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1 INTRODUCTION

Arcadis Nederland B.V. was commissioned by the Rijksdienst voor Ondernemend Nederland (RVO.nl) as
geotechnical expert support for the development of the wind farm zone (WFZ) Hollandse Kust (Noord) (HKN).
The geotechnical campaign in the HKN project was performed by the contractor Fugro Netherlands Marine
B.V. (Fugro). One of the final products of the geotechnical campaign was a geotechnical parameter report [X
8] which also contributes to a geotechnical ground model for the HKN WFZ. Arcadis Germany GmbH (Arcadis)
as part of the expert group, was requested to develop an independent 3D geotechnical ground model to enable
a thorough second opinion on the findings in the report [X 8]. The original geological model [X 1], which is
supported by geophysical [X 5] and geotechnical [X 3] and [X 4] investigations should form the basis of this
3D geotechnical ground model.

The main goal of such a 3D geotechnical model is the definition of subregions within the predefined geological
units which can be assigned geotechnical properties with a narrow bandwidth. The method is mainly based on
compiling a cross-section network with a manual mapping of lithostratigraphic or homogeneous sediment
sequences. 3D geometries are calculated by mapped baselines in cross-sections using Delaunay
Triangulation.

The input data consists of:

1. Geological ground model by Fugro [X 1],

2. CPT (cone penetration test) data [X 3]: total cone resistance, friction ratio, normalized cone resistance
and normalized friction ratio at 75 locations,

3. CPT (cone penetration test) data at 76 locations (including TenneT locations for substation) interpreted by
Arcadis to receive soil types and densities,

4. CPT (cone penetration test) data at 76 locations (including TenneT locations for substation) with
interpreted units based on CPT characteristics and associated to geological units performed by Arcadis,

5. Borehole information as descriptions, sieve analysis and photographs at 29 locations [X 4],

o

Geological background information of the area [D 1] to [D 9]

Based on the input data a supplemented ground model with 17 subunits in 22 cross-sections was compiled. A
3D-Voronoi calculation was performed with support of Insight Geologische Softwaresysteme GmbH for a
robust visualization of potential lateral and vertical distribution of soil types and densities (based on 3.) within
each geological unit. Basic statistics and a geostatistical pre-investigation were performed on CPT data for the
separate units. Due to the geological complexity, a coarse geophysical investigation and large distances
between the individual CPT- and BH-locations, a validated geostatistical interpolation considering the complex
geological situation was not achievable with sufficient accuracy.

In addition, an analysis of sediment sequences was performed using sieve analysis, borehole descriptions and
sample photographs. This was used to define significant changes in the sediment succession, such as fining-
up, coarsening-up or aggregational systems to get a more detailed idea of paleoenvironments and their
historical context. The reason for this work was to consider a detailed layer approach, considering review of
the layers geotechnical characteristics within a given geological unit (e. g. sand density, particle size
distribution variation), based on the geological units developed by Fugro [X 1]. In addition, some differences
found in the denotation of geological units comparing Fugro results with the stratigraphic labeling of Arcadis at
CPTs lead to a reinterpretation of geological units, see Figure 6. Since the work on this 3D ground model was
to a large extend performed in parallel to the development of the final reports by Fugro, not all final findings
and conclusions could be implemented in this report. This applies only to the geological interpretation and
partly to the naming of some of the units and subunits. A completely new 3D mapping of sequences and
interpretation of the genesis was beyond the scope of this work since this would have required much more
geotechnical and geophysical data in a local setting.
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All geological and geophysical interpretation of soil units and stratigraphic labeling by Fugro, reported and
certified in [X 1] and [X 5] in combination with the digital files [R 1] and [R 2] shall be considered as the
geological interpretation which is recommended by RVO.nl for further application in the HKN WFZ.

The exercise presented in this report was performed with the aim to subdivide the unit D, presented in [X 1]
into geotechnical subunits and to enable an interpolation between the geotechnical investigation points. This
work has been performed with a thorough interpretation and combination of all available data at the time of
writing the report. Different interpretations of geological units in this report and the recommended Fugro-reports
are documented to enable the experienced user to distinguish between the two interpretations and to trigger
an own assessment of the reader where deemed necessary.

The determination of geotechnical parameters for this geotechnical ground model is based on usually accepted
correlations between the CPT-results and geotechnical soil parameters. These values are complemented with
empirical experience values and experience values by the authors formed in similar offshore wind projects in
North Sea soils. The results of the correlations are further justified with the results obtained in the laboratory
tests.

The characteristic parameters presented in this report are determined only for a preliminary foundation design
of future offshore wind turbines, assuming a monopile design, e.g. in the tender phase. These parameters can
as well serve as a basis for the assessment of other foundation types subjected to static loads. This
geotechnical evaluation and interpretation are the main intentions of this report. The geological interpretation
mainly serves as a vehicle to enable the 3D modelling of the geotechnical layers and to support the
geotechnical interpretation. The stratigraphic labeling is of minor importance for this goal of the report and thus
different interpretations of this labeling between the reports by Fugro and this report were acceptable in
combination with the RVO.nl recommendation to stick to the Fugro reports and the related geological
interpretation in case of doubts. Finally, the main soil units A, B and C from the geological model, developed
by Fugro in [X 1] were completely followed in this report as well. The main difference is the effort put in this
report to further subdivide soil unit D into relevant geotechnical sublayers to allow a more precise mapping of
the geotechnical characteristics across the site.
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source: Fugro Netherlands B.V., Part of the HKN data package
(https://offshorewind.rvo.nl/soilnh: 20190509 HKN_FNLM_Technical Note Digital
Deliverables_V02_F.7z).
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3 PROJECT AREA

The project area is located offshore app. 20 km west of Netherland’s coast and represents the Dutch Wind
Farm Zone Hollandse Kust (noord). All GIS-data, generated and used in this project, relate to the coordinate
system ETRS89, UTM zone 31 N (EPSG: 25831).
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Water depths range from app. 14 to 28 m [X 5].

Figure 1 Location of the project area (coordinate system: ETRS89, UTM zone 31 N, EPSG: 25831).
Background: openstreetmap.

Detailed information to the project location and planning of the WFZ are described in documents [X 1], [X 5]
and [X 6] and is not repeated in this report.
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4 GEOLOGICAL UNITS

The main purpose of the geological assessment is the independent interpretation of the geology in the HKN
WFZ with the aim to develop a 3D ground model based on the geotechnical findings but supported by the
geological layers. The presented detailed assessment of the geotechnical and geological data was proving
that the geological interpretation is not straight forward in every location. Thus, the soil units applied in the final
geotechnical interpretation were mainly following the stratigraphic description in [X 1]. Soil units A, B and C of
[X 1] were completely adopted while the main effort was put in a subdivision of the dominant soil unit D to allow
a more precise mapping of geotechnical parameters across the site. Details on the final incorporation in the
3D model are shown in chapter 6.

The following geological assessment documents the steps towards the final conclusion on which geological
layers and sublayers were considered to be reasonable to be guiding the geotechnical interpretation. Different
interpretations compared to [X 1] are discussed where applicable to highlight such areas for the experienced
user.

The North Sea is characterized by transgression and regression phases, which were caused by repeated
climate changes during the last 1 M years. Glacial phases with relative sea level low stands alternated with
sea level rises in warm periods. Changing sedimentation processes from fluvial, deltaic, shallow-marine to
glaciofluvial and glacio-lacustrine shaped paleoenvironments. Deposition were additionally influenced by
glacio-hydroisostatic adjustment effects (GIA) [D 8], which resulted in partially long periods of sediment
aggradation in coastal, tidal, deltaic to shallow marine settings during late interglacials. In periods with relatively
low-stand sea level the area became exposed and fluvial deposition as well as erosion took place [D 8]. The
Saalian glacier was the only ice sheet which completely covered the project area. The ice margin was located
just south of the wind farm zone, preserved as ice-pushed ridges [X 6]. Recently the North Sea is still
transgressing. The youngest sediments are open-marine shelly sands deposited in high-energy environments
[X 1].

A detailed description of the geological history is presented in [X 1] and [X 6]. Soil from the lower Pleistocene
up to the Holocene are expected in the upper 60m bsf. In this chapter we focus on sediment descriptions
related to specific ages and summarize hints to differentiate geological units using information from literature
and documents [X 1], [X 2] and [X 6].

The stratigraphy of the CPT logs based on the behaviour of the CPT data was performed by Arcadis with
assignation of a geological unit to each identified units This interpretation shows a reasonable vertical
classification of the data, but could not clearly be correlated to the geological stratigraphy presented in the
geological ground model from Fugro [X 1].

From internal literature review no clear pattern/characteristics (description, sieve analysis, photos) could be
assigned to a given geological unit within the HKN site. The two following figures gives an indication of the
differences between the geological units from Fugro geological ground model [X 1] and the interpretation made
based on the CPT behaviour. For the final assignment of geotechnical layers, these differences were not
governing the interpretation. They are mainly causing a more detailed assessment of all available data to reach
sufficient confidence in the application of layer and sublayer boundaries, see chapter 6.
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Hence, to be able to assign small bandwidth parameters to a given soil unit, subdivision of some geological
units was required based on the geotechnical properties of this subunit. The description of these subunits is
presented in Chapter 6.

A summary of the geological formation (from regional geology databases, literature and documents) are
presented hereafter in chronological order (from the oldest to newest) for the formation identified within the
HKN site for the investigated depth and location.

4.1 Winterton Shoal Formation

The oldest sediment identified by Arcadis and explored within the area of the Hollandse Kust (noord) starts
with a sequence related to the Lower Pleistocene, denoted as Winterton Shoal Formation. It is described in [X
6] as fluvio-deltaic to shallow-marine estuarine deposits. The sediment system was supplied by the Eridanos
river system and Rhine-Meuse system [D 7]. Winterton Shoal is mentioned in the stratigraphic denotation of
CPTs by Arcadis but was not confirmed with the geological ground model [X 1].

The lithology of Winterton Shoal is mentioned to be similar to the overlying Yarmouth Roads Formation, with
the exception that shallow-marine deposits can also be included [X 6].

4.2 Yarmouth Roads Formation

The Lower to Middle Pleistocene is represented by the late Cromerian to early Elsterian Yarmouth Roads
Formation [X 6]. In document [X 1] it is described as siliceous sands and clays deposited in predominantly low-
energy open-marine deltaic, delta top and higher energy deltaic environments. The sediment system was
dominantly supplied by the river system Rhine-Meuse [D 7]. The “BGS Lexicon of Named Rock Units” adds
that Yarmouth Roads consists of “Fine or medium-grained grey-green sands, typically non-calcareous, with
variable clay lamination and local intercalations of reworked peat. Characteristic chaotic reflector configuration
in seismic profiles, presumed mainly fluviatile, with possible shallow marine incursions.” Cohen et.al (2017)
announced that GIA effects caused post-glacial transgressions in the North Sea commencing relatively late in
the interglacial, starting fast and then subsequently slowing down with sediment aggradation at coastal rims
for long periods [D 8]. This could be the reason for the good representation and thickness of Yarmouth Roads.
It is presumable that the seismic reflector H20 as base of Unit D corresponds to the base of the Yarmouth
Roads Formation for most parts of the project area [X 1]. The palynological investigation confirms Unit D as
Yarmouth Roads [X 2], [X 1].

4.3 Elsterian Sediments

The Elsterian glacier did not reach the area but ended just north inducing a large proglacial lake system at its
southern rim which was blocked by the ice margin in the north and the upland topography towards the south
[D 7]. Deposits of this phase are not explicitly documented. Erosion and glacial overprint are supposed to be
the causing effects. A local preservation of lacustrine sediments is possible [X 6].

4.4 Elstarian to Holsteinian Sediments =Urk Formation

The Elsterian glaciation was followed by the Holstein interglacial, which was again represented by a
transgression period. In document [X 1] fluvial deposits of the Urk Formation as an onshore representative and
underlying, as well as overlying, shallow marine to tidal sediments of the Egmond Ground Formation are
mentioned to this age. The fluvial deposits of Urk are mainly supplied by the Rhine-Meuse river system [D 7].

The nomenclature database of DINOloket [D 6] describes the Urk Formation as widespread sediments which
are generated in different fluvial settings. This caused many regional variations of this formation in the
Netherland. Thus, sediment descriptions from literature are not distinctive enough to perform a pattern search
on the HKN material.

At 32 locations Yarmouth Road was not clearly distinguished from the younger Urk Formation and these two
are denoted as an Urk/Yarmouth Road combined sequence.
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4.5 Elstarian to Holsteinian Sediments — Egmond Ground
Formation

The Egmond Ground Formation is specified as the offshore equivalent of the Urk Formation in [X 1] and [X €],
and belongs to the Holsteinian transgression period (see chapter above - Urk). It is interlocked with the Urk
Formation.

The “BGS Lexicon of Named Rock Units” describes Egmond Ground as “Fine-grained, sparsely shelly marine
sands with clay interbeds (markedly less shelly than younger sands of the Eem Formation)”.

4.6 Saalian Sediments — Drente Formation

During the Saalian ice age, the glacier covered the project area. The ice margin was located just south building
ice-pushed ridges. Underlying material has been reworked by the glacier or eroded due to following
deglaciation processes. The Saalian moraine cannot be found within the project area. In [X 6] it is mentioned
that a local presence of till cannot be excluded. Within the project area local representations of the Drente
Formation are denoted by Arcadis. The local presence of Saalian material is also mentioned in [X 1] but not
explicitly differentiated with the geological ground model.

In the nomenclature description of the DINOloket database referring to Drente [D 5] it is noted that the Drente
Formation can be distinguished into three different layer packages for the Netherlands. Regarding the type
locality and descriptions, the Uitdam layer package could be represented within the project area. The Uitdam
layer is described as glacial-lacustrine succession with grey to brown stiff clays and grey to brown sands which
are thinly layered [D 5].

4.7 Eemian Sediments — Eem Formation

During the warm Eemian period sea level reached a high-level stand for which reason the project area drowned
and transgressive sediments were deposited. Preserved sediments are described as lagoonal, estuarine to
shallow-marine [X 6], [X 1].

In the nomenclature of the DINOloket database for Eem [D 4] it is noted, that Eem is mainly lying above the
Urk or Drente Formation within the west and central regions of the Netherlands, and if Eem is lying above the
glacio-lacustrine Uitdam sediments its boundary is sharp. Moreover, Eem can be distinguished from
surrounding sediments by its content of shells from marine molluscs [D 4].

During the late Eemian the paleoenvironment went over to a regression period because of the transition into
the Weichselian ice age, for which reason late Eemian sediments are deposited in a complex system together
with the younger Kreftenheye Formation [X 1]. Local erosion is to be expected, too [X 1]. Some parts of the
Eem Formation are documented as Brown Bank Member in various reports [X 1], [X 6], [D 7].

In document [X 1] Eem is mentioned as to be locally present within the geological Unit C, thus, above the H10
reflector. This is mainly determined by the palynological investigation [X 2]. Samples are related to warmer
periods at the base of Unit C. Comparing Arcadis labels at these positions (HKN67 and HKN70, appendix 3)
it is remarkable that associated samples relate to Arcadis Holocene sediments, both representing warmer
periods. Depths of Eem Formation by Arcadis are located beneath the base of Unit C.

4.8 Weichselian Sediments — Kreftenheye/Boxtel Formation

The Weichselian paleoenvironment is influenced by the Weichselian ice age, accompanied by a sea level fall.
The Weichselian ice margin was located north of the project area [X 1], [X 6] and a coverage is not documented.
Periglacial and fluvial sediments supplied by the Rhine-Meuse river system were deposited at that time [X 1],
[15]. Erosion of underlying sediments is also expected. The so-called Kreftenheye and Boxtel Formation are
related to this period [X 1].

The nomenclature of the DINOIloket database for Kreftenheye [D 3] notes that the lower boundary between
Kreftenheye and Urk Formation is distinctive in most cases in the western and middle regions of Netherland
due to the presence of a gravelly horizon. Moreover, the upper boundary of Kreftenheye often contains a stiff
light grey to grey clay, which contains partially organic material and is non-calcareous. This horizon is known
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as Wijchen Member and occurs mainly in the western and middle regions of Netherland [X 4]. A differentiation
of Kreftenheye to the younger overlying Naaldwijk Formation can usually be performed regarding sediment
color and carbonate content. Kreftenheye sediments are described as represented with more brownish lighter
colors than the predominantly grey Naaldwijk succession. Additionally, Kreftenheye has lower contents of clay,
carbonate and mica and a higher amount of coarser material in comparison to Naaldwijk [X 4]. In some regions
a pumice layer generated by the Laacher See eruption is preserved within the Kreftenheye succession [X 4].

