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11

1.2

INTRODUCTION

Purpose of Report

In 2013 more than 40 organisations and the Dutch government entered into the Energy Agreement for
Sustainable Growth (‘Energieakkoord voor Duurzame Groei’). An important part of this agreement
includes scaling up of offshore wind power development. The Ministry of Economic Affairs presented a
road map outlining how the government plans to achieve their offshore wind goals in accordance with
the time line agreed upon in the Energy Agreement.

The road map sets out a schedule of tenders offering 700 MW of development each year in the period
2015 to 2019. The Dutch government has developed a systematic framework under which offshore wind
farm zones are designated. Any location outside these wind farm zones is not eligible to receive a permit.
Within the designated wind farm zones the government decides the specific sites where wind farms can
be constructed using a so-called Wind Farm Site Decision (‘Kavelbesluit’). This contains conditions for
building and operating a wind farm on a specific site. The Dutch transmission system operator TenneT
will be responsible for grid connections.

Winners of the site development tenders will be granted a permit to build a wind farm according to the
Offshore Wind Energy Act (‘Wet Windenergie op Zee’) and offered a grid connection to the main land.
The Ministry provides all relevant site data, which can be used for the preparation of bids for these
tenders.

As part of the tender preparations, the Netherlands Enterprise Agency (Rijksdienst voor Ondernemend
Nederland, RVO), henceforth referred to as ‘client’, has requested Fugro to perform a geotechnical site
investigation of the Hollandse Kust (hoord) Wind Farm Zone (WFZ). The Hollandse Kust (noord) WFZ
is located in the Dutch Sector of the North Sea, approximately 18.5 km from the coastline (Plates 1-1
to 1-3).

The objective of the geotechnical site investigation and associated laboratory testing programme is to:

m Further develop and update the geological/geophysical model for the Hollandse Kust (noord) WFZ;

m Determine the vertical and lateral variation in seabed conditions;

m Provide relevant geotechnical data to progress the design of wind farm foundation elements,
including, but not limited to foundations and cables.

This report is one of a set of Fugro reports (refer to “List of Project Reports” on Plate 1-4).

Scope of Report — Geotechnical Parameters

This particular report presents geotechnical parameters according to Eurocode 7 EN 1997-1:2004
(CEN, 2004), specifically:

m  Geotechnical ground model focusing on monopile foundations;
m Methodology for selecting characteristic values of geotechnical parameters for use in calculation
models;

Fugro Document No. P903749/06 (7) Main Text Page 1
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m Indicative ranges for selecting characteristic values, where applicable, including supporting
summaries of derived values of geotechnical parameters (Table 1.1);
m Conclusions and recommendations, with focus on data gap analysis for geotechnical information.
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The geotechnical ground model applies to the same area (Plate 1-1) as considered for the companion
geological ground model (Fugro, 2019a), i.e. Hollandse Kust (noord) Investigation Area (HKN IA). Within
the HKN IA an area has been appointed for installation of wind turbines. This area is referred to as the
“Hollandse Kust (noord) Wind Farm Site (HKN WFS)”. The outline boundary of the HKN WFS may
change in the future. The HKN IA will be referred to as HKN WFZ or the site. The exclusion zones
around platforms (Q4-A and Q4-B) are not part of the HKN WFZ (Plates 1-2 to 1-3).

The geotechnical ground model applies to 40 m below seafloor (BSF). This depth coverage corresponds
broadly with an expected depth range of primary interest for monopiles. It is noted that interpretations
presented in the geological ground model report (Fugro, 2019a) apply to approximately 90 m below
Lowest Astronomical Tide (LAT), i.e. approximately 60 m to 80 m BSF.

The data gap analysis considers expected input data requirements for the detailed design phase that a
tenderer for site development will perform after award.

Table 1.1: Geotechnical Parameters

Parameter Symbol
Soil unit weight y
Net cone resistance an
Coefficient of earth pressure at rest Ky
Minimum and maximum index void ratios emin» Emax
Relative density D,
Undrained shear strength - triaxial compression Su,TxC
Undrained shear strength — direct simple shear Su,DSS
External axial strain at half the maximum deviator stress Es50
Critical state line -
Effective angle of internal friction at large strain Oy
Peak effective angle of internal friction o'
Angle of interface friction — steel / soil 6
Constrained modulus M
Coefficient of permeability k
Shear modulus at small strain Gmax
Normalised shear modulus G/Gmax
Cyclic strength -

Scope of Report — Earthquake Hazard

This report also presents the results of a probabilistic seismic hazard assessment for the HKN WFZ.

Fugro Document No. P903749/06 (7) Main Text

Page 2





-l"unnn

HOLLANDSE KUST (NOORD) WFZ - DUTCH SECTOR, NORTH SEA

1.4

1.5

Report Format

The principal sections of this report are the Main Text, Plates following Main Text, and Sections A, B
and C. Comments are as follows:

m Section 2 describes the general study approach for geotechnical parameters;

m Sections 3 to 5 provide the principal information as outlined in Section 1.2 Scope of Report —
Geotechnical Parameters. These text sections should be read in conjunction with the Plates
following the Main Text and Sections A and B, where applicable;

m Plates are numbered to correspond to Main Text sections, e.g. Plate 2-1 belongs to Section 2;

m Plates in Sections A and B are numbered to correspond to Main Text sections as follows:

o Plates in Section A belong to Main Text Section 3 (Geotechnical Ground Model);
o Plates in Section B belong to Main Text Section 4 (Geotechnical Parameter Values);

m  Section C presents the results of the probabilistic seismic hazard assessment;

m Section D and Appendix 1 provide “Use of Report” information, general practice statements and
terminology. These will be familiar to expert users of the types of information presented in this report.

This report is one in a series of reports. Companion reports contain (1) results of seafloor in situ test
locations, (2) results of geotechnical borehole locations, (3) results of a geological ground model and (4)
results of geotechnical laboratory testing, respectively.

Geotechnical locations presented on Plates following the Main Text are location clusters where (a
combination of) boreholes and test points have been performed. Plates 1-5 to 1-8 titled “Location
Overview” provide an overview of the location clusters and the corresponding boreholes and test points
performed per location cluster.

Project Responsibilities and Use of Report

This report presents information according to a project specification determined and monitored by the
client.

This report uses and summarises information from sources listed in Section 6. The reader should consult
the source information for details. Understanding of site conditions improves upon further data analysis
and interpretation. This means that some of the source interpretations may be superseded by
information presented in this report.

The report was prepared in accordance with the Contract Variation Order 20181127 _HKN_Fugro_VO-
014 of Contract W0OZ2180105 between Rijksdienst voor Ondernemend Nederland (RVO) and Fugro
Netherlands Marine B.V., dated 27 November 2018.

Read this report in its entirety. Particularly, take careful note of the Section D titled “Use of Report”. This
section also includes information about report issue control.

Fugro understands that this report will be used for the purpose described in this Main Text section. That
purpose was a significant factor in determining the scope and level of the services. Results must not be
used if the purpose for which the report was prepared or the client’s proposed development or activity
changes. Results may possibly suit alternative use. Suitability must be verified.
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2.1

STUDY APPROACH AND METHODOLOGY

General Study Approach

Plates 2-1 and 2-2 summarise the general study approach for data interpretation and geotechnical
analysis. The documents titled “Site Characterisation”, and “Geotechnical Analysis” provide background
information. These documents are included in Appendix 1.

The general study approach is according to Eurocode 7 EN 1997-1:2004 (CEN, 2004). Eurocode 7
EN 1997-1:2004 is based on an early version of ISO 2394 (I1SO, 2015).

This report considers Integration Level 4, geotechnical zonation and analysis, for the specific purpose
of providing input for design of monopiles at the HKN WFZ. Integration levels are described in the
document titled “Site Characterisation”, presented in Appendix 1.

The project phase considered for this report is conceptual design. This matches the current status of
site-specific data acquisition for geotechnical parameters, i.e. borehole and CPT locations specifically
selected for general coverage of the HKN WFZ and for confirmation of specific geological features and
interfaces interpreted from geophysical data.

This report presumes that future project phases will rely on a CPT-dominated approach for the
geotechnical design of monopiles. Particularly, this report presumes that site-specific data acquisition
for a future project phase will include at least:

m  One CPT at each monopile location;
m CPT penetration to below the target tip level of the monopile.

For this reason, this report considers a geotechnical ground model with the following fundamental
features:

m Connection to the geological ground model,
m A general grouping of available CPT profiles for efficient conceptual design of monopiles;
m Estimated proportioning of CPT groups to the HKN WFZ for spatial applicability of the CPT groups.

Note that none of the monopiles will be positioned at available borehole and CPT locations, except by
coincidence.

The presentation of parameter values for the geotechnical parameters of Table 1.1 is generalised
(independent of CPT group) where feasible and per CPT group otherwise.

The reference condition for the presented parameter values is the in situ state of the seabed as
applicable at the time of site investigation. This implies exclusion of any later changes to site conditions
by e.g. seabed mobility, installation of scour protection and installation of structures. Furthermore,
seafloor is the primary vertical datum for the presented parameter values.

In most cases, no reliable and affordable geotechnical methods are available for direct and accurate
values of the parameters considered for this report (Section 1). The available database for the HKN WFZ
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2.2

221

covers test methods that were typically selected based on feasibility in terms of available technology,
economics and schedule. This limits applicability for the selection of characteristic values. For example,
in situ relative density is defined relative to in situ void ratio and index void ratios. In situ void ratio can
be obtained from laboratory tests on undisturbed, intact soil specimens. This is technically feasible for
a marine setting, but considerations for economics and schedule lead to substitute, approximate, CPT-
based correlations for relative density and their associated statistical distributions.

Definitions

Overview

Table 2.1 presents an overview of definitions and terms for geotechnical parameter values. The columns
“This Report” and “Eurocode 7 EN 1997-1:2004” are relevant for this report. The definitions are
explained in Sections 2.2.2 to 2.2.5. Background information is given in the document “Geotechnical
Analysis” presented in Appendix 1.

The principal definitions are closely related:

m A design value for a calculation model (and associated limit state) requires a characteristic value;

m A characteristic value is based on integration activities that typically consider multiple derived values
of a geotechnical parameter obtained from test results;

m  An indicative value focuses on in situ conditions and is typically in-between a characteristic value
and derived values.

The “ISO” columns of Table 2.1 provide synonyms for the definitions used in this report (ISO 2015; ISO
2013).

The “Other” column of Table 2.1 presents examples of terms commonly seen in other standards,
publications and geotechnical reports. In most cases, the meaning of an “Other” term can be inferred

from the context of the “Other” document. In some cases, the term is defined.

Table 2.1: Definitions and Terms for Geotechnical Parameter Values

This Report Eurocode 7 ISO 2394:2015 ISO 19900:2013 Other Standards,
EN 1997- Publications, Geotechnical
1:2004 Reports

Design value

Design value

Design value

Design value

Factored value; factored (soil)
parameter value; factored (soil)
parameter profile; factored (soil)
property value

Characteristic
value

Characteristic
value; nominal
value

Characteristic
value; nominal
value

Representative
value;
characteristic
value; nominal
value

Design value; design (soil)
parameter value; design (soil)
property; design (soil) profile;
representative (soil) parameter
value; representative (soil)
profile; representative (soil)
property value; recommended
(soil) parameter value;
recommended (solil) profile;
recommended (soil) property
value; unfactored (soil)
parameter value; unfactored
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This Report

Eurocode 7
EN 1997-
1:2004

ISO 2394:2015

ISO 19900:2013

Other Standards,
Publications, Geotechnical
Reports

(soil) profile; unfactored (soil)
property value; cautious value;
conservative value; low
estimate; best estimate; high
estimate; lower value; upper
value; lower bound; upper
bound; in situ value; measured
value; model (parameter) value

Indicative value

In situ value

Indicative low IL;
indicative mean
IM; indicative
high IH

Lower value; lower bound;
mean value; average value,
typical value; upper value;
upper bound; limit(ing) value;
cautious value; conservative
value

Derived value

Derived value

Design value; design (soil)
parameter; design (soil)
property; design (soil) profile;
test result; representative (soil)
parameter value; representative
(soil) profile; representative
(soil) property value; (soil)
parameter value; (soil) property
value; correlation value;
empirical value, theoretical
value, test value; in situ value;
in-situ measurement result;

in situ observation value; field
measurement result; laboratory
value; test specimen value;
laboratory measurement result;
inferred (parameter) value;
measured value, geotechnical
data

Low estimate
LE; best
estimate BE;
high estimate
HE

Lower value; lower bound;
mean value; average value,
typical value; upper value;
upper bound; limit(ing) value;
cautious value; conservative
value

Note(s):

m IL, IM and IH apply to indicative values

m LE, BE and HE apply to derived values

m Termsin italics are presented for general recognition and do not apply to the principal sections of this report
m Terms in parentheses represent common variations

Design Value

Eurocode 7 EN 1997-1:2004 defines design value of a material property as “value obtained by dividing
the characteristic value by a partial factor y,, or y,,, or, in special circumstances, by direct determination”.

The scope of this report excludes design and thus excludes the provision of design values.
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2.2.3

224

Characteristic Value

This report uses characteristic value as defined by Eurocode 7 EN 1997-1:2004, i.e. “value of a material
or product property having a prescribed probability of not being attained in a hypothetical unlimited test
series. This value generally corresponds to a specified fractile of the assumed statistical distribution of
the particular property of the material or product. A nominal value is used as the characteristic value in
some circumstances”.

Eurocode 7 EN 1997-1:2004 defines nominal value of a material or product property as “value normally
used as a characteristic value and established from an appropriate document such as a European
Standard or Prestandard”.

Eurocode 7 EN 1997-1:2004 requires that “the characteristic value of a geotechnical parameter shall be
selected as a cautious estimate of the value affecting the occurrence of a limit state”. This report aligns
with this requirement by only using the term “characteristic value”, i.e. this report does not distinguish
between characteristic value and nominal value. Notes that Eurocode 7 EN 1997-1:2004 includes no
requirements and guidance on selection of nominal values for geotechnical parameters.

The scope of this report excludes design and thus excludes the provision of characteristic values, as
they specifically apply to a limit state and corresponding calculation model(s).

In principle, characteristic values of soil properties are estimated according to an a priori specified fractile
of the statistical distribution of the soil property (including a mean value or some other reference value).
Appropriate judgement is required for calculation models requiring selection of characteristic values for
multiple geotechnical parameters that are (largely) independent of each other and those that are
interdependent.

There appears to be no evidence as yet for differentiating characteristic values for soil properties on the
basis of (1) structural system and structural component, (2) primary basic variables and other basic
variables, (3) ultimate limit state ULS and serviceability limit state SLS, (4) resistance model and action
model or some combination.

Characteristic values should be representative of the actual volume of soil or the actual part of the
existing structure to be considered in the design (spatial soil variability, 1ISO 2394 Clause 9.3).
This means that a characteristic value should be a function of the geometrical quantities describing the
shape, size and overall arrangement of structures, structural elements and cross-sections (ISO 2394
Clause 6.5). It should also be a function of the nature (i.e. magnitude, location and geometry) of the
actions and possibly also of the characteristics of the heterogeneity at the location under consideration
(ISO 2394 Clause 6.1).

Indicative Value

This report defines indicative value as an initial, preliminary estimate of the in situ value of a
specified geotechnical parameter.

The term indicative value is specific to this report and is not defined or used by Eurocode 7 EN 1997-
1:2004.
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Indicative values are in between characteristic values and derived values, and can be considered as a
basis for selection of characteristic values.

A nominal 1 m vertical averaging scale was selected for definition of indicative value, where applicable.
This averaging approach accounts for some measure of spatial soil variability and averaging effects that
typically apply to characteristic values. As explained in the document “Geotechnical Analysis”
(Appendix 1), a larger scale for averaging (e.g. 3 m) typically reduces coefficient of variation (COV)
values. Conversely, a smaller scale increases COV values.

Where applicable, this report considers estimates of Indicative Low (IL), Indicative Mean (IM) and
Indicative High (IH) values. Particularly, the IL, IM and IH estimates allow for aleatory and epistemic
uncertainties for transforming (converting, adapting) derived values to in situ values.

Where applicable, the indicative values are presented by equations and associated input parameters.
Values for the input parameters can consist of numerical values (e.g. b = 0.2) or can be obtained from
a parameter value that is available (e.g. net cone resistance qn).

This report defines target statistical fractile for the IL and IH estimates, where IL represents the value
below which 5 % (IL) of the values are expected to fall and IH represents is the value below which 95 %
of the values are expected to fall. The IM value represents an estimate of the mean value of a
geotechnical parameter. Presented IM values are mostly asymmetrically in-between the IL and IH values.

Derived Value

This report considers Eurocode 7 EN 1997-1:2004, which defines derived value as “value of a
geotechnical parameter obtained by theory, correlation or empiricism from test results”.

This report considers derived value of a geotechnical parameter, i.e. does not distinguish between
derived value, measured value, test results, correlation value, theoretical value and empirical value. In
this regard it can be noted that EN 1997-2:2007 (CEN, 2007) provides two definitions for derived value,
namely the definition of EN 1997-1:2004 and a definition specific to EN 1997-2:2007 (which is almost
the same): “value of a geotechnical parameter obtained from test results by theory, correlation or
empiricism”. EN 1997-2:2007 also defines measured value as “value that is measured in a test”.
EN 1997-2:2007 uses the term measured value only for: (1) ground water measurements, (2) particle
density, (3) pH and (4) undrained shear strength measured in a field vane test. EN 1997-2:2007 appears
to distinguish between derived value and test results, e.g. in Clause 1.6 “test results and derived values
form the basis for the selection of characteristic values...”. No formal definition is given for test results.

Results from borehole geophysical logging, in situ testing, laboratory testing and other relevant data
provide a basis for obtaining derived values of geotechnical parameters. A derived value is specific to a
particular method for data acquisition, data processing and data analysis, as shown in Section 4. For
example, the common geotechnical test method for water content provides two measured values, i.e.
for (1) mass of the soil specimen as provided and (2) mass of the soil specimen after drying at 105 °C.
The test result is a calculated value (which this report defines as a derived value), i.e. a value of water
content according to the specific test method. Note that the mass of the dried soil according to this test
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2.3

method will include the mass of salt originally dissolved in the pore water and will, possibly, exclude the
mass of organic solids in the soil where lost from the test specimen during the drying process at 105 °C.

A derived value of a geotechnical parameter is not necessarily representative of in situ conditions. For
example, a value of undrained shear strength derived from a triaxial test will depend on the sampling
method, sample handling practice, laboratory test procedure and whether undrained shear strength is
derived from maximum deviator stress or maximum principal effective stress ratio.

Similarly, presented statistics for derived values are not necessarily representative of in situ conditions.
Aleatory uncertainties are covered to some degree. Epistemic uncertainties are not.

Where applicable, this report considers derived values represented by low estimate LE, best estimate
BE and high estimate HE values. In statistical terms, a best estimate value aims to represent a mean
value of a (derived) geotechnical parameter for a ground unit, stratum or multiple soil layers. Low and
high estimates aim for the quantile associated with the 5 % fractile and the 95 % fractile, respectively.
Comments are as follows:

m LE, BE and HE consider a specific reference test method or procedure. This is because a derived
value depends on the method(s) selected to obtain the parameter value. Alternatively, derived
values from multiple methods can be combined in statistical analysis, with application of appropriate
(1) conversion factors so that all values apply to the same reference scale and, if required, (2) weight
factors that account for potential bias in data according to a specific method or procedure (DNV GL,
2017);

m LE, BE and HE can include judgement and opinion, particularly for a limited quantity or absence of
derived values. This implies that outliers may be ignored and that a bias may be introduced relative
to the available data. Judgement and opinion consider physically credible values, comparison of
data with results from other tests and a priori knowledge such as geological setting and comparable
experience;

m A wide spread of data can indicate spatial variability of soil. This means that averaging of derived
values can obscure a weaker or stronger zone.

Indicative values are typically based on a “default method” for derived values for a specific geotechnical
parameter. Derived values according to a “supporting method”, or multiple supporting methods, provide
supplementary information, where applicable.

Study Approach for Geotechnical Ground Model

The approach to grouping of CPT profiles considered the geological ground model for the HKN WFZ
(Fugro, 2019a). In summary, the geological ground model shows:

m  Five soil units (Plates 2-3 and 2-4) of which:
o Units DS and A representing the youngest geological formations;
Units B, C and D representing progressively older geological formations;
One soil unit (Unit DS) confined to dredging areas;
One soil unit (Unit B) related to palaeochannels;
Three soil units (Units A, C and D) present across the whole site;

o o o o
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2.4

24.1

242

m Sand as dominating soil type, with occasional layers of clay;
m High spatial soil variability particularly for soils in Units C and D;
m Limited spatial correlation of geotechnical soil properties across the HKN WFZ.

The available geological, geophysical and geotechnical information indicates limitations in spatial
correlation of geotechnical soil properties across the HKN WFZ, including allocation of geotechnical soil
properties to soil units. This is as expected for a complex shallow marine and near-coastal setting.
Particularly, post-depositional processes diffuse correlations between geotechnical parameters and soil
units.

The iterative approach led to four groups, G1 to G4. One of the groups (G4) was assigned to shallow
palaeochannels of Unit B. Checks on Unit DS indicated no evidence of specific areal trends. The CPTs
in areas with Unit DS fitted Groups G1 to G3. Further steps in development of the CPT groups covered
iterative screening and spatial proportioning.

This report provides two approaches for spatial proportioning of the CPT groups for the HKN WFZ. The
principles for these approaches can be applied to portions of the HKN WFZ, such as the HKN WFS.
Details are given in Section 3.

Study Approach for Characteristic Values

General

This report is limited to guidance with respect to methodology for selecting characteristic values based
on (1) the geotechnical ground model, (2) derived values of geotechnical parameters and (3) general
knowledge and judgement. This guidance includes a qualitative commentary and ranges for indicative
values as a basis for selection of characteristic values, where applicable. The scope of this report
excludes design and thus excludes the provision of characteristic values (see also Sections 2.2.2
and 2.3.3).

Parameter Definition and Data Integration

The approach to presentation of indicative values of soil parameters included the following, where
applicable:

m Precise definition of each geotechnical parameter of Table 1.1, including distinction between sand
and clay, where appropriate;

m Selection of a reference method or procedure, where necessary;

m Selection of multiple methods for derived values for a single parameter, considering integrated
application of a database of test results available for the HKN WFZ;

m Presentation of derived values, including LE, BE and HE values for selected parameters;

m  General comparison of values derived from the selected multiple methods, including index and
classification parameters;

m Judgement and checks for expected ranges of indicative values, trends and possible outliers of
derived values, considering:
o Application of a score card system for each method for derived values;
o Public domain information;
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Comments are as follows.

Appendix 1 includes background information for derived values and for estimation of indicative values,
particularly the following documents:

Cone penetration test;

Cone Penetration Test Interpretation;

Seismic Cone Penetration Test and Seismic Downhole Test in Borehole;
In Situ Pore Pressure Dissipation test;

Geotechnical Borehole;

Soil Description;

Geotechnical Log;

Geotechnical Laboratory Tests;

Cyclic and Dynamic Laboratory Tests.

Definition of a geotechnical parameter of Table 1.1 can include a distinction between “sand” and “clay”,

as follows:

m Sand, clay and transitional soils (all ground types): v, Ky, Grax;
m  Sand and clay: q,, G/Gmqx, CYclic strength;

m  Sand: ein, emaxs Dy, Critical state line, @z, @', 6, k;

m  Clay: sy rxc Supss: €50 M-

Sand is typically defined by soil description, an upper limit for soil behaviour type index Ic and percentage
fines of < 15 %. This definition implies that some soils can be described as silty sand or clayey sand,
but would not meet the criteria defined for sand. In this regard it can be noted that 38 out of 333
laboratory particle size distributions with percentage fines of < 35 % show percentage fines between
15 % and 35 %. The quoted numbers of particle size distributions apply to a depth range of 0 m to 40
m BSF.

Clay is typically defined by soil description and a lower limit for soil behaviour type index Ic. This definition
implies that some soils can be described as sandy clay, but would not meet the criteria defined for clay.

A particular method for obtaining derived values can require separate input parameter values. An
example input parameter would be unit weight of soil for the calculation of derived values for net cone
resistance gn. Values close to or equal to BE values are typically selected for such input parameters.
Section 4.2 includes an example.
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24.4

The adopted score card system focuses on possible differences between derived values and in situ
values. It covers:

m  Two uncertainty groups for derived parameters relying on in situ test data, namely:
o Acquisition/recovery;
o Data processing and interpretation;

m Four uncertainty groups for derived parameters relying on laboratory test data, namely the two for
in situ test data and two additional groups:
o Sample handling;
o Specimen preparation and conditioning.

m  Multiple items for assessment of uncertainty per group;

m Required input parameters for which a separate score card can apply (part of the group on Data
Processing and Interpretation);

m Overall score that provides guidance for estimation of indicative values.

The 3-sigma rule considers a normal distribution of values, whereby values equal to the mean +/- three
standard deviations are assessed to be upper and lower limiting values (Smirnov and Dunin-
Barkovskii, 1969).

The presentation of indicative values applies to the following depth zone: 2 m BSF to 40 m BSF. The
principal reason is that the “in situ state” for the upper 2 m BSF is typically influenced by mobile seabed
conditions. Mobile seabed typically comprises clean sands of Unit A with relative densities that can be
expected to range widely, between loose and very dense within lateral distances in the order of metres
to tens of metres.

Data Pairing

Data pairing can be required for obtaining derived values for some of the geotechnical parameters. For
example, correlation of CPT net cone resistance g, and laboratory undrained shear strength s, requires
consideration of uncertainties related to:

m Derived values for qp;

m Derived values for sy;

m Pairing of g, data points and laboratory s, data points applicable to a nearby, but not the same,
location in space;

m Correlation equation such as Nk = gn/Su.

Parameter Uncertainty and Statistical Representation

Annex D of I1SO 2394 considers parameter uncertainty primarily in terms of estimates of COV and
transformation uncertainty. Public domain information provides some indication of possible values for
COV for derived values of some of the parameters covered by this report. Typically, little information is
available on the important topic of transformation uncertainty, particularly systematic uncertainty (bias)
with respect to derived values versus in situ values and, thus, characteristic values (e.g. Van den Eijnden
& Hicks, 2019).
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2.5

No rigorous uncertainty assessment is feasible. To the knowledge of the authors of this report, rigorous
estimation of uncertainty of geotechnical parameter values has only been demonstrated for the following
parameters: CPT cone resistance, sleeve friction and pore pressure (e.g. Peuchen & Terwindt, 2015;
refer to Section 4.3.2.2).

This report includes statistical representations of derived values in terms of LE, BE and HE values,
where assessed appropriate. BE values represent mean values for which confidence limits are given.
Confidence limits denote an interval estimate for the mean. The interval estimates provide an indication
of the statistical uncertainty for estimation of the mean value. This report considers a confidence interval
of 95 %.

This report presents LE, BE and HE values which are computed based on derived values that are
applicable to a particular method. The LE, BE and HE values typically consider (1) depth intervals of 1
m or (2) the whole depth range between 2 m and 40 m BSF, as deemed appropriate based on the
observed trend of derived values with depth.

LE, BE and HE are derived according to Student’s t-distribution, which essentially represents a normal
distribution which is modified to account for statistical sample size being smaller than population size.
This is in line with recommendations according to DNV GL (2017).

A normal distribution usually provides a reasonable approximation for derived values (e.g. DNV GL,
2017). The use of a normal distribution can lead to negative and/or unrealistic LE and/or HE values, for
example in cases where statistical sample size is small in combination with a wide spread in derived
values.

The distribution of the CPT data at the HKN WFZ was checked and assessed to provide a good fit with
a normal distribution.

Study Approach for Data Gap Analysis

The approach to data gap analysis for geotechnical information is qualitative and applies to the
geotechnical scope for the detailed design phase of monopiles for wind turbine generators. The selected
approach considers:

m  Guidance provided by DNV GL (2016a and 2016b) and a premise for a minimum scope of one cone
penetration test at each WTG location;

m Likely input data requirements for the detailed design phase for monopiles, that a tenderer will
perform after award, with focus on geotechnical calculation models and sensitivity of their input
parameter values to the life-cycle economics of a WTG;

m Potential added value for supplementary data acquisition and analysis, including marine
geophysical investigation, in situ testing and laboratory testing.
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3.1

3.1.1

GEOTECHNICAL GROUND MODEL
CPT Groups

Overview

Table 3.1 and Plate A-1 present an overview of the CPT groups for the HKN WFZ. CPT normalised
cone resistance Qi was selected as primary parameter for the CPT groups. The equation for Qw is given
in the document titled “Cone Penetration Test”, presented in Appendix 1.

Plates A-2 and A-3 present supporting statistics for each group and for two depth ranges (i.e. 2 m to
12 m BSF and 2 m to 40 m BSF). The statistics are in the format of probability density functions (pdf)
and column charts covering soil behaviour type index I. and soil behaviour type (SBT) according to
Robertson (2016a), respectively.

The estimation of spatial applicability of the CPT groups is according to two proportioning methods.
Plates A-4 and A-5 present supporting information, particularly a plan overview of HKN WFZ in which
the extent of palaeochannel areas (Group G4) and approximate extents for Groups G1, G2 and G3 are
illustrated for proportioning Method 1 and Method 2. The CPT and BH coverage for each group are also
estimated based on both proportioning methods.

Table 3.1: Overview of CPT Groups

CPT General Feature(s) Typical CPT Proportion Proportion CPT BH
Group Profile of HKN WFZ | of HKN WFZ | Coverage | Coverage
- Method 1 - Method 2
[%] [%] [m/km?] | [m/km?]
G1 Qrn profile relatively HKN20-PCPT 56.6 63.6 8.9 1.8
uniform with depth; (7.9) (1.6)
Qu values between
approximately 50 to
300
G2 High variation of Qw in | HKN23-PCPT-A | 36.3 29.0 9.5 1.6
12 m to 15 m BSF; (11.9) (2.0)
highly interbedded
profiles indicating
wide ranges in fines
contents; Qw values
between 50
and > 800
G3 Relatively thick clay HKN72-PCPT 3.6 3.9 10.9 4.9
(and peat) layers (10.2) (4.6)
below 15 m BSF
G4 Locations belonging HKN10-PCPT 3.5 3.5 21.9 7.9
to palaeochannel (21.9) (7.9)
areas, with significant
clay layers in top
12 mto 15 m BSF
Note(s):
m  The CPT coverage and BH coverage values refer to proportioning Method 1, while the values within brackets refer to
proportioning Method 2
m  CPT coverage is defined by linear metres of penetration; BH coverage is defined by linear metres of recovered soil
sample
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3.1.2

3.1.21

Comments on Results

Screening for CPT Groups

The extent of shallow palaeochannel areas shown on Plates A-4 and A-5 consider a minimum thickness
of 2 m for Unit B. The 2 m criterion was selected on the basis of expected significance for monopiles. A
total of nine CPT locations fall within the plan-view extent of these shallow paleochannel areas. Six of
these locations fit Group G4. The other locations showed a better match with Groups G1 and G2, and
were assigned according to the general grouping approach.

The main steps in general grouping were as follows:

i. Select all CPT profiles available and group these profiles based on initial criteria focusing mainly
(but not solely) on the upper 12 m to 15 m BSF,;

ii. Compute global mean Qw profile for all CPTs included in the general grouping approach;

iii. Compute the Qi deviation profile for every CPT in relation to the global mean averaged over 1 m
depth increments;

iv. Compute a similarity index for deviation profiles of each CPT in relation to every other CPT with
main (but not sole) focus on the top 12 m BSF which is the more critical depth range for monopile
design;

v. Develop (sub-)groups (if applicable) based on the computed similarity indices and perform
secondary checks for the initially defined groups, such as statistical analysis of soil behaviour type
index I and soil behaviour type (SBT);

vi. Assess the spatial distribution of CPTs for the groups and check for spatial trends across the site;

vii. Re-assess grouping, including the initial allocation of CPTs to the shallow palaeochannel areas, and
repeat Steps ii to vi;

viii. Produce general features for each CPT group, including mean Qu profiles, confidence intervals
(where relevant) and select an actual (typical) CPT parameter profile per group.

The test locations within the dredging area show Quw profiles having good correlation with the profiles of
Groups G2. In general, the dredging operations were assessed to have affected the upper metres of the
seabed including the zone influenced by seabed mobility.

The I probability density functions and SBT proportioning generally confirm the geological setting of the
site and the general features of the CPT groups.

The probability density functions for I were found useful in final selection of the CPT profiles for
Groups G1 and G2. The CPT profiles with wider I distributions, which would indicate a more variable
interbedded profile, were assigned to Group G2. Group G1 has CPT profiles with a narrower I;
distribution, mainly with values of I between 1.25 and 2.05, indicating a more uniform sandy profile.

The SBT proportions proved to be of limited value for selection of CPTs for Groups G1 and G2. This is
attributed to the sand-dominated soil conditions for these groups.

Mean Qmw profiles including 95 % confidence intervals were computed for each group. No results are
presented, because of limited added value to the presentation of the overview of the groups.
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3.1.2.2

3.1.2.3

3.2

Note that some CPT profiles were acquired by friction cone penetrometer systems, with no
measurement of pore pressure u,. These profiles were post-processed for derived CPT parameters
requiring uz, such as Qum and lc. The post-processing algorithm applied uz = uop, where up represents
hydrostatic pore pressure relative to seafloor. The resulting error is negligible for sandy soils and
typically minor for clayey soils such as encountered at the HKN WFZ.

Spatial Proportioning of CPT Groups — Method 1

The spatial proportioning for Group G4 considered that 6 of 9 locations in the palaeochannel areas were
assigned to Group G4. Group G4 was thus schematised to apply to 67 % of the total area of
palaeochannels shown on Plates A-4 and A-5.

Groups G1 to G3 apply to the remaining area of the HKN WFZ. A system of weighted proportioning was
selected, whereby each CPT of Groups G1 to G3 was assigned a weighting factor of up to 1, providing
a proportional, equivalent area. The combination of weighting factor and number of CPTs in a CPT
group gives the total proportional area assigned to that group.

The default value for the weighting factor is 1. Comments about higher and lower factors are as follows:

m  CPTs in close proximity of each other (i.e. < 100 m) were clustered to a single, cumulative weighting
factor equal to 1. This includes the TenneT test locations (i.e. TENNET 01/02/03/04/05);

m Location HKN70 was given a cumulative weighting factor of 0.5, as the primary selection criterion
for this location was targeting of a peat layer, a feature which is locally present;

m Locations HKNO7, HKN17, HKN18, HKN27, HKN28 and HKN29 were each given a cumulative
weighting factor of 0.5. These locations were placed in a denser grid compared to most CPTs
elsewhere. The denser grid was selected because of a local feature, namely dredging area.

Spatial Proportioning of CPT Groups — Method 2

Method 2 considers the same spatial proportioning for Group G4 as for Method 1.

Groups G1 to G3 apply to the remaining area of the HKN WFZ according to the areas assigned to these
groups as shown on Plates A-4 and A-5. The remaining area is proportionally increased by the
equivalent reduction for the Group G4 area.

The outline areas for Groups G1 to G3 shown on Plates A-4 to A-5 represent a broad schematisation.
Other reasonable interpretations are feasible. In any case, further data acquisition at the site will
probably lead to other schematisations.

CPTs in close proximity of each other (i.e. < 100 m) were clustered to a single location, as for Method 1.

Seafloor Conditions

Within the HKN WFZ, the water depth varied between approximately 15 m and 28 m LAT at the time of
the site investigations (Plates 1-2 and 1-3). Water depth will locally change over time as a result of
seabed mobility.
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3.3

The overall seafloor gradient is less than 1 degree, the slopes of bedforms reached local values of up
to about 14 degrees.

Seafloor topography is characterised by three scales of bedforms: sand banks, sand waves and mega
ripples. The largest bedforms are the sand banks, also known as “tidal sand ridges”. Outside the sand
banks, seafloor is characterised by sand waves, on which mega ripples are superimposed (Fugro,
2018).

At the time of geophysical investigation, the sand banks were oriented north-north-east to south-south-
west, and crossed the site in the south-western corner, central part and in the south-eastern corner. The
difference in height between the sand banks and surrounding lows was approximately 5 m. The sand
waves were oriented generally west-north-west to east-south east, showing heights ranging from 0.5 m
to 6 m and average wavelengths between 120 m and 800 m. The mega ripples generally had
wavelengths of typically less than 9 m and heights ranging from 0.1 m to 0.4 m.

Typical sand wave migration rates in this part of the North Sea are 1 m/year to 10 m/year. The sand
wave morphology indicates that the dominant migration direction is to the north-northeast.

Refer to Fugro (2017 and 2018) reports for details on the identified seafloor objects and existing
infrastructure.

Site Use

Past and/or present activities in the site can affect and constrain development of the wind farm
infrastructure and cause local disturbance of the seabed. These include:

Trenching and post-lay mattress installation and rock dumping;
Trawl fishing and possible previous UXO clearance activities;
Oil and/or gas extraction;

Geotechnical drilling and testing;

Dredging for sand winning.

There are two sand extraction areas within the HKN WFZ. The outlines of the concessions for sand
extraction are shown on Plates 1-2 and 1-3. Sand extraction may have changed the seafloor topography
and may have disturbed the seabed within the area and its immediate vicinity. The difference in
bathymetry inside and outside the dredged zones was locally up to approximately 5 m at the time of the
geophysical investigation (Fugro, 2018). Sedimentation in areas of bathymetry lows can be expected,
considering the geological setting of the HKN WFZ. Such sedimentation will be at the expense of scour
(seafloor lowering) in the general area.

Refer to Fugro (2017 and 2018) reports for more detailed information on site use.
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4.2

42.1

GEOTECHNICAL PARAMETER VALUES

Format of Presentation

Section 4 presents derived values and indicative values for the geotechnical parameters listed in
Section 1.

The format of presentation consists of Main Text sections and plates accompanying the Main Text
presented in Section B. Comments are as follows.

The Main Text sections distinguish indicative values and derived values per geotechnical parameter;

The arrangement of a text section for a geotechnical parameter considers:

o Firstly, presentation of information of primary interest, i.e. indicative values. Where applicable,
the first table of a parameter text section provides guidance on how to obtain indicative values
based on a default method for derived values defined in the third table of the parameter text
section; for example, Table 4.6.1 presents indicative values for relative density based on the
default method (Dr-gt method) defined in Table 4.6.3;

o Subsequent presentation of supporting information, i.e. derived values;

o Comments, explanation and clarification of presented results;

Comments on parameter results given in the Main Text can be specific for a CPT group, where

applicable;

Section B presents parameter values per geotechnical parameter;

The plates of Section B present indicative values, where applicable, and summarise derived values

in the following sequence:

o Plate(s) presenting only indicative values;

o Plate(s) presenting both indicative values and derived values;

o Plate(s) presenting only derived values.

For example, for soil unit weight, Plates B.1-1 to B.1-4 present indicative values, Plates B.1-5

to B.1-8 present indicative values and derived values and Plates B.1-9 to B.1-12 present derived

values. The subtitle of each plate identifies the type of information (indicative and/or derived values);

Some of the plates of Section B show parameter values that supplement and support the

interpretation of the primary parameters listed in Section 1, for example Plate B.9-3 showing void

ratio at critical state versus percentage fines;

Some of the plates of Section B include best estimate (BE) values. BE considers a confidence

interval of 95 %, thus it is represented by two lines on the relevant plates (e.g. Plate B.3-9).

Soil Unit Weight

Indicative Values

Plates B.1-1 to B.1-4 and Table 4.2.1 present indicative values for soil unit weight y for all ground types.
Table 4.2.2 shows parameter attributes.
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4.2.2

Table 4.2.1: Indicative Values — Soil Unit Weight

Equation Input Parameter Value
Indicative Low IL | Indicative Mean IM Indicative High IH

logqi - b :R18.3 -
y=b—412-—¢ G Rt

log 5=

Ry

Note(s):
m  Calculated indicative values apply to depths between 2 m BSF and 40 m BSF
m yis soil unit weight in KN/m?, g, is corrected cone resistance in MPa, Ry is friction ratio in %

Table 4.2.2: Parameter Attributes for Indicative Values — Soil Unit Weight
Parameter Attribute Description

Parameter definition = Soil total unit weight y = p - g, where p is density of soil and g is
acceleration due to gravity (g = 9.81 m/s?)

All ground types

In situ conditions applicable at the time of site investigation

Nominal 1 m vertical averaging, to account for some measure of spatial
soil variability and averaging effects

IL IM IH values = Applicable for IM

Equation according to Table 4.2.1 with site-wide application

Data points/ statistics = Graphical presentation of IM values for each typical CPT profile per CPT
group, refer to Plates B.1-1 to B.1-4

Interpretation/ integration » General comparison of values derived from multiple methods
Judgement supported by considerations related to relative density and
critical state and theoretical considerations related to depositional
settings and soil mechanics principles

m Refer to Comments on Results, below

Derived Values

Plates B.1-5 to B.1-12 present derived values for soil unit weight. Plates B.1-5 to B.1-8 present also
indicative values for reference. Plates B.1-9 to B.1-12 include y = 19.7 kN/m?3 as dashed line. This value
is used as a supplementary parameter value for derivation of other parameter values, where applicable
(e.g. for net cone resistance qp).

Table 4.2.3 shows parameter attributes, including references to specific types of information included
on the plates.

Table 4.2.3: Parameter Attributes for Derived Values — Soil Unit Weight
Parameter Attribute Description

Default method m CPT-based y-g-Rr method according to Lengkeek et al. (2018)
Supplementary (main) input parameter(s): corrected cone resistance g,
friction ratio R¢

m Refer to document titled “Cone Penetration Test Interpretation”
presented in Appendix 1

Supporting method (1) Laboratory y-w method according to 1SO (2014)

Physical principles for deriving y from water content

Supplementary (main) input parameter(s): density of solid particles ps
Refer to document titled “Geotechnical Laboratory Tests” presented in
Appendix 1
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4.2.3

423.1

Parameter Attribute Description

Supporting method (2) = Laboratory y-vm method according to ISO (2014)
Refer to document titled “Geotechnical Laboratory Tests” presented in
Appendix 1

Data points/ statistics m Presentation per CPT Group

Graphical presentation of derived values combined with IM values
versus depth BSF, refer to Plates B.1-5 to B.1-8

m Graphical presentation of derived values versus depth BSF, refer to
Plates B.1-9 to B.1-12

m Mean value statistics based on Central Limit Theorem and Student’s t
distribution, performed per 1 m depth intervals between 2 m and
40 m BSF, separately for laboratory values (y-w method and y-vm
method combined) and CPT-based values (y-gi-Rs method)

= Data outliers (y < 15 kN/m?3) excluded from statistics

LE BE HE values » Applicable for BE

Graphical presentation showing data points for derived values versus

depth BSF, refer to Plates B.1-9 to B.1-12

Interpretation/ integration m General comparison of values derived from multiple methods

Check for possible outliers

Refer to Comments on Results, below

Comments on Results

General

The presented IM values are primarily intended for calculation of mean effective in situ vertical stress
0o, Which is typically of interest; therefore no IL and IH values are presented.

