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Preface

In total 326 terpen in the Netherlands are classified as national monuments. A large portion of
the terpen are located in the province Groningen. Groningen is often in the news, because of
the earthquakes that took place, which were caused by the gas-extraction activities. The
earthquakes caused damage to infrastructure and they can also be a threat to the stability of
the terpen. Since the earthquakes can lead to soil liquefaction. The goal of this report is to
investigate the risk of liquefaction to the terpen due to induced earthquakes. Furthermore,
fine sands was the most liquefiable soil type. The Naaldwijk and Eem formations have the
highest liquefaction potential based on their soil compositions, densities and age. The
Naaldwijk formation is the most prone to liquefaction since it is located more shallow in the
underground. Afterwards, cone penetration test data was used to evaluate the soil classes, soil
unit weights and soil behaviour indexes. The soil behaviour index values were used to asses
the liquefaction potential. In the end, none of the three chosen terpen were liquefiable.
Moreover, 2D and 3D visualizations were made in order to better understand the heights and
slopes of the terpen.
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1. Introduction

The Dutch word for the Netherlands is ‘Nederland’, it contains
the word ‘neder’, which means low (Encyclo, n.d.). A reference
to the Netherlands being partially below the sea level. About one
third is situated below the NAP, as can be seen in figure 1.1.
NAP stands for Normaal Amsterdams Peil and it is equal to the
average sea level (Rijkswaterstaat, 2019). Nowadays dikes
protect the country. Back in the day, before the year 1000 dikes
did not exist (Bosschaart & Driessen, 1989). Hence, flooding
was a frequent issue the habitants had to deal with. As a solution

to the flooding the Dutch started to make terpen for protection, ——m—ia

see figure 1.2. Terp is the Dutch word for an inhabited mound.
Figure 1.1 Netherlands below NAP (PBL Netherlands

Environmental Assesment Agency, n.d.)

Throughout this report the word terp shall be used. Terpen are
protected, because they are archaeologically and culturally
valued (Doesburg & Stover, 2018). They can be found in the provinces Noord-Holland,
Friesland and Groningen. The condition of the terpen that are located in Groningen could be
threatened by earthquakes. These earthquakes are caused by gas extraction projects. The
earthquakes are of low magnitudes and take place in the shallow subsurface causing damage
to the ground surface. Among others, the strong ground shaking can lead to soil liquefaction
under certain conditions. The goal of this report is to determine whether the Groningse terpen

are at risk of soil liquefaction.

Figure 1.2 Terp inhabitants bringing their cattle into safety (Image from terpen exposition in Westerkwartier, in
the church of Niehove, n.d.)

First the geographic location and history of terpen are discussed. Second, the gas extraction
from the Groningen gas field are described and its effects are presented. Then the geological
history is explained in which different formations were formed and deposited. Afterwards the
soil liquefaction phenomenon is explained with its influencing factors. Furthermore, cone
penetration tests (CPTs) are used to asses the liquefaction potential. The CPT data is used to
classify soil layers and to determine the soil behaviour index of each layer. The soil types are
assessed with two classification systems, namely the Robertson CPT soil classification chart
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and one from a Dutch geotechnical report by ATAR Geotechniek. The soil behaviour index
value determines whether there is a risk of liquefaction. Afterwards, the depth stress
reduction coefficient (r,) and magnitude scaling factor (MSF) are explained. These are
empirical factors that aid in understanding the soil response to ground shaking. New formulas
for the r, and MSF have been proposed for Groningen to take into account the specificity of
the local earthquakes: shallow induced earthquakes of low magnitudes. Then the applied
research starts, where three terpen are evaluated on their liquefaction potential. First their
selection is discussed as well as some background information. Moreover, the previously
explained theory is applied to CPT data in order to asses the liquefaction potential of the three
terpen. Furthermore, 2D models of the terpen are shown that were made with AHN2 data in
AHN Viewer. Also, 3D models of the three terpen are shown that were made with the use of
the QGIS program. These show the geometry of the terpen, which can influence the
liquefaction potential. Lastly, a conclusion is drawn from three considered cases and
recommendations are made.

Bsc. Thesis Salima Oumejjoud

7
TUDelft 6



2. Literature study

2.1 Geographic location of Dutch terpen

Terpen is the Frisian name for these man-made hills, in Groningen these are called wierden.
Furthermore, there are two types of terpen, namely house terpen and village terpen (Doesburg
& Stover, 2018), these can easily be distinguished by their size. Overall, more village than
house terpen were built, see figure 2.1.1.

Aantal

Friesland Groningen

Il Dorpsterp B Huisterp

Figure 2.1.1 Amount of village and house terpen in Friesland and Groningen (Doesburg & Stover, 2018)

Furthermore, terpen can be found in the Northern part of the Netherlands in three provinces,
namely Noord-Holland, Friesland and Groningen, see figures 2.1.2 and 2.1.3. The
abbreviation AMK stands for ‘Archeologische Monumenten Kaart’, these are areas with
archaeological value in the broad sense (bodemrichtlijn, 2019). The term ‘Rijks’ stands for
national monument. The main difference between AMK and Rijks is that the national
monuments are protected. It should be noted that about a quarter of all the Dutch terpen are
classified as Dutch national monuments (Doesburg & Stover, 2018).
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Figure 2.1.2 All Dutch terpen; black dots represent terpen (Picture of map in Museon, n.d.)
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Figure 2.1.3 Geographic location of protected terpen; ‘AMK’ indicates archaeological valued areas and ‘Rijks’
denotes national monuments (Doesburg & Stover, 2018)
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2.2 History of the terpen

In 700 BC the first long term residents of the Northern provinces of the Netherlands inhabited
the lands and took refuge onto the terpen during high tides (Schroor, 1998). Dikes were made
around the year 1000 (Bosschaart & Driessen, 1989). The terpen were often made of fruitful
soils. These soils were valued and therefore excavated after the construction of the dikes for

financial reasons, see figure 2.2.1. The excavations caused damage to the terpen (Arjaans,

1990).

60 —
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1845 50 55 60 65 70 75 80 g5 90 95 1900 05 10 15 20 25 30 35 40 45

Figure 2.2.1 Amount of Frisian terpen excavated for financial reasons (Arjaans, 1990)

Figure 2.2.2 shows the excavation of the Ferwerd terp.

No. 42 Ferwerd — fet afgraven van een terp

Figure 2.2.2 Excavation of Ferwerd terp (Herwig, 1911)
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Excavation of the highest terp of the Netherlands, Hegebeintum started in the year 1900
(Leeuwarder courant, 1900), see figure 2.2.3.

Hoogsie Terp
IN FRIESLAND
is geopend te Hogebeintum. Eerste kwali-
teit, 50 cent per ton.
Terpbaas P. REITSMA.

Figure 2.2.3 Hegebeintum terp soil for sale (Leeuwarder courant, 1900)

A timeline of all the mentioned events is given in figure 2.2.4.

Start excavation of Hegebeintum terp

First terp classified as
Start of dikes national monument
construction

Today

0700 0810|0920 | 1030 ! 1360 1470 1580 1800 | 1910 2019

First residents of the
Northern provinces
¥ Government stopped terp excavation

Figure 2.2.4 Timeline of history of the terpen; Note that the first event happened in 700 BC

Other reasons for terp excavation would be for ground leveling or for the construction
industry (Doesburg & Stover, 2018). In 1943 the Dutch government put a halt on the
disturbance of terpen. After the second world war ‘de Rijksdienst voor het Oudheidkundig
Bodemonderzoek’ (ROB) was assigned to make a list of all the valuable terrains from a
heritage perspective and to protect and maintain these. In 1964 the first terpen became
national monuments. Figure 2.2.5 shows that most village terpen in Groningen and Frieslan
are nowadays grass fields or meadows. The same goes for the majority of the smaller house
terpen (Doesburg & Stover, 2018).
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Figure 2.2.5 Land usage village and house terpen in Friesland and Groningen (Doesburg & Stover, 2018)
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2.3 Valuable terpen

Nowadays, 326 of all terpen are a part of the Dutch natural heritage, these are located in the
provinces of Friesland and Groningen (Doesburg & Stover, 2018). Terpen are treasured for
their cultural value and archaeological value. Firstly, terpen have cultural value, because they
symbolize the fight against the water of the people from that time. Furthermore, these
artificial hills are clearly visible in the landscape of the marine clay coastal grounds as a
reminder (Doesburg & Stover, 2018). Secondly, their archaeological value can be easily
explained. Since people lived on these terpen, their remnants can be found on these terpen.
Figure 2.3.1 shows a highly appreciated artefact from 600 AD. It is a cloak pin that was
found in Wijnaldum, Friesland (Historiek, 2015). Even terpen that have been disturbed
deserve an archaeological field work, because the bottom of the terp can contain interesting
findings, which explains why disturbed terpen are protected by the government (Doesburg &
Stover, 2018).

Figure 2.3.1 Cloak pin found in Wijnaldum (Frisian museum, n.d.)

Terpen are interesting and challenging to investigate, because of their high degree of
heterogeneity in terms of soil composition, this can clearly be seen in figures 2.3.2 and 2.3.3
that show core samples of the Frisian terp Hegebeintum. Remains were found such as bones,
shreds and coins in the borehole cores. Also soil features indicative of house floors and
ditches were identified. Moreover, Hegebeintum is with almost 9 metres above NAP, the
highest terp of the Netherlands and Germany (Terp Hegebeintum, n.d.).
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Figure 2.3.2 Borehole logs of Hegebeintum terp Figure 2.3.3 Borehole samples of Hegebeintum terp
(Nicolay et al, 2019) (Nicolay et al, 2019)

Another location with archaeological value is Jelsum, a village in the province Leeuwarden.
Jelsum was occupied from the Roman times to the Middle ages. In 2010 an archaeological
fieldwork took place of Jelsum led by Dr. Johan Nicolay, who is specialized in archeology
concerning terpen. Figure 2.3.4 shows the excavation of the trenches and their high
variability in soil composition.
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2.4 Gas extraction in Groningen

Terpen are located in the Northern part of the Netherlands. In this part of the country gas
exploitation occurs. The gas extraction activities have been causing earthquakes, these are
also known as induced earthquakes. The strongest earthquakes due to gas exploitation
occured in the province Groningen (Mulder & Perey, 2018). The gas field that lies under
Groningen was found in 1959 and after 4 years the production started (Whaley, 2009). This is
also the largest gas field of the Netherlands (KNMI, n.d.) and the 10th largest in the world
(Whaley, 2009), see figure 2.4.1.

g

Dokkui

Heerenveen

Harlingen | aneker

e e ]
0 10 20km

Figure 2.4.1 Groningen gas field, dark green is gas storage, green is gas field (NAM, n.d.)

