance between smectite sheets strongly varies
depending on the amount of water in the soil. The size of the normal shrinkage phase is strongly related
to the expansible mineral content of the soil.

• The cation exchange complex (CEC)
The CEC of a soil indicates the amount of cations that can be exchanged per a mass of soil. This
CEC is caused by various negative charges on the surface of soil particles, where especially clay
particles and soil organic matter play a role. Thomas et al. (2000) showed that the value of the
CEC can be an indicator of shrinkage/swelling potential, where in general higher CEC values were
found for high and very-high shrinking/swelling soils compared to moderately shrinking/swelling
soils. Meimaroglou and Mouzakis (2019) mentioned that the CEC showed a stronger correlation
with linear shrinkage than clay content, as the CEC depends both on clay content and mineralogy.
The CEC value increases with an increasing expansive clay mineral content.

Organic matter content
There appears to be no consensus on the role of organic matter to shrinkage of soils. Reeve and Hall
(1978) indicated a positive correlation between the organic carbon content and soil shrinkage, while
Gray and Allbrook (2002) found no relation between these two. A factor that might play a role in these
controversial finding is the interaction between soil water and SOM, where a degradation of SOM also
causes a loss of soil water that was associated with this SOM.

Environmental conditions
Occurring environmental conditions and the hydraulic state of the soil can influence what shrinkage or
swelling of soil actually occurs, with respect to its potential shrinkage.

• Type of vegetation
Trees and vegetation take up moisture from the soil. The type of vegetation influences the depth
of the roots and the evapotranspiration rates. Mitchell and Van Genuchten (1992) showed that
the roots of plants also have another effect on in-situ shrinkage behaviour of soil. Roots can have
an anchoring function for soil mass, through which they affect cracking patterns and thus affect
the overall shrinkage.
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• Depth of the layer in the profile
Shrinkage of soil can be different for different depths considered. The influence of vegetation is
largest in the top part of the soil and decreases with depth. The type of vegetation influences the
depth of the roots. Moreover, deeper layers are closer to the water table level and will thus be
influenced more by capillary rise.

• Climatic conditions
Evapotranspiration rates influence the water content of soil, where higher rates cause a loss of
water and thus influence soil shrinkage. Evapotranspiration rates are influences by climatic con-
ditions like temperature, wind and humidity. Temperature and air movement show a positive cor-
relation with shrinakge, as temperature or air movement increases and other factors stay constant
then the evapotranspiration component will increase. Humidity of the air around the vegetation
and soil has a negative correlation, a higher humidity will decrease evapotranspiration.

• Seasonal variation
The strong seasonal variation of shrinkage is commonly seen. Seasons with more precipitation
cause a rise in the actual groundwater level and thus increase water content in a part of the soil.
Dry seasons, however, can cause an additional lowering of the groundwater and thus enlarge the
part of soil susceptible to soil shrinkage. Moreover, temperature, wind conditions and humidity
also vary seasonally.

5.1. Shrinkage of clay soils
As mentioned before, clay soils contain a certain amount and type of clay minerals. Clay minerals are
plate-like shaped crystals which are build from smaller platelets and these platelets are surrounded
by water molecules. For clay minerals with strong swelling/shrinkage behaviour the distance between
these platelets is influenced by the amount of water in the soil.

Clay soils with a high expansive clay mineral content are called expansive clays. Expansive clays
have two different structure levels, a macrostructure level and a microstructure level (Gens and Alonso,
1992). The microstrucure is formed by clay minerals that form arrangements of individual particles.
These arrangements can further join together and create clay aggregates. This internal structure of the
soil aggregates is seen as the microstructure. On a macrostructure level, the soil skeleton formed by
these aggregates together with other soil grains is considered. Different types of pores can be identified,
based on this double-level structure. Micropores correspond with intra-aggregate pores, while macro-
pores are inter-aggregate pores. A visualization of this double-layered structure is shown in figure 5.3.

Figure 5.3: Schematization of double-level structure in expansive soils (Wang and Wei, 2015)

Considering shrinkage and swelling cycles of expansive clays, Wang and Wei (2015) showed that
strains can be separated into two components, a reversible and a non-reversible component, based on
results from Alonso et al. (1999), Nowamooz et al. (2009). These two components were explained using
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the previously explained double-level structure. The majority of the non-reversible strains were accu-
mulated during the first cycle(s), caused by an irreversible change of the macrostructure. The reversible
deformation behaviour of aggregates caused the reversible strains.

Bronswijk and Evers-Vermeer (1990) showed SSCCs for seven representative clay soil profiles in the
Netherlands, that came from varying locations. Overall, the courses of the shrinkage processes varied
strongly between the different profiles considered.

5.2. Shrinkage of organic soils
The shape of SSCCs for organic soils is different from clay soils. Peng and Horn (2013) stated that the SS-
CCs for organic soils generally only show a structural shrinkage and a normal shrinkage phase, which is
connected to the macropore and micropore volume of the soil. Considering an aggregate of an organic
soil specifically, Peng and Horn (2013) stated these generally only presented normal shrinkage because
of the lack of the macropores. Two examples of SSCCs for organic soils are shown in figure 5.4.

(a) SSCC of an organic soil at the Zegveld polder
with an organic matter content of 45% (Van den

Akker et al., 2013)
(b) Typical SSCC of a peat (Hendriks, 2004)

Figure 5.4: SSCCs of organic soils

Hendriks (2004) identified three shrinkage stages for peat soils, shown in figure 5.4b, where he used
different terminology for these stages: a near-normal shrinkage phase, a subnormal shrinkage phase
and a supernormal shrinkage phase. The first represents a state where little air enters the system and
volume reduction equals nearly water loss, after this water loss exceeds the reduction in volume and air
enters in the macropores, while the micropores remain saturated. In the last phase also the micropores
are emptied and the skeleton collapses, the reduction in volume exceeds the water loss.

Shrinkage of organic soils is influenced by the type of organic soil, the degree of decomposition, its
bulk density and the loading condition. Gebhardt et al. (2010) stated that shrinkage potential seems to
increase with the degree of decomposition of the soil, while it decreases with increasing ash content.

For fibrous organic soils, the fibers themselves also influence their shrinkage behaviour. Fibers
shrink most in the transverse direction. Considering a general horizontal orientation of fibers in peat
soils, this means these soils will shrink most in vertical direction. For this soil type the ratio of horizontal
to vertical shrinkage is related to the orientation and quantity of its fibers (TAW, 1996b).

5.3. Existing modelling techniques
COLE and PLE
The COLE is the coefficient of linear extensibility, which quantifies the swelling and shrinkage potential
of a soil layer. It can be calculated with this equation:

COLE =
(Vwet

Vdr y

)1/3
−1, (5.3)
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where Vwet is the volume of a soil aggregate in a wet state and Vdr y is the volume of a soil aggregate
in the dry state. Most important here is the definition of dry and wet state, as these can vary for differ-
ent countries and studies. Bronswijk and Evers-Vermeer (1990) used defined Vwet as the volume of an
aggregate at saturation and Vdr y as the volume of an aggregate at a pressure head of -16000 cm.

The best fit of a formula calculating the COLE based on clay content for the study from Bronswijk
and Evers-Vermeer (1990) was

COLE = 0.002552 ·clay content+0.0118 r 2 = 0.59, (5.4)

where the COLE for the purpose of international comparison was defined with Vwet being the volume
at a pressure head of -333 cm and Vdr y being the volume at an oven-dry state. Another fit presented
considers also the organic matter content [m%] of the soil (Bronswijk and Evers-Vermeer, 1990):

COLE = 0.002636 ·clay content+0.006 ·organic matter content−0.171 r 2 = 0.71. (5.5)

Based on the COLE value, magnitude of shrinkage can be ranked in one of three classes:

Table 5.1: Magnitude of shrinkage classes based on COLE values (Grossman et al., 1968)

COLE value Magnitude of Shrinkage
COLE < 0.03 low
0.03 < COLE < 0.06 moderate
COLE > 0.06 high

The potential linear xtensibility (PLE) can be used to quantify soil shrinkage of in-situ soil, with poten-
tials of different layers

PLE = COLE(1)× z(1)+COLE(2)× z(2)+ ...+COLE(n)× z(n), (5.6)

where z(n) is the thickness of the nth soil horizon. These values indicate the potential shrinkage of a
soil, not the actual shrinkage.

Fokker et al., 2019
Subsidence by shrinkage of reclaimed subaqueous soil in the Flevoland polder was considered by Fokker
et al. (2019). It was expected that initial groundwater lowering could induce a non-reversible shrinkage
mechanism. In a previous study the attempt to match modelled subsidence with measured data failed
without application of this shrinkage component (Fokker et al., 2015). They chose to implement a re-
lationship similar to the one they proposed to model subsidence from oxidation. This is based on the
approximation that the rate of shrinkage is proportional to the exposed volume of soil susceptible to
this, which is a similar concept as degradation of organic material. The height reduction from shrink-
age of soil was calculated with

∆hsh = (1−e−Vsh ·∆t ) · (h(t )−λr,shh0), (5.7)

in which ∆hsh is the reduction of clay thickness above the phreatic water level [m], Vsh is the rate of
shrinkage [m m−1 year−1], ∆t is the increase in time [a], h(t ) is the total thickness of clay above phreatic
water level [m], λr,sh is the fraction of the initial thickness that represents the residual thickness [-] and
h0 is the initial thickness in [m].

Based on a qualitative statement from Schothorst (1982) and the residual thickness factors λr,sh

being in line with studies from De Glopper (1969, 1987), it was concluded that this modelling approach
seemed reasonable. Values for Vsh and λr,sh , for clay and organic clay, were found based on project data
from Flevoland through ES-MDA. For these four parameters two values are available, one based on a
NEN-Bjerrum estimate and one based on a Koppejan estimate. Table 5.2 shows the values found in this
research for Flevoland.
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Table 5.2: Estimated values for the parameters of the shrinkage equation for clay and organic clay from Fokker et al. (2019).
Number in the brackets is the standard deviation in units of the last digit.

Parameter NEN-Bjerrum estimate Koppejan estimate Unit
Vsh Organic Clay 0.138 (6) 0.133 (9) m m−1 year−1

Vsh Clay 0.27 (2) 0.17 (2) m m−1 year−1

λr,sh Organic Clay 0.469 (12) 0.478 (15) -
λr,sh Clay 0.67 (2) 0.66 (3) -

5.4. Discussion
The timescale evaluated is an important characteristic with respect to a contribution of compression
by shrinkage behaviour to land subsidence, as soil shrinkage has a strongly seasonal aspect. The de-
velopment of both reversible and non-reversible strains complicates the situation. The only modelling
approach of a shrinkage component that was found in land subsidence studies was the approach from
Fokker et al. (2019). This approach does not include a reversible component.

Both shrinkage of clay soil and organic soil are relevant in the soft soil region of the Netherlands.
Bronswijk and Evers-Vermeer (1990) evaluated the SSCC curves from seven different clay profiles in the
Netherlands. It was stated that some of the Dutch clay soils "belong to the strongest swelling-shrinking
soils of the world" (Bronswijk and Evers-Vermeer (1990), p.192), but the actual shrinkage of the clay soils
is restricted by the climatic conditions. Fokker et al. (2019) only derived shrinkage modelling parame-
ters for organic clay and clay soils. Shrinkage of peat soil was not included in this study.

Compression by shrinkage can contribute to land subsidence in the grass and agricultural lands,
where the shrinkage of organic and clay soils can be triggered through lowering of the groundwa-
ter levels. A non-reversible shrinkage component is introduced here. Kechavarzi et al. (2010) and
Schwärzel et al. (2002) suggest that SSCCs of peat soils depend on the combined influence of the inten-
sity of drainage and degree of decomposition, where less decomposed peat soils are more vulnerable
to shrinkage. Following the general lack of this component in land subsidence evaluation studies, it
is assumed that the oxidation models presented in section 4.2 model the coupled process of volume
loss from shrinkage and degradation of the SOM. It is a strong simplification of reality, where a more
complex interplay between different forces and components is relevant. To be able to accurately model
what happens with peat soil at a specific location, following groundwater level lowerings, specific de-
tails need to be known. An interaction between the SSCC curve of organic soils and its oxidation process
should be considered, based on the current state of degradation of the soil.

Another type of projects where shrinkage can be relevant is when dredged materials are used. They
can also show a relevant non-reversible shrinkage component, as this is part of the final process of
structure forming of soil.
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Interaction between subsidence

components

Generally speaking, soil consists of three components. These are the solid, liquid (water) and gaseous
(air) phases. In the unsaturated part of the soil all three phases can be present. In the saturated part,
the availability of gaseous components is determined by their diffusion coefficients in water. In fig-
ure 6.1 these three soil phases are shown, also the processes that can potentially create a decrease in
mass/volume for this phase are mentioned.

Figure 6.1: Components of soil with their potential causes of decrease in their volume/mass

6.1. Coupling compression by degradation of SOM and shrinkage
Considering the unsaturated part of the soil, oxidation of organic material and shrinkage are two impor-
tant components. Shrinkage is the decrease in volume through a loss in water (see also chapter 5) and
oxidation is associated with a loss of organic material (see chapter 4). Generally speaking, it can thus be
said that the volume decrease originates from two different parts of the soil and the components can be
added. However, reality is more complex. Through the loss of organic material, the soil also loses a part
of its water retention capacity and oxidation therefore does not only cause a loss of organic material, but
also a loss in water, as water that cannot be retained anymore evaporates or drains off. This is the reason
why oxidation is also listed as an influencing factor for water in figure 6.1. Zain (2019) showed that in-
situ oxidation of organic soil results in volumetric compression and this was mainly due a decrease in
water content and the loss of solid matter was only a minor part of the volumetric compression. More-
over, extensive shrinkage behaviour (cracks) influences availability of oxygen throughout the soil, which
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can increase the rate of degradation. This raises the question whether subsidence by compression from
oxidation and subsidence by compression from shrinkage can be calculated separately and added.

Fokker et al. (2019) included both shrinkage and oxidation components. In this study the modelling
approaches were treated as independent from each other. Peter Fokker mentioned that the uncertain-
ties were already large and coupled behaviour potentially has been considered implicitly trough the
values of the parameters used in this study, which were based on subsidence measurements (Personal
contact with Peter Fokker, 07-05-2020).

6.2. Coupling compression by shrinkage and loading
Peng et al. (2012) concluded that compaction cannot influence shrinkage behaviour significantly for
expansive clays, due to the double structure level. Loading under a constant water content or suction
level (mechanical stress) influences dominantly the macropores, where loading through a variation in
water content (hydraulic stress) mostly influences the microporosity.

6.3. Coupling compression by loading and degradation of SOM
Compression by degradation of SOM can influence the structure of organic soils, therefore the question
is raised what the impact of degradation is on compression by loading behaviour. In standard settle-
ment calculations the potential impact of degradation of organic matter is not accounted for.

Creep strain in organic and peat soils is often attributed to the dual-porosity concept (Zhang and
O’kelly, 2013). It is assumed that during primary consolidation most water is expelled from the macro-
pores in the structure, and that during the secondary consolidation water is expelled from the microp-
ores into the macropores. A factor to pay attention to here is the degradation of organic material itself.
In some studies this degradation is incorporated in the explanation for creep in organic soils, and this
can cause confusion in terminology.

A simple factor that should be considered for the coupling between the two components is the dif-
ference between fibrous peat and amorphous peat. Zhang and O’kelly (2013) mentioned that when
amorphous peat is considered, the material can be considered isotropic, but for fibrous peat peat struc-
tural anisotropy should be considered in constitutive models.

Van Paassen et al. (2020) showed with laboratory tests that compression and consolidation parame-
ters can be significantly affected by oxidation of organic soils. Oxidized soil samples had lower compres-
sion and recompression indices, and a smaller initial void ratio. Zain (2019) also studied the influence
of degradation of SOM on the compression behaviour of a natural organic soil. Different soil samples
were used for consolidation tests. Both studies from Van Paassen et al. (2020) and Zain (2019) simulated
in-situ oxidation by using hydrogen peroxide. Several findings from this research are listed below:

• It was found that there was an increase in the Cα parameter after the degradation of the organic
material, but a reduction in the primary settlement. The explanation for the increase in Cα was
that the degradation process creates additional voids in the soil, which can cause additional vol-
ume reduction.

• Another finding from this study was that the combination of creep and degradation of SOM
seemed to increase the consolidation coefficient values for the next loading step in the tests. In
general it is believed that permeability of the soil governs the consolidation coefficient. How-
ever, in this study it was found that the permeability value actually had decreased after creep and
degradation of SOM. An explanation for the decrease in permeability could be the increase in the
volume of gas bubbles in the soil.

• A stiffer material response for consecutive loading steps was found for the samples subjected both
to creep and oxidation, compared to samples only subjected to creep

The results suggested that these effects were mostly related to the effect of entrapped gas bubbles in the
soil, as a result of the degradation of SOM (Zain, 2019).
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Subsidence monitoring techniques

Different monitoring techniques have been used across the projects that will be evaluated. In this chap-
ter the most important techniques will be discussed. It is important to know the accuracy of the meth-
ods used and their limitations, to correctly interpret the measurements used in this study.

7.1. Interferometric Synthetic Aperture Radar (InSAR)
InSAR is a technique which is commonly used to monitor deformations of infrastructure, the land sur-
face and buildings with a level of accuracy on the millimeter scale. It is an active satellite system, where
the satellite send a signal with a wavelength in the order of a couple of centimeter to the Earth’s signal
and measures the reflected signal. Figure 7.1 shows a simple visualisation of this principle.

Figure 7.1: Principle of InSAR measurement before and after subsidence (SkyGeo, 2020)

InSAR is not suitable for all terrains, as not all objects on the surface of the earth reflect the signal well
enough. If a reflection is roughly similar for every satellite image, the location is recognizable and the
displacement can be tracked over time by combining series of different satellite acquisitions. Objects
that reflect well are infrastructure, buildings and other hard surfaces. Objects that show change over
time (like vegetation) cause difficulties as the location is not always recognizable. Other errors of InSAR
measurements are shown in figure 7.2.
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Figure 7.2: Errors of InSAR and their sources (Bürgmann et al., 2000)

7.2. Laser Imaging Detection and Raging (LiDAR)
Laser Imaging Detection and Raging or LIght Detection And Raging is a method where the distance to
the surface or an object is measured with laser pulses. The principle of radar methods and LiDAR is the
same, but LiDAR uses laser light and radar uses radio waves. Airborne LiDAR or airborne laser scanning
is a method where a laser scanner is attached to an aircraft and during the flight 3D point measurements
of the surface are taken, see figure 7.3.

Figure 7.3: Principle of LiDAR measurements (Hasan, 2014)

Measurements are obtained in different flight strips, that are slightly overlapping, which are later merged
together. To do this, these strips are georeferenced with on-board navigation sensors that monitor the
location of the plane and the movements of the scanner (an Inertial Navigation System (INS) and a
Global Navigation Satellite System (GNSS)).
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One of the most important issues with airborne laser scanning is the strip adjustment, which is the
elimination of misalignment and offset between these overlapping flight strips (Sande et al., 2010). An-
other disadvantage of LiDAR is the limitation on the use of this method in nighttime or cloudy weather.

Different types of errors for LiDAR applications are discussed in literature, where it is concluded
that there are in general three different sources of errors (Crombaghs et al., 2000): (1) the individual
sensors (scanners, INS, GNSS) and their integration, (2) properties of the target surface (its geometry
and reflection) and (3) the post-processing (filtering and interpolation). The first one can be further
detailed into four different categories of sensor errors:

• A random error for each point, due to the measuring uncertainty of the laser scanner itself.

• The GPS observation includes a random error as well, which is then the same for all point mea-
surements done within the time interval of this GPS observation.

• An error per flight strip, caused by the GPS/INS-system.

• Per block of measurements a ground control point is used to correct measurements. Errors in the
measurement of the ground control point thus influence the error of the LiDAR obtained points.

7.3. Zakbaken
A ‘zakbaak’ is a simple object that consists of a steal plate (0.5 to 2 m2) with a vertical pipe on top of it.
It can be used to monitor changes in elevation of soil layers, or the ‘klink’ of an embankment.

The plate is placed at the bottom of the to be constructed embankment. After/during constructing
the embankment, there will be settlements of the subsoil caused by the loading. The plate of the za-
kbaak will settle with the subsoil. The height of the top of the pile is monitored, measured at several
moments in time. Measurements are commonly done by hand, an example of which is shown in figure
7.4. This measurement by hand is a source of human error. Other methods of measuring the settlement
of the zakbaken are getting more attention, as for example the electric zakbaken where plates are placed
in the subsoil without the pile and measurements can be extracted continuously, or ‘soilspect’ where a
digital measuring station is placed on top of the zakbaken.

Figure 7.4: A zakbaken placed in to monitor the settlement of a sand body (Roolvink, 2015)



II
Projects

47



8
Krimpenerwaard

The Krimpenerwaard polder is a part of the Netherlands where land subsidence has received a lot of at-
tention. It is currently a location for subsidence related studies for agricultural purposes (see Proeftuin
Krimpenerwaard) and the land subsidence itself has been evaluated in several studies, (Acacia Water,
2019, Muntendam-Bos et al., 2009, Rackwitz, 2019). However, this is often on a general scale and not on
a local scale evaluating the contribution of the different physical processes. In this study two smaller
project locations are selected, the size of one plot of grassland.

Subsidence measurements and model results are compared at for these project locations, to see
if subsidence can accurately be modelled using existing modelling techniques. Also contributions of
different subsidence components to overall subsidence are evaluated for this area type. To do this,
different models from part I of this study have been implemented.

Explanation on the location selection, the development of water levels over time and the values used
as height measurements over time is given in appendix B. The project locations within the Krimpener-
waard polder are shown in figure 8.1.

Figure 8.1: Locations of the two project areas within the Krimpenerwaard polder
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8.1. Soil Profile
For both project locations a soil profile representative of the initial situation (1984) has been assumed
based on site investigation available in the area. The soil profiles used as input are shown in figure 8.2.
In appendix B.4 the assumptions used to come to these estimated initial soil profiles are explained.

(a) Project area 1 (b) Project area 2

Figure 8.2: Initial soil profiles used for subsidence calculation Krimpenerwaard

8.2. Methodology
The analysis and modelling of subsidence was based on python code. In this section, first the overall
modelling approach and then different parts of the model are explained.

8.2.1. Total model
Model
The model calculates subsidence as a result of different components specified in chapters 3, 4 and 5
over time. For each time step, the reduction in height is calculated based on several submodels. These
submodels all return a height change based on a subsidence component for that specific time step,
considering the current boundary conditions. Figure 8.3 shows a visualization of this process.

This time step based approach allows coupling of different submodels. Moreover, the part of the
soil profile that is vulnerable to aerobic degradation of SOM and shrinkage is adjusted every time step.
Subsidence of the surface level is the sum of subsidence components of all layers below. All layers until
the Pleistocene sandlayers are considered.

Input
Input parameters needed for the different subsidence components can roughly be categorised in:

• Soil profile, soil parameters & layer discretization (number of smaller evaluated layers within a
soil layer);

• Water levels over time & hydraulic head in deeper sand layers;

• Time parameters (total time to be evaluated, starting year, time step, etc.);

• Surface elevation measurements over time.
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Figure 8.3: Time step based model approach

Output
Output of the model is:

• Graph showing subsidence of the toplayer over time as modelled by the different submodels,
surface elevation measurements in time and land subsidence modelled with the equations from
Van den Akker et al. (2007);

• Graph showing the contributions of different subsidence components over time, together with
surface elevation measurements in time;

• Table giving contributions of different subsidence components to total subsidence from the model
in for the end situation, both in numbers and percentages;

• Graphs from submodels (effective stresses over time, oxidation detail plots, etc.).

8.2.2. Submodels
Aerobic degradation of SOM models
From all models evaluated in section 4.2 four models have been implemented, these are the models
from: Stephens et al. (1984), Van der Meulen et al. (2007), Hoogland et al. (2012) and Fokker et al. (2019).
The soil profile is evaluated in three different parts to calculate subsidence from aerobic degradation
for a time step: 1) layers completely above the water level, 2) layers split in two parts by the water level
and 3) layers completely below the water level. The third part does not have a contribution to aerobic
degradation, as there is an oxygen deficiency. Characteristics of the aerobic degradation models are:

• Water level increase over time is not possible.

• Different start times of oxidation for different parts of the peat layer are not considered. In real-
ity different parts of the profile already started oxidation before the start of the model. This time
aspect could not be implemented in the model. The influence of this aspect for one situation is
evaluated in appendix B.6. There it is shown that considering the history of water level lowerings
results in a lower initial rate of oxidation and thus a lower value of subsidence by compression
by oxidation calculated. For the situation evaluated in the appendix, the difference was approxi-
mately 9,5% over a time period of 36 years.
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• Based on archeological boorprofiles available the upper 30cm of the soil profile for both project
areas is seen as the topsoil, which consists of a peaty clay/clayey peat. It is assumed that this
topsoil layer does not contribute to compression from oxidation anymore, as it has been above
the water level for a longer period of time and more recalcitrant SOM has accumulated. This
assumption is further evaluated in the sensitivity study, section B.9.

• Average monthly soil temperature data at a depth of 0.1m from KNMI location De Bilt is used for
the oxidation model of Stephens et al. (1984).

Compression by loading component models
To evaluate subsidence by compression through loading, the Koppejan and NEN-Bjerrum were imple-
mented as submodels. Their modelling principles have been evaluated in section 3. In the model, the
soil layers are further split into smaller parts, to calculate the stress changes more accurately. The num-
ber of these smaller parts can be specified in the input of the model. Characteristics of the settlement
models are:

• Analytical (Terzaghi) consolidation approach (degree of consolidation based on average coeffi-
cient of consolidation)

• The change in effective stress is equal to the change in pore water pressure minus the change
in total stress, caused by the water level lowering. In some layers this may lead to a decrease in
effective stress over time. No swelling calculation is included in the submodels, zero strains are
modelled for this scenario.

• A linear distribution of pore water pressures over height is used and it is assumed that the hy-
draulic head of the sand layer does not change over time.

• Number of sublayers within every layer can be specified in the model input. There is a maximum
of sublayers allowed, as otherwise a sublayer will move below the waterlevel over time and the
compression by loading submodel is not able to model that situation. The maximum number
allowed differs per soil profile and loading situation.

• A POP of 7.5 kPa for all soil layers is used (but this can be adjusted in the submodel).

• Interaction with the other submodels is one-sided. At t=0, all stresses over time are calculated
based on the initial soil profile and the water level lowerings over time. Influence of oxidation
and anaerobic degradation on the calculation of soil stresses over time is not incorporated. The
other submodels are influenced by the compression by loading results, as this influences what
part of the soil profile lies above or below the water level over time.

At this moment the NEN-Bjerrum model can only be used with lower Cα values than calculated
based on the koppejan parameters. Otherwise, some unrealistic large creep settlements are modelled.
Values mentioned by Fokker et al. (2019) in his study are used. This limitation of these models was also
recognised by Bootsma et al. (2020), as he mentioned about the isotache model that: "it overcomes lim-
itations of the Koppejan model but requires more sensitive parameter tuning to avoid spurious effects of
anomalously high creep rates and initial subsidence rates" (Bootsma et al. (2020), p.3 ). The abc isotache
model gave very high initial creep rates, which immediately caused an overestimation of subsidence.
Therefore, this model is not used for this project.