The sandy Boxtel Formation is overlying Kreftenheye locally. In [X 4] the upper boundary to the Nieuwkoop
Formation or Naaldwijk Formation is known to be sharp. The differentiation to Dogger Bight is fuzzier [X 4]. Ice
wedges and cryoturbation may occur. It is mentioned that Boxtel is clearly identifiable in seismic profiles with
a distinctive onlap beneath an undulating sub-horizontal reflection [X 4]. These descriptions cannot be found
in the geological or the geophysical reports for the project area [X 1], [X 5], reflections are mentioned to be
noisy.

Within the project area there is a contradiction for the depths relating to Kreftenheye Formation comparing the
geological ground model (confirmed by the palynological investigation [X 1]) and the preliminary interpretation
at CPT locations done by Arcadis. Accompanied to these differences, the aforementioned characterization of
Kreftenheye in [X 4] and differentiation to Naaldwijk cannot be clearly confirmed in both cases by using only
information from geology databases. In the geological ground model, the Unit C is related to Kreftenheye and
Boxtel, whereas Arcadis denotation often corresponds to the H15 reflector of Unit D. The top of Arcadis
Kreftenheye boundary is often identical to the Unit C baseline. A changing of the CPT variables at this boundary
is broadly confirmed in both works. Thus, a distinctive geological boundary is present at the Unit C (H10)
reflector which is relevant for the geotechnical interpretation and thus mainly applied as recommended in [X
1], see also chapter 6.

4.9 Weichselian Sediments — Dogger Bight Formation

The Dogger Bight Formation is associated to glacial deposits of the Weichselian age [D 7]. In literature several
local representatives are described, but in document [X 1] and [X 6] no hint is given to the presence of the
Dogger Bight Formation. The unit was identified in the CPTs by Arcadis and differs from surrounding
sediments. Thus, this formation is mentioned separately, even if it is not integrated in the geological ground
model.

4.10 Holocene Sediments — Nieuwkoop Peat

The overall Holocene depositional setting in the Netherlands is in general well-researched, because of coastal
protection purposes (e.g. [D 9]).

The beginning of the Holocene started with a rise of groundwater level which resulted in a widespread peat
generation, known as Basal Peat Bed, or locally known as the Nieuwkoop Formation [X 6], [D 7]. Although
peat has been located in the project area in several depths, Nieuwkoop Peat was not associated with these
horizons in [X 1] and [X 4]. The unit is only described at CPTs by Arcadis. The associated CPT sequence
differs from the surrounding material. Comparing the geological model, the sequence is lying above the H10
reflector and is therefore a part of Unit C. The final application in the 3D model is detailed in chapter 6.

4.11 Holocene Sediments — Naaldwijk Formation

The continuing sea level rise during the Holocene led to the deposition of marine coastal deposits [D 7]. In [X
1] Naaldwijk is described as clay-rich deposits in tidal flats and shallow tidal channels.

In the nomenclature of the DINOloket database relating to Naaldwijk [D 1] it is noted that depositional locations
are defined inconsistently. In general, there is a sharp boundary to underlying sediments and the base often
represents an erosional surface, which can reach depths of up to 50 meters beneath the surface. Then, the
base is characterized as fine to medium grey sand, carbonate-rich and bearing shells [D 1].

Naaldwijk erosively overlying Kreftenheye can be differentiated by color, grainsizes, mica and carbonate
content. Naaldwijk is known to have more grey rather than brownish colors (Kreftenheye), the material is meant
to be finer and clay, mica as well as carbonate content should be higher [D 1]. Additionally, shells are present
- namely Hydrobia can be found [D 1].
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Within the project area Naaldwijk is mapped in the seismic geological ground model as Unit B. Its occurrence
is limited to channel-like features particularly concentrated to the southern part of the project area. The
southern part is also mentioned as potential archeological camp sites in [X 7].

In [R 4] Arcadis CPT classification Naaldwijk is nearly denoted at every CPT location and bases are located
much deeper than Unit B. Actually, the base of Arcadis Naaldwijk often corresponds to the base of Unit C.
Comparing sediment colors from sample pictures, mentioned calcareous sediments, shell and mica content
out of borehole descriptions [X 4], to reproduce differentiation criterions to Kreftenheye resulted in a 50/50
chance of confirming Naaldwijk as Unit B or Unit C. From palynological descriptions Unit C is confirmed as
Boxtel/Kreftenheye in most cases. The reason for the differences cannot be completely clarified. It is
presumable that findings of the geological ground model are reasonable for Naaldwijk and Kreftenheye, see
also chapter 6.

4.12 Holocene Sediments — Southern Bight Formation

The youngest sediments mapped in the project area is represented by the Southern Bight Formation which
consists of fine to medium brown, light colored shelly sands at its top. They are deposited in an open-marine
high energy environment [X 1]. In some areas they are missing due to sand extraction [X 1]. Southern Bight is
represented as Unit A in the geological ground model as well as in CPTs stratigraphy, covering nearly the
whole project area. Depths of Unit A and CPTs Southern Bight have local variations, but all in all its occurrence
corresponds in both works.
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5 DATA ANALYSIS
5.1 Overview

The stratigraphy presented in Fugro's geological ground model partially cover more than one geological
formation. Hence, in order to be able to assign reasonable geotechnical parameters to a given unit, it was
required to evaluate the possible subdivision of some of the Fugro geological units using the CPT data.
Based on the geological ground model [R 1], [R 2] and the CPT based stratigraphic interpretation done by
Arcadis, 17 units/subunits were integrated into the supplemented ground model. 22 cross-sections were

compiled manually (Figure 1).

Southern Bight

Southern Bight /
Naaldwijk

Naaldwijk

Nieuwkoop Peat

Dogger Bight

Eem
Kreftenheye

Eem

Drente
Egmond Ground
Urk
Egmond Ground

Urk/YR

Yarmouth Road

Winterton Shoal

Figure 4 3D visualization of the cross-section network compiled for the supplemented geological model.

The conceptional idea of building subunits is strongly related to the understanding of sediment genesis. In
theory, a good understanding of soil genesis helps to find patterns and structures for geotechnical properties
in terms of glacial consolidation processes, lateral and vertical distribution of silty or clayey beds or
discontinuities due to erosional processes. In some cases, the conceptional model can also be used as a
geometrical mask for geostatistical interpolation methods, because a high correlation of soil properties is more
likely within sediment bodies of the same facies than for the overall succession ignoring a layering. The cross-
section-based analysis is advantageous in evaluating a spatial context of each facies.

Conceptional geological ground models in kilometer scales are compiled and used by mining companies, land
surveys and water suppliers over many years. But, for engineering purposes conceptional ground models must
be used with great care. For example, authors recommend in [D 11] that a lateral interpolation of geological
features along certain distances should be avoided. Uncertainties for manually correlated unit depths can be
low to very high (several meters). Nevertheless, by keeping the conceptional idea in mind, 3D ground models
can be a valuable orientational support for decision-making. Moreover, the integrated visualization of
exploration data in a 3D setting provides transparency due to potential subsurface patterns and is easy to use.

For the Hollandse Kust (noord) some differences were found comparing the stratigraphic denotations in [X 1],
[X 2] with Arcadis preliminary interpretation based on CPT data, which could not be solved within the scope of
this work. Thus, the genesis context could not be clarified in the end. The fact, that geological assignation was
difficult and that the pattern search in the soil sample characteristics (particle size analysis, description and
photos) was too fuzzy, is related to the genesis setting of the depositions, namely alternating deltaic to fluvial
depositions overprinted with glacial post depositional effects.

An example from literature for the possible variability of depositions in different coastal settings are given in
the following scheme.
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Figure 5 Scheme for deltaic / coastal settings under transgressive and regressive conditions
(https://www.sepmstrata.org/Terminology,aspx?id=shoreline)

This means that geometries provided with the supplemented ground model, which are not related to a seismic
reflector, must be understood as marked regions, vertical and lateral, in which an accumulation of certain CPT
values, classified by Arcadis, has been detected. Based on this fact, an occurrence of these features within
mapped lateral and vertical outlines can be expected from a geologist point of view but is remains an
interpretation. Manually mapped layers cannot be used for interpreting realistic boundaries or geometries with
a hard allocation of geotechnical parameters. But the geological concept may help to figure out relative
probabilities and tendencies, which are present in the project area.

In summary, conceptional models provide a deeper insight in lateral and vertical differences, mark regions
where exceptional soils are often present or where a specific change in the overall material, such as increasing
clay content or increasing densities, can be recognized.

For visualizing soil characteristics interpreted from CPTs as soil type and density performed by Arcadis, related
data were integrated into the supplemented model by calculating 3D Voronoi diagrams for each identified unit.
The Voronoi solution is suboptimal in geometrical terms or for reconstructing a paleoenvironment but robust
in interpretation, because it simply polygonises the space between each log point. The variable allocation of
the honeycomb-like polyhedra helps the user to explore variable changes or accumulations in parts of the
project area or in specific depths.

A mathematical interpolation of soil types and densities on top of the conceptional model would not lead to a
more realistic reconstruction of the subsurface structure and a manual mapping of soil types and densities with
a genesis concept would be a strong extrapolation and the visual outcome would mime a more realistic
paleoenvironment, but would not improve certainty or even reflect reality. Thus, these options were excluded
regarding data density and variability.
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A simplified geostatistical interpolation with a 3D Ordinary Kriging approach was not expedient, too. A first
geostatistical analysis, using an exaggerated semi-variogram for 3D data, presumed that correlation lengths
of variables are expected to be smaller than location point distances. Thus, a geostatistical approach would
reflect the statistics of explored data but not self-evidently real geological variations. The geological history
indicates that the sediment system of the project area is complex and heterogeneous.

The overall 3D analysis was mainly performed with SubsurfaceViewer MX 7.6. It is a 3D GIS system especially
developed for mapping quaternary and tertiary sediments based on cross-section networks. Access to
geodatabases from Fugro and Deltares, as well as grid conversions, were performed with QGIS and
GDAL/SAGA toolbox. Conversions of tabulated data and AGS-files were scripted with Python using mainly
Pandas and Numpy libraries. Basic statistical analysis and transformations were calculated with Python scripts,
too. Initial trials for exaggerated omnidirectional variograms were done using SubsurfaceViewer MX 7.6.

5.2 Input data

1. Base grids of geological units from the geological ground model (source: Fugro, GIS_v04 model, [R 1])
with a resolution of 25 x 25 meter cells.

a. Unit A
b. Unit B
c. UnitC
d. Unit D_H15
e. Unit D_H20

2. Shapefiles for mapped paleochannels and peat levels (source: Fugro, GIS_v04 model, [R 2], conversion
was not necessary).

3. Seafloor DTM grid derived from the multibeam investigation (source: Fugro, GIS_v04 model, [R 1]). For
minimizing calculation costs during surface calculations, the bathymetry grid was transformed into a
25 x 25-meter grid.

4. CPT data as total cone resistance, friction ratio, normalized cone resistance and normalized friction ratio
were analyzed more deeply (source: Fugro, [R 3]). CPT data from Fugro's AGS file were converted into
the LAS file format for importing into SubsurfaceViewer MX using Python.

5. CPT interpreted data as soil type with density description performed by Arcadis were assigned to an
irregular voxel model at CPT location and as a soil description layer into SubsurfaceViewer MX.

6. CPT interpreted data referring to stratigraphic units performed by Arcadis were assigned to an irregular
voxel model at CPT location. See also Figure 6.

7. Borehole descriptions (source: Fugro, [R 4]) delivered per AGS file: descriptions were queried for
characteristic keywords such as “organic”, “peat”, “laminae”, “beds”, “pockets”, “calcareous”, “plants” and
“mica” etc. Results were assigned to an irregular voxel model at geotechnical locations as a binary, ordinal

or categorical variable (details for voxel models are described in chapter 7 “The 3D data package”).

8. Sieve analysis as curves of cumulative particle size distribution (source: Fugro, [X 4]) were manually
evaluated for grainsize percentiles of clay, silt, fine sand, medium sand, coarse sand, fine gravel and
medium gravel. Results were graphically integrated as grainsize curves into the LAS file format for
identifying sequences or erosional surfaces and comparing them with CPT data.

9. Sample photographs of the borehole material (source: Fugro, [X 4]) were used for getting a visual idea of

geological characteristics. Sediment colors were picked by color pipette and assigned as RGB-color to the
irregular voxel model (see point 7 and chapter 7 “The 3D data package”).

Date: 18 October 2019





Design & Consultancy
for natural and
built assets

A ARCADIS

P} P P ] DED @A DA @D DA SN RN RS DYDY DR e
SIS IS IS I PP I I T I I FFHIFIIIII I L LPEILLEL
R R R S S S S S S S I S S N S N N I R T A S S S S

i

&
oo &L
S

ESSE

NN

[ S SN SO

IS)
=3
—
—
—

Depth (m bsf)
8
—

N
=}

50

80

Southern Bight = Naaldwik mNieuwkoop Peat #Dogger Bight mKreftenheye #Eem mDrente mEgmond Ground & Urk mUrk/YR m Yarmouth Road = Winterton Shoal

Figure 6 Arcadis stratigraphic profiles based on CPT data.

Additionally, palynological investigation [X 2] was sighted and compared to other results. Details can be found
in chapter 5.4 “Comparison of borehole data and palynology study to CPT stratigraphy”.

Seismic cross-sections [X 5] were sighted, too, but due to fuzziness of the reflector data which was not related
to unit A,B,C and D_HZ20, delivered base grids of seismic layers were mainly integrated into the 3D analysis.

5.3 Cross-Sections and 3D visual analysis

Despite the fact, that the stratigraphic denotations of Arcadis boundaries at CPTs does not fit to the
stratigraphic order of the geological ground model and palynological results, the defined boundaries itself
appear to be reasonable for a subdivision of Unit D at most of the locations. Boundaries definitions are often
correlated in both works. At locations, where different boundaries were determined, it must be assumed that
different interpretations for a vertical classification are valid. The seismic explorations provide important
information of sediment geometries and the mapping of Unit C appears to be more certain than the geometry
of the underlying reflector of Unit D H15, which allows more flexibility in interpretation.

In summary, we concentrated on the subdivision of Unit D, because the CPT classification reveals an inner
heterogeneity of properties. Unit A, B and C are fully adopted form Fugro’s geological model, because they
appeared to be more certain than the reflector D H15, and reasonable by comparing CPT-data.

Deeper insights can be gained by getting familiar with the 3D data package directly, using the
SubsurfaceViewer Reader install. Getting used to the 3D visualizations is much more powerful than any 2D
pictures which could be presented within this report to demonstrate the situation. Concerning the named
uncertainty for the interpretation of the geological setting in the project area, it is therefore explicitly
recommended to have a careful and professional review of the data and the presented reports and models
before on-site decisions are made.
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54 Comparison of borehole data and palynology study to CPT
stratigraphy

Research:

Appendix 3 summarized the comparisons between palynology and CPT stratigraphy at borehole locations.
The denotations or labeling with used color codes are explained in Appendix 0.

The Palynological studies disconfirm Arcadis preliminary CPT-based stratigraphic interpretation. But a distinct
pattern of divergences could not be outlined.

For clarification purposes borehole descriptions and sample photographs were examined, but visual sediment
characteristics were not distinctive enough for proper interpretations. Figure 7 provides an example, showing
sample photos denoted as Yarmouth Roads by the palynological study [X 2] but assigned differently from
Arcadis CPT based interpretation. Both labels show different sediment characteristics concerning color,
grainsizes or lamination features.

Kreftenheye

Urk

Urk/YR

Figure 7 Sample photographs from Yarmouth Roads Formation [X 4], classified by palynology [X 2], and labeled
by Arcadis.

Nevertheless, the classification of geological units was reasonable by looking at the CPT data succession and
sieve analysis alone.

Results:

Basic statistics on total cone resistance in MPa, friction ratio in %, normalized cone resistance and normalized
friction ratio were performed on queried CPT sequences for each unit of Arcadis CPT interpretation and [R 3].
Histograms, showing the frequency distribution pattern, are given in appendix 6. Soil behavior plots and
distribution plots were calculated additionally and show remarkable differences for some horizons (see
Appendix 4 to 6). Sample photos within specified depths of Arcadis units often seemed to be similar in some
way. Sieve analysis, reported in document [X 4], were additionally integrated into the Arcadis 3D supplemented
ground model by picking the percentages for fine, medium and coarse sands, and fine to medium gravel. This
was done to get a deeper insight into the geological succession. Figure 8 and Figure 9 summarize the findings
for grainsize distribution out of the sieve analysis.
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Figure 8 Ternary diagram of grainsizes from sieve samples in percent and colored by geological unit based on
Arcadis approach. Lower axis: clay (T) and silt (U) content, right axis: sand (S) content, left axis: gravel
(G/X) content.
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Figure 9 Summary on grain sizes within geological units, generated from sieve analysis [X 4]
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The dominating lithology found in the project’s relevant subsurface consists of medium dense to dense fine to
medium sands. Distinctive silty to clayey layers of decimeter to some meter thickness can be found in various
depths and are obviously used as marking horizons for evaluating the sediment succession. Very dense and
loose material can also be found in various depths, but a genetic pattern could not clearly be identified to
perform further spatial estimations.