The recommended IM values are based on the CPT-based y-qi-Rr method for derived values. This
method allows site-specific adjustment by changing one or more of four default coefficients in the
correlation equation given in “Cone Penetration Test Interpretation” presented in Appendix 1. For this
report, the y-ge-Rr method was adjusted by means of factor b presented in Table 4.2.1. Factor b
represents a reference soil unit weight b =y,., = 183kN/m® compared to a default value
Yrer = 19.0 kN/m? for the y-q-Rt method. This site-specific adjustment was selected on the basis of
general fitting and checks of laboratory-derived y values, so that the recommended IM values are,
generally, slightly higher (< 0.5 kN/m3) than mean values of y for the laboratory y-w method and the
laboratory y-vm method. The slightly higher IM values primarily account for the effects of sampling,
sample handling and testing on the laboratory-derived y values for the predominantly sandy soils of the
HKN WFZ. These effects are further discussed below.

Derived values of y for the y-ge-Ry, y-w and y-vm methods show no apparent trends with relative density.
This is assessed to be due to:

m  General scatter of results;

m Limited sensitivity of y to variations in relative density, e.g. a change of 30 % in D, will result in a
change in y in the order of 0.5 kN/m3;

m Limitations of the methods for derived values, further discussed below.

For the statistical analysis, derived values from both laboratory methods (i.e. y-w and y-vm methods)
were combined and both methods were given conversion factors and weight factors of unity (refer also
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4.2.3.2

4.2.3.3

to Section 2.2.5). Plates B.1-9 to B.1-12 include low and high estimates of the mean for derived values
of y separately for the CPT-based method (i.e. y-gi-Rr method) and for the laboratory methods (i.e. y-w
and y-vm methods). This approach illustrates the relatively large differences between the best estimates
for the CPT-based method and the laboratory methods; hence further support the reasoning for the site-
specific adjustment of the yier value as explained above.

An alternative approach for selection of indicative values could have been to combine all derived data
points from all methods in statistical analysis, with application of conversion factors and weight factors
(Section 2.2.5). The selection of appropriate values for these factors would entail the same
considerations and reasoning as explained above for the selection of values for the b factor. It is
assessed that both approaches would lead to a similar outcome.

CPT-based y-g--Ri method

Lengkeek et al. (2018) proposed a CPT-based correlation for laboratory derived values of y for a wide
range of soils including peat.

Lengkeek et al. (2018) report an uncertainty for y in the order of +/- 1 kN/m3. This uncertainty is relative
to laboratory values. For the sandy soils of the HKN WFZ, this correlation will include inherent additional
uncertainties for transformation of laboratory values to in situ values, as further discussed below.

Plates B.1-1 to B.1-8 present derived values for the y-qi-Rt method for b = 19, i.e. the default value.

Laboratory y-w method

Laboratory test values will, inevitably, differ from in situ values. One of the main reasons for such
differences is the process of sampling, sample handling and testing, as described in the documents
“Geotechnical Borehole” and “Geotechnical Laboratory Tests” presented in Appendix 1. The process of
sampling, sample handling and testing for the predominantly medium dense to very dense sandy soils
at the HKN WFZ can be expected to lead to derived values for y (for the y-w method) that are lower than
in situ values. Reasons include:

m The expected sample application class is Class 3 (disturbed) for push sampling of sands in drilling
mode;

m Predominantly dilatant soil behaviour (medium dense to very dense sands) takes place near the tip
and along the interior of the push sampler during sampling, i.e. soil shearing takes place causing
soil to dilate towards constant volume conditions; thus:

o Soil dilation will cause pore water migration and change in water content of soil;
o Soil dilation will increase soil volume and eventually reduce derived unit weight.

Note that some sands at the HKN WFZ may be at relative densities D, that are lower than constant
volume conditions (D; in the order of 50 %). For this situation, the process of sampling, sample handling
and testing can result in derived values of y that are slightly higher than in situ values.

Values of ps = 2.65 Mg/m? and ps = 2.70 Mg/m? were selected for coarse grained soils and fine grained
soils, respectively. The influence of minor variation of ps on y is assessed to be negligible. Note that
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derived values for ps values range between 2.64 Mg/m? and 2.68 Mg/m3, based on statistical analysis
of available particle density test results.

The influence of pore water salinity on derived valus of y is assessed to be negligible for the HKN WFZ
(e.g. Kay et al., 2005).

Laboratory y-vm method

The y-vm method requires intact samples. Results for the y-vm method are sensitive to the process of
sampling, sample handling and testing, as discussed for the y-w method. The following additional
considerations apply, particularly for sandy soils:

m  Sample volume changes and loss of lateral confinement due to sample extraction from the sampler
will probably reduce y and it can be expected that the sample will be partially saturated, i.e. include
air-filled voids;

m  Sub-sampling, required for the y-vm method, will incur further volume changes for the test specimen
which may be positive or negative, depending on the density state of the sample reached by
preceding activities. Partial saturation of the soil specimen will apply. The presented derived values
exclude correction for partial saturation.

Net Cone Resistance

Indicative Values and Derived Values

For net cone resistance qn, indicative values are essentially the same as derived values. This is because
the acquired derived values are in situ values, requiring no significant allowance for aleatory and
epistemic uncertainties for transforming derived values to in situ values. IL, IM and IH values can be
taken equal to LE, BE and HE values.

Plates B.2-1 to B.2-4 present indicative/derived values for net cone resistance g, per CPT group and
separately for sands and clays based on the two I; profiles as shown in Table 4.3.2. The g, data points
belonging to the transitional zones between the two I. profiles were not considered and therefore not
presented.

Tables 4.3.1 and 4.3.2 show parameter attributes, including references to specific types of information
included on the plates.

Table 4.3.1: Parameter Attributes - Net Cone Resistance
Parameter Attribute Description

Parameter definition m CPT net cone resistance gn, as defined in document “Cone Penetration
Test” presented in Appendix 1

Ground types that allow cone penetration testing

In situ conditions applicable at the time of site investigation

IL IM IH values = Applicable, refer to Main Text
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Parameter Attribute

Description

Data points/ statistics

Presentation per CPT group and per soil behaviour type (sand and clay)
Graphical presentation of derived values versus depth BSF, refer to
Plates B.2-1 to B.2-4

Nominal 1 m vertical averaging, to account for some measure of spatial
soil variability and averaging effects

Mean value statistics based on Central Limit Theorem and Student’s
t-distribution, performed per 1 m depth intervals (where feasible) between
2 m and 40 m BSF, separately for sands and clays

Supplementary parameter: soil behaviour type index ¢, refer to Table 4.3.2
for Ic profiles versus depth for sands and clays

gn and lc consider y = 19.7 kN/m3

Default method

Net cone resistance according to 1ISO (2014)
Refer to document titled “Cone Penetration Test” presented in Appendix 1
Supplementary (main) input parameter(s): total in situ vertical stress ovo

Supporting method

Soil unit weight, refer to Section 4.2
Refer to Comments on Results, below

Interpretation/ integration

Not applicable

Table 4.3.2: Limiting Ic Values for Sand and Clay

Depth Sand Clay
Upper Limit Ic Lower Limit I¢
[m BSF] [-] [-1
0to7.5 2.0 2.2
7.51t0 20 2.05 2.3
20 to 30 2.05 24
301to 40 2.1 2.5

4.3.2 Comments on Results

4.3.2.1 General

The Ic values of Table 4.3.2 were obtained by iteration after review of geotechnical borehole logs,

Robertson’s classification charts and particle size distribution test results for all locations. The reviews

included checks for outliers of I..

Nominal 1 m vertical averaging was applied to the g, profiles, where feasible. Shorter distances were

used for vertical averaging, where necessary, to account for inevitable data gaps in the profiles resulting

from the sand/ clay separation. No results are presented for depth intervals of less than 0.2 m.

The Student’s t-distribution considers sample size (i.e. number of g, data points) at each depth interval

to account for the intrinsic statistical uncertainty. The sample size thus defines the size of the bell curve
and the width of the band (i.e. the distance between LE and HE data points). This approach can imply
a large bandwidth, for example for clays in Group G1 between 2 m BSF and 6 m BSF. If more data
points were available for the statistical analysis at those intervals, then statistical uncertainty would
probably reduce (see also Section 2.4.4). It is likely that the bandwidth would decrease as well (i.e.
associated with the normal distribution).
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No LE values are presented for the depth interval between 2 m BSF and 4 m BSF for the sand g, profile
of Group G4. This is because of scatter of g, data points, resulting in statistical analysis rendering
negative LE values.

The presented gn values consider a mean unit weight value y = 19.7 kN/m? as input parameter for
Oyo = Y2z in q, = q; — g,,, Where z represents depth below seafloor in metres and q: represents
corrected cone resistance. The selected value for y is close to IM values for unit weight, as presented
in Section 4.2. The presented values of g, are insensitive to small variations in y.

CPT Parameter Uncertainty

Plates B.2-5 to B.2-16 present uncertainty estimates for CPT parameters (i.e. cone resistance qc, sleeve
friction fs and pore pressure u.) for each of the typical CPT profiles per group. The parameter uncertainty
was estimated according to the calculation model by Peuchen and Terwindt (2015), considering
(1) good CPT systems and practices and (2) recommendations included in ISO 19901-8 (2014).

The presented percentage values for uncertainty are relative to the values of qc and fs. No percentage
values are presented for uncertainty of pore pressure u.. This is because u, values can be zero and
negative.

Note that the presented uncertainty estimates are for reference purposes. Their impact on other
parameters (e.g. net cone resistance () is qualitatively addressed in this report and not explicitly (or

probabilistically).

Influence of Thin Layers

Checks were made for the influence of thin layers on CPT results. The selected method was according
to Boulanger and DeJong (2018). This method provides estimates of corrected gc and fs values based
on an inverse filtering procedure that accounts for thin layer and transitional effects during cone
penetration. The Boulanger and DeJong method was developed for detection and characterisation of
weak zones in soil, i.e. soils with relatively low values of cone resistance.

Multiple CPTs were reviewed according to the Boulanger and DeJong approach. Plates B.2-17
and B.2-18 present examples, particularly original values and corrected gc and fs values in a cumulative
distribution function format and per depth for the typical CPT profile of CPT group G1 (i.e. HKN-20-
PCPT).

No thin-layer corrections were applied to the results presented in this report. Reasons include:

m Thin-layer corrections were assessed to have limited effect on results, especially when considering
the gc range up to about 20 MPa;

m Adopted averaging for IL, IM and IH values for many of the geotechnical parameters considered in
this report.
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Coefficient of Earth Pressure at Rest

Indicative Values
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Table 4.4.1 and Plates B.3-1 to B.3-4 present indicative values for coefficient of earth pressure at rest Ko
for all ground types. The values presented in the table allow calculation of Ko values per CPT.

Table 4.4.2 shows the parameter attributes for the indicative values.

Table 4.4.1: Indicative Values — Coefficient of Earth Pressure at Rest

Equation Input Parameter Value
Indicative Low IL Indicative Mean IM Indicative High IH
Ko =0.4-VOCR - - -
OCR — alz’, oo oo oo
Oyo
op=b-qp” b=0.2 b=0.33 b =0.66
Qn Qn On
0.28 | | |
m=1- = ¢ c c
I
1+ (365)
Komin = C c =045 c=05 c=05
Komax=d d=15 d=15 --
Note(s):
m Calculated indicative values apply to depths between 2 m and 40 m BSF
m  Kominrepresents a limiting value for Ko, i.e. Ko = Komin if the value calculated by K, = 0.4- {OCR) is less than Komin
m  Komax represents a limiting value for Ko, i.e. Ko = Komax if the value calculated by K, = 0.4- {OCR) is greater than Komax
m  OCR is overconsolidation ratio, o, is effective preconsolidation stress in kPa, 0’y is effective in situ vertical stress in
kPa, gn is net cone resistance in kPa and |, is soil behaviour type index

Table 4.4.2: Parameter Attributes for Indicative Values — Coefficient of Earth Pressure at Rest

Parameter Attribute

Description

Parameter definition

= Coefficient of earth pressure at rest Ko = 0ho/ 00 Where oo is effective
in situ horizontal stress and oo is effective in situ vertical stress

All ground types

In situ conditions applicable at the time of site investigation
Nominal 1 m vertical averaging, to account for some measure of spatial

soil variability and averaging effects

IL IM IH values

Applicable

Equations according to Table 4.4.1 with site-wide application

Data points/ statistics

m Graphical presentation of IL, IM and IH values versus depth, for each

typical CPT profile per CPT group

= O\, gn and Ic consid

er y=19.7 kN/m3

Interpretation/ integration

General comparison of values derived from multiple methods
Judgement supported by theoretical considerations related to
depositional setting, overconsolidation mechanisms and soil mechanics

principles

m Refer to Comments on Results, below
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Derived Values

Plates B.3-5 to B.3-12 present derived values for coefficient of earth pressure at rest. Plates B.3-5
to B.3-8 present also indicative values for reference. Table 4.4.3 shows parameter attributes, including
references to specific types of information included on the plates.

Table 4.4.3: Parameter Attributes for Derived Values — Coefficient of Earth Pressure at Rest
Parameter Attribute Description

Default method m CPT-based Ko-gn method according to Mayne (2017), modified for input
parameter ¢’ (effective angle of internal friction)

= Supplementary (main) input parameter(s): CPT net cone resistance gn
and soil behaviour type index ¢

= Refer to document titled “Cone Penetration Test Interpretation”
presented in Appendix 1

Supporting method = CPT-based Ko-SBT Method according to Robertson (2016b)
Supplementary (main) input parameter(s): CPT parameters normalised
cone resistance Qun and normalised friction ratio Fr

m Refer to document titled “Cone Penetration Test Interpretation”
presented in Appendix 1

Data points/ statistics » Presentation per CPT group
Graphical presentation of derived values combined with indicative
values versus depth BSF, refer to Plates B.3-5 to B.3-8

m Graphical presentation of derived values versus depth BSF, refer to
Plates B.3-9 to B.3-12

= Mean value statistics based on Central Limit Theorem and Student’s
t-distribution, performed per 1 m depth intervals between 2 m and 40 m

BSF
LE BE HE values = Applicable to default method, refer to Plates B.3-9 to B.3-12
Interpretation/ integration = Check for possible outliers

Refer to Comments on Results, below

Comments on Results

General

The dominant uncertainty for Ko values is the uncertainty for oo Or Ono.

CPT-based methods are assessed to offer lower uncertainty for Ko estimation than methods relying on
the laboratory test results available for the HKN WFZ.

CPT cone resistance and sleeve friction are significantly influenced by o’ (e.g. Houlsby and Hitchman,
1988), which offers some prospects for CPT-based methods for deriving Ko.

The recommended IM values are generally according to the default method for derived values, i.e. the
Ko-gn method according to Mayne (2017). The IL, IM and IH values are broadly proportional to Vb, where
b = 0.2 for IL values, b = 0.33 for IM values and b = 0.66 for IH values. This implies that IH = 1.8 IL for
a given set of gn, 00 and Ic values.

The recommended IL, IM and IH values include lower limits (Komin). The value Komin = ¢ = 0.45 is based
on an overconsolidation ratio OCR = 1.3 for the equation K, = 0.4-vOCR. A value of OCR=1.3 is
assessed as a low value for the depth range of 2 m to 40 m BSF, considering the geological setting of
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the HKN WFZ. The value Komin = ¢ = 0.5 corresponds to OCR = 1.5 for the equation K, = 0.4-VOCR. A
value of Kgmin = 0.5 provides a low value for the Ko-SBT method and a low value for the relevant database
values considered by Mayne and Kulhawy (1982).

Higher limits (Komax) apply to IL and IM values for Ko. These limits are based on judgement supported
by theoretical considerations related to depositional setting, overconsolidation mechanisms and soll
mechanics principles. Note that Komin = d = 1.5 corresponds to OCR = 14 for the equation K, = 0.4 - VOCR.

It should be emphasized that geotechnical knowledge about in situ values of Ky is limited.

CPT-based Ko-gn method

The Ko-gn method provides derived values for Ko based on CPT net cone resistance, general principles
of soil mechanics and laboratory test results. The method includes no supporting information from direct,
in situ measurement of Ko, 0’ho and ono. Particularly, the Ko-gn method includes a derived analytical cavity
expansion solution for clays. For sands, the method considers statistical inversion of CPT data acquired
in calibration chambers filled with reconstituted sand.

The presented results include a modification of the original Mayne (2017) method, as explained in the
document titled “Cone Penetration Test Interpretation” presented in Appendix 1. The modification
concerns a schematisation of the Ko-OCR equation required for the original method. The schematisation
facilitates general use in practice. The influence of this schematisation is assessed to be minor
compared to the general uncertainties for estimation of Ko values.

In general, the Ko-gn method predicts trends of Ko values that are assessed to match the geological
setting, e.g. multiple post-deposition overconsolidation mechanisms in which the Pleistocene layers may
have been subjected to desiccation processes. The typical trends show higher Ko values within about
10 m BSF, reducing with depth to values in the order of 0.5.

CPT-based Ko-SBT method

This method provides derived values of Ko based on soil behaviour type SBT, particularly a combination
of normalized cone resistance Qw and normalized friction ratio F,. The Ko-SBT method is explained in
the document titled “Cone Penetration Test Interpretation” presented in Appendix 1. The method
considers general principles of soil mechanics and the link between in situ test correlations for flat plate
dilatometer tests and cone penetration tests. No use is made of direct, in situ measurement of Ko, Oho
and Ono.

The applicability of the method is “young, uncemented sandy soils”. This implies that calculated values
of Ko should provide a reasonable fit with the geological setting for the HKN-WFZ. Older soils would
show higher values of Ko than estimated according to Robertson (2016b). The method also covers a
region of clay-like soils with I > 2.5.

Itis noted that this report extended the Ko contours (as presented in Appendix 1) towards the boundaries
of the Qun-Fr classification chart. Also, the Ko lower and upper limits were set to 0.5 and 2, respectively.

The Ko-SBT method generally predicts Ko values of less than 1 for the upper 10 m to 15 m BSF of HKN
WFZ. For larger depths, the general trend is that the Ko-SBT method predicts higher Ko values than the
Ko-gn method, although some agreement can locally be observed (e.g. Group 1 HKN20-PCPT).
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For clay-type soils, the Ko-SBT method predicts higher Ko values than the Ko-gn method, with
Ko estimates typically higher than 1.

The Ko-SBT method implies high sensitivity to F, (particularly for F; < 1.2) for dense sands with relatively
high Qi values, such as present at the HKZ WFZ. This means that the method can predict relatively low
Ko values for high Qwn values, which can be contrary to expectations based on geological setting. It is
assessed that the Ko-SBT method could be improved by reducing sensitivity to F; and by increasing
sensitivity to Qi for values of F, < 1.2. For (very) dense sands of the HKN-WFZ, it is recommended that
the method should not be used or should be used with appropriate caution.

Laboratory methods

No results are presented for laboratory methods for estimation of Ko. Notes are as follows:

m  The HKN WFZ database includes some results of oedometer tests on clay samples;
o Values of preconsolidation stress o, can be estimated from these results (Step 1);
o Derived values of g’ from oedometer tests be correlated to Ko (Step 2);
o Significant uncertainties apply, e.g. Boone (2010) for Step 1 (o)) and Skempton (1954) for
Step 2 (Ko);
o It can be feasible to correlate values of o', derived on clay samples to sand strata above and/or
below the clay samples, if overburden removal is the predominant overconsolidation mechanism;
o A predominant overconsolidation mechanism by overburden removal is unlikely for the
HKZ WFZ (Fugro, 2019a);
m  Specific laboratory test methods are available for deriving Ko from intact samples of clay;
o Results of such tests are sensitive to undisturbed sample quality;
o The available database for the HKN WFZ excludes such specific tests.

Minimum and Maximum Index Void Ratios

Indicative Values

Plates B.4-1 and B.4-2 present indicative values for minimum and maximum index void ratios, emin and
emax for sand. Table 4.5.1 shows parameter attributes.

Minimum and maximum index void ratios are defined as geotechnical parameters that are determined
by laboratory testing. This means that selection of characteristic values can ignore uncertainty related
to transformation of laboratory values to in situ values.

Table 4.5.1: Parameter Attributes for Indicative Values — Minimum and Maximum Index Void

Ratios
Parameter Attribute Description

Parameter definition Minimum index void ratio emin, according to ASTM (2016a)
Maximum index void ratio emax, according to ASTM (2016b)
Sandy soils, with percentage fines of < 15 %

Laboratory index parameter, applicable at the time of site investigation

Applicable for IL and IH
Graphical presentation versus depth BSF

IL IM IH values

Fugro Document No. P903749/06 (7) Main Text Page 28





-l"unnn

HOLLANDSE KUST (NOORD) WFZ - DUTCH SECTOR, NORTH SEA

45.2

45.3

453.1

Parameter Attribute Description

Data points/ statistics = Graphical presentation of indicative values combined with data points for
derived values versus depth BSF, with site-wide application

Interpretation/ integration m Refer to Comments on Results, below

Derived Values

Plates B.4-3 and B.4-4 present derived values for emn and emax including also indicative values for
reference. Plates B.4-5 and B.4-6 present derived values of (emax — €min) Versus percentage fines and
versus uniformity coefficient Cy where Cy = Dgo / D10 and Deo and Dig represent particle diameters for
which respectively 60 % and 10 % of the dry mass of soil has a smaller particle diameter.

Table 4.5.2 shows parameter attributes, including references to specific types of information included
on the plates.

Table 4.5.2: Parameter Attributes for Derived Values — Minimum and Maximum Index Void Ratios
Parameter Attribute Description

Default method - emin m Laboratory eminja method for minimum index void ratio emin, according to
DGI (1996), small mould
Supplementary (main) input parameter(s): density of solid particles ps
Refer to document titled “Geotechnical Laboratory Tests” presented in
Appendix 1
Default method - emax m Laboratory emaxiab method for maximum index void ratio emax, according
to Fugro proprietary method (Lunne et al., 2019)
Supplementary (main) input parameter(s): ps
Refer to document titled “Geotechnical Laboratory Tests” presented in
Appendix 1
Data points/ statistics m Site-wide presentation
Graphical presentation of derived values versus depth BSF combined
with indicative values, refer to Plates B.4-3 and B.4-4
= Mean value statistics based on Central Limit Theorem and Students’
t-distribution, performed for the whole depth range between 2 m and
40 m BSF
LE BE HE values = Applicable for LE and HE
Graphical presentation combined with plates showing data points for
derived values versus depth BSF

Interpretation/ integration m Check for possible outliers
Refer to Comments on Results, below

Comments on Results

General

The estimates for the indicative values for emin and emax consider parameter definitions for which ASTM
standards are the reference laboratory methods. For example, ASTM considers a cut-off for percentage
fines of 15 %.

The laboratory standards for the derived values of the HKN WFZ database differ from ASTM. However,
studies reported by Lunne et al. (2019) indicate that emin values and emax values according to ASTM will
probably be comparable to emin values according to the eminjiao method and emax values according to the
emaxlab method, respectively. This would also imply that the presented derived values for (€max — €min)
would probably be comparable to those obtained according to ASTM. Note that values for (€max — €min)
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provide background information about sensitivity of relative density (Section 4.6) to variation in in situ
soil unit weight (Section 4.2).

The IL and IH values as presented on Plates B.4-1 to B.4-4 coincide with the derived LE and HE values,
respectively.

The IL value of emin = 0.44 corresponds to a unit weight y = 21.1 kN/m? and the IH value of emin = 0.67
corresponds to y = 19.5 kN/m3. The IL value of emax = 0.73 corresponds to a unit weight y = 19.2 kN/m?3
and the IH value of emax = 1.04 corresponds to y = 17.7 kN/m3,

Note that Plates B.4-1 to B.4-4 include indicative values for the depth range 0 m to 2 m BSF. This is
because emin and emax are laboratory index parameters with no direct link to in situ conditions.

Fugro’s involvement in extensive inter-laboratory studies (e.g. Blaker et al., 2015 and Lunne et al., 2019)
indicated that derived values for emin and emax are sensitive to details in apparatus and procedures. In
addition, the studies indicated dependency on the operator (laboratory technician) performing the test.
These observations possibly apply to many laboratory test types, but remain mostly unpublished. In this
regard it can be noted that laboratory tests for emin and emax allow relatively easy inter-laboratory testing
according to 1ISO (2017), particularly as the test methods require no undisturbed test specimens and no
specimen reconstitution procedures.

Values of emin and emax are relatively insensitive to the density of solid particles ps. The presented derived
values for emin and emax consider ps = 2.65 Mg/m3. For example, a change to a value of ps = 2.7 Mg/m3
would give a 2 % increase in values for emin and emax.

Characteristic values, indicative values and derived values of emin and emax depend on the methods of
sampling and sample handling. This is because of the degree (if any) of particle breakdown during
sampling and sample handling. Particle breakdown or crushing will change the in situ particle size
distribution and the roundness/ angularity of particles. Such changes will affect emin and emax. The effect
of this type of particle breakdown on the presented results of the laboratory tests is assessed to be
negligible for the sands at the HKZ WFZ.

Plate B.4-5 indicates a weak trend of derived values for (emax — €min) increasing with percentage fines.
This trend is primarily due to increasing emax Values. For this report, it can be noted that the percentage
fines identifies the proportion of fine grained particle sizes of a soil sample by wet sieving through a
0.063 mm sieve. This definition differs slightly from ASTM, which considers a 0.075 mm sieve.

Plate B.4-6 provides no evidence for a trend of derived values of (Emax — €min) increasing with uniformity
coefficient C,, i.e. R? = 0.13 where R? is a statistical coefficient of determination.

Laboratory emin,ab method

The database for the HKN WFZ shows no evidence for a significant trend of derived values of emin with
CPT groups.
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Plate B.4-3 provides no evidence for a significant trend of derived values of enmin with soil Units DS, A,

B, C and D.

45.3.3 Laboratory emax/an method

The database for the HKN WFZ shows no evidence for a significant trend of derived values of emax with

CPT groups.

Plate B.4-4 provides no evidence for a significant trend of derived values of emax with soil Units DS, A,

B, C and D.
4.6 Relative Density
4.6.1 Indicative Values

Table 4.6.1 and Plates B.5-1 to B.5-4 present indicative values for relative density D, for sand. The
equations presented in the table can be used to estimate D, values for each CPT.

Table 4.6.2 shows parameter attributes.

Table 4.6.1: Indicative Values — Relative Density

Equation Input Parameter Value
Indicative Low IL Indicative Mean IM Indicative High IH
DZ = Qen./Qs Qf = 450 Qs =350 Qs =220
_ (qt)/ P, 0 qt, 0o e Ovo e 0o
Qn. = P Tyo
Dymin =Db b =0.35 b =035 b =035
Dymax =C c=14 c=14 c=14

Note(s):

D

rmax

m Calculated indicative values for D, apply to CPT derived values of I, < 2.0 for depths z between 2 m and 7.5 m BSF,
I. < 2.05 for depths z between 7.5 m and 30 m BSF, and I, < 2.1 for depths z between 30 m and 40 m BSF

m D represents a limiting value for D,., i.e. D, = D, if the value of D; calculated by D? = Q,./Q; is less than D,

m D represents a limiting value for D, i.e. D, = Dy, if the value of D, calculated by D? = Q.,./Q; is greater than

m g, is corrected cone resistance, P, is atmospheric pressure, g, is effective in situ vertical stress and I is soil
behaviour type index

Table 4.6.2: Parameter Attributes for Indicative Values — Relative Density

Parameter Attribute

Description

Parameter definition

Relative density Dr according to ASTM (2016b)
Dr = (eémax — €) / (Emax - €min), Where maximum index void ratio emax is
according to ASTM (2016b), minimum index void ratio emin according to
ASTM (2016a), and void ratio e defined as in situ void ratio

= Sandy soils with percentage fines of < 15 %, represented by soil
behaviour type index Ic according to Table 4.3.2
In situ conditions applicable at the time of site investigation
Nominal 1 m vertical averaging, to account for some measure of spatial

soil variability and averaging effects

IL IM IH values

Applicable

Equations according to Table 4.6.1 with site-wide application
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Parameter Attribute Description

Data points/ statistics = Graphical presentation of IL, IM and IH values versus depth, for each
typical CPT profile per CPT group

= Computed for CPT data points, where Icis below a limiting value
according to Table 4.3.2

m nand lc consider y = 19.7 kN/m3

Interpretation/ integration » General comparison of values derived from two CPT-based methods
upon examination of the source, extent and limitations of the methods
along with application to the HKN site

m Refer to Comments on Results, below

4.6.2 Derived Values

Plates B.5-5 to B.5-12 present derived values for relative density for both the default method and the
supporting method. Plates B.5-5 to B.5-8 present also indicative values for reference. Table 4.6.3 shows
parameter attributes, including references to specific types of information included on the plates.

Table 4.6.3: Parameter Attributes for Derived Values — Relative Density
Parameter Attribute Description

Default method = CPT-based Di-q: method according to Kulhawy and Mayne (1990)
Supplementary (main) input parameter(s): CPT normalised cone
resistance Qur

m Refer to document titled “Cone Penetration Test Interpretation”
presented in Appendix 1

Supporting method m CPT-based Dr-q-Ko method according to Jamiolkowski et al. (2003)
Supplementary (main) input parameter(s): CPT cone resistance gt and
coefficient of earth pressure at rest Ko

m Refer to document titled “Cone Penetration Test Interpretation”
presented in Appendix 1

Data points/ statistics = Presentation per CPT group
Graphical presentation of derived values combined with indicative
values versus depth BSF, refer to Plates B.5-5 to B.5-8

m Graphical presentation of derived values versus depth BSF, refer to
Plates B.5-9 to B.5-12

= Mean value statistics based on Central Limit Theorem and Students’
t-distribution, performed per 1 m depth intervals between 2 m and
40 m BSF

LE BE HE values = Applicable

Graphical presentation showing data points for derived values for the
default method and the supporting method, versus depth BSF, refer to
Plates B.5-9 to B.5-12

Interpretation/ integration m Check for possible outliers

Refer to Comments on Results, below

4.6.3 Comments on Results

46.3.1 General

The estimates for the indicative values for D, consider parameter definitions for emin and emax, as
discussed for minimum and maximum index void ratios. The D, profiles estimated using CPT-based
methods require a cut-off for soils with a fines content of less than 15 %. The selected cut-off is according
to soil behaviour type index I (Table 4.6.1), based on Robertson and Wride (1998).
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The recommended IL, IM and IH values are based on a CPT method for derived values of D,, i.e. the
Dr-g: method according to Kulhawy and Mayne (1990). CPT-based methods are assessed to offer lower
uncertainty for D, estimation than methods relying on the laboratory test results available for the
HKN WFZ. Furthermore, CPT-based methods allow 1D profiling compared to D point data derived from
laboratory tests.
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The recommended IM values consider Qs = 350 for the Dr-gt method. This value matches suggestions
by Robertson and Cabal (2015) for clean, uncemented, medium compressible quartz sands of about
1000 years old; refer to the document titled “Cone Penetration Test Interpretation” presented in
Appendix 1. This is assessed reasonable, considering (1) the geological setting for the HKN WFZ,
(2) the database that supports the range of Qs values, and (3) derived values obtained by the Dr-qt-Ko
method according to Jamiolkowski et al. (2003).

The recommended IL values are for @ =450. This value coincides with suggestions for the Di-q: method

for overconsolidated sands (overconsolidation ratio of > 8). Further considerations are as presented for
the recommended IM values.

The recommended IH values are for Q; = 220. This value is lower than Q; = 280 suggested for the
Dr-gt method for highly compressible normally consolidated sands. The lower value particularly accounts
for uncertainties in transformation of results for laboratory calibration chamber tests to in situ conditions.

The IL, IM and IH values are broadly proportional to ,/1/Q, so that IH = 1.4 IL for a given set of g: and

oo values.

The IL, IM and IH values include lower limits (Dmin) and higher limits (Dimax). Dmin considers the
geological setting and the available CPT results, i.e. no very loose and loose sands below 2 m BSF.
Dimax considers the derived values for emin and credible in situ values for emi, for the geological setting.

This report considers two CPT-based methods for derived values of D,: (1) Dr-qt method according to
Kulhawy and Mayne (1990) and (2) Dr-q--Ko method according to Jamiolkowski et al. (2003). These
methods are commonly used in industry. Other methods include Schmertmann (1978), Baldi et al.
(1986), Jamiolkowski et al. (1988), Mayne (2006) and Robertson and Cabal (2015).

Plates B.5-5 to B.5-8 show relative density computed using both CPT-based methods giving similar
values for the depth range of 2 m to 15 m BSF. It can be noted that the two methods largely rely on the
same database of calibration chamber test results.

Plates B.5-9 to B.5-12 show a comparison of the derived values based on both CPT-based methods
(Dr-gt and Dr-qt-Ko). The influence of Ko on D, predicted by the Dr-gi-Ko method is particularly evident
from comparing the LE, BE and HE derived values for Group 2 (Plate B.5-10). As the value for Ko varies
from approximately 1.5 in the upper layers (< 5 m BSF) to 0.5 towards the deeper layers (> 20 m BSF),
D: estimated using the Dr-gi-Ko method shows lower D, values at the upper 10 m BSF and higher Dy
values at the deeper layers as compared to the Dr-g: method.
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4.6.3.2

4.6.3.3

One factor leading to uncertainty in CPT-based methods to estimate D is the compressibility of sands.
Low compressibility sands generally correspond to quartz sands with little, if any, fines. Increasing fines
content typically corresponds to higher compressibility of sands. Many natural sands are in the medium
to high compressibility range (Kulhawy and Mayne, 1990). CPT-based methods typically account for
compressibility by empirical coefficients in their equations. The recommended IL, IM and IH values for
D, for the HKN site were chosen while keeping these coefficients in mind and modified slightly to account
for range of compressibility.

Another factor leading to uncertainty in Dy is aging and cementation. Most CPT-based correlations were
established on reconstituted (freshly deposited) sand specimens in calibration chambers. Direct use of
calibration chamber correlations can be expected to lead to an overestimation of D, for aged and/or
cemented deposits.

CPT-based Dr-g: method

Kulhawy and Mayne (1990) presented an empirical relationship to fit data (CPT data with relative density)
from 24 different sets of calibration chamber test results. The D, is based on the corrected cone
resistance (qy), effective in situ vertical stress (o), a compressibility factor, an aging factor and an
overconsolidation factor. Table 4.6.1. considers a simplified version presented by Kulhawy and Mayne
(1990). This version combines the compressibility, aging and OCR factors into the coefficient Q.

The advantage of the Dr-qt correlation is its simplicity and its adaptability. The equation allows for
refinement and adjustment to include soils of differing geologic origins, stress histories, and mineralogies
by modifying the Qs coefficient.

The derived values for the Dr-gt method presented in Plates B.5-5 to B.5-12 are based on Qs = 350.

CPT-based Dr-qgi-Ko method

The Dr-q-Ko method represents an empirical relation that fits CPT data obtained from calibration
chamber tests carried out in three fine to medium silica sands: Ticino, Toyoura and Hokksund. This
correlation should provide reasonable D, estimates for the sands in the HKN WFZ.

The Dr-gi-Ko method is probably the most validated CPT-based correlation for D, to date (Mayne, 2006).
The Ko dependency induces a degree of uncertainty, as Ko or o is difficult to determine in situ.

The presented derived values for the Dr-gi-Ko method apply Ko values using the CPT-based Ko-gn
method based on Mayne (2017), described in Section 4.4.3.2.

Jamiolkowski et al. (2003) recommend upper and lower bound values of 1.5 and 0.4 respectively for Ko,
when applying the Dr-qi-Ko method.
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4.6.3.4 Laboratory methods

No results are presented for laboratory methods for estimation of D;. Notes are as follows:

The HKN WFZ database includes derived value estimates for unit weight (Section 4.2), and results
of minimum and maximum index unit weight (void ratio) tests (Section 4.5);

4.7

4.7.1

m The D, parameter utilizes ASTM (2016) to obtain emax and emin, as defined in Table 4.6.2;
o The datasets used to calibrate the CPT-based methods in the laboratory considered ASTM
(2016) for establishing emax, €min, and the density states for the reconstituted sand samples;
o The reference laboratory test method for emin (ASTM, 2016a) requires about 3 kg of soil
specimen; this quantity is often not available from conventional offshore sampling activities;

o Lunne et al

(2019) illustrated major method dependency, particularly for laboratory

determination of emin, if using a laboratory method other than ASTM (2016a);
o Minimum and maximum index unit weight tests for the HKN site were carried out based on
DGI (1996) and based on Lunne et al. (2019) - Fugro proprietary method.

Undrained Shear Strength — Triaxial Compression

Indicative Values

Table 4.7.1 and Plate B.6-1 present indicative values for undrained shear strength in triaxial
compression s, 1xc for clay. The values presented in the table allow calculation of s, txc values per CPT,
for soil layers showing undrained response during CPT penetration.

Plate B.6-1 also includes results of data pairing of derived values for sy txc according to the surxc-lab
method and the surxc-Nk method presented in Table 4.7.3.

Table 4.7.2 shows parameter attributes.

Table 4.7.1: Indicative Values — Undrained Shear Strength — Triaxial Compression

Equation Input Parameter Value
Indicative Low IL Indicative Mean IM Indicative High IH
b=11 b =095 b=0.7

Surxc = qn/ (b Nie) On On On

th = 105 — 4.6 - ln(Bq + 01) Bq Bq Bq

_ / c=0.25 c=0.3 c=0.3

Swrxemin = € * Gvo Tho ho Tho

Bgmin = d d =-0.09 d =-0.09 d =-0.09

Bymax = € e=0.7 e=0.8 e=0.8

Note(s):

m Calculated indicative values for s, . apply to CPT derived values of I, > 2.2 for depths z between 2 m and 7.5 m BSF,
I. > 2.3 for depths z between 7.5 m and 20 m BSF, I, > 2.4 for depths z between 20 m and 30 m BSF and I, > 2.5 for

depths z between 30 m and 40 m BSF

® S, rxemin TEPresents a limiting value for s, rxc, i.€. Syrxc = Surxcmin if the value calculated by s, rxc = q,/(c - Ni.) is less

than s, rxcmin

m By, representsa limiting value for B, if a CPT-derived value for B, is less than B,

m By, represents a limiting value for B, if a CPT-derived value for B, exceeds By,

m ¢y, is effective in situ vertical stress, g,, is net cone resistance, Ny, is cone factor, B, is pore pressure ratio and I is soil
behaviour type index
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Table 4.7.2: Parameter Attributes for Indicative Values — Undrained Shear Strength — Triaxial

Compression

Parameter Attribute

Description

Parameter definition

Peak undrained shear strength for undrained triaxial compression at
maximum stress ratio q/p’ where g = ¢'; — d'3andp' = (¢'1 + 0’5 +
o'3)/3 are represented by principal stresses

Stress application ¢’1 in vertical direction and 02 = 0%

Monotonic strain rate according to laboratory test methods for consolidated
undrained triaxial compression

Fine grained, cohesive soil

In situ conditions applicable at the time of site investigation

Nominal 1 m vertical averaging, to account for some measure of spatial
soil variability and averaging effects

IL IM IH values

Applicable
See Table 4.7.1 for equations to compute IL, IM and IH values with site-
wide application

Data points/ statistics

0o, On, Bq and Ic consider y = 19.7 kN/m?3
Refer to Comments on Results, below

Interpretation/ integration

General comparison of values derived from multiple methods; data pairing
Judgement supported by theoretical considerations related to depositional
setting, overconsolidation mechanisms and soil mechanics principles
Refer to Comments on Results, below

4.7.2 Derived Values

Table 4.7.3 shows parameter attributes.

The presented values on Plate B.6-1 allow data pairing of derived values according to the surxc-lab

method with derived values according to the Sutxc-Nkt method. The results of the two methods show

reasonable agreement, considering the selected methods for geotechnical investigation and the general
ground conditions at the HKN WFZ.

Table 4.7.3: Parameter Attributes for Derived Values — Undrained Shear Strength — Triaxial

Compression

Parameter Attribute

Description

Default method

m CPT-based surxc-Nkt method for undrained shear strength sutxc
according to Mayne and Peuchen (2018)

= Supplementary (main) input parameter(s): CPT net cone resistance Qn,
pore pressure ratio Bq and soil behaviour type index Ic

m Refer to document titled “Cone Penetration Test Interpretation”
presented in Appendix 1

Supporting method

m Laboratory sutxc-lab method for undrained shear strength suxc
according to 1ISO (2014)

m Laboratory consolidated undrained triaxial compression on homogenous
test specimen obtained from undisturbed sample of fine grained,
cohesive soll

m Recompression of test specimen to estimated values of effective in situ
vertical stress o;,, and coefficient of earth pressure at rest K,

= Value of sutxc derived from maximum stress ratio q/p’ at temperature of
about 20 °C
Supplementary (main) input parameter(s): oV and Ko
Refer to document titled “Geotechnical Laboratory Tests” presented in
Appendix 1
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4.7.3

4.7.3.1

Parameter Attribute Description

Data points/ statistics » Data pairing of derived values according to the default method and
derived values according to the supporting method

m Refer to Comments on Results, below

LE BE HE values = Not applicable

Interpretation/ integration m Check for laboratory specimen homogeneity
Refer to Comments on Results, below

Comments on Results

General

IL, IM and IH values calculated according to Table 4.7.1 should be considered for depth intervals
exceeding 0.2 m and where values of g» do not vary by more than about +/- 15 % over that interval.
Appropriate caution is necessary for depth intervals of < 0.2 m, as thin layer effects may apply to the
CPT data (e.g. Boulanger and DeJong, 2018).

The recommended IL, IM and IH values are based on the presented surxc-Nk method for derived values.
The factor b according to s, rxc = q./(b - Ni.) includes accounting for transformation of laboratory

strength values to in situ strength values. Note that the surxc-Nke method represents a correlation
between CPT data and laboratory values (not in situ values).

The IM values for s, rxc are slightly higher than derived values of s, rxc according to the surxc-Nk

method, i.e. by a factor 1/b where b = 0.95. For the HKN WFZ, it is assessed that intact sample quality
will cause lower laboratory values for s, ryc compared to expected in situ values. This assessment

considers geological setting and soil structure/ fabric, or absence of soil structure/ fabric, observed for
(a limited number of) clay samples of the HKN WFZ.

The IL and IH values are based on (1) published data scatter for the sutxc-N« method and (2) intact
sample quality as discussed for selection of the IM values.

The results of a limited scope of laboratory testing (see below) provide no evidence for:

m Trends contrary to the IL, IM and IH values;

m Trends per CPT group and per soil unit.