Anaerobic degradation of SOM model
For subsidence by anaerobic decomposition of organic matter, no existing model was found. Therefore
a submodel was developed based on theoretical knowledge and assumptions.

The rate and magnitude of anaerobic decomposition of SOM depend on different factors, similar to
aerobic decomposition. Zander et al. (2020) studied spatial variability of organic matter degradability in
tidal Elbe sediments. The ratio of aerobic to anaerobic degradation in river sediments over time found
in this study is shown in figure 8.4 and can be modelled with
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Figure 8.4: Ratio aerobic and anaerobic degradation over time, Zander et al. (2020)

y = A1∗exp
−x
t1 + y0, (8.1)

where y is the ratio of aerobic decomposition to anaerobic decomposition in river sediment [-], x is
time [days] and A1, t1 and y0 are coefficients. Their values are mentioned in figure 8.4. The peat soils
in this study are old, therefore it can be expected that for the peat soils of the Krimpenerwaard the ratio
of aerobic to anaerobic degradation has already reached the value of y0.

To model the contribution of anaerobic degradation the aerobic degradation rate is divided by the
factor y0, to come to the anaerobic degradation rate. The modelling framework from Fokker et al. (2019)
is used, where now the anaerobic degradation rate Van is used instead of the aerobic degradation rate
Vox :

∆han = (1−e−Van ·∆t ) · (h(t )−λr,anh0). (8.2)

Characteristics of the anaerobic degradation model implemented are:

• An important assumption that is used in this approach is that anaerobic degradation only applies
to the soil part between the groundwater level as indicated by the peilbesluiten and the GLG.
This has been implemented to account for the unavailability of suitable electron acceptors for
the degradation at greater depth. This zone faces variations of water content over time, which is
can also have an accelerating effect on the degradation of SOM Denef et al. (2001).

• The rate between oxidation and anaerobic degradation is based on the study Zander et al. (2020).

• λr,an = λr,ox , the part of the soil that is unavailable for decomposition is the same for the aerobic
as the anaerobic situation.

Van den Akker Approach
Last, the equations of (Van den Akker et al., 2007) are compared with the measurements and the other
model results. These equations are based on actual field measurements, meaning that all physical com-
ponents are implicitly incorporated in this model, see section 4.2. Two approaches are possible: using
the DWL or the GLG. It is assumed that the DWL is equal to the groundwater levels mentioned in the
reports from the waterboard.
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The equations from Van den Akker et al. (2007) are based on two different scenarios, a scenario
where the peat layer extends until surface level and a scenario where the peat layer is covered with a thin
clay layer (<40 cm). At these project locations the topsoil layer of clayey peat/peaty clay is interpreted
as a thin clay layer covering the peat layer. Therefore the equations based on this clay covered situation
have been used, see section 4.2.

8.3. Results
Both project locations have been evaluated with the model. Groundwater levels, hydraulic head of the
sand layer, soil profile and soil parameters used as input can be found in appendices B.3, B.4.1, B.4.2
and B.5. Other settings used in the model for this evaluation are shown in appendix B.7.

The evaluation of the results consists of different steps. First, differences between different submod-
els for both project areas are shown. Figure 8.5 shows the settlements modelled with the NEN-Koppejan
and the NEN-Bjerrum settlement models. Figure 8.6 shows the differences and similarities between the
included oxidation models for the project areas. The Stephens oxidation submodel was evaluated with
a time step of 1

12 year, as it uses monthly averaged temperatures. Other oxidation submodels use a time
step of 0,5 year.

(a) Project Area 1 (b) Project Area 2

Figure 8.5: Comparison compression by loading submodels: Koppejan and NEN-Bjerrum.

Compression by loading results are verified with D-Settlement, see appendix B.8. Large differences
can be seen between the model results of compression by loading, figure 8.5. This is due to several
reasons:

• Initial creep rates:

– The Koppejan settlement model does not model an initial creep rate, as creep strain is only
introduced after a loading component. Therefore the model does not model any settlements
up until the first water level lowering. This is not realistic, as in reality there have already
been previous water level lowerings, which also introduced a creep strain component.

– The NEN-Bjerrum model works with the isotache principle, and therefore does model an
initial strain. However, this is not based on contributions of previous water level lowerings,
but based on the POP value used. The creep rate in the first years of the modelling time
is quite large, caused by the relative small OCR for deeper soil layers in the model. It is
expected, that due to this initial high creep strain, the model overestimates the total set-
tlement. In the sensitivity study, appendix B.9 it is shown that using a higher POP for the
NEN-Bjerrum settlement model limits this initial creep.

• Creep parameters:
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(a) Project Area 1 (b) Project Area 2

Figure 8.6: Comparison compression by oxidation submodels: Fokker et al. (2019), Van der Meulen et al. (2007), Hoogland et al.
(2012) and Stephens et al. (1984). The Koppejan loading model was used in this model setting.

– It should be remembered during the comparison of these submodels that the value of Cα is
not based on the Koppejan creep parameters, but values are used from the study of Fokker
et al. (2019).

Considering compression from oxidation models it can be seen that three models (Van der Meulen
et al. (2007), Fokker et al. (2019) and Hoogland et al. (2012)) show similar results. The yellow line which
models the result from Hoogland et al. (2012) is not visible because it gives exactly the same result as
the submodel from Van der Meulen et al. (2007). Only the model from Stephens et al. (1984) shows a
large difference. It is likely that subsidence from oxidation is inaccurate and overestimated using the
submodel from Stephens et al. (1984). One of the reasons for this is that parameters for Everglades peat
soil are used, as parameters for Dutch peat soil were not available. The second reason could be that the
average yearly temperatures are below 15 °C. Ros et al. (2012) stated that models based on the Arrhenius
function and the Q10 function give a likely overestimation of mineralisation rates for soil temperatures
in the Netherlands (<15°C). Moreover, it is questioned whether this model only calculates subsidence
as a result of compression by oxidation or includes other components as well.

For the evaluation of project areas 1 and 2 the Fokker submodel for oxidation is used. From the three
comparable submodels this one is the most extensive because it includes the factorλr . The temperature
based oxidation calculation is not included because it is not representative for this situation and the
other two submodels (Hoogland et al. (2012) and Van der Meulen et al. (2007)) are not included because
they give similar results as the Fokker submodel. Both compression by loading submodels are included
in the evaluation. For anaerobic degradation of SOM only one submodel is available.

8.3.1. Project area 1
Figure 8.7 and 8.9 show the model results for project area 1. In figure 8.7 and figure 8.8 the contributions
of different components over time are shown, with different submodels used. Other combinations of
submodels are possible as well. Tables 8.1 and 8.2 show the contributions of different components to
land subsidence over 36 years as modelled. Figure 8.9 shows a comparison of the subsidence modelled
with the submodels to the land subsidence calculated with the Van den Akker et al. (2007) equations.

The contribution of different components to total subsidence is different for the two situations.
When the Koppejan loading submodel is used it is shown that compression by oxidation contributes
most. In contradiction compression by loading contributes most to subsidence when the NEN-Bjerrum
loading submodel is used. This contribution decreases over time. The total model result for the Koppe-
jan approach tends more towards the AHN2 measurement, where the model with the NEN-Bjerrum
approach tends more towards the AHN3 measurement. For both approaches the model outcome lies
within the range of uncertainty of both measurement points.
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(a) Koppejan loading submodel (b) NEN-Bjerrum loading submodel

Figure 8.7: Contributions of different subsidence components over time, considering different submodels

(a) Koppejan loading submodel (b) NEN-Bjerrum loading submodel

Figure 8.8: Contributions of different subsidence components over time as percentages, considering different submodels

(a) Koppejan loading submodel (b) NEN-Bjerrum loading submodel

Figure 8.9: Comparison of model results with Van den Akker et al. (2007) equations approach

Applying the equations from Van den Akker et al. (2007) to this project area gives results that agree
well with the subsidence measurements, if the topsoil is considered as a a thin clay layer which covers
the peat layer. Applying the equations for a situation without a clay layer will lead to an overestimation
of the subsidence.
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Table 8.1: Contributions of subsidence components over an evaluated time period of 36 years - Koppejan loading submodel -
project area 1

Subsidence component Subsidence [m] Percentage of total subsidence [%]
Aerobic degradation (oxidation) 0,092 76,90%
Anaerobic degradation 0,019 15,82%
Compression by loading 0,009 7,73%
Total subsidence 0,119

Table 8.2: Contributions of subsidence components over an evaluated time period of 36 years - NEN-Bjerrum loading submodel
- project area 1

Subsidence component Subsidence [m] Percentage of total subsidence [%]
Aerobic degradation (oxidation) 0,059 30,16%
Anaerobic degradation 0,027 14,06%
Compression by loading 0,108 55,78%
Total subsidence 0,194

Figure 8.10 shows project area 1 on the land subsidence map of the Netherlands 2.0, which was launched
on 8 September 2020. It can be seen that some data points north of the project area are available, circled
in blue. The measurements from these data point are compared to the land subsidence computed by
the model. The first measurement of the subsidence map datapoints is placed at the nearest calculation
point of the model, as the dataset of skygeo only contains subsidence to a reference point and not the
initial NAP height used for their measurements. The result of this comparison is shown in figure 8.11.

Figure 8.10: Indication bodemdalingskaart measurement points considered and project area 1 location

The data points from the Bodemdalingskaart 2.0 near project area 1 show a wide range of subsidence.
Figure 8.11 shows that the modelled subsidence over the time period of the measurements (2015 - 2019)
falls in the range of the measurement points for both model approaches. The measurement points used
belong to a small plot north of the project area, where a house is located. Some of the measurement
points belong to the house, some measured subsidence of the surface around the house. It is unknown
whether this plot was raised in the past. Strictly speaking these measurements thus do not represent
the situation which was evaluated with the model (area type 2, grass and agricultural land). Therefore
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(a) Koppejan loading submodel (b) NEN-Bjerrum loading submodel

Figure 8.11: Comparison model result with bodemdalingskaartmeasurement points

the comparison of the measurement points with the model results might not be valid.

8.3.2. Project area 2
Figure 8.12, figure 8.13 and 8.14 show the model results for project location 2. Tables 8.3 and 8.4 show
the contributions to land subsidence as modelled over 36 years. Figure 8.14 shows a comparison of the
subsidence modelled with the submodels to the land subsidence modelled with the Van den Akker et al.
(2007) equations. No measurement points from the Bodemdalingskaart 2.0 near this project area were
available to validate the model result.

(a) Koppejan loading submodel (b) NEN-Bjerrum loading submodel

Figure 8.12: Contributions of different subsidence components over time, considering different submodels

Table 8.3: Contributions of subsidence components over an evaluated time period of 36 years - Koppejan loading submodel -
project area 2

Subsidence component Subsidence [m] Percentage of total subsidence [%]
Aerobic degradation (oxidation) 0,101 77,65%
Anaerobic degradation 0,016 12,64%
Compression by loading 0,013 9,72%
Total subsidence 0,130
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(a) Koppejan loading submodel (b) NEN-Bjerrum loading submodel

Figure 8.13: Contributions of different subsidence components over time as percentages, considering different submodels

(a) Koppejan loading submodel (b) NEN-Bjerrum loading submodel

Figure 8.14: Comparison of model results with Van den Akker et al. (2007) equations approach

Table 8.4: Contributions of subsidence components over an evaluated time period of 36 years - NEN-Bjerrum loading submodel
- project area 2

Subsidence component Subsidence [m] Percentage of total subsidence [%]
Aerobic degradation (oxidation) 0,068 35,93%
Anaerobic degradation 0,025 12,82%
Compression by loading 0,098 51,25%
Total subsidence 0,191

The graphs show similar results in terms of contributions of processes as for project area 1. Again the
Koppejan submodel approach approximates the AHN2 measurement and not the AHN3 measurement.
The NEN-Bjerrum submodel approach does approximate the AHN3 measurement more than AHN2.

8.4. Discussion
To be able to discuss the results presented in the previous section a sensitivity study has been per-
formed. This shows the influence of variation model parameters on the model results. This study is
included in appendix B.9.

Different components of subsidence are relevant in this study area. Schothorst (1977) concluded
that for grass and agricultural lands about 65% of the total subsidence was caused by oxidation and
shrinkage of soil, while only 35% was caused by compression by loading. In all situations evaluated in
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the section above, different percentages were found, but this is also influenced by the contribution of an
extra component in the study (anaerobic degradation). Percentages of contributions are also influenced
by the reference time period that is considered. When the Koppejan submodel is used the contribution
of compression by loading is initially 0%, as there has not been a water level lowering. This causes the
graphs 8.8a and 8.13a to be very different in the beginning to graphs 8.8b and 8.13b. The figures all show
an increasing contribution of compression by oxidation over time, after the first water level lowering.

Looking at the contributions over the total time span evaluated, see tables 8.1, 8.2, 8.3 and 8.4, it can
be seen that the different compression by loading submodels lead to different results. In the approach
with the Koppejan submodel compression by oxidation has the largest contribution to total land subsi-
dence which corresponds with the findings from Schothorst (1977). A difference with the findings from
Schothorst (1977) is that here the influence of compression by oxidation often exceeds 65%. When the
NEN-Bjerrum submodel is used the largest contribution comes from compression by loading.

One of the disadvantages of the Koppejan settlement model is the use of the superposition principle,
which the NEN-Bjerrum settlement model does not have. However, the NEN-Bjerrum model has large
initial creep predictions, which seem not to be realistic. In the sensitivity study it is shown that the
POP value used has a large influence on this initial creep. Based on this evaluation it seems preferential
to use a higher POP value (±20) when evaluating subsidence in the grass and agricultural lands. Still,
differences between the two compression by loading models remain substantial.

The evaluation of the Vox parameter in the sensitivity study showed the importance of this param-
eter. The value of this parameter used for soil layers above the water level has a large influence on
the model results. Also, the impact of the assumption that topsoil does not contribute to subsidence
through oxidation anymore is shown to have impact on the results. For the other non-temperature
based oxidation models, a value with a similar meaning as Vox is included. This model parameter is
therefore an important factor for the overall model results and should be studied further in the future
to improve the accuracy of modelling predictions, see chapter 13.

The model parameter Vox also has an influence on the compression by anaerobic degradation model
results. This is because Van is calculated based on Vox . This submodel approach has not been verified
with measurements of anaerobic degradation and should be used with care. The possible contribu-
tion to land subsidence from anaerobic degradation remains a topic of interest. The submodel can be
updated in the future when more theoretical knowledge about the relevance of this component in the
dutch peatlands is available.

Based on the results together with the sensitivity analysis, it can be seen that multiple modelling ap-
proaches seem to give reasonable outcomes. Through variations with the Vox parameter and the POP
value a reasonable model fit that agrees with the measured subsidence can be obtained. The equations
from Van den Akker et al. (2007) approximate the measurements at both locations, but these equations
should be used with care since they include all subsidence components indirectly and thus are only
valid in similar situations as where on the situation they have been based on.

Uncertainties
When evaluating the overall model results, there are multiple factors that should be considered as they
possibly have influenced the model results:

• Soil profiles:

– Average soil profiles have been used, based on site investigation available from DINOLoket.
In reality, there is a variation of the soil profile within the project area. Variation of soil pa-
rameters has been explored in section B.9, but variation in soil layers and depths themselves
has not been evaluated.

– In appendix B.4 the difficulties for determining an average soil profile for location 2 are men-
tioned, as the available site investigation data from DINOloket shows a lot of variation. The
influence of the soil profile on the model outcome is large, as all submodels are influenced
by this. It is expected that the model results of project area 1 are more accurate than the ones
for project area 2. For project area 1 the data from DINOloket showed more similarities.

• Compression by loading submodels:
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– At the moment all models use the analytical approach as consolidation model, whereas a
numerical approach might be more accurate. Differences between these two consolidation
models were evaluated in section 3.2.3

– No tertiary compression of peat soil is modelled, it is assumed that the potential contribu-
tion from this component is small and this does not have a significant impact on the mod-
elling results.

• Overall model approach:

– A submodel for shrinkage of soil above the groundwater level is not included, as it is ex-
pected that this factor is actually included in the commonly used oxidation models, that
model response of peat soil to drainage. This response to drainage is in reality far more com-
plex than the simplified equations of the presented models, as coupled behaviour between
the soil structure and soil hydrology governs the problem.

– In chapter 6 it was indicated that degradation of SOM could have influence on the compres-
sion by loading model parameters. This coupling is not accounted for, the model parameters
are not adjusted over time.

– The use of the ‘vigerende peilen’ as groundwater levels should be questioned. For the typical
Dutch landscapes some bulging of the water level within the peatland plots can be expected.
Figure 8.15 shows an example of this situation. This has to do with the hydrodynamic con-
ditions of the area. A simple approach to consider this factor could be to add an additional
height to the groundwater levels that are used as input to the model. For project area 1 an
additional height of 0,15 cm added to the groundwater levels would cause a huge reduction
in compression by oxidation calculated. In total, the subsidence modelled with the Koppe-
jan Fokker approach is then 0,069 m instead of 0,119 m.

Figure 8.15: Bulging component in relation to groundwater level in a standard situation (dutch: opbolling) (Van
Vemden-Versprille, 2013)

– Using the groundwater level as the boundary between the aerobic and anaerobic zones in
the soil is a general point of discussion for these type of models. The groundwater levels
used in the model are a simplification of reality, as average values are used and no such a
stable groundwater level exists. Moreover, many studies discuss the use of the groundwater
level as the boundary between the oxic and anoxic zones (Deppe et al., 2010, Estop-Aragonés
et al., 2012, Kechavarzi et al., 2010), because in reality this is more connected to the pore vol-
ume available for gas transport (the air-filled porosity, AFP). Estop-Aragonés et al. (2012)
looked at the relation between the water table and the AFP and concluded that the general
assumption that the water table is an important control for the presence of oxygen in peat
is true, but that "this is much less thight in the unsaturated zone then often assumed" (Estop-
Aragonés et al. (2012), p.12). They mention that in fact the presence of oxygen in the peat
soil depends more on the soil physical properties and the duration and intensity of drainage.
These soil physical properties are unknown in this project, and therefore this simplified ap-
proach based on the water table level was used.

For the comparison with the AHN measurements, it is important to also evaluate the error of the mea-
surements themselves. A method that is commonly used to evaluate the AHN2 and AHN3 measure-
ments, is to subtract the AHN3 measurements from the AHN2 measurements. This shows the differ-
ences between the datasets, where the differences can orginate from technical differences in the AHN
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products or from changes of the landscape between the measurement times. Different studies shows
that this subtracting of the two datasets reveals a pattern of lines (Rackwitz, 2019, van Meijeren, 2017).
van Meijeren (2017) showed that this pattern corresponds with the flight trajectories of the AHN2. It
seemed that zones where two flight trajectories overlap in AHN2 have a higher terrain height. This cor-
respondence with the flight trajectories of AHN3 was not found. Small errors introduced by the GNSS
and INS equipment were mentioned as the likely source for this deviations. Figure 8.16 shows the result
of subtracting the AHN3 dataset from the AHN2 dataset. A yellow colour (negative value) means that
there has been an increase in height over time and a blue colour (positive value) means that there was
a decrease in height over time. A pattern with lines can be seen in this dataset, and thus it is expected
that some errors are included in the datasets used in the evaluation of the project results.

Figure 8.16: AHN3 subtracted from AHN2 for the Krimpenerwaard polder
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A5 Badhoevedorp

From 2001 to 2003 an embankment for the extension of the A5 road in Badhoevedorp was created using
dredged material from the river called ‘de Zaan’. This dredged material had first ripened in a field for
approximately three years and was then used for the construction of the extension of the road. Two
times an investigation was done to find the characteristics of from this material, the first being in jan/feb
2001 and the second more detailed one in may/jun 2001. Also after the construction of the embankment
some samples of the material were taken.

The embankment was constructed in layers of 0,3 m in height, to ensure good compaction through-
out the embankment. Figure 9.1 shows an overview of the construction process of this project over
time. Table 9.1 shows the details of the timing of the different constructed parts of the embankment.

Figure 9.1: Overview of project (construction phases) A5 Badhoevedorp

After the construction, subsidence of the embankment itself was measured using zakbaken during the
application of a temporary surcharge. Measurements from six zakbaken are available. The time span of
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Table 9.1: Dates of construction embankment and sand layers and period of monitoring

Layer Date
Time since start
construction [days]

Thickness [m]

embankment0 17 july 2001 0 0,3
embankment1 18 july 2001 1 0,3
embankment2 19 july 2001 2 0,3
embankment3 20 july 2001 3 0,3
embankment4 24 july 2001 7 0,3
embankment5 25 july 2001 8 0,3
embankment6 26 july 2001 9 0,3
embankment7 30 july 2001 13 0,3
embankment8 31 july 2001 14 0,3
embankment9 1 august 2001 15 0,3
embankment10 2 august 2001 16 0,3
embankment11 3 august 2001 17 0,3
embankment12 9 august 2001 23 0,3
start monitoring 17 september 2001 63 -
sand1 17 september 2001 63 1,0
sand2 1 october 2001 77 4,0
end monitoring 20 november 2002 492 -

the monitoring data is 15 months in total, in these 15 months 10 measurements were done per zakbaak.
Data on the subsidence of the subsoil of this construction was not available, and this component is
thus not included in this study. This project is evaluated in this land subsidence study to get a better
understanding of the subsidence components for an embankment.

For the klink of the embankment itself, different potential subsidence mechanisms can be evalu-
ated, in connection with the origin of the material. These are:

• Compression from a (temporary) loading component: settlements caused by the sand layers. These
are one permanent sand layer of 1 m thickness and 4 m of sand used as temporary excess height.

• Compression of soil by its own weight: the layers of the embankment that have been constructed
first and have a lower position in the embankment are compressed by the weight of the layers
above that were constructed later.

• Shrinkage of the soil: it is a possibility that some non-reversible shrinkage behaviour of soil as
the final stage of the ripening process has had a contribution to the measured subsidence. In the
report from this project (Bisschop, 2003) it is stated that it was expected that the cover soil would
limit the influence of shrinkage of the dredged material.

• Compression following aerobic degradation of organic material: the organic content of the mate-
rial exceeded the general guideline of 5%. In the report it is stated that the influence of degrada-
tion of organic material is expected to be small, because of the overburden layer.

9.1. Methodology
To evaluate subsidence of the constructed embankment, different steps have been used. First the set-
tlement as a result of the loading by its own weight and the temporary excess height is calculated. To
model the subsidence from compression by loading the change of effective stress over time is calcu-
lated. The unit weight of the 13 constructed layers is calculated based on the in-situ density of each
layer, see table C.1.

The layer which is constructed first (layer 0) eventually has the highest effective stress and the last
layer constructed (layer 12) has the lowest effective stress. Layer 0 is loaded by all other constructed
layers and layer 12 is only loaded by the sand layers. Using the effective stress development over time,
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settlements are calculated using the Koppejan settlement model and the analytical consolidation ap-
proach. The drainage length is adjusted every time a new layer of the dredged material is constructed,
and is assumed to be half the height of the total embankment over time.

The Koppejan settlement model is used, because these model parameters are given in the report
(Bisschop, 2003). A range of the Koppejan parameters is indicated, and therefore a sensitivity analysis
could be performed.

After this step, the settlement from compression by the temporary excess height only is calculated
with D-Settlement. In this calculation the construction of the embankment itself is not considered,
but the embankment is a complete structure from the start of the model. Using this tool, also the
NEN-Bjerrum settlement model and the numerical consolidation approach can be applied. The NEN-
Bjerrum model parameters are calculated based on the Koppejan parameters, see appendix C.2. The
abc isotache model is excluded, as its model parameters are not available and could not be calculated.

Based on the two calculations done above, an estimation of the relevance of other subsidence com-
ponents can be done. This depends on how well the calculated subsidence scenarios already approx-
imate the measurements of the zakbaken. All calculations are based on a one-dimensional scenario,
whereas the embankment is actually a two-dimensional construction. This creates an uncertainty in
the model results.

9.2. Results
9.2.1. Evaluation 1: Compression by loading (own weight and sand layers)
Using the approach explained in the previous section, subsidence was calculated over time. Both com-
pression by the loading components (sand layers) and compression of soil by its own weight were taken
into account. A range of Koppejan model parameters is used to evaluate the scenario. This range is
indicated in table C.2. Figure 9.2 shows the results with the use of these parameters. The black dot-
ted lines indicate the time period in which subsidence measurements are available from the zakbaken.
The first measurement points are placed at the location of the modelled subsidence at the start of the
monitoring time.

The graphs show that using the Koppejan settlement model and the analytical consolidation ap-
proach leads to an overestimation of the subsidence. Even with the maximum settlement model pa-
rameters (thus a minimal calculated subsidence) the model overestimates the subsidence, see table
9.2.

Another scenario is also evaluated. The application of saturated soil mechanics principles is ques-
tionable for this case, where the embankment is constructed above the groundwater level. As explained
in chapter 3 consolidation is the dissipation of excess pore water pressures over time. It can be ques-
tioned whether these excess pore water pressures exist in this situation. A scenario is evaluated where
consolidation settlements are neglected and only creep plays a role. The modelled subsidence for this
scenario is shown in figure 9.3 and table 9.2. The subsidence calculated with only creep falls in the range
of the measured subsidence.

Table 9.2: Subsidence in monitored time period modelled with different model scenarios and the range of Koppejan parameters

Subsidence modelled [m]
Minimum parameters Average parameters Maximum parameters

Model
Scenario

Normal 0,370 0,314 0,263
Only creep 0,147 0,118 0,097

Range of subsidence measured by zakbaken [m] 0,004 - 0,183

9.2.2. Evaluation 2: Compression by loading (temporary excess height)
In the second step the construction of the layers with dredged material over time is neglected. The em-
bankment is modelled as a construction of 13 layers, with different unit weights for each constructed
layer. The other model parameters used for each layer do not differ. Two loading steps are relevant in
this situation, the construction of the sand layer with 1 m thickness and the construction of the tempo-
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(a) Minimum settlement parameters (b) Average settlement parameters

(c) Maximum settlement parameters (d) Comparison results

Figure 9.2: Modelled subsidence from compression by loading with Koppejan model using a range of settlement parameters, as
indicated in report (Bisschop, 2003)

(a) Minimum settlement parameters (b) Average settlement parameters

(c) Maximum settlement parameters (d) Comparison results

Figure 9.3: Modelled subsidence from compression by loading with Koppejan model using a range of settlement parameters and
the assumption that only creep plays a role
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rary excess height sand layer, which has a thickness of 4 m. During the monitoring time of the zakbaken,
the excess height was not removed and therefore this height remains until the end of the model.

Model parameters used for the Koppejan and NEN-Bjerrum settlement models are shown in tables
C.2 and C.3 in the appendix. The average parameters indicated in these tables were used. It should be
noted that the parameter Cα could not directly be calculated based on the Koppejan model parameters,
and is thus based on a value from NEN-EN1997-1 (2019). The results of the calculation of compression
by loading component are shown in figure 9.4 and in table 9.3.