The overall sediment character is dominated by grey sands with mainly fuzzy transitions, which makes it hard
to clearly define geological boundaries at borehole samples. Nevertheless, CPTs reflect the presence of some
remarkable horizons with differing CPT characteristics. Using Arcadis denotation, distinctive sequences are:
Nieuwkoop Peat with a relatively high amount of coarse to gravelly material, and Dogger Bight, Eem, Drente,
and Winterton Shoal with a significant increase of silty and clayey contents (Figure 9).

In Appendix 2 the examination on borehole material is summarized along with the CPT data. The scheme of
the appendix is as follows (from left to right):

1. Total cone resistance with coarseness curves from sieve analysis. The vertical lines are related to the
grainsize delineated by the coarseness curves. Coloring relates to the coarsening-up/fining-up of
aggregational character of the coarseness curve.

2. Friction ratio with coarseness curves from sieve analysis. The vertical lines are related to the grainsize
delineated by the coarseness curves. Coloring relates to the coarsening-up/fining-up of aggregational
character of the coarseness curve.

3. Log with the Arcadis classification for soil type and density, marked as “ST”.

4. Log with the unit succession of the combined model, marked as 3D model.

5. Log with picked sediment color from sample photos at borehole log sequence with marked unit
boundaries from the 3D model.

6. Following logs show whether keywords for “organics”, “mica”, “peat”, “carbonate” or “shells” were
found in the sequence description. Lines are associated with the boundaries of the 3D model (see 5).

Soil behavior plots for every unit after Robertson and Campanella (1986) and Robertson (1990) are
summarized in Appendix 4. The scheme of the appendix is as follows:

e Left: Soil behavior plots for a CPT filtered on Arcadis CPT stratigraphy.
e Center: Soil behavior plots for a CPT filtered on Fugro ground model.
¢ Right: Soil behavior plots for a CPT filtered on the resulting combined model.

The filters were performed for both, the normalized and measured CPT values using python scripts using the
final voxel model. A certain error of selection at the top and base of the units may occur due to manual boundary
construction and to voxel size of 50 x 50 meters.

The same scheme was adopted for Appendix 5 and 6.

Appendix 5 shows the vertical variable distribution within a geological unit. The “depth from top of unit’-plots
summarize the query by relating the measurement’s depths to the top of the stratigraphic / model unit at point
location. Because, thicknesses of the units vary from one location to the other, these plots can be used e.g. to
get an overview of data densities and distribution in specific thickness ranges of the unit. Potential lamination
or bedding features cannot be ascertained by “depth from top of unit’-plots, because of the varying thickness.
For this purpose, and to get an idea of the relative position of the values within the unit, the “sedimentation
progress” plots were added to the appendix, too. The sedimentation progress starts from the base of the unit
with zero percent and continues to the top in percent thickness.

Both forms of representation of CPT data shall give additional information about the vertical variability within
all defined geological units, classifications respectively, and the internal structure of the labeled sediment.

The frequency distributions of the total cone resistance and friction ratio (including normalized) of the filtered
CPT data for each unit are given in Appendix 6.
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5.5 A trial on sequence analysis

As mentioned above, sieve analysis from borehole samples, documented in [X 4], were thoroughly assessed
by additionally picking percentages of fine sand, medium sand, coarse sand, fine gravel and medium gravel
from sieve curves. This was done to reach a deeper understanding of the sediment succession. Fining-up or
coarsening-up sequences as well as sharp changes in grainsizes can provide significant additional information
for the reconstruction of paleoenvironments or deposition history.

The grainsize percentages are converted into float values representing the overall coarseness of the sediment.
The coarseness representatives were then allocated to the CPT data, stored in LAS files. The sample top- and
base-depths were calculated by the mid-point to the next sample depth. This procedure resulted in a downhole
curve reflecting the grainsize content of the sediment which became then directly comparable to CPT values.
Lithology curves compared with CPTs are given in Appendix 2.

From the literature, e.g. [D 10], several researches have been performed trying to correlate specific sediment
facies with CPT logs. A detailed sequence analysis on the projects data is beyond the scope of this work.
Nevertheless, at most boreholes several coarsening-up, fining-up and aggregational sequences were
identified or suggested and colored with respect to their character. In some cases, subunit boundaries could
be correlated to a specific sequence succession (regarding vertical uncertainties), in some cases uncertainties
seemed to be too high for proper correlations. Thin clayey or silty layers, detected by CPTs were sometimes
not documented with sieve samples, indicating that the sampling was not optimal for facies analysis at every
location. It is probably valuable for future projects to perform a sample logging with an additional focus on the
geological view.

The overall spatial distribution of sequences reflects the supposed spatial heterogeneity of paleoenvironments

on the one hand, and the complexity of sediments being eroded, overprinted and deposited, on the other hand.
We assume that a proper facies analysis can only be performed regarding data from adjacent areas, too.
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6 COMPILING THE SUPPLEMENTED GROUND MODEL

The Arcadis 3D model was compiled considering:

e Geological unit A, B and C as defined in Fugro geological ground model (hence some
potential units identified within the CPT based stratigraphy, e. g. Niewkoop Peat of upper
Eemian, are not represented).

e A subdivision of Fugro geological unit D based on the CPT and soil sample characteristics and
locally (if possible) with the seismic reflector H15 and H20.

To separate Unit D, Arcadis classes were used to define subunits at most of the locations. HKN04 and HKN11
showed a classification which could not be connected with the geological model.

At locations where the reflector H15 or H20 correlated to a certain boundary transition of a subunit, their
geometries were used to align the new baselines along seismic baselines. Because different subunits cut the
H15 and the H20 reflector, the alignment could only be performed along cross-sections. A full 3D adoption of
the H15/H20 baseline to bases of different subunits is not expedient regarding the effort-benefit balance.
Moreover, the drawing of boundaries in cross-sections by hand are sometimes not as accurate at point location
as mathematical interpolations from picked xyz-data from the database. Additionally, several boundaries were
fitted regarding the soil type classification and density at CPTs, too. That is one of the reasons, that decision
making with respect to the geotechnical interpretation and application shall be performed by using the 3D data
package directly.

For every subunit a lithological assessment based on sieve analysis was performed (see Figure 10 and
compare to Figure 9). CPT data distributions and soil behavior plots for the supplemented ground model are
also delivered with Appendix 4 to 6.
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Figure 10 Summary on grain sizes within geological units (supplemented ground model),

generated from sieve analysis [X 4]. The bar signed with “0” represents samples which were not allocated
to a geological unit.

The generated project data in which all borehole logs are automatically labeled with Arcadis stratigraphy as
well as Fugro’s model and the combined model are presented in Appendix 7.

The following chapters summarize the sediment characteristics at boreholes associated with defined units
and subunits.
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6.1 Subunit D15

The subunit D15 is related to Arcadis Winterton Shoal identified on the CPT data. It is represented in only two
borehole locations, HKNO2 and HKNG0O [X 4]. The base is not explored. The sediments are described as silty
to very silty silica fine to medium sand interbedded with dark thinly interlaminated clay, or high strength to very
high strength clayey slightly sandy silt and very high strength greenish grey silty slightly sandy clay,
occasionally bearing organic material. Clayey beds are of some decimeter thickness.

Sieve analysis of samples at borehole HKNO2 and HKNG60 did not record clay beds directly but show a
significant increase of silty grainsizes with a higher clay content than the Yarmouth Roads Formation (see
Figure 10).

Figure 11 shows two examples of the sediment derived from [X 4]. The thin dark lamination repeats in various
depths and can also be found in Yarmouth Roads Formation.

An absence of mica, calcareous sediments and peat can be concluded from borehole descriptions [X 4].

Figure 11 Zoomed sample photographs of borehole material HKN60, 51.50 — 52.30 mbs (upper) and HKN02, 58.50
— 59.10 mbs (lower) showing a thinly laminated sediment succession underlain by a slightly greenish
dark grey sandy succession [X 4] of subunit D15.

Subunit thickness can arise up to 40 meters. Figure 12 shows its occurrence within the project area.
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Figure 12 3D view of unit D15 (Winterton Shoal) colored by 3D Voronoi diagram of the sediment type interpreted
from CPTs.
6.2 Subunit D14

The subunit D14 is related to the Yarmouth Roads Formation. Borehole descriptions are very similar to those
found for the subunit D15. D14 often consists of medium dense to dense dark grey silty to clayey silica fine to
medium sand with very closely to widely spaced thin laminae and occasionally thin beds of peat or organic
matter, rarely wood debris. Sands are interbedded with decimeter to meter thick high strength to very high
strength laminated dark gray sandy clay. A summary on sieve analysis (Figure 10) indicate an overall smaller
amount of fine material in comparison to subunit D15.

A content of mica in D14 is only documented at one borehole, HKN48A. Figure 13 shows two examples of
D14 samples. The high similarity to subunit D15 is apparent.

Figure 13 Zoomed sample photographs of borehole material HKN21, 56.50 — 56.80 mbs (upper) and HKN37,
44.00 — 44.65 mbs (lower) showing a grey sandy silty clay succession and a grey laminated sandy
succession [X 4] of subunit D14 (Yarmouth Roads Formation).

At location HKNO4 and HKN11 the denotation to Yarmouth Roads contradicts the geological ground model [R
1]. Here, the base grids of Unit B and C show paleochannels with a deeper going erosion of underlying material.
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Since Unit B and C are adopted from the geological model, the Arcadis classification had to be basically
ignored.

Subunit thickness can arise up to app. 50 meters. Figure 14 shows its occurrence within the project area.
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Figure 14 3D view of unit D14 (Yarmouth Road Formation) colored by 3D Voronoi diagram of the sediment type
interpreted from CPTs

6.3 Subunit D13 and D11

Subunit D13 and D11 are discussed together, because they are both classified as members of the Urk
Formation, indicating their similarity.

Borehole descriptions in [X 4] are very similar to those for D14 and a separation of these sequences at CPT
logs were uncertain at different locations. For this reason, a transitional sequence has been denoted by
Arcadis, named as Urk/YR sequence which is represented as D13 within the supplemented ground model.

An often-found description for Urk/YR and Urk corresponds to medium dense to dense (dark) grey silty silica
fine to medium sand with traces of organic matter, occasionally with extremely closely to very closely spaced
thin laminae of organic sand or clay. Sequences clearly labeled as Urk seem to be dominantly grey and have
less parts with greenish color. Besides locally interlayered thin beds or laminae of clay, a 2-meter-thick layer
has been found at one borehole location, HKN67. It is described as very high strength dark greenish grey silty
slightly sandy clay with very closely to medium spaced thin laminae of sand. The sieve analysis shows a clayey
slightly sandy silt comprising a transition zone to the overlying D9 unit which is associated to the Drente
Formation.

The summary of the sieve analysis (Figure 10) for D13 and D11 seems to reveal coarser material than D14.
The sediment succession from D15 up to D12 implicates an overall coarsening-up tendency of the layer
package, followed by a fining-up tendency starting with D11 and proceeding up to D8.

Photographs of samples give the impression that laminae in D11 are less sharp than in D14 and sediment
colors tend to be slightly lighter. An example is given in Figure 15.
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Zoomed sample photographs of borehole material HKN48A, 37.00 — 37.55 mbs (upper) and HKNG60,

21.00 — 21.85 mbs (lower) showing a grey sands and a grey laminated sandy succession [X 4] of D13/11

(Urk and Yarmouth Road Formations).

Subunit thickness can arise up to app. 25 meters. Figure 16 shows its occurrence within the project area.
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Figure 16 3D view of unit D11/D13 (Urk and Yarmouth Road Formations) colored by 3D Voronoi diagram of the
sediment type interpreted from CPTSs.
6.4 Subunit D12 and D10

Subunit D12 and D10 are associated Arcadis Egmond Ground Formation. D12 represents the part
underlying the Urk Formation (D11), D10 overlies D11.

A description of sediments clearly belonging to the “Egmond Ground” class is only given at two borehole
locations, at HKN33 for the upper part overlying D11 and at HKN21 for the underlying representative [X 4].
The upper part consists of medium dense grey slightly silty silica fine to medium sand with organic matter
and occasionally fine gravel-sized to medium gravel-sized pseudo-fibrous peat. The lower part is presented
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as medium dense to dense dark grey slightly silty silica fine to medium sand with very closely to widely

spaced thin laminae to thin beds of clay (Figure 17).

Sieve analysis from samples taken from corresponding depths for D12 show an increase in medium sandy

grainsizes (see also Figure 10), whereas D10 shows an increase content of silt and clay.

Figure 17

Zoomed sample photographs of borehole material HKN33, 35.50 — 36.00 mbs (upper) and HKN21,

42.50 — 43.35 mbs (lower) showing grey sands and a dark grey sandy succession bearing thin beds of

clay [X 4] of D10/D11 (Egmond Ground Formation).

Subunit thickness can arise up to app. 12 meters. Figure 18 shows its occurrence within the project area.
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type interpreted from CPTSs.
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6.5 Subunit D9

In the project area the sediment clearly denoted as Drente, allocated to subunit D9, is present at only one
borehole location, HKN58 [X 4].

The sequence is noted as medium dense to dense grey clayey silty to very silty silica fine to medium sand with
traces of organic matter and pockets of clay (Figure 19).

Sieve analysis from various depths show a mixture of clayey silt and fine sand with minor medium sand (see
also Figure 10).

Figure 19 Zoomed sample photographs of borehole material HKN58, 30.00 — 30.70 mbs [X 4] of Drente
Formation.

Subunit thickness can arise up to app. 10 meters. Figure 20 shows its occurrence within the project area.
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Figure 20 3D view of unit D9 (Drente Formation) colored by 3D Voronoi diagram of the sediment type interpreted
from CPTs.
6.6 Subunit D8

Subunit D8 is associated with Arcadis label Eem Formation. Within the project area, D8 is denoted mainly to
borehole sequences of location HKN39 and HKN72A overlying D14 and D11 [X 4]. A sharp boundary to
underlying sediments cannot be confirmed.

The sequences are described as thinly interlaminated to medium interbedded medium dense grey clayey silty
silica fine sand and high to very high strength dark grey silty slightly sandy to sandy clay, as well as high
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strength to very high strength silty slightly sandy to sandy clay with closely to medium spaced thin laminae to

thin beds of sand [X 4]. Examples are given with Figure 21.

Sieve analysis show clayey to strong clayey silt and fine sand with a varying amount of medium sand (see also

Figure 10).

Figure 21 Zoomed sample photographs of borehole material HKN39, 38.50 — 39.30 mbs (upper) and HKN72A,

22.50 — 22.90 mbs (lower) [X 4] of D8.

Subunit thickness can arise up to app. 10 meters. Figure 22 shows its occurrence within the project area.
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Figure 22 3D view of unit D8 (Eem Formation) colored by 3D Voronoi diagram of the sediment type interpreted

from CPTs.
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6.7 Subunit D7 and D6

Subunit D7 and D6 are both associated with Arcadis Kreftenheye label. The subdivision to D6 was arranged
due to the position of the reflector H15 which cut the Kreftenheye class at some locations. To consider the
seismic reflector D6 was added.

D6/D7 is covering most parts of the project area (see Appendix 1). Sediment descriptions in [X 4] can be
summarized as predominantly medium dense to very dense fine to medium sands with various minor silt and
clay contents, occasionally bearing organic material. Sediment colors are often mentioned as grey, greenish
grey or olive grey. Calcareous content is often associated. An absence of shells can be recognized from
borehole data. In Figure 23 a sample is shown. A distinction of Kreftenheye to Naaldwijk classification in the
combined 3D-Model regarding hints found in the DINOloket database [D 1]Jand [D 3] could not be confirmed.

From sieve analysis D6 has a lack of clayey content and minor silty grainsizes in comparison to D7.

Figure 23 Zoomed sample photographs of borehole material HKN14, 21.50 — 22.10 mbs of D6/D7 (Kreftenheye).