The Groningen gas field has been of great economic value to the Netherlands. The use of gas
has also been good for environmental reasons. Of all the fossil fuels gas has the lowest
carbon dioxide emissions. Since gas became a replacement for other fossil fuels, it helped
clean the air of Europe (Whaley, 2009). However, in 2012 the downside of the gas
exploitation became clear. In August of 2012 an induced earthquake took place near Huizinge
with a magnitude of 3.6 on the scale of Richter. The operator of the field, the Nederlandse
Aardolie Maatschappij received over 1,000 damage reports in the week following the event
(Mulder & Perey, 2018). Afterwards, more earthquakes have taken place with increasing
magnitudes, see figure 2.4.2 (NAM, n.d.). All causing the Groningen inhabitants to become
angry and frustrated. A great deal of damage was done to their houses, neighbourhoods and
villages (Mulder & Perey, 2018). Early 2018 more than 85,000 damage claims have been
filed (NCG, 2017). Many Groningen inhabitants are dissatisfied and want the gas operations
to stop, to prevent more earthquakes from happening (Mulder & Perey, 2018).
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Figure 2.4.2 Earthquakes from 2012 to 2019 of Groningen with legend of magnitudes (NAM, n.d.)

The gas is being retrieved from a porous sandstone reservoir with a surface of 900 km? large
and a thickness of 100 metres. The reservoir is located about 3 kilometres under the ground
(Vlek, 2019). The sand particles in the sandstone are under high pressure. This pressure
decreases when gas is extracted from the sandstone. The lower pressure cannot support the
weight on top of the sandstone, which results in soil subsidence. In case the above layers
undergo compression in a non uniform way, an earthquake follows (Mulder & Perey, 2018).
Naturally, greater subsidence will lead to an earthquake with a higher magnitude (KNMI,
n.d.). Despite their small magnitude, the earthquakes induced by gas extraction in Groningen
have caused damage due to their limited depths.

The KNMI have produced a seismic hazard map, showing the peak ground acceleration
(PGA) values of Groningen, see figure 2.4.3 (KNMI, 2017). The induced waves of an
earthquake travel through the ground and exert certain forces. These forces are proportionate
to the ground velocity, because of Newton’s 2nd Law. Furthermore, the PGA depends on the
magnitude of the earthquake and the soil type (KNMI, n.d.). It is important to know the PGA
since this shows the parts of land that have a higher risk when an earthquake happens, so that
preventative plans can be put in action. Another advantage is that it aids in civil engineering.
Since higher risk zones should be constructed with stronger foundations.
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Figure 2.4.3 PGA over the Groningen gas field (KNMI, n.d.)
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2.5 Soil liquefaction

A possible consequence of the earthquakes that are happening in Groningen is liquefaction.
Liquefaction is a phenomenon that occurs when saturated loosely packed sediments loses
their strength due to strong earth shaking (USGS, n.d.). Loosely packed particles are held
together by their friction with water filled pore spaces. During the ground shaking the space
between particles increases, causing the soil to behave like a liquid. Fine grained type of soils
are most likely to liquefaction, such as sandy soils (Encyclopedia Britannica, n.d.). Hence
knowing the soil composition is of great importance. Moreover, soil liquefaction mainly
occurs to the shallow subsurface. The majority of most recent liquefaction cases do not take
place deeper than 20 metres (Boulanger & Idriss, 2014).

The chance on liquefaction can be controlled by sedimentary characteristics and the
depositional environment. These include the grain sizes, percentage of fines and sphericity.
Secondary processes can also play a role, such as cementation, soil formation,
overconsolidation and ageing (Kuivert et al, 2017).

Density of the sediment
One of the conditions for liquefaction is that the soil is loosely packed. The lower the density,
the more likely sediments shall undergo liquefaction (USGS, n.d.).

Overconsolidation

After the soil has been subjected to very high stresses and unloaded, the soil rebounds and
gains back some of the volume it lost. This process is called overconsolidation (Rajapakse,
2016). A way to measure the overconsolidation is with the OCR. OCR stands for
over-consolidation ratio and is equal to the past effective vertical stress over the present
effective vertical stress. If the OCR is 1, the sediment is normally consolidated and if the
OCR is larger than 1 it is overconsolidated. An increase in the OCR leads to an decrease in
the liquefaction potential (Nagase et al, 2000).

Cementation

The process of cementation lowers the liquefaction potential. Since during cementation pores
get filled and the density increases (Wayne Clough et al, 1989). Moreover, cementation is
expected to be correlated with the deposition age. The older the deposition, the more
cementation has taken place (Deltares, 2016), which would lower the liquefaction potential.

Grain size distribution
In figure 2.5.1 the liquefiable soils based on grain size can be seen. The fine grained sands
with a low amount of fines are most likely to liquefy (Tsuchida, 1970).
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Figure 2.5.1 Liquefiable soils based on grain size (Tsuchida, 1970)

Sphericity

The shape of a particle can impact the likelihood for liquefaction. Though recent research of
the Northern Netherlands made clear that the majority of 97% of the sand layers is
moderately rounded. The remaining 2% is rounded and the 1% is angular (Bosch et al, 2014).
So the shape of particles is not an important factor.

Saturation content

A rise in the sea level can lead to a higher groundwater table. Leading to an increase in the
saturation of the soil nearby coastal zones (Nuttle & Portnoy, 1992). Another way sediments
become saturated is due to heavy rainfall. Moreover, drainage conditions are important,
because they influence the saturation content. The saturation content is important to know,
because a high saturation content is a condition for soil liquefaction.

Age and depositional environment

According to research older depositions are less likely to liquefy than younger depositions
(Youd and Perkins, 1978). This also depends on the environment of the deposition, see table
2.5.1 (Gillins, 2012). The depositional environments that are present in the shallow
underground of Groningen are estuarine, dunes, alluvial fan, glacial till, lacustrine and river
channels. Overall, only glacial till shows a low likelihood for liquefaction, all others are
moderate to high (Deltares, 2016).
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Table 2.5.1 Relation of age and depositional environment to liquefaction (Gillins, 2012)

Likelihood that Cohesionless Sediments. When
Saturated, Would be Susceptible to Liquefaction (by
Age of Deposit)

General
Distribution of
Cohesionless

sediments m Pre-
Type of Deposit deposits <500 yr Holocene | Pleistocene | Pleistocene
(n ) (3) 4 (5) (6)

(a) Continental Deposits

River Channel Locally Variable Very High High Low Very Low
Floodplain Locally Variable High Moderate Low Very Low
Alluvial Fan and Plain | Widespread Moderate Low Low Very Low
MarmneTerraces’ Plams | Widespread =~ | =eee Low Very Low Very Low
Detlta and Fan-deha Widespread High Moderate Low Very Low
Lacustrine and Playa Variable High Moderate Low Very Low
Colluvinm Variable High Moderate Low Very Low
Talus Widespread Low Low Very Low Very Low
Dunes Widespread High Moderate Low Very Low
Loess Variable High High High Unknown
Glacial Till Variable Low Low Very Low Very Low
Tuft Rare Low Low Very Low Verv Low
Tephra Widespread High High ? ?
Residual Soils Rare Low Low Very Low Very Low
Sebkha Locally Variable High Moderate Low Verv Low
(b) Coastal Zone
Delta Widespread Very High [ High Low Very Low
Esturine Locally Variable High Moderate Low Very Low
Beach
High Wave Energy Widespread Moderate Low Very Low Very Low
Low Wave Energy Widespread High Moderate Low Very Low
Lagoonal Locally Variable High Moderate Low Very Low
Fore Shore Locally Variable High Moderate Low Very Low
() Artificial
Uncompacted Fill [ variable Very High [ == = | Gy
Compacted Fill Variable Low S pe— —
Geometry of the terp

The geometry of a terp has an effect on its stability, since the slopes and heights influence the
effective and total stresses, these stresses have an impact on the liquefaction potential.
Furthermore, landslide liquefaction can be a consequence of instability. The landslide would
cause ground shaking and the liquefiable soil would then undergo liquefaction (van Asch et
al, 2006). Moreover, material on a terp with sharp slopes is more likely to slide down,
especially after a storm or heavy rainfall.
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2.6 Geological history of the Groningen Gas Field region

Figure 2.6.1 shows a cross section that goes up to 500 metres below the subsurface. The cross
section starts west in the island Terschelling, passes Groningen and ends near the border with
Germany in Nieuwe Schans (Meijles, 2015). Now the history of the deposition of the most
important formations shall be discussed. Note that the following overview of the time periods
will be very schematic.

w 0

Terschelling Groningen Nieuwe Schans

Diepte t.a NAP

0 100 km
e Mariene afzettingen Rivier afzettingen Glaciale afzettingen
I% NA  Formatie van Naaldwijk URN Formatie van Urk BRI Formatie van Drente
EE Eem Formatie IBRE Formatie van Appelscha [lBEll Formatie van Peelo
Sl Formatie van Maassluis PZ Formatie van Peize
‘g OON Formatie van Oasterhout Overige afzettingen
: MR Formatie van Maassluis/Oosterhout BX  Formatie van Boxtel
WBRM Formatie van Breda DN Formatie van Drachten

Figure 2.6.1 Cross section from Terschelling to Nieuwe Schans (Meijles, 2015)

The last three ice ages, including their interglacial periods, have shaped the geology of the
Northern part of the Netherlands (Meijles, 2015). In between the ice ages there were warm
periods. The climate changed frequently from very cold to warm weathers.

Elsterien

The first ice age that covered the North of Netherlands with ice is called the Elsterien
(Mulder et al, 2003). All depositions of this ice age is known as the formation of Peelo. Since
the soil had to bear the weight of the ice sheet, it is very likely that overconsolidation took
place, which decreases the liquefaction potential (Korff et al, 2016). Furthermore, from figure
2.5.1 the formation of Peelo looks the most striking, due to its shape and change in thickness.
The thickness of this deposition varies from 20 to 300 metres, due to trenches also known as
tunnel valleys (Gans, 2007). These have been interpreted to have formed during meltwater
pulses and after their formation they were filled with fluvioglacial sediments.

Another factor that makes the formation more susceptible to liquefaction is its age, the
formation is relatively the oldest (Korff et al, 2016), making it less prone to liquefaction. The
soil composition consists of sand and clay. The sand from this formation has a high
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variability from very fine to very coarse and are mainly well sorted (Korff et al, 2016). Figure
2.6.2 shows the depth and thickness of the Peelo formation.