(a) Koppejan settlement model

(b) NEN-Bjerrum settlement model

Figure 9.4: Results A5 Badhoevedorp calculation D-Settlement

Table 9.3: Differences between compression by loading component calculated with different settlement and consolidation
models

Settlement model Consolidation model Settlement after 492 days [m]
Normal Only creep

Koppejan Analytical (Terzaghi) 0,289 0,095
Koppejan Numerical (Darcy) 0,285 0,095
NEN-Bjerrum Analytical (Terzaghi) 0,245 0,112
NEN-Bjerrum Numerical (Darcy) 0,242 0,112
Range of subsidence measured by zakbaken [m] 0,004 - 0,183

Figure 9.4 shows that the main difference between the numerical and the analytical consolidation ap-
proach is degree of consolidation over time. A difference between the two settlement models is that the
NEN-Bjerrum settlement model calculates an initial settlement component, while the Koppejan model
only calculates settlement after a loading component.

Both settlement models predict a larger subsidence from only compression by loading from the
sand layers than was measured with the zakbaken. The influence of the compression by the own weight
of the construction is relatively small, compared to the compression by the sand layers as loading com-
ponents. This can be seen from looking at the differences between the calculated subsidence with the
Koppejan settlement model and the analytical consolidation approach in table 9.2 and 9.3.

9.2.3. Evaluation 3: Contribution other components
From the calculations in the previous steps it can be seen that the subsidence of the embankment itself
is overestimated using the settlement models. Therefore, it seems that no other subsidence component
has been relevant over the time span evaluated or that potential other components do not have a sig-
nificant influence. For shrinkage and degradation of organic matter these assumptions are evaluated
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with respect to knowledge from the literature study.

Shrinkage
The dredged material has ripened for three years before it was used as construction material for the
embankment. As mentioned in chapter 5, most irreversible shrinkage occurs in the initial phase after
dewatering, but it is possible that some irreversible shrinkage occurred during the monitoring period.
Gebert and Groengroeft (2019) analysed long-term soil ripening processes in a dike constructed from
dredged material, and found vertical shrinkage cracks in the dredged material, but environmental set-
tings differed from the embankment constructed in this project.

A simple calculation is used to evaluate possible irreversible shrinkage of the dredged material with
the Fokker et al. (2019) shrinkage modelling approach. The equation from Fokker et al. (2019) works
with the principle that Vsh = 0,17 year−1, which means that 17% of the thickness of the clay soil layer is
lost per year, where a certain thickness characterised by λr,sh is excluded. The thickness of the dredged
material in the ripening basin is unknown, therefore the calculation is done with the total thickness
of the embankment (3,9 m). Figure 9.5 shows this simple calculation with the parameters as found by
Fokker et al. (2019). The black dotted lines indicate the time interval that subsidence of the embank-
ment was monitored. The subsidence from shrinkage in this time interval is approximately 0,108 m
according to this calculation.

Figure 9.5: Evaluation possible non-reversible shrinkage component A5 embankment with Fokker shrinkage modelling
approach

This modelling approach is based on a subsidence study for subsidence in area type 2 in Flevoland,
model parameters are based on this study as no other values are available. The use of this model is ques-
tionable, as this project has different characteristics and it was applied as a first estimate for shrinkage
of layers for recently reclaimed land, not man made embankments. In this project the dredged clay had
ripened for a period of approximately three years before it was used as construction material. Details
from this process are not available, only that the ripening process was actively supported. This is not
included in this simple calculation based on a situation without enhanced ripening of soil and thus the
shrinkage calculated during the monitoring period here is probably overestimated.

Another factor that can be looked at is the consistency index. In TAW (1996a) a minimum consis-
tency index is indicated as requirement for clay used as construction material. It is mentioned that
when Ic ≥ 0.6 shrinkage will be limited. This was the case for the dredged clay used for the embank-
ment. Based on this factor and the findings in the previous two evaluations, it is assumed that the
influence of non-reversible shrinkage was limited.

Degradation of organic material
Bisschop (2003) mentioned that the organic material content in the embankment was higher than al-
lowed, as the maximum allowed content is 5% and a range between 6.3-9.3% was reported for this con-
struction, with an average content of 7.7%.
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Diffusion of oxygen into the soil is expected to be limited, because compaction of the material was
applied which lowers air-filled porosity. It is assumed that the use of a cover soil has further influenced
the availability of oxygen, but no information is available on the soil which was used for this cover layer.
Through these influencing factors the availability of oxygen is assumed to be limited, which means
anaerobic conditions can occur. Anaerobic degradation of organic components in the dredged material
can lead to gas production, which could influence stability of the embankment.

As mentioned in section 4.1 there are several stabilizing mechanisms which prevent the degradation
of organic material. One of the mentioned mechanisms was stabilization through interaction with the
soil matrix. It is expected that the clay particles stabilized the organic matter available in the dredged
clay soil and thus limited organic matter was available for degradation. Gebert et al. (2019) looked at
the rate of gas production of contaminated dredged sediment samples from a landfill and found that for
the samples analysed the largest part of the organic matter was bound in organo-mineral compounds,
which influenced the rate of anaerobic gas production. This suggested that during the pre-treatment of
the material in dewatering fields, the readily available pool of organic matter had already been depleted.
A similar situation could have occurred for the construction of the embankment of the A5. However, a
small contribution to subsidence from anaerobic degradation of organic components, which has lead
to gas production, cannot be excluded.

9.3. Discussion
A general range between 3 to 5 mm was mentioned for accuracy of these type of measurements in
Vermilion Energy (2020). This is a small number compared to the overall subsidence values calculated
in this section.

Figures 9.2 shows an overestimation of the subsidence calculated where two components were con-
sidered, the compression of soil by its own weight and the compression from loading by the two con-
structed sand layers. This is modelled with the Koppejan settlement model and the analytical consoli-
dation approach. The Koppejan settlement model uses the superposition principle, which has proven
to be incorrect. The principle means that settlement curves for each loading component over time
are superposed. This can be part of the reason that the Koppejan settlement model overestimates the
subsidence of the embankment. However, the NEN-Bjerrum model does not work with this superposi-
tion principle, but also showed an overestimation, see table 9.3. Therefore the superposition principle
cannot be the only reason for the overestimation of the subsidence.

An evaluation where only creep components are considered shows subsidence results which lie in
the range of measurements from the zakbaken. However, a solid theoretical background for this eval-
uation is lacking, but it is used as a first simplified approach to account for the unsaturated situation.
In unsaturated soil mechanics both permeability of soil for air and for water play a role. The use of the
model parameters from the laboratory results should also be questioned, as it is expected that these are
based on saturated soil samples.

As explored in section 9.2.3 a small contribution from further ripening of the soil, which is a complex
interplay of mechanisms leading to soil formation, cannot be excluded. But since the overall subsidence
of the embankment is overestimated with the evaluations in steps 1 and 2, it seems logical that no other
subsidence components played a significant role.

Uncertainties:

• A large simplification of the situation evaluated was done in with respect to the two-dimensional
effects. In this study only one-dimensional subsidence components are calculated and two-
dimensional effects are neglected. The exact locations of the zakbaken with respect to the em-
bankment are unknown. It is assumed that part of the large variation of the measurements with
the zakbaken is caused by differences between the locations of the zakbaken.

• In the report no details of the loading components are given. In Bisschop (2003) it is stated that
the constructed sand layers are approximately 1 m and 4 m thick. No exact numbers are available.
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N3 Dordrecht

The N3 in Dordrecht is a road where monitoring data are available for a long period of time (1995 - 2017).
Interpretation of the subsidence measurements help understanding land subsidence in infrastructure
and living areas (area type 3). Figure 10.1 shows the three project locations of the N3 that have been
analysed. It is estimated that the road is constructed around 1980 at all these locations.

Figure 10.1: Locations of the three project locations along the N3 trajectory
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The selection of these project locations is explained in appendix D. The subsidence measurements, site
investigation data, the hydraulic situations and settlement model parameters are also evaluated in this
appendix.

10.1. Soil profile
Subsidence at these locations is calculated for the specific soil profiles of these project locations. Based
on borings from 1950, a geological profile from Deltares and CPT profiles from 2018 initial soil profiles
for all three project locations have been estimated. The soil profiles used as input are shown in fig-
ure 10.2. In appendices D.5.1, D.6.1 and D.7.1 the results of the borings and CPTs are shown and the
assumptions used to come to these estimated initial soil profiles are explained.

(a) Location 3.5 (b) Location 4.2 (c) Location 5.3

Figure 10.2: Initial soil profiles used for subsidence calculation

10.2. Methodology
As shown in the previous section, soft soil layers are present at the project locations. The peat layers
are located below the water level and therefore it is expected that compression by oxidation had no
contribution in the measured subsidence. The construction of the road has lead to an increase in total
stress at the project locations by the embankment and pavement construction.

To model compression by loading subsidence the software D-Settlement was used. This model in-
cludes all consolidation and settlement models described in section 3. Input for the models is based on
available site investigation data from before and after construction of the road. This is further explained
in appendix D.

The fit for settlement module of D-Settlement is used to fine-tune the model outcome. This mod-
ule allows the user to manipulate the settlement prediction of the model by using fit factors. These fit
factors represent a factor with which a model parameter, or a ratio of model parameters is multiplied.
In this process equal weights are used for the different fit factors. During the fitting of the model two
key performance indicator (KPI) parameters are checked, the coefficient of determination and the ratio
primary-secondary settlement. The coefficient of determination shows the correlation factor for the fit.
The closer the value gets to 1,0 the better the match between the measurement points and the predic-
tion by D-Settlement. For the ratio between primary and secondary settlement 70 - 30 % or 60 - 40 %
is indicated as a normal range. These percentages are based on a quick calculation with parameters
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from the table NEN 2b from NEN-EN1997-1 (2019), explained in appendix D.9. Based on a visual repre-
sentation together with these KPI’s, fit factors that create the best fit with the measurement points are
obtained.

By using the fit for settlement approach, it is automatically assumed that all measured subsidence
comes from compression by loading that was caused by the construction of the road. It is uncertain
whether this assumption is valid. It would mean that secondary compression (creep) would be the
only component contributing to subsidence over long time frames. By comparing the fit factor that
influences modelled creep for all locations more knowledge can be obtained relating to this assumption.
A higher correction for the creep parameter than for the other input parameters could indicate that
another subsidence component has also played a role in measured subsidence at these locations.

10.3. Results
Results are shown in terms of fit factors for the settlement parameters of the different models. Also,
model results for the different settlement models can be compared. For all three project locations,
the Koppejan, NEN-Bjerrum and abc isotache settlement models are used. In total nine evaluations
have been done. The numerical consolidation model is used for the NEN-Bjerrum and abc-isotache
settlement models. the analytical consolidation approach is used for the evaluation with the Koppejan
settlement model.

10.3.1. Location 3.5
Fit factors found with the fit for settlement module of D-Settlement are shown in table 10.1. Figure
10.3 shows the fits of the different models with the measurements points. Using these fit factors from
table 10.1, the ‘new’ model parameters could be calculated. For all model scenarios the new model
parameters are shown in table 10.2.

Table 10.1: Fit factors found with D-Settlement to fit the settlement curve with the measured subsidence at location 3.5, showing
all three settlement models

ABC isotache NEN-Bjerrum Koppejan
Fit factors Fit factors Fit factors

Ratio primary swelling
/ virgin (a/b)

1,000
Reloading / Compression
ratio (RR/CR)

1,000
Primary compression
ratio (C’p/Cp)

1,000

Primary compression
constant (b)

0,980
Compression ratio
(CR)

0,956
Above preconsolidation
pressure (1/C’p)

0,948

Ratio secondary /
primary (c/b)

1,300
Ratio Compression
(Cα/CR)

1,300
Primary / secular ratio
(C’p/C’s)

1,100

Preconsolidation stress
(POP or OCR)

1,000
Preconsolidation stress
(POP or OCR)

1,000
Preconsolidation stress
(POP or OCR)

1,000

Vertical permeability
(kv)

2,950
Vertical permeability
(kv)

5,000
Vertical permeability
(kv)

2,500

KPI’s KPI’s KPI’s
Coefficient of
determination

1,000
Coefficient of
determination

1,000
Coefficient of
determination

0,987

Ratio primary-secondary
settlement [%]

74 - 26
Ratio primary-secondary
settlement [%]

79 - 21
Ratio primary-secondary
settlement [%]

66 - 34

Figure 10.3 shows that with all settlement models a reasonable fit with the measurement can be ob-
tained. For all settlement models the largest fit factor was needed for the vertical permeability in the
model. To get the ratio of primary to secondary settlement near the logical range, the parameter that de-
termines the primary settlement (b, CR, 1/C’p) is lowered and the ratio parameter (c/b, Cα/CR, C’p/C’s)
is increased.
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(a) ABC isotache model fit complete

(b) ABC isotache model fit detail

(c) NEN-Bjerrum model fit complete

(d) NEN-Bjerrum model fit detail

(e) Koppejan model fit complete

(f) Koppejan model fit detail

Figure 10.3: Fits obtained with D-Settlement for location 3.5
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Table 10.2: New model parameters for location 3.5 with fit correction

ABC isotache model
soil layers a b c POP cv
topsoil / clay 0,00946 0,03433 0,00160 8,00 5,75E-07
peat (Hollandveen) 0,03071 0,23510 0,02097 8,00 2,60E-07
deep clay 0,01889 0,14124 0,00829 13,00 4,57E-08

NEN-Bjerrum model
soil layers RR CR Cα POP cv
topsoil / clay 0,01777 0,11234 0,00353 8,00 9,75E-07
peat (Hollandveen) 0,07840 0,40497 0,03958 8,00 4,40E-07
deep clay 0,03134 0,27476 0,01641 13,00 7,75E-08

Koppejan model
soil layers Cp Cs C’p C’s POP cv
topsoil / clay 146,7 1337,9 33,1 46,2 8,00 4,88E-07
peat (Hollandveen) 53,6 115,0 6,6 81,3 8,00 2,20E-07
deep clay 58,0 270,4 9,8 134,4 13,00 3,88E-08

10.3.2. Location 4.2
Fit factors found with the fit for settlement module of D-Settlement are shown in table 10.3. Figure
10.4 shows the fits of the different models with the measurements points. Using these fit factors from
table 10.3, the ‘new’ model parameters could be calculated. For all model scenarios the new model
parameters are shown in table 10.4.

Again, with all settlement models a reasonable fit with the measurements is obtained. For all set-
tlement models the largest fit factor was needed for the vertical permeability in the model. For the abc
isotache and NEN-Bjerrum models a larger correction of this parameter was needed than for location
3.5. To get the ratio of primary to secondary settlement near the logical range, the parameter that deter-
mines the primary settlement (b, CR, 1/C’p) is lowered and the ratio parameter (c/b, Cα/CR, C’p/C’s) is
increased, similarly as for location 3.5.
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Table 10.3: Fit factors found with D-Settlement to fit the settlement curve with the measured subsidence at location 4.2, showing
all three settlement models

ABC isotache NEN-Bjerrum Koppejan
Fit factors Fit factors Fit factors

Ratio primary swelling
/ virgin (a/b)

1,000
Reloading / Compression
ratio (RR/CR)

1,000
Primary compression
ratio (C’p/Cp)

1,000

Primary compression
constant (b)

0,915
Compression ratio
(CR)

0,930
Above preconsolidation
pressure (1/C’p)

1,142

Ratio secondary /
primary (c/b)

1,300
Ratio Compression
(Cα/CR)

1,300
Primary / secular ratio
(C’p/C’s)

1,000

Preconsolidation stress
(POP or OCR)

1,000
Preconsolidation stress
(POP or OCR)

1,000
Preconsolidation stress
(POP or OCR)

1,000

Vertical permeability
(kv)

5,000
Vertical permeability
(kv)

6,000
Vertical permeability
(kv)

2,000

KPI’s KPI’s KPI’s
Coefficient of
determination

0,999
Coefficient of
determination

0,999
Coefficient of
determination

0,999

Ratio primary-secondary
settlement [%]

74 - 26
Ratio primary-secondary
settlement [%]

74 - 26
Ratio primary-secondary
settlement [%]

63 - 37

Table 10.4: New model parameters for location 4.2 with fit correction

ABC isotache model
soil layers a b c POP cv
topsoil / clay 0,00883 0,03205 0,00149 8,00 9,57E-07
peat (Hollandveen) 0,02868 0,21951 0,01958 8,00 4,39E-07
sandy clay 0,03093 0,07307 0,00352 5,00 3,38E-07
deep clay 0,01764 0,13187 0,00774 13,00 7,75E-08
peat (Basisveen) 0,06460 0,19683 0,01458 8,00 1,85E-07
deep clay 0,01764 0,13187 0,00774 13,00 7,75E-08

NEN-Bjerrum model
soil layers RR CR Cα POP cv
topsoil / clay 0,01728 0,10929 0,00343 8,00 1,17E-06
peat (Hollandveen) 0,07627 0,39396 0,03850 8,00 5,26E-07
sandy clay 0,01954 0,14385 0,00730 5,00 4,06E-07
deep clay 0,03049 0,26729 0,01596 13,00 9,30E-08
peat (Basisveen) 0,06994 0,30243 0,02920 8,00 2,22E-07
deep clay 0,03049 0,26729 0,01596 13,00 9,30E-08

Koppejan model
soil layers Cp Cs C’p C’s POP cv
topsoil / clay 121,7 1337,9 27,5 42,2 8,00 3,9E-07
peat (Hollandveen) 44,5 115,0 5,5 74,3 8,00 1,75E-07
sandy clay 32,9 350,3 13,8 40,1 5,00 1,35E-07
deep clay 48,2 270,4 8,1 122,8 13,00 3,10E-08
peat (Basisveen) 16,0 74,3 85,0 44,3 8,00 7,4E-08
deep clay 48,2 270,4 8,1 122,8 13,00 3,10E-08
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(a) ABC isotache model fit complete

(b) ABC isotache model fit detail

(c) NEN-Bjerrum model fit complete

(d) NEN-Bjerrum model fit detail

(e) Koppejan model fit complete

(f) Koppejan model fit detail

Figure 10.4: Fits obtained with D-Settlement for location 4.2
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10.3.3. Location 5.3
Fit factors found with the fit for settlement module of D-Settlement are shown in table 10.5. Figure
10.5 shows the fits of the different models with the measurements points. Using these fit factors from
table 10.5, the ‘new’ model parameters could be calculated. For all model scenarios the new model
parameters are shown in table 10.6.

Table 10.5: Fit factors found with D-Settlement to fit the settlement curve with the measured subsidence at location 5.3, showing
all three settlement models

ABC isotache NEN-Bjerrum Koppejan
Fit factors Fit factors Fit factors

Ratio primary swelling
/ virgin (a/b)

1,000
Reloading / Compression
ratio (RR/CR)

1,000
Primary compression
ratio (C’p/Cp)

1,000

Primary compression
constant (b)

1,250
Compression ratio
(CR)

1,220
Above preconsolidation
pressure (1/C’p)

1,300

Ratio secondary /
primary (c/b)

1,300
Ratio Compression
(Cα/CR)

1,300
Primary / secular ratio
(C’p/C’s)

1,300

Preconsolidation stress
(POP or OCR)

1,000
Preconsolidation stress
(POP or OCR)

1,000
Preconsolidation stress
(POP or OCR)

1,000

Vertical permeability
(kv)

3,500
Vertical permeability
(kv)

5,000
Vertical permeability
(kv)

2,900

KPI’s KPI’s KPI’s
Coefficient of
determination

1,000
Coefficient of
determination

1,000
Coefficient of
determination

1,000

Ratio primary-secondary
settlement [%]

75 - 25
Ratio primary-secondary
settlement [%]

75 - 25
Ratio primary-secondary
settlement [%]

60 - 40

Table 10.6: New model parameters for location 5.3 with fit correction

ABC isotache model
soil layers a b c POP cv
topsoil / clay 0,01207 0,04378 0,00204 8,00 6,83E-07
peat (Hollandveen) 0,03917 0,29988 0,02675 8,00 3,07E-07
deep clay 0,02409 0,18016 0,01058 13,00 5,43E-08
peat (Basisveen) 0,08825 0,26890 0,01992 8,00 1,28E-07
deep clay 0,02409 0,18016 0,01058 13,00 5,43E-08

NEN-Bjerrum model
soil layers RR CR Cα POP cv
topsoil / clay 0,02267 0,14337 0,00450 8,00 9,75E-07
peat (Hollandveen) 0,10005 0,51680 0,05051 8,00 4,38E-07
deep clay 0,04000 0,35064 0,02094 13,00 7,75E-08
peat (Basisveen) 0,09174 0,39673 0,03830 8,00 1,83E-07
deep clay 0,04000 0,35064 0,02094 13,00 7,75E-08

Koppejan model
soil layers Cp Cs C’p C’s POP cv
clay 106,9 1337,9 24,1 28,5 8,00 5,66E-07
peat 39,1 115,0 4,8 50,2 8,00 2,54E-07
clay 42,3 270,4 7,1 83,0 13,00 4,50E-08
peat 14,1 74,30 6,1 57,5 8,00 1,06E-07
clay 42,3 270,4 7,1 83,0 13,00 4,50E-08

The largest fit factor is used for the vertical permeability at this location as well. Here the value of the
parameter governing primary settlement (b, CR, 1/C’p) is not lowered but it is increased. This creates a
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(a) ABC isotache model fit complete

(b) ABC isotache model fit detail

(c) NEN-Bjerrum model fit complete

(d) NEN-Bjerrum model fit detail

(e) Koppejan model fit complete

(f) Koppejan model fit detail

Figure 10.5: Fits obtained with D-Settlement for location 5.3
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difference compared to the other two locations. The parameter governing the ratio between secondary
and primary compression was also increased for all three settlement models.

10.3.4. Comparison fitted parameters
The obtained settlement model parameters for all locations are compared. Figures 10.6, 10.7 and 10.8
show the values per soil parameter for all soil layers. The original input value is plotted with a green dot,
the crosses represent the parameter values of the different locations obtained after the correction with
the fit factors. The black lines represent the range of variation of the soil parameter in the laboratory
results. The parameters of the basisveen peat layer and the sandy clay layer were based on only one
sample, therefore no range of laboratory results is indicated.

(a) parameter a

(b) parameter b

(c) parameter c

Figure 10.6: Obtained abc isotache parameter values with fit for settlement module
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(a) parameter RR

(b) parameter CR

(c) parameter Ca

Figure 10.7: Obtained NEN-Bjerrum parameter values with fit for settlement module
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(a) parameter Cp

(b) parameter Cs

(c) parameter C’p

(d) parameter C’s

Figure 10.8: Obtained Koppejan parameter values with fit for settlement module
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(a) parameter POP

(b) parameter cv

Figure 10.9: Obtained POP and cv parameter values with fit for settlement module

For all parameters some variation can be seen across all locations analysed. Only the parameters Cs
and the POP value show the same value for all situations. A fit factor of 1,0 for the POP was used in all
models, which causes the same outcome of this parameter. Parameter Cs in the Koppejan model is not
corrected by a fit factor thus the initial value is kept for all locations.

For the abc isotache model it can be seen that all results from location 3.5 and 4.2 lie within the
range of the laboratory results. For location 5.3 the obtained parameter values do not always fall in this
range, parameter b of the deep clay layer and parameter c for the hollandveen peat layer and the deep
clay layer lay outside of the range encountered in the laboratory study. The results for the NEN-Bjerrum
model show a similar pattern. Some parameters from the model for location 5.3 lie outside of the range
encountered in the laboratory study. These are the b and c parameter values for the hollandveen peat
layer and the deep clay layer. The obtained model parameters for the Koppejan model all fall in to the
range of values encountered in the laboratory study.

Location 5.3 shows different parameter values than the other locations with all settlement models
used. This location is the only location where fit factors larger than one were used for the primary settle-
ment parameters. As the other parameters are corrected based on a ratio with this primary settlement
parameter, it makes sense that this difference shows in all model parameters.

10.4. Discussion
Table 10.7 shows a general indication of the differences in loading components and subsidence mea-
sured at each location. This is based on information specified in appendix D. It can be seen that location
5.3 shows different behaviour than the other two locations. Comparing this location with location 4.2
shows that more subsidence is measured at location 5.3 than at location 4.2 but the total thickness of
the construction elements is less.
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Table 10.7: General comparison of loading situation per project location

Location 3.5 Location 4.2 Location 5.3
Thickness clay construction element [m] 0,55 - -
Thickness sand construction element [m] 7,85 6,80 4,60
Thickness road construction elements
(both slag and asphalt together) [m]

0,70 0,68 0,63

Total subsidence since
start of construction [m]

3,44 2,89 3,14

A reason could be the difference in the soil profiles between the two locations, see figure 10.2. One
difference between the soil profiles for location 4.2 and 5.3 is the sandy clay layer which is present at
location 4.2 but absent at location 5.3. As from a sandy clay in general less settlement contribution
is expected compared to normal clay, this has had influence on the different behaviour between the
locations. Another difference between the soil profiles is the thickness of the peat layer. At location 4.2
the thickness of the peat layer is larger than at location 5.3. Based on this only more settlement would
be expected from location 4.2 compared to location 5.3. But regardless of both differences in the soil
profiles 10.6, 10.7 and 10.8 show that a correction for the model parameters of location 5.3 is still needed
to obtain a good fit with the measurements.

Fit factors were needed for all evaluated scenarios to come to the best fits with the measurements. A
small correction is observed for the secondary settlement parameters at all locations, which causes an
slight increase in creep. This correction is not extreme, but noticeable compared with the corrections for
other parameters. It indicates that a small contribution from another subsidence component cannot
be excluded. Hoefsloot (2015) also reported an underestimation of creep based on parameters from
laboratory tests for the construction of two embankments at the Bloemendalerpolder. In this study it
is mentioned that gas development in the peat layer could have caused additional subsidence. Overall,
compression by loading seems to be the subsidence component that governs the subsidence behaviour.

An additional evaluation was done for location 3.5. The subsidence for location 3.5 was calculated
with a model that includes a potential anaerobic degradation component. The Koppejan settlement
model and the analytical consolidation approach model settings have been used. The values based
on laboratory test of the model parameters are used for all parameters apart from the consolidation
coefficient. As no fit was possible with these initial values, the corrected parameters (which already
include a fit factor) are used for the cv . The anaerobic degradation calculated with this model is based
on the submodel for the Krimpenerwaardpolder. A important difference is that here no bottom limit
for the zone of anaerobic degradation is used, which means that the whole peat layer is vulnerable to
anaerobic degradation. This would represent a worst case scenario, where the anaerobic degradation
is not limited by any depth. Figure 10.10 shows the result of the modelled subsidence for different
scenarios with the subsidence measurements. A time step of 0,25 years was used in the model.