The range between IL and IH values can be expressed as IH = 1.6 IL for a given set of g» and Bq values.

Note that the definition of B, = (u, — u,)/q, implies dependency of Bq on gn.

The recommended IL, IM and IH values include lower limits (Surxcmin) by means of the factor ¢ in
Surxcmin = C * 0y . The lower limit represents an approximation for syxc values for normally
consolidated conditions.
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4.7.3.2

4.7.3.3

Comments on data pairing are as follows:

m Laboratory test data were considered as primary, because of single data points versus CPT profiling
data;

m Laboratory test specimens are usually selected from the more cohesive, homogeneous parts of
samples, particularly where soil conditions are not uniform;

m Selection of CPT values for comparison with the laboratory data focused on:
o CPT/borehole proximity;
o Use of CPT data showing the lower g» values and relatively high I values, thereby accounting

for the expected bias in selection of the laboratory test specimens;

o Allowance for small (< 1 m) depth offsets between nearby CPT and sample borehole locations.

The general ground conditions at the HKN WFZ present challenges for both the surxc-Nkt method and
the surxc-lab method. Particularly, CPT parameter uncertainty (g, and By) for strongly layered soil will
be higher than for uniform clay soil (Peuchen and Terwindt, 2015). For clay, adverse influence should
be expected for laboratory samples showing varying sand content, particularly if a sample includes sand
laminae. For example, a varying sand content can adversely affect (1) undisturbed sample quality and
(2) test processing results for a premise of a homogeneous laboratory test specimen. Guidance on CPT
parameter uncertainty is included in Section 4.3.2.2.

CPT-based surxc-Nkt method

Refer to Section 4.7.3.1, above.

Laboratory surxc-lab method

The database for the HKN WFZ includes laboratory results for 9 consolidated undrained triaxial
compression tests on fine grained, cohesive soil, for the depth range 2 m to 40 m BSF. A total of 7 of
the 9 test specimens met the criteria for the surxc-lab method for derived values (Table 4.7.3). The other
2 specimens showed the inclusion of sand laminae and/or recompression values that were much higher
than estimated in situ stress conditions.

Note that Fugro (2019b) marks the results of W06 at 5.0 m BSF at location HKN11-BH-SA as a
potentially anomalous (due to issues with the external displacement transducer). Appropriate care
should be taken when using these results.

The presented laboratory classifications for SQD Ae/ep and SQD &, should be used with caution, as
most of the test specimens are out of range for applicability in terms of overconsolidation ratio and depth
range. Applicability is described in the document titled “Geotechnical Laboratory Tests” presented in
Appendix 1.

The presented laboratory values include Sy txcqmax for comparison, where sy txcqmax represents laboratory
undrained shear strength at maximum deviator stress The application of this failure criterion typically
results in values of Sy txcqmax that are close to sytxc, where sy txc represents laboratory undrained shear
strength at maximum stress ratio. The exceptions are for cases where sy xcqmax iS largely controlled by
negative pore pressures and, eventually, cavitation (Brandon et al., 2006). Such negative pore
pressures can be sustained in a laboratory setting with controlled application of (high) back pressure,
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4.8

48.1

but are typically not observed during cone penetration. The issue of negative pore pressures can also
apply to the laboratory strength criterion defined for s, txc, but typically to a lesser degree.

Undrained Shear Strength — Direct Simple Shear

Indicative Values

Table 4.8.1 and Plate B.7-1 present indicative values for undrained shear strength in direct simple
shear spss for clay. The values presented in the table allow calculation of s, pss values per CPT, for
soil layers showing undrained response during CPT penetration.

Plate B.7-1 also includes results of data pairing of derived values for sy pss according to the supss-lab
method and the supss-Nkt method presented in Table 4.8.3.

Table 4.8.2 shows parameter attributes.

Table 4.8.1: Indicative Values — Undrained Shear Strength — Direct Simple Shear

Equation Input Parameter Value
Indicative Low IL Indicative Mean IM Indicative High IH
Su,pss = qn/(b . th) b=13 b =1.05 b=0.7
On On On
N = 105 — 4.6 - In(B; +0.1) B, B, B,
Supssmin =€ * 0o c=0.2 c=0.25 ¢ =025
2% Oyo Oy
Bgmin = d d =-0.09 d =-0.09 d =-0.09
Bymax = e e=07 e=08 e=08

Note(s):

m  Calculated indicative values for s, 555 apply to CPT derived values of I, > 2.2 for depths z between 2 m and 7.5 m BSF,
I, > 2.3 for depths z between 7.5 m and 20 m BSF, I, > 2.4 for depths z between 20 m and 30 m BSF and I. > 2.5 for
depths z between 30 m and 40 m BSF

® S5, pssmin fEPresents a limiting value for s, pgs, i.€. Sy pss = Sy pssmin If the value calculated by s, pss = q,,/(c - Ny) is less
than Su,DSSmin

m B, represents a limiting value for B, if a CPT-derived value for B, is less than B,

®  Bymay represents a limiting value for B, if a CPT-derived value for B, exceeds B,y

m o', is effective in situ vertical stress, g, is net cone resistance, Ny, is cone factor, B, is pore pressure ratio and I. is soil

behaviour type index

Table 4.8.2: Parameter Attributes for Indicative Values — Undrained Shear Strength — Direct

Simple Shear
Parameter Attribute Description
Parameter definition m Peak undrained shear strength for simple shear strain deformation

Application of shear strain y in horizontal direction, constant volume
conditions at no strain in vertical direction
= Monotonic strain rate according to laboratory test methods for direct
simple shear
Fine grained, cohesive soil
In situ conditions applicable at the time of site investigation
Nominal 1 m vertical averaging, to account for some measure of spatial
soil variability and averaging effects
IL IM IH values = Applicable
See Table 4.8.1 for equations to compute IL, IM and IH values with site-
wide application

Data points/ statistics m O, gn, Bq and Ic consider y = 19.7 kN/m3
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Parameter Attribute Description
Interpretation/ integration = General comparison of values derived from multiple methods; data
pairing

= Judgement supported by theoretical considerations related to
depositional setting, overconsolidation mechanisms and soil mechanics
principles

m Refer to Comments on Results, below

4.8.2 Derived Values

Table 4.8.3 shows parameter attributes.

The presented values on Plate B.7-1 allow data pairing of derived values according to the supss-lab
method with derived values according to the supss-Nk: method. Note that the database for the HKN WFZ
includes laboratory results for one direct simple shear (DSS) test on fine grained, cohesive soil, for the
depth range 0to 40 m BSF. A single data point for pairing does not allow drawing conclusions for
agreement (or otherwise) between the two selected methods.

Table 4.8.3: Parameter Attributes for Derived Values — Undrained Shear Strength — Direct Simple

Shear
Parameter Attribute Description
Default method » CPT-based supss-N« method, similar to the surxc-N« method according

to Section 4.7 but with N, factored by s, rxc /Sy pss = 1.1, where s, rxc
represents undrained shear strength according to Section 4.7

= Supplementary (main) input parameter(s): CPT net cone resistance g,
pore pressure ratio Bq and soil behaviour type index Ic

m Refer to document titled “Cone Penetration Test Interpretation”
presented in Appendix 1

Supporting method m Laboratory supss-lab method for undrained shear strength supss
according to 1ISO (2014)

m Laboratory consolidated direct simple shear on homogeneous test
specimen obtained in horizontal orientation from undisturbed sample of
fine grained, cohesive soil

m Axial compression to estimated total vertical stress that is equivalent to
effective in situ vertical stress ovo; no control of effective radial
consolidation stress o'c in the specimen other than by approximate
specimen confinement by test apparatus

m Value of sypss derived from peak value in shearing force or limiting
strain (whichever is earlier), under zero vertical displacement conditions
(constant volume), at temperature of about 20 °C
Supplementary (main) input parameter(s): oo
Refer to document titled “Geotechnical Laboratory Tests” presented in
Appendix 1

Data points/ statistics » Data pairing of derived values according to the default method and
derived values according to the supporting method

m Refer to Comments on Results, below

LE BE HE values = Not applicable

Interpretation/ integration m Check for laboratory specimen homogeneity
Refer to Comments on Results, below
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4.8.3

48.3.1

Comments on Results

General

IL, IM and IH values calculated according to Table 4.8.1 should be considered for depth intervals
exceeding 0.2 m and where values of g, do not vary by more than about +/- 15 % over that interval.
Appropriate caution is necessary for depth intervals of < 0.2 m, as thin layer effects may apply to the
CPT data (e.g. Boulanger and DeJong, 2018).

The recommended IL, IM and IH values are based on the surxc-Nke method for derived values presented
in Section 4.7. The factor b according to s, pss = q,,/(b - Ni,) is similar to the b-factor of Section 4.7,
except that it also accounts for strength anisotropy compared to undrained shear strength in triaxial
compression s, rxc. Strength anisotropy can be represented by s, rxc¢ /Sy pss-

The range between IL and IH values can be expressed as IH = 1.85 IL for a given set of g, and Bq values.
Note that the definition of B, = (u, — u,)/q, implies dependency of Bq on g». The range between IL and
IH values for s, pss is wider than for sy rxc. This wider range accounts for estimates made for strength
anisotropy. Particularly, the database for HKN WFZ includes only limited data to support estimation of
strength anisotropy.

The recommended IL, IM and IH values include lower limits (Supssmin) by means of the factor c in
Supssmin = C * 0 4o. The lower limits approximate s, pss values for normally consolidated conditions.

Comments on data pairing are as follows:

m Laboratory test data were considered as primary, because of single data points versus CPT profiling
data;

m Laboratory test specimens are usually selected from the more cohesive, homogeneous parts of
samples, particularly where soil conditions are not uniform;

m  Selection of CPT values for comparison with the laboratory data focused on
o CPT/borehole proximity;
o Use of CPT data showing the lower gn values and relatively high Ic values, thereby accounting

for the expected bias in selection of the laboratory test specimens;

o Allowance for small (< 1 m) depth offsets between nearby CPT and sample borehole locations.

The general ground conditions at the HKN WFZ present challenges for both the supss-Nk method and
the supss-lab method. Particularly, CPT parameter uncertainty (g, and By) for strongly layered soil will
be higher than for uniform clay soil (Peuchen and Terwindt, 2015). For clay, adverse influence should
be expected for laboratory samples showing varying sand content, particularly if a sample includes sand
laminae. For example, a varying sand content can adversely affect (1) undisturbed sample quality and
(2) test processing results for a premise of a homogeneous laboratory test specimen.

The database for the HKN WFZ includes laboratory results for one direct simple shear test on fine
grained, cohesive soil, for the depth range 2 m to 40 m BSF. The results of this limited scope of
laboratory testing provide no evidence for:

m Trends contrary to the IL, IM and IH values;
m Trends per CPT group and per soil unit.
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4.8.3.2

4.8.3.3

4.9

49.1

49.2

CPT-based supss-Nkt method

Refer to Section 4.8.3.1, above.

Laboratory supss-lab method

The presented laboratory classifications for SQD Ae/eq and SQD ¢, should be used with caution, as the
test specimen is out of range for applicability in terms of overconsolidation ratio. Applicability is described
is the document titled “Geotechnical Laboratory Tests” presented in Appendix 1.

Results from DSS tests depend on which laboratory performed the test programme. This inter-laboratory
dependence is primarily related to differences between DSS laboratory test apparatus and procedures,
particularly radial stress development in the specimen during a test. For normally consolidated and
slightly overconsolidated clays, DSS test results typically show reasonable consistency with the results
from the better controlled, consolidated undrained triaxial compression tests. Little public-domain
information is available on the consistency and interpretation of DSS test results for heavily
overconsolidated clays and silts.

External Axial Strain at Half the Maximum Deviator Stress

Indicative Values

Recommended values for external axial strain at half the maximum deviator stress ¢so for clay are:

m Indicative Low: €50 = 0.2 %
m Indicative High: €50 =5 %

External axial strain at half the maximum deviator stress ¢xois defined as a geotechnical parameter for
clay that is determined by a combination of sampling method and laboratory test method. This means
that selection of characteristic values can ignore uncertainty related to transformation of laboratory
values to in situ values.

Table 4.9.1: Parameter Attributes for Indicative Values - External Strain at Half the Maximum
Deviator Stress
Parameter Attribute Description

Parameter definition s External axial strain at half of the maximum deviator stress €so,
according to the gso,rxc method defined in Table 4.9.2

m Fine grained, cohesive soil represented by soil behaviour type Ic
according to Table 4.3.2

IL IM IH values = Applicable for IL and IH
Data points/ statistics m Refer to Comments on Results, below
Interpretation/ integration = Judgement supported by theoretical considerations related to sampling

methods, laboratory test methods, depositional setting,
overconsolidation mechanisms and soil mechanics principles
m Refer to Comments on Results, below

Derived Values

Table 4.9.2 shows parameter attributes.
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The database for the HKN WFZ includes derived values for the laboratory €so7xc method and the
laboratory €so,uu method. Plate B.6-1 presents derived values according to the €s0,7xc method. A single

value for &so is available for the eso,uu method: €50 = 6 % at a depth of 38.3 m BSF.

Table 4.9.2: Parameter Attributes for Derived Values — External Strain at Half the Maximum

Deviator Stress

Parameter Attribute

Description

Default method

Laboratory €s0,rxc method for €so from consolidated undrained triaxial
compression test according to ISO (2014)

Laboratory consolidated undrained triaxial compression on homogenous
test specimen obtained from intact sample of fine grained, cohesive soil
(Class 1 or Class 2 of 1ISO, 2014), recovered by sampler types “thin-
walled 3 inch tube” and “thick-walled 3 inch tube” according to the
document titled “Geotechnical Borehole” presented in Appendix 1
Recompression of test specimen to estimated value of effective in situ
vertical stress a,,, and coefficient of earth pressure at rest K,

Specimen temperature of about 20 °C

Value of eso derived from external axial strain at half the maximum (axial)
deviator stress, with maximum deviator stress defined as peak value or
value at 20 % axial strain, whichever is higher

Supplementary (main) input parameter(s): sampling method, oo and Ko
Refer to documents titled “Geotechnical Laboratory Tests” and
“Geotechnical Borehole” presented in Appendix 1

Supporting method

Laboratory gso,uu method for eso from unconsolidated undrained triaxial
compression test according to ISO (2014)

Laboratory consolidated undrained triaxial compression on homogenous
test specimen obtained from intact sample of fine grained, cohesive soll
(Class 1 or Class 2 of ISO, 2014) recovered by sampler type “thick-
walled 3 inch tube” according to the document titled “Geotechnical
Borehole” presented in Appendix 1

Isotropic recompression of test specimen by application of triaxial cell
pressure

Specimen temperature of about 20 °C

Value of eso derived from external axial strain at half the maximum (axial)
deviator stress, with maximum deviator stress defined as peak value or
value at 20 % axial strain, whichever is higher

Supplementary (main) input parameter(s): sampling method

Refer to documents titled “Geotechnical Laboratory Tests” and
“Geotechnical Borehole” presented in Appendix 1

Data points/ statistics

Refer to Comments on Results, below

LE BE HE values

Applicable to the eso,rxc method, LE and HE
LE and HE values for the €s0,7xc method coincide with IL and IH values,
respectively

Interpretation/ integration

Check for laboratory specimen homogeneity
Refer to Comments on Results, below

493 Comments on Results

49.3.1 General

The recommended IL and IH values should be considered for depth intervals exceeding 0.2 m and

where values of g, do not vary by more than about +/- 15 % over that interval. Appropriate caution is

necessary for depth intervals of < 0.2 m, as thin layer effects may apply to the CPT data (e.g. Boulanger

and DeJong, 2018).
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49.3.2

The recommended IL and IH values consider:

m  Scatter shown in the derived values for the gs0,1xc method;

m Limited number (7) of derived values for the HKN WFZ;

m Effects resulting from significant differences in stress paths for the shearing phase of the
consolidated undrained triaxial compression tests.

Differences in stress paths can be illustrated by differences between sy xc and su,xcqmax (Plate B.6-1),
where syTxc represents laboratory undrained shear strength at maximum stress ratio and Sy txcqmax
represents laboratory undrained shear strength at maximum deviator stress. Note that 2 of the 7 derived
values for es0 show sy xc to be > 30 % lower than s, txcqmax. These 2 derived values correspond with the
higher values for &so, as expected. The recommended IH value takes account of expected stress paths
for sy txcqmax- It is assessed that high values for &5 for a larger database would be in the order of 5 %,
considering a limiting axial strain of 20 % in triaxial compression.

The limited data set precludes differentiation of IL and IH values for depth below seafloor, per soil unit
or CPT group.

The IL and IH values consider a narrow definition for s, i.e. limited by a specific borehole sampling
method and a specific laboratory method. ISO (2016) considers a broader definition, i.e. defines &5 as:
“ec is the strain at one-half the maximum deviator stress in laboratory undrained compression tests of
undisturbed soil samples”. The documents “Geotechnical Borehole” and “Sampling from Seafloor”
(Appendix 1) provide background information on common offshore sampling methods with potential for
undisturbed sample quality according to Class 1 or Class 2 of ISO (2014). Furthermore, 1SO (2016)
refers normatively to I1ISO (2014), which considers the following range of laboratory undrained
compression tests for clays:

Unconfined compression test;

Unconsolidated undrained triaxial compression test;
Isotropically consolidated undrained triaxial compression test;
Anisotropically consolidated undrained triaxial compression test;

One-dimensionally consolidated undrained triaxial compression test.

The selection of €50 values can consider the applied calculation model and the corresponding geodata
that were used to (empirically) validate that model. For example, empirical calculation models for pile
lateral resistance proposed by by Matlock (1970) for soft clays and Reese et al. (1975) for stiff clays
suggest €50 ranges between 0.5 % and 2 % and between 0.4 % and 0.7 %, respectively. They also
suggest a decrease of eso with increasing undrained shear strength. The recommendations typically
imply premises for e.g. sampling method, laboratory test method, overconsolidation ratio and secondary
soil structure (e.g. Bhattacharya et al., 2006).

Laboratory gso.rxc method

This method corresponds with the laboratory surxc-lab method (refer to Section 4.7).
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4.9.3.3 Laboratory gso,uu method

The HKN WFZ database includes results for one unconsolidated undrained triaxial compression test on
an intact soil specimen for the depth range between 2 m and 40 m BSF.

4.10 Critical State Line

4.10.1 Indicative Values

Table 4.10.1 and Plate B.9.1 present indicative values for critical state lines (CSL) for sand in
ecs — p’ space, where ecs represents the void ratio at critical state and p’ represents the mean effective
stress. The values presented in the table allow calculation of critical state lines.

Table 4.10.2 shows the parameter attributes for the indicative values.

Table 4.10.1: Indicative Values — Critical State Line

Equation Input Parameter Value
Indicative Low IL Indicative Mean IM Indicative High IH
§ £=0.05 £§=0.17 £=0.3
_ _ ("
ees = eesrer = e (7 /p,) A, =041 1.=02 2,=0.11
ecsrer= 0.95 ecsrer= 0.95 ecsref= 0.95
Note(s):
B e iSVoid ratio at critical state at p’= 1 kPa, p’is mean effective stress, P, is atmospheric pressure, A, and ¢ are
curve fitting factors

Table 4.10.2: Parameter Attributes for Indicative Values — Critical State Line
Parameter Attribute Description

Parameter definition m Void ratio at critical state (large strain) e, in ecs — p’ space
Monotonic compression according to laboratory strain rates for
consolidated drained triaxial compression

Coarse grained, cohesionless soil with percentage fines of <15 %
Values of p’ between 10 kPa and 2000 kPa

Applicable

Equation according to Table 4.10.1 with site-wide application

IL IM IH values

Data points/ statistics

Graphical presentation of IL, IM and IH values versus mean effective
stress p’

Interpretation/ integration m General comparison of values derived from multiple methods
Judgement supported by theoretical considerations related to soil
mechanics principles

m Refer to Comments on Results, below

4.10.2 Derived Values

Plate B.9-2 presents derived values for ecs in ecs — p’ space including also indicative values for reference.
Table 4.10.3 shows the parameter attributes for the derived values.
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Table 4.10.3: Parameter Attributes for Derived Values — Critical State Line

Parameter Attribute

Description

Default method

m Laboratory ecs-TXC method for effective angle of internal friction ¢’
according to 1ISO (2014)

m Laboratory consolidated drained triaxial compression on test specimen
of coarse grained, cohesionless soil reconstituted to estimated in situ
soil unit weight y

m Isotropic compression of test specimen to estimated value of effective
in situ stress conditions (o, + 2 * a5,,)/3 Where o'\ is effective in situ
vertical stress and oo is effective in situ horizontal stress

m Value of ecs estimated at stress ratio q/p’ at large strain, where g =
'y — o'sandp’ = (¢'y + o', + 0'3)/3 are represented by principal
stresses, at temperature of about 20° C

m  Supplementary (main) input parameter(s): y, 0o and oo

m Refer to document titled “Geotechnical Laboratory Tests” presented in
Appendix 1

Supporting method (1)

m  Empirical ecs-Ac-§ method according to Li and Wang (1998) for CSL of
Toyoura Sand and Tung-Chung Sand (clean sands)
m  Supplementary (main) input parameter(s): p’

Data points/ statistics

m Presentation, site-wide

Graphical presentation of derived values combined with indicative
values versus mean effective stress p’, refer to Plate B.9-2

Refer to Comments on Results, below

LE BE HE values

Not applicable

Interpretation/ integration

General comparison of values derived from multiple methods
Check for possible outliers and filtering for test applicability
Refer to Comments on Results, below

4.10.3 Comments on Results

4.10.3.1 General

The recommended IL, IM and IH values consider:

m A general relationship between ecs and p’ (e.g. Li and Wang, 1998);

m Site-specific derived values for the ecs-TXC method and their scatter;

m Site-specific values for in soil unit weight (void ratio €), maximum index void ratio €max, Mminimum

index void ratio emin, and approximate relative density D, = (€0x — €)/(Emax — €min) fOr large strain
conditions (Sections 4.2, 4.5 and 4.6).

The general scatter in derived values for the ecs-TXC method provides a fair indication for the general

ecs — p’space for the HKN WFZ sands. No significant trend of ecs with p’is evident. The spread in derived

values will not fully represent a spread in site-wide values for critical state lines. In this regard it can be

noted that the database for HKN WFZ excludes test methods specifically tailored for deriving critical

state lines (e.g. Jefferies and Been, 2016).

The available site-specific values for e provide a basis for an approximate bound for ecs — p’ space.

The recommended IL, IM and IH values consider e.q..,= 0.95. This value corresponds with the IM value

for maximum index void ratio emax (Section 4.4). This is assessed reasonable for p’ = 1 kPa.
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4.10.3.2

The values for e...r and the curve fitting factors ¢ and 4, can be compared to the ecs-Ac-§ method,
included on Plate B.9-1. The curves for the Toyura and Tung-Chung sands (clean sands) show higher
€cs values at a specific value of p’than the ecs values for the generally silty sands of the HKN WFZ. This
agrees with Nguyen et al. (2015), who indicated lower ecs values for increasing percentage fines. Note
that the available data for the HKN WFZ show no evidence for a trend of e¢s with increasing percentage
fines (Plate B.9-3), i.e. R? = 0.02 where R? is a statistical coefficient of determination. Note that this is
for a parameter definition for sand with percentage fines of < 15 %, as discussed in Section 2.4.2.

The range between IL and IH values for ecs can be expressed as IH = 1.53 IL for p’= 10 kPa and IH =
1.44 IL for p’ = 2000 kPa.

The database information for the HKN WFZ is not sufficiently extensive for deriving specific relationships
per CPT group or per soil unit.

The indicative values for critical state lines apply to a mean effective stress range of 10 kPa to 2000 kPa.
It is common to see a change in CSL at high stress levels, due to particle breakage (Been et al., 1991).

At low stress levels (<10 kPa), a CSL would be of little practical importance.

Laboratory ecs-TXC method

The ecs-TXC method considers a triaxial compression test method, assessed to provide a fair indication
of possible critical state lines. It is helpful in this regard that a CSL does not depend on stress path or
initial soil fabric (e.g. Jefferies and Been, 2016).

The presented derived values for the ecs-TXC method are grouped by specimen size and by triaxial test
results meeting filtering requirements based on Jefferies and Been (2016):

m Dilation rate: tests identified to have reached a critical state by determining dilation rate D < 0.01 at
the end the test:
_ dE,Z; - 651} - (‘Sv,i+1 - Ev,i)

B A T )

where: §¢, is change in total volumetric strain, de, is deviatoric strain across each increment (i toi +
1) used to derive D, €,= g, + 2¢,, &, = 2/3(g, — &), and the subscripts a and r denote the axial and
radial directions respectively (compression positive);

m Relative density D;: test specimens with an initial estimated D, < 75 %, i.e. interpretation of critical
state is not considered reliable for tests performed on initially dense to very dense test specimens,
since excessive shear banding can occur which can cause localisation of stresses.

The available data provide no evidence for a trend of derived values for CSL with specimen size of
51 mm diameter versus 72 mm diameter.

The triaxial test results meeting the filtering requirements represent the higher quality group of the
database.
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4.10.3.3 Laboratory ecs-Ac-& method

411

4111

The ecs-Ac-§ method presents curves for critical state lines of cohesionless soils in e - p’ space, based
on a laboratory database analysed by Li and Wang (1998). The curves are in the form of the following
equation:

)

where e is void ratio, p’ is mean effective stress, P, is atmospheric pressure, A, and ¢ are curve fitting
parameters.

The database covers results of drained and undrained triaxial compression tests carried out on
reconstituted specimens of two types of sands, Toyura Sand (uniform clean sand, subrounded and
subangular) and Tung-Chung Sand (clean sand with no fines).

Effective Angle of Internal Friction at Large Strain

Indicative Values

Recommended values for effective angle of internal friction at large strain ¢y, for sand are:

m Indicative Low: ¢, = 29.8°
m Indicative Mean: ¢, = 32.1°
m Indicative High: @’ = 34.40

Plate B.10-1 presents indicative values of ¢',,, in p’- g space, where p’represents mean effective stress
and q represents principal deviator stress.

Table 4.11.1 shows the parameter attributes for the indicative values.

Table 4.11.1: Parameter Attributes for Indicative Values — Effective Angle of Internal Friction at
Large Strain

Parameter Attribute Description

Parameter definition m Secant effective angle of internal friction at large strain for drained
triaxial compression

= Monotonic strain rate according to laboratory test methods for
consolidated drained triaxial compression

m Coarse grained, cohesionless soil with percentage fines of <15 %

= In situ conditions applicable at the time of site investigation

IL IM IH values = Applicable
Data points/ statistics = Graphical presentation of IL, IM and IH values
Interpretation/ integration m General comparison of values derived from laboratory methods

= Judgement supported by theoretical considerations related to
depositional setting, overconsolidation mechanisms and soil mechanics
principles

m Refer to Comments on Results, below
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411.2

4.11.3

411.3.1

Derived Values

Plates B.10-2 and B.10-3 present derived values for effective angle of internal friction at large strain.
Plate B.10-2 presents also indicative values for reference. Table 4.11.2 shows parameter attributes,
including references to specific types of information included on the plates.

Table 4.11.2: Parameter Attributes for Derived Values — Effective Angle of Internal Friction at
Large Strain
Parameter Attribute Description

Default method m Laboratory @’.-TXC method for effective angle of internal friction ¢’
according to 1ISO (2014)

m Laboratory consolidated drained triaxial compression on test specimen
of coarse grained, cohesionless soil reconstituted to estimated in situ
soil unit weight y

m Isotropic compression of test specimen to estimated value of effective
in situ stress conditions (o, + 2 * 03,4)/3 Where oo is effective in situ
vertical stress and oo is effective in situ horizontal stress

m Secant value of ¢',,, estimated from stress ratio q/p’ at large strain,
where g = ¢'y — o'z and p’ = (¢'1 + o', + 0'3)/3 are represented by
principal stresses, at temperature of about 20° C
Supplementary (main) input parameter(s): y, 0vo and oho
Refer to document titled “Geotechnical Laboratory Tests” presented in
Appendix 1

Data points/ statistics m Presentation site-wide
Graphical presentation of derived values combined with indicative
values, refer to Plate B.10-2

= Graphical presentation of derived values versus depth BSF, refer to
Plate B.10-3

= Mean value statistics based on Central Limit Theorem and Student’s t-
distribution, performed for the whole depth range between 2 m and
40 m BSF

LE BE HE values = Applicable

Graphical presentation showing data points for derived values versus
depth BSF, refer to Plate B.10-3

Interpretation/ integration m Check for possible outliers

Filtering for test applicability

Refer to Comments on Results, below

Comments on Results

General

The recommended IM values are based on a least square linear regression on the ¢’ -TXC derived
values. The recommended IL and IH values consider the scatter in the derived values for the ¢'.,-TXC
method, recognising that a spread in derived values for a specific laboratory test method may not fully
represent a spread of ¢’,,, values for in situ conditions.

The range between IL and IH values for ¢',,, can be expressed as IH = 1.15 IL.

The presented LE, BE and HE values consider the triaxial test results meeting filtering requirements
discussed for the ¢’c,-TXC method, below.
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411.3.2

412

412.1

Note that the parameter definition is for sand with percentage fines of < 15 %, as discussed in
Section 2.4.2.

Laboratory ¢’.,-TXC method

The ¢’',,-TXC method considers the triaxial compression test method. This is assessed to be reasonable,
as values of ¢y typically have negligible dependency on stress path and initial soil fabric (e.g. Jefferies
and Been, 2016).

Database values for the HKN WFZ are within the lower end of a range of ¢, values presented by
Andersen and Schjetne (2013). It can also be noted that the ¢’y values for the HKN WFZ show no
evidence for trends with relative density and depth below seafloor, suggested by Andersen and
Schjetne (2013).

The filtering requirements for the ¢'.,-TXC method were based on Jefferies and Been (2016):

m Dilation rate: tests identified to have reached a critical state by determining dilation rate D < 0.01 at

at the end the test:
d&‘f - 651; - (Ev,i+1 B Ev,i)

dgg - 6_‘811 - (Eq,i+1 - gq,i)

where: ¢, is change in total volumetric strain, de, is deviatoric strain across each increment
(itoi+ 1) used to derive D, &,= g, + 2¢,, &, = 2/3(¢4 — &), and the subscripts a and r denote the
axial and radial directions respectively (compression positive);

m Relative density D,: test specimens with an initial estimated D, < 75 %, i.e. interpretation of critical
state is not considered reliable for tests performed on initially dense to very dense test specimens,
since excessive shear banding can occur which can cause localisation of stresses.

Peak Effective Angle of Internal Friction

Indicative Values

Table 4.12.1 and Plates B.11-1 to B.11-4 present indicative values for peak effective angle of internal
friction ¢ “for sand. The values presented in the table allow calculation of ¢ ’values per CPT.

Table 4.12.2 shows the parameter attributes for the indicative values.

Table 4.12.1: Indicative Values — Peak Effective Angle of Internal Friction

Equation Input Parameter Value
Indicative Low IL Indicative Mean IM Indicative High IH
0'=17.6+b-111og (s /\/(ore/Pa) b=0.75 b =085 b=11
Fa qt, Oyo qt) Oyo qt, Oyo
Qhin = C c=29.8° c=321° c=344°
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412.2

Omax = d—e'(vfféo/Pa)

d=50 d =50 d =755
e=15 e=1.5 e=1.5
Tho Tho Th0

Note(s):

than ¢,

greater than ¢,

m Calculated indicative values for ¢ “apply to CPT derived values of I. < 2.0 for depths z between 2 m and 7.5 m BSF, I, <
2.05 for depths z between 7.5 m and 30 m BSF, and I, < 2.1 for depths z between 30 m and 40 m BSF

m ¢, represents a limiting value for ¢', i.e. ¢’ = ¢, if the value calculated by ¢ ’'=17.6 + b - 11 log(Z—; /\ (Gh0/ P)) is less

B @ represents a limiting value for ¢’, i.e. ¢' = @4, if the value calculated by ¢ "= 17.6 + b - 11 log(% /\(050/ Po)) is

m  @’is peak effective angle of internal friction in degrees, o'y is effective in situ vertical stress, P, is atmospheric pressure, g is
corrected cone resistance and |, is soil behaviour type index

Table 4.12.2: Parameter Attributes for Indicative Values — Peak Effective Angle of Internal Friction

Parameter Attribute

Description

Parameter definition

Peak, secant effective angle of internal friction for drained triaxial
compression at maximum stress ratio q/p’ where ¢ = ¢'; — ¢'; and
p' = (0’1 +d', + 0'3)/3 are represented by principal stresses

Stress application ¢’1 in vertical direction and 02 = 073

Monotonic strain rate according to laboratory test methods for
consolidated drained triaxial compression

Coarse grained, cohesionless soil with percentage fines of < 15 %,
represented by soil behaviour type index Ic according to Table 4.12.1
In situ conditions applicable at the time of site investigation

Nominal 1 m vertical averaging, to account for some measure of spatial
soil variability and averaging effects

IL IM IH values

Applicable
See Table 4.12.1 for equations to compute IL, IM and IH values with
site-wide application

Data points/ statistics

Graphical presentation of IL, IM and IH values versus depth for each
typical CPT profile per CPT group

Computed for CPT data points, where ¢ is below a limiting value
according to Table 4.12.1

oo and Ic consider y = 19.7 kN/m3

Interpretation/ integration

General comparison of values derived from multiple methods
Judgement supported by theoretical considerations related to
depositional setting, overconsolidation mechanisms and soil mechanics
principles

Refer to Comments on Results, below

Derived Values

Plates B.11-5 to B.11-12 present derived values for peak effective angle of internal friction. Plates B.11-

5 to B.11-8 present also indicative values for reference. Table 4.12.3 shows parameter attributes,

including references to specific types of information included on the plates.

Table 4.12.3: Parameter Attributes for Derived Values — Peak Effective Angle of Internal Friction

Parameter Attribute

Description

Default method

CPT-based ¢’-q: method for peak effective angle of internal friction ¢’
according to Mayne (2007)

Supplementary (main) input parameter(s): corrected cone resistance qt
and effective in situ vertical stress g\o

Refer to document titled “Cone Penetration Test Interpretation”
presented in Appendix 1
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Parameter Attribute

Description

Supporting method (1)

Laboratory ¢’-TXC method for peak effective angle of internal friction ¢’
according to 1ISO (2014)

Laboratory consolidated drained triaxial compression on test specimen
of coarse grained, cohesionless soil reconstituted to estimated in situ
soil unit weight y

Isotropic compression of test specimen to estimated value of effective
in situ stress conditions (o, + 2 - 050)/3, Where oo is effective in situ
vertical stress and oo is effective in situ horizontal stress, and for
compression values of at least 20 kPa

Secant value of ¢’ derived from maximum stress ratio q/p’ or limiting
axial strain, at temperature of about 20 °C

Supplementary (main) input parameter(s): y, ovo and oo

Refer to document titled “Geotechnical Laboratory Tests” presented in
Appendix 1

Supporting method (2)

;

Laboratory @-DSS method for peak effective angle of internal friction ¢
according to ISO (2014)

Laboratory consolidated direct simple shear on test specimen of coarse
grained, cohesionless soil reconstituted to estimated in situ soil unit
weight y

Axial compression to estimated value of effective in situ vertical stress
OVvo; No control of effective radial consolidation stress o’ in the
specimen other than by approximate specimen confinement by test
apparatus

Secant value of ¢’ derived from peak shear stress or limiting shear strain
(whichever is earlier) at constant vertical stress and at temperature of
about 20 °C

Supplementary (main) input parameter(s): y, 0vo

Refer to document titled “Geotechnical Laboratory Tests” presented in
Appendix 1

Data points/ statistics

Presentation per CPT group

Graphical presentation of derived values combined with indicative values
versus depth BSF, refer to Plates B.11-5 to B.11-8

Graphical presentation of derived values versus depth BSF, refer to
Plates B.11-9 to B.11-12

LE BE HE values

Not applicable

Interpretation/ integration

Check for possible outliers
Refer to Comments on Results, below

4.12.3 Comments on Results

4.12.3.1 General

The recommended IL, IM and IH values are based on the presented ¢’-g: method for derived values.
The factor e according to ¢’=17.6+b" 1llog(%/,/(a,;0/ P)) includes accounting for transformation of

laboratory values of ¢’ to in situ values of ¢’. Particularly, the selected values for factor e consider the

influence of the compressibility of sands according to Kulhawy and Mayne (1990). Low compressibility

sands generally correspond to quartz sands with little, if any, fines. Increasing fines content typically

corresponds to higher compressibility of sands. Many natural sands are in the medium to high

compressibility range. Note that the @’-g: method represents a correlation between CPT data and

laboratory values (not in situ values).

The IL, IM and IH values are broadly proportional to b. Typically, this implies that IH = 1.25 IL for a given

set of q: and oo values. The recommended values for b are based on judgement supported by the
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412.3.2

scatter of derived values for ¢’ for the methods listed in Table 4.12.3 and the general uncertainties
associated with those derived values.

The selected values for the factor b for the IL and IM values result in ¢’values that are significantly lower
than those from the ¢’-q: method. This approach reflects weight assigned to the results of the laboratory
methods for derived values. The derived values according to the laboratory ¢’-TXC method are
generally within the lower range of values presented by Andersen and Schjetne (2013).

The selected value for the factor b for the IH values results in ¢’ values that are slightly higher than those
from the ¢@’-q: method. This reflects (1) general scatter of the results for the ¢’-g: method, (2) database
values presented by Andersen and Schjetne (2013) and (3) general uncertainty for higher values of ¢".

The recommended IL, IM and IH values include lower limits (¢’'min) and higher limits (¢'max). Values of
¢@'min are directly linked to effective angle of internal friction at large strain, presented in Section 4.11.
The factor ¢ in @l =d —e - (V(oh/P,)) sets an upper limit of ¢’=50° for soil close to seafloor
(e.g. Andersen and Schjetne, 2013). The factor e accounts for dependency of ¢’ on mean effective
stress (0,0 + 2 - 010)/3. The lower and higher limits are based on judgement supported by theoretical
considerations related to depositional setting, overconsolidation mechanisms and soil mechanics
principles.

No LE, BE and HE values are presented. It is assessed that such values would be of no particular value.
Reasons include:

m A small database size and scatter of derived values for the laboratory methods;
m The selected IL and IM values are significantly lower than those from the ¢’-q: method for the
reasons discussed above.

Note that the parameter definition is for sand with percentage fines of < 15 %, as discussed in
Section 2.4.2.

CPT-based ¢’-g: method

The ¢’-gt method represents an empirical correlation between CPT data and database results of
laboratory triaxial compression tests. Mayne (2007) reports validation of the correlation against drained
triaxial compression test results obtained from a database of 13 tests on undisturbed (initially frozen,
intact) clean quartz and siliceous sand specimens. The validation possibly has a weak bias towards
loose and medium dense sands that can be prone to earthquake-induced liquefaction.

The ¢’-qt method is relatively insensitive to minor uncertainties in its input parameters g: and o vo.

The physics of the ¢’-qt method appears to include a trade-off for simplicity, i.e. the use of o', versus
O’ho. This comment is related to:

m Oho affecting g more than o', (e.g. Houlsby and Hitchman, 1988);
m general difficulty in estimating values for o'e.

Plates B.11-5 to B.11-12 present derived values for the ¢’-q: method that are based on b = 1.
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4.12.3.3

4.12.3.4

Laboratory ¢ -TXC method

The presented plates include laboratory results for a total of 70 triaxial tests on reconstituted specimens
from single samples and 8 triaxial tests on reconstituted specimens from batch samples. These test
results meet the criteria for the @’-TXC method.

The ¢’-TXC method is relatively insensitive to minor uncertainties in its input parameters o', and C'o.

The ¢’-TXC method has a high dependency on specimen unit weight y. For dense sands, a difference
of 0.5 kN/m? between in situ y and specimen y can represent a difference in relative density in the order
of 20 % to 30 %. This can be expected to result in differences in ¢’ of a few degrees. Plate B.11-13
compares probability density functions for laboratory-derived y values for sands and clays (Section 4.2)
with y values applicable to the triaxial test results considered for the ¢’-TXC method. It can be seen that
a majority of triaxial y values plot close to the statistical mean of the laboratory-derived y values and
thus appear to be slightly lower (about 0.5 kN/m?) than the indicative mean (IM) values for y (Section 4.2).
Note that the laboratory-derived y values are dominated by the sandy soils of the HKN WFZ.

The method of specimen reconstitution affects the results from the ¢’-TXC method. The triaxial test data
for the HKN WFZ were acquired for specimen reconstitution by moist tamping with undercompaction
according to Ladd (1978). This method of specimen reconstitution reduces derived values of ¢’
compared to intact specimens. In general, reconstituted specimens exhibit particle arrangements (i.e.
fabric) which differ from soil fabric of intact specimens. This can be attributed to the process of in situ
deposition which cannot be sufficiently replicated by moist tamping techniques. For example, Hoeg et
al. (2000) showed contractive and strain softening behaviour for triaxial tests on reconstituted specimens
of silty sand, where comparable intact test specimens showed dilative, strain hardening behaviour.

The lower derived values of ¢’ approach effective angle of internal friction at large strain ¢y, presented
in Section 4.11. The database for the HKZ WFZ indicates that ¢’ values close to ¢’y can be expected
for relative densities D, in the order of 50 %. Note that the trend lines for ¢’- D; relationship given by
Andersen and Schjetne (2013) do not appear to include a cut-off value for ¢@’.

Laboratory ¢’-DSS method

The presented plates include laboratory results for a total of 8 DSS tests on reconstituted specimens
from batch samples. These tests meet the criteria for the ¢@’-DSS method.

The @’-DSS method is relatively insensitive to minor uncertainties in its input parameter o'..

The ¢’-DSS method is sensitive to radial stress development in the specimen during a test. Radial stress
development is largely uncontrolled and depends on DSS laboratory test apparatus and procedures.
Results from DSS tests thus depend on which laboratory performed the test programme.

The @’-DSS method has a high dependency on specimen unit weight y, as for the ¢’-TXC method.

Comments about specimen reconstitution are similar to the ¢’-TXC method. Vaid and Sivathayalan
(2000) present background information.
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4.13

413.1

4.13.2

Angle of Interface Friction — Steel / Soil

Indicative Values

Table 4.13.1 and Plate B.12-1 present indicative values for angle of interface friction & for sand.
Table 4.13.2 shows parameter attributes.