Subunit thickness can arise up to app. 25 meters. Figure 24 shows its occurrence within the project area.
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Figure 24 3D view of unit D6/7 (Kreftenheye) colored by 3D Voronoi diagram of the sediment type interpreted

from CPTs.
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6.8 Subunit D4

Subunit D4 relates to Arcadis Dogger Bight Formation. Dogger Bight has been classified at 5 CPT locations
mainly represented as thin layer, but only for one location D4 could be modelled. This is caused to the fact that
Dogger Bight of other locations are included within the geological Unit C and were not separable. The geometry
of the subunit is partially aligned to the seismic reflector H15.

The sediment at location HKN67 relating to D4 is noted as high strength to very high strength dark grey slightly
sandy silty clay with traces of organic matter and very closely spaced to medium spaced thin laminae of sand.

A sample photograph is given in Figure 25.

Sieve analysis from depths of the modelled subunit and from labeled samples as Dogger Bight show clayey

silty sand to sandy clayey silts (Figure 9 and Figure 10).

Figure 25

Zoomed sample photographs of borehole material HKN67, 15.50 — 16.45 mbs of D4 (Dogger Bight).

Subunit thickness can arise up to app. 14 meters. Figure 26 shows its occurrence within the project area.
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Subunit D2 and D1 relate mainly to Arcadis Naaldwijk classification. The baseline of Naaldwijk could partially

be correlated to the H15 reflector.

D1 was modelled where the baseline of Unit C cuts the CPTs Naaldwijk class, and D2 was compiled where
the H15 reflector also cuts the same class. Regarding the stratigraphic context derived from the geological
model, the labeled Naaldwijk Formation by Arcadis corresponds to ages from Yarmouth Roads, Urk,

Kreftenheye and Naaldwijk. A clear association could not be found.

Moreover, D1 was used to fill up gaps in the seismic base grids for Unit A, B and C. The geometry and

presence of D1 must be understood as technical support. The presence of the subunit at these locations is

highly uncertain.

Sediment descriptions are very similar to those of D6/7. Sieve analysis indicate a slightly coarsening of the

material proceeding into the D2 unit. An example is given with Figure 27.

Figure 27

Zoomed sample photographs of borehole material HKN65, 14.00 — 14.40 mbs of D2/D1 (Naaldwijk).

Subunit thickness can arise up to app. 20 meters. Figure 28 shows its occurrence within the project area. Be

aware that the occurrence of this subunit is related with high uncertainties.
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Figure 28 3D view of unit D1/2 (Naaldwijk) colored by 3D Voronoi diagram of the sediment type interpreted from
CPTs.
6.10 Unit C

Subunit C is completely adopted from the geological model. It covers broad parts of the project area.

It mainly contains Arcadis classifications labeled as Naaldwijk Formation, as well as Dogger Bight and
Nieuwkoop Peat. From document [X 1] and [X 2] Unit C is associated as Kreftenheye and Boxtel Formation.
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Regarding hints from the DINOIloket database for a distinction between Naaldwijk and Kreftenheye [D 3], [D
1], a fifty-fifity chance is given for confirming remarkable changes in color, sediment content and mineral

content.

From [D 7] it can be suspected that the Naaldwijk formation is not as much as present offshore as it is
suggested by the Arcadis classification. Additionally, sediments from Unit B are remarkably finer and have a
higher clayey component, which would correspond to DINOIloket descriptions. For this reason, the stratigraphic

denotation of the geological model seems to be reasonable.

Sediments from boreholes were described differently, ranging from medium dense grey fine to medium sands
to e.g. high strength to very high strength very dark greenish grey slightly sandy silt with closely spaced thin
laminae of clay. The overall sediments grainsize is sand (Figure 10). In [R 2] paleochannels were mapped to
Unit C. It is expected that the probability of the occurrence of fine material is higher and sediments are denser
within channel areas, but patterns cannot clearly be identified. Figure 29 shows examples of Unit C samples.

Figure 29 Zoomed sample photographs of borehole material HKNO6, 14.5 — 15.35 (upper) and 15.50 —
16.40 mbs (lower) of C (Naaldwijk Formation).

Subunit thickness can arise up to app. 20 meters. Figure 30 shows its occurrence within the project area.
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Figure 30 3D view of unit C (Naaldwijk Formation) colored by 3D Voronoi diagram of the sediment type
interpreted from CPTs.
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6.11 Unit B and subunit B1
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Unit B is completely adopted from the geological model. It represents locally distributed channel features [X
1], [R 2]. In the geological ground model Unit B corresponds to the Naaldwijk Formation. Arcadis denotation
includes Naaldwijk as well as Southern Bight, for which reason subunit B1 was established at one location.

The sediment descriptions are very similar to those for Unit C, but clayey components are noted more often.
Samples are noted e.g. as high strength dark greenish grey silty sandy clay with traces of shell fragments and
traces of mica crystals, occasionally with very closely spaced laminae of sand or medium dense dark greenish
grey slightly clayey silty silica fine sand with traces of shells and shell fragments. Examples relating to this

description are shown in Figure 31.

Figure 31
(lower) of B (Southern Bight).

Zoomed sample photographs of borehole material HKNO6, 12.5 — 13.20 (upper) and 9.50 — 10.45 mbs

Subunit thickness can arise up to app. 14 meters. Figure 32 shows its occurrence within the project area.
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from CPTs.
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6.12 Unit A

Unit A is adopted from the geological model and related to the Southern Bight Formation in all investigations.
Southern Bight often has a dark fine layer at its base followed by fine to coarse shelly sands with brown color.
Only in extraction areas Southern Bight shows gaps. Thicknesses from Arcadis CPT stratigraphy interpretation
are higher at some locations than the seismic reflection indicated. This was ignored during compiling the
supplemented ground model because of the supposed reliability of geological Units A, B and C. Examples of

Design & Consultancy

the sediment are shown in Figure 33.

Figure 33
(lower) of A.

Zoomed sample photographs of borehole material HKN02, 0.00— 00.50 (upper) and 0.50 — 1.20 mbs

Subunit thickness can arise up to app. 4 meters. Figure 34 shows its occurrence within the project area.
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7 THE 3D DATA PACKAGE

The supplemented ground model data is delivered as a 3D package, readable with the free-to-use install of
SubsurfaceViewer 7.6 Reader.

It contains following objects:

1. 22 cross-sections showing baselines of seismic grids [R 1] as well as manually compiled baselines of
subunits,

2. Maps object:

a. CPT and borehole locations as *.bid, associated with CPT data curves, generated from converted AGS
into LAS file format. Borehole can be colored by the sediment type and density interpretation performed
by Arcadis at CPT locations,

Paleochannels relating to reflector HO5 and H10 [R 2],

Peat levels 1 to 3 [R 2],

Faults [R 2],

Gas and gas-charged sediments [R 2],

Area polygon [R 2],

CPT clustering image [X 8],

@~oaoo

3. Surface object:

a. Bathymetry grid with 25 x 25 meter cells and in LAT, converted from [R 1],
b. Basegrid of Unit D, seismic reflector H15 [R 1],
c. Basegrid of Unit D, seismic reflector H20 [R 1],

4. Layers for Unit A to D15 with calculated tops and bases,

5. Voxel models:

a. gvmd_ArcadisProjekt.dat.gvmd summarizes findings from borelog descriptions as well as Arcadis
classification at CPTs as an irregular voxel at log locations (see Appendix 0). The gvmd-file is also
delivered separately and can be read with common text and tabular software. Its content is self-
explaining.

b. GeolSeisCPTInter_50_50_0.5.rvmd is a regular voxel model with a resolution of 50 x 50 x 0.5 meter
voxels. The model contains the supplemented ground model, the geological model and the CPT soill
type interpretations as 3D Voronoi diagrams. Information is stored with integer IDs. The key explaining
the allocated IDs is given in Appendix 0. The regular model is delivered as utf-8 readable text format,
too. It contains a header describing the lower boundary of the model with coordinates, the resolution
and the orientation. The orientation of the regular voxel model is shown in Figure 35 below (1. Z-, 2. Y-
and 3. X-direction).

Figure 35 Orientation of the regular voxel model
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8 REMARKS TO 3D GROUND MODEL

Due to the uncertainties in the data gathered from site investigations and the complex geological
setting, it is recommended to carefully assess the conceptional model in context to the input data
explicitly for every on-site decision. It is not recommended to directly assign geotechnical parameters
(e.g. characteristic friction angle, characteristic cohesion) to the supplemented 3D ground model. A
probabilistic approach should be preferred for such an assignment of geotechnical parameters, if no
additional site investigations are performed.

Due to the geological complexity and large distances between investigations locations, valid
geostatistical interpolations considering the proposed layering are beyond the scope of this project.

The combined model may help to get a deeper insight into the character of local variations of the

project’s subsurface, both, lateral and vertical. A location specification for the engineering task can
then be performed looking at the lateral as well as vertical classification and regionalization.
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9 GEOTECHNICAL SOIL PARAMETERS
9.1 Soil parameters for static or mainly stationary loads

In order to perform the design of the foundation system due to static loading, the DIN methods or other state
of the art methods may be used for the determination of the subsequent mechanical soil parameters. This
report focuses on the parameters required for a monopile foundation design. Applying engineering judgement,
the parameters may also be applied for other foundation types.

built assets

The geotechnical soil parameters have basically been evaluated based on the available cone penetration tests.
The determination of geotechnical parameters relies on the usually accepted correlations between the CPT
results and geotechnical soil parameters. The applied correlations are explicitly stated within the description
of every soil parameter. The values are complemented with empirical experience values for instance from EAU
[D 12] and experience values by Arcadis, collected in similar offshore projects with North Sea soils. The
determination of the upper and lower bounds as well as characteristic parameters is based on statistical
analysis of CPT results. The results of the correlations are justified with the results of the laboratory tests,
where applicable.

The above mentioned characteristic parameters are equal to characteristic values of geotechnical parameters
defined by EN 1997-1 82.4.5.2. In this report, the characteristic parameters are marked by index k.

The evaluated geotechnical soil parameters are presented in Appendix 8. The parameters together with the
voxel model of the 3D ground model can be used by an experienced geotechnical engineer to determine soil
conditions at any location of HKN site considering the limitations for this approach described in chapter 9.3 of
this report.

The determination methods of the soil parameters are described in the following.

9.1.1 Soil type and group

The determination of the soil type stems from the examination of the soil samples in [X 4] according to [D 13]
and by verifying the cone penetration tests results if no samples were available. For this purpose, correlations
according to Robertson [D 17] are used, see also [D 16]. The correlation in [D 17] utilize the normalized tip
resistance Qum and normalized friction Fr to determine the soil type as shown in Figure 36.
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Figure 36 Soil behavioral type from Qun - Fr chart with nine zonal classification after Robertson (2009)
(Mayne, 2014) [D 30]
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9.1.2 Unit soil weight y

The unit soil weight and submerged unit weight are necessary for the calculation of the effective and total
vertical stresses, respectively. The parameters of soil unit weight are based on the correlation of Mayne and
Peuchen [D 18]. The correlation uses the sleeve friction fs of the cone penetration tests to estimate the unit
weight, while the sleeve friction has a range of fs = 1 kPa to 1,000 kPa.

14

v = 26- 1+ [0.5-log(fs+1)]2

@)

The characteristic values yk for each soil layer is defined by Equation 1. The expected variance of the
correlation is £1.5 kPa. This leads to the upper and lower bounds of the unit soil weight (ys and yus). The
characteristic value has been formed by the median of all values of the comparable soil layers. The
determination of upper and lower bounds is achieved by quartile formation of all values for these comparable
soil layers. In Figure 37 and Figure 38 the plausibility of the correlation results is further proven by the inclusion
of the normal distribution of the laboratory tests. Additionally, the 95 % confidence intervals of the laboratory
test results are depicted.

30
result
——normal distribution of laboratory tests
28 —— upper limite of 95 % probability of laboratory tests
—— lower limite of 95 % probability of laboratory tests
26 —— upper bound of cpt results
—— characteristic value of cpt results
—— lower bound of cpt results
24 range of values according to laboratory tests
range of values according to cpt results
22 | statistic analysis of cpt
———ee
—_— L e ——
ME B gamma_LB [kN/m?]
;Z: 20 B gamma_k [kN/m?]
- B gamma_UB [kN/m?]
18
16
14
12
10
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
probability
Figure 37 Comparisons of unit soil weight originated from laboratory test and by CPT-results for cohesionless
soils
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30
result
——normal distribution of laboratory tests
28 —— upper limite of 95 % probability of laboratory tests
—— lower limite of 95 % probability of laboratory tests
26 —— upper bound of cpt results
—— characteristic value of cpt results
—— lower bound of cpt results
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Figure 38 Comparisons of unit soil weight originated from laboratory test and by CPT-results for cohesive soils

The correlation of the unit soil weights between laboratory test and evaluation of CPT results is quite good
for cohesionless soils, see Figure 37. The value range for cohesive soils (Figure 38) deviates from the 95 %
confidence interval of laboratory tests. This is mainly, because the CPT interpretation is not made explicitly
for the strata of cohesive and non-cohesive formations.

The determination of submerged unit weight considers the water density of 10 kN/m3. A plausibility check of
the results is taking into account the measured values from the laboratory tests.
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9.1.3 Relative density Dr and Consistency

The consistency of cohesive soils is based on the correlation [D 34] for cone penetration tests (see Table 1).
The results of this correlation are compared with the determined consistency of laboratory tests considering
ISO 14688-2.

very soft qc<1.0
soft 1.0<qc<2.7
firm 27<q<7.0
stiff 7.020c< 185
very stiff 18.5<qc<48.0
hard gc = 48.0
Table 1 Correlation of CPT tip resistance and consistency of cohesive soils [D 34]

The determination of the relative density of non-cohesive soils is accomplished taking into consideration the
equations for the relative density Dr according to [D 14]. These values can be verified by applying an empiric
correlation for the cone penetration tests according to Baldi et al. [D 19]:

D= Ci2 In [qi] )

Co-(ay) !

with
Jc cone resistance [kPa]
Ovo vertical stress [kPa]

Co =181, C1=0.55, C2> = 2.61 for normally and over consolidated sands.

Since Equation 2 is not applicable to superficial soil layers (first 3 m below seafloor), the following correlation
of [D 20] is used to estimate the relative density of the soil in these superficial soil layers:

D,=-0.33+0.73- Igq, (©)]
which is valid for 3 MPa < qc < 30 MPa.

Table 2 shows the ranges of the relative density Dr for cohesionless soils with the descriptions.
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Dr<0.15 very loose
0.15=Dr<0.35 loose
0.35<Dr<0.65 medium dense
0.65<Dr<0.85 dense

0.852 Dy very dense

Table 2 Description for relative density according to 1ISO 14688-2 [D 14]

The categories of relative density and consistency (like “very soft / soft / firm / stiff / very stiff / hard”, “very

loose / loose / medium dense / dense / very dense”) are included for every location and layer in the 3D model.

9.1.4 Angle of internal friction of drained soil ¢’

The estimation of the effective angle of internal friction and its range is based on correlations to the cone
penetration tip resistance. Thereby the average value of the relative density which is derived from the tip
resistance of each layer is used. A plausibility check of the results is made considering the values derived from
shear laboratory tests.

For non-cohesive soils correlations according to Kleven et. al. (1986) [D 21] exist between the relative density
Io of the sands, estimated according to Baldi et. al. (1986) [D 19], and the friction angle @’. The correlation has
already been reinforced with North Sea quartz sands. Furthermore, Figure 39 considers the effective vertical
stress of the soil, which makes the approach even more reliable.
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Figure 39 Correlations between ¢’, Dr and o’m for North Sea quartz sands (Kleven et al.) [D 21] also shown in

[D 16]
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For superficial soil layers (first 4 m below seafloor) the correlation to the cone penetration test results according
to [D 22] is used to directly estimate the angle of internal friction of the soil.

The friction angle of cohesive soils is estimated with the correlation of Mayne [D 23], which uses the measured
pore pressure of cone penetration tests (CPTU).

o' = 20.5°B0121.[0.256+0.336:0.336- By+ log Q] @)

Qu = (gt - Ow)/Ove' is the normalized tip resistance and Bq = (U2 - Uo)/(qt - Ow) the normalized parameter
according to Robertson [D 17]. The application of Equation 4 is limited to a friction angel between 20° and 45°
and a normalized parameter Bq from 0.1 to 1.0. The determined values of Equitation 4 have been checked for
plausibility by comparison with empirical experience values.