Sometimes anaerobic degradation of peat soil is listed as a possible cause for secondary compres-
sion in peat soils. To see the influence of this on the model results, three scenarios have been evaluated
with the previously mentioned anaerobic degradation model. The first scenario shows the model re-
sults from only the Koppejan settlement model, figure 10.10a and 10.10b. The second scenario is a
scenario where no creep contribution is calculated for the peat layer and anaerobic degradation is in-
cluded, figures 10.10c and 10.10d. It can be seen that this model slightly underestimates the subsidence
measured. Last, a model scenario is used where both creep and anaerobic degradation of the peat layer
are included. In this scenario the subsidence is overestimated with approximately 9,9%, figures 10.10e
and 10.10f. Based on these results it seems anaerobic degradation could contribute to creep of peat soil,
but the approach holds a large factor of uncertainty. The use of the anaerobic degradation submodel
seems questionable because this model has not been tested and was purely based on assumptions.
Moreover, the creep calculation is based on creep parameters from laboratory test. These tests are gen-
erally performed on small soil samples with short time periods, and thus it is expected that no anaerobic
degradation component is included in this parameter.
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(a) No anaerobic degradation (b) No anaerobic degradation - logarithmic time scale

(c) No creep peat layer, including anaerobic degradation
(d) No creep peat layer, including anaerobic degradation - logarithmic

time scale

(e) Both creep and anaerobic degradation (f) Both creep and anaerobic degradation - logarithmic time scale

Figure 10.10: Different scenarios evaluated with Koppejan settlement model and anaerobic degradation submodel

Uncertainties
When evaluating the results of this chapter, there are multiple factors that should be considered:

• Average soil profiles and settlement parameters have been used, based on site investigation avail-
able. In reality, spatial variability of soil characteristics influences soil behaviour. This variability
is shown through the range of values obtained in the laboratory study.

• The initial soil profiles are based on site investigation data from 1950. The construction of the
road is estimated to have been in 1980. Potential influence of subsidence components in those
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30 years are not calculated. As the peat layers were already below the water level it is expected
that there was no influence from compression by oxidation in this time period. Moreover, it is
assumed that all non-reversible shrinkage of the topsoil has already occurred before 1950.

• Consolidation coefficients:

– Not all consolidation coefficients used in the calculations represent the loading situation.
Often, a value of the consolidation coefficient was only available for the last loading step of
the laboratory test. This explains high correction factors needed for the vertical permeabil-
ity, as this is probably underestimated in general by using the values from this step.

– Because consolidation coefficients were used in the calculation, the vertical permeability of
the soil layers was not adjusted during the model calculations. Using a strain dependent per-
meability is more realistic, especially for the peat layers. This strain dependent permeability
approach could not be applied because the initial vertical permeability (k0) is unknown.
Using the k10 value mentioned in the laboratory report only resulted in a larger correction
being needed for the vertical permeability.

• Overall fit factors are used, because no option for individual fit factors per layer is available.
Therefore all layers are corrected with the same factor. This means that the ratio of input param-
eters between the soil layers themselves remained the same, and this ratio cannot be corrected.

• As explained in appendix D some assumptions were used to merge the three individual data sets
of measurement points. The merged data set will probably deviate slightly from reality.

• The groundwater level used in the calculations was based on the water levels as indicated by
the waterboard over time in the relevant water level area, the ‘vigerende peilbesluiten’. Another
source of information about the groundwater levels is also available, measurements by Geonius
from hydraulic head monitoring wells. It is assumed that the water levels indicated by the water-
board were more realistic. Water levels reported in the boorprofiles next to the road often agreed
more with these water levels than the ones observed by Geonius. The measurements in the mon-
itoring well at location 3.5 indicated a shallow groundwater level higher than the initial height of
the soil profile, which is assumed to be unrealistic. It could be that certain deviations in the water
level at specific locations are missed by using general water levels from the waterboard.

• Times of loading have been estimated based on the website ‘topotijdreis’, as no detailed informa-
tion on the time of construction of the road was available. Moreover, in the model it is assumed
that all loading components are placed at the same time (day 0). Because of the length of the
whole time period evaluated these assumptions still approximate reality. Dependent on the de-
sign of the road, there could be up to 1,5 year in time difference between the load components.

• The influence of aging of soil is neglected in the calculations. Due to ageing it is expected that soil
can show a stiffer response over time, but modelling parameters are not adjusted here. Moreover,
no tertiary compression component is evaluated.

• The uncertainty in the InSAR measurements is assumed to be negligible. Infrastructure is known
to give a good reflection of the signal and on the website from SkyGeo it is mentioned that the
surface deformation can be determined with millimeter precision (SkyGeo, 2020).

Another interesting observation from this analysis is related to the use of the numerical or analytical
consolidation approach. Using the Darcy consolidation model together with the Koppejan settlement
model lead to a large underestimation of the vertical permeability. Therefore very high values of the fit
factor (±30) for this component were necessary for this combination of models. When the Koppejan
settlement model was combined with the Terzaghi consolidation model, no extreme correction was
needed.
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Markermeerdikes

The final project evaluated in this study includes three project areas along the trajectory of the Mark-
ermeerdikes. Measurements of the crest height of the dikes are available over a long time period. At
some locations the first known crest height even comes from the year 1890. This long timespan makes
it an interesting location to evaluate with respect to land subsidence over time. The dikes have the
function to protect the hinterland from high water events, this height is even more important. Also one
calculation is done to evaluate subsidence of the hinterland at the scale of one grassplot, with the same
methodology as for the Krimpenerwaard polder project. All project locations for the Markermeerdikes
are shown in figure 11.1.

Figure 11.1: Project locations Markermeerdikes
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This project is evaluated to see if knowledge from the previous evaluated projects can help in calculat-
ing subsidence for a more complicated situation, where different processes are expected to have had
influence on the overall subsidence measured. An important boundary condition of this evaluation is
that only one dimensional calculations have been done, though the dike is a two dimensional construc-
tion. The selection of the project locations and the evaluation of available information is explained in
appendix E.

11.1. Soil profile

Many assumptions are used to come to the initial soil profiles used for the project locations. These are
explained in appendix E.4. The initial profiles are shown in figure 11.2. For project locations 1 and 2
this profile represents the situation in 1890, for project location 3 it represents the situation in 1916.
Location 4 is the estimated soil profile from a grass plot in 1994 behind the dike at location 3.

(a) Project location 1 (b) Project location 2

(c) Project location 3
(d) Project location 4

Figure 11.2: Initial soil profiles used for subsidence calculation Markermeerdikes
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11.2. Methodology
11.2.1. Total model
Model
The model calculates subsidence as a result of different components over time. For each time step, the
reduction in height is calculated based on several submodels. Figure 11.3 shows a visualization of this
process. It is similar to the Krimpenerwaard modelling approach, though in this model an additional
component is included, compression by of soil by its own weight, and shrinkage is assumed to only be
relevant for the new constructed soil layer.

Figure 11.3: Time step based model approach Markermeerdikes

Input
Input parameters needed for the different subsidence components can roughly be categorised in:

• Soil profile, soil parameters & layer discretization (number of smaller evaluated layers within a
soil layer);

• Water level in the crest & hydraulic head in deeper sand layers;

• Time parameters (total time to be evaluated, starting year, time step, etc.);

• Surface elevation measurements over time;

• Loading details (height of constructed layer, unit weight, etc.).

Output
Output of the model is:

• Graph showing the contributions of different subsidence components over time, together with
surface elevation measurements in time;

• Table giving contributions of different subsidence components to total subsidence from the model
in for the end situation, both in numbers and percentages;

• Graphs from submodels (effective stresses over time, etc.).
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11.2.2. Submodels
Submodels for three components could be used from the Krimpenerwaard modelling approach with
either no or minor adjustments. These are listed below:

• Compression by oxidation: No changes from the Krimpenerwaard modelling approach.

• Compression by anaerobic degradation: Reevaluation of the assumption about the GLG. For the
Krimpenerwaard project it was assumed that the zone vulnerable for anaerobic degradation was
limited by the water level and the GLG of the area. For the Markermeerdikes this zone is esti-
mated a different way. Two water levels for the crest of the dike are provided by Alliantie Marker-
meerdijken for all project locations, the daily average and the normative high water level (MHW in
Dutch). It is assumed that the difference between these two values can also be used calculate the
normative low water level. This level is then used as the bottom level of the zone where anaerobic
degradation is possible.

• Compression by loading: The calculation of the change in effective stress is updated, as this is
now caused by an added loading component instead of a lowering of the water level. Also the
option to use different POP values for different soil layers is added in the code.

Other submodels had to be added, as they were not revelant for the situation considered at the Krimpen-
erwaard polder. These are:

• Compression by shrinkage: The modelling approach from Fokker et al. (2019) has been imple-
mented in the model. As mentioned before, it is assumed that shrinkage only plays a role for the
newly constructed soil layer (upper layer). This is based on the assumption that non-reversible
shrinkage for all other soil layers has already completed.

• Compression by own weight: To calculate compression by own weight in the new constructed
layer, the layer is subdivided in a number of sublayers. Compression by its own weight is then
calculated for each sublayer, where all sublayers above are considered as the loading component.

11.2.3. Evaluated scenarios
Different scenarios are evaluated to see the influence on the model result. In each scenario one aspect
of the normal scenario is changed. Based on the results of the different scenarios a best fit scenario
could be estimated. The scenarios are:

• Normal scenario: Parameters used are shown in appendix E.5. Both the Koppejan and NEN-
Bjerrum settlement model are used. The constructed soil layer is seen as a clay layer vulnerable
to compression by shrinkage.

• Oxidation scenario: The constructed soil layer is seen as organic soil vulnerable to compression
by oxidation, parameters Vox = 0,015 year−1 and λr,ox = 0,09 are used for this layer. This scenario
is only evaluated with the Koppejan settlement model.

• Shrinkage organic clay scenario: The constructed soil layer is seen as organic soil vulnerable to
compression by shrinkage, parameters Vsh = 0,133 year−1 andλr,sh = 0,478 are used for this layer.
This scenario is only evaluated with the Koppejan settlement model.

• Reduced Cα scenario: Cα values for all soil layers are based on the results from Fokker et al. (2019)
instead of the values from the report Alliantie Markermeerdijken (2018). Only evaluated with
NEN-Bjerrum settlement model.

• Increased POP scenario: All POP values are increased with a value of 10 kPa. This scenario is only
evaluated with the NEN-Bjerrum settlement model.

• Only creep from above water level: Settlements originating from the unsaturated soil part are cal-
culated by only considering creep settlement. This scenario is based on the findings from the A5
Badhoevedorp. Both Koppejan and NEN-Bjerrum settlement models are used.
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• Best fit scenario: Using the output of the previous scenarios a best fit parameter set is constructed
and tested on all locations. Changes in the best fit scenario compared to the normal parameters
scenario are:

– The constructed soil layer is seen as an organic soil vulnerable to compression by an inter-
play of oxidation and shrinkage, where parameters used are Vox = 0,015 year−1 and λr =
0,478.

– The coefficient of consolidation for the Calais clay layers is changed from 1E − 07 m2/s to
5E −08 m2/s. A value of 1E −07 m2/s is assumed to be on the high side for a clay soil.

– The Cα values for all soil layers are based on the results from Fokker et al. (2019) instead of
the values from the report Alliantie Markermeerdijken (2018).

– Settlements originating from the unsaturated soil part are calculated by only considering
creep settlement.

11.3. Results
For all project locations the model result is compared with subsidence measurements available. Model
settings are shown in appendix E.7. First differences between the compression by loading and the com-
pression by oxidation submodels are evaluated. For the evaluation of the oxidation submodels, the
Koppejan loading model is used. The differences between the loading submodels are shown in figure
11.4a and the differences between the oxidation submodels are shown in figure 11.4b.

(a) Project location 1 (b) Project location 1

Figure 11.4: Comparison compression by loading and oxidation submodels for project location 1. Oxidation models evaluated
with the Koppejan loading model was used in the model setting to evaluate the oxidation models.

Large differences can be seen between the NEN-Bjerrum and the Koppejan submodel results. The NEN-
Bjerrum predicts a larger initial settlement, than the Koppejan model. This is due to a high creep contri-
bution in the first years. Moreover, a difference can be seen between the slope of the model predictions
over longer timescales. It should be noted that the Cs and C’s Koppejan model parameters are not cal-
culated directly from the Cα parameter value, but estimated based on an excel tool from Arcadis.

The oxidation models from Fokker et al. (2019) and Van der Meulen et al. (2007) predict similar
results, only a small difference can be seen, which is caused by the factor λr included in the Fokker
submodel but not in the Van der Meulen submodel. The Hoogland model gives a different outcome,
because the water level lies below the critical depth of oxygen diffusion which was assumed in the study
from Hoogland et al. (2012). The oxidation component is corrected with a factor to account for a poten-
tial oxygen deficiency. This critical depth was estimated for a polder area, and it is not sure whether the
use of this value is valid here. The Fokker submodel is used for analysis done in this chapter.

Results of the total subsidence calculation for all project locations are shown in table 11.1. Also
the differences in results between the used scenarios are shown in this table. Results for each project
location are further discussed below.
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Table 11.1: Total subsidence results, all scenarios

Model scenario
Total subsidence calculated [m]
Project location 1
(∆t = 130 year)

Project location 2
(∆t = 130 year)

Project location 3
(∆t = 104 year)

Normal - Koppejan 0,768 0,833 1,620
Normal - NEN-Bjerrum 1,479 1,455 2,758
Oxidation - Koppejan 1,161 1,216 1,784
Shrinkage OC - Koppejan 0,940 1,006 1,792
Adjusted Cα - NEN-Bjerrum 0,881 0,933 2,099
Adjusted POP - NEN-Bjerrum 1,251 1,248 2,414
Only creep above gwl - Koppejan 0,744 0,809 1,585
Only creep above gwl - NEN-Bjerrum 1,451 1,427 2,722
Best fit - Koppejan 0,767 0,803 1,216
Best fit - NEN-Bjerrum 0,892 0,919 1,713

11.3.1. Project location 1: dike 20 dp 29
The results for all scenarios evaluated are shown in appendix E.8.1. Here only the comparison of the
model outcome with the measurements for the normal and best fit scenario are presented, see figure
11.5.

(a) Normal parameters, Koppejan loading model (b) Normal parameters, NEN-Bjerrum loading model

(c) Best fit parameters, Koppejan loading model (d) Best fit parameters, NEN-Bjerrum loading model

Figure 11.5: Project location 1: dike 20 pole 29

The total subsidence calculated over the time span of 130 years with the Koppejan approach approx-
imates the measurements from 1980 onwards, but the subsidence before this time period is overesti-
mated. With the best fit scenario parameters, this effect is minimized. The NEN-Bjerrum approach
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overestimates subsidence with the normal scenario, but it can be seen that this is reduced using the
best fit parameters.

11.3.2. Project location 2: dike 20 dp 14
The results for all scenarios evaluated are shown in appendix E.8.2. Here only the comparison of the
model outcome with the measurements for the normal and best fit scenario are presented, see figure
11.6.

(a) Normal parameters, Koppejan loading model (b) Normal parameters, NEN-Bjerrum loading model

(c) Best fit parameters, Koppejan loading model (d) Best fit parameters, NEN-Bjerrum loading model

Figure 11.6: Project location 2: dike 20 pole 14

A similar pattern in the results can be seen for project location 2 and project location 1.

11.3.3. Project location 3: dike 23 dp 60
Again, only the comparison of the model outcome with the measurements for the normal and best fit
scenario are shown in figure 11.7. All other model results are shown in appendix E.8.3.

At this location many assumptions were used to come to an representative soil profile that could
be used as input, and also characteristics of the loading component are unknown. It can be seen that
with the used assumptions the subsidence is overestimated with the normal scenario. Using the best fit
parameters and the Koppejan approach the subsidence is underestimated, while the use of the NEN-
Bjerrum approach still shows an overestimation.
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(a) Normal parameters, Koppejan loading model (b) Normal parameters, NEN-Bjerrum loading model

(c) Best fit parameters, Koppejan loading model (d) Best fit parameters, NEN-Bjerrum loading model

Figure 11.7: Project location 3: dike 23 pole 60

11.3.4. Project location 4: hinterland of dike 23 dp 60
The model from that was used to evaluate subsidence in the Krimpenerwaard polder is used to evaluate
subsidence of project location 4, a grassplot behind the dike. Input parameters are given in appendix
E.5.4. The modelled subsidence is compared with the AHN2 and AHN3 measurements, see figure 11.10.
The modelling equations from Van den Akker et al. (2007) are applied as well. The contributions over
time are shown in figures 11.8 and 11.9.

(a) Koppejan approach (b) NEN-Bjerrum approach

Figure 11.8: Contributions of different subsidence components over time

Both approaches show different results. Using the Koppejan approach, there is no contribution from
compression by loading before the first lowering of the water level in the modelled time period. The peat
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(a) Koppejan approach (b) NEN-Bjerrum approach

Figure 11.9: Comparison of model results with Van den Akker et al. (2007) equations

(a) Koppejan approach (b) NEN-Bjerrum approach

Figure 11.10: Comparison of model results with Van den Akker et al. (2007) equations

layer also lies below the water level in the beginning of the model, and thus is the only contribution to
subsidence from compression by anaerobic degradation of SOM. With the last water level lowering a
small part of the peat layer ends up in the unsaturated zone and therefore a small contribution from
compression by oxidation can be seen. The NEN-Bjerrum approach does have a contribution from
compression by loading from the start. The peat layer remains below the water level in this situation.
Both model results approximate the measurement points and lie within the range of uncertainty given
for these measurements. The equations from Van den Akker et al. (2007) seem to overestimate the
subsidence at this location, but the results also lie in the range of uncertainty.

11.4. Discussion
Many assumptions have been used in the evaluation of subsidence at different locations along the
Markermeerdikes. The assumptions influence the outcome of the model to a large extent. An impor-
tant component that influences the model results in all scenarios is the vulnerability of the newly con-
structed soil layer to subsidence processes. If this layer is seen as a clay layer and corresponding shrink-
age parameters are used, the initial rate of subsidence seemed to be too high but the total amount of
subsidence approximates the measurements. If this layer is seen as a peat layer, vulnerable for compres-
sion by oxidation, the rate of subsidence is better but the total amount of subsidence is overestimated.
In the best fit scenarios the material is classified as an organic clay where the rate of oxidation for a
peat soil is used, but the residual thickness factor is based on an organic clay. The combination of these
parameters is not directly from Fokker et al. (2019). This subsidence component contributes between
approximately 55 to 70% of the final subsidence calculated with the best fit parameters for locations
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1 and 2. It contributed between 45 and 55% for project location 3. This assumption that governs the
shrinkage/oxidation behaviour of the soil layer thus has a large influence on the model results.

Another subsidence component that contributes to the best fit subsidence modelled is compression
by loading. This is the second largest contributor for project locations 1 and 2 and the main contrib-
utor for location 3. At location 3 a thicker soil layer is applied, and the higher contribution from this
component makes sense.

The NEN-Bjerrum approach consistently overestimates subsidence for all scenarios considered.
The overestimation was limited by using Cα values from the study from Fokker et al. (2019) instead of
the values from Alliantie Markermeerdijken (2018). The values of Cα from Alliantie Markermeerdijken
(2018) are based on test samples from locations across the trajectory from Hoorn to Edam. This makes
the observation that subsidence could better be approximated using the parameters from Fokker et al.
(2019) interesting. All other settlement model parameters are based on Alliantie Markermeerdijken
(2018). The report is from 2018, so parameter values used are representative for the current situation of
the dikes, and not necessarily for the soil profile at the start of the model. Because no other information
was available, these parameters are still used in the model.

The assumption that settlement from the unsaturated zone of the soil can be estimated by calculat-
ing only creep settlement did not significantly influence the compression by loading component. For
the best fit scenarios the influence is approximately a reduction of 2 to 4 cm for all locations. Initial
creep settlements modelled by the NEN-Bjerrum approach account for a large part of the total settle-
ment and these are not reduced by this assumption. For the Koppejan approach the impact of this
reduction by 2-4 cm is larger as the overall computed settlement is smaller.

The model approach for anaerobic degradation has not been verified and is built as a first esti-
mation. It is based on assumptions and theoretical knowledge. For project location 4, the Koppejan
and NEN-Bjerrum approaches show different results in terms of contributions to subsidence, but com-
pression by anaerobic degradation plays a role for both. As this has not been tested there is a large
uncertainty in this outcome.

Comparing project locations 3 and 4 the contrast in contributions to overall subsidence at these
locations is clear. At the crest of the dike, compression by oxidation/shrinkage of soil and compression
by loading seem to be the dominant components. Compression by loading as a result of water level
lowerings over time and compression by anaerobic degradation are indicated as dominant components
for subsidence of the hinterland. For both projects assumptions on the parameters Vox , Van and Vsh of
soil layers determine the outcome of the model.

No perfect fit could be obtained where the modelled outcome lies in the range of uncertainty of all
measurement points for all locations. But with the best fit scenario used, a better outcome is found than
with the normal parameters scenario. As locations 1 and 2 show similar characteristics and the best fit
scenario at location 3 does not give a model that fits all measurement points, the results should be used
with caution. Another reason for this is that the input of the models is based on many assumptions.
Best would be to test leading assumptions on multiple other locations as well, but the options are lim-
ited by the availability of data. Some of the key aspects of uncertainty in this evaluation are indicated
below.

Uncertainties:

• No two-dimensional effects are evaluated in this study. Only one-dimensional subsidence aspect
have been included. This is an important point of uncertainty. Since dikes are two-dimensional
constructions, adding a two-dimensional evaluation would be valuable.

• Subsidence measurements:

– Different files with subsidence measurements over time were provided by Alliantie Mark-
ermeerdijken. Sometimes these files contained contradicting information. For crest height
measurements in 2011 variations up to 2 cm were found in different files.

– Crest height measurements from the file used are indicated over a section of the dike. Varia-
tion within this section is not indicated. Project locations 1 and 2 lie within the same section



11.4. Discussion 95

of the dike for subsidence measurement available. The distance between the two locations
is approximately 1,6 km and differences in soil profiles can be seen.

The assumption regarding compression by shrinkage/oxidation of the constructed soil layer
influences the model results to a large extent, as mentioned before. At project locations 1
and 2 the soil layers constructed in 1890 are assumed to be similar at both locations, and
thus similar subsidence results are modelled. Using the same set of measurement points for
both locations influenced the results because this way a similar fit was observed for both
locations. Measurements from the project locations themselves instead of the range would
have been more useful for this project.

– The methodology used to obtain the crest height measurements is unknown and thus an
assumption has been used that they are obtained using levelling.

– Average values for the AHN measurements at project location 4 were used. In the chap-
ter about the Krimpenerwaard project the comparison of AHN2 and AHN3 was evaluated.
Flight patterns in one of the data sets can have influenced the values used as measurement
points for this project.

– In 2005 there has been a correction of the NAP level. In this study all values from before
2005 are corrected with -0,02 m to account for this NAP correction. For some data sources
(crest height measurements, groundwater levels over time, etc.) it is unknown whether this
component was already included.

• Soil profiles:

– Initial soil profiles were estimated based on many assumptions to be able to use the model.
When the soil profiles from 2010 as computed by the model are now compared with the soil
profiles of the crest from Alliantie Markermeerdijken, differences can be found.

– Already in 1918 observations of subsidence of the Markermeerdikes near Hoorn were men-
tioned in a letter. Some of the old boorprofiles belonging to project locations 1 and 2 showed
the belt of seaweed around -2,25 to -2,75 m NAP. This material belongs to an old technique
used for the construction of dikes. In the letter it is mentioned that when assumed this mate-
rial was originally constructed around highwater level this shows a subsidence component
from approximately 3 m. In the soil profile provided by Alliantie Markermeerdijken all shal-
low peat material in the crest of the dike belongs to the Hollandveen peat layer. Based on
the archaeological information it is assumed that a part of this peat layer is formed by an-
thropogenic organic construction material. Variability of the peat layer itself has not been
considered in this study.

• Project location 3:

– At this location characteristics of the loading component, as the timing, the soil type and the
thickness of the constructed layer are unkown. In the model these are all based on assump-
tions. These assumptions have governed the outcome of the model.

¦ In one document, plans for the construction of the dike in 1918 are mentioned. A new
crest height of 3,90 m is indicated in this document. It is assumed that these plans were
not carried out, because the crest height measured in 1930 is higher than the height in-
dicated in the plans. This aspect was discussed with an archaeologist from the Marker-
meerdikes who argued that this could potentially be a writing error or measurement er-
ror. This was evaluated by comparing 1930 measurements from surrounding sections.
These sections all showed a similar pattern with a higher 1930 measurement value and
thus it was assumed that the construction plans from 1918 are not carried out.

• The water level at the crest of the dike used in the model is based on hydraulic characteristics of
the current situation. In the model it is assumed that the water levels are representative for full
time period considered.
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12
Conclusion

Different research questions are provided in section 1.4. These are answered in this chapter based on
the projects evaluated in part II from this thesis and background information provided in part I.

12.1. Conclusions subquestions
What is the result of the comparison of project data for grass and agricultural areas (area type 2) and
residential areas and infrastructure (area type 3) to the land subsidence model result (sum of all in-
dividual components over time)?
The used modelling approach, which consists of mostly existing modelling techniques, approximates
the measurement points of the AHN for the project locations evaluated in the category grass and agri-
cultural lands. In general, it can be seen that compression by degradation of organic matter plays the
largest role in these areas. However, some points still remain unclear.

• This conclusion is based on the modelling approach at the Krimpenerwaard polder, but a grass-
land plot at the hinterland of the Markermeerdikes has been used to check the model. Com-
pression by anaerobic degradation showed to be the dominant subsidence component at the
grassplot behind the Markermeerdikes. This is a difference with the Krimpenerwaard plots where
compression by oxidation is the largest contributor to subsidence, caused by differences in soil
profile and water levels.

• The role of compression by anaerobic degradation in land subsidence is not well understood, and
the modelling approach used here has not been checked against measurements up to now.

• It should be remembered that it is assumed that the compression by oxidation submodels also
include irreversible shrinkage of peat. These submodels all calculate the loss of thickness of an
organic soil layer based on a rate of oxidation parameter. From the sensitivity analysis, see ap-
pendix B.9, it can be seen that the value used for this parameter influences the results to a large
extent.

• The formulas from Van den Akker et al. (2007) also approximate the measurements for grass and
agricultural lands well and seem suitable to predict subsidence for these areas in the Netherlands.
These formulas predict land subsidence based on a ditch water level or average lowest groundwa-
ter level (dutch: GLG). However, no contribution from separate components can be found with
this calculation method which remains its largest disadvantage.

Commonly used settlement models are suitable to approximate subsidence measurements for residen-
tial areas and infrastructure projects analyzed. However, the evaluation of the N3 Dordrecht showed
that creep (and thus long-term subsidence) was slightly underestimated by the model. The settlement
models overestimated klink at the embankment constructed at the A5 Badhoevedorp.

97
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• For the N3 Dordrecht some parameter fine-tuning was needed to obtain the best fit with the mea-
surements, where a higher correction was needed for the creep component than for the primary
consolidation component. The values for the consolidation coefficients had to be increased con-
sistently, the availability of laboratory-based parameter values influenced this as often only values
of the highest load step were available, and the overall consolidation coefficient had thus been
underestimated.

• The embankment at the A5 Badhoevedorp is constructed above the groundwater level and thus
unsaturated soil mechanics should be used. It is expected that consolidation of the material
caused by its own weight occurs fast due to its unsaturated character. This explains the better
fit obtained when only creep settlements were calculated. Influence of a final part of soil ripening
processes is difficult to estimate based on currently existing subsidence modelling techniques.