Table 4.13.1: Indicative Values — Angle of Interface Friction — Steel / Soil

Section 4.11

Equation Input Parameter Value
Indicative Low IL Indicative Mean IM Indicative High IH
6 =Db-(Dso)¢ b=17 b=21 b =27
c=-0.2 ¢ =-0.15 c=-0.1
Dsg Dso Dsq
Omax = d d=¢" con d=q¢ d=¢ com
Note(s):

m Calculated indicative values apply to depths between 2 m and 40 m BSF
m  §,,,, represents a limiting value for §, i.e. § = 6,4, if the value calculated by § = b - (Ds)° is greater than 6,4
9o @ e @nd @',y are values for effective angle of internal friction at large strain (soil / soil) according to

m  Ds, is particle diameter in mm, where 50% of the dry mass of soil has a smaller particle diameter

Table 4.13.2: Parameter Attributes for Indicative Values — Angle of Interface Friction — Steel / Soil

Parameter Attribute

Description

Parameter definition

Angle of interface friction for drained shear at soil and steel interface, for
a maximum value of normalised residual shear /0", where 7 is residual
shear stress (at large strain) and ¢',, is represented by normal effective
stress

Steel roughness Ra, (approximately 5 ym to 10 uym) defined as
centreline average roughness according to 1ISO 8503-1:2012 (ISO,
2012), with no significant (chemical) steel-soil bonding

Stress application ¢',, within the range 20 kPa to 600 kPa

Monotonic strain rate according to laboratory test methods for ring shear
with steel-soil interface, drained conditions

Coarse grained, cohesionless soils, with percentage fines of < 15 %

In situ conditions applicable at the time of site investigation, e.g. the
indicative values of § take no account of any pile installation effects

IL IM IH values

Applicable
See Table 4.13.1 for equations to compute IL, IM, and IH with site-wide
application

Data points/ statistics

Graphical presentation of IL IM and IH values versus Dso

Interpretation/ integration

General comparison of values derived from multiple methods
Judgement supported by theoretical considerations related to soil
mechanics principles

Refer to Comments on Results, below

Derived Values

Plates B.12-2 and B.12-3 present derived values for angle of interface friction. Plate B.12-2 presents

also indicative values for reference. Table 4.13.3 shows parameter attributes, including references to

specific types of information included in the plates.
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Table 4.13.3: Parameter Attributes for Derived Values — Angle of Interface Friction — Steel / Soil

Parameter Attribute

Description

Default method

Laboratory 8-Dso method according to Jardine et al. (1993) for angle of
interface friction for soils where percentage fines is below 15 %

Steel roughness Ra in the range of 2 um to 30 pm

Upper limit of & equal to effective angle of internal friction at large strain
@ o of soil (pev=34.5°

Supplementary (main) input parameter(s): Dso

Supporting method (1)

Laboratory 8-RS method using a Bromhead ring shear test apparatus
based on BS 1377-7:1990 and Jardine (2005) procedures

Steel roughness Ra, (3 ym to 12.5 pm) defined as centreline average
roughness according to ISO 8503-1:2012 (ISO, 2012)

Reconstituted coarse grained, cohesionless soil specimen, compacted
to a target dry density

Vertical compression of specimen to estimated values of in situ effective
vertical stress oo

Value of &derived from maximum value of t/¢’,, at large strain (residual)
Supplementary (main) input parameter(s): oo

Refer to document titled “Geotechnical Laboratory Tests” presented in
Appendix 1

Supporting method (2)

Empirical &-pile method according to CUR (2001)
Single value for steel pipe piles installed by impact driving in silica soils
Supplementary (main) input parameter(s): none

Data points/ statistics

Presentation site-wide

Graphical presentation of derived values combined with indicative
values versus Dso, refer to Plate B.12-2

Graphical presentation of derived values versus depth BSF, refer to
Plate B.12-3

Mean value statistics based on Central Limit Theorem and Student’s
t-distribution, performed for the whole depth range between 2 m and
40 m BSF, separately for the 8-Dso method and the §-RS method
Data outliers (6 < 16°) excluded from statistics

LE BE HE values

Applicable

Graphical presentation showing data points for derived values for default
method and supporting method (1) versus depth BSF, refer to Plate
B.12-3

Interpretation/ integration

General comparison of values derived from multiple methods
Check for laboratory specimen homogeneity (6-RS method)
Refer to Comments on Results, below

4.13.3 Comments on Results

4.13.3.1 General

The recommended IM values are based on the trend line of the presented &-Dso method for derived

values reduced by a flat factor of approximately 0.9 to give more weight to the derived values based on

the 8-RS method.

The IL, IM and IH values are broadly proportional to b, where b = 17 for IL values, b = 21 for IM values

and b = 27 for IH values. The range between IL and IH values can be expressed as IH = 1.15 IL for a

Dso value of 0.06 mm, IH = 1.45 IL for a Dso value of 0.4 mm and IH = 1.58 IL for a Dso value of 1.0 mm.

The recommended IL and IH values consider the scatter in the derived values for the 6-RS method,

recognising that a spread in derived values may not fully represent a spread of & values for in situ
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conditions. Note that the derived values from the 8-RS method fall within a relatively narrow range of
Dso (i.e. = 0.1 mm to = 0.4 mm). These values show no significant trend with Dso, i.e. other soil and
laboratory factors probably dominate the results. The recommended IL and IH values also consider the
limited site specific data for Dso values in the range 0.4 mm to 1 mm, where 1 mm represents a high
value for the HKN WFZ. The associated uncertainty is incorporated by broadening the indicative ranges
for 6 as Dsg increases.
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The recommended IL, IM and IH values include higher limits (dmax). These limits are equivalent to values
for effective angle of internal friction at large strain (soil/ soil) according to Section 4.11, i.e. for a shear
zone away from the steel-soil interface. In this regard, it can also be noted that the definition for indicative
values specifically excludes (chemical) soil-steel bonding.

Plate B.12-2 shows a comparison of derived values for the 8-RS, 6-Dso and &-pile methods, for site-wide
comparison. The LE, BE and HE values are also shown per method. The BE values for the 6-Dso derived
values are approximately 6 % higher than the BE values for 6-RS method. However, any direct
comparison between the two methods would be biased, as the narrow range of Dsg values for the 8-RS
method (i.e. 0.1 mm to 0.4 mm) represents a subset of the relevant sample data collected for the
HKN WFZ (Dso range from about 0.1 mm to 1 mm). Note that the 8-RS method is designed for testing
coarse grained cohesionless soils up to Dsp values of about 0.3 mm (Fugro, 2019b). Results from tests
performed on soils that fall outside the specified range should be regarded with caution.

The 3-RS , 8-Dso and 3-pile methods indicate no dependence on ¢’,, for their derived values, i.e. no
trend with depth.

No significant variation was observed between individual CPT groups for 6 values derived from the
0-RS and 8-Dso methods.

An important consideration is that the presented indicative and derived values apply to steel surface
within a specific range of roughness Ra.

No correlations for interface friction angle based on CPT data are considered. Such correlations would
typically require a high accuracy for interpretation ¢',,, which cannot be achieved in practice (e.g. Yu
and Yang, 2012).

Installation of steel in soil can affect 6. For example, White and Bolton (2002) observed high particle
breakage in a narrow shear zone surrounding the pile shaft during installation of steel piles. Particle
crushing/breakage can cause local, hon-uniform changes to the particle size distribution of soils and
thereby the corresponding Dsp values. In addition, a shear zone can include multiple source materials,
for example by downdrag of clay during pile installation in layered soils. Multiple source materials can
result in lower and higher values of 6, compared to in situ conditions.

Note that the parameter definition is for sand with percentage fines of < 15 %, as discussed in
Section 2.4.2.
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4.13.3.2

4.13.3.3

4.13.3.4

414

4.14.1

Laboratory 8-Dso method

The 8-Dso method (Plate B.12-2) relies on the results of direct shear and ring shear tests carried out for
12 types of sands, varying in angularity, and for a roughness of steel R, as indicated in Table 4.13.3.
The influence of factors such as normal effective stress (minimal influence), relative density (no
significant influence) and particle size was studied.

The equation presented in Table 4.13.1 was derived by curve fitting of information presented by Jardine
et al. (1993), with b =22.7 and ¢ =-0.15.

The method includes an upper limit of @’y for the 12 types of sands tested (i.e. ¢y =34.5° +/- 2°) . Site-
specific upper limits of 6 are recommended.

Laboratory 6-RS method

The database for the HKN WFZ includes laboratory results for 103 soil-steel ring shear tests. A total of
51 of the 103 test specimens met the criteria for the 8-RS method (i.e. percentage fines of < 15 % and
0 > 169) for derived values and were used in the statistics.

The site-specific database covers ¢',, values ranging from 85 kPa to 600 kPa, with no trend of 6 with ¢”,,.

Surface roughness, particle geometry and gradation are the primary factors influencing the shearing
response of soil for soil-steel ring shear tests (e.g. Han et al., 2018). Han et al. (2018) found that
0 increases with increase in normalized roughness coefficient R, = Ra/ Dso until a threshold R, value in
the 0.04 to 0.05 range. Checks on the site-specific data for & indicated no significant dependencies with
parameters of R, and R,. This is probably because of the limited range of roughness coefficients for
these tests (Ra from 3 um to 12.5 ym) relative to general data scatter.

Han et al. (2018) concluded that & increases for more angular and more elongated patrticles.

Empirical &-pile method

The &-pile method considers a single value of & = 29° for steel pipe piles installed by impact driving in
silica sands and silts, independent of particle size distribution. The roughness of steel is implicit, i.e. that
commonly applicable to unpainted steel pipe piles after pile installation. A lower value of & applies to
gravelly soil.

The &-pile method is part of a calculation model used by industry for design of piles and thus incorporates
influences from pile installation.

Constrained Modulus

Indicative Values

Table 4.14.1 and Plate B.13-1 present indicative values of constrained modulus M for clay. The values
presented in the table allow calculation of M values per CPT.

Plate B.13-1 also includes results of data pairing of derived values for M according to the M-lab method
and the M-gn method presented in Table 4.14-3.
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Table 4.14.2 shows the parameter attributes for the indicative values.

Table 4.14.1: Indicative Values — Constrained Modulus

Equation Input Parameter Value

Indicative Low IL | Indicative Mean IM Indicative High IH
M=b-q, b =125 b = 8.25 b =16.5

an An n
Note(s):

m Calculated indicative values for M apply to CPT derived values of Qi lower than 60 and CPT derived values of I, > 2.2
for depths z between 2 m and 7.5 m BSF, I, > 2.3 for depths z between 7.5 m and 20 m BSF, I, > 2.4 for depths z
between 20 m and 30 m BSF and I, > 2.5 for depths z between 30 m and 40 m BSF

m (IS net cone resistance and |, is soil behaviour type index

Table 4.14.2: Parameter Attributes for Indicative Values — Constrained Modulus

Parameter Attribute

Description

Parameter definition

Constrained modulus M = §o,, /8¢, , where do’vis small change in
effective vertical stress oV and Je is the corresponding change in
vertical strain & for a horizontal strain én =0

Monotonic strain rate equivalent to a change in pore pressure ratio
Aru=Au | ovo = 0.01 (practically drained conditions), where ru = u / oo,
Au is change in pore pressure u and oo is total in situ vertical stress
Fine-grained, cohesive soils represented by soil behaviour type index Ic
according to Table 4.3.2 and normalised cone resistance Qm lower than
60

In situ conditions applicable at the time of site investigation

Nominal 1 m vertical averaging, to account for some measure of spatial
soil variability and averaging effects

IL IM IH values

Applicable
Equations according to Table 4.14.1 with site-wide application

Data points/ statistics

gn and Ic consider y = 19.7 kN/m3
Refer to Comments on Results, below

Interpretation/ integration

General comparison of values derived from multiple methods; data
pairing

Judgement supported by theoretical considerations related to
depositional setting, overconsolidation mechanisms and soil mechanics
principles

Refer to Comments on Results, below

4.14.2 Derived Values

Tables 4.14.3 shows parameter attributes.

Table 4.14.3: Parameter Attributes for Derived Values — Constrained Modulus

Parameter Attribute

Description

Default method

CPT-based M-gn method (M = 8.25 - q,,) for constrained modulus M
according to Kulhawy and Mayne (1990)

Supplementary (main) input parameter(s): CPT cone resistance gn
Refer to document titled “Cone Penetration Test Interpretation”
presented in Appendix 1
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Parameter Attribute Description
Supporting method (1) m Laboratory M-CRS method for constrained modulus M according to ISO
(2014)

m Laboratory consolidation on laterally restrained, homogenous test
specimen obtained from undisturbed sample of fine grained, cohesive
soil; no specific measures for saturation of test specimen

m Test specimen orientation is such that applied compression of soil is
vertically downwards
Compression of test specimen by constant rate of strain (CRS)
Values of M derived from initial recompression of test specimen at
approximate stress level equivalent to effective in situ vertical stress
o\vo, attemperature of about 20°C
Supplementary (main) input parameter(s): ovo
Refer to document titled “Geotechnical Laboratory Tests” presented in
Appendix 1

Supporting method (2) m Laboratory M-INC method for constrained modulus M according to 1ISO
(2014)

= Laboratory consolidation on laterally restrained, homogenous test
specimen obtained from undisturbed sample of fine grained, cohesive
soil; no specific measures for saturation of test specimen

m Test specimen orientation is such that applied compression of soil is
vertically downwards
Compression of test specimen by incremental loading (INC)

Values of M derived from initial recompression of test specimen at
approximate stress level equivalent to effective in situ vertical stress
ovo, attemperature of about 20°C

Supplementary (main) input parameter(s): ovo

Refer to document titled “Geotechnical Laboratory Tests” presented in
Appendix 1

Data points/ statistics » Data pairing of derived values according to the default method and
derived values according to the supporting method
m Refer to Comments on Results, below

LE BE HE values = Not applicable

Interpretation/ integration m Check for laboratory specimen homogeneity
Refer to Comments on Results, below

4.14.3 Comments on Results

4.14.3.1 General

The parameter definition is for clay, as discussed in Section 2.4.2.

In practice, both CPT-based methods and laboratory methods will provide a relatively wide range of
values, as presented in Plate B.13-1. This is reflected in the selection of IL, IM and IH values. The range
between IL and IH values can be expressed as IH = 13.3 IL for a given value of gn. Reasons for this
relatively wide range include:

m CPT-based correlations for soil stiffness showing increased uncertainty compared to CPT-based
correlations for soil strength;

m Laboratory database values typically relying on compression testing (oedometer testing) on laterally
restrained soil specimens, with inherent, significant uncertainties for test interpretation for laboratory
conditions as well as for estimates of in situ conditions.
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4.14.3.2

IL, IM and IH values calculated according to Table 4.14.1 should be considered for depth intervals
exceeding 0.2 m and where values of g, do not vary by more than about +/- 15 % over that interval.
Appropriate caution is necessary for depth intervals of < 0.2 m, as thin-layer effects may apply to the
CPT data (e.g. Boulanger and DeJong, 2018).

It is noted that interbedded clay/ sand layers, such as present at the HKN WFZ, can significantly affect
the uncertainty of CPT cone resistance . and thus net cone resistance g». Guidance on CPT parameter
uncertainty is included in Section 4.3.2.2.

The recommended IL, IM and IH values are based on the presented M-gn method for derived values.
The factor b accordingto M = b - q,, includes accounting for transformation of laboratory strength values
to in situ strength values. Note that the M-gn method represents a correlation between CPT data and
laboratory values (not in situ values).

Values of M will be influenced by strain rate because of secondary compression (or creep) effects. These
effects are assessed to be negligible for the overconsolidated stress state of the in situ clays at the
HKN WFZ.

Comments on data pairing are as follows:

m Laboratory test data were considered as unreliable, because of low sample quality index. However,
they are chosen as primary due to uncertainty of CPT methods;

m Laboratory test specimens are usually selected from the more cohesive, homogeneous parts of
samples, particularly where soil conditions are not uniform;

m Selection of CPT values for comparison with the laboratory data focused on:
o CPT/borehole proximity;
o Use of CPT data showing the lower g, values and relatively high I; values, thereby accounting

for the expected bias in selection of the laboratory test specimens;

o Allowance for small (< 1 m) depth offsets between nearby CPT and sample borehole locations.

M-gn method

The M-gn method relies on undrained (total stress) soil response during cone penetration in clay soil, for
estimation of drained (effective stress) soil stiffness. This limitation is partially accounted for by the
combination of the CPT parameters qc and uz, where u; provides an approximate indication for effective
stress conditions around the cone penetrometer.

Kulhawy and Mayne (1990) suggested the general value of 8.25 for M = «; - q,, . This value is based
on fitting of high quality cone resistance data with laboratory-derived values of M from 12 test sites.

Mitchell and Gardner (1975) used cone resistance (. instead of g,. Based on work from Sanglerat (1972),
they presented ranges of a,, values depending on the plasticity of a wide range of fine grained and
organic soils. For HKN WFZ most clays are of low plasticity, for which Mitchell and Gardner (1975)
suggest values of ¢, in the range of 1 to 8 depending on the qgc value. For the few highly plastic clays
of HKN WFZ, Mitchell and Gardner (1975) suggest o, values between 2 and 6. However, it should be
noted that the database that was used by Mitchell and Gardner (1975) included values obtained from
various mechanical and electric cone penetrometers of different geometries and test procedures.
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4.14.3.3

4.14.3.4

4.15

4.15.1

Based on a database including different soil types, Mayne (2007) suggested a general ¢, value of 5,
which can however be taken as low as 1 for organic plastic clays and as high as 20 for cemented clays.

Robertson (2009), based on an unpublished database of CPT and laboratory results from 13 clay sites,
suggested that for relatively soft fine grained soils with values of Q,,, < 14, a,, can be taken as equal to
Qu, while for stiffer fine-grained soils (Q., = 14) a limiting value of 14 should apply. These values are
generally in reasonably good agreement with the recommended range of IL and IH values.

M-CRS method

The database for the HKN WFZ includes laboratory results from 13 CRS oedometer tests on fine grained,
cohesive soil, for the depth range 0 to 40 m BSF. Test specimens containing visible sand laminations
or sand pockets were excluded from the procedure, thus reducing the database to 7 oedometer tests.

High class samples should be typically used for the determination of M. The intact sample quality of
more than half the specimens (i.e. 4 out of 7 tests, as presented in Plate B.13-1) is quite low. In general,
the presented laboratory classifications for SQD Ae/eo and SQD ¢y should be used with caution, as most
of the test specimens are out of range for applicability in terms of overconsolidation ratio. Applicability
is described is the document titled “Geotechnical Laboratory Tests” presented in Appendix 1.

The inclusion of sand in laboratory specimens further increases the uncertainty in the obtained
laboratory results. Sand can increase compressibility and adversely affect (1) undisturbed sample
quality and (2) obtained M.

The difference in Ko conditions between in situ and laboratory influences results as K, - 6,9 # 0po-

Uncertainty in interpretation of preconsolidation for overconsolidated soils is discussed in Boone (2010).

M-INC method

The database for the HKN WFZ includes laboratory results from 4 INC oedometer tests on fine grained,
cohesive sail, for the depth range 0 to 40 m BSF. Test specimens containing visible sand laminations
or sand pockets were excluded from the procedure, thus reducing the database to 2 oedometer tests.

Refer to the comments on the M-CRS method for sample quality and applicability.

Coefficient of Permeability

Indicative Values

Recommended values for coefficient of permeability k for sand are:
m Indicative Low: k =1 -107® m/s
m Indicative Mean: k =3 -107% m/s

m Indicative High: k =1 - 1073 m/s

Plate B.14-1 presents indicative values of k versus depth.
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Table 4.15.1 shows the parameter attributes for the indicative values.

Table 4.15.1: Parameter Attributes for Indicative Values — Coefficient of Permeability
Parameter Attribute Description

Parameter definition m Coefficient of permeability k = v/i for laminar, horizontal flow in soil,
where v is discharge velocity and i is hydraulic gradient

m Coarse-grained, cohesionless soil with percentage fines of < 15 % and
soil behaviour type index Ic according to Table 4.3.2

m In-situ conditions applicable at the time of site investigation

IL IM [H values m Applicable, site-wide
Data points/ statistics m Graphical presentation of IL, IM and IH values versus depth BSF
Interpretation/ integration m General comparison of values derived from multiple methods

m Judgement supported by theoretical considerations related to soil
mechanics principles
m Refer to Comments on Results, below

4.15.2 Derived Values

Plates B.14-2 and B.14-3 present derived values for k according to the default laboratory-based
k-chre method and three supporting methods, as presented in Table 4.15.2. Plate B.14-2 presents also
indicative values for reference. Table 4.15.2 shows parameter attributes, including references to specific
types of information included on the plates.

Table 4.15.2: Parameter Attributes for Derived Values — Coefficient of Permeability

Parameter Attribute Description

Default method m Laboratory k-chrc method for k using rigid container apparatus for
constant head test according to ISO (2014) and based on BS 1377-
5:1990

m Coarse grained, cohesionless soil specimen with percentage fines of
< 15 %, reconstituted to estimated in situ unit weight y

m Value of k derived from v/i where v is discharge velocity and i is
hydraulic gradient

m  Supplementary (main) input parameter(s): y

m Refer to document titled “Geotechnical Laboratory Tests” presented in
Appendix 1

Supporting method (1) m Laboratory k-chim method for k using flexible membrane triaxial
apparatus for constant head test according to ISO (2014) and based on
BS 1377-6:1990

m Coarse grained, cohesionless soil specimen with percentage fines of
< 15 %, reconstituted to estimated in situ unit weight y

m Value of k derived from v/i where v is discharge velocity and i is
hydraulic gradient

= Supplementary (main) input parameter(s): y, oo and oo, where g'\o is
effective in situ vertical stress and oo is effective in situ horizontal
stress

m Refer to document titled “Geotechnical Laboratory Tests” presented in
Appendix 1
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Parameter Attribute Description
Supporting method (2) m Laboratory k-D1o method according to Hazen (1892)
m Coarse grained, cohesionless soil specimen with percentage fines of
<15%

= Supplementary (main) input parameter(s): Dio and Cn, where Dio
represents a particle diameter for which 10 % of the dry mass of ground
has a smaller particle diameter, and Cuis an empirical coefficient

m Refer to document titled “Geotechnical Laboratory Tests” presented in
Appendix 1

Supporting method (3) m CPT-based k-Ic method for coefficient of permeability k according to
Robertson (2010) for soil behaviour type index Ic according to sands of
Table 4.3.2

m  Supplementary (main) input parameter(s): soil behaviour type index I¢

m Refer to document titled “Cone Penetration Test Interpretation”
presented in Appendix 1

Supporting method (4) m CPT-based k-tso method for coefficient of permeability k according to
Parez and Fauriel (1988)

m Pore pressure dissipation in sandy soils for Ic according to Table 4.3.2
and for t5o < 30 s, where tso is time for 50 % dissipation of excess pore
pressure (uz — uo) at the CPT uzlocation of a cone penetrometer (ISO,
2014), where uz is CPT pore pressure and uo is equilibrium in situ pore
pressure

= Supplementary (main) input parameter(s): uz, Uo

m Refer to document titled “In Situ Pore Pressure Dissipation Test”
presented in Appendix 1

Data points/ statistics m Presentation site-wide

m Data pairing of derived values

m Graphical presentation of derived values combined with indicative
values versus depth BSF, refer to Plate B.14-2

m Graphical presentation of derived values versus depth BSF, refer to
Plate B.14-3

m Mean value statistics based on Central Limit Theorem and Student’s t

distribution, performed for the whole depth range between 2 m and 40 m

BSF, separately for the k-chrc method, the k-Dio method and the

k-lc method

Data outliers excluded from statistics

Refer to Comments on Results, below

LE BE HE values Applicable, BE values

Graphical presentation showing BE values according to k-chrc method,

k-lc method and k-Dio method versus depth BSF, refer to Plate B.14-3

Interpretation/ integration m General comparison of values derived from multiple methods

m Check for laboratory specimen homogeneity and CPT layer uniformity,
where applicable

m Refer to Comments on Results, below

4.15.3 Comments on Results

4.15.3.1 General

The parameter definition is for sand with percentage fines of < 15 %, as discussed in Section 2.4.2. It is
emphasised that soil permeability has significant dependence on percentage fines, as indicated by soil
behaviour type Ic used in the k-lc method.

The recommended IL, IM and IH values are for site-wide application. The available data do not provide
sufficient support for IL, IM and IH values per CPT group or per soil unit.
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The recommended IL and IH values consider the scatter shown in the derived values for the
k-chre method and the k-D1o method, recognising that a spread in derived values for a specific laboratory
test method may not fully represent a spread of k values for in situ conditions. The range between IL
and IH values can be expressed as [H = 1000 - IL.

The data scatter for the k-D1o method shows a relatively narrow range compared to the range of values
for the k-chrc method. This is according to expectations, considering the applicability of the k-D1o method
discussed below.

The data scatter for the k-lIc method is higher than that for the k-ch,c method, with significant overlap.
For example, the lower values for the k-lc method are lower than the BE values for the k-chr. method.
The available data do not allow for definitive conclusions in this regard.

Plate B14-3 presents BE values. No LE and HE values are presented, as a normal distribution
(Section 2.2.3) would provide values well away from expected ranges.

Plates B.14-3 excludes derived values and BE values for the k-chm method, as these values are:

m Consistently and significantly lower than for the k-chic method;
m Lower than expected for the sands of the HKN WFZ;
m  Out of trend with the other methods for derived values.

The k-tso method shows values that are:

m Lower than expected for the sands of the HKN WFZ;
m Out of trend with the other methods for derived values.

Plate B.14-4 includes a site-wide comparison of paired derived values of k with D1, considering a total
of 260 locations:

33 values of k according to the k-chrc method;
121 values of k according to the k-Dio method;
220 values of k according to the k-Ic method;

1 value of k according to the k-tspo method.

The data points for the k-chrc method show a weak trend of k with Do, i.e. R2=0.34 where R? is a
statistical coefficient of determination. The shape of the trend line broadly agrees with the k-D1o method.
The k values for the k-chrc method are lower than those for the k-Dio method. The k values for the
k-lc method show relatively wide scatter and no trend with Dio.
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4.15.3.2

Plate B.14-4 also includes a site-wide comparison of paired derived values of k with I¢, considering a
total of 264 locations:

37 values of k according to the k-chrc method;
90 values of k according to k-D1o method;
264 values of k according to the k-Ic method;
3 values of k according to the k-tso method.

The data points for the k-chrc method, the k-Dio method and the k-tso method show no evidence for a
trend of k with I suggested by the k-lc method. The available data do not allow for definitive conclusions
in this regard.

Comments on data pairing methodology are as follows:

m Selection of laboratory D1 values for comparison of the k-chrc, k-lc, k-D1o, and k-tso methods:

o Proximity of particle size distribution results within 1.0 m of required location data points;

o Exclusion of paired data points for which particle size distribution results showed a fines content
greater than 15 %;

o Selection of k - I data-pairing points based on proximity of borehole sample to CPT location;

m Selection of CPT I; and tso values for comparison of the k-chrc, k-I¢, k-D1o and k-tso methods:

o Proximity of CPT location to main borehole sample;

o Ic values for the k-chre, k-lc, and k-Dio methods based on the lower-end range of I values within
a depth interval of 0.5 m, to account for bias of selected laboratory specimens towards
homogenous “ideal” conditions;

o Ic values for the dissipation-based k-tso method based on averaging across a more restricted
depth interval of 0.20 m, accounting for general soil variability along a cone penetrometer
between the pore pressure filter and the cone tip;

o General evaluation of available CPT data for soil uniformity/variability.

Laboratory k-chrc method

The database for the HKN WFZ includes derived values for k for 46 laboratory tests meeting the criteria
for the k-chre method and showing values within the expected range of k (107 m/s to 102 m/s) for sandy
soils. The criterion for percentage fines of < 15 % was applied by considering particle size distribution
results obtained for soil specimens within 1.0 m of the specimen reconstituted for the rigid container
method.

The applicability of a rigid container method for constant head permeability testing (e.g. BS 1377-5:
1990) is typically for coefficients of permeability within the range of 10®° m/s to 102 m/s and for
specimens with a percentage fines of less than 10 %. A total of 12 of the 46 test specimens showed
derived values for k that were lower than 105 m/s, of which 3 also showed fines percentages between
10 % and 15 %. A further 3 of the 46 test specimens had fines percentages between 10 % and 15 %
and showed derived values of k within the range of 10> m/s to 102 m/s.

The use of a rigid container implies an interface zone for soil close to the container. The local
permeability of this zone can differ from the permeability of the specimen away from the interface zone.
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4.15.3.3

It is assessed that this effect is minor, considering the general particle size distributions for the sandy
soils of the HKN WFZ.

The k-chrc method is sensitive to specimen particle size distribution. For example, higher percentage
fines and/or lower Do values should give lower values of k. Such sensitivity may be obscured by general
scatter of a dataset, as is the case for the database for the HKN WFZ.

The process of sampling, sample handling and specimen preparation will increase the percentage fines
and decrease Dio values compared to in situ conditions. This effect is assessed to be minor.

The k-chre method is sensitive to specimen unit weight y (or void ratio e), i.e. k values should be higher
for higher values of e and lower values of y. Plate B.14-5 compares probability density functions for
general laboratory-derived y values for sands and clays (Section 4.2) with y values applicable to the
constant head permeameter test results considered for the k-chre method. It can be seen that a majority
of the y values for the k-chr. method plot close to the statistical mean of the general laboratory-derived
y values.

The method of specimen reconstitution affects the results from the k-chre method. The test data for the
HKN WFZ were acquired for specimen reconstitution by moist tamping. This method of specimen
reconstitution potentially increases derived values of k compared to intact specimens. In general,
reconstituted specimens exhibit particle arrangements (i.e. fabric) which differ from the soil fabric of
intact specimens. This can be attributed to the process of in situ deposition which cannot be sufficiently
replicated by moist tamping techniques.

The k-chre method includes procedures aimed at achieving a water content of the test specimen that
would approach that for saturated conditions. Saturation will probably not be achieved with these
procedures. It can be expected that a partially saturated test specimen will show a lower k value than a
saturated test specimen.

The k-chre method provides derived values for k for a temperature of 20 °C. The effect of temperature
on permeability is assessed to be minor. For example, k would reduce by less than 50 % if soil

temperature would reduce from 20 °C to 10 °C, based on viscosity considerations for sea water.

Laboratory k-chim method

The database for the HKN WFZ includes derived values for k for 5 laboratory tests using triaxial test
specimens constrained by a flexible membrane. None of the test results met the criteria for the
k-chm method, i.e. values within the expected range of k (107 m/s to 102 m/s) for sandy soils and
percentage fines of < 15 %. The percentage fines criterion was applied by considering particle size
distribution results obtained for soil specimens within 1.0 m of the specimen reconstituted for the flexible
membrane method.

No results are presented.
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4.15.3.4 Laboratory k-Dio method

The k-D10 method gives coefficient of permeability according to k = CyD;,%, where k is in m/s for a water
temperature of 10°C, Cy is the Hazen empirical coefficient typically assumed to be 10* m~ts~1, and Do
is particle diameter for which 10% of the dry mass of ground has a smaller particle diameter in metres
(Carrier, 2003).

The assumed value for Cy is assessed to be reasonable for the sandy soils of the HKN WFZ, as further
discussed below.

The applicability of the method is constrained by a uniformity coefficient C,, < 5 and a D1, value within
the range of 0.1 mm to 3 mm, as the k-Dio method was based on a study involving loose, clean, filtered
sands. A total of 114 derived values of k were extracted from the HKN database, considering the
applicability criteria and a percentage fines of < 15 %.

The k-D1o method is a widely-recognized relation for coefficient of permeability, but limited in its accuracy
due to variability of Cy and a single input parameter (D1g). Carrier (2003) indicated Cy ranging between

102 mis? and 105 mis?,

Chapuis (2004) incorporated the influence of void ratio e in a D1 correlation:

3 107825
1+ e]

k = 0.024622 [Dwz

where k is in m/s and Do is in millimetres. Evaluation of this method for the paired data set showed
general agreement with the k-D1o method, i.e. slightly higher values of k.

Carrier (2003) proposed a modified Kozeny-Carman equation:

k =1.99-10? / 100% \2 <%) : [67
k{z [(Dlio'wﬁDsio'sgs)]}}

3
a+ e)]
where k is in m/s, SF is a particle shape factor, and e is void ratio. Within a particle diameter range i: D;;

is the upper particle diameter limit in centimetres, Ds; is the lower particle diameter limit in centimetres,
and f; is a fraction by dry mass of particles between Ds; and Dy based on particle size distribution.

The modified Kozeny-Carman equation for paired data set showed general agreement with the
k-D1o method for the paired data set, i.e. slightly lower values of k and, as expected, a wider scatter of
results, for the following input parameter values:

m  Firstrange: f; = % silts; D;; = 0.0063 cm; Dy, = 0.0002 cm; SF = 7.5;

m  Second range: f, = % sands; D;, = 0.20 cm; Dy, = 0.0063 cm; SF = 7.5;
m Void ratio e applicable to the test specimens for the k-chrc method (paired data set).
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4.15.3.5

4.15.3.6

The multiple input parameters for the modified Kozeny-Carman equation potentially allow for refinement
of derived values of k.

CPT-based k-Ic method

The k-lc method provides derived values of k according to the following equation proposed by Robertson
(2010):
k = 100952=3.041) for 1.0 < I, < 3.27

where k is in m/s.

The presented values of k according to the k-lc method consider the lower cut-off value of Ic = 1 and the
higher sand I; values of Table 4.3.2.

The k-lc method considers general principles of soil mechanics and the presumption that k would
generally decrease with increasing l.. Note that the proposed equation provides an approximate
estimation of permeability based solely on CPT data. No use is made of more direct, in situ test methods
for k. Fine tuning of the k-lc method to site-specific conditions is assessed to offer no significant
improvement of reliability of the method.

CPT-based k-tso method

The k-tso method according to Parez and Fauriel (1988), gives values of permeability according to
k=0.01-(251-t5,) %>, where k is in m/s and ts is in seconds (Mayne et al., 2002).

The database for the HKN WFZ includes results of 63 pore pressure dissipation tests performed with a
cone penetrometer with a cross sectional area of 1500 mmZ2. Results for a total of 35 tests provide
derived values for tso of less than 30 seconds. A total of 21 test results meet the criteria for the
k-tso method in terms of both tso and Ic.

The tso limit of 30 seconds corresponds with k = 1.4- 1077 m/s, according to the k-tso method, i.e.
approximates a lower limit for k for sandy soils (e.g. Mayne et al. 2002). Note that the k-tso method gives
k=56-10""m/sfortsp=10s, k=1.0-105m/sfortsp=1s,and k = 1.8-10"* m/s for tso = 0.1 s.

The derived values for k according to the k-tso method are assessed to be unreliable for the sandy soils
of the HKN WFZ. Reasons include:

m Cone penetration under drained conditions would render tso = O; this is a common scenario not
covered by the k-tso method;

m  The k-tso method is sensitive to short pore pressure dissipation times, with the zero reference for tso
is sensitive to the time required for actual interruption of the penetration (in the order of 1 s);

m CPT data acquisition takes place at 1 Hz, thus introducing uncertainties for tso of, say, less than a
few seconds;

m The pore pressure distribution around a cone penetrometer during penetration and a subsequent
penetration interruption in sandy soils is sensitive to a range of factors (e.g. Peuchen and Terwindt,
2014):

o Soil variability around the cone penetrometer;
o Minor variations in penetrometer geometry;
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4.16

4.16.1

o Air trapped in the gap between the cone and the friction sleeve;
o Low values of excess pore pressure relative to pore pressure uz.

Derived values of tso can provide an indication for a shift between partially drained and undrained
behaviour during cone penetration. Robertson et al. (2015) and DeJong et al. (2013) propose tso values
of 30 s and 100 s for this shift point, respectively. Note that these tso values apply to a cone penetrometer
with a cross sectional area of 1000 mm?2.

Shear Modulus at Small Strain

Indicative Values

Table 4.16.1 and Plates B.15-1 to B.15-4 present indicative values for shear modulus at small strain
Gmax for all ground types. The values presented in the table allow calculation of Gmax values per CPT.

Table 4.16.2 shows the parameter attributes for the indicative values.

Table 4.16.1: Indicative Values — Shear Modulus at Small Strain

Equation Input Parameter Value

Indicative Low IL Indicative Mean IM Indicative High IH
Gmax =b-1.634- (qc)O‘Zs . (0;0)0‘375 Jec, ovo Jec, ovo Jc, o\vo
b=c-(1+4-B,) c=05 c=1 c=2

Bq Bq Bq
bmin =d d=0.5 d=1 d=2
bmax = € e=15 e=3 e=6
Note(s):

m Calculated indicative values apply to depths between 2 m and 40 m BSF

m  bminrepresents a limiting value for b, i.e. b = b, if the value calculated by b=c - (1 +4 - B,) s less than bmin

m  Dbnarepresents a limiting value for b, i.e. b = bmax if the value calculated by b=c - (1 +4 - B) is greater than bmax

m  Gnax is shear modulus at small strain in MPa, g. is cone resistance in kPa, o' is effective in situ vertical stress in kPa
and B, is pore pressure ratio

Table 4.16.2: Parameter Attributes for Indicative Values — Shear Modulus at Small Strain
Parameter Attribute Description

Parameter definition m Shear modulus at small strain in the vertical plane Gmax = 7 / y, Where t
is shear stress and y is shear strain for y < 107°

All ground types

In situ conditions applicable at the time of site investigation

Nominal 1 m vertical averaging, to account for some measure of spatial
soil variability and averaging effects

IL IM IH values = Applicable

Equations according to Table 4.16.1 with site-wide application

Data points/ statistics » Graphical presentation of IL, IM and IH values versus depth for each
typical CPT profile per CPT group
m 0%, Bgand Ic consider y = 19.7 kN/m?3

Interpretation/ integration m General comparison of values derived from CPT-based and laboratory
methods

= Judgement supported by theoretical considerations related to
depositional setting, overconsolidation mechanisms and soil mechanics
principles

m Refer to Comments on Results, below

Fugro Document No. P903749/06 (7) Main Text Page 70





-l"unnn

HOLLANDSE KUST (NOORD) WFZ - DUTCH SECTOR, NORTH SEA

4.16.2 Derived Values

Plates B.15-5 to B.15-52 present derived values for Gmax for CPT-based and laboratory test methods
according to Table 4.16.3. The plates apply to the HKN WFZ locations that include boreholes with
sampling. Plates B.15-5 to B.15-8 present also indicative values for reference.

Table 4.16.3: Parameter Attributes for Derived Values — Shear Modulus at Small Strain

Parameter Attribute

Description

Default method

CPT-based Gmax-gc-0’vo method for shear modulus at small strain Gmax
according to Rix and Stokoe (1991)

Supplementary (main) input parameter(s): soil type (sand), CPT cone
resistance gc and effective in situ vertical stress oo

Refer to document titled “Cone Penetration Test Interpretation”
presented in Appendix 1

Supporting method (1)

CPT-based Gmax-gc method for Gmax according to Mayne and Rix (1993)
Supplementary (main) input parameter(s): soil type (clay) and gc

Refer to document titled “Cone Penetration Test Interpretation”
presented in Appendix 1

Supporting method (2)

CPT-based Gmax-SCPT method for shear wave velocity (vs) derived from
SCPT-based seismic downhole testing according to ISO (2014),
combined with a theoretical model Gp,q, = p * v2 for Gmax in kPa, vs in
m/s and density of ground p in Mg/m3

Supplementary (main) input parameter(s): p

Refer to document titled “Seismic Cone Penetration Test and Seismic
Downhole Test in Borehole” presented in Appendix 1

Supporting method (3)

Laboratory Gmax-RCrec method for Gmax from resonant column tests
according to ISO (2014)

Coarse grained, cohesionless soil specimen, reconstituted to estimated
in situ soil unit weight y

Isotropic compression of test specimen to estimated value of mean
effective in situ stress (oo + 20 o) / 3, where oo is effective in situ
horizontal stress

Value of Gmax derived from torsional resonance frequency related to
column stiffness using a theoretical elastic solution, at temperature of
about 20 °C

Supplementary (main) input parameter(s): y, ovo and d’ho

Refer to document titled “Cyclic and Dynamic Laboratory Tests”
presented in Appendix 1

Supporting method (4)

Laboratory Gmax-RCint method for Gmax from resonant column tests
according to ISO (2014)

Homogeneous test specimens from intact samples of fine grained,
cohesive soll

Recompression of test specimen to estimated values of oo and oo
Value of Gmax derived from torsional resonance frequency related to
column stiffness using a theoretical elastic solution, at temperature of
about 20 °C

Supplementary (main) input parameter(s): ovoand o

Refer to document titled “Cyclic and Dynamic Laboratory Tests”
presented in Appendix 1

Supporting method (5)

Laboratory Gmax-BErec, txc method for Gmax from piezoceramic bender
elements (BE) on triaxial test specimens, according to ISO (2014)
Coarse grained, cohesionless soil specimen, reconstituted to estimated
in situ soil unit weight y

Isotropic compression of test specimen to estimated value of effective
in situ stress (oo + 20’ ho) / 3, where oo is effective in situ horizontal
stress
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4.16.3

4.16.3.1

Parameter Attribute Description

m Shear wave velocity (vs) derived from measurement of time and distance
and from interpretation of first arrivals of acoustic signals at optimal
frequency (f), at specimen temperature of about 20 °C

= Value of Gmax derived from vs, combined with a theoretical model G,,,, =
p - v for Gmax in kPa, vs in m/s and density of ground p in Mg/m?3

= Supplementary (main) input parameter(s): p, 0o, choand f

m Refer to documents titled “Geotechnical Laboratory Tests” and “Cyclic
and Dynamic Laboratory Tests” presented in Appendix 1

Supporting method (6) » Laboratory Gmax-BEmT.mxc method for Gmax from piezoceramic bender
elements (BE) on triaxial test specimens, according to ISO (2014)

m Laboratory homogeneous test specimens from intact samples of fine
grained, cohesive soll
Recompression of test specimen to estimated values of oo and oo
Shear wave velocity (vs) derived from measurement of time and distance
and from interpretation of first arrivals of acoustic signals at optimal
frequency (f), at specimen temperature of about 20 °C

m Value of Gmax derived from vs, combined with a theoretical model G4, =
p - v2 for Gmax in kPa, vs in m/s and density of ground p in Mg/m?
Supplementary (main) input parameter(s): oo, 0hoand f
Refer to documents titled “Geotechnical Laboratory Tests” and “Cyclic
and Dynamic Laboratory Tests” presented in Appendix 1

Data points/ statistics = Graphical presentation of derived values combined with indicative values
versus depth BSF, refer to Plates B.15-5 to B.15-8

m Graphical presentation of derived values versus depth, refer to Plates
B.15-9 to B.15-52

m Refer to Comments on Results, below

LE BE HE values = Not applicable

Interpretation/ integration m General comparison of values derived from multiple methods
Check for possible outliers
m Refer to Comments on Results, below

Comments on Results

General

The IL, IM and IH values are broadly proportional to b, i.e. IH =4 IL for a given set of qc, 0o and By
The recommended values for b are based on judgement, supported by the scatter of derived values for
Gmax for the methods listed in Table 4.16.3, the general high uncertainty associated with those derived
values and recommendations by Rix and Stokoe (1991).