Depth (m +NAP|

—

-19.91

-237.03

0246 810 0246810
— kT - - kT

Figure 2.6.2 Depth and thickness of Peelo formation, GeoTOP 3D subsurface model (Maljers et al., 2016)

Holsteinien

After the Elsterien the Holsteinien followed, which was a time period in which the ice melted
(Mulder et al, 2003). The depositions from this time period are somewhat unknown.
Although there were some marine deposits and mudflat sediment deposits found in
Groningen (Mulder et al, 2003).

Saalien

Next the Saalien followed, also known as a complex ice age, due to the frequent
transformation from cold to warm periods. The push moraines from this period left a mark in
the landscape of today. The main deposit was glacial till. However in some places the soft
glacial till was eroded away (Berendsen, 2008). Another type of sediment that was deposited
was medium coarse sand. These were left behind by the meltwater streams. The two
depositions are known as the formation of Drente (Berendsen, 1998). The sediments have
been deposited in a fluvioglacial setting (Korff et al, 2016). Most likely there was no ice sheet
loading in this period. Hence, no overconsolidation to take into account, which raises the
liquefaction potential. Furthermore, the Drente formation is young, which increases the
liquefaction potential (Korff et al, 2016). Figure 2.6.3 shows the depth of the base of the
formation and its thickness.
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Sigure 4.6 Depth of the base (left) and total thickness (right) of the Drente model unit in the GeoTOP 3D
subsurface model (Maljers et al., 2016)

Figure 2.6.3 Depth of base and thickness of Drente formation, GeoTOP 3D subsurface model (Maljers et al,
2016)

Eemian

Afterwards the Eemian interglacial period followed. Once again the ice melted in this warmer
period. The tides had a large effect on the marine deposition that was formed. The deposition
consists of coarse sand that transitions into fine sand and eventually clay (Berendsen, 2008).
The main two depositions are from tidal channels and tidal flats. The channels were filled
with sand layers that are interrupted by organic clay layers and the sand size is very fine to
medium. The tidal flat deposits were deposited in layers of sand and clay. The sand is very
fine with some silt and clay (Korff et al, 2016). Furthermore figure 2.6.4 shows where the
Eem formation was deposited and its thickness and depth.

The following ice age did not produce an ice sheet. Thus, the sediments of the Eem period
have not been overconsolidated, increasing the chance for liquefaction. Moreover, the
deposition is similar to the Naaldwijk Formation, but the Eem formation is older (Korff et al,
2016).
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Figure 2.6.4 Depth of base and thickness of Eem formation, GeoTOP 3D subsurface model (Maljers et al, 2016)

Weichselian

Then the last glacial time period took place, named the Weichselian. This is the only time
period in which the ice did not reach the Netherlands. Nevertheless it was still a cold
environment. All the depositions of this period come back in the Boxtel formation, the soil
composition is complex, containing moderately fine to coarse sand. The moderately fine to
coarse sand was deposited by the streams. The moderately fine sand is known as ‘dekzanden’
(translates to cover sands). Within this period there was a very dry and cold period in which
there was very little vegetation, also called the polar desert. In that time, the sand got
transported by the wind and was deposited elsewhere (Berendsen, 2008), also known as
aeolian deposits (Lancaster, 2009). Moreover, the thickness and depth of the Boxtel
formation can be seen in figure 2.6.5.

Since there was not ice sheet deposited upon the Boxtel formation, no overconsolidation has
taken place, which increases the chance of liquefaction. Moreover, the permafrost lead to
cryoturbation which changed the soil composition (Korff et al, 2016). Cryoturbation can
cause older lower situated layers to become a part of the younger layers. Thus, making it
more difficult to interpret the data properly (Kleber et al, 2013). Overall the Boxtel formation
is made up of young sands that includes fine sand, which makes it prone to liquefaction.
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Figure 2.6.5 Depth of base and thickness of Boxtel formation, GeoTOP 3D subsurface model (Maljers et al,
2016)

Holocene

Finally the Holocene followed, which is the current time period. The Holocene is a warm
period, with a fast rising water table due to the melting of the ice caps. Since the sea level is
rising it leads to the rising of the groundwater table in coastal areas. Leading to the formation
of swamps in between the land and sea where plants that have become detritus turn into peat.
However, peat also grows on elevated grounds. Mainly due to the glacial till and clay that
prevents the drainage of water. These peat depositions are called the formation of
Nieuwkoop. Later on, some of the previously deposited peat got eroded away (Vos et al,
2011).

On top of the Nieuwkoop formation, the Naaldwijk formation is deposited in the same time
period. The Naaldwijk formation is a relatively young sand deposition. No cementation has
occurred, making it more prone to liquefaction. It has also not been affected by an ice age.
Thus, the layer has not been loaded by a heavy ice sheet, which would lead to
overconsolidation. Hence, a decrease in liquefaction potential. Figure 2.6.6 shows the
thickness of the Naaldwijk formation as well as its depth (Korff et al, 2016). Further on, the
sea level kept rising, creating more peat. Though erosion also made the peat go away. Salt
marshes and mounds were shaped that changed the positioning of trenches and plains,
causing a high variability in soil type in coastal regions of Groningen. Afterwards sand and
clay sediments were transported and deposited in the coastal plains (Vos et al, 2011). Overall,
the sands that the formation contains are tidal channel and tidal flat depositions. The tidal
channel deposits are made up of fine to medium sand and the tidal flat of fine sand, clay and
loam. The tidal channel deposit is composed of approximately 90% sand and the tidal flat of
60% sand (Korff et al, 2016).
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In 500 BC there was an area of salt marshes situated in the northern part of the Groningen gas
field of which the first people made it their home. The people were likely attracted due to the
fruitful grounds and the decrease in the frequency of floodings (Delvigne, 2008). Soon after,

people built their own terpen. Eventually, the coastal deposition stopped when the dikes were

placed (Vos et al, 2011).
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Figure 2.6.6 Depth of base and thickness of Naaldwijk formation, GeoTOP 3D subsurface model (Maljers et al,
2016)

Appendix Al gives an overview of all the formations in another form, it shows the soil
composition and the location of the formations. Moreover, table 2.6.1 shows the factors that
influence the liquefaction potential of the different formations.
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Table 2.6.1 Liquefaction sensitivity of sandy formations; neutral o, lower -, higher + (Kruiver et al, 2017; Youd
& Perkins, 1978; Korff et al, 2017)

Sensitivity
Geological Sediment Fine Low fines Depositional Glacial  Associated GeoTOP model
unit characteristics sand content environment Age loading units (abbreviations)
Naaldwijk Formation Abundant fine sand, channels ++ 0 - + No NA, NAWA, NAWO
usually clean sand, flats
usually silty and commonly
bedded with clay/loam
lenses.
Boxtel Formation Abundant fine sand, usually ++ + +/- + No BXWI, BXSI2, BX
clean sand (especially
Wierden Member)
Eem Formation Abundant fine sands, cleaner + + = + No EE
channels but siltier and
bedded flats.
Drente Formation, Generally clean and medium - - - - No DR
Schaarsbergen Member coarse sand.
Urk Formation, Tynje Varying composition with fine + + + - Yes URTY
Member to coarse sand, occasionally
very silty and bedded with
clay/loam beds.
Peelo Formation Mostly fine slightly silty + + - - Yes PE

sand, partly very coarse
clean sand at greater
depths.
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2.7 Sand formations in the Groningen Gas Field region

The formations that are mainly made up of sand are the Naaldwijk, Boxtel, Eem, Drente, Urk
and Peelo formations (Bosch et al., 2014). Relative young sandy depositions that have not
undergone glacial loading can be expected to be the most vulnerable to liquefaction, under
the assumption that overconsolidation has not taken place (Kruiver et al, 2017).

Sand densities

Figure 2.7.1 gives a clear overview of the sand densities for each formation. The Naaldwijk
and Eem formations contain the most loosely packed sands and also the least dense sands.
The Naaldwijk and Eem formation consist of 31% and 38% loose sands and the other
formations 5-17%. Hence, the Naaldwijk and Eem formations are most prone to liquefaction
based on sand densities.

70

60

ik

Naaldwijk Boxtel Eem Drente Urk Peelo
Geological unit

| Relative sand
densities

mLoose
OModerate

| mDense

Figure 2.7.1 Sand densities of sand in six formations (Kruiver et al., 2017)

Moreover, younger sands are more prone to liquefaction, because they are located in the
shallow subsurface. The Eem formation is positioned lower in the surface, making it less
prone to liquefaction (Kruiver et al., 2017).

Geographical location

Furthermore, it is striking that the Naaldwijk sands are mostly deposited in the northern part
of the study area, whereas the Pleistocene sands are mainly deposited in the south, see figure
2.7.2. In terms of soil composition, the Naaldwijk formation contains more silt and more clay
and silt beddings than the Eem formation (Bosch et al., 2014).
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Fig. 8. Cumulative sand thickness for each CPT expressed as the height of bar and division in dense, moderate dense, and loose sand (colours) for the top
20m from the surface. (A) For Naaldwijk Formation and (B) for units of Pleistocene age (Boxtel, Eem and Peelo Formations, Schaarsbergen Member (Drente

Formation) and Urk Formation - Tynje Member).

Figure 2.7.2 Sand thicknesses with densities of the Naaldwijk formation and Pleistocene formations; Boxtel,

Eem, Peelo, Drente and Urk (Kruiver et al., 2017)
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3. Liquefaction assessment

3.1 Cone penetration test

From around 1917 rods were used to probe the underground with the
goal of detecting harder and softer soils. Only in 1932 the cone
penetration test was officially introduced in the Netherlands. Since
then the CPT has undergone many alterations. Figure 3.1.1 shows a
CPT that was done manually by Delft Geotechnics (Lunne et al, 1997).

. . . . . Figure 3.1.1 CPT manually done by
The cone penetration test is a test by which a cone is pushed into the Delft Geotechnics (Lunne et al, 1997)

subsurface, see figure 3.1.2. The CPT can measure two important

parameters, the cone resistance and the sleeve friction. The cone resistance is calculated by
the total force on the cone divided by the area of the cone (Lunne et al, 1997). Moreover, the
tip resistance gives an indication for the density (Deltares, 2016). The sleeve friction is
calculated by the amount of force required to push the sleeve through the soil divided by the
surface area of the friction sleeve (Lunne et al, 1997). Then, the friction ratio can be
calculated with these two measured parametres, the ratio between the sleeve friction and tip
resistance (USGS, 2019). More advanced CPTs can measure more parameters, such as the
water pressure.