What is the result of the comparison of project data for dikes (area type 1) to the land subsidence
model result (sum of all individual components over time)?
Modelled subsidence over time for the Markermeerdikes overpredicts the rate of subsidence. It is pos-
sible to obtain a better fit with the subsidence measurement, by modifying the rate of compression by
oxidation/shrinkage of the constructed soil layer, decreasing the consolidation coefficient, using Cα pa-
rameter values from the study from Fokker et al. (2019) and calculating only creep in the unsaturated
zone.

• The evaluation of the three dike locations indicate a large contribution of compression by oxida-
tion/shrinkage of the new applied soil layer and compression by the loading of the subsoil, but
the contribution of compression by oxidation/shrinkage is based on assumptions. The nature of
the soil used as construction material influences the relevance of different subsidence compo-
nents. If the soil is interpreted as clay layer it is vulnerable to compression by shrinkage, if it is
seen as organic soil layer then compression by oxidation is relevant.

• To model compression by shrinkage of a clay layer, only one existing one-dimensional model
was found in subsidence studies. This approach from Fokker et al. (2019) has only been used to
evaluate subsidence in Flevoland and its results could not be compared with other models.

• Even with the adjustments listed no fit could be found that worked well for all three locations. It is
expected that neglecting the two-dimensional aspect of the dike embankment in this subsidence
evaluation has played a role. Moreover, many uncertainties regarding the initial soil profiles, the
details of the load components and the validity of the measurements influenced the evaluation
of all project locations.

How sensitive are model results to potential variation of input and model parameters, due to hetero-
geneity of soil?
Modelling subsidence on a project scale has implications for the use of model parameters. Average pa-
rameters are used for the models, which are often based on samples from multiple locations. Due to
the variability of the subsurface these average parameters might not be representative for the soil pro-
file of the specific locations considered. All models used are sensitive to variations in input and model
parameters, though variation in some parameters has more influence on the subsidence results than
other parameters.

• The model parameters for the compression by oxidation/shrinkage submodels are based on av-
erage values indicated in literature, which makes it difficult to find the influence of heterogeneity
of organic soil. The results for these submodels are very sensitive to a variation in the rate of ox-
idation or rate of shrinkage parameter, as could be seen in the sensitivity study for the Krimpen-
erwaard polder and the model results for the Markermeerdikes.

• Variability of settlement parameters has been considered for the Krimpenerwaardpolder, the A5
Badhoevedorp and the N3 Dordrecht. At the Krimpenerwaardpolder the impact of a variation in
settlement model parameter is smaller than the variation in compression by oxidation/shrinkage
parameters. For the N3 Dordrecht and the A5 Badhoevedorp variation could be evaluated based
on laboratory test results.
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Can it be assumed that there are no other effects contributing to subsidence than primary and sec-
ondary consolidation when soft soil layers (soft clays and peat) are pushed below the groundwater
level?
Using subsidence measurements of the N3 Dordrecht, this question was evaluated for residential areas
and infrastructure. Peat layers at all locations are located below the groundwater levels already from the
start of the evaluated time span. The results of this analysis indicate that the contribution from another
component in this situation cannot be excluded, but the influence on total subsidence is not significant
as primary and secondary compression govern subsidence behaviour.

• This conclusion is based on a slight underestimation of creep based on laboratory parameters
used as input for settlement models. An underestimation of creep settlements based on labora-
tory parameters is also reported by Hoefsloot (2015) for the construction of two embankments
in the Bloemendalerpolder, where gas development in the peat layer was listed as possible cause
for this underestimation. A difference with this study is that the correction needed in this study
is smaller than the correction needed for the best fit at the Bloemendalerpolder, where an ap-
proximately 2.1 times larger creep contribution was used in order to approximate subsidence
measurements of the embankment.

• A component that complicated the answer to this question is that the cause of secondary com-
pression in different soil types remains a point of discussion in literature. Anaerobic degradation
of organic matter is sometimes listed as a possible cause for creep settlements in peat soil. The
separation of different components then becomes difficult and terminology is important with
respect to this point.

For grass and agricultural areas, it is assumed that there can be another subsidence contribution from
below the groundwater level, compression by anaerobic degradation of organic matter.

• Because the submodel used for this component has not been verified, conclusions regarding
compression by anaerobic degradation should be used with caution. Recommendations regard-
ing this point can be found in chapter 13.

What happens with the subsidence rate in grass and agricultural areas when shallow groundwater
table lowering stops and the water table is not lowered any further from the current level?
Subsidence in this situation will go on, until all organic components available for degradation are de-
graded (in the aerobic or anaerobic zone). Mineral particles or organic matter that is stabilized and
unavailable for degradation will represent a thickness of organic soil layers that remains. Organic soil
below the zone where anaerobic degradation can occur will not be degraded. The rate of oxidation and
anaerobic degradation will go down over time. Stopping the groundwater table lowering decreases the
contribution from compression by loading, as only a creep component will remain which is small.

• The answer to this question is based only on the functionality of the submodels implemented in
the Krimpenerwaard model approach and not on any measurements.

How does a shift from grass and agricultural areas to residential areas, infrastructure or dikes influ-
ence the already existing land subsidence rate?
Compression by degradation of organic matter plays the largest role in the existing subsidence rate
for grass and agricultural areas with organic soil layers. When a loading component is introduced to
the system this changes and compression by loading becomes more relevant. The change in the sub-
sidence rate itself is determined by characteristics of the soil profile and the load component that is
applied. The contribution from compression by oxidation is reduced as pushing these layers below the
groundwater level limits the availability of oxygen. Assuming a situation where all organic soil layers
are pressed below the water level and primary consolidation has completed, the subsidence rate is de-
termined by creep but the influence of another component (potentially anaerobic degradation) cannot
be excluded.
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12.2. General conclusions
How do different shallow land subsidence processes contribute to total land subsidence for areas
with different land uses over time, measured on a project scale and can these be modelled accurately
on this project scale using existing modelling techniques?
Subsidence in residential areas and infrastructure is dominated by compression by loading. However,
the contribution of another long-term subsidence component cannot be excluded based on the project
evaluated in this study. Settlement models are suitable to estimate subsidence behaviour in this area
type, as the potential influence of another component is small.

For grass and agricultural areas contributions of different components are dependent on the soil
profile and water levels, but compression by degradation of organic matter is found as dominant sub-
sidence component in the evaluated areas. Multiple modelling approaches are tested, and outcomes
lie within the range of uncertainty of the subsidence measurements. The main uncertainty lies here
with the empirical compression by oxidation, shrinkage and anaerobic degradation models used. Sub-
sidence from these components remains difficult to distinguish based on a total subsidence signal only.
The settlement models implemented are commonly used and also showed suitable for residential areas
and infrastructure. The equations from Van den Akker et al. (2007), which are widely used for subsi-
dence predictions in the Netherlands and are based on field measurements in a grass and agricultural
area, give satisfactory results for the project areas evaluated.

When organic material has been used for the construction of dikes in the past, not only compres-
sion by loading is relevant, but different components seem to influence total subsidence. No accurate
outcome for all locations evaluated could be obtained with the existing modelling techniques. It is as-
sumed that to obtain a better fit for all locations two-dimensional effects should be considered and
more characteristics of the load components are needed. However, it can be concluded that for dikes
using subsidence rates based on the land subsidence map of the Netherlands, or adding a subsidence
rate from nearby grass and agricultural lands is not representative for considering ‘land subsidence’.
This term here is used as a collective term that represents all other subsidence components than com-
pression by loading.

Overall, comparing total subsidence for four different projects with modelled predictions showed
that unravelling an overall subsidence signal into its separate contributing components remains chal-
lenging. In theory, an infinite amount of combinations of submodels could lead to a similar agreeable
result. Therefore in the assumptions made in this study, differences in outcome are imposed. In gen-
eral, existing modelling techniques could be used to approximate subsidence measurements, but the
nature of the models themselves is sometimes questioned as these often do not include or distinguish
all relevant influences and couplings between subsidence components.
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Recommendations

• To fully understand subsidence behaviour in the Netherlands on a local scale a different type of
subsidence measurements is needed, which allows separation between contribution to subsi-
dence from different soil layers. At the moment Deltares is involved in a research project where
subsidence in a soil profile is measured with extensometers, levelling, LiDAR and InSAR in a grass
and agricultural area. The extensometers can provide information on the depth that subsidence
originates from. The outcome of this study will provide valuable information for future subsi-
dence modelling studies. It is recommended to also use a similar subsidence measurement ap-
proach for the other area types analyzed in this project. This way assumptions done in this study
can be verified or rejected.

• It is recommended that more project locations should be evaluate to verify the conclusions from
this study. Looking at different dike locations could help understand subsidence for this area type.
Because subsidence components are location specific and depend on the soil structure and soil
hydrology, it is recommended to use locations with different characteristics.

• Modelling approaches:

– At the moment the interaction between the compression by loading and the compression by
oxidation and shrinkage submodels is one-sided. The oxidation, anaerobic degradation and
shrinkage submodels are influenced by results from compression by loading as it changes
the position of the water level in the soil profile, but the compression by loading submodels
are not influenced by the other submodels. Coupling between soil structure and soil hy-
drology actually governs the problem. Therefore it is recommended to develop a modelling
approach where a full coupling of these effects can be considered. The oxidation submodel
from Bootsma et al. (2020) which is included in Atlantis is a good starting point of this new
modelling approach, as it includes an estimation of density of the soil over time. This should
then be connected to the compression by loading submodels, where changes in density in-
fluence the mechanical behaviour of the soil, to develop a fully coupled approach.

– The assumptions used for the evaluation of compression by anaerobic degradation should
be tested. Main components to be evaluated are the rate of anaerobic degradation (Van) and
in what part of the soil profile anaerobic degradation can be relevant. It is recommended to
update the submodel of anaerobic degradation when more information is available.

– Compression by oxidation and shrinkage governed subsidence behaviour of the Krimpen-
erwaard polder and the Markermeerdike project locations. Model parameters for these sub-
models should be evaluated. It is expected that better model results can be obtained when
location specific characteristics are included in these parameters. It is useful to obtain rate
of oxidation parameters and rate of shrinkage parameters for different soil types with stan-
dardized laboratory tests. The models and tests should include influence of temperature,
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depth in the soil profile and pH on these parameters, improving modelling site specific oxi-
dation and shrinkage.

– The calculation for shrinkage of clay soil should be improved. At this moment the only
model that could be implemented easily was the model from Fokker et al. (2019). In their
study this model was also used as a first estimate or approximation, and it is therefore not
certain if this model is representative for a prediction of subsidence caused by this mecha-
nism in other areas.

• Settlement models:

– In this study no strain dependent permeability was used. When there is a shift from grass
and agricultural lands to dikes or residential areas and infrastructure, the use of a strain
dependent permeability can be beneficial to optimize subsidence predictions. Hoefsloot
(2015) compared the use of different settlement models and consolidation models for set-
tlement prediction of two embankments constructed on soft soils and reported a best fit
with the numerical consolidation approach, using strain dependent permeability.

– The fit for settlement module in D-Settlement works with equal fit factors for all soil lay-
ers. Because Hoefsloot (2015) indicated gas development as a possible source for a higher
correction in creep parameter needed, it would be beneficial to see if a good fit with the
measurements at the N3 Dordrecht can be obtained by correcting the creep parameters for
only the peat soil layer(s). This could provide clarity on the source of possible additional
subsidence measured.

• Terminology:

– Due to the interdisciplinary aspect of land subsidence, definitions of terms used in stud-
ies should be given. This limits misinterpretation and makes it easier to identify what can
actually be concluded from these researches.

– Oxidation components in subsidence studies should be clearly defined. Often it is not clar-
ified in that shrinkage and oxidation for organic soil following drainage are interconnected.
It is assumed that when the term oxidation is used in subsidence studies, the term often
represents the full response of organic soil to drainage, which includes the loss of water and
degradation of organic matter.
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A
Background information

A.1. Classification of organic soils
Organic soils are commonly described by their organic matter content, but there are also other factors
that can be used to classify organic soils or peat. Examples are the state of decomposition, the vegeta-
tion type of the origin material and the appearance of the soil. Two systems are commonly used to do
this for peat soils, the Radforth classification system and the Von Post system (Hobbs, 1987).

The main difference between the two systems is that the Radforth system is developed for engineers
with limited knowledge of the botanical component and the Von Post classification system is more de-
tailed. The Von Post system has ten classes, where H1 refers to undecomposed peat and H10 refers to
completely decomposed peat.

The fibre content of soils can indicate the degree of humification, where a low fibre content is related
to a high degree of humification. Fibres are defined as fragments of plant tissue that are large enough
to be retained on a sieve with openings of 0.15 mm in diameter. These fragments should have retained
recognisable cellular structure of the original plant material. A classification on the basis of fibre content
can be applied for peat soils. This is different from a classification based on organic matter content, as
it is possible for soils to have the same organic content but a different fibre content. Three different peat
classes are shown in table A.1. Figure A.1 shows a general indication of the three classes in a drained
peat soil.

Figure A.1: General morphology of a drained peat soil (Mutalib, 1992)

Another classification of peat that is commonly used in the Netherlands, related to subsidence stud-
ies, is the classification based on its origin. This divides peat in three classes: eutrophic, mesotrophic
and oligotrophic. Eutrophic peat soils are nutrient rich, mesothrophic peat is lower in nutrient content
and oligotrophic peat is the poorest in nutrients. The type of peat is determined by the vegetation of
the origin material, which depends on the nutrient richness of the water that is supplied. Oligotrophic
conditions occur in an environment where only nutrient poor rainwater enters the system, in contrast,
eutrophic conditions are common where nutrient rich water from the river and sea enters.
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Designation Group (Von Post) Description

Fibrous peat
(Fibric)

H1 - H4
Low degree of decomposition,
Fibrous structure, >67% fibres,
Easily recognised plant structure

Pseudo-fibrous peat
(Hemic)

H5 - H7
Intermediate degree of decomposition,
Recognisable plant structure
33- 67% fibres

Amorphous peat
(Sapric)

H8 - H10
High degree of decomposition,
No visible plant structure,
Mushy consistency, <33% fibres

Table A.1: Peat classification on the basis of fibre content Von Post (Huat et al., 2014)

A.2. Consolidation models
Approximation formulas degree of consolidation
The degree of consolidation used in the analytical consolidation approach can be calculated with

U (t ) = 1− 8

π2

∞∑
i=1

1

(2i −1)2 exp

[
−(2i −1)2π

2

4

cv t

h2

]
. (A.1)

Some approximation formulas for this complicated equation have been developed, three examples are

U (t ) ≈ 2p
π

√
cv · t

h2 for U < 0.7 (70%), (A.2)

U (t ) ≈ 1− 8

π2 exp

(
−π

2

4

cv · t

h2

)
for U > 0.5 (50%), (A.3)

U (t ) ≈ 6

√
T 3

v(
T 3

v +0.5
) with Tv = cv · t

h2 . (A.4)

A comparison of the three approximation formulas and the full description of degree of consolidation
is shown in figure A.2. It can be seen that all formulas approximate the solution very well.

(a) Linear scale x-axis (Tv ) (b) Logarithmic scale x-axis (Tv )

Figure A.2: Comparison full description U(t) (3.6), with approximation formula 1 (A.2), approximation formula 2 (A.3) and
approximation formula 3 (A.4)

Comparison consolidation models
Differences between the consolidation models are shown in table A.2, which is based on table 15.1 from
Deltares (2016).
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Table A.2: Comparison of the two consolidation models, (Deltares, 2016)

Analytical (Terzaghi) Numerical (Darcy)

Solution method Analytical
Combination of analytical
and numerical

Computation speed Very fast Fast
Stability Unconditional Unconditional
Final settlements Accurate Accurate
Time-dependent
settlement

Approximate Accurate

Parameters Consolidation coefficient
Consolidation coefficient OR
permeability (constant OR
strain dependent)

Vertical drains Approximate Accurate
Different layers Approximate Accurate
Combination with
un/reloading

Approximate Accurate

Submerging effect Approximate Accurate

Drained layers
Only deformation, no excess
pore pressure

Only deformation, no excess
pore pressure

Post-processing
Plots for:
- settlements (over time)
- stress profiles (initial and final stage)

Plots for:
- settlements (over time and depth)
- pore water pressures (over time and depth)
- stress profiles (over time and depth)

A.3. Overview oxidation models
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B
Krimpenerwaard

In this appendix, the choice for the location areas in the Krimpenerwaard polder and the determination
of the point zero data values is explained. Several trade-offs have been made based on data availability,
expected soil investigation availability and possible human intervention.

B.1. Location Choice
Two project areas have been selected based on several criteria, which are explained below. The selected
project locations are shown in figure 8.1 in chapter 8.

Data availability
For this study two types of data sets have been provided by the waterboard of the region, data on height
measurements from 1984 and reports on the water management strategies over time. For the study
location the requirements concerning data availability are:

• Sufficient data points from 1984 data set, no area without 1984 measurement points should be
chosen.

• Sufficient data on water level regime over time, no area with an exceptional water level regime
should be chosen.

Figure B.1 shows the spatial distribution of the data points from the height measurements in 1984.
There is a fairly even distribution of data points along the grass and agricultural part of the Krimpener-
waard polder. Urban areas were avoided during the levelling campaign, and therefore these areas show
no data points. Also, the Loetbos has little measurement points. It is reported that the average distance
between the data points is 50 meters (Rackwitz, 2019).

A first selection of regions within the Krimpenerwaard polder was made based on the water level ar-
eas in the polder and the study of Rackwitz (2019), two water level areas are selected where information
can be used for the project area. These are ‘Stolwijk en Berkenwoude’ and ‘Den Hoek en Schuwacht’.
Other areas have been eliminated based on the presence of mostly urban areas, or areas with special
deviations from the water level.

Soil investigation availability
Through DINOloket, public information about the soil profile at the polder was collected. Different
types of information were considered: cone penetration tests (CPTs), and drilling researches (geological
and archeological oriented). A combination of all three available soil investigation types is optimal. For
the whole Krimpenerwaard area in general, CPTs are mostly located in the urban regions and in the
grass and agricultural lands the availability of CPTs is low. Therefore the availability of CPT data mostly
governed the location choices of the project.

118
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Figure B.1: Distribution of the data points from the measurements in 1984 in the Krimpenerwaard

Figure B.2: Distribution of CPT profiles available in the Krimpenerwaard polder, CPT tests indicated with brown triangles.
source: DINOloket

In figure B.2 a certain area with multiple CPT test location is highlighted in red. This is the only region
were CPT data is available for grass and agricultural land, probably due to a site investigation for a
pipeline. The project locations are thus chosen near this region.

Possible human interventions
Another criteria for selecting the project location is that the height of the project location should not
be influenced by any human interventions, other than the lowering of the groundwater table level, as
these other interventions are not included in the model. Different known human interventions in the
area are considered in the short summary below:

• Groundwater exploitation locations:
Rackwitz (2019) indicated in his study to overall subsidence of the Krimpenerwaard polder eight
locations of groundwater exploitation where more than 200.000 m3 is pumped up on a yearly
basis, see figure B.1. As can be seen, these locations are all around the border of the area. To limit
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influence of this subsidence source, project locations away from the border are chosen.

• Dredging depots:
Some dredging depots are present in the Krimpenerwaard polder, where dredged material from
the canals is placed. At these locations the dumping of the dredged material has an influence
on the subsidence over time. (Rackwitz, 2019) indicated this in his study as well. To limit the
influence of potential dredging maintenance in the region, the project areas have been specified
at least 5m from the border with the water around.

• Pipeline:
A map was constructed showing the values of subsidence between AHN2 and AHN3 (AHN3 was
subtracted from AHN2). This map showed a yellow line, which means an increase in height over
time, across the polder. After some investigation, it was found that this can probably be linked to
the construction of a pipeline through this area. This also explains the straight line orientation of
the CPT profiles that are available in the polder, as shown in figure B.2.

• Infrastructure:
No area should be selected where there is currently infrastructure, as this is not the type of area
that is relevant for this project.

• Raisings of the land done by humans:
Some farmers in the Krimpenerwaard polder have probably raised their land to limit the influence
of subsidence on their land. (Rackwitz, 2019) identified some areas where this is expected to have
influenced the subsidence between 1984 and 2015 (AHN3).

Based on a comparison between AHN2 and AHN3 for the Krimpenerwaard polder, it was checked that
there were no outliers with an increase in height over time near to the project area, that could have been
caused by these interventions.
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B.2. Calculating surface levels from data series
Based on the location choice, explained in section B.1, the data points used in the model were deter-
mined. Three data sets were used (1984 measurements, AHN2 and AHN3). The 1984 measurements
have an average distance between the points of 50 meters and AHN2 and AHN3 both have an average
point density of 10 points per m2. Therefore, there are many more AHN2 and AHN3 measured val-
ues in the location areas than 1984 measurement points. The data sets of AHN2 and AHN3 were treated
similarily in the procedure to extract a data value, while another approach was used for the 1984 dataset.

1984 dataset
Figure B.3 shows the datapoints of the 1984 dataset within and around the project areas. Two different
methods were used to calculate the surface level of the project areas at 1984:

(a) Project area 1 (b) Project area 2

Figure B.3: Project locations with 1984 measurement points in and around the area shown

• Average value of surface level from the datapoints within project areas:
For project area 1, this meant taking the average of seven values, and for project area 2 the average
of five points within the project area was used.

• Average value of surface level from interpolation field values within project areas:
An interpolation field was created, which is larger than the actual project. This interpolation
field was created using the inverse distance weighted (IDW) function in GIS. Here, the distance to
the original points is used to interpolate the original measurement points to a field. Limitations
of this method are the decrease in quality of the interpolation when the original points are not
equally distributed and that the minimum and maximum values only occur at the original points
themselves, as all other values are averages. Figure B.4 shows the interpolation fields that were
created, it can be seen that the locations of the original points still reflect in this field. A distance
coefficient of 5.0 was used in this interpolation.

AHN2 and AHN3
For both datasets the mean value of the digital terrain model (DTM) at the project area was calculated
in QGIS. A simple check was done to see if no zero points in the dataset were included, as (van Meijeren,
2017) mentioned some points with a zero value in the data set in the North of the Netherlands. This was
not the case.
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(a) Project area 1 (b) Project area 2

Figure B.4: Project locations with 1984 IDW interpolation field of measurement points in and around the area

Data points height over time
Using the previously explained methods resulted in the following values for height measurements of
the project locations, see table B.1.

Table B.1: Surface level measurements based on 1984 measurements, AHN2 and AHN3 data series for both project locations

Project Location Data series
Average measurement points
[m NAP]

Average Interpolation Field
[m NAP]

1 1984 -1,579 -1,602
AHN2 (2008) -1,663
AHN3 (2015) -1,744

2 1984 -1,530 -1,528
AHN2 (2008) -1,611
AHN3 (2015) -1,737

The NAP correction in the year 2005 is already incorporated in the 1984 values in table B.1. This means
that the 1984 values in this table are actually -0,02m lower than the levels computed based on the orig-
inal measurements. The level computed with the average interpolation field is used as initial surface
level.

All measurement points from AHN2 and AHN3 a certain error, the total error for each point includes
both a random error (stochastic error) and a systematic error. Moreover, within the project area itself
there is also variability of the surface level. It is assumed that the range of uncertainty of the average
surface level is similar to the range of uncertainty for an individual AHN measurement. The uncertainty
margins for AHN measurements are indicated at the website of the AHN, under the page description of
quality. For both AHN measurements a range of uncertainty is used of 15 cm, because it is indicated
that minimally 95,4% of the measurement points has this accuracy.
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B.3. Groundwater level
For both project locations an evaluation of the water levels over time is needed as an input for the
model. A reconstruction of the water levels over time was made based on water management reports
provided by the waterboard of the area, Hoogheemraadschap van Schieland en de Krimpenerwaard
(HHSK). Table B.2 shows all resources used to come to this overview and table B.3 shows the outcomes
of this.

Table B.2: Sources used to come to an overview of maintained waterlevels over time for the two project locations

Name Source
Jaarverslag Waterkwantiteit 1984 HHK
Jaarverslag Waterkwantiteit 1985 HHK
Jaarverslag Waterkwantiteit 1986 HHK
Jaarverslag Waterkwantiteit 1987 HHK
Jaarverslag Waterkwantiteit 1988 HHK
Jaarverslag Waterkwantiteit 1991 - 1992 HHK
Jaarverslag Waterkwantiteit 1993 - 1994 HHK
Toelichting Peilbesluiten Krimpenerwaard 2011 HHK
Toelichting op het ontwerp peilbesluit Stolwijk en Berkenwoude 1995 HHK
Toelichting op het peilbesluit Den Hoek en Schuwacht 1993 HHK
Verenigde Vergadering (VV) peilbesluit 19 november 1995 HHK

Again, it should be noted that the NAP change in the year 2005 is already incorporated in the data in
table B.3. Therefore all values from before 2005 in this table are actually -0,02 m lower than the levels
mentioned in the reports. Values reported in are given in reference to the current NAP level. Figure B.5
shows an overview of the data in table B.3.

(a) Stolwijk en Berkenwoude (Project area 1) (b) Den Hoek en Schuwacht (Project area 2)

Figure B.5: Maintained water level in water level area over time, based on HHSK reports

In the model, the average from these minimum and maximum values is used. This is done in order to
compensate for the variability within a year. No information was found considering the groundwater
levels for project area 2 between 1997 and 2004. These values have been estimated, based on the water
level management strategies from the reports and the values around this missing time period, and are
therefore shown in orange.

For the Van den Akker et al. (2007) equations, the DWL and GLG are needed. The GLG for the
Krimpenerwaarpolder is determined using figure B.6 from Steur et al. (1991). It can be seen that the
Krimpenerwaard falls into category II, where the GLG is between 0.5-0.8 m below the surface level. An
average value of 0.65 m was used in the model.
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Table B.3: Maintained water levels reported. Gray values mean that this level was not specifically mentioned in the report, but
based on the other known values this level could be estimated. Orange values mean that this level was not mentioned any of the

reports, but based on interpretation of other values and management strategies this value was most logical.