The recommended IM values are generally according to the default method for derived values, i.e. the
CPT-based Gmax-(c-0'vomethod. This implies a factor b= 1, because Bq=0 for sandy soils of the
HKN WFZ and Bq values are typically less than 0.4 for the clayey soils of the HKN WFZ.

The CPT-based Gmax-gc-0'vo method applies to sands. The B4 modification for the IL, IM and IH values
accounts for clayey soils and thus allows the use of a single set of CPT-based equations for sands and
clays. The B4 modification was checked against derived values of Gmax according to Gmax-gc method for
the clayey soils of the HKN WFZ. Reasonable agreement was found; Plate B.15-53 shows Gmax Values
corresponding to IM, Gmax values obtained with the Gmax-gc-0'vo method and Gmax values obtained with
the Gmax-0c method for two selected 1 m clayey intervals for the typical CPT profiles of Groups G3 and
G4.). Note that cone penetration in clays is typically partially drained or undrained compared to drained
cone penetration for sands. The partially drained or undrained CPT response reduces the influence of
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4.16.3.2

4.16.3.3

4.16.3.4

soil density on Gmax compared to CPT results for sands. The By modification provides an approximate
correction for this influence.

The database for the HKN WFZ includes derived values of Gmax according to multiple CPT-based and
laboratory methods. The general scatter of derived values is according to expectations (e.g. Peuchen
et al., 2002). Darendeli (2001) indicated that laboratory values can be lower than values derived from
in situ acoustic signals (e.g. seismic cone penetration test SCPT). No such trend was found for the HKN
WFZ database.

The derived values of Gmax presented on Plates B.15-9 to B.15-52 apply to the HKN WFZ locations that
include boreholes with sampling, i.e. not per CPT group. This is assessed to provide adequate clarity,
as the database for the HKN WFZ shows no evidence for a significant trend of derived values of Gmax
with CPT groups.

CPT-based Gmax-Qc-0’vo method

Rix and Stokoe (1991) proposed an empirical relationship to correlate Gmax to gc and o’o. The method
relies on the results of CPTs performed in calibration chambers on a range of reconstituted specimens
of uncemented quartz sands. The Gmax-gc-0’vo method is a modification of a correlation proposed by
Baldi et al. (1989).

Both Gmax and qc, are significantly correlated to soil density (soil strength) and confining pressure.
Nevertheless, any CPT-based correlation for Gmax Will include uncertainties related to differences
between large-strain soil behaviour (gc) versus small-strain soil behaviour (Gmax)-

An advantage of the CPT-based method is its simplicity and adaptability. The equation allows for
refinement and adjustment to include specific depth ranges, density ranges, geologic origin and
mineralogy. Rix and Stokoe (1991) suggested a dependency of approximately +/- 50 % for sand type,
for a comparison under reconstituted sample conditions.

CPT-based Gmax-0c method

Mayne and Rix (1993) proposed an empirical relationship to correlate Gmax to gc for clayey soils.

As for the Gmax-0c-0'vo, the Gmax-gc method will include uncertainties related to differences between large-
strain soil behaviour (qc) versus small-strain soil behaviour (Gmax).

CPT-based Gmax-SCPT method

The HKN WFZ database includes SCPT results for twenty-three test locations.

Uncertainties for the Gmax-SCPT method include (e.g. Gibbs et al., 2018):

m Travel paths of acoustic waves in interbedded, heterogeneous soil can differ significantly from
assumptions;

m Assumption of homogeneous isotropic soil behaviour for linking vs to Gmax, particularly for
interbedded, heterogeneous sall;

m Uncertainties for vs that propagate exponentially to Gmax, @S Gpgy = p - VZ;
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4.16.3.5

4.16.3.6

m Presence of a cone penetrometer and push rod in the immediate vicinity of soil that is investigated
(e.g. wave interference issues);

m Acoustic signal interpretation typically requires signal windowing and selective use of available
signals for interpretation of vs , particularly for low signal-to-noise ratios that are common for SCPTs
in a “noisy” marine setting.

Gibss et al. (2018) speculated on data scatter related to a fixed 0.5 m spacing for dual SCPT receivers,
versus 1 m spacing. This comment can be compared with Ghose (2012), who reported very good data
quality for tests performed with a seismic cone penetrometer incorporating 7 sets of receivers spaced
at 0.25 m. Note that the SCPT systems for the offshore investigation of the HKN WFZ included a 0.5 m
receiver spacing for 2 sets of receivers.

Values of Gmax derived for the upper 5 m BSF should be used with caution:

m Seawater wave interference effects can prevent accurate interpretation for vs close to seafloor,
particularly for interbedded, heterogeneous soil;

m S-wave velocities for the upper few metres below seafloor may show influence from the seafloor
template (seabed frame) required to provide support to the data acquisition activities.

Laboratory Gmax-RCrec method

The HKN WFZ database includes resonant column test results for eleven test specimens reconstituted
from sand samples recovered from a range of boreholes, for the depth range 2 m to 40 m BSF.

Low-strain stiffness is sensitive to specimen reconstitution compared to in situ conditions. Uncertainties
include:

m  Approximation of specimen density versus in situ soil density;
m  Method used for specimen preparation differs from in situ soil deposition;
m Effect of post-depositional processes, such as aging.

Benz (2007) indicated that the resonant column approach for relating column stiffness to a theoretical
elastic solution for shear modulus G should provide satisfactory laboratory values for the small-strain
range.

Laboratory Gmax-RCint method

The HKN WFZ database includes results from one resonant column test on an intact soil specimen, for
the depth range 2 m to 40 m BSF.

Test results are sensitive to undisturbed sample quality. In most cases, a reduction in undisturbed
sample quality will result in lower values of Gmax. Specimen recompression can provide some
compensation for a reduction in undisturbed sample quality, for example by a partial trade-off between
damage to in situ soil structure and an increase in specimen unit weight relative to in situ unit weight.

Comments on the theoretical elastic solution for shear modulus G are as for the Gmax-RCrec method.
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4.16.3.7

4.16.3.8

4.17

417.1

Laboratory Gmax-BErec,xc method

The HKN WFZ database includes bender elements test results for thirty-five test specimens
reconstituted from sand samples recovered from a range of boreholes, for the depth range 2 m to
40 m BSF.

Test results according to the Gmax-BErectxc method are sensitive to specimen reconstitution, as
discussed for the Gmax-RCrec method. Hoeg et al. (2000) indicate that the soil fabric of reconstituted
specimens with the method of moist tamping can substantially differ from the fabric of intact specimens,
giving Gmax differences of about 20 % to 30 % for the Gmax-BERrec,Txc method.

The Gmax-BErectxc method represents a geophysical method, similar to the Gmax-SCPT method.
Uncertainties include:

m Travel paths of acoustic waves in a non-homogenous test specimen can differ from a straight line
and the actual distance between acoustic source and receiver can differ from assumptions;

m The assumption of homogeneous isotropic soil behaviour for linking vs to Gmax;

m Uncertainties for vs will propagate exponentially to Gmax (Gpax = P * V2);

m Presence of a bender elements in the immediate vicinity of soil that is investigated (e.g. wave
interference issues);

m Dependence of test results on input frequency f.

Laboratory Gmax-BEinT,7xc method

The HKN WFZ database includes results for three bender element tests on intact soil specimens from
clay samples of a range of borehole locations, for the depth range 2 m to 40 m BSF.

Test results are sensitive to undisturbed sample quality, as discussed for the Gmax-RCint method.

The Gmax-BEinT,Txc method represents a geophysical method, with uncertainties as discussed for the
Gmax-BERrec,Txc method.

Normalised Shear Modulus

Indicative Values

Table 4.17.1 (sand) and Table 4.17.2 (clay) present indicative values for normalised shear
modulus G/Gmax in G/Gmax — y Space, where y represents shear strain. Table 4.17.3 shows parameter
attributes.

Plate B.16-1 presents indicative values for normalised shear modulus G/Gmax in G/Gmax — y Space in
sands for four stress levels expressed in terms of effective in situ vertical stress ..

Plate B.16-2 presents indicative values for normalised shear modulus G/Gmax in G/Gmax — vy Space in
clays for three values of plasticity index Ip.
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Table 4.17.1: Indicative Values — Normalised Shear Modulus - Sand

-l"unnn

Equation Input Parameter Value
Indicative Low IL Indicative Mean IM Indicative High IH
G — _ —
G <1.0
G 1 b =0.88 b =0.88 b =0.88
Gmax B 14 y |4
1+ (T)
Ye=c+d y, c=0 ¢ =0.0002 ¢ =0.0002
d=0 d =0.012 d =0.022
Vr =€+ [ (050/P) e =0.033 e =0.048 e =0.128
f =0.0063 f =0.0063 f =0.0063
Tvo 0o Ovo

Note(s):

m Calculated indicative values apply to depths between 2 m and 40 m BSF, shear strains y < 0.1 % and G/Gpax = 0.5, CPT
derived values of I, < 2.0 for depths z between 2 m and 7.5 m BSF, I, < 2.05 for depths z between 7.5 m and
30 m BSF, and I, < 2.1 for depths z between 30 m and 40 m BSF
m A limiting value of G/Gmax = 1.0 appliesify —y, < 0
m G is shear modulus at shear strain y in %, Gnax is shear modulus at small strain, ye. is elastic threshold strain in %
beyond which G/Gmax < 1, yr is shear strain in % at G/Gmax = 0.5, g, is effective in situ vertical stress, P, is atmospheric
pressure and I, is soil behaviour type index

Table 4.17.2: Indicative Values — Normalised Shear Modulus - Clay

Equation Input Parameter Value
Indicative Low IL Indicative Mean IM Indicative High IH
“ <10 a a B
Gmax - '
G 1 Ye =0 Ye = 0.0005 % Ye = 0.004 %
Gmax 14 (y — Ye)b b = 0.943 b = 0.943 b = 0.943
Vr |4 |4 |4
Yr=c-Ip c =185 c=37 c =555
Ip Ip Ip
Note(s):
m Calculated indicative values apply to depths between 2 m and 40 m BSF, shear strains y < 0.1 % and G/Gpax = 0.5, CPT
derived values of I, > 2.2 for depths z between 2 m and 7.5 m BSF, I, > 2.3 for depths z between 7.5 m and 20 m BSF,
I. > 2.4 for depths z between 20 m and 30 m BSF and I, > 2.5 for depths z between 30 m and 40 m BSF
m  Alimiting value of G/Gmax = 1.0 appliesify —y, < 0
m G is shear modulus at shear strain y in %, Gmax is shear modulus at small strain, y. is elastic threshold strain beyond
which G/ Gmax< 1, v, is shear strain in % at G/Gmax = 0.5, Ip is plasticity index in % and . is soil behaviour type index

Table 4.17.3; Parameter Attributes for Indicative Values — Normalised Shear Modulus

Parameter Attribute

Description

Parameter definition

m  Normalised shear modulus G/Gmax, where G is secant shear modulus at
shear strain y in the vertical plane and Gmax is shear modulus at small
strain in the vertical plane

= Sands and clays according to Table 4.3.2

Monotonic strain rate for shear strain of 0.01 s and undrained conditions

In situ conditions applicable at the time of site investigation

IL IM IH values

Applicable

application

Equations according to Table 4.17.1 and Table 4.17.2, with site-wide

Data points/ statistics

strain y

Presentation per soil behaviour type (sand and clay)
m  Graphical presentation of IL, IM and IH values of G/Gmax versus shear

Interpretation/ integration

m  General comparison of values derived from multiple methods

m Judgement supported by theoretical considerations related to depositional
setting and soil mechanics principles

m Refer to Comments on Results, below
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4.17.2 Derived Values

Plates B.16-3 and B.16-4 present derived values for G/Gmax for the laboratory test methods according

to Table 4.17.4, including also indicative values for reference.

Table 4.17.4: Parameter Attributes for Derived Values — Normalised Shear Modulus

Parameter Attribute

Description

Default method - sand

Laboratory G/Gmax-Ysand method for normalised shear modulus G/Gmax in
G/Gmax — y space according to Oztoprak and Bolton (2013)
Supplementary (main) input parameter(s): shear strain y

Default method - clay

Laboratory G/Gmax-Yclay method for normalised shear modulus G/Gmax in
G/Gmax — y space according to Vardanega and Bolton (2013)
Supplementary (main) input parameter(s): shear strain y and plasticity
index Ip

Supporting method (1)

Laboratory G/Gmax-RCrec method for G from resonant column tests
according to 1ISO (2014)

Coarse grained, cohesionless soil specimen, reconstituted to estimated in
situ soil unit weight y

Isotropic recompression of test specimen to estimated value of mean
effective in situ stress (oo + 20 o) / 3, where oo is effective in situ
vertical stress and oo is effective in situ horizontal stress

Values of G derived from torsional resonance frequency related to column
stiffness using a theoretical elastic solution, at temperature of about 20 °C
Supplementary (main) input parameter(s): in situ soil unit weight y, oo
and oo

Refer to document titled “Cyclic and Dynamic Laboratory Tests”
presented in Appendix 1

Supporting method (2)

Laboratory G/Gmax-RCint method for G from resonant column tests
according to 1ISO (2014)

Homogeneous test specimens from intact samples of fine grained,
cohesive soll

Isotropic recompression of test specimen to estimated value of mean
effective in situ stress (ovo + 20ho) / 3

Values of G derived from torsional resonance frequency related to column
stiffness using a theoretical elastic solution, at temperature of about 20 °C
Supplementary (main) input parameter(s): ovo and oo

Refer to document titled “Cyclic and Dynamic Laboratory Tests”
presented in Appendix 1

Data points/ statistics

Graphical presentation of derived values of G/Gmax versus y, including
indicative values, refer to Plates B.16-3 and B.16-4
Refer to Comments on Results, below

LE BE HE values

Not applicable

Interpretation/ integration

General comparison of values derived from multiple methods
Refer to Comments on Results, below

4.17.3 Comments on Results - Sand

4.17.3.1 General

The parameter definitions are for sand and clay separately, as discussed in Section 2.4.2.

The recommended IL, IM and IH values are based on the default method for derived values, i.e. the

G/Gmax-Ysand method.
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where Gmax and G are similar in their factors influencing the uncertainties. For example, uncertainty in
stiffness anisotropy would influence both Gmax and G in a similar manner. Relative proportions will differ.

The recommended site-specific ranges for the IL, IM and IH values consider a general shift in shear
strain y at G/Gmax compared to derived values obtained by the laboratory G/Gmax-ysanda method, so that
a higher value of shear strain y applies to the indicative values for the same value of G/Gmax. The
selected IL — IH range of values is based on the general data scatter for the G/Gmax-ysand method. The
selection for shift and range considered:

m Recommendations by Oztoprak and Bolton (2013);

m Site-specific derived values obtained according to the G/Gmax-RCrec method;

m In situ conditions versus laboratory test conditions, including geological setting and possible strain
rate effects;

m Derived values obtained according to the G/Gmax-RCrec method at the nearby HKZ site;

s Judgement.

The depositional setting and post-depositional processes affecting the sands of the HKN WFZ are
assessed to represent a shift in shear strain y at G/Gmax that is possibly similar to a shift in y; by a
laboratory factor 0.08 - e - D,. given by Oztoprak and Bolton (2013), where y; [%)], e is void ratio [-] and D,
is relative density [-]. The IM and IH values consider an apparent increase in 0.08-¢e- D, of 20 %
(factor 1.2). Particularly, it is assessed that a comparison of in situ soil with a reconstituted soil specimen
can be reflected by an apparent increase in laboratory e - D,..

The IL, IM and IH values include stress dependency by means of y, = e + f - (g,0/F,). The presented
dependency on g, is based on considerations by Oztoprak and Bolton (2013).

Note that the IL, IM and IH values apply to shear strains y < 0.1 %, G/Gmax = 0.5, monotonic strain rate
for shear strain of 0.01 s and undrained conditions. Any wider applicability, e.g. G/Gmax < 0.5, should
particularly consider strain rate effects in detail. Note that the database for the HKN WFZ includes no
specific derived values for support of wider applicability. It would be necessary to rely on published data.
Section 5.4 includes background information on wider applicability.

The database for the HKN WFZ shows no evidence for a significant trend of derived values of G/Gmax
with soil unit or CPT groups. This is according to expectations considering the type of normalisation and
the geological setting. Particularly, C, values for the sands of the HKN WFZ show a fairly narrow range
(typically between 1.5 and 6), where C, represents uniformity coefficient derived from particle size
distribution. Laboratory studies (e.g. Oztoprak and Bolton, 2013) suggest that values of G/Gmax in
G/Gmax — v space correlate with Cy, when considering C, values between 1 and 100. It is assessed that
no significant trend can be distinguished for the narrow range of C, values for the sands of the HKN WFZ.

The presented derived values are for laboratory temperatures (typically about 20 °C). Soil temperature
influences viscosity of the pore fluid. Particularly, the influence of temperature on G/Gmax increases with
increasing shear strain, when comparing G/Gmax values at different temperatures. The influence of
temperature possibly increases with increasing void ratio, due to increasing fluid to solids ratio.
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4.17.3.2

4.17.3.3

4.17.4

417.4.1

Strain rate effects are possibly significant for values of y > ye. A higher strain rate for values of y > ye
implies viscous stiffening and can be expected to result in higher G/Gnax values, if compared to a strain
rate for shear strain of 0.01 s (Table 4.17.3).

The available derived values according to the G/Gmax-RCrec method are generally close to the “upper
bound” values according to the G/Gmax-ysana method. The reason for this setting is not clear. A possible
explanation could be strain rate effects. Note that the G/Gmax-ysana method does not explicitly address
the topic of strain rate effects.

Laboratory G/Gmax-Ysand method

The G/Gmax-Ysand method relies on the assessment of G/Gmax — y values derived from 454 laboratory
tests performed on various types of sandy soils, using both reconstituted and undisturbed specimens.
The method considers a best-fit empirical relationship including lower and upper bounds, as follows:

L bound ¢ !
ower bound: =
[ 14 ( )o.ss

0.02
U b d G !
er bound: =
pp Grae s (w)o.ss
0.1

where y is in %.

Laboratory G/Gmax-RCrec method

The HKN WFZ database includes resonant column test results for 11 test specimens reconstituted from
sand samples recovered from a range of boreholes, for the depth range 2 m to 40 m BSF.

Derived values of Gmax and G are similar in their factors influencing uncertainties with respect to
specimen reconstitution compared to in situ conditions. The following uncertainties are thus assessed
to be minor:

m  Approximation of specimen density versus in situ soil density;
m  Method used for specimen preparation differs from in situ soil deposition;
m Effect of post-depositional processes, such as aging.

The resonant column test applies torsional forces at resonant frequencies in the order of 50 Hz. This
typically implies higher strain rates than for definition of the indicative values.

Comments on Results - Clay

General

The parameter definitions are for sand and clay separately, as discussed in Section 2.4.2.

The recommended IL, IM and IH values are based on the default method for derived values, i.e. the
G/Gmax-Yclay method for clay.

The general range for the IL, IM and IH values is limited, as discussed for sand.
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4.17.4.2

4.17.4.3

The recommended site-specific ranges for the IL, IM and IH values consider a shift in shear strain y at
G/Gmax compared to derived values obtained by the laboratory G/Gmax-Yciay method, similar to that for
sand. The selection for shift and range considered:

Recommendations by Vardanega and Bolton (2013);

Site-specific derived values obtained according to the G/Gmax-RCint method;

In situ conditions versus laboratory test conditions, including geological setting;

Derived values obtained according to the G/Gmax-RCrec method at the nearby HKZ site;
Judgement.

The available database information for the HKN WFZ shows a typical plasticity index of about 17 % and
a range of 5 % to 35 %, for depths between 2 m and 40 m BSF.

The database for the HKN WFZ includes results of one resonant column test performed on clay. This
information does not allow study of any trend of derived values of G/Gmax With soil unit or CPT group.

The influence of temperature on G/Gnax values is as discussed for sand.

Strain rate effects are typically expected to be more distinct for plastic (clay) soils (Darendeli, 2001) than
for sands. Strain rate effects are probably significant for values of y > 0.001 % (Vardanega and Bolton,
2013). A higher strain rate for values of y > 0.001 % can be expected to result in higher G/Gmnax values,

as discussed for sand.

Laboratory G/Gmax-Ycay method

The G/Gmax-Yciay method relies on the assessment of G/Gmax — y values derived from 67 laboratory tests
performed on specimens from 21 fine grained soils.

The equations for the laboratory G/Gmax-yciay method are as follows:

G 1

Gmax - l 0.943
1+ (yr)
V=371,

where y, yr and lp are in %.

The presented equations include a so-called “dynamic adjustment” according to a strain rate of 0.01 s
for shear strain y (Vardanega and Bolton, 2013).

Vardanega and Bolton (2013) indicated an uncertainty of +/- 50 % in the predicted value of y:.. This
uncertainty is incorporated in the selection of parameter c values (Table 4.17.1) for IL and IH values.

Laboratory G/Gmax-RCint method

The HKN WFZ database includes results from one resonant column test on an intact soil specimen, for
the depth range 2 m to 40 m BSF.
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4.18

4.18.1

4.18.2

Derived values of Gmax and G are similar in their factors influencing uncertainties with respect to
undisturbed sample quality. Nevertheless, it is assessed that a reduction in undisturbed sample quality
will typically result in a lower shear strain y at G/Gmax compared to in situ conditions. The authors of this
report are not aware of specific studies supporting quantitative estimates for such shift in y.

The resonant column test applies torsional forces at resonant frequencies in the order of 50 Hz. This
typically implies higher strain rates than for definition of the indicative values.

Cyclic Strength

Indicative Values

This report provides no indicative values for cyclic strength of soils at the HKN WFZ, as the current state
of understanding is largely limited to derived values obtained by laboratory test methods (e.g. Andersen,
2015), particularly for sandy soils.

Derived Values

Plate B.17-1 presents derived values for cyclic strength contours (S-N curves) for sand, particularly
cyclic test groups CG1, CG2 and CG3 as defined in Tables 4.18.1 and 4.18.2.

Plates B.17-2 to B.17-5 present derived values of cyclic shear strain amplitude and pore pressure ratio
for sand.

Plates B.17-6 to B.17-7 present derived values, cyclic strength contours, and comparisons per
batch sample. Plate B.17-8 presents numerical values for generating the S-N curves presented on
Plates B.17-2 to B.17-5.

Table 4.18.1: Parameter Attributes for Derived Values — Cyclic Strength - Sand
Parameter Attribute Description

Default method m Laboratory CSS-cvsctOsand method for cyclic shear strength according
to ISO (2014)

m Consolidated cyclic direct simple shear (CSS) on test specimen of
coarse grained, cohesionless soil reconstituted to estimated in situ soil
unit weight y

m Consolidation of test specimen by axial compression to total vertical
stress g, equivalent to estimated effective in situ vertical stress ¢',,; Nno
control of effective radial consolidation stress in the specimen other than
by approximate specimen confinement by test apparatus

m Application of 2-way stress-controlled cyclic loading at 0.1 Hz at t,, = 0,
under zero vertical displacement conditions (constant volume), at
temperature of about 20 °C

= Termination criteria for cyclic test phase, whichever occurs first:

0 Yoy =15%
O Yav = 15%
o N =1500 where N is number of cycles

m  Cyclic shear strength 7.,  defined as 7.y y = (T4 + 7y ), Where
(tav + Tcy)y is the sum of average shear stress 7,,, and cyclic shear
stress amplitude 7., aty,, = 15%ory, = 15%

Supplementary (main) input parameter(s): v, 6’0, Tcy, Tay
Refer to document titled “Cyclic and Dynamic Laboratory Tests”
presented in Appendix 1
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Parameter Attribute

Description

Data points/ statistics

m Graphical presentation of derived values comprising of data points and
S-N curves, where S refers to cyclic stress ratio 7., /0",y and N refers

to number of cycles

= Normalisation with respect to ¢',..r = P, (o,/FP,)™ where P, is
atmospheric pressure (100 kPa), g, is total vertical stress applied to a
test specimen immediately before start of cycling, and n is an empirical
exponent taken as n = 0.9 for sand and silt

m Presentation for CPT groups G1 and G2

m Refer to Comments on Results, below

LE BE HE values

m Not applicable

Interpretation/ integration

m  General comparison of values derived from multiple tests on
approximately same initial conditions (soil sample, soil unit weight, axial
compression)

m Comparison of values with reference curves presented by Andersen
(2009) and Andersen (2015), with reference curves selected by
(Tcy,f/alref)N=1o, i.€. Ty r/0 vy @t N = 10

m  Check for data outliers

m Refer to Comments on Results, below

Table 4.18.2: Cyclic Test Groups - Sand

Cyclic Test Group

Principal Feature(s)

CG1 02 < (TCy’f/U,ref)N=10 < 0.3 and o'y, > 25kPa
CG2 04 < (TCy'f/aJref)N=1O < 0.6 and a',, > 25 kPa
CG3 (Tcy'f/a’”f)zvqo >09 and ¢',, > 25KkPa

CG4 o'y < 25kPa

Notes:

m  (Ty,/0" ref)n=10 IS Cyclic shear strength normalised at N = 10
m Refer to Table 4.18.4 for test batches included in each cyclic group

Plate B.17-9 presents derived values and cyclic strength contours (S-N curves) for clay. Plate B.17-10

presents derived values of cyclic shear strain amplitude and pore pressure for clay. Table 4.18.4 shows

parameter attributes.

Table 4.18.3: Parameter Attributes for Derived Values — Cyclic Strength - Clay

Parameter Attribute

Description

Default method

m Laboratory CSS-cvsctOclay method for cyclic shear strength according
to ISO (2014)

m Consolidated cyclic direct simple shear (CSS) on intact, fine grained,
cohesive test specimen, simulating in situ orientation

m Axial recompression of test specimen to total vertical stress
o, equivalent to estimated effective in situ vertical stress ¢’,,,; no control
of effective radial consolidation stress in the specimen other than by
approximate specimen confinement by test apparatus

m Application of 2-way stress-controlled cyclic loading at 0.1 Hz at 7, = 0,
under zero vertical displacement conditions (constant volume), at
temperature of about 20 °C

m Termination criteria for cyclic test phase, whichever occurs first:
0 Yoy =15%
O Y =15%
o N =1500 where N is number of cycles
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Parameter Attribute

Description

m  Cyclic shear strength ., ; (failure) defined as 7, = (T4 + 7cy) s, Where
(Tay + Tcy)y is the sum of average shear stress t,,, and cyclic shear
stress amplitude 7., aty,, = 15%0r yg, = 15%

= Supplementary (main) input parameter(s): v, 'y, Tey: Taps Surer Where
Surer IS based on s, pss (Undrained shear strength according to the
Supss-lab method presented in Section 4.8)

m Refer to documents titled “Geotechnical Laboratory Tests” and “Cyclic
and Dynamic Laboratory Tests” presented in Appendix 1

Supporting method

m Laboratory supss-lab method according to Section 4.8

m  Supplementary (main) input parameter(s): o',

m Refer to document titled “Geotechnical Laboratory Tests” presented in
Appendix 1

Data points/ statistics

m  Graphical presentation of derived values comprising of data points and
S-N curves, where S refers to cyclic stress ratio 7., /s, .y and N refers
to number of cycles

m Presentation for CPT group G4
Refer to Comments on Results, below

LE BE HE values

Not applicable

Interpretation/ integration

m  General comparison of values derived from multiple tests on
approximately same initial conditions (soil sample, soil unit weight, axial
compression)

m Comparison of values with reference curves presented by Andersen
(2004) and Andersen (2015)

m  Check for data outliers

m Refer to Comments on Results, below

4.18.3 Comments on Results — Sand

4.18.3.1 General

The parameter definitions are for sand and clay separately, as discussed in Section 2.4.2.

The derived values for cyclic test groups CG1 to CG4 (Table 4.18.2) broadly confirm the originally

intended laboratory test strategy for the CSS-cvsctOsand method defined in Table 4.18.1. Particularly,

the acquisition of a broad set of results by testing reconstituted soil specimens for a range of soil
properties (specimen density and soil type) and (in situ) stress states, provided an illustration of low,
medium and high cyclic soil resistance. For example, medium dense, normally consolidated, very silty,

fine sand was expected to have lower cyclic resistance compared to very dense, normally consolidated

clean, medium sand.

The following comments apply to allocation of test results to cyclic groups:

m No definitive relationships were identified for possible trends per CPT group and soil unit

(Table 4.18.4);

m Test results were assessed and checked per batch sample (Table 4.18.4) for normalised cyclic
shear strength at N = 10 ((ty,r /07ef)n=10, Plate B.17-6), relative density D: of test specimens (Plate

B.17-7) and normalised cone resistance Qw (Plate B.17-7);

m Testresults from Batch 9 were excluded from the cyclic groups, because of percentage fines > 25 %.

The statistical best fit power function for estimation of (z.y r /0/¢r)n=10 for CG1 to CG3 excludes any

data points at N = 1 and N = 1500, as such data points may not be representative.
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Relative density D, of test specimens (Plate B.17-7) was calculated from (1) specimen void ratio
immediately before start of the cyclic phase of the test and (2) derived values for minimum and maximum
index void ratios (Section 4.5) obtained for the batch samples.
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The presented values for normalised cone resistance Qun (Plate B.17-7) were obtained by averaging
nearby CPT data for the depth ranges of the relevant batch samples (Table 4.18.4). Plate B.17-1
illustrates that derived values for cyclic stress ratio versus number of cycles are reasonably consistent
within the cyclic groups CG1, CG2 and CG3.

Plate B.17-1 excludes derived values for CG4, as the tests within this group were terminated at
1500 cycles without reaching failure as defined in Table 4.18.1. This situation is not unusual for dense
to very dense sands at low normal stresses, when considering the failure criteria of Table 4.18.1 (e.qg.
15 % cyclic shear strain amplitude). The data for CG4 typically showed vertical stresses decreasing
within the first (few) load cycles after which they remained fairly constant, although with large changes
during the individual load cycles. Cyclic shear strain amplitudes developed slowly, although derived
“zero” stress states were observed for individual load cycles.

Plate B.17-1 includes background S-N degradation curves proposed by Andersen (2009). The
background curves (normalised with o/, = ¢',,, i.e. n = 1) provide general trends based on normally
consolidated sands and silts (D, range 40 % to 100 %; ¢’,,, range 85 kPa to 710 kPa). The background
curves particularly illustrate increase in CSR with increasing relative density of a test specimen for a
given value of N.

CSS tests performed on samples from location HKN19-BH-SA and HKN39-BH-SA (both in CG3,
Table 4.18.4) show the highest normalised cyclic resistance. A combination of moderately low vertical
stress (oy of approximately 80 kPa to 90 kPa) and a relatively high relative density (D, of approximately
75 % to 85 %) is assessed to be the reason. This cyclic behaviour is as expected for dense to very
dense sands.

The CSS tests for sands were performed on batch samples as shown in Table 4.18.4.

Table 4.18.4: Metadata for CSS Results — Sand

Borehole Cyclic CPT Soil Unit | Sample Depth Number of Tests
Group Group Batch [m BSF]
HKN19-BH-SA CG3 G2 C Batch 5 7.0t010.5 6
HKN21-BH-SA CG1 G2 D Batch 6 19.0t0 21.3 6
HKN25-BH-SA CG4 G1 A Batch 1 0.0to 3.6 4
HKN25-BH-SA CG2 G1 C Batch 2 6.5t09.1 5
HKN26-BH-SA CG2 G1 D Batch 7 26.5t029.1 4
HKN27-BH-SA CG4 G2 C Batch 3 15t03.2 4
HKN37-BH-SA CG2 G1 D Batch 8 18.0to 20.3 8
HKN39-BH-SA CG3 G1 D Batch 4 8.1t010.4 9
HKN47-BH-SA - G2 D Batch 9 17.0to 185 7
Notes:
m  Number of tests indicates count of tests for the CSS-cvsct0sand method
m Batch 9 was excluded from the cyclic groups because of percentage fines > 25 %
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Plates B.17-2 to B.17-5 present derived values for cyclic groups CG1 to CG4, particularly cyclic stress
ratio t., /ay.r, number of cycles N, cyclic shear strain amplitude y,, and pore pressure ratio u,,o,.s
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where up is permanent pore pressure. The plates include background contours given by Andersen (2015)
for normally consolidated sand and silt. The background contours consider specific values of
(Tey,r /0ref)n=10- NOte that CG1 shows a cyclic stress ratio of 0.22 for (t.y f /07cf)n=10 (Plate B.17-1),
compared to a reference value of (t r /0yer)n=10 = 0.25 given by Andersen (2015). Corresponding
values for CG2 are 0.42 and 0.6; for CG3 they are 0.99 and 1.0. CG4 has no cyclic stress ratio for
(Tey,r /07ef)n=10; derived values are compared with a reference value (t.y r /0yef)n=10 = 0.6.

Plates B.17-2 to B.17-5 include trend lines, where statistically relevant. The statistical best fit power
functions exclude any data pointsat N = 1 and N = 1500, as such data points may not be representative.

Plates B.17-2 to B.17-5 generally show consistent behaviour with a slower development of cyclic shear
strain amplitude and pore pressure ratio at lower cyclic stress ratios and vice versa. Scatter is however
evident.

Trend lines for y,, for CG1 (Plate B.17-2) and CG3 (Plate B.17-4) are fairly comparable with contours
presented by Andersen (2015). Trend lines for y.,, for CG2 (Plate B.17-3) show lower values of CSR,
compared to Andersen (2015). This is assessed to be partly due to (t.y, s /0ref)n=10 = 0.4 for CG2
compared to (T¢y,r /0rer)n=10 = 0.6 for the background curves.

The derived values for pore pressure ratio are fairly comparable with reference values presented by
Andersen (2015). Note that the reference contours for pore pressure ratio can show a complex shape
(e.g. Plate B.17.3) that will not be captured by statistical representations based on a few data points.
Note that the complex shape may be partly due to assumptions in the model for calculating equivalent
pore pressure from DSS data. This model can be sensitive to minor variations in apparatus control for
zero vertical displacement, in addition to the inherent limited control on horizontal stress conditions
(Van Dijk, 2018).

Plate B.17-8 presents numerical values for generating the S-N curves presented on Plates B.17-2
to B.17-5.

This report focuses on cyclic strength according to the CSS-cvsctOsand method. This method
approaches a simulation of the effects of permanent pore pressure on cyclic (lateral) resistance of
monopiles (e.g. Andersen, 2015). Note that the database for the HKN WFZ includes results for cyclic
laboratory tests on sand other than the CSS-cvsctOsand method, e.g. cyclic direct simple shear at
constant vertical stress and cyclic triaxial test results. This report excludes analysis of those results.
Comments are as follows:

m The HKN WFZ database includes results of 9 cyclic direct simple shear tests on sand, with cycling
at non-zero average shear stress and under zero vertical displacement conditions (constant volume).
Test results for a total of 3 tests from 3 different batches met the failure criteria for cyclic shear
strength according to the CSS-cvsctOsand method (Table 4.18.1). This limited number of tests
restricts analysis of site-specific test results;
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4.18.3.2

4.18.4

418.4.1

m The HKN WFZ database includes results of 18 cyclic direct simple shear tests on sand, with cycling
at constant vertical stress. Results from this particular type of test method are typically considered
for assessment of cyclic drained pile resistance;

m The HKN WFZ database includes results of 16 cyclic triaxial tests on sand, with 2-way stress-
controlled cyclic loading under undrained conditions. This limited number of tests restricts
comparison of site-specific test results with reference test results such as presented by Andersen
(2015). Results from this particular type of test method are typically considered for assessment of
cyclic axial pile resistance;

m The HKN WFZ database includes results of 14 cyclic triaxial tests on sand, with cycling at non-zero
average deviator shear stress, under undrained conditions. This limited number of tests restricts
analysis as discussed for cyclic triaxial tests with 2-way stress-controlled loading;

m The database for the HKN WFZ includes results of 20 tests on sand according to a cyclic triaxial
test method that allows one-way drainage of pore pressure during the cycling phase. This is a hybrid
method for which only limited industry experience has been published to date (e.g. Yamamoto,
2009).

Laboratory CSS-cvsctOsand method

Test results at low initial vertical stress levels can be sensitive to minor variations in test conditions, such
as specimen density.

The strategy for batch samples allowed the use of uniform soil material for a suite of tests.

The presented derived values apply to a single type of direct simple shear test apparatus, i.e. lateral
confinement by stack of steel rings. The results thus exclude data scatter related to type of test
apparatus. Note that the background curves presented on Plates B.17-1 to B.17-5 may have been
derived for multiple types of direct simple shear test apparatus.

Comments on Results — Clay

General

The parameter definitions are for sand and clay separately, as discussed in Section 2.4.2.

The presented derived values apply to 4 cyclic tests on intact samples recovered from Unit B,
CPT group G4 (Table 4.18.6).

Intact sample quality is assessed to be low considering a high sand content (about 25 %) that makes
the samples susceptible to intact sample disturbance. A relatively low value of monotonic undrained
shear strength (supss = 84 kPa, Section 4.8) by laboratory DSS for a companion test specimen (see
below) provides some evidence for limited intact sample quality, particularly compared to a net cone
resistance in the order of 3 MPa. Note that any intact sample quality assessment according to ISO (2014)
and Terzaghi et al. (1996) would be outside applicability ranges, particularly with respect to
overconsolidation ratio. Applicability is described in the document titled “Geotechnical Laboratory Tests”
presented in Appendix 1. Furthermore, limited intact sample quality is possibly evident from low cyclic
strengths compared to reference values (Plate B.17-9).
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The presented cyclic stress ratios 7., /s, .y consider s, ., according to undrained shear strength
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derived from results of a laboratory DSS method. This approach to cyclic strength normalisation is
according to Andersen (2004). The selected value s, .. = 84 kPa corresponds with a single, available
laboratory data point (Section 4.8). This relatively low value of s, ,.., = 84 kPa (see discussion above) is
possibly in general agreement with relatively low values for CSR. In other words, strength normalisation
possibly (partly) mitigates effects related to limited intact sample quality.

Plate B.17-9 shows a statistical best fit power function for 4 sets of derived values for CSR and N,
defined by CSR = b - N¢, where b and c are S-N curve parameters equal to 0.68 and -0.17 respectively.
The curve excludes any data points at N=1 and N = 1500, as such data points may not be
representative.

Table 4.18.5: Metadata for CSS Results — Clay

Borehole CPT Group Soil Unit | Sample Batch Depth Number of Tests
[m BSF]

HKNO4-BH-SA G4 B - 5.2t05.4

HKN11-BH-SA G4 B - 40to 5.4

Notes:

m  Number of tests indicates count of tests for the CSS-cvsctOclay method

Plate B.17-9 includes background curves for Drammen Clay (Andersen, 2004) for laboratory induced
overconsolidation ratios (OCR) of 1, 4 and 40. The derived values for CSR for the 4 cyclic tests are
significantly lower than the Drammen curves. Possible reasons include:

m Effects from limited intact specimen quality;

m Tested soil material type differing from Drammen Clay material (marine clay with a plasticity index
of 27 % and clay contents between 45 % and 55 %; Andersen et al., 1980);

m  SHANSEP-type of homogenisation of Drammen Clay specimens (Andersen et al., 1980).

Plates B.17-10 presents derived values, plotted as cyclic stress ratio 7., /s, .r, Cyclic shear strain
amplitude y,, and pore pressure ratio Up/Suret VErsus number of cycles, where up is permanent pore
pressure. The plate excludes trend lines, because of limited numbers of data points for statistical
analyses. The limited number of data points show fair to poor agreement with background contours for
Yey @and Up/Surer. The background contours are for Drammen Clay with an induced OCR value of 40
(Andersen, 2004 and 2015).

The CSS results show typical behaviour for overconsolidated clay. The application of cyclic stresses
results in an approximately steady, gradual increase in cyclic shear strain amplitude to failure. Relatively
large changes in vertical stress occur within each cycle and these changes remain fairly constant with
increase in N. Cyclic stiffness reduces with increasing number of cycles N.

This report focuses on cyclic strength according to the CSS-cvsctOclay method. This method
approaches a simulation of the effects of permanent pore pressure on cyclic (lateral) resistance of
monopiles (e.g. Andersen, 2015). Note that the database for the HKN WFZ includes 2 test results for
cyclic laboratory tests on clay based on a cyclic triaxial test method. This report excludes analysis of
those results, because of the limited number of tests.
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4.18.4.2 Laboratory CSS-cvsctOclay method

The presented derived values apply to a single type of direct simple shear test apparatus, i.e. lateral
confinement by stack of steel rings. The results thus exclude data scatter related to type of test
apparatus. Note that the background curves presented on Plates B.17-9 and B.17-10 may have been
derived for multiple types of direct simple shear test apparatus.
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51

CONCLUSIONS AND RECOMMENDATIONS

General

This report provides information for the spatial setting of geotechnical parameters and includes detailed
recommendations for the more common geotechnical parameters such as effective angle of internal
friction, undrained shear strength and shear modulus at small strain.

The database of geotechnical information for the HKN WFZ and the scope of this report are assessed
to meet the requirements of Eurocode 7 EN 1997-1:2004 and ISO 2394:2015 for site selection and
preliminary geotechnical design considerations for monopile foundations.

The geotechnical ground model (Section 3) considers CPT groups, that are largely independent of the
soil units of the geological ground model, with the exception of CPT group G4, which links with soil
Unit B. The limited correlation of geotechnical parameters with soil units agrees with the geological
ground model.

Most of the presented guidance for characteristic values (indicative values) has site-wide application.

Inevitably, this report is incomplete in coverage of the possible input parameters that may be required
for specific geotechnical calculation models for verification of limit states. Examples of parameters not
covered by this report are (dynamic) soil damping and undrained shear strength of sand. Appendix 2
presents a technical note for geotechnical guidance on drained and undrained response for sands.

Supplementary data acquisition and analysis should be performed for the detailed design phase. The
scope of supplementary data acquisition and analysis for detailed design will depend on factors such as
sustainability goals, contractual obligations, regulatory requirements, schedule commitments, added
value (cost-benefit), geotechnical calculation models, certification and insurance. The recommended
minimum scope, from a technical perspective, is one cone penetration test at each WTG location, to a
depth exceeding the as-installed penetration of the pile foundation.

Figure 5.1 provides a perspective on added value for supplementary data acquisition and analysis. The
figure suggests that roughly 80 % of the total (life-time) value could have been achieved to date.
Supplementary data acquisition and analysis for the detailed design phase may add another 15 %.
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Figure 5.1: Added value of site characterization (SC) and costs (Peuchen, 2012)

The link between (1) scope of supplementary data acquisition and analysis and (2) geotechnical
calculation models can consider the sensitivity of the input parameter values and their uncertainties to
the life-cycle economics of a WTG. Comments are as follows:

m Advanced calculation models (e.g. Peralta et al., 2017; Whyte et al., 2017) typically show a more
complete soil-structure geometry (e.g. 3D versus 1D) and better description of general soil
behaviour. Such models typically consider multiple input parameters that can be interdependent and
for which parameter values may not be readily obtained from the available site-specific information.
Sensitivity analyses can be required to estimate sets of input parameter values that would represent
a cautious design verification;

m Simplified calculation models can be empirical or theoretical. Such models typically consider basic
input parameters that can be readily estimated from the available site-specific information.