CPT is a relatively cheap technique to acquire information on the soil characteristics. (Vertek,
2014). The main benefit of CPTs is that they are very accurate at measuring the variability in
the soil layers. Additionally, the CPT is repeatable, which increases the validity of the results.
Furthermore, CPT data is easily available of Groningen provided by DINOloket (Deltares,

2016).

Pore pressure
filter location

==

Figure 3.1.2 Cone penetrometer (Lunne et al, 1997)

annon Cone
sleeve penetromeler

——

Cone
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3.2 Soil classification

The friction ratio and cone resistance data were used to define the soil type. It is generally
known that layers with high friction ratios consist of clayey or peaty soils and layers with low
values are made of sandy soils. Moreover, sands have a high cone resistance compared to
clays (Vertek, n.d.). The cone resistance and friction ratio data were applied to two
classification systems.

Firstly, a soil classification chart was used, see figure 3.2.1. The classification is based on the
cone resistance and friction ratio values. In total there are 12 regions that represent soil units.
Moreover, the graph gives information on increasing values of OCR, drainage (Dr) and
sensitivity (S,) (Robertson et al, 1986).

Secondly, for good measure a classification from a Dutch geotechnical report was used, see
figure 3.2.2. This classification system was based on the cone resistance and friction ratio
values. This was convenient since it shows how the Dutch classify their own soils.
Furthermore, the Robertson was more precise and had no overlapping soil classes unlike the
ATAR Geotechniek classification.

¥ . b § Grondsoort Conusweerstand [MPa] Wrijvingsgetal in [ % ]
! grind >10 02-05
. grof zand >10 0,4-06
g " 2ang >5 06-10
5 = zand, siltig >4 08-14
*; ] zand, kleiig >2 10-2,0
g 3 -1 leem 1-3 20-40
© 3 klei, vast 0-8 2,0-40
3 Klei, matig 0-4 30-50
j klei, slap 0-2 40-6,0
T potklei 2-5 50-7,0
5 5 venige Klei 0-6 50-80
veen 0-4 5,0-10,0

Friction ratio Rf = fs/qc (%)

Zone:  Soil Behaviour Type:

1. Sensitive fine grained 5. Clayey silt to silty clay 9. Sand

2 Organic material 6.  Sandy silt to clayey silt 10. Gravelly sand to sand
3. Clay 7. Silty sand to sandy silt 1. Very stiff fine grained”
4 Silty clay to clay 8.  Sand to silty sand 12.  Sand to clayey sand”

* Overconsolidated or cemented.

Figure 3.2.1 Soil classification chart (Robertson et al, Figure 3.2.2 Soil classification, below groundwater (ATAR
1986) Geotechniek, 2016)
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3.3 Soil behaviour index

The soil behaviour index helps to determine the liquefaction potential. First the normalized
cone resistance (Q) and normalized friction ratio (F) must be calculated, see figure 3.3.1. The
normalized cone resistance consists of the cone resistance, the vertical stress, the effective
vertical stress, the n exponent and the reference stress (P,). The cone resistance can be
acquired from the CPT data. The vertical and effective vertical stress can be calculated with
the taught material from the ‘Soil Mechanics AESB2330 (2019)’ course. Note that the soil is
assumed to be fully saturated. The volumetric weight of the soil is needed to estimate the
stresses and can be determined with the NEN 6740 table, that can be found in Appendix A2
by using the soil type and cone resistance value. The reference stress is a constant of 10 kPa.
The n exponent is usually about 0.5 for sand to 1 for clays (Robertson & Wride, 1998). The
Robertson methodology is to first set the n exponent to 1, even for sands (Robertson, 1990).
If the I, is larger than 2.6, the soil layer is not prone to liquefaction since it is deemed to be
too rich in clay (Robertson & Wride, 1997). However, if the Ic is smaller or equal to 2.6 for
sands, the process should be iterated with n equal to 0.5, this determines whether the soil
layers are liquefiable. Furthermore, the normalized friction ratio contains the sleeve friction,
the cone resistance and the vertical stress.

= [(3_47, log( Q))_ +[] 22 +log( F)): ]m F normalized friction ratio [dimensionless]
Q normalized cone resistance [dimensionless]
g.-o.\ P 7 q. tip resistance [MPa]
Qﬁ[ - P > ](J_'} f sleeve friction [MPa]
‘ ; o, | vertical stress [MPa]
(¢ g, | effective vertical stress [MPa]
F:L‘? _O_ }-l()ﬂ% P, reference stress [MPa]
) : n exponent [dimensionless]

Figure 3.3.1 Soil behaviour index equations with legend (Robertson & Wride, 1997)

Liquefaction case histories based on Q and F

The figure 3.3.2 is another CPT soil classification chart with data from case histories where
liquefaction has or has not been observed (Robertson, 1990). The classification depends on
the Q and F and there are in total 9 regions that represent the classes. Furthermore, the chart
indicates increasing values for the sensitivity, OCR and age. Liquefaction occurred under a
normalized cone tip resistance of 150 MPa. Furthermore, cases that have similar positions in
figure 3.3.2, can have very different outcomes in terms of liquefaction or no liquefaction.
This shows that there is more at play other than the Q and F factors that can lead to
liquefaction.

Bsc. Thesis Salima Oumejjoud

%
TUDelft 32



1,000

100

Normalized cone tip resistance, Q

Normalized friction ratio, F

1. Sensitive, fine grained 6. Sands - clean sand to silty sand
2. Organic soils - peats 7. Gravelly sand to dense sand
3. Clays - silty clay to clay 8. Very stiff sand to clayey sand *

4. Sift mixtures - clayey silt ta silty clay 9. Very stiff, fine grained *
5. Sand mixtures - silty sand to sandy silt

* Heavily overconsidated or cemented

Figure 3.3.2 CPT classification chart; red bullets, liquefaction, white dots, no liquefaction (Boulanger & Idriss,
2014; Robertson, 1990)

Correlation between the I, and fines content
The percentage of fines play a role in the liquefaction sensitivity. Two groups of researchers

have investigated the relation between the I and the fines percentage. The results are shown
in figure 3.3.3. It turns out that with knowing the I_and fines content, an assumption can be
made on whether liquefaction will take place. However, this is based on data from case
histories, making it an empirical relation. Though, it can be seen that low values of Ic in
between 1 and 1.7 and fines content from 5-30% are liquefaction free cases.

3.5 ———rrr —
L[ o Suzukiet al (1998) {opsrtoon & VI (1989
o @ Lig case histories Robinson et al. (2013)
<30
>
m =
2 I, = (FC + 137)/80
S pol TR AT
g 25
>
~
S
3 204
<
(')
Q
3 15
1.0

Fines content, FC (%)

Figure 3.3.3 Relation between Ic and fines content (Boulanger & Idriss, 2014)
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3.4 r, and MSF

Depth stress reduction coefficient

The depth stress reduction factor is “an empirical factor that accounts for the non rigid
response of the soil” (NAM, 2018). The r, parameter is dependent on the depth and the
magnitude of the earthquake. Figure 3.4.1 shows the formulae that describe the depth stress
reduction factor. In the formulae z stands for the depth below the ground in metres, M for the
magnitude and the sinus is in radians (Boulanger & Idriss, 2014).

The closer the 1, is to 1 the larger the magnitude of the earthquake (Idriss, 1999). This can be
seen in figure 3.4.2. In Groningen the induced earthquakes have so far not been larger than
3.6. Hence, the stress reduction coefficient would be close to 0.3 or perhaps below that.

= exp[a(:)+ ,{?(:)vM]

a(z)=-1.012-1.126sm L4533
11.73

2)=0.106+0.118sin| —>— +5.142
PE) Sln[1128 )

Figure 3.4.1 r, equations (Boulanger & Idriss, 2014)

Stress reduction coefficient, r,
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
——T T T T——TTTT

@ Average of Range Published
gl | by Seed & Idriss (1971)

I AT

Magnitude: M =5% M=6% M= 7/ M=8

AR A AR AR

ZE_I IIIIII

Depth below ground surface (m)
LX) -
S o
11

Figure 3.4.2 Relation between r, and depth (Boulanger & Idriss, 2014)

Magnitude scaling factor

“Magnitude scaling factors account for the durational effects of the ground shaking on
liquefaction triggering” (Kruiver et al, 2017, p. s227). This is important because it helps to
understand the outcomes of earthquakes in different magnitudes. Figure 3.4.3 describes the
MSF for sands. Since sands are prone to liquefaction, we want to know their MSF. The MSF
solely depends on the magnitude of an earthquake (Boulanger & Idriss, 2014). The higher the
magnitude the lower the MSF factor, see figure 3.4.4. Moreover, figure 3.4.5 shows the MSF
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for sand and clay. The MSF for clay has a maximum value of 1.13 and sand a value of 1.8.

Clay and sand react differently to ground shaking, because they have different soil
characteristics.

MSF = 6_9-exp(%) -0.058 <138

Figure 3.4.3 MSF for sands; M is magnitude (Idriss, 1999)

T S B e e e e e e e v T T T T T T
A Q  Seed & ldriss (1982) | " i Sand: .
—-—- Tokimatsu & Yoshimi (1983) | | [72) -M,
w A A Ambraseys (1985) s 2 MSF =6. QEXP( % |-o.058
%] N\ Q  Arango (1996) o - LM F<1.8
= 0 A —— Cetin et al (2004) ks o Q ik
A N i O ~
S2 =Qm= [driss (1998) H Ry 1.5 SA /
g T : ~
3 | g .
£ I msF=69exp| M)-00s8 T © i O J 1
= 4 | o H— ~
b ] @ 1 — g
@ Q [ -~
k-] ‘ ° 3 e -
31 : = Clay:
s hihay =10 S ' i
's? Q i > 0.5 MSF:1,12exp[ %Jw,sza
‘ 1 b L | msF<1.13
I ] ] 0 1 1 .
E HEEN 4 5 6 7 8 9
5 6 7 8 9 Earthquake magnitude, M,

Earthquake moment magnitude, M

Figure 3.4.4 Relation between MSF and M for sands ~ Figure 3.4.5 Relation between MSF and M for clays
(Boulanger & Idriss, 2014) and sands (Boulanger & Idriss, 2007)

Factor of safety

The MSF can be used to calculate the factor of safety (FS). The FS is expressed in MSF, CSR
and CRR, ;, see equation 1 (Robertson & Wride, 1998).