(a) Stolwijk en Berkenwoude (project location 1)

Year
Peil min
[m NAP]

Peil max
[m NAP]

1984 -2,04 -2,07
1985 -2,04 -2,07
1986 -2,04 -2,07
1987 -2,04 -2,07
1988 -2,04 -2,07
1989 -2,04 -2,07
1990 -2,04 -2,07
1991 -2,04 -2,07
1992 -2,04 -2,07
1993 -2,04 -2,07
1994 -2,04 -2,07
1995 -2,04 -2,07
1996 -2,12 -2,17
1997 -2,12 -2,17
1998 -2,12 -2,17
1999 -2,14 -2,19
2000 -2,14 -2,19
2001 -2,14 -2,19
2002 -2,16 -2,21
2003 -2,16 -2,21
2004 -2,16 -2,21
2005 -2,18 -2,23
2006 -2,18 -2,23
2007 -2,18 -2,23
2008 -2,18 -2,23
2009 -2,18 -2,23
2010 -2,18 -2,23
2011 -2,18 -2,23
2012 -2,18 -2,23
2013 -2,18 -2,23
2014 -2,19 -2,24
2015 -2,19 -2,24
2016 -2,19 -2,24
2017 -2,19 -2,24
2018 -2,20 -2,25
2019 -2,20 -2,25
2020 -2,20 -2,25

(b) Den Hoek en Schuwacht (project location 2)

Year
Peil min
[m NAP]

Peil max
[m NAP]

1984 -1,94 -2,02
1985 -1,94 -2,02
1986 -1,94 -2,02
1987 -1,94 -2,02
1988 -1,94 -2,02
1989 -1,94 -2,02
1990 -1,94 -2,02
1991 -1,94 -2,02
1992 -1,94 -2,02
1993 -1,94 -2,02
1994 -1,94 -2,02
1995 -2,10 -2,10
1996 -2,10 -2,10
1997 -2,10 -2,10
1998 -2,10 -2,10
1999 -2,10 -2,12
2000 -2,10 -2,12
2001 -2,10 -2,12
2002 -2,11 -2,14
2003 -2,11 -2,14
2004 -2,11 -2,14
2005 -2,11 -2,16
2006 -2,11 -2,16
2007 -2,11 -2,16
2008 -2,11 -2,16
2009 -2,11 -2,16
2010 -2,11 -2,16
2011 -2,13 -2,18
2012 -2,13 -2,18
2013 -2,15 -2,20
2014 -2,15 -2,20
2015 -2,15 -2,20
2016 -2,17 -2,22
2017 -2,17 -2,22
2018 -2,17 -2,22
2019 -2,18 -2,23
2020 -2,18 -2,23
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Figure B.6: The groundwater indicator map of the Netherlands, with an estimation for GLG included Steur et al. (1991)
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B.4. Soil profile
For both project locations a general representative soil profile was found based on site investigation
data from DINOloket. Spatial variation of the soil profile within a project area is not considered.

Three different data sets from DINOloket were used to come to a general soil profile for the project
area, CPT data, geological drilling profiles and archeological drilling profiles. Figure B.7 shows the loca-
tions of these profiles with respect to the project areas.

(a) Project area 1 (b) Project area 2

Figure B.7: Locations DINOloket data around project areas

B.4.1. Project area 1
First the three geological boorprofiles near the project area were examined. There is no date specified
for when these boorprofiles have been made. A general soil profile was created based on these three
profiles, see figure B.8.

After that, the CPT profiles in and around the project area were evaluated. The CPT soil profiles were
plotted along an axis running along the length of the project location. This created the following figure.
The purple material is identified as loam by D-Foundations, but can be identified as fine sand in the
Netherlands.

The CPT investigation was done in the year 2011, which does not match the starting point of the
analysis for this project, which is in 1984. Therefore, some adjustments have been done based on the
following assumption:

• Thickness of the toplayer (organic clay / decomposed peat) is the same, but then starts at surface
level 1984

• Peat layer has decreased in thickness over time, more than the other soil layers

Using an excel tool from Arcadis and the knowledge based on the two previous considered datasets, the
following general soil profile was then found for project area 1, see figure B.10.



B.4. Soil profile 127

Figure B.8: General interpretation geological drilling profiles project area 1

Figure B.9: General interpretation CPT data around project area 1, color index: brown = peat, green = clay, purple = loam, yellow
= sand.

The archaeological boorprofiles were used to create a better understanding of the upper peat layer,
as these boorprofiles reached only to about -5 to -6 m NAP. It was seen that all boorprofiles generally
included an upper layer with a weak or strong clayey peat, then a part nutrient poor peat and towards
the bottom of the peat layer the peat has some clayey influences again.

Soil profile: model parameters project area 1
Different model parameters are needed to run the model. Tables B.4, B.5 and B.6 show soil parameters
used in submodels.
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Figure B.10: General soil profile project area 1 used in evaluation

Table B.4: Soil parameters: Oxidation submodels, project area 1

Depth
top layer
[m NAP]

Soil Type
Vox

[year−1]
λr

[-]
K
[year−1]

-1,6 Topsoil 0 1 0
-1,9 Peat 0,015(a) 0,09(b) 0,015(a)

-5,5 Clay 0 1 0
-8,9 Organic Clay 0 1 0
-9,5 Peat 0,015(a) 0,09(b) 0,015(a)

-10.1 Sandy Clay 0 1 0

(a) Value commonly stated in literature, based on study (Van den
Akker et al., 2007)
(b) Value based on results Fokker et al. (2019)
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Table B.5: Soil parameters: Loading submodel Koppejan, project area 1

Depth
top layer
[m NAP]

Soil Type
Cp’
[-]

Cs’
[-]

Cp
[-]

Cs
[-]

γsat

[kN /m3]
γunsat

[kN /m3]
cv

[m2/s]

-1,6 Topsoil 20 75 60 600 13 12 5,50E-08
-1,9 Peat 10 35 30 280 11 5(a) 7,50E-08
-5,5 Clay 19 200 56 1600 15,5 14,5 4,00E-08
-8,9 Organic Clay 16 70 48 560 13,5 12,5 4,50E-08
-9,5 Peat 10 35 30 280 11 5(a) 7,50E-08
-10.1 Sandy Clay 30 250 90 2000 16 15 4,00E-08

All values based on Excel tool from Arcadis
(a) Estimation based on Hsi et al. (2005) and laboratory study N3 samples

Table B.6: Soil parameters: Loading submodel NEN-Bjerrum, project area 1

Depth
top layer
[m NAP]

Soil Type
RR
[-] (a)

CR
[-] (a)

Cα

[-] (b)
γsat

[kN /m3]
γunsat

[kN /m3]
cv

[m2/s]

-1,6 Topsoil 0,0384 0,1151 0,0091 13 12 5,50E-08
-1,9 Peat 0,0768 0,2303 0,0060 11 5(d) 7,50E-08
-5,5 Clay 0,0411 0,1212 0,0060 15,5 14,5 4,00E-08
-8,9 Organic Clay 0,0480 0,1439 0,0091 13,5 12,5 4,50E-08
-9,5 Peat 0,0768 0,2303 0,0060 11 5(d) 7,50E-08
-10,1 Sandy clay 0,0256 0,0768 0,004(c) 16 15 4,00E-08

(a) Values calculated from Koppejan parameters, with the use of formulas from Den Haan et al. (2004):

RR = ln10

Cp
CR = ln10

C ′
p

(B.1)

(b) Values based on the subsidence study from Fokker et al. (2019). Estimated values for Cα for soil
profiles in Flevoland were mentioned here.
(c) Value based on table 2b from NEN-EN1997-1 (2019)
(d) Estimation based on Hsi et al. (2005) and laboratory study N3 samples
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B.4.2. Project Area 2
For project area 2 the same methodology was used to come to a general soil profile of the area. First the
geological drillings (three in total) were evaluated, then the CPTs (three in total) and last, the archeolog-
ical drillings to get a better understanding of the peatlayer.

The drilling profiles and CPT profiles are shown along the length of the project area in figure B.11.
It can be seen that there is a high variation between the results. The horizontal variation in location
between the profiles is indicated in this figure as well.

Figure B.11: General interpretation CPT data around project area 2, color index: brown = peat, green = clay, purple = loam,
yellow = sand.

The archaeological drilling profiles were inspected to get an idea of the soil profile up to -5 m NAP.
Using all the information, a general soil profile was created, see figure B.12.

Since the variation between the site investigations is high, it was difficult to create a general soil
profile and an error is probably introduced to the system here.

Soil profile: model parameters project area 2
Tables B.7, B.8 and B.9 show the parameters used in the model for project area 2.
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Figure B.12: General soil profile project area 2 used in evaluation

Table B.7: Soil parameters oxidation submodel Fokker, project area 2

Depth
top layer
[m NAP]

Soil Type
Vox

[year−1]
λr

[-]
K
[year−1]

-1,52 Topsoil 0 1 0
-1,82 Peat 0,015(a) 0,09(b) 0,015(a)

-3,5 Organic clay 0 1 0
-4,3 Peat 0,015(a) 0,09(b) 0,015(a)

-7,0 Clay 0 1 0
-10.0 Sand 0 1 0
-11.0 Clay 0 1 0

(a) Value commonly stated in literature, based on study (Van den
Akker et al., 2007)
(b) Value based on results Fokker et al. (2019)
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Table B.8: Soil parameters: Loading submodel Koppejan, project area 2

Depth
top layer
[m NAP]

Soil Type
Cp’
[-]

Cs’
[-]

Cp
[-]

Cs
[-]

γsat

[kN /m3]
γunsat

[kN /m3]
cv

[m2/s]

-1,52 Topsoil 20 75 60 600 13 12 5,50E-08
-1,82 Peat 10 35 30 280 11 5(a) 7,50E-08
-3,5 Organic clay 16 70 48 560 13,5 12,5 4,50E-08
-4,3 Peat 10 35 30 280 11 5(a) 7,50E-08
-7 Clay 19 200 56 1600 15,5 14,5 4,00E-08
-10 Sand 500 1E+09 1500 1E+09 19 17 drained
-11 Clay 46 435 138 3480 17 16 5,50E-08

All values based on Excel tool from Arcadis
(a) Estimation based on Hsi et al. (2005) and laboratory study N3 samples

Table B.9: Soil parameters: Loading submodel NEN-Bjerrum, project area 2

Depth
top layer
[m NAP]

Soil Type
RR
[-] (a)

CR
[-] (a)

Cα

[-] (b)
γsat

[kN /m3]
γunsat

[kN /m3]
cv

[m2/s]

-1,52 Topsoil (Peat, strong clayey) 0,0384 0,1151 0,0091 13 12 5,50E-08
-1,82 Peat (Peat) 0,0768 0,2303 0,0060 11 5(c) 7,50E-08
-3,5 Organic clay (Clay, strongly humic) 0,0480 0,1439 0,0091 13,5 12,5 4,50E-08
-4,3 Peat (Peat) 0,0768 0,2303 0,0060 11 5(c) 7,50E-08
-7 Clay (Clay) 0,0411 0,1212 0,0060 15,5 14,5 4,00E-08
-10 Sand (Sand, weak clayey) 0,0015 0,0046 0,0001 19 17 drained
-11 Clay (Clay, medium sandy) 0,0167 0,0501 0,0060 17 16 5,50E-08

(a) Values calculated from Koppejan parameters, with the use of formulas from Den Haan et al. (2004):

RR = ln10

Cp
CR = ln10

C ′
p

(B.2)

(b) Values based on the subsidence study from Fokker et al. (2019). Estimated values for Cα for soil profiles in Flevoland were
mentioned here.
(c) Estimation based on Hsi et al. (2005) and laboratory study N3 samples
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B.5. Water head
The water head in the sand layer below the soft soil layers is important in the modelling, because this
determines the pore water pressures at the bottom of the evaluated soil profile. For both project loca-
tions this water head is determined based on groundwater monitoring information from DINOloket.
The locations of the groundwater monitoring locations are shown in figure B.7.

Project area 1
Data from a monitoring well with a filter between -30,61m and -31,61m NAP was used to evaluate the
water head for this project location. Measurements between 1979 and 2017 were available and are
shown in figure B.13. An average value of -2,373m NAP was used in the model.

Figure B.13: Measured and average water head over time at well B38A0239

Two checks were done in order to verify this value. First, the average value from other dataseries from
the same well, but with a filter at -64,61 to -65,61 m NAP, was compared to the average of the higher
filter. The average value of the dataset from the deeper filter is -2,383m NAP, which is close to the value
found with the higher filter. Secondly, one of the CPTs with water pressure measurements was used to
verify this number. The (linear) line of water pressures in the sand layers is extended to the top to see
what head this would give, see figure B.14. It can be seen that this value comes near the average value
found above.
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Figure B.14: Interpretation CPT data with water pressure data, project area 1

Project area 2
The same approach was used to determine the water head in the deeper sand layers for project area 2.
Data from a monitoring well with filters from -15,09 to -17,09 m NAP and -25,53 to -27,53m NAP was
used. Measurements between 1991 and 2011 are shown in figure B.15. An average value of -1.87m NAP
was used in the model.
Similar to project area 1, a check was performed using water pressure measurements of a CPT in the
sand layers. This check is shown in figure B.16.
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Figure B.15: Measured and average water head over time at well B38A0264

Figure B.16: Interpretation CPT data with water pressure data, project area 2
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B.6. Oxidation model evaluation error time
The oxidation submodels included in the python model all work with a time based approach where wa-
ter level lowerings over time can be accounted for. History of the water level lowerings before modelling
time is not accounted for. Moreover, adjustment of the oxidation rate based on the subsidence that al-
ready occurred over time is not always accounted for. These two simplifications were made because of
modelling purposes.

In this section the error introduced by these simplifications is evaluated. The model results for
project area 1 were compared with detailed calculations based on the situation visualised in figure B.17.
Different sublayers are identified in this profile, where the layers correspond with the water level lower-
ings over time. Some assumptions were used to make the two situations comparable.

Figure B.17: Oxidation calculation more detail

• The topsoil (upper 30 cm, indicated with grey in figure B.17) does not contribute to subsidence
from oxidation anymore.

• No information is available about water level lowerings from before 1960. It is therefore assumed
that at 1960 the water level was lowered from -1,90 m NAP to -1,97 m NAP.

• There is no subsidence from compression by loading and compression by anaerobic degradation.
Subsidence is calculated only from compression by oxidation, with the use of the Fokker oxidation
submodel.

Figure B.18a shows the compression by oxidation components from the sublayers, when also the history
(for as far as known) is taken into account. The python model calculates compression by oxidation
considering input from only the time zone between the two black striped lines, without using sublayers.
Figure B.18b shows a comparison between the compression by oxidation calculations from the detailed
approach and from the python submodel. The detailed calculation including the history of the water
level lowerings predicts a lower contribution of compression by oxidation, as the initial rate of oxidation
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will be lower. The difference after 36 years is shown in table B.10. The difference is approximately 1 cm
over 36 years.

Table B.10: Comparison detailed calculation and submodel calculation endresult

Model
Subsidence from compression
by oxidation [m] over 36 years

Detailed calculation with history 0,0890 90,43%
Fokker submodel without history 0,0984 100%

(a) Detailed calculation contributions by compression from oxidation per sublayer over time as indicated in figure
B.17. Fokker modelling equation used.

(b) Comparison of submodel result with detailed approach that also considers history of water level lowerings

Figure B.18: Evaluation of neglecting water level lowerings history in python submodel approach
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B.7. Model settings used

Figure B.19: Other input settings used in the model to come to the results presented in this section

B.8. Compression by loading comparison with D-Settlement
The results of the compression by loading submodels for project area 1 are compared with D-Settlement
models with similar input. The result of this comparison is shown in figure B.20. The koppejan mod-
elling approach shows a small difference, this is because swelling is neglected in the compression by
loading submodel and D-Settlement does probably include this. This difference is small and therefore
not visible for the NEN-Bjerrum modelling approach, where a larger settlement is modelled.

(a) Terzaghi consolidation model and Koppejan settlement model (b) Terzaghi consolidation model and NEN-Bjerrum settlement model

Figure B.20: Comparison of submodel compression by loading results with D-Settlement model results
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B.9. Sensitivity study
Different model parameters are used in the submodels, where certain parameters have more influence
on the outcome than others. To evaluate the influence of parameters, the model for project location 1
with the Koppejan and Fokker submodels has been used. All results mentioned in this section are based
on the 36 years time interval.

Compression by loading model parameters
The sensitivity to the input parameters of the Koppejan settlement model was three different scenarios
with variations in Cp, Cs and γsat . The range of variation for the unit weights is based on an excel tool
from Arcadis, where a range of this parameter to be expected is provided for each soil layer (low, high
and average values). For the parameters Cp and Cs the range of values is calculated based on some
assumptions. These are listed below:

• Variability of these soil parameters can be represented with a normal distribution

• The outer range values of the sensitivity analysis should represent 95% of the normal distribution

• The values of Cp and Cs mentioned in table B.5 represent the mean values of the normal distri-
butions

• The coefficient of variation for in-situ soil parameters is typically 0.1 ≤ V ≤ 0.3, here a value of
V = 0.2 is used.

The standard deviation for each layer can then be calculated using

V = σ

µ
= 0.2. (B.3)

Using the values of the standard deviations, the 95% intervals can be calculated, as ‘95% of data lies
within ±2σ’. The calculation and range of parameters used for the sensitivity study is shown in tables
B.11 and B.12.

Table B.11: Range of model parameter Cp in sensitivity study per soil layer

Soil layer Cp (µ) σ Lower limit Cp Upper limit Cp
topsoil 60 12 36 84
peat 30 6 18 42
clay 56 11,2 33,6 78,4
organic clay 48 9,6 28,8 67,2
peat 30 6 18 42
sandy clay 90 18 54 126

Table B.12: Range of model parameter Cs in sensitivity study per soil layer

Soil layer Cs (µ) σ Lower limit Cs Upper limit Cs
topsoil 600 120 360 840
peat 280 56 168 392
clay 1600 320 960 2240
organic clay 560 112 336 784
peat 280 56 168 392
sandy clay 2000 400 1200 2800

Variations of the parameters C ′
p and C ′

s have no impact on the model, as the stress increases remain
below the preconsolidation pressure level. Table B.13 shows the settings of Cp, Cs and γsat for the
scenarios evaluated. The results are shown in table B.14 and figure B.21.
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Table B.13: Scenarios used in sensitivity analysis Koppejan settlement model

Low values scenario Average scenario High values scenario
Soil layer γsat [kN/m3] Cp Cs γsat [kN/m3] Cp Cs γsat [kN/m3] Cp Cs
topsoil 11,7 36 360 13 60 600 14,3 84 840
peat 9,9 18 168 11 30 280 12,1 42 392
clay 14 33,6 960 15,5 56 1600 17,1 78,4 2240
organic clay 12,2 28,8 336 13,5 48 560 14,9 67,2 784
peat 9,9 18 168 11 30 280 12,1 42 392
sandy clay 14,4 54 1200 16 90 2000 17,6 126 2800

Table B.14: Influence of Koppejan model parameters on model results

Koppejan parameter scenario
Subsidence component low values average values high values
Compression by oxidation [m] 0,087 0,092 0,093
Compression by loading [m] 0,030 0,009 0,003
Compression by anaerobic degradation [m] 0,020 0,019 0,019
Total subsidence [m] 0,137 0,119 0,115

Figure B.21: Modelled results of different inputs of Koppejan settlement model parameters

As can be expected, using lower values of model parameters leads to a higher compression by loading
contribution based on the Koppejan settlement model. The increase in this component means that
a larger part of the soil profile gets submerged below the groundwater level and therefore does not
contribute to the compression by oxidation component. Using lower Koppejan model parameters thus
causes a lower contribution from oxidation and a higher contribution from anaerobic degradation. The
model parameters will only influence the model results after the first water level lowering (1995). This
is the reason why the first part of the solution space (1984-1995) is the same for all scenarios in figure
B.21. A variation in the POP parameter is evaluated for the NEN-Bjerrum model instead of the Koppejan
model. The reason for this is that the increase in effective stress as result of the water level lowerings is
small with respect to the value of the POP, especially in deeper soil layers. Model results of the Koppejan
model will thus be similar for the logical range of the POP values. The NEN-Bjerrum model does show
variation for different POP values, as this value is used in the initial creep calculation. Table B.15 and
figure B.22 show the values of POP analysed and the results.

Using a higher value of the POP parameter results in a lower value of subsidence modelled with the
NEN-Bjerrum and Fokker submodels. For higher POP values there is a smaller contribution of initial
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Table B.15: Influence of POP value on model results with NEN-Bjerrum submodel

POP value [kPa]
Subsidence component 5 7,5 10 20
Compression by oxidation [m] 0,051 0,059 0,065 0,080
Compression by loading [m] 0,129 0,108 0,091 0,047
Compression by anaerobic degadation [m] 0,029 0,027 0,026 0,022
Total subsidence [m] 0,209 0,194 0,181 0,148

creep. This results in a larger part of the soil profile being above the groundwater level, and thus an
increase in the compression by oxidation component and a decrease in the compression by anaerobic
degradation contribution.

Figure B.22: Modelled results with different values of the POP value, using the NEN-Bjerrum settlement model instead of the
Koppejan settlement model

Compression by oxidation model parameters
In figure 4.4 the influence of the Vox parameter (rate of oxidation) was shown in the compression by oxi-
dation submodel results for long time scales. Here different values of this parameter are evaluated. Also
the impact of the assumption that the topsoil layer of 30cm is not influenced by compression by oxi-
dation is evaluated. This assumption was mentioned in section 8.2.2. In total seven different scenarios
have been evaluated:

• Variation of V peat
ox

– V peat
ox = 0,0088 year−1, based on the Koppejan estimate from Fokker et al. (2019) in Flevoland

– V peat
ox = 0,0105 year−1, based on the K value from Hoogland et al. (2012)

– V peat
ox = 0,0150 year−1, based on the value stated by Van der Meulen et al. (2007)

• Variation of V topsoil
ox , modelled with V peat

ox = 0,0150 and λ
topsoil
r,ox = 0,478, which is based on the

λ
topsoil
r,sh parameter from Fokker et al. (2019).

– V topsoil
ox = 0,001 year−1

– V topsoil
ox = 0,005 year−1

– V topsoil
ox = 0,010 year−1

– V topsoil
ox = 0,015 year−1
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The model results from these scenarios are shown in table B.16 and figure B.23. The blue range indicates
the solution space for the different values of V peat

ox , the green range indicates the solution space for

V peat
ox = 0,0150 year−1 together with different values of V topsoil

ox .

Table B.16: Influence Vox parameter values on model result

V peat
ox [year−1] V topsoil

ox [year−1]
Subsidence component 0,0088 0,0105 0,015 0,001 0,005 0,010 0,015
Compression by oxidation [m] 0,060 0,070 0,092 0,097 0,117 0,139 0,156
Compression by loading [m] 0,009 0,009 0,009 0,009 0,009 0,009 0,009
Compression by
anaerobic degradation [m]

0,009 0,012 0,019 0,019 0,021 0,022 0,024

Total subsidence [m] 0,079 0,090 0,119 0,125 0,147 0,170 0,189

Figure B.23: Modelled results of different input for the Vox parameter

It can be seen that the value of the Vox parameter influences the total subsidence calculated by the
model for the full time interval analysed. This parameter influences both the compression by oxidation
and compression by anaerobic degradation submodels, as Van is calculated based on Vox . The com-
pression by loading submodel result does not change for different values of Vox , as these settlements
calculations are done at the beginning and not coupled with the oxidation model. The influence of the

assumption that the topsoil layer does not contribute to subsidence by oxidation anymore (V topsoi l
ox = 0)

can clearly be seen in figure B.23. A contribution from this topsoil layer leads to a higher subsidence
modelled.

Ratio anaerobic and aerobic degradation
Based on the study from Zander, Gebert and Heimovaraa, the ratio aerobic/anaerobic degradation was
assumed to be 3,98/1. This was implemented by dividing the rate of oxidation (Vox ) with this factor to
find the rate of anaerobic degradation (Van). The variation of values indicated in literature for this ratio
is large. Hämäläinen (1991) mentioned that anaerobic degradation of peat soil can be 100 to 1000 times
slower than aerobic degradation. Different values of this ratio have been tested, results are shown in
table B.17 and figure B.24.

The ratio has an influence on the model results. For a variation from 4 to 10 the influence can be
seen, when the ratio is assumed to be much larger (100 to 1000) it can be seen that the influence of
anaerobic degradation becomes negligible.
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Table B.17: Influence ratio aerobic/anaerobic degradation on model result

Ratio aerobic/anaerobic degradation
Subsidence component 3,98 10 100 1000
Compression by oxidation [m] 0,092 0,095 0,096 0,096
Compression by loading [m] 0,009 0,009 0,009 0,009
Compression by anaerobic degradation [m] 0,019 0,007 0,001 7,05E-05
Total subsidence [m] 0,119 0,111 0,106 0,105

Figure B.24: Modelled results for different values of the ratio aerobic to anaerobic degradation

Water levels
An assumption was used that the average value of the minimum and maximum indicated water levels
in the reports from the waterboard was representative for the situation modelled. Here, the influence
of this assumption is evaluated. Situations with the minimum and maximum water levels as given in
table B.5a are modelled and their results are shown together with the average water level approach as
used before, see table B.18 and figure B.25.

Table B.18: Influence water level assumption on model result

waterlevel situation

Subsidence component
minimum
(highest water level)

average
maximum
(lowest water level)

Compression by oxidation [m] 0,101 0,092 0,083
Compression by loading [m] 0,009 0,009 0,008
Compression by anaerobic degradation [m] 0,017 0,019 0,021
Total subsidence [m] 0,0127 0,119 0,112

Only constant minimum and maximum water level values were tested, while in reality this will vary over
time. Comparing the three indicated situations over time, not that much variation can be seen on the
influence on subsidence. A factor that has influenced this is that the step of water level lowerings have
remained the same for all situations.



144 B. Krimpenerwaard

Figure B.25: Modelled results with the minimum, average and maximum water levels indicated as ’vigerende peilen’ in the
reports from the waterboard

Time step dt
A time step of 0,5 year was used for the results presented in section 8.3. Different values of the time step
have been evaluated to determine the sensitivity of this parameter. Table B.19 shows the influence of
the time step on the model results.

Table B.19: Influence time step parameter on model result

dt
Subsidence component 1 year 0,5 year 1 month 0,5 month
Compression by oxidation [m] 0,09193 0,09186 0,09179 0,09179
Compression by loading [m] 0,00874 0,00870 0,00866 0,00866
Compression by anaerobic degradation [m] 0,01877 0,01889 0,01900 0,01901
Total subsidence [m] 0,11945 0,11945 0,11945 0,11946

As can be seen, the influence on the subsidence is negligible. This is also the reason that no difference
could be seen on the plots of the solutions. This plot with the solution space is therefore not included.
Using a very small time step leads to long calculation times, while the accuracy only improves little.
Therefore the value of 1 or 0,5 year is sufficient.
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C.1. Subsidence measurements
The subsidence of the embankment measured by the different zakbaken is shown in figure C.1. A large
variation in subsidence measured can be seen. The exact locations of the zakbaken are unknown, but it
is expected that these locations have had influence on the measured subsidence.

Figure C.1: A5 embankment klink measurements over time
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C.2. Model parameters
Model parameters used in the subsidence calculations are indicated in this appendix. Koppejan pa-
rameter values are based on triaxial and one-dimensional compression tests executed on soil samples
taken from the embankment (Bisschop, 2003). NEN-Bjerrum parameter values were not given in the
report but the RR and CR values are calculated based on the Koppejan parameter values with

RR = ln10

Cp
CR = ln10

C ′
p

. (C.1)

The value for Cα could not be directly calculated, and thus a value from table 2b from NEN-EN1997-1
(2019) was used.