In most cases, advanced and simplified calculation methods require estimates of geotechnical
parameter values for in situ conditions. In some cases, advanced and simplified calculation methods
require derived values according to a specific in situ test method (e.g. CPT cone resistance) or a specific
laboratory test method (e.g. DSS shear strength). The use of derived values may be (1) a specific
premise for the calculation model (e.g. Alm and Hamre, 2001) or (2) shown to provide a practical and
cautious approach in lieu of assessment of parameter values for in situ conditions (e.g. Erbrich et al.,
2010; Jeanjean et al., 2017).

A calculation model may require input of derived values from a specific type of laboratory test, e.g. a
monotonic direct simple shear test at constant volume or constant vertical stress on a specimen of
representative sand material reconstituted according to a specified method of specimen preparation and
subsequently compressed (consolidated) by application of a single step or multiple loading/unloading
steps of vertical force. For this case, added value can be achieved by performing a supplementary
laboratory test programme on sand samples acquired per CPT group, per soil unit or per WTG location.
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5.2
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On the other hand, the added value of the supplementary laboratory test programme would be limited if
a calculation model requires characteristic values for a large volume of soil under monotonic simple
shear at constant volume conditions. Significant uncertainty would then remain for transformation of
derived values from small-element DSS tests to characteristic values.

The following sub-sections provide results of a data gap analysis for geotechnical parameters for the
detailed design phase for monopiles. The results are grouped per general types of geodata that are
common for design of offshore WTG structures.

Marine Geophysical Data

The acquisition of WTG-specific geophysical data can enhance the assessment of spatial representation
of geotechnical parameters at each WTG location. This can be achieved by using the seismic reflection
methods discussed in Fugro (2019a).

Consideration can be given to 3D UHR (ultra high resolution) and 3D UUHR (ultra ultra high resolution)
methods for seismic reflection (ISO, 2019), as illustrated in Figure 5.2. The horizontal axis of Figure 5.2
is between about 100 m and 1900 m. The vertical axis is relative to sea level as zero, so that the seafloor
is at about 32 m and the base of the cross section at about 115 m below sea level. The blue trace
represents CPT cone resistance in MPa.
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Figure 5.2: Comparison between 3D UHR seismic reflection data (left) and 2D UHR data (right)
for the Borssele wind farm (Minorenti et al., 2017).
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5.3

54

In Situ Testing and Borehole Geophysical Logging Data

The recommended minimum scope of supplementary data acquisition and analysis is one CPT at each
WTG location. Consideration can be given to acquiring supplementary data by means of the SCPT
method and pore pressure dissipation testing.

Multiple CPTs at each WTG location can enhance the assessment of spatial representation of
geotechnical parameters. This approach competes with supplementary geophysical data acquisition.
Assessment of potential added value can be based on the available CPT results for the locations with
multiple CPTs (e.g. the TenneT locations) and the results for the more widely spaced CPTs.

Consideration can be given to borehole geophysical logging for P-wave and S-wave velocities (1SO,
2014). These parameters can provide further insight in small-strain soil behaviour. Note that the seabed
conditions for the HKN WFZ probably present deployment challenges for borehole geophysical logging.
Background information is given in the document Borehole Geophysical Logging, presented in
Appendix 1.

Laboratory Test Data

Added value by supplementary laboratory testing and analysis will probably be closely linked to specific
geotechnical parameters that can dominate the results from the selected calculation models. Parameter
uncertainty can be reduced by:

m Expanding the existing database of derived values for a specific parameter;
m Expanding the range of laboratory test types for derived values of interest to the calculation models
selected for geotechnical analysis.

The first approach is primarily related to reducing aleatory uncertainty. The approach to such
supplementary testing can be focused on site-wide application for the HKN WFZ, per CPT group, per
soil unit or a specific WTG location.

Selected examples for the second approach are given below.

Example 1

A selected calculation model may require the following specific input: monotonic shear strength of sandy
soil for undrained triaxial extension and for drained triaxial extension. The laboratory database for the
HKN WFZ excludes specific information on these types of geotechnical parameters. Added value may
be achieved by acquiring derived values by laboratory testing according to these types of stress paths.
This eliminates uncertainty related to, for example, correlation of laboratory triaxial compression data to
laboratory triaxial extension data.
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Example 2

A selected calculation model may be sensitive to the soil stiffness in the range of medium strain to large
strain (or G/Gmax between 0.5 and 0.2), as illustrated in Figure 5.3. The laboratory database for the
HKN WFZ excludes specific information for this range of strains. Added value may be achieved by
acquiring derived values by undrained and drained triaxial compression and by undrained and drained
triaxial extension tests that incorporate acquisition of derived values for local radial and axial strains of
the test specimens during shear.

Bender Element Tests
Resonant Column (RC) Tests

| < >

P Local Strain Gauges N

Standard Triaxial / Direct

0.8 Simple Shear Tests
06
@]
=
@]
0.4
~Very
small strain |
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medium strain
0 : ~ Large strai
0.00001 0.0001 0.001 0.01 0.1 1 10

Shear Strain, ¥ (%)

Figure 5.3: Example of laboratory test types for derived values of shear modulus G, normalised
to shear modulus at small strain Gmax (Go in figure) (after Mair, 1993)

Example 3

Advanced calculation models for sand can incorporate a state parameter approach (e.g. Dafalias and
Manzari, 2004; Taborda et al., 2014; Papadimitriou and Boulouvalas, 2002; Boulanger and Ziotopoulou,
2013). The state parameter represents the difference between the current void ratio e and the void ratio
at large strain ecs, at the same mean effective stress p’(Been et al., 1991). Slightly different approaches
for comparing the current state relative to the critical state line CSL can also be used (e.g. Whyte et al.,
2017). However, regardless of the definition adopted, the results of the calculation model will be
sensitive to the CSL. Figure 5.4 illustrates the sensitivity of predicted stress-strain response to CSL input.

The laboratory database for the HKN WFZ includes laboratory data that can be used for derived values
for the CSL (Section 4.10). However, the laboratory test method was selected for deriving values of
shear strength and not specifically for derived values for the CSL. Added value may be achieved by
acquiring derived values by laboratory testing according to the following test recommendations:

i.  Run triaxial compression tests to an axial strain of 30 %;

ii. Perform tests on 100 mm diameter triaxial specimens;

iii. Use enlarged lubricated end platens in the triaxial test apparatus;

iv. Perform tests on loose to medium dense test specimens to reduce risk of shear banding.
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Figure 5.4: (a) Critical state lines and (b) corresponding predicted stress-strain curves for
undrained triaxial test with e, = 0.66 and p’, = 100kPa for Manzari-Dafalias type model
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6.1

6.2
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Report
Number

Title

Contents

P903749/01

Geotechnical Report - Investigation Data - Seafloor In Situ Test Locations
Hollandse Kust (noord) Wind Farm Zone - Dutch Sector, North Sea

Geotechnical data including geotechnical
logs, results from seafloor cone penetration
tests, seafloor seismic cone penetration
tests, seafloor temperature cone
penetration tests (including temperature
equilibrium tests) and pore pressure
dissipation tests.

P903749/02

Geotechnical Report - Investigation Data - Geotechnical Borehole
Locations
Hollandse Kust (noord) Wind Farm Zone - Dutch Sector, North Sea

Geotechnical data including geotechnical
logs, results from downhole (seismic) cone
penetration tests and results from
geotechnical laboratory tests.

P903749/03

Geological Ground Model
Hollandse Kust (noord) Wind Farm Zone - Dutch Sector, North Sea

Geological ground model including
stratigraphy, lateral soil variability,
geohazards, geological analyses,
biostratigraphic analyses, basic
geotechnical parameter values and
assessment of geotechnical suitability of
selected types of structures.

P903749/04

Geotechnical Report - Laboratory Test Data
Hollandse Kust (noord) Wind Farm Zone - Dutch Sector, North Sea

Results of (advanced) geotechnical
laboratory tests.

P903749/05Y

Geotechnical Report - Investigation Data - TenneT Substation
Hollandse Kust (noord) Wind Farm Zone - Dutch Sector, North Sea

Geotechnical data including geotechnical
logs, results from seafloor and downhole
cone penetration tests and results from
geotechnical laboratory tests.

P903749/06

Geotechnical Parameters - Hollandse Kust (noord) Wind Farm Zone -
Dutch Sector, North Sea

Geotechnical parameters according to
Eurocode 7, including (1) a geotechnical
ground model focusing on monopile
foundations, (2) methodology for selecting
characteristic values of geotechnical
parameters for use in calculation models
and (3) indicative ranges for selecting
characteristic values.

1)

LIST OF PROJECT REPORTS
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Report has been issued as a standalone report to TenneT and is added as an appendix to report P903749/02 for reference purposes.

Plate 1-4






ISSUE 01

© FEBV/GEN/SPE/999

_l'-llGRD

HOLLANDSE KUST (NOORD) WFZ - DUTCH SECTOR, NORTH SEA

Location Cluster Borehole/ Test Point
HKNO1 HKNO1-PCPT
HKNO2-BH-SA
HKNO2-PCPT
HKNO2
HKNO2-SCPT-A
HKNO2-TCPT
HKNO3 HKNO3-PCPT
HKNO04-BH-SA
HKNO4 HKNO4-PCPT
HKNO4-PCPT-A
HKNO5 HKNO5-PCPT
HKNO6-BH-SA
HKNO6-PCPT
HKNO6
HKNO6-SCPT
HKNO6-TCPT
HKNO7 HKNO7-PCPT
HKNO8 HKNO8-PCPT
HKNO9-PCPT
HKNO9
HKNOQO9-TCPT
HKN10-BH-SA
HKN10-PCPT
HKN10
HKN10-SCPT
HKN10-TCPT
HKN11-BH-SA
HKN11
HKN11-PCPT
HKN12 HKN12-PCPT-A
HKN13 HKN13-PCPT
HKN14-BH-SA
HKN14-PCPT
HKN14
HKN14-SCPT
HKN14-SCPT-A
HKN15 HKN15-PCPT
HKN16 HKN16-PCPT
HKN17 HKN17-PCPT
HKN18 HKN18-PCPT
HKN19-BH-SA
HKN19
HKN19-PCPT
HKN20 HKN20-PCPT
HKN21-BH-SA
HKN21-PCPT-B
HKN21 HKN21-SCPT
HKN21-SCPT-A
HKN21-TCPT
HKN22-PCPT
HKN22
HKN22-PCPT-A
HKN23-PCPT
HKN23
HKN23-PCPT-A
HKN24-PCPT
HKN24
HKN24-PCPT-A

LOCATION OVERVIEW
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Location Cluster

Borehole/ Test Point

HKN25

HKN25-BH-SA

HKN25-PCPT

HKN25-SCPT

HKN25-TCPT

HKN26

HKN26-BH-SA

HKN26-PCPT

HKN26-SCPT

HKN26-TCPT

HKN27

HKN27-BH-SA

HKN27-PCPT

HKN27-SCPT

HKN27-TCPT

HKN28

HKN28-BH-SC

HKN28-PCPT

HKN29

HKN29-PCPT

HKN30

HKN30-PCPT

HKN30-PCPT-A

HKN31

HKN31-BH-SA

HKN31-PCPT

HKN31-SCPT

HKN31-TCPT

HKN32

HKN32-PCPT

HKN32-PCPT-A

HKN33

HKN33-BH-SA

HKN33-PCPT

HKN34

HKN34-BH-CP

HKN34-PCPT

HKN35

HKN35-PCPT

HKN36

HKN36-BH-SA

HKN36-PCPT

HKN36-SCPT

HKN36-TCPT

HKN37

HKN37-BH-SA

HKN37-PCPT

HKN38

HKN38-PCPT

HKN38-SCPT

HKN38-TCPT

HKN39

HKN39-BH-SA

HKN39-PCPT

HKN40

HKN40-PCPT

HKN41

HKN41-BH-SA

HKN41-PCPT

HKN41-SCPT-D

HKN41-TCPT

HKN42

HKN42-PCPT

HKN43

HKN43-PCPT

HKN44

HKN44-BH-CP

HKN44-PCPT
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Location Cluster

Borehole/ Test Point

HKN45

HKN45-PCPT

HKN46

HKN46-BH-SA

HKN46-PCPT

HKN46-PCPT-A

HKN46-TCPT

HKN47

HKN47-BH-SA

HKN47A-BH-SA

HKN47-PCPT

HKN47-SCPT

HKN47-SCPT-A

HKN47-TCPT

HKN48

HKN48-BH-SA

HKN48A-BH-SA

HKN48-PCPT

HKN48-SCPT

HKN48-SCPT-A

HKN48-TCPT

HKN49

HKN49-PCPT

HKN50

HKN50-PCPT

HKNS51

HKN51-BH-CP

HKN51-PCPT

HKN52

HKN52-BH-CP

HKNS52-PCPT

HKN53

HKN53-PCPT

HKN54

HKN54-PCPT

HKN55

HKN55-PCPT

HKN56

HKNS56-BH-SA

HKNS6-PCPT

HKN56-SCPT

HKN56-SCPT-A

HKNS6-TCPT

HKNS7

HKNS7-PCPT

HKNS8

HKNS58-BH-SA

HKN58-PCPT

HKN58-SCPT

HKNS8-TCPT

HKNS59

HKNS59-PCPT

HKNGO

HKNG60-BH-SA

HKN60-PCPT-A

HKN61

HKN61-PCPT

HKNG61-TCPT

HKNG62

HKN62-PCPT

HKN63

HKN63-PCPT

HKN64

HKN64-PCPT

HKNG65

HKN65-BH-SA

HKNG65-PCPT

HKNG65-SCPT

HKNG65-TCPT

Fugro Document No. P903749/06 (7)
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Location Cluster Borehole/ Test Point

HKNG6 HKN66-PCPT
HKNG67-BH-SA
HKN67-PCPT
HKNG67 HKN67-SCPT
HKNG67-TCPT
HKNG67-TCPT-A
HKNG68 HKN68-PCPT
HKN69 HKNG69-PCPT
HKN70-BH-SA
HKN70-PCPT
HKN70-SCPT
HKN70-TCPT
HKN71 HKN71-PCPT
HKN72-BH-SA
HKN72A-BH-SA
HKN72-PCPT
HKN72-SCPT
HKN72-SCPT-A
HKN72-TCPT
HKN73 HKN73-PCPT
HKN74 HKN74-PCPT
HKN75-BH-SA
HKN75-PCPT
HKN75 HKN75-SCPT
HKN75-SCPT-A
HKN75-TCPT
TENNETO1 HKN-TENNETO01-SA
HKN-TENNET02-CP
TENNET02-PCPT
HKN-TENNETO03-CP
TENNETO03-PCPT
HKN-TENNET04-CP
HKN-TENNETO04A-CP
HKN-TENNETO05-CP
TENNETOS5-PCPT

HKN70

HKN72

TENNETO02

TENNETO3

TENNETO04

TENNETO5

LOCATION OVERVIEW
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STUDY APPROACH
General Procedure:

Premise(s):

Type of Structure(s) and Purpose:

Location:

Integration Level for Site
Characterisation:

Site Use:

Seafloor Conditions and Hazards:

Stratigraphy and Ground
Parameters:

Geotechnical Calculation(s):

DATA COVERAGE

Status of Site-specific Data
Acquisition:

Information on Historic and Current

Site Use:
Information on Planned Site Use:

Met-ocean Data:
Environmental Baseline:
UXO Information:
Archaeological Information:
Seismic (Earthquake) Data:
Geological Data:

Geothermal Data:
Geophysical Survey Data:

Geotechnical Data:
Groundwater Data:

Structure/Soil Monitoring Data:
Physical Modelling Data:

Fugro Document No. P903749/06 (7)

— Refer to documents titled "Site Characterisation" and “Geotechnical
Analysis” presented in Appendix 1

— According to Eurocode 7, 1SO 19900 (2013) and ISO 2394 (2015)

— Project phase is "conceptual design” of structure(s)

— Presented information is project-specific and depends on project phase,
structure type(s) and purpose

— Verification of the presented information is recommended for FEED (front
end engineering design) and/or later project phases

Monopiles for support of wind turbine generators

Refer to Main Text for definition of site location and site area

Level 4 Geotechnical Zonation and Analysis; refer to document titled “Site

Characterisation” in Appendix 1

Refer to Main Text, section titled “Geotechnical Ground Model”

Refer to companion report on geological ground model

Refer to Main Text, section titled “Geotechnical Ground Model”

Refer to companion report on geological ground model

Refer to Main Text
Not within report scope

— Considered final for project phase given under Premise(s) above

— This report includes suggestions and recommendations for data
acquisition for later project phase(s), i.e. after conceptual design of
structures

Refer to companion report on geological ground model

— Refer to Main Text

— Refer to companion report on geological ground model
Not considered: outside scope of this report

Not considered: outside scope of this report

Refer to companion report on geological ground model

Refer to companion report on geological ground model

Refer to companion report on geological ground model

— Refer to Main Text

— Refer to companion report on geological ground model
Refer to companion report on geological ground model

— Refer to Main Text

— Refer to companion report on geological ground model
Refer to Main Text and plate(s) titled "Detailed Location Plan"
Salinity data available for groundwater, refer to companion factual data
report(s)

None available to the authors of this report

None available to the authors of this report

STUDY APPROACH
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INFORMATION MANAGEMENT
Data Processing: — GeODin® software for geotechnical data processing, management and

presentation
— UNIPLOT and CPeT-IT software for in situ test data
— General purpose software, including ArcGIS®

Data Format(s) for Results: — PDF for viewing and printing

REFERENCES

Computer Program ESRI ArcGIS®, Analysis and Presentation of Geo-data, Version 10.3

Computer Program GeODin®, Recording, Presentation and Analysis of Geo-data

Computer Program CPeT-IT, CPT Interpretation software v.2.3.1.8, Geologismiki

Computer Program UNIPLOT, Processing, Presentation and Analysis of In Situ Test Data

European Committee for Standardisation, 2004. EN 1997-1:2004 Eurocode 7: Geotechnical Design - Part 1:
General Rules. Brussels: CEN. (With Corrigendum EN 1997-1:2004/AC, February 2009 and Amendment EN
1997-1:2004/A1:2013)

International Organization for Standardization, 2013. ISO 19900:2013 Petroleum and Natural Gas Industries
- General Requirements for Offshore Structures. Geneva: ISO

International Organization for Standardization, 2015. 1SO 2394:2015(E) General Principles on Reliability for
Structures. Geneva: ISO

STUDY APPROACH

Fugro Document No. P903749/06 (7) Plate 2-2





-l"ur;nn

HOLLANDSE KUST (NOORD) WFZ - DUTCH SECTOR, NORTH SEA

Depth to Thickness
Unit Base of Unit Range Soil Description Comments
[m LAT] [m]
m  Present in the sand extraction
areas
m Locally loose sand
m  MBES bathymetric data show
evidence of local, disturbed
Medium dense to very dense sgaﬂoor .
DS 231to0 29 0to 3.5 silica fine to coarse SAND " Dlsturbgd soil due to sand .
. . extraction or recently deposited
- with traces of organic matter o .
soil, i.e. after sand extraction
m Disturbed soil can contain
reworked material from various
units
m  Locally with traces of subangular to
angular fine gravel
m Present over the entire HKN WFZ,
except sand extraction areas,
where can be absent
Medium dense to very dense [ Locglly Ioo§e sand near. seafloor
A 20to 30 <1lto13 silica fine to medium SAND, - = Variable thickness, partially due to
. bedforms at seafloor
with shells and shell fragments . .
m  Locally silty/clayey or slightly
gravelly
m Locally with laminae or beds of
organic clay and/or sand
Medium dense to very dense, m Locally present and with variable
silica, fine to medium SAND, thickness
with shells and shell fragments | m  Forms infills of buried channels
- occasionally thin laminae with | m  More extensive in the southern part
shell fragments of HKN WFZ
B m Locally near base of unit, medium
21t043 Oto 19 and ]
bed of pseudo-fibrous to
High strength to very high amorphous peat or organic clay
strength silty, slightly sandy to m Locally very closely to medium
sandy non-calcareous to spaced thin laminae of (organic)
calcareous CLAY and/or SILT, silt and (organic) sand
with shells and shell fragments
m Present over the entire HKN WFZ,
with variable thickness
m  Locally slightly clayey to very
clayey or slightly gravelly
Medium dense to very dense m Locally with traces to f_ew shell _
. . . o fragments, wood debris or organic
slightly silty to silty, silica to
C 22t0 70 1to41 calcareous silica, fine to matter

medium SAND

m  Locally bed of peat

m  Locally with laminae to thin beds of
peat or organic clay, silt and/or fine
sand

m Locally thick bed of high strength to
extremely high strength clayey
sandy SILT

Fugro Document No. P903749/06 (7)

SOIL UNITS
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Depth to Thickness
Unit Base of Unit Range Soil Description Comments
[m LAT] [m]
Medium dense to very dense, m  Present over the entire HKN WFZ
slightly silty to very silty, silica m  Sand is locally clayey or gravelly
to calcareous silica, fine to m Clay is locally slightly sandy to
medium SAND, sandy
-with thin laminae to medium m  Locally coarse sand
beds of clay and silt m Locally with pockets or thin to thick
laminae of organic sand, (fibrous)
D >65 >43

and

High strength to very high
strength, calcareous to non-
calcareous CLAY

- with thin to thick laminae of
sand

organic matter, peat or wood
fragments

Notes:

on geotechnical data only

m  Depths and thicknesses based on geophysical and geotechnical data, except for Unit DS for which depths and thicknesses based

m  'Thickness' means actual unit thickness, i.e. thickness of Unit C = [base Unit C elevation] minus [top Unit C elevation]
Soil description according to ISO (2014) and BSI (2015)
m_ LAT =relative to Lowest Astronomical Tide

Fugro Document No. P903749/06 (7)

SOIL UNITS
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SECTION A:  GEOTECHNICAL GROUND MODEL

CONTENTS

LIST OF PLATES IN SECTION A:
Overview of CPT Groups
Probability Density Functions for Ic

SBT Proportions per CPT Group
CPT Grouping Overview

Fugro Document No P903749/06 (7)

Table of Contents — Section A

A-2
A-3
A-4to A-5

Page 1 of 1





HOLLANDSE KUST (NOORD) WFZ - DUTCH SECTOR, NORTH SEA

|

Group G1 Group G2 Group G3 Group G4
Normalised Cone Resistance, Q,, [-] Normalised Cone Resistance, Q,, [-] Normalised Cone Resistance, Q,, [-] Normalised Cone Resistance, Q,, [-]
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
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Locations: HKNO1 HKN34 HKN51 HKN64 Locations: HKNO7 HKN24 HKN47  TENNETO04 Locations: HKN70 Locations: HKN0O4
HKNO02 HKN35 HKN54 HKNG65 HKNO8 HKN27 HKN48  TENNETO05 HKN71 HKNO05
HKNO3 HKN36 HKN55 HKNG66 HKNO9 HKN28 HKN49 HKN72 HKNO6
HKN12 HKN37 HKN56 HKNG67 HKN15 HKN29 HKN50 HKN10
HKN13 HKN38 HKN57 HKNG68 HKN16 HKN30 HKN52 HKN11
HKN14 HKN39 HKN59 HKNG69 HKN17 HKN32 HKN53 HKN31
HKN20 HKN40 HKN60 HKN73 HKN18 HKN33 HKN58
HKN22 HKN41 HKN61 HKN74 HKN19 HKN43 TENNETO1
HKN25 HKN42 HKN62 HKN75 HKN21 HKN45 TENNETO02
HKN26 HKN44 HKN63 HKN23 HKN46 TENNETO03
Typical CPT profile: HKN20-PCPT Typical CPT profile: HKN23-PCPT-A Typical CPT profile: HKN72-PCPT Typical CPT profile: HKN10-PCPT

Note(s):
- The groups are presented based on the profiles of CPT normalised cone resistance Q, (primary screening parameter)
- The typical CPT profile of each group is highlighted with red

OVERVIEW OF CPT GROUPS
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GROUP G1

3.5

2.5

Probability Density Function
N

Depth: 2 m to 12 m BSF

Depth: 2 m to 40 m BSF

2.5

1.5

Probability Density Function
N

0.5

1.5
1
0.5
0 o
0 0.5 1.5 2 2.5 3.5
le []
GROUP G3
4
Depth: 2 m to 12 m BSF
3.5 Depth: 2 m to 40 m BSF

15 2
le[-]

2.5

3.5

Notes(s):

GROUP G1

Depth:2-12 m BSF | Depth:2-40 m BSF

Probability Density Function

GROUP G2

3.5

2.5

1.5

0.5

Depth: 2 m to 12 m BSF

Depth: 2 m to 40 m BSF

0.5

3.5

|count 29133 93080
Imean 1.73 1.79
Isb 0.18 0.24
GROUP G2
Depth:2-12 m BSF | Depth:2-40 m BSF
|count 22206 67907
[Mean 1.53 1.73
|sp 0.29 0.33
GROUP G3
Depth:2-12 m BSF | Depth:2-40 m BSF
|count 3393 10346
Imean 1.65 1.99
Isb 0.24 0.47
GROUP G4
Depth:2-12 m BSF | Depth:2-40 m BSF
|count 5677 15621
[Mean 2.00 1.88
|sp 0.48 0.39

Probability Density Function

GROUP G4

3.5

2.5

1.5

0.5

Depth: 2 m to 12 m BSF

Depth: 2 m to 40 m BSF

0.5

1.5 2

3.5

- The dashed lines represent the |, contours as presented on the Robertson Q,-F, classification chart (2009) and can be used to approximate the SBT boundaries. The approximate SBT zones based on the I, contours are the following: I, < 1.31: gravelly

sand to sand, 1.31 < I.< 2.05: sands - clean sand to silty sand, 2.05 < I < 2.6: sand mixtures - silty sand to sandy silt, 2.6 < |, < 2.95: silt mixtures - clayey silt to silty clay, 2.95 < |. < 3.6: clays - clay to silty clay, |.> 3.6: organic soils - peats

Fugro Document No. P903749/06 (7)
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- Soil behaviour type (SBT) is according to Robertson (2016a) as follows: CCS: Clay-like - Contractive - Sensitive, CC: Clay-like - Contractive, CD: Clay-like - Dilative, TC: Trsansitional - Contractive, TD: Transitional - Dilative, SC: Sand-like - Contractive, SD:
Sand-like - Dilative
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HOLLANDSE KUST (NOORD) WFZ — DUTCH SECTOR, NORTH SEA

SECTION B: GEOTECHNICAL PARAMETER VALUES

LIST OF PLATES IN SECTION B:

Soil Unit Weight versus Depth — Indicative Values
Soil Unit Weight versus Depth — Indicative Values and Derived Values
Soil Unit Weight versus Depth — Derived Values

Net Cone Resistance versus Depth — Indicative Values and Derived Values
Cone Penetration test — Parameter Uncertainty — HKN20-PCPT

Cone Penetration test — Parameter Uncertainty — HKN23-PCPT-A

Cone Penetration test — Parameter Uncertainty — HKN72-PCPT

Cone Penetration test — Parameter Uncertainty — HKN10-PCPT

Thin Layer Correction

Coefficient of Earth Pressure at Rest versus Depth — Indicative Values
Coefficient of Earth Pressure at Rest versus Depth — Indicative Values and Derived Values
Coefficient of Earth Pressure at Rest versus Depth — Derived Values

Minimum Index Void Ratio versus Depth — Indicative Values

Maximum Index Void Ratio versus Depth — Indicative Values

Minimum Index Void Ratio versus Depth — Indicative Values and Derived Values
Maximum Index Void Ratio versus Depth — Indicative Values and Derived Values
(emax — emin) versus Percentage Fines

(emax — emin) Versus Uniformity Coefficient

Relative Density versus Depth — Indicative Values
Relative Density versus Depth — Indicative Values and Derived Values
Relative Density versus Depth — Derived Values

Undrained Shear Strength — Triaxial Compression — Indicative Values and Derived Values
Undrained Shear Strength — Direct Simple Shear — Indicative Values and Derived Values
Critical State Line — Indicative Values

Critical State Line — Indicative Values and Derived Values

Void ratio at Critical State versus Percentage Fines

Effective Angle of Internal Friction at Large Strain — Indicative Values

Effective Angle of Internal Friction at Large Strain — Indicative Values and Derived Values
Effective Angle of Internal Friction at Large Strain — Derived Values
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- HKN20-PCPT is the typical CPT profile for group G1
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Derived Values - Group G4
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- Uncertainty calculation using parameter values for "good" penetrometer, according to Peuchen & Terwindt (2015)
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- Uncertainty calculation using parameter values for "good" penetrometer, according to Peuchen & Terwindt (2015)
- Ugg: uncertainty for sleeve friction
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- HKN20-PCPT is the typical CPT profile for group G1
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- Uncertainty calculation using parameter values for "good" penetrometer, according to Peuchen & Terwindt (2015)
- Uu2: uncertainty for pore pressure

- IC: soil behaviour type index

- HKN20-PCPT is the typical CPT profile for group G1
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- Uncertainty calculation using parameter values for "good" penetrometer, according to Peuchen & Terwindt (2015)
- Uu2: uncertainty for pore pressure

- IC: soil behaviour type index

- HKN23-PCPT-A is the typical CPT profile for group G2
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- Uncertainty calculation using parameter values for "good" penetrometer, according to Peuchen & Terwindt (2015)
- Uy uncertainty for cone resistance

- IC: soil behaviour type index

- HKN72-PCPT is the typical CPT profile for group G3
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- Uncertainty calculation using parameter values for "good" penetrometer, according to Peuchen & Terwindt (2015)
- Ugg: uncertainty for sleeve friction

- IC: soil behaviour type index

- HKN72-PCPT is the typical CPT profile for group G3

CONE PENETRATION TEST - PARAMETER UNCERTAINTY

PPPWIN 04.02.00/HKN72-fs-uncertainty-plate-.tpl/2019-06-07 09:41:17

Fugro Document No. P903749/06 (7) Plate B.2-12





10

15

20

25

Depth Below Seafloor [m]

30

35

40

45

PPPWIN 04.02.00/HKN72-u2-uncertainty-plate.tpl/2019-06-07 09:42:29

u, [MPa] Uy [kPa] o [
-5 .0 5 10 15 20 0 10 20 30 40 50 1 2 3 4

I SN e—

/\I

W il

)

v vw

i

W

vv

AMM
/V‘WMMMMWNA

<

N

)

i

=
C ‘E

<
Pore pressure, u, —  Uncertainty, u, [kPa] Location(s):
Uncertainty bound, u, HKN72-PCPT

Note(s):

- Uncertainty calculation using parameter values for "good" penetrometer, according to Peuchen & Terwindt (2015)
- Uu2: uncertainty for pore pressure

- IC: soil behaviour type index

- HKN72-PCPT is the typical CPT profile for group G3
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- HKN10-PCPT is the typical CPT profile for group G4
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- HKN10-PCPT is the typical CPT profile for group G4

CONE PENETRATION TEST - PARAMETER UNCERTAINTY

PPPWIN 04.02.00/HKN10-fs-uncertainty-plate-.tpl/2019-06-07 10:04:14

Fugro Document No. P903749/06 (7) Plate B.2-15





10

15

20

25

Depth Below Seafloor [m]

30

35

40

45

PPPWIN 04.02.00/HKN10-u2-uncertainty-plate.tpl/2019-06-07 10:05:13

u, [MPa] Uy [kPa] o [
-5 .0 5 10 15 20 0 10 20 30 40 50 1 2 3 4

A\ //\

A
Vv
L\~

NP NITREVRY ‘/\/——W\\\

—-—’/Lﬁ
AN N W] [~

™ Ax

JAAR

WVW\WV -
|

Ll

Pore pressure, u, —  Uncertainty, u, [kPa] Location(s):
Uncertainty bound, u, HKN10-PCPT

Note(s):

- Uncertainty calculation using parameter values for "good" penetrometer, according to Peuchen & Terwindt (2015)
- Uu2: uncertainty for pore pressure

- IC: soil behaviour type index

- HKN10-PCPT is the typical CPT profile for group G4
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- Corrected sleeve friction values are according to Boulanger and DeJong (2018)
- HKN20-PCPT is the typical CPT profile for Group G1
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-------- Low Estimate, quantile associated with the 5% fractile & Group G3

High Estimate, quantile associated with the 95% fractile
Derived value of Dy
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Best Estimate for 95% confidence interval Location(s):
----- Low Estimate, quantile associated with the 5% fractile & Group G4





(2) 90/6%.£06d "ON Juswnooq oJbn4

1-9'd 9eld

san[e A paALaQ pue sanfeA aAleaIpu|
NOISS3IHdINOD TVIXVIHL - HLONTIYLS dVIHS dIaNIVAANN

Sample Borehole Test Depth o’vo SQD SQD O’ac O'rc €50 SuTxc SuTxc
Location Aeleo & Qmax

[m] [kPa] [ [ [kPa] [kPa] [9%] [kPa] [kPa]
HKNO4-BH-SA 5.0 49 2 C 45 85 3.6 163 93
HKN11-BH-SA 5.0 49 1 A 40 70 2.2 161 111
HKN31-BH-SA 55 53 2 B 50 85 0.7 119 98
HKN56-BH-SA 38.7 375 1 A 370 260 0.7 200 194
HKN70-BH-SA 10.5 102 2 B 105 135 0.7 121 91
HKN72A-BH-SA 22.2 215 2 C 215 190 0.3 156 143
HKN72A-BH-SA 30.7 297 3 C 290 215 1.0 182 159
CPT Location Laboratory Distance from On Bq le Nkt SuTxC SuTxC SuTxC SuTxc

Test Depth Sample IL IM IH

Borehole

[m] [m] [MPa] [-] [l [-] [kPa] [kPa] [kPa] [kPa]
HKNO4-PCPT 5.0 3.8 29 0.18 2.4 16.4 177 161 187 253
HKN11-PCPT 5.0 3.9 3.9 0.42 2.3 13.5 252 229 265 360
HKN31-PCPT 55 4.3 2.0 0.06 25 18.9 106 96 111 151
HKN56-PCPT 38.7 3.8 3.0 0.08 3.0 18.4 163 148 172 233
HKN70-SCPT 10.5 35 2.1 0.10 2.7 17.9 117 107 123 168
HKN72-PCPT 22.2 3.8 2.8 0.20 2.8 16.0 175 159 184 249
HKN72-PCPT 30.7 3.8 2.7 0.08 29 18.4 147 133 155 210
Key:
Ovo =  Effective in situ vertical stress On = Net cone resistance
SQDAe/eo = Intact sample quality according to ISO (2014) as described in the document Bq = Pore pressure ratio

“Geotechnical Laboratory Tests” presented in Appendix 1 Ic = Soil behavior type index
SQDey = Intact sample quality according to Terzaghi et al. (1996) as described in the Nt = Cone factor between gn and sy
document “Geotechnical Laboratory Tests” presented in Appendix 1 SuTxc IL = Indicative low of undrained shear strength according to Table 4.7.1

Gac/rc = Axial/ radial effective consolidation stress sutxc IM = Indicative mean of undrained shear strength according to Table 4.7.1
€50 =  External axial strain at half the maximum deviator stress Sutxc IH = Indicative high of undrained shear strength according to Table 4.7.1
SuTXC Qmax = Undrained shear strength at maximum deviator stress
SuTxc = Undrained shear strength at maximum stress ratio
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Sample Borehole Test Depth o’vo SQbD SQb O’ac Su,Dss
Location Aeleo &
[m] [kPa] [-] [ [kPa] [kPa]
HKN11-BH-SA 4.3 41 1 B 32 84
CPT Location Distance from On Bq le Nt Su,DSS Su,DSS Su,Dss Su,DSS
Sample IL IM IH
Borehole
[m] [MPa] [ [] [-] [kPa] [kPa] [kPa] [kPa]
HKN11-PCPT 3.9 34 0.42 23 13.6 228 193 239 358
Key:
[oR%) =  Effective in situ vertical stress Qn = Net cone resistance
SQDAe/eo = Intact sample quality according to ISO (2014) as described in the document Bq = Pore pressure ratio
“Geotechnical Laboratory Tests” presented in Appendix 1 I = Soil behavior type index
SQDg, = Intact sample quality according to Terzaghi et al. (1996) as described in the Nkt = Cone factor between gn and su
document “Geotechnical Laboratory Tests” presented in Appendix 1 supss IL = Indicative low of undrained shear strength calculated according to Table 4.8.1
G'ac = Axial effective consolidation stress Supss IM = Indicative mean of undrained shear strength calculated according to Table 4.8.1
Su,DSS = Undrained shear strength Supss IH = Indicative high of undrained shear strength calculated according to Table 4.8.1
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HOLLANDSE KUST (NOORD) WFZ - DUTCH SECTOR, NORTH SEA

1.0

0.5

Void Ratio at Critical State, ecs [ -]

0.4

0.3

0.2

0.1

10 100 1000 10000
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———— Indicative Mean (IM) Triaxial compression, Location(s):
Indicative Low (IL) & specimen size 72 mm by 144 mm All CPT Groups
Indicative High (IH) Triaxial compression,
specimen size 51 mm by 90 mm
o Triaxial compression, test meeting filtering criteria

——— —  Derived values for Toyoura Sand
----- Derived values for Tung Chung Sand

Note(s):

- Refer to Main Text Section 4.10.3.2 for filtering criteria

CRITICAL STATE LINE
Indicative Values and Derived Values
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Note(s):
- Refer to Main Text Section 4.10.3.2 for filtering criteria
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EFFECTIVE ANGLE OF INTERNAL FRICTION AT LARGE STRAIN

Indicative Values
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——— Indicative Mean (IM) Triaxial compression,
e« Indicative Low (IL) & specimen size 72 mm by 144 mm
Indicative High (IH) Triaxial compression,
specimen size 51 mm by 90 mm
O Triaxial compression, test meeting filtering
criteria
Note(s):
- Qloum = 32.1°
- Qo =29.8°
-Q'oH = 34.4°

- Refer to Main Text Section 4.11.3.2 for filtering criteria

EFFECTIVE ANGLE OF INTERNAL FRICTION AT LARGE STRAIN

Indicative and Derived Values
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Best Estimate for 95% confidence interval Location(s):
-------- Low Estimate, quantile associated with the 5% fractile & All CPT Groups
High Estimate, quantile associated with the 95% fractile
Triaxial compression, specimen size 72 mm by 144 mm
Triaxial compression, specimen size 51 mm by 90 mm
O Triaxial compression, test meeting filtering criteria
Note(s):
- Refer to Main Text Section 4.11.3.2 for filtering criteria
EFFECTIVE ANGLE OF INTERNAL FRICTION AT LARGE STRAIN
Derived Values
Plate B.10-3
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Indicative Mean (IM) Location(s):
Indicative Low (IL) & HKN20-PCPT
Indicative High (IH)
Note(s):

- HKN20-PCPT is the typical CPT profile for group G1

PEAK EFFECTIVE ANGLE OF INTERNAL FRICTION VERSUS DEPTH
Indicative Values - Group G1
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Indicative Mean (IM) Location(s):
Indicative Low (IL) & HKN23-PCPT-A
Indicative High (IH)
Note(s):

- HKN23-PCPT-A is the typical CPT profile for group G2
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Indicative Values - Group G2
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Indicative Mean (IM) Location(s):
Indicative Low (IL) & HKN72-PCPT
Indicative High (IH)
Note(s):

- HKN72-PCPT is the typical CPT profile for group G3

PEAK EFFECTIVE ANGLE OF INTERNAL FRICTION VERSUS DEPTH
Indicative Values - Group G3
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Indicative Mean (IM) Location(s):
Indicative Low (IL) & HKN10-PCPT
Indicative High (IH)
Note(s):

- HKN10-PCPT is the typical CPT profile for group G4
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Indicative Mean (IM) Derived value according to ¢'-q: method Location(s):
Indicative Low (IL) & HKN20-PCPT
Indicative High (IH)
Note(s):

- HKN20-PCPT is the typical CPT profile for group G1
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Indicative Mean (IM) Derived value according to ¢'-q: method Location(s):
Indicative Low (IL) & HKN23-PCPT-A
Indicative High (IH)
Note(s):

- HKN23-PCPT-A is the typical CPT profile for group G2
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Indicative Mean (IM) Derived value according to ¢'-q: method Location(s):
Indicative Low (IL) & HKN72-PCPT
Indicative High (IH)
Note(s):

- HKN72-PCPT is the typical CPT profile for group G3
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Note(s):
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Derived value according to ¢’-qt method Location(s):
B Derived value according to ¢-TXC method Group G1
® Derived value according to ¢-DSS method
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Derived value according to ¢’-qt method
B Derived value according to ¢-TXC method
® Derived value according to ¢-DSS method
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Sample Borehole Test Depth Test Type a’vo saQb saQb o’p OCR M
Location Aeleo &v
[m] [kPa] [-] [-] [kPa] [-] [MPa]
HKN10-BH-SA 8.4 CRS 81 2 B 786 9.7 6.3
HKN11-BH-SA 53 CRS 51 1 A 973 19.1 5.8
HKN26-BH-SA 333 CRS 323 4 D 1146 3.6 17.5
HKN31-BH-SA 5.7 CRS 55 4 c 673 12.3 3.3
HKN31-BH-SA 10.1 CRS 97 1 B 724 74 7.6
HKN31-BH-SA 10.1 INC 97 1 B 755 7.7 6.8
HKN70-BH-SA 10.5 CRS 102 3 c 731 7.2 43
HKN70-BH-SA 19.0 INC 184 2 C 376 2.0 6.0
HKN70-BH-SA 19.1 CRS 185 4 c 633 3.4 13.4
CPT Location Laboratory Test Depth Distance from Sample an M M M
Borehole IL IM IH
[m] [m] [MPa] [MPa] [MPa] [MPa]

HKN10-PCPT 8.4 4.6 2.1 2.6 17.3 34.7
HKN11-PCPT 5.3 3.9 3.4 4.2 27.8 55.7
HKN26-PCPT 33.3 3.7 3.8 4.8 31.4 62.7
HKN31-PCPT 5.7 4.3 2.0 2.5 16.5 33.0
HKN31-PCPT 10.1 4.3 2.0 2.5 16.5 33.0
HKN31-PCPT 10.1 4.3 2.0 2.5 16.5 33.0
HKN70-SCPT 10.5 35 1.8 2.3 14.9 29.7
HKN70-SCPT 19.0 35 7.0 8.8 57.8 115.5
HKN70-SCPT 19.1 35 7.0 8.8 57.8 115.5
Key:
CRS/INC =  Constant rate of strain (CRS) / incremental loading (INC) as described in the On = Net cone resistance

document “Geotechnical Laboratory Tests” presented in Appendix 1 M IL = Indicative low of constrained modulus according to Table 4.14.1
a'vo =  Effective in situ vertical stress MIM = Indicative mean of constrained modulus according to Table 4.14.1
SQDAe/eo = Intact sample quality according to ISO (2014) as described in the document MIH = Indicative high of constrained modulus according to Table 4.14.1