FS = (CRR,s/CSR)MSF )

The MSF calculations have been explained in the previous paragraph. Furthermore, the cyclic
stress ratio (CSR) represents the seismic demand of the underground (Youd & Idriss, 2001).

The CSR can be calculated with equation 2 (Youd & Idriss, 2001), see figure 3.4.6 for its
legend.

CSR = (T,,/0 1o) = 0.65(Amax /N0 vo/T Lo )a @
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a = maximum horizontal
acceleration at the ground surface

1.~ cyclic shear stress

g= acceleration due to gravity

c,” = total effective vertical stresses
o’ , = initial effective vertical stresses

r, = depth-stress reduction factor

Figure 3.4.6 Legend for CRS formula (Youd & Idriss, 2001)

CRR, ; stands for the cyclic resistance ratio that shows the ability of soil layers to resist
liquefaction at a magnitude of 7.5. In order to adjust the CRR, ; for other magnitudes, the
CRR must be multiplied by the MSF. The CRR, ; can be calculated with equations 3 and 4
(Robertson & Wride, 1998), it depends on the (q,,y),, values.

If (gon)es < 50  CRR,5 = 0.833[(g.1n)o/1,000] + 0.05

If 50 < (g.n). < 160 CRR,. = 93[(¢.,1)./1.000F + 0.08
B &4

(9.1n). Stands for the equivalent clean sand resistance of silty sands, which can be determined
with the q,. and K, see equation 5 (Robertson & Wride, 1998).
(qc‘l:\’)c‘_\‘ = Ktqc'l;\'
(%)

The q_,, stands for the normalized penetration resistance for clean sands and the K is the

correction factor for grain characteristics. The K depends on the I, value, see equations 6 and
7.

for [, < 1.64 K.=1.0
(6)

for I, > 1.64 K.= —0.4031% + 5.58113 — 21.63I>
+ 33.751, — 17.88
(7)
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CRS and q

Many research teams have shown the relation between the CSR and the cone tip resistance,
see figure 3.4.7. There is a clear threshold between the liquefaction and non liquefaction
cases. Relatively low tip resistance combined with higher cyclic stress ratio results in

liquefaction.
0'5 T T T T i T T T T I T T T | T TrT f ‘ T T T
|| ==+ Shibata & Teparaksa (1988) 7 N
" === Robertson & Wride (1997) ’ N
|| == Suzuki et al (1997) ® h
0.5 e Woss et al (2006) - 5% Probability 7
[ === ldriss & Boulanger (2004) ]
L © 09 ]
S 04 —
ST o .
S 03 —]
© - O
g | .
3] - o =
& 02| o~ o —
L 8] o) E
i oo i
0.1 ? Clean Sands :
| @ Liguefaction H
- O No Liquefaction
0-0 1 1 1 1 i 1 ' Il I 1 L | L ] L '
0 50 100 150 200 250

Normalized corrected CPT tip resistance, q_,,

Figure 3.4.7 Correlation between the CSR and q_,,; for M=7.5 and ¢',= 1 atm (Idriss & Boulanger, 2008)
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3.5 r, and MSF altered for Groningen case

Recent research commissioned by ‘Nederlands Aardolie Maatschappij’ (NAM), produced an

alternative way to calculate r, and MSF which are more applicable to Groningen. The

international definitions of the r; and MSF are based on case studies that are very different to

the circumstances in Groningen. The earthquakes have a low magnitude, but occur in the
shallow underground leading to great damage at the surface. The difference lies in the
magnitude and depth of the earthquakes as well as the density and depth of the liquefiable
soil layers. Moreover, data was needed from cases that were similar to the Groningen
condition. The New Zealand liquefaction case histories turned out to be the most similar
(Green et al, 2018).

Furthermore, the NAM study applied their new methodology to a pilot study area in the

northern part of the Groningen gas field. The study area had the following three conditions:

“the largest shaking hazard, thick shallow young loose sands and multiple site response
zones” (Green et al, 2018). Here, the site response indicates the site response to the ground
shaking that is triggered by an earthquake (Kruiver et al, 2015).

The study area contains sands of Naaldwijk that have been identified as most prone to

liquefaction. Figure 3.5.1 shows the study area in the rectangular box and the thicknesses of

the sand compositions of the Naaldwijk formation (Green et al, 2018).

! %

Figure 3.5.1 Sand thicknesses of Naaldwijk and the location of the study area (Green et al, 2018)
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Groningen specified r,

The following r, was developed, see equations 8, 9 and 10. f; stands for regression

coefficients and A ; is the asymptotic level for the r; at depth or in other words 1, is defined as
‘1 - A, as z goes to infinity. Moreover, the heteroscedastic standard deviation of the r; can

be calculated with equation 11. In these equations a,,, is in g units, V,, in metres per second

and z in metres (Green et al, 2018).

Ar
Ta—Gron = 1 — ln(zﬁ(ﬁz-l'ﬁsM‘} sl s g sl
1+exp[——(ﬁa+ﬂ7_m
(8)
Apg = By + By min[M,6.5] + Bs - In(@pmay) + By - Virzs foray,, <03g
)
A o 2 amax
ra = By By InIML6.5] + s 1) + By I (22)
+ o Vsiq; forapmg, >03g
(10)
a - ﬁlU
Ta — __In(max[z,5]) — (B2 + B " M)]
! B + B, - M)
(11)
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Groningen specified r, compared to

Figure 3.5.2 shows graphs that represent the r, versus depth relations from different studies,
each graph goes with a different magnitude. Also different values for the a_, are shown for

the Groningen specific ry (Green et al, 2018).
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Groningen specified n,, and MSF

The n,, is a part of the equation that defines the magnitude scaling factor. The only new
parameters are the M which stands for the magnitude and o, stands for the regression
coefficients (Green et al, 2018).

ln[“eq”—ﬁrun(”; Qmaxs VSIQ}] = o tay- ln(amﬂr) +ay- M+ ag - VS].Q;
fora,n.,, <03g

(12)
a
I"In|:netil1\fi—GrcmU"Il Amaxs Vslz)] = a; + oz In(ape,) +az: ln( g;x) ta, M
+ a5 Viiz; forapmgy > 03¢
(13)

The MSF with its standard deviation is defined as follows:

728 0.34
N - < 2.04
SF¢ron [nfqmmm(M,amx-Vm)] -

(14)

Oin(MSFgron) = 0-34 " Tin(neqm—cron)
(15)

The following graph shows the relationship between the MSF and M (magnitude). The graph
shows the MSF, , and MSF,,, these are represented with different a_,values. The MSFy,
was made with the most commonly used MSF that was developed by Boulanger and Idriss.
The MSF
two relations is that for the MSF, ¢ the a_, has more influence. Furthermore, the graph also
displays the MSF 3., which is the original MSF developed by by Idriss and Boulanger.
Overall, the MSF,;,, has much larger values for magnitudes lower than 7. Moreover, as the

Gron

and MSF,, s are very similar to each other. The only difference between these

Gron

magnitude decreases the MSF,;, value becomes more overpredicted (Green et al, 2018).
Besides that, the MSF ;; is unlike the other relations nonlinear.

250
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Figure 3.5.3 MSF and M correlations; green from Green et al. (2018) & for different a_,, values, red from
Boulanger & Idriss (2014), black from Green et al. (2018) & for different a,,, values
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Liquefaction potential index

The area most prone to liquefaction was determined with the liquefaction index potential
(LPI). The LPI is defined as an integral and depends on the FS;; , F,; , w(z) and depth, see
equation 16. FS; is “the factor of safety against liquefaction triggering”. The F, is a
parameter that depends on the FS;,, The F,, is equal to 0 for FS;, >1 and F,, is 1- FS; for
FS;,<1. The w(z) represents the depth weighing function that is define das w(z)=10-0.5z,
where z is the depth in metres below the ground level (Green et al, 2018).

20m
LPI = J‘ FLPI(FSliq) : W(Z)dz
a (16)

Result of the NAM study

Most of the LPI results of the pilot study were below five, meaning no to minor surficial
liquefaction manifestations. Only sites in Zandeweer had LPI values above five, indicating
moderate surficial liquefaction manifestations. An LPI that indicates severe surficial
liquefaction manifestations was not detected anywhere. Zandeweer had the highest risk of
liquefaction, see figure 3.5.4. Moreover, Zandeweer is located in an area where the sands of
the Naaldwijk formation are very thick, about 5.1 to 25 metres (Green et al, 2018), which is a
clear indicator for liquefaction.

A

LEGEND
Ishihara inspired Liquefaction Potential Index
* 0-25
» 25-50
50-75
75-100
10.0-125
12.5-150
* 150-175
* 17.5-200
[ Piot Study Area
Site Ampiification Zone

(b)

LEGEND
5 | Ishinara inspired Liquetaction Potential Index
i1 * 0-25

25-50

50-75

75-100
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125150
* 150-175
* 175-200
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Site Amplification Zone Topography: ESRI. Kadaster NU

Figure 3.5.4 LPI of the study area with legend (Green et al, 2018)
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Zandeweer

Figure 3.5.5 shows the position of Zandeweer on the Naaldwijk formation thickness map.
Zandeweer is located in the relatively thick Naaldwijk formation zone, which supports the
results of the NAM study.

Zandeweer on Naaldwijk thickness map e
_ & Zanceweer

A
N

40 km

Figure 3.5.5 Zandeweer on Naaldwijk thickness map made in Google Earth; GeoTOP 3D subsurface model
(Maljers et al, 2016)
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Furthermore, Zandeweer is located in a low to moderate PGA value region, see figure 3.5.6.
Thus, an earthquake in Zandeweer would cause a low to moderate amount of damage
compared to Ten Boer for example, based on the seismic hazard map.

Zandeweer on PGA map Legenda

¥ Zandeweer

Legend

) The Groningen fheld
¥4 PGA map, rp = 475 v gl

J!unten:m.t

Zuidiaren

* i Stadskanaal

Google Earth

Posterwoide Aen

Figure 3.5.6 Zandeweer superimposed on the seismic hazard map made in Google Earth (KNMI, n.d.)
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4. Liquefaction assessment for three terpen in
Groningen

4.1 Terpen selection

A CPT analysis was performed to three terpen, these were found with the use of AHN
Viewer, Actueel Hoogtebestand Nederland. This is a website that shows the elevation map of
the Netherlands. In order to find the ground level height, that exclude high buildings and
infrastructure, use the option ‘Lijst met lagen’, ‘AHN2- maaiveld (Dynamische opmaak)’.
Then looking for round objects that are more red or orange compared to its yellow and blue
surroundings. The last step is to determine with DINOIloket, whether there is available CPT
data.