Table C.1: In-situ density and unit weight of layers of the embankment from (Bisschop, 2003)

Layer
In-situ density
[kg/m3]

Unit weight
[kN/m3]

Number of samples

0 1581 15,51 10
1 1607 15,77 13
2 1594 15,64 10
3 1603 15,73 10
4 1655 16,24 10
5 1655 16,24 10
6 1717 16,85 10
7 1679 16,47 10
8 1715 16,83 10
9 1721 16,88 10
10 1698 16,66 10
11 1695 16,63 10
12 1745 17,12 10

Table C.2: Range of Koppejan parameters indicated in Bisschop (2003)

Parameter Minimum Average Maximum Unit Number of samples
Cp 64,9 88,9 119,0 - 4
Cs 333,3 439,6 555,5 - 4
C’p 22,8 25,0 28,4 - 4
C’s 112,4 135,8 158,7 - 4
pg 33 34 36 kPa 4
cv (60 kPa) 9,1E-07 9,6E-07 1,0E-06 m2/s 4

Table C.3: Range of NEN-Bjerrum parameters calculated based on the Koppejan model parameters

Parameter Minimum Average Maximum Unit Number of samples
RR 0,03548 0,02590 0,01935 - -
CR 0,10099 0,09210 0,08108 - -
Ca 0,005 - -
pg 33 34 36 kPa 4
cv (60 kPa) 9,1E-07 9,6E-07 1,0E-06 m2/s 4
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The first section comprises information regarding the location choice. After this, information about the
processing of the SkyGeo measurements and determining the soil profiles is given. Then all input data
for the project locations is provided.

D.1. Location choice
The location choice for this project is governed by the availability of data. Information that needs to be
available for the analysis is:

• Complete timeseries of SkyGeo measurements (1995 to 2017)

• Geotechnical lab results to determine settlement model parameters

• Indication of soil profile before the construction of the N3 (CPT profile or boorprofile) and the
present soil profile

Another restraint is that there is no previous existing embankment at the project locations, for example
an old road or harbor area before the construction of the N3. The N3 trajectory can be divided in four
different sections, based on the year of construction. Figure D.1 shows for all four section the availability
of data and the zones that should be avoided because of a previous loading scenario.

Sections two and four are not used for project locations as there was an indication of previous em-
bankments being present in these sections. Moreover the availability of site investigation data from
before the construction of the road is limited. Section one was not chosen as less samples from above
the river were analysed in the laboratory compared to section three. It is assumed that soil layers from
above and below the river are not comparable.

Section three runs from hectometer poles 3.4 to 6.2. Figure D.1 shows that at the end of this section
no soil data from before the construction of the embankment is available. Therefore all project loca-
tions were chosen between poles 3.4 and 5.5. Based on availability of the skygeo measurement sets the
following three locations were then selected: pole 3.5, pole 4.2 and pole 5.3.
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Figure D.1: Four sections of N3 trajectory with available data
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D.2. SkyGeo measurements
Subsidence of the N3 is analysed from InSAR data between 1995 and 2017. There are no continuous
measurements available. Over time there have been three different measurement periods, of which the
second and the third overlap in time. The range of time for each data series is shown in table D.1.

Table D.1: Time characteristics of the three different data series from SkyGeo

Data series Time start Time end Number of measurement points
series 1 4-4-1995 3-1-2001 62
series 2 2-7-2003 8-9-2010 69
series 3 20-6-2010 25-7-2017 99

The three data series do not come from exactly the same location, but three points are selected which
lie close to each other. An example of the selection of three data points is shown in figure D.2, where the
SkyGeo observation points used for the evaluation at location 1.1 are indicated.

Figure D.2: SkyGeo points available and the three points used to extract data sets indicated for traject 1.1 of the N3

These three data sets are available for all project locations. A similar procedure is followed at each
location to come to one data set, where all three are merged together. The procedure is:

• The individual data sets are plotted and a logarithmic trendline is applied.

• The individual sets are manipulated in such a way that their individual logarithmic trendlines all
start at zero (zero subsidence).

• The sets are merged together:

– The starting point of the second data set can be found using the updated logarithmic trend-
line of the first data set by calculating the starting point of the second trendline with that
logarithmic equation.

– The second and third data sets can be connected based on time, as they have some overlap-
ping measurements.

– The absolute settlement (in term of subsidence since the start of the construction of the
road) at the moment of the last measurement the third data set is determined based on
comparison of a recent CPT profile and an old boorprofile or CPT profile. This clearly shows
the brought-up anthropogenic soil (sand) and a difference of the level where the soft soil
layers start.
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D.3. Water level data
The water levels over time have been requested from different water boards along the N3. All project
areas fall in the same water level area, and thus only the data available for this area is indicated in table
D.2. It can be seen that based on the information available, it seems there has not been a lowering of
the groundwater level during the time period evaluated by SkyGeo measurements, but no information
is available from before 1999.

Table D.2: Information about the water levels over time, based on information from water boards

Water level area Years
Vigerend peil
[m NAP]

Source

D27.006 (Stadspolders) 2016 -2,00
Waterschap Hollandse Delta -
Gebiedsanalyse Dordrecht Stedelijk (2016)

D27.006 (Stadspolders) 1999 -2,00

Waterschap De Groote Waard -
Toelichting op het peilbesluit
voor het bemalingsgebied STADSPOLDERS
(1999)

Geonius reported results from shallow and deeper hydraulic head monitoring wells over time at dif-
ferent locations along the road. The water levels indicated by the deeper monitoring wells were used
as hydraulic head for the Pleistocene sandlayers, see table D.3. The water levels indicated by the shal-
low groundwater level monitoring wells were not used, because it is assumed the water levels from the
water board provide a better general estimation.

Table D.3: Phreatic lines used in the calculations for different project locations

Project location
Phreatic groundwater level
[m NAP]

Hydraulic head sandlayer(a)

[m NAP]
3.5 -2.0 -0.40
4.2 -2.0 -0.75
5.3 -2.0 -1.25

(a) Source: Harlaar and Lange (2018) - Appendix 05.02 grondwaterstanden diepe peilbuizen
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D.4. Geological profile Deltares
One of the sources of information available for this project is a geological profile constructed by Deltares.
This profile is shown in figure D.4, where the hectometer pole numbering indicates the location along
the road. Figure D.3 is the legend of the profile.

Figure D.3: Legend for figure D.4
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D.5. Location 3.5
D.5.1. Soil profiles (before and after construction)
Multiple information sources were used to evaluate the soil profile before and after construction of the
road. Figure D.1 indicates multiple boorprofiles executed before the construction of the road being near
to this project location. The one closest to location 3.5 was used to evaluate the initial soil profile. The
geological profile from Deltares was used to crosscheck this soil profile. A CPT profile from 2018 was
used for the evaluation of the change over time. The locations of the profiles used are shown in figure
D.5. The profiles themselves are shown in figures D.6 and D.7.

Figure D.5: Overview of locations of soil profiles used for location 3.5

The CPT profile shows the layer of sand that was added as part of the construction of the road. It can
be seen that the top of the initial soil profile has been submerged below the water level. Originally the
surface level was at -0.81 m NAP (see figure D.6) while the top of this clay layer lies at a deeper level in
2018.

The soil profile as indicated in figure D.8 has been used for as input for the model used in the eval-
uation. This soil profile is based on the boorprofile, but has a different depth of the sandlayer, based on
evaluation of the CPT profile as well.
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Figure D.7: CPT profile N3-3.500-S01
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Figure D.8: Initial soil profile used for evaluation location 3.5
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D.5.2. Loading situation
Based on the CPT profile and the initial soil profile the loading scenario for location 3.5 was found. It
is assumed that there have been four different loading components at this location, forming the con-
struction of the road. These are:

• Additional clay layer - Based on a comparison of the thicknesses of the upper clay layer in the ini-
tial profile (2m) and the thickness of this layer in the CPT profile from 2018 (2.55m) it is assumed
that a clay layer has been put on top of the soil before constructing the road. Furthermore it is
assumed that this clay layer is already well compacted and it does not compact any further during
the measured time period. This means that the thickness of this additional clay layer is assumed
to be 0.55m, to compensate for the difference in thicknesses mentioned before.

• Sand layer - A sand layer was used for the construction of the N3. The thickness of this layer was
calculated based on the top sand layer shown in the CPT profile and the assumption that the layer
itself has not lost volume due to compaction. The thickness is estimated to be 7.85m based on
figure D.7.

• Slag construction element - Slag was used as part of the foundation for the road. The thickness and
unit weight of the slag construction layer is based on an excel sheet from Arcadis with detailed
information on road construction elements. The thickness of slag at location 3.5 is 0.465 m and
its unit weight is 23 kN /m3.

• Asphalt construction element - Information about the asphalt layer is based on the same excel
sheet with detailed information on road construction elements. The thickness of the asphalt layer
at location 3.5 is 0.238 m and its unit weight is 18 kN /m3.

D.5.3. Skygeo measurements
Three separate SkyGeo data sets are available for location 3.5. There might be a small deviation in the
exact locations of measured points in the three sets, as explained in D.2. The three individual sets of
measurement points are shown in figure D.9. The merged data set is shown in figure D.10.

Figure D.9: Individual data sets of SkyGeo subsidence measurement points in time at location 3.5
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Figure D.10: Merged data set of SkyGeo subsidence measurement points in time at location 3.5
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D.6. Location 4.2
D.6.1. Soil profiles (old and new)
The boring closest to location 4.2 together with the historical geological length profile from Deltares
were used to evaluate the initial soil profile. A CPT profile from 2018 was used for the evaluation of the
change over time. The locations of the profiles used are shown in figure D.11. The profiles themselves
are shown in figures D.12 and D.13.

Figure D.11: Overview of locations of soil profiles used for location 4.2

The CPT profile shows the layer of sand that was added as part of the construction of the road. It can
be seen that the top of the initial soil profile has been submerged below the water level. Originally the
surface level was at -0,71 m NAP (see figure D.12) while the top of this clay layer lies at -3,6 m NAP in
2018 (see figure D.13).

The soil profile as indicated in figure D.14 has been used for as input for the model used in the eval-
uation. The sequence of soil layers in this profile is based on the geological depth profile from Deltares
and the CPT profile. The depths are based on both the boorprofile and the profile from Deltares.
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Figure D.13: CPT profile N3-4.250-S02
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Figure D.14: Initial soil profile used for evaluation location 4.2
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D.6.2. Embankment
Based on the CPT profile and the initial soil profile the total thickness of the embankment for location
4.2 was found. It is assumed that there have been three different loading components at this location,
forming the construction of the road. These are:

• Sand layer - A sand layer was used for the construction of the N3. The thickness of this layer
was calculated based on the top sand layer shown in the CPT profile and the assumption that the
layer itself has not lost volume due to compaction. The thickness is estimated to be 6,8 m based
on figure D.13.

• Slag construction element - Slag was used as part of the foundation for the road. The thickness and
unit weight of the slag construction layer is based on an excel sheet with detailed information on
road construction elements. The thickness of slag at location 4.2 is 0,433 m and its unit weight is
23 kN/m3.

• Asphalt construction element - Information about the asphalt layer is based on the same excel
sheet. The thickness of the asphalt layer at location 4.2 is 0,244 m and its unit weight is 18 kN/m3.

D.6.3. Skygeo measurements
Three separate SkyGeo data sets are available for location 4.2. There might be a small deviation in the
exact locations of the measurements in the three sets, as explained in D.2. The three individual sets are
shown in figure D.15. The merged data set is shown in figure D.16.

Figure D.15: Individual data sets of SkyGeo subsidence measurement points in time at location 4.2
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Figure D.16: Merged data set of SkyGeo subsidence measurement points in time at location 4.2
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D.7. Location 5.3
D.7.1. Soil profiles (old and new)
The boring closest to location 5.3 together with the historical geological length profile from Deltares
were used to evaluate the initial soil profile. A CPT profile from 2018 was used for the evaluation of the
change over time. The locations of the profiles used is shown in figure D.17. The profiles themselves are
shown in figures D.18 and D.19.

Figure D.17: Overview of locations of soil profiles used for location 5.3

The CPT profile shows the layer of sand that was added as part of the construction of the embankment.
It can be seen that the top of the ’old’ soil layers has been submerged below the water level. Originally
the surface level was at -0,86 m NAP (see figure D.18) while the top of this clay layer lies at -2,9 m NAP
in 2018 (see figure D.19).

The soil profile as indicated in figure D.18 has been used for as input for the initial soil profile. The
sand layer above the peat layer is not present in the geological profile of Deltares. Therefore this was
not included in the initial soil profile. The initial soil profile is shown in figure D.20.

D.7.2. Loading situation
Based on the CPT profile and the initial soil profile the loading scenario for location 5.3 was found.
It is assumed that there have been three different loading components at this location, forming the
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Figure D.19: CPT profile N3-5.300-S01
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Figure D.20: Initial soil profile used for evaluation location 5.3
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construction of the road. These are:

• Sand layer - A sand layer was used for the construction of the N3. The thickness of this layer
was calculated based on the top sand layer shown in the CPT profile and the assumption that the
layer itself has not lost volume due to compaction. The thickness is estimated to be 4,6 m based
on figure D.19.

• Slag construction element - Slag was used as part of the foundation for the road. The thickness and
unit weight of the slag construction layer is based on an excel sheet with detailed information on
road construction elements. The average thickness of slag at location 5.3 is 0,397 m and its unit
weight is 23 kN/m3.

• Asphalt construction element - Information about the asphalt layer is based on the same excel
sheet. The thickness of the asphalt layer at location 5.3 is 0,237 m and its unit weight is 18 kN/m3.

D.7.3. Skygeo measurements
Three separate SkyGeo data sets are available for location 5.3. There might be a small deviation in the
exact locations of measured points in the three sets, as explained in D.2. The three individual sets are
shown in figure D.21. The merged data set is shown in figure D.22.

Figure D.21: Individual data sets of SkyGeo subsidence measurement points in time at location 5.3
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Figure D.22: Merged data set of SkyGeo subsidence measurement points in time at location 5.3
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D.8. Soil layers and parameters
In 2018 soil samples were taken for laboratory testing. The locations of the samples are indicated with
a green dot in figure D.1. It is assumed that these samples are representative for the initial situation
of the soil layers, as the samples are taken next to the road. Test results from laboratory tests on these
samples are used to estimate input parameters for the settlement and consolidation models. Different
steps were taken to come to the values used.

Not all test results were used in this analysis. The samples from above the river (poles 0.4 to 2.9)
and on the other outer end of the trajectory were excluded (poles 8.3 - 9.7). This lead to a data set of 9
locations and 19 samples in total.

Three sources were used to analyse the characterisation of the soil layers. In the laboratory report
description of the soil of the samples were given. The depth and location were given as well, and thus
the soil layer from which the sample was taken could be estimated based on the geological profile. For
all samples density was plotted versus water content, see figure D.23. This shows a clear distinction
between the two distinguished soil types (clay and peat).

Figure D.23: Water content versus density for soil samples. Legend indicates location (hectometer pole) along the N3 and the
depth were the sample was taken.

Using the geological profile from Deltares and the available site investigation data it is assumed that
the soil profiles at all project locations can be represented using combinations of five different soil lay-
ers. These are a topsoil/clay layer, peat layer (Hollandveen), a deeper clay layer, a deeper peat layer
(Basisveen) and a sandy clay layer which is only present at location 4.2. For these five soil types input
parameters for the models have been calculated based on laboratory results.

D.8.1. Coefficient of consolidation
The results of the

p
t method analysis of the coefficient of consolidation for all samples are plotted in

figure D.24. The trend lines for the peat layers indicate a decreasing value of cv with a higher stress
level, as expected. For the clay layers there is a large variation in the measured values. For these layers
no decreasing trend of cv with increasing stress level was found. Only one measurement was available
for the cv of the topsoil layer, so no trend line could be plotted.

The consolidation coefficients used were calculated with the following methodology:

• Topsoil clay layer: Only one measurement was available, this value is used.

• Peat layers: The initial consolidation coefficient is calculated using the trend lines from figure
D.24 and an estimate of the initial stress in the soil layer at the project locations.
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Figure D.24: Coefficient of consolidation lab results (
p

t method) for the five different soil types.

• Clay layers: No clear trend of cv and load is visible from figure D.24. Therefore the average value
of all measured consolidation coefficients of the specified layer is used.

Table D.4 shows the consolidation coefficient values used for the different layers at the project locations.

Table D.4: consolidation coefficients for soil layers at project locations

Location 3.5 cv [m2/s] Location 4.2 cv [m2/s] Location 5.3 cv [m2/s]
Topsoil / clay 1,95E-07 Topsoil / clay 1,95E-07 Topsoil/clay 1,95E-07
Peat (Hollandveen) 8,80E-08 Peat (Hollandveen) 8,77E-08 Peat (Hollandveen) 8,76E-08
Deep clay 1,55E-08 Sandy clay 6,76E-08 Deep clay 1,55E-08

Deep clay 1,55E-08 Peat (Basisveen) 3,65E-08
Peat (Basisveen) 3,70E-08 Deep clay 1,55E-08
Deep clay 1,55E-08

D.8.2. Settlement model parameters
Model parameters for the different settlement models are indicated for each sample in the laboratory
report. In this study average values of multiple samples are used. Tables D.5, D.6 and D.7 show values of
settlement model parameters for all soil layers. For parameters c, CR, Cα, C’p and C’s the values for the
fifth loading step of the laboratory tests were used. It was calculated that this load step best represented
the loading situation at the project locations.

Table D.5: abc isotache model parameters based on laboratory test results

Soil layer a b c
Topsoil / clay 0,00965 (4) 0,03503 (3) 0,00125 (3)
Peat (Hollandveen) 0,03134 (8) 0,23990 (8) 0,01646 (8)
Deep clay 0,01928 (4) 0,14412 (5) 0,00651 (5)
Peat (Basisveen) 0,07060 (1) 0,21512 (1) 0,01226 (1)
Sandy clay 0,03380 (1) 0,07986 (1) 0,00296 (1)

(..) indicates the number of samples used to calculate the average value
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Table D.6: NEN-Bjerrum model parameters based on laboratory test results

Soil layer RR CR Cα

Topsoil / clay 0,01859 (4) 0,11752 (4) 0,00284 (3)
Peat (Hollandveen) 0,08201 (8) 0,42361 (8) 0,03185 (8)
Deep clay 0,03278 (5) 0,28741 (5) 0,01320 (5)
Peat (Basisveen) 0,07520 (1) 0,32519 (1) 0,02415 (1)
Sandy clay 0,02101 (1) 0,15468 (1) 0,00604 (1)

(..) indicates the number of samples used to calculate the average value

Table D.7: Koppejan model parameters based on laboratory test results

Soil layer Cp Cs C’p C’s
Topsoil / clay 139,03 (4) 1337,85 (4) 31,35 (4) 48,23 (4)
Peat (Hollandveen) 50,79 (8) 114,95 (8) 6,30 (8) 84,83 (8)
Deep clay 55,00 (5) 270,36 (5) 9,26 (5) 140,20 (5)
Peat (Basisveen) 18,30 (1) 74,30 (1) 7,90 (1) 97,10 (1)
Sandy clay 37,60 (1) 350,30 (1) 15,80 (1) 45,80 (1)

(..) indicates the number of samples used to calculate the average value

D.8.3. Pre-overburden pressure
The POP values were calculated for the soil layers based on the preconsolidation pressure from the lab-
oratory tests and the calculated effective stress in the soil profile. Because of the uncertainty of the out-
comes, rounded average values were used. Moreover, the calculation of the POP for the deep peat layer
(basisveen) lead to impossible (negative) values. Therefore the same POP value as for the Hollandveen
peatlayer was used in calculations. All POP values are shown in table D.8.

Table D.8: POP values used for soil layers

Soil layer POP [kPa]
Topsoil / clay 8 (12)
Peat (Hollandveen) 8 (24)
Deep clay layer 13 (5)
Peat (Basisveen) 8 (3)
Sandy clay 5 (3)

(..) indicates the number of samples
used to calculate the average value
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D.9. Percentage primary - secondary calculation
Three calculations are excecuted for different soil types based on Koppejan model parameters from
NEN table 2b from NEN-EN1997-1 (2019). The soil types together with the parameters are shown in
table D.9.

Table D.9: Three soil layers with Koppejan parameters from table 2b NEN-EN1997-1 (2019)

Soil layer C’p C’s
peat - not preloaded - weak 7,5 30
clay - weak sandy - moderate 20 240
clay - clean - moderate 15 160

The ratio of the primary and secondary contribution is determined by these parameters. Primary settle-
ment is determined by the parameter 1/C’p and secondary settlement is determined by the parameter
log(10000)/C’s = 4/C’s. This can be calculated for all layers to find the range of the percentages that can
be expected, see table D.10.

Table D.10: Calculated values ratio primary-secondary settlement

1/C’p 4/C’s
Estimation ratio primary-secondary
to be expected

peat - not preloaded - weak 2/15 4/30 50 - 50
clay - weak sandy - moderate 1/20 4/240 75 - 25
clay - clean - moderate 1/15 4/160 72 - 27
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E.1. Location choice
In total four locations have been evaluated in this study, 3 project locations of the dike and 1 grass plot
of the hinterland. The locations were selected based on availability of information. Different sources of
information are considered: archaeological data, crest height measurements and information regarding
soil profiles.

Availability of archaeological data determined the project locations to a large extent. A first location
selection was based on the availability of old maps of the dike sections. The numbering of the dike
segments was different in the past from the current system. Therefore, an archaeological map with the
old numbering system was essential to select a project location and to be able to compare it with the
current state of the dike. An example of such an old map is shown in figure E.1. Locations 1 and 2 were
then chosen because a letter from 5 January 1918 provided useful information on the state of the dike at
these locations. Also soil profiles which are expected to be from around this period of time were found
for these two locations. Location 3 was chosen because of the availability of a soil profile from 1916.

Figure E.1: Old map with dike section numbering from Hoorn to Lutjeschardam

175
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E.2. Crest height measurements
Crest height measurements are available for all sections of the dike between Hoorn and Katwoude. For
some sections the earliest mentioned measurement dates from 1916. The latest measurement comes
from 2011. For all project locations the crest height measurements over time are plotted below, see
figure E.2. Different sources of information have been used, also indicated in the graphs.

(a) Locations 1 and 2: dike 20 dp 14-29

(b) Location 3: dike 23 dp 42-66

Figure E.2: Crest height over time

It is assumed that the measurements were taken by levelling and that the error of the measurements
is approximately 4 mm (average of the general range of 3 to 5 mm mentioned by Vermilion Energy
(2020)). The error bars of these measurement points cannot be seen on the scale of the figure. Another
measurement point is based on the crest soil profile provided, an error range of 0,125 m is considered
here, as this value is calculated based on measurements on paper where a 0,5 mm error in the reading
means a difference of 0,125 m in reality.
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E.3. Project location 4: subsidence measurements and water level data
A plot of grassland was used as project location to also evaluate land subsidence of the hinterland of the
dike. AHN measurements are the only surface elevation measurements available for these locations.
The average surface level indicated by boorprofiles in and around the project location is used as start
point. For both datasets the mean value of the digital terrain model (DTM) at the project area was
calculated in QGIS.

Table E.1: Height measurements based on boorprofiles, AHN2 and AHN3 data series

Project Location Data series
Average measurement points
[m NAP]

Uncertainty [m]

4 1994 -1,995 ± 0,155
AHN2 (2011) -2,025 ± 0,15
AHN3 (2016) -2,045 ± 0,15

The uncertainty of AHN measurements has been evaluated in the Krimpenerwaard appendix section
B.2. The uncertainty indicated for the surface level in 1994 is based on the variation encountered for
the boorprofile surface levels in/around the project area.

Information regarding the maintained groundwater level over time is provided by the waterboard
of the area (HHNK). The sources used to come to this estimation of the groundwater level over time are
shown in table E.2. The change of this level over time is shown in figure E.3. Unfortunately the year of
the boorprofiles limit the time that can be evaluated with the model, this time period is indicated with
the two black lines.

Table E.2: Sources used by HHNK contact person to come to an overview of maintained water levels over time

Name
G. De Vries Az., De zeeweringen en waterschappen van Noord-holland (Haarlem 1864)
G. De Vries Az., De zeeweringen en waterschappen van Noord-holland,
tweede druk bew. door J.W.M. Schorer (Haarlem 1894)
G. De Vries Az., De zeeweringen en waterschappen van Noord-holland,
derde druk bew. door D. Kooiman (Alphen aan den Rijn 1936)
Jaarboekje voor de provincie Noord-Holland voor de andere jaren dan 1864, 1894 en 1936.
HHNK, Besluit CHI, Peilbesluit Zeevang (2014)

Figure E.3: Maintained water level over time, based on HHNK reports
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E.4. Soil profile
Project location 1
Crest height measurements at this location start at 1916, but another source of information also pro-
vided knowledge on the new constructed crest height in 1890. Therefore this height is used as the initial
crest height, the starting point for the calculations. To calculate subsidence from different components,
an estimation of the initial soil profile is constructed. This is done based on several sources of informa-
tion:

• Soil profile of the crest of the dike in 1918, based on boorprofiles, shown in figure E.4.

• Soil profile of the crest of the dike in 2010, based on CPT and boorprofiles, shown in figure E.5.

• Geological profile description of the subsurface by Deltares (Vos and de Vries, 2016)

Figure E.4: Boorprofiles 1918 project location 1

An overview of the assumed soil profile over time is shown in figure E.6. Information regarding soil
layers shown with black lines is based on site investigation or documents directly. When additional
assumptions or calculations are used to come to the constructed profile, these layers are shown with
green lines. In the figure the terminology as in the geotechnical profile provided by the Alliantie Mark-
ermeerdijken is used. The assumptions used are listed below:

• The upper limit of the Pleistocene sand layer as indicated in the soil profile from 2010 has not
changed over time. In other words, it is expected that the level of this sand layer is the same in
1890, 1918 and 2010. The level is assumed to be around -16,75 m NAP, based on the geotechnical
profile provided by Alliantie Markermeerdijken.

• The Calais sand layers have not changed in thickness over time. The clay layers below the sand
calais layers have changed in thickness, but this is negligible over the time period considered.

• The ‘clay with peat’ layer indicated in the boorprofile from 1918 is interpreted as part of the Hol-
landveen layer.

• The boorprofile of the crest of the dike in 1918 reached only to -1,70 m NAP. Therefore the border
between the Calais clay layer and the Hollandveen layer has to be estimated. The estimated depth
is -4,78 m NAP. This is based on three things:

– An average depth of the top of the Calais clay layers in the boorprofiles next to the crest (in
front and behind the crest). This would indicate a depth of -4,52 m NAP.
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Figure E.5: Soil profile project location 1 based on site investigation 2010

Figure E.6: Estimation soil profile over time location 1: dike 20, pole 29 (not to scale)
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– Mentioned depth of the top of the Wormer clay layers indicated in a letter from 5 January
1918. This would indicate a depth between -3,82 and -5,32 m NAP.

– Logical thinking, following after the previous mentioned assumptions. Since the subsidence
processes between 1918 and 2010 are assumed to be mostly creep and degradation of or-
ganic material, it makes sense that most the peat layer has caused most of the subsidence.
This is because peat has a higher value of Cα and includes organic material. Therefore, a
depth of -4,52 m NAP seems to be too high (as then most subsidence between 1918 and
2010 would originate from the layers below the peat layer).

• It is assumed that the upper soil layer indicated in the boorprofile from 1918 is the layer that was
constructed in 1890. The soil type indicated in the boorprofile is ’teelklei’, which is interpreted as
an organic clay layer.