“Geotechnical Laboratory Tests” presented in Appendix 1
SQDey = Intact sample quality according to Terzaghi et al. (1996) as described in the

document “Geotechnical Laboratory Tests” presented in Appendix 1
c'p =  Effective preconsolidation stress derived using Casagrande graphical method
OCR = Overconsolidation ratio
M =  Constrained modulus
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HOLLANDSE KUST (NOORD) WFZ - DUTCH SECTOR, NORTH SEA
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- HKN20-PCPT is the typical CPT profile for group G1

SHEAR MODULUS AT SMALL STRAIN VERSUS DEPTH
Indicative Values - Group G1
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- HKN23-PCPT-A is the typical CPT profile for group G2

SHEAR MODULUS AT SMALL STRAIN VERSUS DEPTH
Indicative Values - Group G2

Fugro Document No. P903749/06 (7)
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- HKN72-PCPT is the typical CPT profile for group G3
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HOLLANDSE KUST (NOORD) WFZ - DUTCH SECTOR, NORTH SEA
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Indicative Mean (IM) Location(s):
Indicative Low (IL) & HKN10-PCPT
Indicative High (IH)

Note(s):
- HKN10-PCPT is the typical CPT profile for group G4

SHEAR MODULUS AT SMALL STRAIN VERSUS DEPTH
Indicative Values - Group G4
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- HKN23-PCPT-A is the typical CPT profile for group G2

SHEAR MODULUS AT SMALL STRAIN VERSUS DEPTH
Indicative Values and Derived Values - Group G2

Fugro Document No. P903749/06 (7)
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HOLLANDSE KUST (NOORD) WFZ - DUTCH SECTOR, NORTH SEA
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Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Mrgﬁgl
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKNO2-BH-SA
2 % Vsand Gmax derived from CPT HKNO02-PCPT
§ ® Vs and Gmax according to Gmax - BEr,txc method HKNO02-SCPT-A
© B vs and Gmax according t0 Gmax - BErec 7xc method HKNO02-TCPT
g ¢ Gpax according to Gmax - RCrec and RCivt methods
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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g SHEAR WAVE VELOCITY AND SHEAR MODULUS AT SMALL STRAIN VERSUS DEPTH

Derived Values
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HOLLANDSE KUST (NOORD) WFZ - DUTCH SECTOR, NORTH SEA
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Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Mrgﬁgl
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKNO04-BH-SA
2 % Vsand Gmax derived from CPT HKNO04-PCPT
g‘l ® Vs and Gmax according to Gmax - BEr,txc method HKNO04-PCPT-A
® B vs and Gnax according to Gmax - BErec,xc method
g ¢ Gpax according to Gmax - RCrec and RCivt methods
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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HOLLANDSE KUST (NOORD) WFZ - DUTCH SECTOR, NORTH SEA
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKNO04-BH-SA
2 % Vsand Gmax derived from CPT HKNO04-PCPT
g‘l ® Vs and Gmax according to Gmax - BEr,txc method HKNO04-PCPT-A
® B vs and Gnax according to Gmax - BErec,xc method
g ¢ Gpax according to Gmax - RCrec and RCivt methods
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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HOLLANDSE KUST (NOORD) WFZ - DUTCH SECTOR, NORTH SEA
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Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Mrgﬁgl
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKNO06-BH-SA
2 % Vs and Gmax derived from CPT HKNO6-PCPT
g‘l ® Vs and Gmax according to Gmax - BEr,txc method HKNO06-SCPT
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g ¢ Gpax according to Gmax - RCrec and RCivt methods
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKN10-BH-SA
2 % Vs and Gmax derived from CPT HKN10-PCPT
§ ® Vs and Gmax according to Gmax - BEr,txc method HKN10-SCPT
© B vs and Gmax according t0 Gmax - BErec 7xc method HKN10-TCPT
g ¢ Gpax according to Gmax - RCrec and RCivt methods
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKN11-BH-SA
2 % Vsand Gmax derived from CPT HKN11-PCPT
g‘l ® Vs and Gmax according to Gmax - BEr,txc method
® B vs and Gnax according to Gmax - BErec,xc method
g ¢ Gpax according to Gmax - RCrec and RCivt methods
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Model
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| Shear wave velocity (vs) derived from dual array geophones Location(s):
| Shear modulus at small strain (Gmax) derived from vs measured HKN14-BH-SA
% Vs and Gmax derived from CPT HKN14-PCPT
® Vs and Gmax according to Gmax - BEr,txc method HKN14-SCPT
B vs and Gmax according t0 Gmax - BErec 7xc method HKN14-SCPT-A
®  Gpmax according to Gmax - RCrec and RCint methods
Note(s):

- Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKN19-BH-SA
2 % Vs and Gmax derived from CPT HKN19-PCPT
g‘l ® Vs and Gmax according to Gmax - BEr,txc method
® B vs and Gnax according to Gmax - BErec,xc method
g ¢ Gpax according to Gmax - RCrec and RCivt methods
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKN21-BH-SA
2 % Vsand Gmax derived from CPT HKN21-PCPT-B
§ ® Vs and Gmax according to Gmax - BEr,txc method HKN21-SCPT
© B vs and Gmax according t0 Gmax - BErec 7xc method HKN21-SCPT-A
g @ Graxaccording to Gmax- RCrec and RCint methods HKN21-TCPT
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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. . Ground
Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Model
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| Shear wave velocity (vs) derived from dual array geophones Location(s):
| Shear modulus at small strain (Gmax) derived from vs measured HKN25-BH-SA
% Vs and Gmax derived from CPT HKN25-PCPT
® Vs and Gmax according to Gmax - BEr,txc method HKN25-SCPT
B vs and Gmax according t0 Gmax - BErec 7xc method HKN25-TCPT
®  Gpmax according to Gmax - RCrec and RCint methods
Note(s):

- Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Mrgﬁgl
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKN26-BH-SA
2 % Vs and Gmax derived from CPT HKN26-PCPT
g‘l ® Vs and Gmax according to Gmax - BEr,txc method HKN26-SCPT
© B vs and Gmax according t0 Gmax - BErec 7xc method HKN26-TCPT
g ¢ Gpax according to Gmax - RCrec and RCivt methods
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKN27-BH-SA
2 % Vsand Gmax derived from CPT HKN27-PCPT
§ ® Vs and Gmax according to Gmax - BEr,txc method HKN27-SCPT
© B vs and Gmax according t0 Gmax - BErec 7xc method HKN27-TCPT
g ¢ Gpax according to Gmax - RCrec and RCivt methods
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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Ground
Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Model
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| Shear wave velocity (vs) derived from dual array geophones Location(s):
| Shear modulus at small strain (Gmax) derived from vs measured HKN28-BH-SC
% Vs and Gmax derived from CPT HKN28-PCPT
® Vs and Gmax according to Gmax - BEr,txc method
B vs and Gnax according to Gmax - BErec,xc method
®  Gpmax according to Gmax - RCrec and RCint methods

Note(s):
- Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKN31-BH-SA
2 % Vsand Gmax derived from CPT HKN31-PCPT
g‘l ® Vs and Gmax according to Gmax - BEr,txc method HKN31-SCPT
© B vs and Gmax according t0 Gmax - BErec 7xc method HKN31-TCPT
g ¢ Gpax according to Gmax - RCrec and RCivt methods
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Mrgﬁgl
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| Shear wave velocity (vs) derived from dual array geophones Location(s):
| Shear modulus at small strain (Gmax) derived from vs measured HKN33-BH-SA
% Vs and Gmax derived from CPT HKN33-PCPT
® Vs and Gmax according to Gmax - BEr,txc method
B vs and Gnax according to Gmax - BErec,xc method
®  Gpmax according to Gmax - RCrec and RCint methods

Note(s):
- Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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G d
Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Mrgﬁgl
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| Shear wave velocity (vs) derived from dual array geophones Location(s):
| Shear modulus at small strain (Gmax) derived from vs measured HKN34-BH-CP
% Vs and Gmax derived from CPT HKN34-PCPT
® Vs and Gmax according to Gmax - BEr,txc method
B vs and Gnax according to Gmax - BErec,xc method
®  Gpmax according to Gmax - RCrec and RCint methods

Note(s):
- Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Mrgﬁgl
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| Shear wave velocity (vs) derived from dual array geophones Location(s):
| Shear modulus at small strain (Gmax) derived from vs measured HKN36-BH-SA
% Vs and Gmax derived from CPT HKN36-PCPT
® Vs and Gmax according to Gmax - BEr,txc method HKN36-SCPT
B vs and Gmax according t0 Gmax - BErec 7xc method HKN36-TCPT
®  Gpmax according to Gmax - RCrec and RCint methods
Note(s):

- Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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G d
Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Mrgﬁgl
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| Shear wave velocity (vs) derived from dual array geophones Location(s):
| Shear modulus at small strain (Gmax) derived from vs measured HKN37-BH-SA
% Vs and Gmax derived from CPT HKN37-PCPT
® Vs and Gmax according to Gmax - BEr,txc method
B vs and Gnax according to Gmax - BErec,xc method
®  Gpmax according to Gmax - RCrec and RCint methods

Note(s):
- Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Mrgﬁgl
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| Shear wave velocity (vs) derived from dual array geophones Location(s):
| Shear modulus at small strain (Gmax) derived from vs measured HKN39-BH-SA
% Vs and Gmax derived from CPT HKN39-PCPT
® Vs and Gmax according to Gmax - BEr,txc method
B vs and Gnax according to Gmax - BErec,xc method
®  Gpmax according to Gmax - RCrec and RCint methods

Note(s):
- Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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- Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable

. . Ground
Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Model
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKN41-BH-SA
2 % Vsand Gmax derived from CPT HKN41-PCPT
g‘l ® Vs and Gmax according to Gmax - BEr,txc method HKN41-SCPT-D
© B vs and Gmax according t0 Gmax - BErec 7xc method HKN41-TCPT
g ¢ Gpax according to Gmax - RCrec and RCivt methods
U]
b Note(s):
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| Shear wave velocity (vs) derived from dual array geophones Location(s):
| Shear modulus at small strain (Gmax) derived from vs measured HKN44-BH-CP
% Vs and Gmax derived from CPT HKN44-PCPT
® Vs and Gmax according to Gmax - BEr,txc method
B vs and Gnax according to Gmax - BErec,xc method
®  Gpmax according to Gmax - RCrec and RCint methods

Note(s):
- Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable

SHEAR WAVE VELOCITY AND SHEAR MODULUS AT SMALL STRAIN VERSUS DEPTH

Derived Values

Fugro Document No. P903749/06 (7) Plate B.15-29





—l"unnn

HOLLANDSE KUST (NOORD) WFZ - DUTCH SECTOR, NORTH SEA
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKN46-BH-SA
2 % Vs and Gmax derived from CPT HKN46-PCPT
g‘l ® Vs and Gmax according to Gmax - BEr,txc method HKN46-PCPT-A
© B vs and Gmax according t0 Gmax - BErec 7xc method HKN46-TCPT
g ¢ Gpax according to Gmax - RCrec and RCivt methods
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Model
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKN47A-BH-SA
2 % Vsand Gmax derived from CPT HKN47-BH-SA
g‘l ® Vs and Gmax according to Gmax - BEr,txc method HKN47-PCPT
© B vs and Gmax according t0 Gmax - BErec 7xc method HKN47-SCPT
g @ Graxaccording to Gmax- RCrec and RCint methods HKN47-SCPT-A
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
5
@
ﬁgz
8 SHEAR WAVE VELOCITY AND SHEAR MODULUS AT SMALL STRAIN VERSUS DEPTH

Derived Values

Fugro Document No. P903749/06 (7) Plate B.15-31





HOLLANDSE KUST (NOORD) WFZ - DUTCH SECTOR, NORTH SEA

16

24

32

40

Depth Below Seafloor [m]

48

56

64

72

GeODin/Shear Wave & Gmax vs Depth_v2.GL0O/2019-06-04 11:17:31

-l"unnn
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Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Mrgﬁgl
0 200 400 600 O 200 400 600
S| ] ____ s o] ____ A
| \C&?I " | [
1)
vy o C
g \
— e - - e SRR - — == = = = PR — ___I_ ____________________ PR —
' o D 1
1= (N
| |
| | c
!
I - A S I I I L U S I I
] ? !
|
'
| I/} D
I |
'
T T T[T T R T
! ? ! %
= D
§ i ||
= Z °
i N
— =
. S
— 2
- -
4 HE D
= <
[ <
= é
=
| Shear wave velocity (vs) derived from dual array geophones Location(s):
| Shear modulus at small strain (Gmax) derived from vs measured HKN48A-BH-SA
% Vs and Gmax derived from CPT HKN48-BH-SA
® Vs and Gmax according to Gmax - BEr,txc method HKN48-PCPT
B vs and Gmax according t0 Gmax - BErec 7xc method HKN48-SCPT
¢ Gmax according to Gmax - RCrec and RCint methods HKN48-SCPT-A

Note(s):
- Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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. . Ground
Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Model
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| Shear wave velocity (vs) derived from dual array geophones Location(s):
| Shear modulus at small strain (Gmax) derived from vs measured HKN48A-BH-SA
% Vs and Gmax derived from CPT HKN48-BH-SA
® Vs and Gmax according to Gmax - BEr,txc method HKN48-PCPT
B vs and Gmax according t0 Gmax - BErec 7xc method HKN48-SCPT
¢ Gmax according to Gmax - RCrec and RCint methods HKN48-SCPT-A
Note(s):

- Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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G d
Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Mrgﬁgl
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| Shear wave velocity (vs) derived from dual array geophones Location(s):
| Shear modulus at small strain (Gmax) derived from vs measured HKN51-BH-CP
% Vs and Gmax derived from CPT HKN51-PCPT
® Vs and Gmax according to Gmax - BEr,txc method
B vs and Gnax according to Gmax - BErec,xc method
®  Gpmax according to Gmax - RCrec and RCint methods

Note(s):
- Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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G d
Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Mrgﬁgl
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| Shear wave velocity (vs) derived from dual array geophones Location(s):
| Shear modulus at small strain (Gmax) derived from vs measured HKN52-BH-CP
% Vs and Gmax derived from CPT HKN52-PCPT
® Vs and Gmax according to Gmax - BEr,txc method
B vs and Gnax according to Gmax - BErec,xc method
®  Gpmax according to Gmax - RCrec and RCint methods

Note(s):
- Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Model
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKN56-BH-SA
2 % Vs and Gmax derived from CPT HKN56-PCPT
§ ® Vs and Gmax according to Gmax - BEr,txc method HKN56-SCPT
© B vs and Gmax according t0 Gmax - BErec 7xc method HKN56-SCPT-A
g @ Graxaccording to Gmax- RCrec and RCint methods HKN56-TCPT
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Model
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKN58-BH-SA
2 % Vs and Gmax derived from CPT HKN58-PCPT
§ ® Vs and Gmax according to Gmax - BEr,txc method HKN58-SCPT
© B vs and Gmax according t0 Gmax - BErec 7xc method HKN58-TCPT
g ¢ Gpax according to Gmax - RCrec and RCivt methods
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
5
@
é
8 SHEAR WAVE VELOCITY AND SHEAR MODULUS AT SMALL STRAIN VERSUS DEPTH

Derived Values

Fugro Document No. P903749/06 (7) Plate B.15-37





-l"unnn

HOLLANDSE KUST (NOORD) WFZ - DUTCH SECTOR, NORTH SEA

G d
Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Mrgﬁgl
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKN60-BH-SA
2 % Vs and Gmax derived from CPT HKN60-PCPT-A
§ ® Vs and Gmax according to Gmax - BEr,txc method
® B vs and Gnax according to Gmax - BErec,xc method
g ¢ Gpax according to Gmax - RCrec and RCivt methods
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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Shear Wave Velocity, vs [m/s]
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Shear wave velocity (vs) derived from dual array geophones
Shear modulus at small strain (Gmax) derived from vs measured
Vs and Gmax derived from CPT

Vs and Gmax according to Gmax - BEit,xc method

Vs and Gmax according to Gmax - BErec,mxc method

Gmax according to Gmax- RCrec and RCint methods

Note(s):
- Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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Location(s):
HKN65-BH-SA
HKN65-SCPT
HKN65-PCPT
HKN65-TCPT
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. . Ground
Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Model
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKN67-BH-SA
2 % Vsand Gmax derived from CPT HKN67-PCPT
§ ® Vs and Gmax according to Gmax - BEr,txc method HKN67-SCPT
© B vs and Gmax according t0 Gmax - BErec 7xc method HKN67-TCPT
g ¢ Gmax according to Gmax- RCrec and RCinr methods HKN67-TCPT-A
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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G d
Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Mrgﬁgl
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKN70-BH-SA
2 % Vs and Gmax derived from CPT HKN70-PCPT
§ ® Vs and Gmax according to Gmax - BEr,txc method HKN70-SCPT
© B vs and Gmax according t0 Gmax - BErec 7xc method HKN70-TCPT
g ¢ Gpax according to Gmax - RCrec and RCivt methods
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Model
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKN70-BH-SA
2 % Vs and Gmax derived from CPT HKN70-PCPT
g‘l ® Vs and Gmax according to Gmax - BEr,txc method HKN70-SCPT
© B vs and Gmax according t0 Gmax - BErec 7xc method HKN70-TCPT
g ¢ Gpax according to Gmax - RCrec and RCivt methods
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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Ground
Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Model
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKN72A-BH-SA
2 % Vsand Gmax derived from CPT HKN72-BH-SA
§ ® Vs and Gmax according to Gmax - BEr,txc method HKN72-PCPT
© B vs and Gmax according t0 Gmax - BErec 7xc method HKN72-SCPT
g ¢ Gmax according to Gmax- RCrec and RCinr methods HKN72-SCPT-A
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Model
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| Shear wave velocity (vs) derived from dual array geophones Location(s):
| Shear modulus at small strain (Gmax) derived from vs measured HKN75-BH-SA
% Vs and Gmax derived from CPT HKN75-PCPT
® Vs and Gmax according to Gmax - BEr,txc method HKN75-SCPT
B vs and Gmax according t0 Gmax - BErec 7xc method HKN75-SCPT-A
¢ Gmax according to Gmax - RCrec and RCint methods HKN75-TCPT

Note(s):
- Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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G d
Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Mrgﬁgl
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKN-TENNETO02-CP
2 % Vsand Gmax derived from CPT TENNETO02-PCPT
g‘l ® Vs and Gmax according to Gmax - BEr,txc method
® B vs and Gnax according to Gmax - BErec,xc method
g ¢ Gpax according to Gmax - RCrec and RCivt methods
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Model
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKN-TENNETO02-CP
2 % Vsand Gmax derived from CPT TENNETO02-PCPT
g‘l ® Vs and Gmax according to Gmax - BEr,txc method
® B vs and Gnax according to Gmax - BErec,xc method
g ¢ Gpax according to Gmax - RCrec and RCivt methods
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Mrgﬁgl
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Shear wave velocity (vs) derived from dual array geophones Location(s):
Shear modulus at small strain (Gmax) derived from vs measured HKN-TENNETO3-CP
Vs and Gmax derived from CPT TENNETO3-PCPT

Vs and Gmax according to Gmax - BEit,xc method
Vs and Gmax according to Gmax - BErec,mxc method
Gmax according to Gmax- RCrec and RCint methods

Note(s):
- Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Model
0 200 400 600 O 200 400 600
ib ﬁ
B— —
2 X
" X
= =
- _—
<= <
i =
== =]
™ N
88 d & D
E
E— <
—_—
o ~ T
% &
= ==
== =
AN I N R N == Ll e ]
8 104
®
(5]
n
2
5
()
m
= 112
o
()
)
120
128
136
3
g 144
§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKN-TENNETO3-CP
2 % Vs and Gmax derived from CPT TENNETO3-PCPT
g‘l ® Vs and Gmax according to Gmax - BEr,txc method
® B vs and Gnax according to Gmax - BErec,xc method
g ¢ Gpax according to Gmax - RCrec and RCivt methods
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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G d
Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Mrgﬁgl
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| Shear wave velocity (vs) derived from dual array geophones Location(s):
| Shear modulus at small strain (Gmax) derived from vs measured HKN-TENNETO04-CP
% Vs and Gmax derived from CPT HKN-TENNETO4A-CP
® Vs and Gmax according to Gmax - BEr,txc method
B vs and Gnax according to Gmax - BErec,xc method
®  Gpmax according to Gmax - RCrec and RCint methods

Note(s):
- Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Model
0 200 400 600 O 200 400 600
— —
=
80 — r~
= L
5 E3
] =
= a D
88 < <
T e
- =
pm— ==
= =
z =
96 —_ 3
< 4
ES——am _th
E
8 104
®
(5]
n
2
5
()
m
= 112
o
()
)
120
128
136
3
3
g 144
§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKN-TENNETO04-CP
2 % Vsand Gmax derived from CPT HKN-TENNETO04A-CP
g‘l ® Vs and Gmax according to Gmax - BEr,txc method
® B vs and Gnax according to Gmax - BErec,xc method
g ¢ Gpax according to Gmax - RCrec and RCivt methods
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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G d
Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Mrgﬁgl
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| Shear wave velocity (vs) derived from dual array geophones Location(s):
| Shear modulus at small strain (Gmax) derived from vs measured HKN-TENNETO5-CP
% Vs and Gmax derived from CPT TENNETO5-PCPT
® Vs and Gmax according to Gmax - BEr,txc method
B vs and Gnax according to Gmax - BErec,xc method
®  Gpmax according to Gmax - RCrec and RCint methods

Note(s):
- Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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Shear Wave Velocity, vs [m/s] Shear Modulus at Small Strain, Gmax [MPa] Model
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§ | Shear wave velocity (vs) derived from dual array geophones Location(s):
§ | Shear modulus at small strain (Gmax) derived from vs measured HKN-TENNETO5-CP
2 % Vs and Gmax derived from CPT TENNETO5-PCPT
g‘l ® Vs and Gmax according to Gmax - BEr,txc method
® B vs and Gnax according to Gmax - BErec,xc method
g ¢ Gpax according to Gmax - RCrec and RCivt methods
U]
b Note(s):
§ - Gmax according to Gmax-gc-c'vo method and Gmax-gc method, where applicable
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HKN72-PCPT
Depth I o’vo Jc Qtn Bq Gmax Gmax Gmax
(Gmax-gc-0'vo method) | (Gmax-gc method) (M)
[m BSF] [] [kPa] [MPa] [ [ [MPa] [MPa] [MPa]
22.0 2.8 213 3.1 14 0.14 91 126 142
221 2.8 214 2.9 13 0.17 90 117 151
22.2 2.8 215 2.9 13 0.23 90 117 172
22.3 2.7 216 3.7 17 0.19 96 160 170
22.4 2.7 217 4.7 21 0.06 102 225 127
22.5 2.8 218 3.2 14 0.14 92 132 146
22.6 2.8 219 3.9 17 0.15 97 171 155
22.7 2.9 220 3.2 14 0.16 93 134 151
22.8 2.8 221 34 15 0.21 95 145 173
22.9 29 222 3.0 13 0.21 92 125 169
23.0 2.7 223 3.9 17 0.16 98 173 162
HKN10-PCPT
Depth lc o’vo Jc Qun Bq Gmax Gmax Gmax
(Gmax-gc-0'vo method) | (Gmax-gc method) (M)
[m BSF] [-1 [kPa] [MPa] [1 [ [MPa] [MPa] [MPa]
7.0 2.6 68 2.9 39 0.02 58 116 64
7.1 2.6 69 3.3 46 0.08 61 140 81
7.2 2.6 70 3.2 45 0.13 60 133 93
7.3 2.6 71 3.7 52 0.17 63 161 105
7.4 2.3 72 6.6 84 0.00 73 350 74
7.5 25 73 4.9 63 0.04 68 232 78
7.6 2.6 74 4.0 53 0.14 65 177 100
7.7 2.6 75 3.6 49 0.19 64 155 113
7.8 25 76 3.5 48 0.23 64 150 122
7.9 2.6 77 3.4 47 0.27 64 146 133
8.0 2.6 78 3.6 48 0.24 65 155 126
Key:
le = Soil behaviour type index Bq = Pore pressure ratio
Ovo = Effective in situ vertical stress Gmax = Shear modulus at small strain
o8 = Cone resistance HKN72-PCPT Typical CPT profile for Group G3
Qn = Normalised cone resistance HKN10-PCPT Typical CPT profile for Group G4
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GeODin/B16.1 G_Gmax vs shear strain2- Indicative.GLO/2019-06-03 11:56
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- Dashed (thin) lines illustrate possible extension of range of G/Gmax values beyond the applicability considered for this report
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Indicative Values
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NORMALISED SHEAR MODULUS VERSUS SHEAR STRAIN FOR SAND

0.1

Location(s):
All CPT Groups
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GeODin/B.16-3 G_Gmax vs shear strain - cla

HOLLANDSE KUST (NOORD) WFZ - DUTCH SECTOR, NORTH SEA
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Indicative Mean (Ip = 5 %) — — - Indicative High (Ip = 35 %)
Indicative Mean (I = 20 %)

Indicative Mean (Ip = 35 %)

Indicative Low (Ip = 5 %)

Notes:
- Dashed (thin) lines illustrate possible extension of range of G/Gnex values beyond the applicability considered for this report

NORMALISED SHEAR MODULUS VERSUS SHEAR STRAIN FOR CLAY
Indicative Values
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Derived value according to G/Gmax-RCrec method
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a'vo = 250 kPa
o'vo = 350 kPa

- Dashed (thin) lines illustrate possible extension of range of G/Gmax values beyond the applicability considered for this report
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NORMALISED SHEAR MODULUS VERSUS SHEAR STRAIN FOR SAND

Indicative Values and Derived Values
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Location(s):
All CPT Groups
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GeODin/B.16-4 G_Gmax vs shear strain - cla
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Indicative Mean (I = 20 %) Lower range - G/Gmax-Yoiay method (lp = 5 %) &

Indicative Mean (Ip = 35 %) Upper range - G/Gmax-Yclay method (Ip = 35 %)

Indicative Low (Ip = 5 %) o Derived value according to G/Gmax-RCint method (Ip = 20 %)

Notes:
- Dashed (thin) lines illustrate possible extension of range of G/Gnex values beyond the applicability considered for this report

NORMALISED SHEAR MODULUS VERSUS SHEAR STRAIN FOR CLAY
Indicative Values and Derived Values
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-

Note(s):

10

Cyclic Group CG1 S-N curve
Cyclic Group CG2 S-N curve
Cyclic Group CG3 S-N curve
Background S-N curve

100 1000
Number of Cycles, N [-]

B Cyclic Group CG1 - Derived value
M Cyclic Group CG2 - Derived value
M Cyclic Group CG3 - Derived value

- Background S-N curves are according to Andersen (2009)
- Presented values are for cyclic shear strength ¢y ¢ refer to Main Text

NUMBER OF CYCLES VERSUS CYCLIC STRESS RATIO
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Derived Values
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Location(s):
CPT Group G1
CPT Group G2
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GeODin/CC - stress ratio 0_25.GL0O/2019-06-07 10:50
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strain amplitude, ycy, or pore pressure B Derived value at yey = 2.5%

ratio, up/0'res

Andersen (2015)

¥ Derived value at yey = 5%

Contour line for (tey/c'efn=10 = 0.25, ™ Derived value at yoy = 7.5%

W Derived value at yey = 15%

® Derived value at up/0'er = 0.50
© Derived value at uy/a'er = 0.75
® Derived value at up/0'rer = 0.90

CYCLIC SHEAR STRAIN AMPLITUDE AND PORE PRESSURE RATIO
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Derived Values - Cyclic Group CG1
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Contour line for ( tey /6" ref)n=10 = 0.6, B Derived value at Yoy = 7.5%
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® Derived value at uy/0'er = 0.25
® Derived value at uy/0'er = 0.50
© Derived value at Up/0'es = 0.75
® Derived value at up/o'r = 0.90

CYCLIC SHEAR STRAIN AMPLITUDE AND PORE PRESSURE RATIO

Derived Values - Cyclic Group CG2
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CYCLIC SHEAR STRAIN AMPLITUDE AND PORE PRESSURE RATIO
Derived Values - Cyclic Group CG3
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® Derived value at yey = 15%

® Derived value at uy/a'er = 0.50
® Derived value at up/0'er = 0.75
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CYCLIC SHEAR STRAIN AMPLITUDE AND PORE PRESSURE RATIO

Derived Values - Cyclic Group CG4
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Cyclic Stress Ratio, T /0"t [-]

N
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Number of Cycles, N [-]

— Batch 2 (CG2) - S-N curve B Batch 2 (CG2) - Derived value Location(s):
— Batch 4 (CG3) - S-N curve M Batch 4 (CG3) - Derived value CPT Group G1
— Batch 5 (CG4) - S-N curve M Batch 5 (CG4) - Derived value CPT Group G2
— Batch 6 (CG1) - S-N curve B Batch 6 (CG1) - Derived value

— Batch 7 (CG2) - S-N curve B Batch 7 (CG2) - Derived value

— Batch 8 (CG2) - S-N curve B Batch 8 (CG2) - Derived value

Note(s):
- Line at N=10 illustrates method to compute (Tcy,#/0"rer)n=10 for individual batch samples using the presented S-N curves
- Presented values are for cyclic shear strength 1cys; refer to Main Text

NUMBER OF CYCLES VERSUS CYCLIC STRESS RATIO - PER SAMPLE BATCH

Derived Values
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Note(s):
A data label for a derived value indicates total vertical stress (in kPa) applied to specimen immediately
before start of cycling phase

Best fit line (R%=0.74)
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Cyclic Shear Strain
Amplitude for S-N
Curve

Cyclic Group CG1 (Batch 6)

Cyclic Group CG2 (Batch 2, 7 and 8)

Cyclic Group CG3 (Batch 4 and 5)

Cyclic Group CG4 (Batch 1 and 3)

b © b © b © b ®
Yey
1.0% 0.20 -0.15 0.25 -0.12 0.36 -0.38 0.24 -0.25
25% 0.27 -0.19 0.41 -0.18 0.70 -0.35 0.45 -0.23
5.0 % 0.32 -0.21 0.51 -0.20 1.00 -0.36 0.65 -0.16
7.5 % 0.37 -0.23 0.60 -0.21 1.40 -0.38 0.90 -0.20
15.0 % 0.39 -0.23 0.67 -0.20 1.98 -0.30 - -

Pore Pressure Ratio
for S-N Curve

Cyclic Group CG1 (Batch 6)

Cyclic Group CG2 (Batch 2, 7 and 8)

Cyclic Group CG3 (Batch 4 and 5)

Cyclic Group CG4 (Batch 1 and 3)

Ul b c b c b c b c
0.25 0.15 -0.15 0.20 -0.20 - - - -
0.50 0.22 -0.19 0.35 -0.23 - - - -
0.75 0.27 -0.21 0.44 -0.23 - - - -
0.90 0.30 -0.21 0.50 -0.23 - - - -
Notes:

L] b and ¢ are S-N curve parameters for CSR = b - N¢
L] CSR is cyclic stress ratio defined as 7., /d",.r, Where 7., is the cyclic shear stress at a specified cyclic shear strain amplitude or pore pressure ratio and o', is a reference value dependent on vertical

stress (o,,), atmospheric pressure (P,) and an empirical exponent (n = 0.9); 0'yer = P, (0,/P)"
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C1

C.2

PURPOSE AND SCOPE

This section presents results of a probabilistic seismic hazard assessment (PSHA) for the Hollandse
Kust (noord) Wind Farm Zone (HKN WFZ), henceforth referred to as ‘site’. The seismic hazard
assessment provides a seismic risk setting for design of offshore structures at the site, in accordance
with ISO 19901-2 (ISO, 2017) and Eurocode 8 (CEN, 2004).

The seismic risk setting is presented by means of design horizontal acceleration response spectra for
return periods of 475 and 1000 years for typical soil conditions and for bedrock conditions. The
presented results do not cover the full range of site conditions applicable to the HKN WFZ.

RESULTS

Table 1 and Plate C-4 present Uniform Hazard Spectra (UHS) estimated for return periods of 475 and
1000 years using typical shear wave velocity vsso values of 220 m/s and 250 m/s for soil, and vszo of
760 m/s for bedrock conditions. The vs3o values are for structures supported on driven piles, considering
a 30 m deep effective seabed.

The estimates for ground motions presented in this section are based on a regional-level PSHA. These
results do not necessarily represent location-specific ground motions and do not cover the full range of

site conditions applicable to the HKN WFZ. The following sections present supporting information.

Table C.1: 5 % Damped Horizontal Uniform Hazard Response Spectra

Period | Damped Horizontal Uniform Hazard Response Spectra

ST | salg] Sa [g] Sa [g] Sa [g] Sa [g] Sa [g]
(RP =475 (RP = 1000 (RP =475 (RP = 1000 (RP =475 (RP = 1000
year; Vs3o = year; Vs3o = year; Vsso = year; Vs3o = year; Vs3o = year; Vsao =
220 m/s) 220 m/s) 250 m/s) 250 m/s) 760 m/s) 760 m/s)

0.01 0.022 0.033 0.020 0.030 0.013 0.019

0.05 0.035 0.052 0.032 0.047 0.021 0.032

0.10 0.044 0.065 0.040 0.059 0.026 0.040

0.15 0.047 0.069 0.042 0.063 0.027 0.040

0.20 0.049 0.073 0.045 0.066 0.027 0.040

0.25 0.048 0.071 0.044 0.065 0.025 0.037

0.30 0.047 0.070 0.042 0.063 0.023 0.034

0.40 0.043 0.066 0.039 0.059 0.020 0.030

0.50 0.039 0.060 0.035 0.053 0.017 0.026

0.75 0.030 0.048 0.027 0.043 0.012 0.019

1.00 0.024 0.038 0.021 0.034 0.009 0.014

2.00 0.010 0.017 0.009 0.016 0.004 0.007

3.00 0.005 0.009 0.005 0.008 0.002 0.004

4.00 0.003 0.006 0.003 0.005 0.001 0.002

Notes:

m S, = Spectral acceleration
m  RP = Return Period

m V3= shear wave velocity for 30 m deep effective seabed (ISO, 2017)
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C3

C31

C.3.2

C.33

C33.1

SUPPORTING INFORMATION

Regional Tectonic Setting

The site is located in an area of low seismicity in the southern part of the North Sea (refer to Plate C-1).
The North Sea is structurally characterized by large scale Mesozoic rift/trough systems extending in
North-South direction. Rift systems are represented by graben basins or troughs with horsts and
platforms between them. Long linear troughs are infilled by thick wedges of sediment of up to 10 km
thickness and ranging in age from Permian to Cretaceous. Mesozoic sedimentary sequences are much
thinner on the horsts and platforms. Along the basin margins, Mesozoic sequences are highly deformed
by normal faults. Halokinetic deformations are also common within the rift deposits. The rift sequence is
overlaid by Cenozoic sedimentary sequences (Whiteman et al., 1975; Ziegler, 1992).

There are two prominent tectonic basins in the southern part of the North Sea: the Dutch Central Graben
and the Broad Fourteens Basin (refer to Plate C-2). The project site is situated close to the border
between the Broad Fourteens Basin and the south-eastern extent of Cleaver Bank High, which is located
between the two basins. The two basins are controlled by normal faults connected to the Northwest
European Rift Systems encountered onshore the Netherlands. The Broad Fourteens Basin is located
on the offshore extension of the onshore Roer Valley Graben system. These two graben systems
correspond to the Mesozoic-aged Mid Netherlands Weakness zone and they form a reactivation of the
pre-existing normal faults along this zone (Worum et al., 2005). The Onshore Roer Valley Graben
system is the most active neotectonic structure onshore the Netherlands.

The site is located within a Stable Continental Region in a continental crust with a low deformation rate.

Plate C-3 shows regional seismicity for the period between the years 1000 and 2006 with earthquake
magnitude (Mw) >3.5 (Woessner et al., 2015). It can be observed from this plate that seismicity at the
site is low.

Site Classification

Typical shear wave velocity profiles for the site show vs3o ~ 250 m/s (Fugro, 2019). For example, HKNO6-
SCPT shows vs3o ~ 220 m/s and HKN49-PCPT shows vs3zo ~ 300 m/s. This would result in Site Class D
per ISO (2017) and Ground Type C per Eurocode 8 (CEN, 2004).

A check for Site Class F in accordance with ISO (2017) showed a significant number of (S)CPT locations
with layers greater than 2 m thick with sharp contrast in estimated shear wave velocity (greater than
+/- 30 %), i.e. Site Class F locations. Section 2 (above) excludes results for these locations. In
accordance with ISO (2017), dynamic site response analyses are recommended for Site Class F
locations.

Seismic Hazard Analysis

General

Seismic hazard analyses were performed using EZ-FRISK™ software (Fugro, 2015). The regional
seismic source model is provided by EZ-FRISK™ which is largely based on the Global Seismic Hazard
Assessment Program (GSHAP) study (Shedlock et al., 2000). The regional seismic source model
consists entirely of areal sources that subdivide the crust into distinct zones of crust judged to have

Fugro Document No. P903749/06 (7) Text - Section C Page C-2





-l"ut;nn

HOLLANDSE KUST (NOORD) WFZ — DUTCH SECTOR, NORTH SEA

C.3.3.2

similar seismotectonic characteristics and earthquake magnitude and recurrence characteristics. In
general, the GSHAP source zones capture patterns in seismicity.

A PSHA was performed for vsso values of 220 m/s and 250 m/s. Additionally, an analysis was performed
using a shear wave velocity vs of 760 m/s, representing bedrock conditions. This latter value is similar
to the vs values used for the ISO (2017) maps for determination of seismic zones (Figure B.8a in
Annex B of ISO (2017)).

Methodology

C.3.3.3

Computation of seismic hazard involves combining uncertainties in earthquake size, location, frequency,
and resulting ground motions. The estimated annual rate (1) at which the ground motion (A) will exceed
a particular value (a) is computed by (Cornell, 1968):

Al[A > a] = ﬂ- P[A > a|m,r]fy(m) fr(r)dmdr

where:

P[A>a|lm,r] is the probability of the ground motion (A) exceeding the threshold value (a), given the
earthquake magnitude (m) and distance (r) from the seismic source, and where fu(m) and fr(r) are
probability density functions describing earthquake magnitude and distance from the seismic source.
The computation of this integral is carried out numerically. By assuming that earthquake occurrence can
be modelled as a Poisson process, the probability of exceedance in a specified exposure period
(t, typically corresponding to the useful life of a project) may be estimated as follows (Yegian, 1979):

P[A>a,t] =1— e * @1

where:

P[A>a,t] is the conditional probability of an earthquake acceleration (A) exceeding a specified
acceleration (a) during a time interval (t) given that an earthquake will occur, and A(a) is the mean annual

rate of exceedance of the specified acceleration level.

Empirical Attenuation Relationships

The attenuation of seismic waves from a seismogenic source was modelled using empirical attenuation
functions. These empirical functions should model the type of rupture mechanism as well as the regional
geology and seismotectonic setting to properly estimate site-specific strong ground motion amplitudes.
In general, attenuation relationships based on robust data sets are available for active plate margin
areas, similar to the Western United States, for more stable regions such as the Eastern United States,
and for the Europe and Middle East regions.

As discussed above, the project location is situated in the middle of a stable plate. A range of attenuation
relations were used that have been developed for the European and Middle East region (i.e. Akkar et
al., 2014), stable continental regions such as Central and Eastern North America (i.e. Toro et al., 1997;
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C.3.34

Campbell 2003; Silva et al 2002; Atkinson and Boore, 2006), and active shallow crustal regions (i.e.
Chiou and Youngs, 2014) that have been shown to be applicable for the Euro-Mediterranean region
(Stafford et al., 2008). For the selection of attenuation relations for stable continental regions the more
recent recommendations from Stewart et al. (2015) were also considered. For the weights applied to
the attenuation relations for the different tectonic regimes a similar weighing scheme as the one adopted
for extended crust stable continental regions in recent regional studies for Europe (Woessner et al.,
2015) was used, and which is as follows:

m  Europe and Middle East region: weight distribution of 0.4;

m  Stable Continental Regions: weight distribution of 0.4 (equal weights of 0.1 were applied at the four
attenuation relations);

m  Active Shallow Crustal Regions: weight distribution of 0.2.

It is noted that most of the attenuations for Central and Eastern North America have been developed for
hard rock conditions (i.e. vsso of about 1500 m/s, Site Class A), with the exception of Atkinson and Boore
(2006) which includes non-linear site amplification factors based on vszo. EZ-FRISK™ uses NEHERP
site amplification factors based on site class in order to provide estimates of spectral accelerations for
different site classes.

Comparison to Other Studies

C4

The results of the probabilistic seismic hazard analyses outlined in this technical note were compared
to available regional hazard results provided by ISO (2017) and the Seismic Hazard Harmonization in
Europe (SHARE) project.

ISO (2017) provides offshore mapped values of SAi.csec worldwide based on bedrock conditions (i.e.
vs= 750 m/s). At and nearby the HKN WFZ, the mapped SAiosec Values vary between 0.020 g and
0.040 g compared to 0.014 g estimated from the present study.

Plate C-5 compares horizontal acceleration response spectra for the 475 year and 1000 year hazard
level UHS of this study for a shear wave velocity vs of 760 m/s with SHARE PSHA results (Woessner et
al., 2015) for rock conditions (vs = 800 m/s). As shown on this plate, the results from the two studies are
generally close with any differences observed likely attributed primarily to the different ground motion
attenuation relationships used in the two studies.
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USE OF GEODATA AND ADVICE

INTRODUCTION
This document provides important information regarding the use of Fugro geodata, analyses and advice.

Site-specific acquisition of geodata can include metocean monitoring, geophysical seafloor mapping, subsurface
mapping, logging of boreholes, in situ testing, laboratory testing of samples and monitoring of structures or
elements of structures.

The cost of geodata acquisition, interpretation and monitoring is a small portion of the total cost of a development
such as a construction project. By contrast, the costs of correcting a wrongly designed programme or mobilising
alternative construction methods are often far greater than the cost of the original investigation for a site or
structure.

Attention and adherence to the information presented in this document can reduce delays and cost overruns
related to site-specific factors.

The focus of this document is on construction projects. This document also applies to information and advice
related to asset integrity and decommissioning.

REQUIREMENTS FOR QUALITY GEODATA

Project quality management should follow ISO 9001 quality principles for project management and ISO 2394 for
general principles on reliability for structures. Project activities usually comprise part of specific phases of a
construction project. The quality plan for the entire construction project should incorporate geodata input in every
phase - from the feasibility planning stages to project completion. The parties involved should do the following:

— Provide complete and accurate information necessary to plan an appropriate site investigation.