The three chosen terpen are Middelstum, Beswerd and Wirdum. They are located in the
Northern part of the Groningen gas field region, figure 4.1.1 shows their position. It would
have been nice to have a terp in the southern part. Though, there were barely any terpen there,
even less terpen with the appropriate CPT data.

All terpen with three terpen pinpointed jj Legenda
p o ~ 3terpen
| * Groningen

Wilhelmsha
I

i nabamae. . | CAurich
ENliddelstum gt n

Y (‘.'

4-Holland

Google Earth )

"
YAmsterdam

imi

100 km

Figure 4.1.1 Three terpen superimposed on the Dutch terpen map made in Google Earth; black dots represent
terpen (Picture of map in Museon, n.d.)
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4.2 Background information terpen

Middelstum is a village in Loppersum, Groningen. It is special because of its radial terp
structure, which can be seen in figure 4.2.1. Middelstum had 2030 villagers in 2018
(AlleCijfers, 2016). This is an interesting terp, because it is close to Zandeweer and located in
the high PGA value region. Middelstum owns several national monuments, including terp
remains (Rijksmonumenten, n.d.).

Figure 4.2.1 Middelstum aerial view (Beeldbank Nederland, 2015)

Beswerd is a township in Westerkwartier, Groningen. The township contains two farms and
some workers houses and there are another two farms nearby, see figure 4.2.2. Beswerd is
assumed to have about 15 residents (Plaatsengids, n.d.). Beswerd has not been classified as a
national monument and has not been identified as an AMK.

Beswerd
2

S |
-2, sl iy 0=
1; Qud-Beswerd

T e
| __.-"'"'-_
/' \'\ , & Groot-Beswerd
|
\

Figure 4.2.2 Map of Beswerd (Openstreetmap, 2019)

Wirdum is also a village in Loppersum in the province Groningen. Nowadays Wirdum has
about 130 houses and 320 villagers. The village contains six national monuments, including
terpen (Plaatsengids, n.d.). Figure 4.2.3 shows a terp that is located in Wirdum.
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Figure 4.2.3 Terp in Wirdum, Groningen (RCE, 2007)
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4.3 Data on the subsurface of three terpen

Borehole data

The borehole data of the Middelstum terp is located on the terp. The first four metres are
composed of clay and fine sand from the Naaldwijk formation, see figure 4.3.1. The borehole
closest to the Beswerd terp gives information about the first six metres. The data is similar to
the Middelstum terp and contains clay and fine sand from the Naaldwijk formation, see figure
4.3.2. Lastly, the Wirdum borehole data covers the first five metres and the borehole log
profile is made up of clay and some peat, see figure 4.3.3. The clay comes from the
Naaldwijk formation and the peat from the Nieuwkoop formation. The Middelstum and
Beswerd terp both contain fine sands, this increases their chance of liquefaction. Moreover,
the borehole data location can be seen in Appendix B1.

Lihemratiomly: (kiolony Identification: B07B0881
| Coordinates: 238870, 596220 (RD)
Surface level: 0.73 mrel. to NAP
Available information: Digital recordings

Description standard: Unknown
Quality of geological interpretation: Not validated using subsurface m«

L Na El Clay
Sand, fine category

Uepth Lm relative to surtace level

Figure 4.3.1 Middelstum borehole log profile

Lithostratigraphy  Lithalogy Identification: BO7A0295
"Bl Coordinates: 227000, 589330 (RD)
Surface level: 0.70 mrel. to NAP
1 Available information: Digital recordings
Description standard: Unknown

Quality of geological interpretation: Not validated using subsurface m

00 na Hl clay
__1 sand, fine category

Uepth (m] relative to surtace level

Figure 4.3.2 Beswerd borehole log profile
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Borehole log profile

Lithostratigraphy  Lithology Identification: B07E0902
. Coordinates: 248320, 594080 (RD)
Surface level: 0.30 mrel. to NAP
Available information: Digital recordings
: Description standard: Unknown

Quality of geological interpretation: Not validated using subsurface m¢
Lithology

HEl Clay
Il Peat

Uepth [m] relative to surtace level

Figure 4.3.3 Wirdum borehole log profile

Naaldwijk sand densities of three terpen

Of all the three terpen Middelstum has the highest amount of Naaldwijk sand, according to
figure 4.3.4. Beswerd can have some Naaldwijk sand and Wirdum has none. Moreover,
Middelstum has more loose sands compared to Middelstum.

Legenda

© 3terpen
*  Groningen

wit Dansely packed sand

Secunrence of Naskiwik Fortaton
C {EiErllgpningen field ‘
CIExtent of Groningen 653 plus 5 km buffer . 40 km

Figure 4.3.4 Three terpen superimposed on Naaldwijk formation sand densities map with Google Earth (Kruiver
etal., 2017)
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Naaldwijk formation thickness of three terpen

Furthermore, Middelstum is positioned in an area with a low to moderate amount of the
Naaldwijk formation, see figure 4.3.5. Wirdum has a thin layer of Naaldwijk. Lastly,
Beswerd is located outside of the map so the thickness is unknown based on figure 4.3.5.

Legenda
7 3terpen
*  Groningen

Figure 4.3.5 Three terpen superimposed on Naaldwijk formation thickness map with Google Earth (Kruiver et
al., 2017)

Position of the terpen on the seismic hazard map

Wirdum is located in a high PGA region and Middelstum in the low to moderate region,
according to figure 4.3.5. Beswerd is positioned outside of the map and also outside of the
Groningen gas field region. Hence, it is safe to say, that it is in a low PGA environment.
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Three terpen imposed on PGA map : Legenda

7 3terpen

Legend

) e Groningen field

V4 PGA map, p = 475 v 9]
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Figure 4.3.6 Three terpen superimposed on seismic hazard map made with Google Earth (KNMI, n.d.)
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4.4 CPT data from DINOloket

The terpen that were chosen had to fulfill several requirements. First off, CPT data must be
available preferably a CPT that took place on the terp or a maximum distance of 20 metres
away from the terp. The further away the test was done, the less accurately the CPT data
would represent the soil of the terp, since there is a high heterogeneity in the subsurface.

Furthermore, the CPT data was supplied by DINOloket. DINOloket offers free data and
information on the Dutch underground, such as borehole data and geological cross sections.
The CPT data from DINOIloket do not all have the same quality. DINOloket states that older
data are less accurate compared to recent data, especially the data before 1982 is of a lower
quality (Dinoloket, n.d.). Hence, another condition for the CPT data of a terp is to be from
after 1982. Moreover, the precise location of the collected CPT data is shown in Appendix
BI1.

The Dinoloket provided graphs of the friction ratio, cone resistance and the sleeve friction,
the graphs can be found in Appendix B2. Dinoloket also supplied GEF files at request that
contained the data of these graphs. These GEF files were imported in Excel. So the I,
parameter could be calculated per soil layer.

Moreover, the first and last values of the sleeve friction dataset were not realistic, this
probably had to do with the mechanics of the machine. Hence, the same went for the friction
ratio, because it includes the sleeve friction values. The unrealistic values of 999.9 were
changed to 0 and not include into the average calculations so that these anomalies would not
affect the rest of the results.
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4.5 2D visualisation of AHN data of terpen with AHN Viewer

2D images of the terpen were produced from north to south and east to west with AHN2 data
in the AHN viewer. Figure 4.5.1 shows the legend for the AHN images.

The Middelstum terp has more or less shallow slopes in figure 4.5.2. When looking at the
north to south cross section, the overall shape looks stable. The Beswerd terp has sharper
slopes that are shaped more gradual in the west to east cross section, see figure 4.5.3. Lastly,
the Wirdum terp in figure 4.5.4 has an irregular shape. The west to east cross section of the
terp seems to have a gap in it, this might be the cause of some type of damage.

W= Hoog

Laag

Figure 4.5.1 AHN legend from low (blue) to high (red)

Hoogteprofiel Hoogteprofiel

Hoogte in Meter
Hoogte in Meter

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7
Afstand in Kilometer

0\ AHN2 - Hoogteprofiel
AL wrF o
AT g Lijst met lagen

P Listmetlagen

Figure 4.5.2 Height profiles and AHN images of Middelstum
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Figure 4.5.3 Height profiles and AHN images of Beswerd

Hoogteprofiel Hoogteprofiel

Hoogte in Meter

Hoogte in Meter

06 07 08 00 o1 02 03 04 05 06 07 0,8

00 01 02 03 04 05
Afstand in Kilometer

Afstand in Kilometer

Figure 4.5.4 Height profiles and AHN images of Wirdum
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4.6 3D visualisation of AHN data of terpen with QGIS

The shape of the terp has an influence on its liquefaction sensitivity. 3D models of the terp
ground surface were made in QGIS with AHN2 data, see the figures 4.6.1 through 4.6.4. The
methodology for downloading AHN data and creating a 3D model can be found in Appendix
B3.

The Middelstum and Beswerd terp are stable in terms of their geometry. Especially, the
Middelstum terp due to its radial structure. Furthermore, the Wirdum terp is less stable
because the elevations change faster from high to low so the slopes are less shallow
compared to the other two terpen.

M -1.84700000286102
-0.477749973535538
0.891500055789948
2.26075008511543

M 3.63000011444092

Figure 4.6.1 Middelstum in 3D with legend in metres

M -0.878000020980835
0.0410000085830688
0.960000038146973
1.87900006771088

B 2.79800009727478

Figure 4.6.2 Beswerd in 3D with legend in metres
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Il -1.41199994087219
~ 0.114250004291534
1.64049994945526
. 3.16674989461899
Ml 4.69299983978271

Figure 4.6.3 North of Wirdum in 3D with legend in metres

M -1.80299997329712
| -0.966999977827072
-0.130999982357025
" 0.705000013113022
M 1.54100000858307

Figure 4.6.4 South of Wirdum in 3D with legend in metres
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5. Methodology

Soil classification

In order to derive soil types from CPT data, the CPT data must be segmented in soil layers.
The layers were defined with the use of the friction ratio and cone resistance values versus
depth graphs. Afterwards the average friction ratio, sleeve friction and cone resistance for
each layer were calculated with MATLAB. Then, the classification schemes presented in
section 3.2 were applied to the data.