• Subsidence between 1890 and 1918 originates from a subsidence component of the already ex-
isting structure and a subsidence component of the newly applied soil layer in 1890. A ratio be-
tween these two components has been assumed. This is that 50% of the subsidence is related to
processes regarding the constructed soil layer itself (shrinkage, compression by its own weight)
and 50% is related to subsidence from the already existing structure (compression by loading,
aerobic/anaerobic degradation of SOM).

– Through this ratio, the initial thickness of the applied soil layer can be calculated.

– The other subsidence is divided between the different soil layers:

¦ It is assumed that 75% of the settlement originates from the peat layer

¦ It is assumed that 25% of the settlement originates from the other soil layers

• All calculations/levels originating from the boorprofiles or other information from 1918 are cor-
rected with 0,02 cm to account for the correction of the NAP level in 2005.

Project location 2
The same sources of information are available for project location 2 as for project location 1. To calcu-
late subsidence from different components, an estimation of the initial soil profile is constructed. This
is done based on several sources of information:

• Soil profile of the crest of the dike in 1918, based on a boorprofile of the crest, shown in figure E.4.

• Soil profile of the crest of the dike in 2010, based on CPT and boorprofiles, shown in figure E.5.

• Geological profile description of the subsurface by Deltares

Figure E.7: Boorprofiles 1918 project location 2
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Figure E.8: Soil profile project location 2 based on site investigation 2010

Figure E.9: Estimation soil profile over time location 2: dike 20, pole 14 (not to scale)
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An overview of the assumed soil profile over time is shown in figure E.9. This figure uses the same mean-
ing of black and green lines as for project location 1, where black lines indicate information is based on
site investigation or documents directly and green lines mean additional assumptions or calculations
are used to come to the constructed profile. The assumptions used are listed below:

• The upper limit of the Pleistocene sand layer as indicated in the soil profile from 2010 has not
changed over time. In other words, it is expected that the level of this sand layer is the same in
1890, 1918 and 2010. The level is assumed to be around -17,50 m NAP, based on the geotechnical
profile provided by Alliantie Markermeerdijken.

• The Calais sand layer has not changed in thickness over time. The clay layer below the sand layer
has changed in thickness, but this is negligible over the time period considered.

• The ‘black clay’ and ‘dark clay with shells’ layers indicated in the boorprofile from 1918 are inter-
preted as part of the Hollandveen peat layer. This is done because otherwise the top of the peat
layer in the boorprofile from 1918 lies below the top of the peat layer indicated in the soil profile
from 2010, which is unrealistic.

• The boorprofile of the crest of the dike in 1918 reached only to -1,90 m NAP. Therefore the border
between the Calais clay layer and the Hollandveen layer has to be estimated. The estimated depth
is -4,98 m NAP. This is based on three things:

– An average depth of the top of the Calais clay layers in the boorprofiles next to the crest (in
front and behind the crest). This would indicate a depth of -4,50 m NAP.

– Mentioned depth of the top of the Wormer clay layers indicated in a letter from 5 January
1918. This would indicate a depth between -3,82 and -5,32 m NAP.

– Logical thinking, following after the previous mentioned assumptions. Since the subsidence
processes between 1918 and 2010 are assumed to be mostly creep and degradation of or-
ganic material, it makes sense that most the peat layer has caused most of the subsidence.
This is because peat has a higher value of Cα and includes organic material. Therefore, a
depth of -4,50 m NAP seems to be too high (as then most subsidence between 1918 and
2010 would originate from the layers below the peat layer).

• It is assumed that the upper soil layer indicated in the boorprofile from 1918 is the layer that was
constructed in 1890. The soil type indicated in the boorprofile is ’teelaarde met zand’, which is
interpreted as an organic soil layer.

• Subsidence between 1890 and 1918 originates from a subsidence component of the already ex-
isting structure and a subsidence component of the newly applied soil layer in 1890. A ratio be-
tween these two components has been assumed. This is that 50% of the subsidence is related to
processes regarding the constructed soil layer itself (shrinkage, compression by its own weight)
and 50% is related to subsidence from the already existing structure (compression by loading,
aerobic/anaerobic degradation of SOM).

– Through this ratio, the initial thickness of the applied soil layer can be calculated.

– The other subsidence is divided between the different soil layers:

¦ It is assumed that 75% of the settlement originates from the peat layer

¦ It is assumed that 25% of the settlement originates from the other soil layers

• All calculations/levels originating from the boorprofiles or other information from 1918 are cor-
rected with 0,02 cm to account for the correction of the NAP level in 2005.
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Project location 3
To calculate subsidence from different components, an estimation of the initial soil profile is con-
structed. This is done based on several sources of information:

• Soil profile of the crest of the dike in 1916, based on a boorprofile of the crest, shown in figure
E.10.

• Soil profile of the crest of the dike in 2010, based on CPT and boorprofiles, shown in figure E.11.

• Geological profile description of the subsurface by Deltares

Figure E.10: Boorprofiles 1916 project location 3

An overview of the assumed soil profile over time is shown in figure E.12. Again with black lines indi-
cate information based on site investigation or documents directly and green lines indicate the use of
additional assumptions or calculations. The assumptions used are listed below:

• The upper limit of the Pleistocene sand layer as indicated in the soil profile from 2010 has not
changed over time. In other words, it is expected that the level of this sand layer is the same in
1916 and 2010. The level is assumed to be around -17,00 m NAP, based on the geotechnical profile
provided by Alliantie Markermeerdijken.

• The Calais sand layer has not changed in thickness over time. The clay and peat layers below the
sand layer have changed in thickness, but this is negligible over the time period considered.

• The bottom of the Hollandveen peat layer shown in the boorprofile from 1916 is assumed to be
unrealistic. The bottom of the layer is indicated at a deeper level in 1916 than the bottom of the
peat layer in the profile from 2010. Therefore, another level of the boundary is assumed.

• Time, soil type and thickness of the last constructed soil layer to increase the height of the dike
has to be assumed, no characteristics are available:
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Figure E.11: Soil profile project location 3 based on site investigation 2010

Figure E.12: Estimation soil profile over time location 3: dike 23, pole 60 (not to scale)
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– It is assumed that a similar material as for the other two locations is used for the construc-
tion of the ’new’ soil layer. This is an organic soil type. This soil layer is included in the
anthropogenic clay layer indicated in the soil profile from 2010.

– It is assumed that the layer is constructed in 1917, one year after the boorprofiles. It is as-
sumed that the boorprofiles were made as part of the site investigation before the construc-
tion.

– It is estimated that the initial thickness of the new soil layer was approximately 1,70 meter,
based on trial and error with the model.

• All calculations/levels originating from the boorprofiles or other information from 1918 are cor-
rected with 0,02 cm to account for the correction of the NAP level in 2005.

Project location 4
Four boorprofiles located in and around the project area are used to construct an initial soil profile for
this location. These come from the year 1994, which is used as starting point for the model calculation
in this area. The boorprofiles only reached to a depth of approximately -3,4 m NAP and thus could only
be used for the top of the soil profile. The other source used is the soil profile of the hinterland of the
dike from Alliantie Markermeerdijken at pole 60. From this profile the depth of the sand layers and clay
layers is used, as is it assumed that the influence of the water level lowerings over time on these layers
is negligible. The soil profile used as input for the model is shown in figure E.13.

Figure E.13: Estimated initial soil profile representative for project location 4
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E.5. Model parameters
In the tables below model parameters used as input are for the normal parameter scenarios are shown.
These are the parameters related to the soil profile. Sources of these parameters are listed below the
tables.

E.5.1. Project location 1

Table E.3: Soil parameters oxidation and shrinkage submodels, project location 1

Depth
top layer
[m NAP]

Soil Type
Vox

[year−1]
Vsh

[year−1]
λ(b)

r
[-]

Koppejan
estimate

NEN-Bjerrum
estimate

3,58 Clay, anthropogenic 0 0,17(b) 0,27(b) 0,66
2,48 Clay, anthropogenic 0 0 0 0,66
1,11 Peat, Hollandveen 0,015(a) 0 0 0,09
-4,76 Clay, Calais 0 0 0 0,66
-9,10 Sand, Calais 0 0 0 1
-11,50 Clay, Calais 0 0 0 0,66
-12,75 Sand, Calais 0 0 0 1
-15,50 Clay, Laag van Velzen 0 0 0 0,66

(a) Value commonly stated in literature, based on study (Van der Meulen et al., 2007)
(b) Value based on results Fokker et al. (2019)

Table E.4: Soil parameters NEN-Bjerrum submodel, project location 1

Depth
top layer
[m NAP]

Soil Type
RR(a)

[-]
CR(a)

[-]
Cα

(a)

[-]
γsat

(a)

[kN/m3]
γunsat

[kN/m3]
cv(a)

[m2/s]
POP(a)

[kPa]

3,58 Clay, anthropogenic 0,0330 0,2210 0,011 14,3 13,3 1,70E-07 28,9
2,48 Clay, anthropogenic 0,0330 0,2210 0,011 14,3 13,3 1,70E-07 28,9
1,11 Peat, Hollandveen 0,0660 0,4170 0,024 10,4 5(b) 1,30E-07 16,1
-4,76 Clay, Calais 0,0330 0,2210 0,011 14,3 13,3 1,00E-07 21,1
-9,10 Sand, Calais 0,0010 0,0040 0 20 18 0,04 10
-11,50 Clay, Calais 0,0330 0,2210 0,011 14,3 13,3 1,00E-07 21,1
-12,75 Sand, Calais 0,0010 0,0040 0 20 18 0,04 10
-15,50 Clay, Laag van Velzen 0,0330 0,2210 0,011 14,3 13,3 1,00E-07 21,1

(a) Values based on average parameters North, report Alliantie Markermeerdijken: AMMD-003443 - Ontwerpbasis Zetting
DO
(b) Estimation based on Hsi et al. (2005) and laboratory study N3 samples
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Table E.5: Soil parameters Koppejan submodel, project location 1

Depth
top layer
[m NAP]

Soil Type
Cp’(b)

[-]
Cs’(c)

[-]
Cp(b)

[-]
Cs(c)

[-]
γsat

(a)

[kN/m3]
γunsat

[kN/m3]
cv(a)

[m2/s]
POP(a)

[kPa]

3,58 Clay, anthropogenic 10,42 100 69,78 800 14,3 13,3 1,70E-07 28,90
2,48 Clay, anthropogenic 10,42 100 69,78 800 14,3 13,3 1,70E-07 28,90
1,11 Peat, Hollandveen 5,52 30 34,89 280 10,4 5(d) 1,30E-07 16,1
-4,76 Clay, Calais 10,42 200 69,78 1600 14,3 13,3 1,00E-07 21,1
-9,10 Sand, Calais 575,65 1E09 2302,59 1E09 20 18 0,04 10
-11,50 Clay, Calais 10,42 200 69,78 1600 14,3 13,3 1,00E-07 21,1
-12,75 Sand, Calais 575,65 1E09 2302,59 1E09 20 18 0,04 10
-15,50 Clay, Laag van Velzen 10,42 200 69,78 1600 14,3 13,3 1,00E-07 21,1

(a) Values based on average parameters North, report Alliantie Markermeerdijken: AMMD-003443 - Ontwerpbasis Zetting DO
(b) Calculated based on NEN-Bjerrum parameter values:

Cp = ln10

RR
C ′

p = ln10

C R
(E.1)

(c) Based on Excel tool from Arcadis
(d) Estimation based on Hsi et al. (2005) and laboratory study N3 samples

E.5.2. Project location 2

Table E.6: Soil parameters oxidation and shrinkage submodels, project location 2

Depth
top layer
[m NAP]

Soil Type
Vox

[year−1]
Vsh

[year−1]
λ(b)

r
[-]

Koppejan
estimate

NEN-Bjerrum
estimate

3,58 Clay, anthropogenic 0 0,17(b) 0,27(b) 0,66
2,43 Clay, anthropogenic 0 0 0 0,66
1,13 Peat, Hollandveen 0,015(a) 0 0 0,09
-2,30 Clay, Calais 0 0 0 0,66
-3,63 Peat, Hollandveen 0,015(a) 0 0 0,09
-4,96 Clay, Calais 0 0 0 0,66
-9,25 Sand, Calais 0 0 0 1
-15,50 Clay, Laag van Velzen 0 0 0 0,66

(a) Value commonly stated in literature, based on study (Van der Meulen et al., 2007)
(b) Value based on results Fokker et al. (2019)
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Table E.7: Soil parameters NEN-Bjerrum submodel, project location 2

Depth
top layer
[m NAP]

Soil Type
RR(a)

[-]
CR(a)

[-]
Cα

(a)

[-]
γsat

(a)

[kN/m3]
γunsat

[kN/m3]
cv(a)

[m2/s]
POP(a)

[kPa]

3,58 Clay, anthropogenic 0,0330 0,2210 0,011 14,3 13,3 1,70E-07 28,9
2,43 Clay, anthropogenic 0,0330 0,2210 0,011 14,3 13,3 1,70E-07 28,9
1,13 Peat, Hollandveen 0,0660 0,4170 0,024 10,4 5(b) 1,30E-07 16,1
-2,30 Clay, Calais 0,0330 0,2210 0,011 14,3 13,3 1,00E-07 21,1
-3,63 Peat, Hollandveen 0,0660 0,4170 0,024 10,4 5(b) 1,30E-07 16,1
-4,96 Clay, Calais 0,0330 0,2210 0,011 14,3 13,3 1,00E-07 21,1
-9,25 Sand, Calais 0,0010 0,0040 0 20 18 0,04 10
-15,50 Clay, Laag van Velzen 0,0330 0,2210 0,011 14,3 13,3 1,00E-07 21,1

(a) Values based on average parameters North, report Alliantie Markermeerdijken: AMMD-003443 - Ontwerpbasis Zetting
DO
(b) Estimation based on Hsi et al. (2005) and laboratory study N3 samples

Table E.8: Soil parameters Koppejan submodel, project location 2

Depth
top layer
[m NAP]

Soil Type
Cp’(b)

[-]
Cs’(c)

[-]
Cp(b)

[-]
Cs(c)

[-]
γsat

(a)

[kN/m3]
γunsat

[kN/m3]
cv(a)

[m2/s]
POP(a)

[kPa]

3,58 Clay, anthropogenic 10,42 100 69,78 800 14,3 13,3 1,70E-07 28,90
2,43 Clay, anthropogenic 10,42 100 69,78 800 14,3 13,3 1,70E-07 28,90
1,13 Peat, Hollandveen 5,52 30 34,89 280 10,4 5(d) 1,30E-07 16,1
-2,30 Clay, Calais 10,42 200 69,78 1600 14,3 13,3 1,00E-07 21,1
-3,63 Peat, Hollandveen 5,52 30 34,89 280 10,4 5(d) 1,30E-07 16,1
-4,96 Clay, Calais 10,42 200 69,78 1600 14,3 13,3 1,00E-07 21,1
-9,25 Sand, Calais 575,65 1E09 2302,59 1E09 20 18 0,04 10
-15,50 Clay, Laag van Velzen 10,42 200 69,78 1600 14,3 13,3 1,00E-07 21,1

(a) Values based on average parameters North, report Alliantie Markermeerdijken: AMMD-003443 - Ontwerpbasis Zetting DO
(b) Calculated based on NEN-Bjerrum parameter values
(c) Based on Excel tool from Arcadis
(d) Estimation based on Hsi et al. (2005) and laboratory study N3 samples

E.5.3. Project location 3
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Table E.9: Soil parameters oxidation and shrinkage submodels, project location 3

Depth
top layer
[m NAP]

Soil Type
Vox

[year−1]
Vsh

[year−1]
λ(b)

r
[-]

Koppejan
estimate

NEN-Bjerrum
estimate

4,98 Clay, anthropogenic 0 0,17(b) 0,27(b) 0,66
3,28 Clay, anthropogenic 0 0 0 0,66
0,78 Peat, Hollandveen 0,015(a) 0 0 0,09
-6,03 Clay, Calais 0 0 0 0,66
-15,00 Sand, Calais 0 0 0 1
-15,75 Clay, Laag van Velzen 0 0 0 0,66
-16,75 Peat, Basisveen 0,015(a) 0 0 0,09

(a) Value commonly stated in literature, based on study (Van der Meulen et al., 2007)
(b) Value based on results Fokker et al. (2019)

Table E.10: Soil parameters NEN-Bjerrum submodel, project location 3

Depth
top layer
[m NAP]

Soil Type
RR(a)

[-]
CR(a)

[-]
Cα

(a)

[-]
γsat

(a)

[kN/m3]
γunsat

[kN/m3]
cv(a)

[m2/s]
POP(a)

[kPa]

4,98 Clay, anthropogenic 0,0330 0,2210 0,011 14,3 13,3 1,70E-07 28,9
3,28 Clay, anthropogenic 0,0330 0,2210 0,011 14,3 13,3 1,70E-07 28,9
0,78 Peat, Hollandveen 0,0660 0,4170 0,024 10,4 5(b) 1,30E-07 16,1
-6,03 Clay, Calais 0,0330 0,2210 0,011 14,3 13,3 1,00E-07 21,1
-15,00 Sand, Calais 0,0010 0,0040 0 20 18 0,04 10
-15,75 Clay, Laag van Velzen 0,0330 0,2210 0,011 14,3 13,3 1,00E-07 21,1
-16,75 Peat, Basisveen 0,0660 0,4170 0,024 10,4 5(b) 1,30E-07 16,1

(a) Values based on average parameters North, report Alliantie Markermeerdijken: AMMD-003443 - Ontwerpbasis Zetting
DO
(b) Estimation based on Hsi et al. (2005) and laboratory study N3 samples

Table E.11: Soil parameters Koppejan submodel, project location 3

Depth
top layer
[m NAP]

Soil Type
Cp’(b)

[-]
Cs’(c)

[-]
Cp(b)

[-]
Cs(c)

[-]
γsat

(a)

[kN/m3]
γunsat

[kN/m3]
cv(a)

[m2/s]
POP(a)

[kPa]

4,98 Clay, anthropogenic 10,42 100 69,78 800 14,3 13,3 1,70E-07 28,90
3,28 Clay, anthropogenic 10,42 100 69,78 800 14,3 13,3 1,70E-07 28,90
0,78 Peat, Hollandveen 5,52 30 34,89 280 10,4 5(d) 1,30E-07 16,1
-6,03 Clay, Calais 10,42 200 69,78 1600 14,3 13,3 1,00E-07 21,1
-15,00 Sand, Calais 575,65 1E09 2302,59 1E09 20 18 0,04 10
-15,75 Clay, Laag van Velzen 10,42 200 69,78 1600 14,3 13,3 1,00E-07 21,1
-16,75 Peat, Basisveen 5,52 30 34,89 280 10,4 5(d) 1,30E-07 16,1

(a) Values based on average parameters North, report Alliantie Markermeerdijken: AMMD-003443 - Ontwerpbasis Zetting DO
(b) Calculated based on NEN-Bjerrum parameter values
(c) Based on Excel tool from Arcadis
(d) Estimation based on Hsi et al. (2005) and laboratory study N3 samples
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E.5.4. Project location 4

Table E.12: Soil parameters oxidation and shrinkage submodels, project location 4

Depth
top layer
[m NAP]

Soil Type
Vox

[year-1]
Vsh

[year-1]
λ(b)

r
[-]

-2,00 Topsoil 0 0 0,66
-2,25 Peat, Hollandveen 0,015(a) 0 0,09
-4,25 Clay, Calais 0 0 0,66
-12,50 Sand, Calais 0 0 1
-15,50 Clay, Laag van Velzen 0 0 0,66

(a) Value commonly stated in literature, based on study (Van der Meulen
et al., 2007)
(b) Value based on results Fokker et al. (2019)

Table E.13: Soil parameters NEN-Bjerrum submodel, project location 4

Depth
top layer
[m NAP]

Soil Type
RR(a)

[-]
CR(a)

[-]
Cα

(b)

[-]
γsat

(a)

[kN/m3]
γunsat

[kN/m3]
cv(a)

[m2/s]
POP(d)

[kPa]

-2,00 Topsoil 0,0380 0,2470 0,0091 13,5 12,5 9,3E-08 7,5
-2,25 Peat, Hollandveen 0,0790 0,4890 0,006 10,0 5(c) 2,40E-07 7,5
-4,25 Clay, Calais 0,0350 0,2290 0,006 14,3 13,3 2,70E-07 7,5
-12,50 Sand, Calais 0,0010 0,0040 0 20 18 0,04 7,5
-15,50 Clay, Laag van Velzen 0,0350 0,2290 0,006 14,3 13,3 2,70E-07 7,5

(a) Values based on average parameters North, report Alliantie Markermeerdijken: AMMD-003443 - Ontwerpbasis Zetting
DO
(b) Values based on findings Fokker et al. (2019)
(c) Estimation based on Hsi et al. (2005) and laboratory study N3 samples
(d) Same POP values used as for the Krimpenerwaard project locations

Table E.14: Soil parameters Koppejan submodel, project location 4

Depth
top layer
[m NAP]

Soil Type
Cp’(b)

[-]
Cs’(c)

[-]
Cp(b)

[-]
Cs(c)

[-]
γsat

(a)

[kN/m3]
γunsat [kN/m3]

cv(a)

[m2/s]
POP(a)

[kPa]

-2,00 Topsoil 9,32 75 60,59 800 13,5 12,5 9,30E-08 7,5
-2,25 Peat, Hollandveen 4,71 30 29,15 800 10,0 5(d) 2,40E-07 7,5
-4,25 Clay, Calais 10,05 200 65,79 280 14,3 13,3 2,70E-07 7,5
-12,50 Sand, Calais 575,65 1E09 2302,59 1600 20 18 0,04 7,5
-15,50 Clay, Calais 10,05 200 65,79 1E09 14,3 13,3 2,70E-07 7,5

(a) Values based on report Alliantie Markermeerdijken: AMMD-003443 - Ontwerpbasis Zetting DO
(b) Calculated based on NEN-Bjerrum parameter values
(c) Based on Excel tool from Arcadis
(d) Estimation based on Hsi et al. (2005) and laboratory study N3 samples
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E.6. Water level and hydraulic head sand layers
A table with information about the water levels and hydraulic heads for the project locations is provided
by Alliantie Markermeerdijken, table E.15:

Table E.15: Hydraulic conditions at the project locations, information provided by Alliantie Markermeerdijken

Project location
Water level in crest
[m NAP]

Hydraulic head sand layer
[m NAP]

Daily MHW
1 0,85 1,00 -2,55
2 0,85 1,00 -2,55
3 1,35 1,50 -2,30

E.7. Model settings
Settings of the model used for the calculation of subsidence for all project location is shown in figure
E.14.

Figure E.14: Other input settings used in the model to come to the results presented in this section



192 E. Markermeerdikes

E.8. Graphs results
In this appendix three types of graphs are presented for all scenarios calculated. The figures are ordered
per type and location. The different scenarios are then indicated by the caption of each subfigure.

E.8.1. Project location 1

(a) Normal parameters Koppejan (b) Normal parameters NEN-Bjerrum (c) Oxidation scenario

(d) Shrinkage organic clay scenario (e) Adjusted Cα scenario (f) Adjusted POP scenario

(g) Only creep from above water level scenario
Koppejan

(h) Only creep from above water level scenario
NEN-Bjerrum

(i) Best fit parameters Koppejan loading model (j) Best fit parameters NEN-Bjerrum loading model

Figure E.15: Model results and measurements, project location 1
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(a) Normal parameters koppejan (b) Normal parameters NEN-Bjerrum (c) Oxidation scenario

(d) Shrinkage organic clay scenario (e) Adjusted Cα scenario (f) Adjusted POP scenario

(g) Only creep from above water level scenario
Koppejan

(h) Only creep from above water level scenario
NEN-Bjerrum

(i) Best fit parameters Koppejan loading model (j) Best fit parameters NEN-Bjerrum loading model

Figure E.16: Contributions of different components, project location 1
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(a) Normal parameters koppejan (b) Normal parameters NEN-Bjerrum (c) Oxidation scenario

(d) Shrinkage organic clay scenario (e) Adjusted Cα scenario (f) Adjusted POP scenario

(g) Only creep from above water level scenario
Koppejan

(h) Only creep from above water level scenario
NEN-Bjerrum

(i) Best fit parameters Koppejan loading model (j) Best fit parameters NEN-Bjerrum loading model

Figure E.17: Contributions of different components in percentages, project location 1
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E.8.2. Project location 2

(a) Normal parameters koppejan (b) Normal parameters NEN-Bjerrum (c) Oxidation scenario

(d) Shrinkage organic clay scenario (e) Adjusted Cα scenario (f) Adjusted POP scenario

(g) Only creep from above water level scenario
Koppejan

(h) Only creep from above water level scenario
NEN-Bjerrum

(i) Best fit parameters Koppejan loading model (j) Best fit parameters NEN-Bjerrum loading model

Figure E.18: Model results and measurements, project location 2
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(a) Normal parameters koppejan (b) Normal parameters NEN-Bjerrum (c) Oxidation scenario

(d) Shrinkage organic clay scenario (e) Adjusted Cα scenario (f) Adjusted POP scenario

(g) Only creep from above water level scenario
Koppejan

(h) Only creep from above water level scenario
NEN-Bjerrum

(i) Best fit parameters Koppejan loading model (j) Best fit parameters NEN-Bjerrum loading model

Figure E.19: Contributions of different components, project location 2
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(a) Normal parameters koppejan (b) Normal parameters NEN-Bjerrum (c) Oxidation scenario

(d) Shrinkage organic clay scenario (e) Adjusted Cα scenario (f) Adjusted POP scenario

(g) Only creep from above water level scenario
Koppejan

(h) Only creep from above water level scenario
NEN-Bjerrum

(i) Best fit parameters Koppejan loading model (j) Best fit parameters NEN-Bjerrum loading model

Figure E.20: Contributions of different components in percentages, project location 2
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E.8.3. Project location 3

(a) Normal parameters koppejan (b) Normal parameters NEN-Bjerrum (c) Oxidation scenario

(d) Shrinkage organic clay scenario (e) Adjusted Cα scenario (f) Adjusted POP scenario

(g) Only creep from above water level scenario
Koppejan

(h) Only creep from above water level scenario
NEN-Bjerrum

(i) Best fit parameters Koppejan loading model (j) Best fit parameters NEN-Bjerrum loading model

Figure E.21: Model results and measurements, project location 3
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(a) Normal parameters koppejan (b) Normal parameters NEN-Bjerrum (c) Oxidation scenario

(d) Shrinkage organic clay scenario (e) Adjusted Cα scenario (f) Adjusted POP scenario

(g) Only creep from above water level scenario
Koppejan

(h) Only creep from above water level scenario
NEN-Bjerrum

(i) Best fit parameters Koppejan loading model (j) Best fit parameters NEN-Bjerrum loading model

Figure E.22: Contributions of different components, project location 3
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(a) Normal parameters koppejan (b) Normal parameters NEN-Bjerrum (c) Oxidation scenario

(d) Shrinkage organic clay scenario (e) Adjusted Cα scenario (f) Adjusted POP scenario

(g) Only creep from above water level scenario
Koppejan

(h) Only creep from above water level scenario
NEN-Bjerrum

(i) Best fit parameters Koppejan loading model (j) Best fit parameters NEN-Bjerrum loading model

Figure E.23: Contributions of different components in percentages, project location 3
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