For each identified soil layer different ranges of friction angles are calculated, “LB” for lower bound, “k” for
characteristic values and “UB” for upper bound. To estimate these three values, the cone penetration test
results of each layer were subjected to a statistical analysis. Whereby:

oK lower confidence limit of the mean for the 95 % of trust
@s: 25 % quantile of standard normal distribution
@us 75 % quantile of standard normal distribution

For the verification of the values, the results of the correlations of cone penetration tests for cohesionless soils
are compared with the results of laboratory test. In Figure 40 the comparison is presented. The results of
laboratory tests are shown as normal distribution with 95 % confidence interval. The determined friction angles
oLe’, ¢k and @ue’ of the cone penetration tests are in the range of 95 % probability of the laboratory tests. The
lower bound considers the fact that the density of the sand samples of laboratory tests in [X 4] are unknown.

50
results
——normal distribution of laboratory tests
——upper limite of 95 % probability of laboratory tests
a5 S ——lower limite of 95 % probability of laboratory tests
——upper bound of cpt results
| —— characteristic value of cpt results
1 ——lower bound of cpt results
40 range of values according to laboratory tests
range of values according to cpt results
statistic analysis of cpt
. B phi_LB[*]
— 35 B phi_k [7]
=2 -
H phi_UB [7]
30
‘ L
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0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
probability
Figure 40 Comparison of friction angle originated from laboratory test and by CPT correlations for lose to dense

sands

The number of laboratory tests for cohesive soils are limited. Thus, a thorough correlation between Equation
4 and laboratory tests was not possible. The assessment of the friction angel for cohesive soils is therefore
based on empirical values, like for instance [D 12].
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9.1.5 Effective cohesion ¢’

The cohesion can be determined from the effective vertical stress after Mayne and Steward (1988) [D 26]
¢ =0.02 ow'. (5)

For each identified soil layer different ranges of cohesion are calculated, “LB” for lower bound, “k” for
characteristic values and “UB” for upper bound. To estimate these three values the CPT results of each layer
were subjected to a statistical analysis. Whereby:

(o lower confidence limit of the mean for the 95 % of trust

Cie” 25 % quantile of standard normal distribution
cus: 75 % quantile of standard normal distribution

For the verification of the values, the results of the correlations of CPTs for cohesive soils are compared with
the results of laboratory test. In Figure 41 the comparison is presented. The results of laboratory tests are
shown as normal distribution with 95 % confidence interval. The determined effective cohesion cg’, ¢k’ and
cus’ evaluated based on the CPTs are in the range of 95 % probability of the laboratory tests.

The documentation of laboratory tests in [X 4] shows a consistency of cohesive soils between very soft and
hard. The correlation of the CPT determines consistency from very stiff to hard, so slightly higher values of the
CPT correlation are the consequence.

The confidence of the correlation of Equation 5 is considered rather low generally. Therefore, the plausibility
of the calculated values of cohesion is checked with empirical values experience.

100
results
—— normal distribution of laboratory tests
—— upper limite of 95 % probability of laboratory tests
80 —— lower limite of 95 % probability of laboratory tests
—— upper bound of cpt results
—— characteristic value of cpt results
—— lower bound of cpt results
NE 60 range of values according to laboratory tests
"‘Z“~ range of values according to cpt results
2
- statistic analysis of cpt
(S}
c
S Hc 1B
$ 40 Hck
.g Hc uB
o .
1]
Z —r
=
= 20 /
L —
0
0 . 0.01probability  0.015 0.02 0.025
/ In terms of soil mechanics, negative values are not possible!
-20
Figure 41 Comparison of effective cohesion originated from laboratory test and by CPT correlations for cohesive

soils

Date: 18 October 2019





Design & Consultancy
for natural and
built assets

A ARCADIS

9.1.6 Undrained shear strength sy

The estimation of the undrained shear strength and its range is also based on correlations to the CPT tip
resistance. For cohesive soils the correlation between the undrained shear strength cy and CPT tip resistance
gc according to Kjekstad et al. (1978) [D 25] is described by the following equation:

—_ (qc - Oyl )
Su_N—k0 (6)

where ovo is the overburden pressure of the soil. The value Nk is called cone factor and varies between 10 and
20. The upper bound represents cohesive soils with low consolidation. For design purposes a conservatively
chosen value of Nk = 20 was used. The correlation according to Equation 6 is also proposed in [D 24].

For each identified soil layer different ranges of shear strength are calculated, “LB” for lower bound, “k” for
characteristic values and “UB” for upper bound. To estimate these three values the cone penetration test
results of each layer were subjected to a statistical analysis. Whereby:

Suk: lower confidence limit of the mean for the 95 % of trust
suLe: 25 % quantile of standard normal distribution
suus”: 75 % quantile of standard normal distribution

For the verification of the values, the results of the correlations of CPTs are compared with the results of
laboratory test (Figure 42). The normal distribution is determined from the results of the laboratory tests. The
undrained shear strength sux of the CPTs is in 95 % confidence interval of the laboratory tests.

The range of values of the CPT correlation is higher than the confidence interval of laboratory test. The
documentation of laboratory tests shows a consistency of cohesive soils between very soft and hard. The
correlation of the CPT determines consistency from very stiff to hard, so higher values of the CPT correlation
are the consequence.

results

——normal distribution of laboratory tests
——upper limite of 95 % probability of laboratory tests

——lower limite of 95 % probability of laboratory tests

500 _T_
|
|
|
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range of values according to laboratory tests
range of values according to cpt results
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Figure 42 Comparison of undrained shear strength originated from laboratory test and by CPT correlations for

cohesive soils
The correlation between the Equitation 6 and the results of laboratory tests are reasonable.
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9.1.7 Constrained modulus Eged

The soll stiffness can be described by the constrained modulus Eceq, Which is determined in this report by the
correlation of EN 1997-2 [D 24]. The correlation in Equitation 7 applies the relationship between stiffness and
the tip resistance gc of CPT.

Eoed = a - qc )]

The correlation factor a stems from local experiences. For approximation, the values of Table 3 can be used.

tip resistance qc/

soil a - value
water content wy,
sandy gravel and gravel 6,0
coarse sand and gravely sand 5,0
fine and medium sand 3,5
silty sand 2,0
gc < 0,7 MPa
eat and very organic cla Wn =50 % ... 100 % 1,5...4,0
P yorg y Wn =110 % ... 200 % 1,0..15
wn > 500 % <4,0
very organic silt gc > 2 MPa 2,0...6,0
high plasticity silt gc <2 MPa 1,0...6,0
. - gc <2 MPa 3,0...6,0
high plasticity clay G > 2 MPa 20...60
L gc <2 MPa 3,0...6,0
low plasticity silt 4> 2 MPa 10..20
Jc < 0,7 MPa 3,0...80
low plasticity clay gc = 0,7 MPa ... 2 MPa 2,0...50
gc > 2 MPa 1,0...25

Table 3 Experience values of a [D 27]

The statistical analysis of the constrained modulus is carried out separately for each soil type depending of the
density respective consistency. This means that the statistical analysis is based on soil layer with the same
density respective consistency, whereby the CPT values of individual layers are weighted according to
respective layer thickness. The range of the constrained modulus is defined

Eoed,k: lower confidence limit of the mean for the 95 % of trust
Eoed,LB: 25 % quantile of standard normal distribution
Eoed,us: 75 % quantile of standard normal distribution

In Figure 43 the results of Equation 7 and the oedometer tests of laboratory are compared. The test results of
laboratory test results are presented as normal distribution with the 95 % confidence interval. The

Date: 18 October 2019





Design & Consultancy
for natural and
built assets

A ARCADIS

determination of the in situ constrained modulus based on the pressure-compression-curve of oedometer tests
is not explicit. The results reflect the high statistical variance of the normal distribution of the laboratory tests.

The value range of Equation 7 are in lower range of the 95 % confidence interval of the laboratory tests. Thus,
can be concluded that the results from Equation 7 are on the safe side (representing the lower stiffness).

40
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35 ——normal distribution of laboratory tests
——upper limite of 95 % probability of laboratory tests
——lower limite of 95 % probability of laboratory tests
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Figure 43 Comparison of constrained modulus originated from laboratory test and by CPT correlations for cohesive

soils

9.1.8 Water permeability k

The permeability k is estimated with the empirical correlation of Robertson and Cabal (2015) [D 28], see
Equation 8.

k =10%%2-304%k f5r1.=1,00 ... 3,27
k =10*°2-13"k for |, = 3,27 ... 4,00 (8)

This correlation uses the CPT-Index Ic by Robertson (2009) [D 29] to determine the permeability values.

The results of the correlation must be justified with general experience [D 12]. The general experiences define
the upper and lower bounds of k for every soil layer.

In Figure 44 the determined permeability according to Equation 8, are presented for the silty sands and sands
of the HKN WFZ. The upper and lower bounds consider experience values as well as measured values of
laboratory tests from [X 4]. Since the number of laboratory tests for other soil types was limited in [X 4], no k
values were determined for these other soil types.

The values for silty sands and sands based on CPT interpretation cover most of the measured permeabilities

from laboratory tests. The permeability predominantly depends on the silt mass fraction in sands. For the
determination of upper and lower bounds the full range of different silty fractions were taken into account.
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Figure 44 Comparison of permeability originated from laboratory test and by CPT correlations for silty sands and
sands
9.1.9 Small-strain shear modulus Gmax

The small-strain shear modulus Gmax is determined for sands with the correlation of Rix and Stokoe (1991) [D
31], which uses the tip resistance qc of CPTs and considers the effective soil pressure ow’. The correlation is
shown in Equation 10.

Gmax = 1634 - qco.zs . (0v0')0'375 (10)

Regarding the approach of soil pressure, the values of the small-strain shear modulus are compared with the
results of the correlation from Baldi et. al. (1986) [D 19], see Figure 39.

The statistical analysis of the small-strain shear modulus has been performed separately for each soil type
depending on the density. Consequently, that the statistical analysis is based on soil layers with the
homogeneous density, whereby the Gmax values based on CPT correlations are weighted according to the
respective layers thickness. The range of the shear modulus is defined

Gmaxk: lower confidence limit of the mean for the 95 % of trust
Gmax,LB! 25 % quantile of standard normal distribution
Gmax,Us: 75 % quantile of standard normal distribution

Figure 45 shows the comparison between the laboratory test and CPT correlation results. The results of
laboratory tests are presented as normal distribution with 95 % confidence interval. The range of the normal
distribution is wider than the interval values of Equation 10. This is caused by the fact that the interpretation
of CPT-values is applying averages values which is neglecting the depth-depending distribution of the small-
strain shear modulus.
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Figure 45 Comparison of shear modulus originated from laboratory test and by CPT correlations for sands

The investigation shows that the small-strain shear modulus should be determined for each soil layer
considering the respective depth. The value Gmaxk is in the lower section of 95 % of confidence interval, so for
a pre-design the values of the interpreted CPT can be used, considering that a lower value is representing the
safe side for the design.

9.1.10 Strain at 50% Stress Level (€s0)

This strain is estimated from empirical values according to Reese (1975) [D 32] or rather Matlock (1970) [D
33]. These values correspond partly to the values derived from the stress deformation curves of the 3 triaxial
tests at half of the maximum stress (gs0 = 2,6 % - 6,4%), which is considered to be unusually high. Given that,
the practically proven empirical values according to [D 32] considered as for characteristic values.

9.1.11  Soil parameters for different soil layers

The results of the CPT interpretation lead to soil parameters for different soil layers. In Appendix 7 the
determined soil parameters are shown. The main soil types in the investigation area are sand with
different admixtures of gravel and silt. For gravely sand and sand parameters for loose to very dense
relative densities were determined.
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9.2 Critical review for the determined soil parameters

The values of the determined soil parameter correlate with general empirical values of literature. Regarding
chapter 9.1 the correlations between the results of the CPT interpretation and laboratory tests are very
satisfactory.

The crossover between cohesionless and cohesive soils in situ has normally a smooth transition. The
properties of cohesive soils are influenced by the mass fraction of clay and silt. Also, the minerals specially of
the clay has significant influence on the cohesive behavior. The correlation of the CPT cannot determine this
smooth transition zone clearly. Given that for CPT interpretation the transition between cohesive and
cohesionless soil is defined by layering between the two soil types silty sand and sandy silt.

The soil parameters for silty sands are shown in Appendix 8. Most of the determined soil parameters are
consistent with general empirical values as well. The values of the undrained shear strength and the effective
cohesion must be assessed carefully. For classification of the silty sand and cohesionless soil the results of
the CPT correlation set the undrained shear strength and effective cohesion to zero. These results are on the
safe side. Silty sand with a higher mass fraction of silt or clay is not represented correctly. Therefore, the upper
bounds of cohesions are modified through general empirical values in Appendix 8. The empirical values are
taken for instance from [D 12].

In-situ soil layers with cohesive mass fraction predominantly occur with a low thickness. The results of the
laboratory tests show consistencies for the cohesive soils from very soft to hard. The interpretation of CPT can
only identify cohesive soils with very stiff to hard consistencies. Perhaps the thickness of cohesive soils with
very soft to stiff consistencies are too small between the sand layers to be determined by CPT results
accurately.

The CPT results identify the cohesive soils as e.g. sandy silts, clay or rather silt. For the statistical analysis of
the cohesive soil parameters it is necessary to merge different soil layers of the same type with different
consistencies, because the numbers of same layers and consistencies are limited. For soil layers with
consistencies from very soft to stiff a determination of soil parameters was not possible. Parameters for the
layers sandy silt and clay or silt are determined for consistencies from very stiff to hard. Because of the
combination of soils with different consistencies the range of parameters is quite wide.

The determined values of the cohesive soil parameters in Appendix 8 corresponds with the results of laboratory
test and general empirical values. Exception are the values of friction angle. These values should be used
carefully, because the range for the friction angles is wide. Therefore, the upper bounds of friction angle for
the both cohesive layers are modified with empirical values. The values of the effective cohesion seem too
high, too. But determined values of the CPT correspond with 95 % confidence interval of the laboratory test
results, see section 9.1.5.

9.3 Scope and Limitations

The CPT interpretation results show that a determination of soil parameters for cohesionless soils with different
densities is reasonable. The determined soil parameters from CPTs show a satisfactory correlation with the
laboratory results, Thus, the used correlations in combination with a statistical analysis according to Section
9.1 are suitable to define characteristic values for cohesionless soils.

Due to the applied but common offshore sampling methods, it is difficult to obtain a high number of densities
in sands, which come close to the in situ density so that further optimization of soil parameters was hindered.
Future projects should gather these data to serve for further specification of the determined soil parameters
for each soil layer based on the CPT results. In the scope of this report, the whole range of laboratory test
results had to be used independently from their unknown density for the verification of the bandwidth of the
determined soil parameters for different soil types.

The interpretation of the CPT measurements for cohesive soils has to be considered with limitations. In the
investigation area cohesive soils are rare due to geology. The results of soil investigation show only occasional
layers of cohesive material with small thickness. Local cohesive and cohesionless soils are in alternating strata.
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To determine the soil parameters from the CPT measurement it is necessary to define a minimum layer
thickness. For the interpretation, a minimum thickness of one meter was defined. Thin layers of cohesive soils
are often interpreted with the surrounding sands as silty sand or sandy silt. The consequence are few numbers
of identified clay or silt layers. Because of the few numbers of identified cohesive soil layers the reliability of
the statistical analysis results is limited.

In addition, the number of cohesive soil samples from the in-situ soil investigation are limited. Since thickness
of layers is often smaller than one meter, these cohesive in-situ layers were not defined by the chosen CPT
interpretation. The verification of the soil parameters from the CPTs is only possible by summarizing cohesive
soil types with various consistencies. Besides these limitations, the statistical analysis in Section 9.1 shows a
quit good conformity between determined soil parameters and laboratory test results for die summarized
cohesive soils. The statistic reliability of the determined soil parameters for each soil type and consistency
cannot be estimated with the in-situ conditions.

A higher level of statistical reliability can be achieved with more laboratory tests. For test samples the density
of cohesionless soils as well as the consistency of cohesive soils is to be documented exactly in every
laboratory test record. By presence of adequate amount of laboratory test results for various soil types as well
as their densities respective consistencies, the reliability of determined soil parameter could be improved.

Considering these limitations, the determined soil parameters in Appendix 8 together with the voxel model of
the 3D ground model can be used by an experienced geotechnical engineer to determine soil conditions at
any location of HKN site for a predesign of monopile foundation and can give guidance on the geotechnical
parameters for other types of foundations in this WFZ as well.
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10 SUMMARY

The present report covers the existing soil conditions for the wind farm zone Hollandse Kust (noord) by
compiling a 3D ground model in conjunction with the determination of geotechnical soil parameters, focused
on the design of monopile foundations.

Based on geophysical site investigation data, an existing geological ground model by Fugro [X 1], CPT data,
borehole descriptions, laboratory test results as well as geological background information a 3D ground model
with 17 subunits in 22 cross-sections was compiled. It was not the intention of this report to deliver a new
geological model. To support this, RVO.nl advises to apply the published and certified geological model by
Fugro in [X 1] as reference for the geological interpretation. The objective of this report was the definition of
3D geotechnical model containing subregions within the predefined geological units which can be assigned
geotechnical properties with a narrow bandwidth.