Soil unit weight

The volumetric weight of the soil must be known to estimate the vertical stress in order to
calculate the soil behaviour index. Since the underground is made up of several soil types,
each soil type has its own volumetric weight. The whole soil column was assumed to be
saturated. The soil classes from the Robertson et al. (1986) soil classification chart were used.
The specific soil classes from the NEN 6740 table were not identical to the classes of the
Robertson soil classes. However with the use of the cone resistance, a good approximation
could be made. The reasoning for each determination is provided in the results, section 6.

Soil behaviour index

The I, values were determined as explained in section 3.3. The vertical stresses and effective
vertical stresses were calculated as taught in the course: Soil Mechanics AESB2330
(2018/2019), assuming that the soil column was fully saturated. The calculations were done
in MATLAB, the scripts can be found in Appendix C1. The goal is to determine the soil
behaviour characteristics of the terpen in order to evaluate the liquefaction potential.
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6. Results

Note that * stands for the average values.

Table 6.1 Soil classification Middelstum terp

layer | layer w.r.t. q.* Ry* soil type based on soil type based on Robertson
ground level (m) | (MPa) (%) ATAR et al.
1 0.0-1.5 0.35 7.6 peaty clay 2: organic material
2 1.5-9.3 1.08 3.1 clayey sand 5: clayey silt to silty clay
3 9.3-11.8 5.36 1.6 clayey sand 7: silty sand to sandy silt
4 11.8-13.0 5.46 2.9 firm clay 6: sandy silt to clayey silt
5 13.0-23.4 1.80 6.8 peat or peaty clay 3: clay
Table 6.2 Soil unit weight Middelstum terp
layer w.r.t. q.*(MPa) | soil type based | soil type & reasoning Y.atl(KN/m3)
ground level on Robertson et
(m) al.
1 0.0-1.5 0.34 organic material | peat, moderately loaded 13
- organic material
- qc>02
2 1.5-9.3 1.09 clayey silt to loam & weak sandy 19
silty clay - loam
- qc=l1
3 9.3-11.8 5.48 silty sand to sand weak silty, clayey 20
sandy silt - sand
- qc=5
4 11.8-13.0 5.16 sandy silt to sand strong clayey and silty 21
clayey silt - sand
- qc=5
5 13.0-23.4 1.80 clay clean clay 17
% Bsc. Thesis Salima Oumejjoud
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Table 6.3 I, calculation Middelstum terp
layer w.r.t. thickness midpoint layer w.r.t. ground | q.* f* I*
ground level (m) | (m) level (m) (MPa) | (MPa)
1 0.0-1.5 1.5 1.5/2= 0.8 0.34 24e-2 | 4.7
2 1.5-9.3 7.8 1.5+7.8/2=5.4 1.09 2.6e-2 |38
3 9.3-11.8 2.5 1.5+7.8+2.5/2=10.6 5.48 8.6e2 (3.4
4 11.8-13.0 1.2 1.5+7.8+2.5+1.2/2=12.4 5.16 1.2e-1 |33
5 13.0-23.4 10.4 1.5+7.8+2.5+1.2+10.4/2=18.2 | 1.80 1.2e-1 |33

Table 6.4 Soil classification Beswerd terp

layer | layer w.r.t. q.* R* (%) | soil type based on soil type based on
ground level (m) | (MPa) ATAR Robertson et al.

1 0.0-0.9 1.55 3.76 moderate clay 4. silty clay to clay

2 0.9-5.4 1.12 1.42 clayey sand 7: silty sand to sandy silt

3 5.4-6.3 4.24 0.51 silty sand 8: sand to silty sand

4 6.3-10.7 2.79 0.90 clayey sand 7: silty sand to sandy silt

5 10.7-15.0 5.23 0.70 sand 8: sand to silty sand

6 15.0-26.1 5.08 1.34 silty sand 7: silty sand to sandy silt

7 26.1-27.2 25.96 0.81 sand 9: sand

8 27-2-30.1 11.08 1.03 sand 9: sand

Table 6.5 Soil unit weight Beswerd terp

layer w.r.t. q.* soil type based on soil type & reasoning Veat (KN/mM3)
ground level (m) | (MPa) Robertson et al.
1 0.0-0.9 1.55 4: silty clay to clay clay, weak sandy (moderate) 18
- clay
- qccloseto 1.5 MPa
2 0.9-5.4 1.12 7: silty sand to sandy | loam, weak sandy (weak) 19
silt - qccloseto 1 MPa
- silt and sand
% Bsc. Thesis Salima Oumejjoud
TUDelft 59




3 5.4-6.3 4.24 8: sand to silty sand sand weak silty, clayey 20
- sand and silt
- qcin 5-20 MPa range
4 6.3-10.7 2.79 7: silty sand to sandy | loam, weak sandy (weak) 19
silt - (qccloseto 1 MPa
- silt and sand
5 10.7-15.0 5.23 8: sand to silty sand sand weak silty, clayey 20
- sand and silt
- qcin 5-20 MPa range
6 15.0-26.1 5.08 7: silty sand to sandy | loam, weak sandy (weak) 19
silt - qccloseto 1 MPa
- silt and sand
7 26.1-27.2 25.96 9: sand clean sand (solid) 22
- sand
- qcclose to 25 MPa
8 27-2-30.1 11.08 9: sand clean sand (moderate) 20
- sand
- qccloseto 15 MPa
Table 6.6 I, calculation Beswerd terp
layer thickness midpoint depth w.r.t. ground level (m) q.* f* Veat I*
w.r.t. (m) (MPa) | (MPa) | (kN/m3)
ground
level (m)
1 {0.0-0.9 0.9 0.9/2=0.5 1.55 5.8e-2 18 4.4
2 109-54 4.5 0.9+4.5/2=3.2 1.12 1.3e-2 19 4.1
35463 0.9 0.9+4.5+0.9/2=5.9 4.24 2.3e-2 20 3.9
4 | 6.3-10.7 4.4 0.9+4.5+0.9+4.4/2= 8.5 2.79 2.3e-2 19 3.9
5 110.7-15.0 |43 0.9+4.5+0.9+4.4+4.3/2=12.9 5.23 3.8e-2 20 3.7
6 | 15.0-26.1 | 11.1 0.9+4.5+0.9+4.4+4.3+11.1/2= 20.6 5.08 6.1e-2 19 3.6
7 |126.1-27.2 | 1.1 0.9+4.5+0.9+4.4+4.3+11.1+1.1/2=26.7 2596 | 2.2e-1 22 3.2
8 | 27-2-30.1 |29 0.9+4.5+0.9+4.4+4.3+11.1+1.142.9/2=28.7 | 11.08 1.1le-1 20 3.5
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Table 6.7 Soil classification Wirdum terp

layer | layer w.r.t. q.* R* soil type based on | soil type based on Robertson
ground level (m) (MPa) (%) | ATAR et al.

1 0.0-1.8 1.05 2.83 | loam 5: clayey silt to silty clay

2 1.8-6.4 0.53 1.58 | firm clay 1: sensitive fine grained

3 6.4-8.5 13.03 1.01 | sand 9: sand

4 8.5-11.1 4.73 2.55 | firm clay 6: sandy silt to clayey silt

5 11.1-18.5 17.90 1.71 | clayey sand 8: sand to silty sand

6.8 Soil unit weight Wirdum terp

layer w.r.t. q.* soil type based on soil type & reasoning Ysat(KN/m3)
ground level (MPa) | Robertson et al.
(m)
1 0.0-1.8 1.05 5: clayey silt to silty loam weak sandy 19
clay - qcclosetol
- clay and silt
2 1.8-6.4 0.53 1: sensitive fine sensitive fine grained 17.5
grained (Baginska, 2016)
3 6.4-8.5 13.03 9: sand clean moderate sand 20
- qccloseto 15
- sand
4 8.5-11.1 4.73 6: sandy silt to clayey | sand strong silty clayey 20
silt - qcbetween?2to 15
- sand, clay and silt
5 11.1-18.5 17.90 8: sand to silty sand sand weak silty clayey 21
- qc between 5 to 20
- sand and silt
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Table 6.9 I, calculation Wirdum terp

layer thickness | midpoint layer w.r.t. q.* f* (MPa) | v, L*

w.r.t. (m) ground level (m) (MPa) (kN/m3)

ground

level (m)
1]0.0-1.8 1.8 1.8/2=0.9 1.05 2.9e-2 19 4.2
2 [1.8-64 4.6 1.8+4.6/2=4.1 0.53 8.5¢-3 17.5 43
3|6.4-85 2.1 1.8+4.6+2.1/2=17.5 13.03 1.3e-1 20 32
4 | 8.5-11.1 2.6 1.8+4.6+2.1+2.6/2= 9.8 4.73 8.5¢e-2 20 34
5(11.1-185 |74 1.8+4.6+2.1+2.6+7.4/2= 17.90 2.6e-1 21 3.0

14.8
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7. Discussion

As indicated in section 3.3, the combination of an n exponent of 1 and I, lower than 2.6
indicates a liquefaction case. Hence, the results conclude that all the three terpen are not
prone to liquefaction. Furthermore, other site effects can influence the liquefaction potential,
such as construction, but these are out of the scope of this report.

The soil types were defined with the use of CPT data from DINOIloket. Processes such as
overconsolidation might have taken place. These could have had an effect on the graphs of
the CPT data, by increasing or decreasing the sleeve friction, friction ratio and cone
resistance values. As a consequence the determined soil classes can be slightly off. Another
consequence is an over- or underestimation of the soil behaviour index.

Furthermore, the soil unit weights were based on the soil class and cone resistance. Here the
soil classes did not coincide with the soil classes of NEN 6470. This might have lowered the
accuracy. It would have been more reliable if the soil unit weight was directly derived from
more appropriate CPT data that includes measured densities. Moreover, NEN 6740 was used,
which is now outdated. Hence, it would have been better to have used NEN-EN 1997. Also,
the rounding errors might have played a minor role in the MATLAB generated calculations.

Moreover, Wirdum is located on the border of two AHN2 datasets, this prevented the
creation of a 3D model of Wirdum in its completeness. Now, there are two 3D models of the
north and south of Wirdum. If it were possible to merge these datasets in QGIS it would solve
the problem. A complete 3D model of Wirdum would better represent the terp.
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8. Conclusion

The goal of this report is to evaluate the liquefaction potential on the terpen that can be
triggered due to induced earthquakes. The terpen that are prone to liquefaction have a shallow
subsurface that is composed of young fine sands. The formations that had the highest
liquefaction potential were the Naaldwijk and Eem formation, mostly because of their age
and soil composition. Since the Naaldwijk formation is younger and positioned more shallow
than the Eem formation, it is the most liquefiable. The three terpen that were investigated
turned out to be safe from liquefaction based on the soil behaviour index values.
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10. Appendix

Appendix Al

0 e

Peelo Formation
(giacial)
B Fine and coarse sand, and day - ‘potidei’

Drente Formation
(glacial)

I Coarse sand, meltwater deposits
B Glaciai tll ('keileem’, Gieten Member)

e

R Sand and clay, tidal deposits (Wormer Mbr)

Nieuwkoop Formation
(marshes)
[ Peat (Hollandveen Mbr)

I Sand and clay, tidal deposits {Walcheren Mbr)

Figure A1.1 Overview of the formations made with Geotop (Kruiver et al, 2017)
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Appendix A2

Table A2.1 NEN 6740 (NEN 6740, n.d.)