For compiling the 3D ground model, a 3D-Voronoi calculation was performed for a robust visualization of
potential lateral and vertical distribution of soil types and densities within each geological unit. Basic statistics
and a geostatistical pre-investigation were performed on CPT data for the separate units. Additionally, an
analysis of sediment sequences was performed using sieve analysis, borehole descriptions and sample
photographs. This was used to define significant changes in the sediment succession, such as fining-up,
coarsening-up or aggregational systems to get a more detailed idea of paleoenvironments and their historical
context. For 3D processing SubsurfaceViewer MX 7.6 has been used. By this visualization of the 3D ground
model with a SubsurfaceViewer, interpolated soil profiles or cross sections can be shown for arbitrary
coordinates within the wind farm zone. Regarding the geological complexity and large distances between CPT-
and BH-locations, valid geostatistical interpolations considering the complex geological situation was not
achievable with sufficient accuracy to justify the application of geostatistics.

The determination of geotechnical parameters for this geotechnical ground model is based on usually accepted
correlations between the CPT-results and geotechnical soil parameters. These values are complemented with
empirical experience values and experience values by the authors formed in similar offshore wind projects in
North Sea soils. The results of the correlations are further justified with the results obtained in the laboratory
tests.

In addition, characteristic values for geotechnical parameters [D 35] presented in this report are determined
only for a preliminary foundation design of future offshore wind turbines, assuming a monopile design or
tendering purpose. These parameters can as well serve as a basis for the assessment of other foundation
types subjected to static loads.

The 3D ground model is an addition to [X 1] and [X 8] and gives another interpretation or view of the geology
in HKN site. Regarding to the distance between the borehole / CPT locations, the accuracy (interpreted
geology, geotechnical parameters etc.) nearby the geotechnical investigation sites is higher than in between.
As a result, hard boundaries can occur within the 3D ground model that do not correspond to the reality. For
an interpretation and application of the model the use of engineering / geotechnical judgement is necessary.

The 3D ground model inclusive the given statistical evaluation of geotechnical parameters is not served for the
derivation of location-specific design profiles but can help the designer - with engineering / geotechnical
judgement — during the preliminary design as well as in the tender phase.

For the detailed design WTG location specific tests should be performed additionally, e. g. cyclic tests.
Nevertheless, the 3D ground model can help the developer to identify where such WTG location specific tests
would give the most added value in addition to the existing data set.

However, regarding the uncertainties in the data gathered from site investigations and the complex geological
setting, it is recommended to carefully assess the 3D model in context to the input data explicitly for every on-
site decision. The use of the 3D model in combination with the characteristic values is only recommended for
an experienced geotechnical engineer who is able to address the remaining uncertainties with regard to the
geological complexity and the huge distance between the investigation points.
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CPT to depth from top of unit, normalised: Naaldwijk (CPT stratigraphy, Arcadis) / Kreftenheye (Fugro) C
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Sedimentation progress in % thickness

Sedimentation progress in % thickness
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INSIGHT

CPT succession in unit: Winterton Shoal (CPT stratigraphy, Arcadis) / Mixed Pleisocene D H20 (Fugro)
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Sedimentation progress in % thickness

Sedimentation progress in % thickness

= CPT succession in unit, normalised: Winterton Shoal (CPT stratigraphy, Arcadis) / Mixed Pleisocene D H20 (Fugro) D15
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— Histograms: Southern Bight (CPT stratigraphy, Arcadis, Fugro) A
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— Histograms, normalised: Southern Bight (CPT stratigraphy, Arcadis, Fugro) A
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INSIGHT

Histograms : Southern Bight and Naaldwijk (CPT stratigraphy, Arcadis) / Naaldwijk (Fugro) B
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— Histograms, normalised: Southern Bight and Naaldwijk (CPT stratigraphy, Arcadis) / Naaldwijk (Fugro) B
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] Histograms: Southern Bight (CPT stratigraphy, Arcadis) / Kreftenheye (Fugro) B1
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Histograms, normalised:

Southern Bight (CPT stratigraphy, Arcadis) / Kreftenheye (Fugro)
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= Histograms: Naaldwijk (CPT stratigraphy, Arcadis) / Kreftenheye (Fugro) C
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= Histograms, normalised: Naaldwijk (CPT stratigraphy, Arcadis) / Kreftenheye (Fugro)
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Histograms: Naaldwijk (CPT stratigraphy, Arcadis) / Kreftenheye (Fugro)
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Histograms, normalised: Naaldwijk (CPT stratigraphy, Arcadis) / Kreftenheye (Fugro)
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— Histograms: Dogger Bight (CPT stratigraphy, Arcadis) / Mixed Pleisocene D H15 (Fugro) D4
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= Histograms, normalised: Dogger Bight (CPT stratigraphy, Arcadis) / Mixed Pleisocene D H15 (Fugro) D4
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Histograms: Kreftenheye (CPT stratigraphy, Arcadis) / Mixed Pleisocene D H15 (Fugro)
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Histograms, normalised: Kreftenheye (CPT stratigraphy, Arcadis) / Mixed Pleisocene D H15 (Fugro)
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) Histograms: Eem (CPT stratigraphy, Arcadis) / Mixed Pleisocene D H20 (Fugro) D8
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- Histograms, normalised: Eem (CPT stratigraphy, Arcadis) / Mixed Pleisocene D H20 (Fugro)
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= Histograms: Drente (CPT stratigraphy, Arcadis) / Mixed Pleisocene D H20 (Fugro) D9
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= Histograms, normalised: Drente (CPT stratigraphy, Arcadis) / Mixed Pleisocene D H20 (Fugro) D9
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— Histograms: Egmond Ground (CPT stratigraphy, Arcadis) / Mixed Pleisocene D H20 (Fugro)
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Histograms, normalised: Egmond Ground (CPT stratigraphy, Arcadis) / Mixed Pleisocene D H20 (Fugro)
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= Histograms: Urk (CPT stratigraphy, Arcadis) / Mixed Pleisocene D H20 (Fugro) D11
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INSIGHT

Histograms, normalised: Urk (CPT stratigraphy, Arcadis) / Mixed Pleisocene D H20 (Fugro)
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= Histograms: Urk/YR (CPT stratigraphy, Arcadis) / Mixed Pleisocene D H20 (Fugro) D13
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Histograms, normalised: Urk/YR (CPT stratigraphy, Arcadis) / Mixed Pleisocene D H20 (Fugro)
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= Histograms: Yarmouth Road (CPT stratigraphy, Arcadis) / Mixed Pleisocene D H20 (Fugro)
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Histograms, normalised:

Yarmouth Road (CPT stratigraphy, Arcadis) / Mixed Pleisocene D H20 (Fugro)
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— Histograms: Winterton Shoal (CPT stratigraphy, Arcadis) / Mixed Pleisocene D H20 (Fugro)
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Histograms, normalised: Winterton Shoal (CPT stratigraphy, Arcadis) / Mixed Pleisocene D H20 (Fugro)
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A ARCADIS Appendix 7
. Water Depth Depth (m bsf) Units
Location ID BH ID (m LAT) Arcadis 3D
Top Bottom Arcadis Fugro [X1]
model
HKNO2-BH-SA -23,7 0 0,4 Southern Bight A Southern Bight A
HKNO2-BH-SA -23,7 0,4 1,5 Southern Bight A Southern Bight /Kreftenheye A/C
HKNO2-BH-SA -23,7 1,5 7 Southern Bight/Naaldwijk/Kreftenheye C Kreftenheye C
HKNO2-BH-SA -23,7 7 24,3 Kreftenheye D Kreftenheye /Mixed Pleistocene C/D7
HKNO2 HKNO2-BH-SA -23,7 24,3 31,75 Kreftenheye D Mixed Pleistocene D7/D10
HKNO2-BH-SA -23,7 31,75 36,8 Kreftenheye/Egmond Ground/Urk D Mixed Pleistocene D10
HKNO2-BH-SA -23,7 36,8 48,9 Urk/Winterton Shoal D Mixed Pleistocene D10/D11/D15
HKNO2-BH-SA -23,7 48,9 53,35 Winterton Shoal/- D Mixed Pleistocene D15
HKNO2-BH-SA -23,7 53,35 60,02 - D Mixed Pleistocene D15
HKNO4-BH-SA -25,4 0 2 Naaldwijk A Southern Bight /Naaldwijk A/B
HKNO4-BH-SA -25,4 2 2,8 Naaldwijk B Naaldwijk B
HKNO4-BH-SA -25,4 2,8 7 Naaldwijk/Urk/YR/Yarmouth Road B Naaldwijk /Kreftenheye B/C
HKNO04-BH-SA -25,4 7 23,1 Yarmouth Road/- C Kreftenheye C
HKNO4 HKNO4-BH-SA -25,4 23,1 31 - D Kreftenheye /Mixed Pleistocene C/D13/D14
HKNO4-BH-SA -25,4 31 46 - D Mixed Pleistocene D14
HKNO4-BH-SA -25,4 46 59,5 - D Mixed Pleistocene D14/D15
HKNO04-BH-SA -25,4 59,5 62 - D Mixed Pleistocene D15
HKNO4-BH-SA -25,4 62 72,3 - D Mixed Pleistocene D15
HKNO04-BH-SA -25,4 72,3 79,93 - D Mixed Pleistocene D15
HKNO6-BH-SA -21,6 0 0,5 Southern Bight A Southern Bight A
HKNO6-BH-SA -21,6 0,5 4,45 Southern Bight/Naaldwijk A Southern Bight /Naaldwijk A/B
HKNO6-BH-SA -21,6 4,45 10,7 Naaldwijk B Naaldwijk B
HKNO6-BH-SA -21,6 10,7 14 Naaldwijk B Naaldwijk /Kreftenheye B/C
HKNO06-BH-SA -21,6 14 15,8 Naaldwijk C Kreftenheye C
HKNO6 HKNO6-BH-SA -21,6 15,8 17 Naaldwijk C Kreftenheye C
HKNO06-BH-SA -21,6 17 17,3 Naaldwijk C Kreftenheye C
HKNO6-BH-SA -21,6 17,3 27,7 Naaldwijk/Kreftenheye/- C Kreftenheye /Mixed Pleistocene C/D11
HKNO6-BH-SA -21,6 27,7 44,8 - D Mixed Pleistocene D11/D14
HKNO6-BH-SA -21,6 44,8 55,25 - D Mixed Pleistocene D14
HKNO6-BH-SA -21,6 55,25 60,9 - D Mixed Pleistocene D14
HKN10-BH-SA -24,2 0 0,7 Southern Bight/Naaldwijk A Southern Bight A
HKN10-BH-SA -24,2 0,7 2 Naaldwijk A Southern Bight /Naaldwijk A/B
HKN10-BH-SA -24,2 2 3,9 Naaldwijk B Naaldwijk B
HKN10-BH-SA -24,2 3,9 6,9 Naaldwijk/Dogger Bight B Naaldwijk /Kreftenheye B/C
HKN10-BH-SA -24,2 6,9 8,75 Dogger Bight/Kreftenheye B Kreftenheye C
HKN10 HKN10-BH-SA -24,2 8,75 13,8 Kreftenheye C Kreftenheye /Mixed Pleistocene C/D7
HKN10-BH-SA -24,2 13,8 22 Kreftenheye D Mixed Pleistocene D7
HKN10-BH-SA -24,2 22 36,7 Kreftenheye/Urk/YR D Mixed Pleistocene D7/D13
HKN10-BH-SA -24,2 36,7 38 Urk/YR D Mixed Pleistocene D13
HKN10-BH-SA -24,2 38 38,9 Urk/YR D Mixed Pleistocene D13
HKN10-BH-SA -24,2 38,9 44 Urk/YR/- D Mixed Pleistocene D13/D14
HKN10-BH-SA -24,2 44 60,9 - D Mixed Pleistocene D14/D15
HKN11-BH-SA -26 0 1 Southern Bight/Dogger Bight A Southern Bight /Naaldwijk A/B
HKN11-BH-SA -26 1 3 Dogger Bight B Naaldwijk B
HKN11-BH-SA -26 3 4 Dogger Bight B Naaldwijk B
HKN11 HKN11-BH-SA -26 4 7 Dogger Bight B Naaldwijk /Kreftenheye B/C
HKN11-BH-SA -26 7 29,5 Yarmouth Road/- C Kreftenheye /Mixed Pleistocene C/D14
HKN11-BH-SA -26 29,5 44,3 - D Mixed Pleistocene D14
HKN11-BH-SA -26 44,3 59,8 - D Mixed Pleistocene D14/D15
HKN14-BH-SA -24,3 0 0,55 Southern Bight A Southern Bight A
HKN14-BH-SA -24,3 0,55 1,6 Southern Bight A Southern Bight /Kreftenheye A/C
HKN14-BH-SA -24,3 1,6 6,1 Southern Bight/Naaldwijk C Kreftenheye C
HKN14 HKN14-BH-SA -24,3 6,1 15,45 Naaldwijk/Kreftenheye D Kreftenheye /Mixed Pleistocene C/D1/D7
HKN14-BH-SA -24,3 15,45 31 Kreftenheye/- D Mixed Pleistocene D7/D13
HKN14-BH-SA -24,3 31 42,6 - D Mixed Pleistocene D13/D14
HKN14-BH-SA -24,3 42,6 60,1 - D Mixed Pleistocene D14
HKN19-BH-SA -23,5 0 0,8 Southern Bight A Southern Bight /Kreftenheye A/C
HKN1S HKN19-BH-SA -23,5 0,8 16 Southern Bight/Naaldwijk/- C Kreftenheye C
HKN19-BH-SA -23,5 16 39,6 - D Kreftenheye /Mixed Pleistocene C/D7/D13/D14
HKN19-BH-SA -23,5 39,6 61,4 - D Mixed Pleistocene D14
HKN21-BH-SA -23,2 0 0,5 Southern Bight A Southern Bight A
HKN21-BH-SA -23,2 0,5 3,3 Southern Bight/Naaldwijk A Southern Bight /Kreftenheye A/C
HKN21-BH-SA -23,2 3,3 12,5 Naaldwijk C Kreftenheye C
HKN21-BH-SA -23,2 12,5 17,2 Naaldwijk/Kreftenheye D Kreftenheye /Mixed Pleistocene C/D7
HKN21 HKN21-BH-SA -23,2 17,2 35,5 Kreftenheye D Mixed Pleistocene D7
HKN21-BH-SA -23,2 35,5 40,3 Kreftenheye D Mixed Pleistocene D7/D12
HKN21-BH-SA -23,2 40,3 45,5 Egmond Ground.1/Yarmouth Road D Mixed Pleistocene D12/D14
HKN21-BH-SA -23,2 45,5 53 Yarmouth Road/- D Mixed Pleistocene D14
HKN21-BH-SA -23,2 53 58,3 - D Mixed Pleistocene D14
HKN21-BH-SA -23,2 58,3 59,91 - D Mixed Pleistocene D14
HKN25-BH-SA -23,6 0 0,25 Southern Bight A Southern Bight A
HKN25-BH-SA -23,6 0,25 0,9 Southern Bight A Southern Bight A
HKN25-BH-SA -23,6 0,9 3,9 Southern Bight A Southern Bight A
HKN25-BH-SA -23,6 3,9 10,8 Southern Bight/Naaldwijk C Southern Bight /Kreftenheye /Mixed Pleistocene A/C/D1
HKN25 HKN25-BH-SA -23,6 10,8 16,5 Naaldwijk/Kreftenheye D Mixed Pleistocene D1/D7
HKN25-BH-SA -23,6 16,5 25,8 Kreftenheye D Mixed Pleistocene D7
HKN25-BH-SA -23,6 25,8 41,5 Kreftenheye/Urk/YR D Mixed Pleistocene D7/D13
HKN25-BH-SA -23,6 41,5 48,4 Urk/YR/- D Mixed Pleistocene D13
HKN25-BH-SA -23,6 48,4 60,4 - D Mixed Pleistocene D13/D14
HKN26-BH-SA -23,7 0 0,7 Southern Bight A Southern Bight A
HKN26-BH-SA -23,7 0,7 2,55 Southern Bight C Southern Bight /Kreftenheye A/C
HKNDG HKN26-BH-SA -23,7 2,55 8 Southern Bight/Naaldwijk/Kreftenheye C Kreftenheye /Mixed Pleistocene C/D7
HKN26-BH-SA -23,7 8 33,3 Kreftenheye D Mixed Pleistocene D7
HKN26-BH-SA -23,7 33,3 35,45 Drente/Urk/YR D Mixed Pleistocene D7/D9/D13
HKN26-BH-SA -23,7 35,45 60,9 Urk/YR/- D Mixed Pleistocene D13/D14
HKN27-BH-SA -25,6 0 1,5 Southern Bight/Naaldwijk DS Mixed Pleistocene D1
HKN27-BH-SA -25,6 1,5 9 Naaldwijk C Mixed Pleistocene D1
HKN27 HKN27-BH-SA -25,6 9 11,1 Naaldwijk/Urk/YR C Mixed Pleistocene D1/D7
HKN27-BH-SA -25,6 11,1 27,2 Urk/YR D Mixed Pleistocene D7/D13
HKN27-BH-SA -25,6 27,2 60 Urk/YR/- D Mixed Pleistocene D13/D14
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A ARCADIS Appendix 7
. Water Depth Depth (m bsf) Units
Location ID BH ID (m LAT) Arcadis 3D
Top Bottom Arcadis Fugro [X1]
model
HKN28-BH-SC -24,9 0 2 Southern Bight/Naaldwijk DS Mixed Pleistocene D1
HKN28-BH-SC -24,9 2 9,9 Naaldwijk C Mixed Pleistocene D1
HKN28-BH-SC -24,9 9,9 11,35 Naaldwijk/Kreftenheye D Mixed Pleistocene D1/D7
HKN28-BH-SC -24,9 11,35 13 Kreftenheye D Mixed Pleistocene D7
HKN2S HKN28-BH-SC -24,9 13 14,55 Kreftenheye D Mixed Pleistocene D7
HKN28-BH-SC -24,9 14,55 25,5 Kreftenheye D Mixed Pleistocene D7
HKN28-BH-SC -24,9 25,5 34,05 Kreftenheye/- D Mixed Pleistocene D7/D13
HKN28-BH-SC -24,9 34,05 47,5 - D Mixed Pleistocene D13/D14
HKN28-BH-SC -24,9 47,5 57,05 - D Mixed Pleistocene D14
HKN28-BH-SC -24,9 57,05 60,38 - D Mixed Pleistocene D14
HKN31-BH-SA -20,3 0 1,8 Southern Bight/Naaldwijk A Southern Bight /Naaldwijk A/B
HKN31-BH-SA -20,3 1,8 5 Naaldwijk B Naaldwijk B
HKN31-BH-SA -20,3 5 12,8 Naaldwijk/Dogger Bight B Naaldwijk B
HKN31 HKN31-BH-SA -20,3 12,8 16 Dogger Bight/Kreftenheye C Naaldwijk /Kreftenheye B/C
HKN31-BH-SA -20,3 16 24,5 Kreftenheye/- C Kreftenheye C
HKN31-BH-SA -20,3 24,5 38,5 - D Kreftenheye /Mixed Pleistocene C/D11
HKN31-BH-SA -20,3 38,5 39,3 - D Mixed Pleistocene D11
HKN31-BH-SA -20,3 39,3 60 - D Mixed Pleistocene D11/D14
HKN33-BH-SA -22,9 0 0,7 Southern Bight A Southern Bight A
HKN33-BH-SA -22,9 0,7 4,4 Southern Bight C Southern Bight /Kreftenheye A/C
HKN33-BH-SA -22,9 4,4 6,7 Southern Bight/Kreftenheye C Kreftenheye C
HKN33-BH-SA -22,9 6,7 22,2 Kreftenheye D Kreftenheye /Mixed Pleistocene C/D7
HKN33 HKN33-BH-SA -22,9 22,2 33,1 Kreftenheye/Egmond Ground D Mixed Pleistocene D7/D12
HKN33-BH-SA -22,9 33,1 38,2 Egmond Ground D Mixed Pleistocene D12
HKN33-BH-SA -22,9 38,2 54,5 Egmond Ground/Urk/YR/- D Mixed Pleistocene D12/D13/D14
HKN33-BH-SA -22,9 54,5 54,95 - D Mixed Pleistocene D14
HKN33-BH-SA -22,9 54,95 60,94 - D Mixed Pleistocene D14
HKN36-BH-SA -23,5 0 0,6 Southern Bight A Southern Bight A
HKN36-BH-SA -23,5 0,6 0,85 Southern Bight A Southern Bight A
HKN36-BH-SA -23,5 0,85 1,85 Southern Bight A Southern Bight A
HKN36-BH-SA -23,5 1,85 3,3 Southern Bight/Naaldwijk C Southern Bight /Kreftenheye A/C
HKN36-BH-SA -23,5 3,3 9 Naaldwijk D Kreftenheye /Mixed Pleistocene C/D1
HKN36 HKN36-BH-SA -23,5 9 15,4 Naaldwijk D Mixed Pleistocene D1
HKN36-BH-SA -23,5 15,4 24 Naaldwijk/Kreftenheye D Mixed Pleistocene D1/D7
HKN36-BH-SA -23,5 24 35,7 Kreftenheye D Mixed Pleistocene D7/D11
HKN36-BH-SA -23,5 35,7 43,75 Kreftenheye/Urk/Yarmouth Road D Mixed Pleistocene D11/D14
HKN36-BH-SA -23,5 43,75 54,5 Yarmouth Road/- D Mixed Pleistocene D14
HKN36-BH-SA -23,5 54,5 55,1 - D Mixed Pleistocene D14
HKN36-BH-SA -23,5 55,1 61,49 - D Mixed Pleistocene D14
HKN37-BH-SA -23,8 0 0,3 Southern Bight A Southern Bight A
HKN37-BH-SA -23,8 0,3 1,2 Southern Bight/Naaldwijk A Southern Bight /Kreftenheye A/C
HKN37-BH-SA -23,8 1,2 12,5 Naaldwijk C Kreftenheye /Mixed Pleistocene C/D1
HKN37 HKN37-BH-SA -23,8 12,5 21 Naaldwijk/Kreftenheye D Mixed Pleistocene D1/D7
HKN37-BH-SA -23,8 21 35,4 Kreftenheye/Yarmouth Road D Mixed Pleistocene D7/D14
HKN37-BH-SA -23,8 35,4 45,7 Yarmouth Road D Mixed Pleistocene D14
HKN37-BH-SA -23,8 45,7 46,8 Yarmouth Road/- D Mixed Pleistocene D14
HKN37-BH-SA -23,8 46,8 61,3 - D Mixed Pleistocene D14
HKN39-BH-SA -24,5 0 0,2 Southern Bight A Southern Bight A
HKN39-BH-SA -24,5 0,2 6,7 Southern Bight/Naaldwijk C Southern Bight /Kreftenheye /Mixed Pleistocene A/C/D1
HKN39-BH-SA -24,5 6,7 12,2 Naaldwijk D Mixed Pleistocene D1
HKN39 HKN39-BH-SA -24,5 12,2 18 Naaldwijk D Mixed Pleistocene D1
HKN39-BH-SA -24,5 18 35,2 Naaldwijk/Kreftenheye/Eem D Mixed Pleistocene D1/D2/D7/D8
HKN39-BH-SA -24,5 35,2 44,8 Eem D Mixed Pleistocene D8
HKN39-BH-SA -24,5 44,8 60,4 Eem/Yarmouth Road/- D Mixed Pleistocene D8/D14
HKN41-BH-SA -24,5 0 0,7 Southern Bight A Southern Bight /Naaldwijk A/B
HKN41-BH-SA -24,5 0,7 3,5 Southern Bight/Naaldwijk B Naaldwijk B
HKN41-BH-SA -24,5 3,5 6,4 Naaldwijk C Naaldwijk /Kreftenheye B/C
HKN41-BH-SA -24,5 6,4 10,2 Naaldwijk C Kreftenheye C
HKN41-BH-SA -24,5 10,2 30,5 Naaldwijk/Kreftenheye/Urk/YR D Kreftenheye /Mixed Pleistocene C/D1/D7/D11
HKN41 HKN41-BH-SA -24,5 30,5 38,8 Urk/YR/- D Mixed Pleistocene D11/D14
HKN41-BH-SA -24,5 38,8 44,5 - D Mixed Pleistocene D14
HKN41-BH-SA -24,5 44,5 57,6 - D Mixed Pleistocene D14
HKN41-BH-SA -24,5 57,6 59,8 - D Mixed Pleistocene D14
HKN41-BH-SA -24,5 59,8 64,5 - D Mixed Pleistocene D14
HKN41-BH-SA -24,5 64,5 66,45 - D - 0
HKN44-BH-CP -23,7 0 0,7 Southern Bight A Southern Bight A
HKN44 HKN44-BH-CP -23,7 0,7 3,1 Southern Bight C Southern Bight /Kreftenheye A/C
HKN44-BH-CP -23,7 3,1 61 Naaldwijk/Kreftenheye/Drente/Urk/YR/- D Kreftenheye /Mixed Pleistocene /D6/D7/D9/D13,
HKN46-BH-SA -22,9 0 0,8 Southern Bight A Southern Bight A
HKN46-BH-SA -22,9 0,8 3,3 Southern Bight A Southern Bight A
HKN46-BH-SA -22,9 3,3 5,2 Southern Bight/Dogger Bight C Southern Bight /Kreftenheye A/C
HKN46-BH-SA -22,9 5,2 6,9 Dogger Bight/Drente C Kreftenheye C
HKN46 HKN46-BH-SA -22,9 6,9 16,7 - D Kreftenheye /Mixed Pleistocene C/D7
HKN46-BH-SA -22,9 16,7 19,9 - D Mixed Pleistocene D7
HKN46-BH-SA -22,9 19,9 40,5 - D Mixed Pleistocene D7/D9/D11/D14
HKN46-BH-SA -22,9 40,5 48,5 - D Mixed Pleistocene D14
HKN46-BH-SA -22,9 48,5 60,45 - D Mixed Pleistocene D14
HKN47A-BH-SA -22,7 0 3 Southern Bight/Naaldwijk A Southern Bight /Mixed Pleistocene A/D1
HKN47A-BH-SA -22,7 3 13 Naaldwijk/Kreftenheye C Mixed Pleistocene D1/D7
HKN47A-BH-SA -22,7 13 15,5 Kreftenheye D Mixed Pleistocene D7
HKN47A-BH-SA -22,7 15,5 19 Kreftenheye/Yarmouth Road D Mixed Pleistocene D7/D14
HKN47A-BH-SA -22,7 19 20 Yarmouth Road D Mixed Pleistocene D14
HKN47A-BH-SA -22,7 20 31,7 Yarmouth Road/- D Mixed Pleistocene D14
HKN47A-BH-SA -22,7 31,7 43,5 - D Mixed Pleistocene D14
HKNAT HKN47A-BH-SA -22,7 43,5 47 - D Mixed Pleistocene D14
HKN47A-BH-SA -22,7 47 53 - D Mixed Pleistocene D14
HKN47A-BH-SA -22,7 53 59,95 - D Mixed Pleistocene D14
HKN47-BH-SA -22,5 0 1,5 Southern Bight/Naaldwijk A Southern Bight A
HKN47-BH-SA -22,5 1,5 2,5 Naaldwijk A Southern Bight /Mixed Pleistocene A/D1
HKN47-BH-SA -22,5 2,5 5,2 Naaldwijk C Mixed Pleistocene D1
HKN47-BH-SA -22,5 5,2 12,7 Naaldwijk/Kreftenheye C Mixed Pleistocene D1/D7
HKN47-BH-SA -22,5 12,7 17,9 Kreftenheye/Yarmouth Road D Mixed Pleistocene D7/D14
HKN47-BH-SA -22,5 17,9 20,5 Yarmouth Road D Mixed Pleistocene D14
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. Water Depth Depth (m bsf) Units
Location ID BH ID (m LAT) Arcadis 3D
Top Bottom Arcadis Fugro [X1]
model
HKN48A-BH-SA -23,5 0 0,9 Southern Bight A Southern Bight A
HKN48A-BH-SA -23,5 0,9 6 Southern Bight/Naaldwijk C Southern Bight /Kreftenheye A/C
HKN48A-BH-SA -23,5 6 14,2 Naaldwijk C Kreftenheye C
HKN48A-BH-SA -23,5 14,2 21,9 Naaldwijk/Kreftenheye D Kreftenheye /Mixed Pleistocene C/D7
HKN48A-BH-SA -23,5 21,9 32,5 Kreftenheye/Urk D Mixed Pleistocene D7/D11
HKN48A-BH-SA -23,5 32,5 34 Urk D Mixed Pleistocene D11
HKN48 HKN48A-BH-SA -23,5 34 45,3 Urk D Mixed Pleistocene D11
HKN48A-BH-SA -23,5 45,3 46,4 Urk/Yarmouth Road D Mixed Pleistocene D11/D14
HKN48A-BH-SA -23,5 46,4 48 Yarmouth Road D Mixed Pleistocene D14
HKN48A-BH-SA -23,5 48 79,93 Yarmouth Road/- D Mixed Pleistocene D14
HKN48-BH-SA -23,4 0 0,7 Southern Bight A Southern Bight A
HKN48-BH-SA -23,4 0,7 1 Southern Bight A Southern Bight A
HKN48-BH-SA -23,4 1 2,1 Southern Bight C Southern Bight /Kreftenheye A/C
HKN56-BH-SA -23,1 0 0,8 Southern Bight A Southern Bight A
HKN56-BH-SA -23,1 0,8 4,4 Southern Bight/Naaldwijk C Southern Bight /Kreftenheye A/C
HKN56 HKN56-BH-SA -23,1 4,4 35,9 Naaldwijk/Kreftenheye D Kreftenheye /Mixed Pleistocene C/D1/D7/D8
HKN56-BH-SA -23,1 35,9 39,4 Kreftenheye/Eem/Urk/YR D Mixed Pleistocene D8/D13
HKN56-BH-SA 23,1 39,4 59,9 Urk/YR/- D Mixed Pleistocene D13/D14
HKN58-BH-SA -23,3 0 0,3 Southern Bight A Southern Bight A
HKN58-BH-SA -23,3 0,3 6 Southern Bight/Naaldwijk C Southern Bight /Kreftenheye /Mixed Pleistocene A/C/D1
HKN58-BH-SA -23,3 6 21,3 Naaldwijk D Mixed Pleistocene D1
HKN58-BH-SA -23,3 21,3 27,5 Naaldwijk/Kreftenheye/Drente D Mixed Pleistocene D1/D7/D9
HKN58-BH-SA -23,3 27,5 31,2 Drente D Mixed Pleistocene D9
HKN58 HKN58-BH-SA -23,3 31,2 37,5 Drente/Urk D Mixed Pleistocene D9/D11
HKN58-BH-SA -23,3 37,5 42 Urk/Yarmouth Road D Mixed Pleistocene D11/D14
HKN58-BH-SA -23,3 42 42,2 Yarmouth Road D Mixed Pleistocene D14
HKN58-BH-SA -23,3 42,2 51,6 Yarmouth Road/- D Mixed Pleistocene D14
HKN58-BH-SA -23,3 51,6 58,5 - D Mixed Pleistocene D14
HKN58-BH-SA -23,3 58,5 60,9 - D - 0
HKN60-BH-SA -24,9 0 0,4 Southern Bight A Southern Bight A
HKN60-BH-SA -24,9 0,4 6 Southern Bight/Naaldwijk C Southern Bight /Kreftenheye A/C
HKN60-BH-SA -24,9 6 10,3 Naaldwijk/Kreftenheye C Kreftenheye C
HKN60-BH-SA -24,9 10,3 15,75 Kreftenheye D Kreftenheye /Mixed Pleistocene C/D7
HKN60-BH-SA -24,9 15,75 16,3 Kreftenheye/Urk D Mixed Pleistocene D7/D11
HKN60-BH-SA -24,9 16,3 20 Urk D Mixed Pleistocene D11
HKNEO HKN60-BH-SA -24,9 20 23 Urk D Mixed Pleistocene D11
HKN60-BH-SA -24,9 23 25,7 Urk/Yarmouth Road D Mixed Pleistocene D11
HKN60-BH-SA -24,9 25,7 29 Yarmouth Road D Mixed Pleistocene D11/D14
HKN60-BH-SA -24,9 29 49,6 Yarmouth Road D Mixed Pleistocene D14
HKN60-BH-SA -24,9 49,6 49,9 Yarmouth Road/Winterton Shoal D Mixed Pleistocene D14
HKN60-BH-SA -24,9 49,9 53,8 Winterton Shoal/- D Mixed Pleistocene D14/D15
HKN60-BH-SA -24,9 53,8 59,5 - D Mixed Pleistocene D15
HKN60-BH-SA -24,9 59,5 60,45 - D - 0
HKN65-BH-SA -24,3 0 1,05 Southern Bight A Southern Bight /Kreftenheye A/C
HKN65-BH-SA -24,3 1,05 8,8 Southern Bight/Naaldwijk C Kreftenheye /Mixed Pleistocene Cc/D1
HKN65 HKN65-BH-SA -24,3 8,8 38,7 Naaldwijk/Kreftenheye/- D Mixed Pleistocene D1/D7/D13
HKN65-BH-SA -24,3 38,7 56,9 - D Mixed Pleistocene D13/D14
HKN65-BH-SA -24,3 56,9 59,9 - D Mixed Pleistocene D14
HKN67-BH-SA -20,6 0 1,5 Southern Bight A Southern Bight A
HKN67-BH-SA -20,6 1,5 3,3 Southern Bight/Naaldwijk A Southern Bight /Naaldwijk A/B
HKN67-BH-SA -20,6 3,3 13 Naaldwijk C Naaldwijk /Kreftenheye B/C
HKN67-BH-SA -20,6 13 14,9 Naaldwijk D Kreftenheye /Mixed Pleistocene C/D4
HKN67-BH-SA -20,6 14,9 16,5 Naaldwijk/Dogger Bight D Mixed Pleistocene D4
HKN67-BH-SA -20,6 16,5 17,8 Dogger Bight D Mixed Pleistocene D4
HKN67-BH-SA -20,6 17,8 21 Dogger Bight/Kreftenheye D Mixed Pleistocene D4/D7
HKN67 HKN67-BH-SA -20,6 21 35,6 Kreftenheye/Drente/Urk/YR D Mixed Pleistocene D7/D8/D11/D13
HKN67-BH-SA -20,6 35,6 37,6 Urk/YR D Mixed Pleistocene D13
HKN67-BH-SA -20,6 37,6 38 Urk/YR D Mixed Pleistocene D13
HKN67-BH-SA -20,6 38 42 Urk/YR D Mixed Pleistocene D13
HKN67-BH-SA -20,6 42 46 Urk/YR D Mixed Pleistocene D13
HKN67-BH-SA -20,6 46 46,7 Urk/YR D Mixed Pleistocene D13
HKN67-BH-SA -20,6 46,7 58,6 Urk/YR/- D Mixed Pleistocene D13/D14
HKN67-BH-SA -20,6 58,6 59,9 - D Mixed Pleistocene D14
HKN70-BH-SA -20,7 0 0,8 Southern Bight A Southern Bight /Naaldwijk A/B
HKN70-BH-SA -20,7 0,8 1,6 Southern Bight B Naaldwijk B
HKN70-BH-SA -20,7 1,6 12,1 Southern Bight/Naaldwijk/Nieuwkoop Peat C Naaldwijk /Kreftenheye B/C
HKN70-BH-SA -20,7 12,1 18,3 Nieuwkoop Peat/Kreftenheye D Kreftenheye /Mixed Pleistocene C/D8
HKN70 HKN70-BH-SA -20,7 18,3 23,5 Kreftenheye/Eem D Mixed Pleistocene D8/D13
HKN70-BH-SA -20,7 23,5 28,3 Urk/YR D Mixed Pleistocene D13
HKN70-BH-SA -20,7 28,3 44,8 Urk/YR/- D Mixed Pleistocene D13
HKN70-BH-SA -20,7 44,8 78,9 - D Mixed Pleistocene D13/D14
HKN70-BH-SA -20,7 78,9 80,2 - D Mixed Pleistocene D14
HKN72A-BH-SA -23,3 0 1,4 Southern Bight A Southern Bight /Kreftenheye A/C
HKN72A-BH-SA -23,3 1,4 12 Southern Bight/Naaldwijk C Kreftenheye /Mixed Pleistocene C/D7
HKN72A-BH-SA -23,3 12 13,9 Naaldwijk D Mixed Pleistocene D7/D8
HKN72A-BH-SA -23,3 13,9 17,65 Naaldwijk/Eem D Mixed Pleistocene D8
HKN72A-BH-SA -23,3 17,65 31,25 Eem/Urk/YR D Mixed Pleistocene D8
HKN72A-BH-SA -23,3 31,25 33,2 Urk/YR D Mixed Pleistocene D8/D13
HKN72A-BH-SA -23,3 33,2 44 Urk/YR D Mixed Pleistocene D13
HKN72 HKN72A-BH-SA -23,3 44 52,5 Urk/YR/- D Mixed Pleistocene D13/D14
HKN72A-BH-SA -23,3 52,5 53 - D Mixed Pleistocene D14
HKN72A-BH-SA -23,3 53 59,75 - D Mixed Pleistocene D14
HKN72A-BH-SA -23,3 59,75 60,45 - D Mixed Pleistocene D14
HKN72-BH-SA -23,1 0 1,4 Southern Bight A Southern Bight A
HKN72-BH-SA -23,1 1,4 12 Southern Bight/Naaldwijk C Southern Bight /Kreftenheye /Mixed Pleistocene A/C/D7
HKN72-BH-SA -23,1 12 14 Naaldwijk D Mixed Pleistocene D7/D8
HKN72-BH-SA -23,1 14 15,3 Naaldwijk/Eem D Mixed Pleistocene D8
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. Water Depth Depth (m bsf) Units
Location ID BH ID (m LAT) Arcadis 3D
Top Bottom Arcadis Fugro [X1]
model
HKN75-BH-SA -21,8 0 0,2 Southern Bight A Southern Bight A
HKN75-BH-SA -21,8 0,2 1,3 Southern Bight A Southern Bight A
HKN75-BH-SA -21,8 1,3 3,7 Southern Bight/Naaldwijk B Southern Bight /Naaldwijk A/B
HKN75-BH-SA -21,8 3,7 15 Naaldwijk/Kreftenheye C Naaldwijk /Kreftenheye B/C
HKN75 HKN75-BH-SA -21,8 15 30,55 Kreftenheye/Urk D Kreftenheye /Mixed Pleistocene C/D6/D7/D11