Typef sol Representative mean value for the soil properties
T P B Rl S L s ce cas) | o Eu (oa) B) | () P | fundr 023
weakgiy  |loose 17 18 15 500 - 0,008 0 000z 75 25| - -
moderate 18 20 25 1000 % 0,004 0 0,002 125 35 E =
T fec/so 190r20] 200r 2 30| 1200 0r 1400 - 0,003 or 0,002 0 0001 0r 0] 150 or 200 3750r40| - -
s
(5| Strong sl | loose 18 20 10 400 - 0,008 0 0,003 50 0| - -
raderate 18 21 15 800 % 0,008 il 0002 5 325 E »
fixed/solid 2201 ~ R ~
20 0r 21 225 25| 1000r 1500 0,003 or 0,002 0 0,0010r @) 125 or 150 35 0r 40
Elear lonse 17 13 5 200 - 0,021 0 0,007 25 30 - -
moderate 18 20 15 800 z 0,008 i 0,003 75 325 E 2
o fixed/solid ~ . ~
= 190020 21 0r22 25| 1000 or 1500 0,003 or 0,002 il 0001 or 0] 125 or 150 35 or 40
@ | weak silty.
Claye 1B or 19 200r 21 Sor20 480 or BED - 0,008 or 0,005 0] 0,003or0,001 250r38 270r325 - -
strong silfy.
|| claye: 18 0r 18 20 or 21 2or 15 200 or 400 " 0,018 or 0,008 0 0,006 or 0,001 20 or 30 25 or 30 - -
weak sandy | "YEK . 19 1 25 650 0,168 | 0,004 0056 2 27,5 0r 30 0 50
2 moderate - 20 2 45 1300 0,084 | 0,002 0028 5 750325 2 100
I fixed/solid
- ) 210r22 3 F0or 100 19000r 2500 | 0049 0r 0,030 | 0.001| 0,017 or 0,005 100r20 2750r36| Sor7s|  2000r300
|| strong sandy = 19 0r 20 2 4%0r70| 13000r 2000 | 00820r 0,055 | 0,002| 00310 0,005 Sor 10 27.50r35 Oor2 50 or 100
clean ek - 14 05 7 20 1257 | 0,013 0452 1 its i 5
Moderte " 17 1 15 160 0,362 | 0,008 0121 2 1758 10 50
Thegiold - 18020 2 350r30|  00r500| 0.1880r 0,128 | 0,004] 0,058 or 0,042 4or 10 1750r25| 250r30| 100 0r200
| ek sandy | wezk - 15 07 10 110 0,756 | 0008 0253 15 235 0 @
5 i - 18 15 20 240 0,237 | 0,005 0,070 3 225 10 80
Txet/zolld - 200r 21 25 300r50|  4000r600| 0,126 00,008 | 0,003] 00420r 0014 Sor10|  2350r275| 250r30|  1200r170
strong sandy 2 18 or 20 1 25 or 140 320 or 1680 0,180 or 0,027 | 0,004 | 0,063 or 0,025 2orhH 2750r3258 Oor 2 Oor 10
arganic Wl - 13 nz 75 a0 169 | 0015 i 05 15 or 2 1
moderate ' 15018 05 10015 400rB0 | 0,780 or 0420 | 0,012 025 0r 0,14 Tor2 15 Dor2 25 or 30
‘& | not preloaded wek & 10or12| 01 orD2 Sor75 20 or 30 7580r1,81 | 0,023 25300r 06 02or05 15 20r 5 10 or 20
& [ maoderate moderate
loaded 3 120r13 02 7hori0 30 or40 1,81 0r0,900| 0016 0Born3 05or1 15 Sor10 20 0r 30
Wariation coeficient 0,05 - 0,25 a1 0,2
o
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Figure B1.1 Location of CPT (triangle) and borehole (circle) of Middelstum made in DINOloket
Note, the borehole is the left circle in the purple ring
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Figure B1.2 Location of CPT (triangle) and borehole (circle) of Beswerd made in DINOloket
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Figure B1.3 Location of CPT (triangle) and borehole (circle) of Wirdum made in DINOloket
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Appendix B2

[BRO-ID: CPT000000052031

Aanpelaverde codrdinzten: 230084.000, 396011.000 (um:ogc:defers: EPSG:28002) ]
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Figure B2.1 Middelstum cone resistance graph from DINOloket
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BRO-ID: CPTO00000052031
Aangeleverde codrdinaten: 239084.000, 596011000 (um:ogc: deficrs:EPSG::28992)
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Figure B2.2 Middelstum friction ratio graph from DINOloket
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BRO-ID: CPTO00000052438
Aanpeleverde cobrdinaten: 226776.190, 329283 220 (um:oge:deficrs EPSG::28991)
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Figure B2.3 Beswerd cone resistance graph from DINOloket
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[BRO-ID; CPT000000052438

Aanpeleverde codrdmaten: 226776190, 389283 220 (um-opc:defers EPSG::28992) j
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Figure B2.4 Beswerd friction ratio graph from DINOloket
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Aangeleverde codrdinaten: 247981.000, 594009.000 (un:ogc:deficrs:EPSG::28992)
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Figure B2.5 Wirdum cone resistance graph from DINOloket
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BRO-ID: CPTOO0000052220
Aanpeleverde codrdinaten: 247981.000, 394009000 (um-oge:defers EPSG::28002)
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Figure B2.6 Wirdum friction ratio graph from DINOloket
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Appendix B3

Methodology of 3D model creation

First the right AHN dataset had to be downloaded. The AHN datasets have a unique code that
coincide with a certain section of the Netherlands, such as ‘07az2’. On pdokviewer.pdok.nl
the right box could be found into which the terp was located. Then on pdok.nl the right
AHN2 dataset could be downloaded, Datasets — AHN2 — AHN2 5 meter maaiveld raster,
this was the maaiveld raster 5 metres option. This opened an XML file into which the code
had to be found and its link. The link gave way to a zip file that contained a tif file.
Afterwards, the Tif file could be added into QGIS as a new raster layer. In order to zoom into
the terp and get a 3D model of only the terp the option raster > extractie > clipper > Bereik in
kaartvenster selecteren, was used. Then the option Nieuwe 3D kaartweergave then in the new
window in the settings change to elevation and add the raster layer and with the mouse the
3D model can be moved in all directions. Moreover, the vertical scale was set to 30 and 5
pixels were chosen for Wirdum and Beswerd. For Middelstum the vertical scale was changed
to 20.

% Pdok De inhoud van deze viewer is verouderd, ga naar pdok.nl!

Over PDOK viewer [l IQVI7IS
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>

« QI 2 il == & & mdseistum, Lopperst >
: e —
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=3 Publieke PDOK Services
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&3 Actueel Hoogtebestand Nederland (AH!
@ & AHN2 5m [wr
8 () AHN2 0.5 niel
& ) AHN2 0.5 ge
@ L) AHN2 0.5m ruw [wmts]
B ¥ AHN2 bladindex [wms]
@ () Actueel Hoogtebestand Nederland (AH!
@ () Administratieve Eenheden (INSPIRE ge
@ () Adressen
@ () Adressen (INSPIRE geharmoniseerd)
@ (C) Agrarisch Areaal Nederland (AAN)
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Appendix C1

% MATLAB script for Middelstum terp, for the last layer
Pa = 10e3; %Pa , reference stress

gw=10e3; %volumetric weight of water N/m3

gqc= 1.80; %cone resistance

fs= 1.24e-1; %sleeve friction

zw = 18.2; %water height

svc= 1.5%13e3+7.8%19e3+2.5%20e3+1.2*21e3+(10.4/2)*17e3;
svcl=(svc)-(gw*zw); %effective stress

F1 = fs/(qc-sve);

F = -F1%100; %make it positive
n=1"1,;
Q1 = (qc-svc)/Pa;

jo]
N
1

(Pa/svcl) .n;
Q = -Q1./Q2; %make it positive
AA1= 3.47-(log18(Q));

AA = AAT*AA1;
B1 =(1.22+1og10(F));
B = B1*B1;

Ic= sqrt(AA+B)

%MATLAB script for Beswerd terp, for the last layer
Pa = 10e3; %Pa , reference stress

gw=10e3; %volumetric weight of water N/m3

gc= 11.08; %cone resistance

fs= 1.1e-1; %sleeve friction

zw = 28.7; %water height

svc=0.9%18e3+4.5%19e3+0.9*20e3+4 .4%19e3+(4.3)*20e3+(11.1)*19e3+(1.1)*22e3+(2.9/2)*2

0e3;
svcl=(svc)-(gw*zw); %effective stress
F1 = fs/(qc-sve);

F = -F1%100; %make it positive
n="1;

Q1 = (qc-svc)/Pa;

Q2 = (Pa/svcl).’n;

Q = -Q1./Q2; %make it positive

AA1= 3.47-(10g108(Q));
AA = AAT*AAT;

B1 =(1.22+1og10(F));
B = B1*B1;

Ic= sqrt(AA+B)

%MATLAB script for Wirdum terp,for the last layer

Pa = 10e3; %Pa , reference stress

gw=10e3; %volumetric weight of water N/m3

zw = 14.8; %water height

svc= 1.8%19e3+4.6%17.5e3+2.1%20e3+2.6%20e3+7.4/2%21e3;

qc= 17.9; %cone resistance
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fs= 2.6e-1; %sleeve friction
svcl=(svc)-(gw*zw); %effective stress
F1 = fs/(qc-svc);

F = -F1%100; %make it positive
n=1"1;
Q1 = (qc-svc)/Pa;

Q2 (Pa/svel) .%n;
Q = -Q1./Q2; %make it positive

AA1= 3.47-(1og10(Q));
AA = AA1*AA1;

B1 =(1.22+1log18(F));
B = B1#%B1;

Ic= sqrt(AA+B)
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