HKN75-BH-SA -21,8 30,55 46 Urk/Yarmouth Road/- D Mixed Pleistocene D11/D14
HKN75-BH-SA -21,8 46 53 - D Mixed Pleistocene D14
HKN75-BH-SA -21,8 53 56 - D Mixed Pleistocene D14
HKN75-BH-SA -21,8 56 61,4 - D - 0
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Soil parameters of statistical analysis for various soil layers

Soil type density/ Yi8 Yk Yus Yis' i Yus' Qus' Qus’ Cs' (o Cus'
consistency [kN/m3] [kN/m?3] [kN/m3] [kN/m?3] [kN/m3] [kN/m?3] ] ] [kN/m?] [kN/m?] [kN/m?]
4,1 6,2 0 0 0

loose 501 14,1 16,2 18,4 28,5 31,4 35,2
medium dense 502 15,5 17,5 19,4 5,5 7,5 9,4 33,0 35,7 39,1 0 0 0
gravelly sand
dense 503 17,5 19,4 21,2 7,5 9,4 11,2 38,0 40,2 42,8 0 0 0
very dense 504 18,6 20,3 22,2 8,6 10,3 12,2 42,9 44,3 45,0 0 0 0
very loose 510 15,9 17,4 18,9 5,9 7,4 8,9 27,1 28,3 30,0 0 0 0
loose 511 15,3 17,5 19,5 5,3 7,5 9,5 29,0 31,5 34,5 0 0 0
medium dense 512 17,9 19,8 21,6 7,9 9,8 11,6 31,8 34,2 36,8 0 0 0
dense 513 18,3 20,2 21,9 8,3 10,2 11,9 36,7 38,6 41,2 0 0 0
very dense 514 18,4 20,3 22,1 8,4 10,3 12,1 41,4 42,9 45,0 0 0 0
very loose 520 16,7 18,5 20,4 6,7 8,5 10,4 19,4 24,8 31,0 0 0 0
loose 521 17,2 19,1 21,1 7,2 9,1 11,1 25,5 28,1 30,6 0 0 5
silty sand medium dense 522 18,2 19,9 21,6 8,2 9,9 11,6 24,7 30,2 35,6 0 0 10
dense 523 there were insufficient numbers of values for a statistical analysis
very dense 524 there were insufficient numbers of values for a statistical analysis
soft 530 there were insufficient numbers of values for a statistical analysis
. firm 531 there were insufficient numbers of values for a statistical analysis
sandy silt , — — — .
stiff 532 there were insufficient numbers of values for a statistical analysis
very stiff to hard | 533/534 17,6 19,4 21,2 7,6 9,4 11,2 10,0 20,6 30,0 14 26 51
soft 540 there were insufficient numbers of values for a statistical analysis
. firm 541 there were insufficient numbers of values for a statistical analysis
silt and clay - - — — -
stiff 542 there were insufficient numbers of values for a statistical analysis
very stiff to hard | 543/544 17,2 18,7 20,2 7,2 8,7 10,2 10,0 18,7 27,5 16 21 28
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gravelly sand

silty sand

sandy silt

silt and clay
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consistency [kN/m?] [kN/m?] [kN/m?] [MN/m?] [MN/m?] [MN/m?] [kN/m?] [kN/m?] [kN/m?] [kN/m?] [kN/m?] [kN/m?]
loose 501 0 0 0 5 24 21 - 1,0E+00 1,5E-02 1,0E-03
medium dense 502 0 0 0 17 39 72 18 32 48 - 1,0E+00 1,4E-02 1,0E-03
dense 503 0 0 0 82 118 163 40 59 70 - 1,0E+00 6,4E-03 1,0E-03
very dense 504 0 0 0 135 216 329 93 111 168 - 1,0E+00 1,4E-03 1,0E-03
very loose 510 0 0 0 11 13 16 28 33 38 - 1,0E-03 1,9€E-04 1,0E-05
loose 511 0 0 0 8 20 29 24 42 57 - 1,0E-03 5,6E-04 1,0E-05
medium dense 512 0 0 0 35 69 100 90 135 181 - 1,0E-03 3,1E-05 1,0E-05
dense 513 0 0 0 61 95 140 90 126 176 - 1,0E-03 1,2E-04 1,0E-05
very dense 514 0 0 0 79 121 173 77 99 155 - 1,0E-03 4,5E-04 1,0E-05
very loose 520 0 0 0 6 8 17 53 75 116 - 1,0E-05 8,6E-07 1,0E-07
loose 521 0 0 15 10 25 45 77 126 169 - 1,0E-05 2,6E-06 1,0E-07
medium dense 522 0 0 20 26 48 77 114 169 211 - 1,0E-05 5,3E-06 1,0E-07
dense 523 there were insufficient numbers of values for a statistical analysis
very dense 524 there were insufficient numbers of values for a statistical analysis
soft 530 there were insufficient numbers of values for a statistical analysis
firm 531 there were insufficient numbers of values for a statistical analysis
stiff 532 there were insufficient numbers of values for a statistical analysis
very stiff to hard | 533/534 110 204 389 2 8 20 unidentifiable 0,020 1,0E-07 1,7E-07 3,0E-09
soft 540 there were insufficient numbers of values for a statistical analysis
firm 541 there were insufficient numbers of values for a statistical analysis
stiff 542 there were insufficient numbers of values for a statistical analysis
very stiff to hard | 543/544 122 166 214 2 4 8 unidentifiable 0,007 1,0E-07 3,0E-08 1,0E-11
Y Soil unit weight
e Buoyant unit weight
(0} Effective friction angle
c' Effective cohesion
Sy Undrained shear strength
Eoed Constrained modulus
Gnax Small-strain shear modulus
€59 Strain at 50 % stress level
k Permeability
blue | general empirical values
Index
LB lower bound: 25% fractile of the standardized normal distribution, partially adjusted with experience, when statistical band is poor
k characterisctic value: lower confidence limit of the mean value (95% confidence level), partially adjusted with experience, when statistical band is poor
uB upper bound: 75% fractile of the standardized normal distribution, partially adjusted with experience, when statistical band is poor
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Accompanying letter to the 3D Geotechnical Ground Model and Characteristic
Parameter Report by Arcadis

This report presents the Pilot of a 3D Geotechnical Ground Model which was
developed based on the extensive data set collected in the geophysical and
geotechnical campaigns in the area of the Hollandse Kust (noord) (HKN) Wind Farm
Zone (WFZ). The reports and data referred to have been published at

https://offshorewind.rvo.nl/

This report strives for the development of a 3D model following the layering
approach for the HKN-WFZ. This shall enable developers and end-users to
determine the design-relevant layers at any potential wind turbine location for the
preliminary design. The 3D model and the application of the characteristic
geotechnical parameters, delivered in the report, can serve as a solid basis for every
foundation design in the HKN-WFZ and can contribute to the park layout planning.
Furthermore, this 3D model may help to reduce the number of additional site
investigations in the post-tender phase.
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The ground conditions at HKN are characterized by inhomogeneous soil conditions,
represented by several layers which are not present across the whole site and a
dominant layer of sands, originating from different geological ages and deposit in
different densities and with different fine and coarse content. These differences
were mostly not traceable with geophysical measurements, which made the
allocation of subdivided layers ambitious. The interpretation of the soil layer
between the geotechnical investigation points (CPTs and Boreholes) have been
made by a thorough geological and geotechnical interpretation but remains an
approximation of the real in situ conditions.

Regarding the Geological Model, RVO.nl recommends the approved and certified
geological ground model delivered by Fugro as official reference for further use:
https://offshorewind.rvo.nl/soilnh.

The aim to develop a 3D geotechnical ground model which should also subdivide
the most relevant unit D required a more detailed interpretation of this unit. This
geological interpretation in the present report is only serving to define the 3D
boundaries in areas where the geotechnical and the geophysical boundaries were
not precise or had to be interpolated.

The 3D model and the characteristic parameters have to be applied with
cautiousness and engineering judgement due to above mentioned limitations.
Considering this, these values provide a detailed insight to the geological and
geotechnical conditions at HKN-WFZ.

RVO.nl encourages all users of this Pilot of the 3D geotechnical model to share their
view of the model and their experiences with the application. For RVO.nl it is of
utmost importance to understand the end-users needs and concerns to be able to
address them in the upcoming WFZ pre-developments. Your feedback will enable
RVO.nl to set the right priorities in the soil investigations and the evaluations and
reporting of the results. Please submit your feedback anytime at: woz@rvo.nl

Date
October 24 2019

Page 2 of 5



https://offshorewind.rvo.nl/soilnh

mailto:woz@rvo.nl



Date
October 24 2019

Technical details

The 3D Model itself is presented in “20191018 HKN_Combined_Model_F.SVP”. The
file can be viewed and worked with by the free to use program
“SubsurfaceViewer_7_6_Reader_Setup_en_64.exe”. The approach, the
explanations and the characteristic parameters can be found in the report
“20191018_HKN_3D Geotechnical_Model Report_V03_F.pdf".

The 3D Model includes the combined geological layer model (as base and top grids)
containing units A, B and C from the geological ground model (Fugro) and the
subdivision based on CPT layer definitions (Arcadis) as units D1 to D15. Moreover,
the bathymetry and reflectors D_H15, D_H20 are integrated as surfaces. Geological
relevant shape-files derived from Fugro’s GIS-project and a georeferenced image
showing Fugro’s CPT clustering are integrated as maps. A location point map linked
to soil type classifications with densities (compiled by Arcadis) can also be found
within the “maps”-category. Additionally, two voxel models are added:

e A model showing structured borehole log information from the Fugro
reports, which can be queried for 3D visual analysis, and includes CPT layer
interpretations by Arcadis in category “Formation”.

e A model containing geometries of the geological model, the combined layer
model and a 3D Voronoi representation for soil classification and densities.

Voxel models can be used for selecting combinations of parameters by filter options
or to simply cut the area into regular xyz-slices as additional examination
techniques.
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Disclaimer

The creative commons license terms 4.0 CC BY apply to this material. Please take
notice of the general terms “Creative Commons Attribution 4.0 International public
License” before starting to use the license. These terms can be accessed by clicking
on this link https://creativecommons.org/licenses/

This work was carried out by Arcadis Germany GmbH, commissioned by RVO.nl, an
agency of the Ministry of Economic Affairs and Climate Policy. Whilst a great deal of
care has been taken in compiling the contents of this work, RVO.nl can not be held
liable for any damages resulting from any inaccuracies and/or outdated
information.

The information in this document is valid at the time of publishing (see
month/year). Updates will be published on the website https://offshorewind.rvo.nl/
at the relevant sitemap (Hollandse Kust (noord)), General Information, submap
Revision Log and Q & A. In the Revision Log is indicated which versions are the latest
and what the changes are in relation to previous versions. The documents can be
found at the relevant sites, indicated in the List of all reports and deliverables.
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