— Describe the purpose(s), type(s) and construction methods of planned structures in detalil.

— Provide the time, financial, personnel and other resources necessary for the planning, execution and follow-
up of a site investigation programme.

— Understand the limitations and degree of accuracy inherent in geodata.

— Understand the limitations and degree of accuracy inherent in the advice based upon site investigation data.

— During all design and construction activities, be aware of the limitations of site investigation data and
analyses/ advice, and use appropriate preventative measures.

— Incorporate all geodata input in the design, planning, construction and other activities involving the site and
structures. Provide the entire (set of) document(s), including digital files where applicable, to parties involved
in site selection, design and construction.

— Use the site investigation data and advice for only the structures, site and activities which were described to
Fugro prior to and for the purpose of planning the site investigation or the programme of analysis and advice.

AUTHORITY, TIME AND RESOURCES NECESSARY FOR SITE INVESTIGATIONS

Adequate designation of authority and accountability for site-specific aspects of construction projects is
necessary. This way, an appropriate investigation can be performed, and the use of the results by project design
and construction professionals can be optimised.

Figure 1 illustrates the importance of the initial project phases for gathering adequate geodata for a project. The
initial phases, when site investigation requirements are defined and resources are allocated, are represented by
more than 50 % of the Quality Triangle (Figure 1). Decisions and actions made during these phases have a large
impact of the outcome and thus the potential of the investigation to meet project requirements.

FNLM/GEO/APP/077 Page 1 of 3





ISSUE 16

© Fugro 1996-2019

—l"ut;nn

USE OF GEODATA AND ADVICE
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Figure 1: Quality of Site Investigation (adapted from SISG?).
DATA ACQUISITION AND MONITORING PROGRAMMES

Site-specific investigations, such as geophysical and geotechnical investigations, are operations of discovery.
Investigation should proceed in logical stages. Planning should allow operational adjustments deemed necessary
by newly available information. This observational approach permits the development of a sound engineering
strategy and reduces the risk of discovering unexpected (geo)hazards during or after construction.

DATA TYPES AND LIMITATIONS

1. RELIABILITY OF SUPPLIED INFORMATION

Analysis and advice can involve the use of information and physical material that is publicly available or supplied
by the client. Examples are geodetic data, geological maps, geophysical records, earthquake data, earlier
geotechnical logs and soil samples. Fugro endeavours to identify potential anomalies but does not independently
verify the accuracy or completeness of public or client-supplied information unless indicated otherwise. This
information, therefore, can limit the accuracy of the geodata, analyses and advice.

2. COMPLEXITY OF GROUND CONDITIONS

There are hazards associated with the ground. An adequate understanding of these hazards can help to minimize
risks to a project and the site. The ground is a vital element of all structures which rest on or in the ground.
Information about ground behaviour is necessary to achieve a safe and economical structure. Often less is known
about the ground than for any other element of a structure.

3. SITE INVESTIGATION - SPATIAL COVERAGE LIMITATIONS

Geophysical investigations typically provide information about ground conditions along survey track lines.
Geotechnical investigations collect data at specific test locations. Interpretation of ground conditions away from
survey track lines and test locations is a matter of extrapolation and judgement based on geological and
geotechnical knowledge, as well as on experience. Nevertheless, actual conditions in untested areas may differ
from predictions. For example, the interface between ground materials may be far more gradual or abrupt than
indicated by the geodata. It is not realistic to expect a site investigation to reveal or anticipate every detail of
ground conditions. Nevertheless, an investigation can reduce the residual risk associated with unforeseen
conditions to a tolerable level. If ground problems do arise, it is important to have relevant expertise available to
help reduce and mitigate safety and financial risks.

1 Site Investigation Steering Group SISG 1993. Site Investigation in Construction 2: Planning, Procurement and Quality Management.
London: Thomas Telford.
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USE OF GEODATA AND ADVICE

4. ROLE OF JUDGEMENT AND OPINION IN ANALYSIS AND ADVICE

Analysis and advice that involve geodata are less exact than most other design disciplines. Extensive judgement
and opinion are often required. Therefore, geodata, analyes and advice may contain definitive statements that
identify where the responsibility of Fugro begins and ends. These are not exculpatory clauses designed to transfer
liabilities to another party, but they are statements that can help all parties involved to recognise their individual
responsibilities and take appropriate actions.

COMPLETE INFORMATION SHOULD BE AVAILABLE TO ALL PARTIES INVOLVED

To prevent costly construction problems, construction contractors should have access to the best available
information. They should have access to the complete original (set of) documents including digital files where
applicable, to prevent or minimize any misinterpretation of site conditions and advice. To prevent errors or
omissions that could lead to misinterpretation, geophysical sections, geotechnical logs and illustrations should not
be redrawn, and users of geodata and advice should confer with the authors when applying the geodata and/or
and/or advice.

INFORMATION IS PROJECT-SPECIFIC

Fugro’s investigative programmes, analyses and advice are designed and conducted specifically for the client
described project and conditions. Thus the geodata, analyses and advice present information for a unique
construction project. Project-specific factors for a structure include but are not limited to:

— location

size and configuration of structure
type and purpose or use of structure
other facilities or structures in the area.

Any factor that changes subsequent to the preparation of the geodata, analyses and advice may affect its
applicability. A specialised review of the impact of changes would be necessary. Fugro is not responsible for
conditions which develop after change of any factor in site investigation programming, development or structure.

For purposes or parties other than the original project or client, the geodata, analyses and advice may not be
adequate and should not be used.

CHANGES IN SITE CONDITIONS AFFECT THE ACCURACY/SUITABILITY OF THE DATA

Ground is complex and can be changed by natural phenomena such as earthquakes, floods, seabed scour and
groundwater fluctuations. Construction operations at or near the site can also change ground conditions. The
geodata, analyses and advice consider conditions at the time of investigation. Construction decisions should
consider any changes in site conditions, regulatory provisions, technology or economic conditions subsequent to
the investigation. In general, two years after the date of geodata, analyses and advice, the information may be
considered inaccurate or unreliable. A specialist should be consulted regarding the adequacy of the geodata,
analyses and advice for use after any passage of time.
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APPENDIX 1: DESCRIPTIONS OF METHODS AND PRACTICES
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CONE PENETRATION TEST

INTRODUCTION

The cone penetration test (CPT) involves the measurement of the resistance of ground to steady and continuous
penetration of a cone penetrometer equipped with internal sensors. The measurements comprise penetration
depth, cone resistance, sleeve friction and, optionally, pore pressure and inclination from vertical. These
measurements permit interpretation of ground conditions.

CPT apparatus and procedures adopted by Fugro are in general accordance ISSMGE (1999), ASTM (2012), ISO
(2012) and ISO (2014). BS 5930 (BSI, 2015) refer to ISSMGE (1999). General agreement also applies to
Eurocode 7 (CEN, 2007).

Fugro offers CPT systems operated from (1) ground surface and seafloor (non-drilling deployment mode) and
(2) downhole in a borehole (drilling deployment mode).

CPT APPARATUS
GENERAL

CPT apparatus includes various parts as described below:

— Thrust machine: apparatus providing thrust to the push rods so that the recommended rate of penetration
(20 mm/s) is controlled;

— Reaction equipment: reaction for the thrust machine;

— Push rod: thick-walled cylindrical tube used for advancing the penetrometer to the required test depth. Push
rods may also consist of drill pipe;

— Friction-cone penetrometer (CPT): cylindrical terminal body mounted on the lower end of the push rods,
including a cone, a friction sleeve and internal sensing devices for the measurement of cone resistance,
sleeve friction and, optionally, inclination;

— Piezocone penetrometer (CPTU or PCPT): cylindrical terminal body mounted on the lower end of the push
rods, including a cone, a friction sleeve, a filter and internal sensing devices for the measurement of cone
resistance, sleeve friction, pressure and, optionally, inclination;

— Measuring system: apparatus and software, including sensors, data transmission apparatus, recording
apparatus and data processing apparatus.

DEPLOYMENT FROM GROUND SURFACE OR SEAFLOOR

Specific additional apparatus for CPT deployment from ground surface and seafloor can include:

— Push rod casing: guide for the part of the push rods protruding above the soil, and for the push rod length
exposed in water or soil, to prevent buckling when the required penetration pressure increases beyond the
safe limit for the exposed upstanding length of push rods;

— Friction reducer: ring or special projections fixed on the outside of the push rods, with an outside diameter
larger than the base of the cone, to reduce soil friction acting on the push rods.

DOWNHOLE BOREHOLE DEPLOYMENT

Downhole CPT systems latch into a bottom hole assembly at the lower end of a drill pipe. System options are:

1. Operation of a downhole thrust machine by applying mud pressure in the borehole;

2. Remote control of a downhole thrust machine by hydraulic pressure transmitted through an umbilical cable
connected to a surface-based pump unit, together with;

3. Application of thrust to drill rods where CPT apparatus and a short push rod are latched in the bottom hole
assembly; the thrust machine is at ground surface or seafloor.

Data recording can be surface-based and/or downhole.

Downhole CPTs require drilling apparatus for advancing the borehole. The maximum CPT stroke is generally
1.5mor3m.
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CONE PENETRATION TEST

CONE PENETROMETER

Typical features of Fugro penetrometers (Figure 1) include:

— Cone base areas of 500 mm?2, 1000 mm? or 1500 mm?; other sizes are also in use, e.g. 3300 mm?

— Cone and friction sleeve sensors placed in series, i.e. subtraction-type penetrometers;

— Pore pressure measurements either at the face of the cone (u1) or at the cylindrical extension of the cone (uz).
Multiple-sensor penetrometers (ui, U2 and us) are also available. The us location is immediately above the
friction sleeve;

— Inclinometer;

— Storage of signals from the penetrometer in digital form for subsequent computer-based processing and
presentation.

PROCEDURE

Figure 2 summarises the test procedure. The procedure includes several stages. The stage of Additional

Measurements is optional.
Start

‘ Set-up stage

POSITION

Push rod
First CPT of
project

Yes

v No

Set-up approval ‘

[ Push rod connector ‘

Gap between friction
sleeve and_shaft + | Soil seal }4
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Figure 1: Piezocone Penetrometer Figure 2: Flow chart

The set-up stage is at discretion of the equipment operator, particularly considering suitability of expected ground
type(s), accessibility, risk of damage to equipment and safety of persons.

Set-up requires a reasonably flat, accessible, ground surface with a slope of 5° or less. Most onshore thrust
machines have levelling facilities allowing a vertical start of penetration. Seabed frames used for offshore CPT
activities have no levelling facilities, i.e. start of penetration may not be vertical.

For over-water (marine/ offshore activities), additional accessibility considerations include:

—  Minimum water depth for the selected pontoon, jack-up or vessel and the selected test equipment;
—  Maximum water depth for the selected pontoon, jack-up or vessel;

— Maximum depth below water (sea) level of selected test equipment;

— Metocean conditions, particularly wind, waves, currents.
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The set-up stage typically includes selection of equipment and procedures according to a required accuracy class
or application class, type of cone penetrometer and data processing/ submission. Table 1 presents ISSMGE
accuracy classes and Tables 2 and 3 summarise ISO application classes. The allowable minimum accuracy of a
measured parameter is the larger value of the two quoted. A percentage value applies to the measured value and
not to the measuring range. The concept of application classes considers intended soil conditions for selection of
an application class. For example, Application Class 1 of ISO (2014) can be selected for “very soft to soft soil
deposits”, which is approximately equivalent to gc < 0.5 to gc < 1 MPa. In other words, Application Class 1 should
not apply to “mixed bedded soil profiles with weak to strong layers”.

CONE PENETRATION TEST

The accuracy values apply to ground surface or seafloor as reference. They are uncoupled from uncertainty of
spatial position below ground surface or seafloor.

Table 1: Accuracy Classes (ISSMGE, 1999)

Accuracy Measured Parameter Allowable Minimum Accuracy Maximum Length between
Class Measurements
1 Cone resistance, qc 50 kPa or 3 %
Sleeve friction, fs 10 kPa or 10 %
Pore pressure, u 5 kPaor2 % 20 mm
Inclination, i 2°
Penetration depth, z 0.1morl%
2 Cone resistance, qc 200 kPa or 3 %
Sleeve friction, fs 25 kPa or 15 %
Pore pressure, u 25 kPa or 3 % 20 mm
Inclination, i 2°
Penetration depth, z 0.2mor2%
3 Cone resistance, qc 400 kPa or 5 %
Sleeve friction, fs 50 kPa or 15 %
Pore pressure, u 50 kPa or 5 % 50 mm
Inclination, i 5°
Penetration depth, z 0.2mor2%
4 Cone resistance, qc 500 kPa or 5 %
Sleeve friction, fs 50 kPa or 20 % 50 mm
Penetration length, | 0.1morl%

Table 2: Application Classes (1ISO, 2012)

Application Measured Parameter Allowable Minimum Accuracy Maximum Length between
Class Measurements

1 Cone resistance, qc 35kPaor5%
Sleeve friction, fs 5 kPaor 10 %
Pore pressure, u 10 kPaor2 % 20 mm
Inclination, i 20
Penetration length, | 0.1morl%

2 Cone resistance, qc 100 kPa or 5 %
Sleeve friction, fs 15 kPa or 15 %
Pore pressure, u 10 kPaor 3% 20 mm
Inclination, i 20
Penetration length, | 0.1morl%

3 Cone resistance, qc 200 kPa or 5 %
Sleeve friction, fs 25 kPaor 15 %
Pore pressure, u 50 kPa or 5 % 50 mm
Inclination, i 5o
Penetration length, | 0.2 mor 2%

4 Cone resistance, qc 500 kPa or 5 %
Sleeve friction, fs 50 kPa or 20 % 50 mm
Penetration length, | 0.2mor2%
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CONE PENETRATION TEST

Table 3: Application Classes (1ISO, 2014)

Application Class Measured Parameter Allowable Minimum Accuracy
Cone Resistance 35 kPaor5%
1 Sleeve friction 5 kPaor 10 %
Pore pressure 25 kPa or 5 %
Cone resistance 100 kPa or5 %
2 Sleeve friction 15 kPa or 15 %
Pore pressure 50 kPa or 5 %
Cone Resistance 200 kPa or 5 %
3 Sleeve friction 25 kPa or 15 %
Pore pressure 100 kPa or 5 %

The set-up stage or the termination stage includes the location survey, i.e. the determination of the co-ordinates
and the ground surface elevation (or the water depth).

The set-up stage and the termination stage for a downhole CPT include lowering of the CPT apparatus into the
borehole and lifting respectively. Most projects require multiple downhole tests in a single borehole.

For piezocone testing, the set-up stage also includes the following steps:

— Office-based or site-based: de-airing of the filter in glycerine by application of 24-hour vacuum and storage
in a glycerine-filled container;

— On-site: glycerine filling of hollow space in the cone penetrometer and subsequent mounting of the filter;

— On-site: application of a flexible membrane around the filter to prevent loss of saturating fluid prior to the start
of a test.

Land-based tests may include specific measures to help retention of filter saturation during penetration of partially
saturated zones. Relaxation of requirements typically applies to offshore tests where water pressures will force
entrapped air into solution.

Criteria for test termination are as follows, unless specifically agreed otherwise:

— Asinstructed by Client;

— Reaching target penetration;

— Reaching maximum capacity of the thrust machine, reaction equipment, push rods and/or measuring
Sensors;

— Sudden increase in penetrometer inclination;

— Risk of damage to apparatus or safety of persons, at discretion of equipment operator or as determined by
software algorithms;

whichever occurs first and as applicable. Note that ASTM and ISO standards provide no specific requirements

for maximum penetrometer inclination from vertical. A value of 15° is commonly considered.

Special apparatus and procedures may apply to:

— Specific additional measurements (for example shear wave velocity);
— Specific applications (for example offshore tests and measurements for application/ accuracy Classes 1
and 2).

RESULTS
CPT PARAMETERS

Presentation of results from cone penetration tests typically includes:

— CPT parameters gc, fs and Rt versus depth below ground surface or versus elevation;

— Additional CPTU parameters ui or uz and, optionally, g, gn, Bg, Qt, Qu, Fr and Ic for tests with pore pressure
measurements;

— Optionally, inclination i for tests with inclination measurements;

— Standard graphical format and optional ASCIl and AGS formats.
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Most standards specify scales for graphical presentation as follows:

Axis for penetration depth z: 1 scale unit=1 m;

Axis for cone resistance qc, corrected cone resistance g: and net cone resistance qn:
1 scale unit = 2 MPa or 0.5 MPa,;

Axis for sleeve friction fs: 1 scale unit = 50 kPa;

Axis for friction ratio Rr. 1 scale unit = 2 %j;

Axis for pore pressure u: 1 scale unit = 0.2 MPa or 0.02 MPa;

Axis for pore pressure ratio Bq: 1 scale unit = 0.5.

Graphical presentation aims for these scale units and scale ratios, where suitable and practicable.

This reference level of atest is (1) the ground surface for onshore tests, (2) the seafloor for nearshore and offshore
tests. Historically, the bottom of the borehole was used as the reference level of downhole tests. Data processing
presumes a hydrostatic pore pressure profile relative to seafloor, unless specifically indicated otherwise. The
definition of CPT parameters is as follows:

z

fs

fi

penetration depth relative to ground surface or seafloor, corrected for inclination from vertical (i) where a
test includes inclination measurements, as follows:

z = J cosi.dl
0
where

z = penetration depth for the conical base of the cone penetrometer
= recorded penetration length
[ = recorded inclination from vertical

cone resistance relative to the reference level of the test.

sleeve friction relative to the reference level of the test. A calculated depth correction applies so that the
presented sleeve friction corresponds with the cone depth.

corrected sleeve friction relative to the reference level of the test. Sleeve friction is corrected for pore
pressures acting on the end areas of the friction sleeve

(u2 * Asb ] *Ast)

or simplified to:

Rt

Rt

IseT

fo =fs —
t S As
fi =fs —uy (ASb—_ASt) or
AS
fi =fs— (U2 *as)
where

Asb = cross sectional area in the gap between the friction sleeve and the cone

Ast = cross sectional area in the gap above the friction sleeve
As = surface area of the friction sleeve
ars = net area ratio of the friction sleeve (Asb — Ast)/As

ratio of sleeve friction to cone resistance (fs/qc). This calculated ratio is for the cone depth.
corrected friction ratio (fs/qt). The ratio f/qt applies if f: is known.

non-normalized soil behaviour type index (Robertson, 2010)

IseT = [(3.47 — log(gc/Pa))? + (log Rf + 1.22)?]05

where:
Pa = atmospheric pressure
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CONE PENETRATION TEST

ui

uz2

us

On

Q¢

pore pressure at the face of the cone, relative to the reference level of the test.

pore pressure at the cylindrical extension above the base of the cone or in the gap between the friction
sleeve and the cone, relative to the reference level of the test.

pore pressure immediately above the friction sleeve or in the gap above the friction sleeve, relative to the
reference level of the test.

corrected cone resistance (also called total cone resistance). This includes corrections for hydrostatic and
transient pore pressures, and cone construction. The corrected cone resistance is relative to ground
surface or seafloor:

Ground surface / seafloor: Downhole (historic):

gt =(ct+(1l-a)uz or gt = get+(1l-a)uz+uoi or

qc = qet+(1-a){K(u1-uo)+uo} 0t = get+(1-a){K(u1+Uoi-Uo)+Uo}+auoi

where:

a = netarea ratio of the cross-sectional steel area at the gap between cone and friction sleeve to the

cone base area. This ratio is penetrometer-type dependent. The a-factor indicates the effect of
pore pressure on unequal cross-sectional areas of the cone.

Uo = hydrostatic pore pressure at the cone, relative to the phreatic surface or the seafloor. This is a
calculated value.

Uoi = hydrostatic pore pressure at the bottom of the borehole, relative to seafloor. This is a calculated
value.
K = adjustment factor for the ratio of pore pressure at the cylindrical extension above the base of the
cone to pore pressure on the cone face.
Ground surface / seafloor: Downhole (historic):
K = (uz-Uo)/(U1-Uo) K = (U2+Uoi-Uo)/(U1+Uoi-Uo)

The term uz-Uo Or uztuUdi-Uo refers to excess pore pressure (with respect to hydrostatic pore
pressure). Common symbols for excess pore pressure are duz or Auz. Similarly, dus or Aur may
represent the term ui-Uo Or U1+Uoi-Uo.

The K-factor is only of interest for processing of CPTU results with pore pressure measurement at
the cone face (ui). The factor depends on soil characteristics such as fabric, overconsolidation
ratio, compressibility and crushability. The K-factor can be estimated from:

K = 0.91e0:09Q" 1 —e %R (Peuchen et al., 2010)
1+F(0.17 + 0.061(Q, — 21.6)'3)

gr-ovo = net cone resistance. This includes corrections for hydrostatic and transient pore pressures, in situ
stress, and cone construction. The symbol for gn may also be Qgnet.

where:

Gvo = total in situ vertical stress at the cone base, relative to ground surface or seafloor. This is a
calculated value.

gn/C’vo = normalized cone resistance

where:
o'vo = effective in situ vertical stress at the cone base, relative to ground surface or seafloor. This is a
calculated value.

normalized cone resistance with variable stress exponent n, where:

Qun = [(Qt - Cvo)/Pa] (Pa/O"vo)n
n=0.381 (Ic) + 0.05 (0’vo/ Pa) —0.15 and n < 1 (Zhang et al., 2002)
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lc = soil behaviour type index (Robertson and Wride,1998)
lc =[(3.47 — log Qw)? + (log Fr + 1.22)2] 05

Fr =  fdgn = normalized friction ratio.

By = pore pressure ratio.
Ground surface / seafloor: Downhole (historic):
Bg =  K(ui-uo)/gn or Bg =  K(uitUoi-Uo)/qgn OF
Bg =  (Uz2-Uo)/Qn Bg =  (U2tUoi-Uo)/On

Presented values for uz, gt, gn and Bq may be denoted by uz*, gr*, gn*, Bq*, Qt* and Fr* if uz is derived rather than
measured, for example if derived by applying a K-factor.

Pore pressure uz at the cylindrical extension is commonly assumed equal to uzg in the gap. The assumption
U2 = Uzg iS probably reasonable for deepwater CPTs and associated high values of ambient pressure that promote
saturated conditions in the gap. A similar comment applies to us. Note that CPTU saturation procedures apply to
the pore pressure measuring system only. These procedures exclude the gaps below and above the friction
sleeve.

Some deployment systems allow monitoring of CPT parameters in reverse mode, i.e. upon retraction of the cone
penetrometer. This optional feature presents additional information that can improve interpretation of ground
behaviour, for example strength sensitivity of fine-grained soil.

ACCURACY CLASSES AND APPLICATION CLASSES

Cone penetration test standards can follow a “prescriptive” approach, whereby specific detailed measures
provided a “deemed to comply” practice. ASTM (2012) is an example of this approach. ISSMGE (1999) and 1SO
(2012, 2014) specify “performance” criteria for cone penetration test measurements. The ISO standard on
metrological confirmation (ISO, 2003) provides the general framework for assessment of performance
compliance.

The following comments apply:

— Accuracy is the “closeness of a measurement to the true value of the quantity being measured”. It is the
accuracy as a whole that is ultimately important not the individual parts. Precision is the “closeness of each
set of measurements to each other”. The resolution of a measuring system is the “minimum size of the change
in the value of a quantity that it can detect”. It will influence the accuracy and precision of a measurement.

— Accuracy Class 3 and Application Class 3 typically represents industry practice. They are approximately
equivalent to the more implicit requirements of ASTM International. Class 3 applies, unless specifically agreed
otherwise.

So-called “zero drift” of a measured parameter is an approximate performance indicator for the measuring system
(Peuchen and Terwindt, 2014). Zero drift is the absolute difference of the zero readings, reference readings or
zero reference reading of a measuring system between the start and completion of the cone penetration test. The
reference readings can be taken at (1) atmospheric pressure at ground surface or above water level or (2) under
hydrostatic water pressure close to seafloor. The zero drift of the measured parameters can be compared with
the allowable minimum accuracy according to the selected application class, per test. This comparison considers
the maximum range of values of qc, fs and, where applicable, u: or uz for calculation of the percentage box values
(Tables 1, 2 or 3).

Differences in interpretation about compliance with the ISSMGE and ISO box values for accuracy became
apparent after publication of 1SO 22476-1:2012 and, subsequently, publication of 1SO 19901-8:2014.
Unfortunately, the interpretational challenges emerged from contractual disputes, unnecessary re-work and CPT
results assigned higher confidence than actual (Peuchen and Parasie, 2019).

Peuchen and Terwindt (2014, 2015) provide guidance on uncertainty estimation for cone penetration test results.
The calculation model for uncertainty estimates for qc, fs and u considers the following uncertainty contributions,
where applicable: (1) force and pressure sensors, (2) geometry of the cone penetrometer, (3) effects from ambient
and transient temperature, (4) non-axial force on cone penetrometer (bending moment), (5) ambient fluid pressure
in soil and (6) zero offsets for qc, fs and u relative to seafloor.
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Accuracy considerations for strongly layered soils should allow for heat flux phenomena. Heat flux gives an
apparent shift in cone resistance (Post and Nebbeling, 1995). For example, friction in dense sand causes a cone
to heat by about 1°C/MPa cone resistance. Resulting heat flux decreases cone resistance by an apparent shift in
the order of 100 kPa to 200 kPa for a penetrating probe going from dense sand into clay. This is a temporary
decrease lasting about 5 minutes. Ambient temperature compensation systems cannot avoid heat flux effects.
Penetration interruption can serve as mitigation measure.

CONE PENETRATION TEST

PORE PRESSURES

A CPTU pore pressure measuring system is intended for use in water-saturated uncemented fine-grained soil.
Pore pressure measurements (u) are commonly assumed to represent pore water pressures. This assumption is
reasonable for soils saturated under in situ stress conditions and remaining saturated during penetration of the
cone penetrometer.

Pore pressure results obtained for ground conditions such as partially saturated soils, very dense sands and
cemented soils may not be representative and/or repeatable. For example, stiffness differences between the steel
components of the cone penetrometer and the piezocone filter can affect results for very dense sands.

Loss of saturation of the pore pressure measuring system can occur during a test (Lunne et al., 1997; Peuchen
and Terwindt, 2014). Loss of saturation usually causes a sluggish pore pressure response during penetration of
ground below the zone causing desaturation of the pore pressure measuring system. Reasons for loss of
saturation include:

— penetration of partially saturated ground, for example ground containing significant amounts of gas;

— reduction of pore pressure to below in situ pore pressure, causing gas in solution to become free gas;

— measurement of negative pore pressures such that cavitation occurs; for example, this is not uncommon for
a piezocone filter located at the cylindrical extension above the base of the cone (uz location), at the time of
penetration of dense sand or overconsolidated clay layers.

Re-saturation of a pore pressure measurement system can take place upon further penetration into soil.
Particularly, re-saturation may take place in saturated low-permeability soils (clays) that are normally consolidated
or lightly overconsolidated and where the gap can become saturated by adequate supply of water and/or water
pressure.

Measured pore pressures affected by desaturation of the pore pressure measurement system may not be
representative of soil behaviour. Consequently, derived parameters that use pore pressure may also not be
representative.

SHALLOW PENETRATION

Shallow penetration will affect CPT measurements. Values of qc, fs and u for initial penetration of a cone
penetrometer below ground surface, seafloor or bottom of a borehole will differ from a fully embedded cone
penetrometer. As a general guide, initial penetration effects can be expected for a distance of about 8 times the
diameter of the cone penetrometer for gc, u1 and uz, and for a distance of about 15 times the diameter of the
cone penetrometer for fs. Initial penetration effects can be deeper for downhole borehole deployment. This is
because of (1) complex ground stress conditions immediately below the required borehole and (2) borehole-
induced ground disturbance that cannot be avoided.

Use of reaction equipment will affect stress conditions for shallow penetration. Particularly, offshore conditions
may include extremely soft ground at seafloor. Soil disturbance, pore pressure build-up and consolidation of near-
surface soft soil may take place.

PENETRATION RATE

CPT standards typically provide limits of + 5 mm/s for a nominal penetration rate of 20 mm/s. Considerations

include:

— A typical thrust machine provides a push speed with an uncertainty within £5 mm/s under favourable
conditions. Under adverse conditions, penetration rates may be outside these limits, for example with strongly
varying thrust and towards the thrust limit of a thrust machine;

— The penetration rate is not necessarily equal to the push speed because of inevitable vertical movements of
the thrust machine and length variation and bending of the push-rod string.
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CONE PENETRATION TEST

PENETRATION INTERRUPTION

A penetration interruption may be unavoidable, for example to add a push rod or to perform a pore pressure
dissipation test. This will affect test results.

Consolidation of low-permeability soil around a cone tip is of particular interest. A stationary cone penetrometer
can apply local stresses that approach failure conditions, i.e. about 9 times the undrained shear strength or about
2 times the in situ mean effective stress. Pore pressure re-distribution and dissipation occur, resulting in a local
increase in undrained shear strength and hence cone (bearing) resistance. A doubling of cone resistance may
not be unreasonable for 100 % consolidation. Supplementary considerations include:

— Small downward movement of a penetrometer (order of millimetres) during a test can contribute to maintaining
local stresses approaching failure conditions;

— Soil consolidation around a cone penetrometer may lead to soil/penetrometer adhesion that is sufficient to
give an increase in “cone” diameter. Resumption of penetration will lead to loss of adhered soil, usually within
an equivalent distance of a few times the cone diameter;

— Alow Bq value may imply partially drained penetration conditions. It is likely that any steady-state penetration
conditions will not apply instantaneously upon resumption of penetration;

— Measuring sensors in a probe generate heat, but this is probably not significant for any stationary
measurement. Fugro’s strain-gauge load sensors are compensated for ambient temperature fluctuations.

DEPTH MEASUREMENT FOR OFFSHORE CONDITIONS

Offshore definition of the seafloor (ground surface) is difficult for extremely soft ground at seafloor (Peuchen et
al., 2005). Penetration of the reaction equipment into a near-fluid zone of the seabed may take place unnaoticed.
Such settlement affects the start of penetration depth z. Also, settlement may continue at the time of testing.

Downhole CPT systems rely on depth control applicable to borehole drilling. Depth control according to Z2 of
Table 4 is typically feasible for drilling systems deployed from a fixed platform, for example a jack-up. This value
excludes uncertainty associated with determination of seafloor level. Drilling control from floating equipment, for
example a geotechnical survey vessel, may be subject to the additional influence of waves and tides. Z2 is
typically feasible for favourable conditions. Z3 or Z4 may apply for adverse conditions.

Table 4: Depth Accuracy Classes According to 1ISO (2014)

Depth Accuracy Class Maximum Data Point Depth Uncertainty
[m]
Z1 0.1
Z2 0.5
Z3 1.0
Z4 2.0
Z5 >2.0

ZERO-CORRECTION FOR OFFSHORE CONDITIONS

Water pressures generate significant values of cone resistance and pore pressure. The standardised practice is
to correct these reference readings to zero at seafloor. CPT systems for non-drilling mode and for seafloor drilling
mode allow zero-correction to hydrostatic conditions prior to the start of a test, typically with a zero-correction
uncertainty approaching the resolution of the CPT system. Downhole borehole CPT systems latch into the lower
end of a drill pipe. The pressure conditions in the drill pipe may not be in full equilibrium with the surrounding
ground water pressure and zero-correction will be subject to increased uncertainty, i.e. uncertainty for pore
pressure in the order of 100 kPa for deepwater tests (Peuchen, 2000). This uncertainty depends on factors such
as the free-flow and viscosity of drill fluid between the drill bit and the seafloor. The uncertainty typically decreases
with decreasing depth of the drill bit below sea level and below seafloor. Uncertainty for the zero-correction of
cone resistance is approximately equivalent, but by a factor representing the net area ratio effect.

DEEPWATER TESTS

A deepwater environment presents some favourable conditions for cone penetration tests, notably temperature.
Ambient temperature conditions are practically constant and the measuring system has ample time to adjust to
these temperatures. In addition, transient heat flow phenomena in a cone penetrometer are usually not applicable.
This is because a cone penetrometer accumulates negligible (frictional) heat when penetrating the generally
prevalent soils of very soft consistency.

FNLM/GEO/APP/001 Page 9 of 11





ISSUE 44

© Fugro 1995-2019

—'-'unnn

Deepwater (piezocone) pore pressure measurements are essentially similar to shallow-water measurements, with
the exception of an increased measuring range for pore pressure leading to some reduction in sensor accuracy.
Saturation of a pore pressure measuring system is excellent for a deepwater environment, as the high pressures
will force any gas bubbles into solution.

CONE PENETRATION TEST

Currently available evidence indicates that a high-quality subtraction-type cone penetrometer is adequate for very
soft soil characterisation to a water depth of 3000 metres and probably beyond.

ADDITIONAL MEASUREMENTS

Friction-cone and piezocone penetrometers allow specific additional measurements, such as friction set-up tests,
pore pressure dissipation tests and measurements of ground water pressure. These additional measurements
require a penetration interruption or may be feasible at the end of a test. It is also common to add other in situ test
devices to a cone penetrometer. Table 5 presents the more common types.

Table 5: Probes for Additional In Situ Tests

Type of Probe Properties Units
Electrical Conductivity Penetrometer (ECPT) Electrical conductivity, K S/m
Temperature Cone Penetrometer (TCPT) Temperature, T, and thermal conductivity, k K, W/(m-K)
Seismic Cone Penetrometer (SCPT) S-wave velocity, vs, and P-wave velocity, vp m/s
Cone Pressuremeter (CPMT) Shear stress-strain-time response, o, ¢, t MPa, -, s
Natural Gamma Penetrometer (GCPT) Natural gamma ray, y CPS
Cone Magnetometer (CMMT) Magnetic flux density B, magnetic field horizontal

angle 0 and vertical angle ¢ uT,°,°

Hydraulic Profiling Tool (HPT) Permeability, k m/s
S = Siemens S = second
m = metre Pa = Pascal
K = Kelvin (or °C) CPS = counts per second
W = Watt T = Tesla
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CONE PENETRATION TEST INTERPRETATION

SCOPE

This document presents a summary of interpretation methods for cone penetration test (CPT) results. The project-
specific selection of methods depends on the agreed project requirements. Some of the methods suit computer-
based interpretation of CPT data records.

PARAMETER INTERPRETATION

Interpretation of cone penetration test results helps provide parameters for geotechnical models. Conventional
models are typically based on plasticity theory for ultimate limit states, and on elasticity theory and consolidation
theory for serviceability limit states. Features of these geotechnical models are:

- analysis of either drained (sand model) behaviour or undrained (clay model) behaviour for plasticity models
- analysis for the ultimate limit state differs from that for the serviceability limit state.

CPT interpretation methods are mostly based on empirical correlations with limited theoretical backing. Data
integration with other, complementary investigation techniques (such as geological analysis, borehole/sample
logging and laboratory testing) can improve confidence levels.

The interpretation techniques discussed below are subject to limitations such as:

- CPT measurements, including measurement uncertainty (Peuchen and Terwindt, 2014 & 2015) and effects
resulting from deployment method, initial embedment of a cone penetrometer, penetration interruption and
inevitable loss of saturation of a pore pressure measuring system.

- Most interpretation methods apply a transformation model to "conventional” sands (drained soil behaviour)
and clays (undrained soil behaviour). Conventional methods may not be appropriate for silts,
sand/clay/gravel mixtures, varved or layered soils, gassy soils, underconsolidated soils, peats, carbonate
soils, cemented soils and residual soils. These non-conventional soils warrant a more specific approach.

- Drained or undrained behaviour for the geotechnical analysis at hand may or may not coincide with
respectively drained or undrained behaviour during fixed-rate penetration testing. This interpretation
difficulty remains largely unresolved at this time.

- CPT interpretation techniques can be indirect, i.e. requiring estimates of various other parameters. This is
consistent with an integrated geotechnical investigation approach. Inevitably, this approach also includes
some redundancy of data.

- Empirical correlations can rely on data pairing, for example pairing of CPT net cone resistance at a point in
space with laboratory undrained shear strength applicable to another, nearby spatial position. Data pairing
uncertainty can be limited by applying judgement.

- Empirical correlations can use reference parameters such as the undrained shear strength determined from
a laboratory single-stage isotropically consolidated undrained triaxial compression test on an undisturbed
specimen obtained by means of push sampling techniques (e.g. Van der Wal et al., 2010). The reference
parameter may not be appropriate for the selected geotechnical model, and adjustment may be necessary.
Also, adjustment for test conditions may be necessary, for example in situ temperature versus laboratory
temperature.

- The cone penetration test offers limited direct information on serviceability limit states (deformation), as the
penetration process imposes large strains in the surrounding soil. In comparison to ultimate limit states,
better complementary data will usually be required.

- The interpretations typically apply to conditions as encountered at the time of the geotechnical investigation.
Geological, environmental and construction/operational factors may alter as-found conditions.

PENETRATION BEHAVIOUR

Soil behaviour during cone penetration testing shows large displacements in the immediate vicinity of the
penetrometer, and small elastic displacements further away from the penetrometer. Density/structure, stiffness
and in situ stress conditions significantly affect the measured parameters.

The measured cone resistance (gc) includes hydrostatic water pressures as well as induced pore pressures
resulting from stresses and strains related to the penetration process. The induced pore pressures are usually
negligible for clean sand because the ratio of effective stress to pore pressure is high. This ratio can be low for
penetration into normally consolidated and slightly overconsolidated clays. Knowledge of pore pressures around
the penetrometer can thus be important. CPT parameters that take account of pore pressure effects include total
cone resistance (qi), net cone resistance (gn) and pore pressure ratio (Bq). These parameters can be calculated if

FNLM/GEO/APP/012 Page 1 of 16





ISSUE 42

© Fugro 1994-2019

-l-'unnn

piezocone penetration test (PCPT or CPTU) data are available. The influence of pore pressures on sleeve friction
fs is relatively small. It is common to ignore this influence. Calculation of friction ratio Rt (defined as fs/qc) includes
no allowance for pore pressure effects.

CONE PENETRATION TEST INTERPRETATION

The penetration rate with respect to soil permeability determines whether soil behaviour is primarily undrained,
drained or partially drained. Partial drainage may also be denoted as partial consolidation. In general, soil
behaviour during cone penetration testing is:

- Drained in clean sand, i.e. no measurable pore pressures because of (1) soil displacements and (2) soil
volume change depending on dilative/contractive soil behaviour;

- Undrained in clay, i.e. no significant soil volume change immediately around the cone penetrometer and
pore pressure change depending on dilative/contractive soil behaviour;

- Partially drained in soils with intermediate permeability, such as sandy silt, i.e. potential for (1) some soil
volume change depending on dilative/contractive soil behaviour and (2) potential for pore pressure change
depending on dilative/ contractive soil behaviour;

Results of a pore pressure dissipation test can provide indications for partial drainage conditions. Particularly,

partial drainage conditions should be considered when tso is less than about 100 s (DeJong and Randolph, 2012).

The term tso represents the time for 50 % dissipation of excess pore pressure at the uz location of a cone

penetrometer.

CPT parameters can be influenced by the presence of thin (< 0.2 m thick) layers in a ground profile. Boulanger
and DeJong (2018) proposed a method that provides estimates of corrected gc and fs values based on an inverse
filtering procedure that accounts for thin layer and transitional effects during cone penetration.

The following sections mostly consider interpretation of drained soil behaviour (sand) and undrained soil
behaviour (clay).

SOIL BEHAVIOUR IDENTIFICATION

Identification of soil stratigraphy in terms of general soil behaviour (and to a lesser degree soil type) is a more
important feature of CPT than other investigation techniques.

Figures 1 and 2 show soil behaviour identification according to procedures given by Robertson (2009),
representing an update of Robertson (1990) by exchange of Q: with Qw. The procedures consider a normalised
soil behaviour classification that provides general guidance on likely soil type (silty sand for example) and a
preliminary indication of parameters such as angle of internal friction ¢', overconsolidation ratio (OCR) and clay
sensitivity (St). Classification is possible for 1 < Qi < 1000, 0.1 < Fr < 10 and -0.2 < Bq < 1.4. The procedures
require piezocone test data:

_0;{— Oy = i _ u-ug
- _ Y =— or NR; = ——=——100% B,=——
Qwn = [(gt — 6v0)/Pa] (Pa/c’vo) Q: S r f i — Gvo q U — Cvo
where:
Bq = pore pressure ratio
Fr = normalised friction ratio
Qtn = normalised cone resistance with variable stress exponent
Qt = normalised cone resistance
(o = corrected cone resistance
Gvo = total in situ vertical stress
G'vo = effective in situ vertical stress
Pa = atmospheric pressure
n = stress exponent
fs = measured sleeve friction
u = measured pore pressure
Uo = theoretical hydrostatic pore pressure.

The stress exponent n is according to Zhang et al. (2002):

n =0.381 (Ic) + 0.05 (c’vo/ Pa) — 0.15 where n < 1
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CONE PENETRATION TEST INTERPRETATION

Robertson and Wride (1998) defined soil behaviour type index I (Figure 3) as follows:
lc = [(3.47 — log Qu)? + (log Fr + 1.22)2] 05

Soils with Ic < 2.05 are generally cohesionless, coarse grained, where cone penetration is generally drained and
soils with Ic > 2.60 are generally cohesive, fine grained, where cone penetration is generally undrained (Robertson
and Wride, 1998). Cone penetration in soils with 2.05 < I < 2.60 is often partially drained.
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Figure 1: Classification chart Robertson (2009)
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Figure 2: Soil behaviour type index I superimposed on Robertson (2009) classification chart

Figure 3 presents a classification chart for friction cone data according to Robertson (2010). This procedure
requires no pore pressure input. A non-normalised soil behaviour type index, Isst applies:

IseT = [(3.47 — log(qc/Pa))? + (log Rt + 1.22)%]05

IseT is similar to lc. Values for Iset and Ic are typically comparable for effective in situ vertical stress between 50 kPa
and 150 kPa.
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Figure 3: Robertson (2010) classification chart including lsgr

Figure 4 presents a classification chart focusing on contractive and dilative soil behaviour, according to Robertson
(2016a). The equations for the contractive-dilative boundary (CD) and modified soil behaviour type index (ls) are
as follows:

CD = (Qu — 11)(1 + 0.06F,)'7 and Iz = 100(Q¢, + 10)/(70 + QuFy)

Suggested values of CD are CD = 60 (low value) and CD = 70 (high value). Suggested values for Is are Iz = 32,
representing a low value for sand-like soil behaviour types and Iz = 22 representing a high value for clay-like soil
behaviour types. The region between Iz = 32 and and Iz = 22 represents soils typically showing transitional or
intermediate soil behaviour types.
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Figure 4: Classification chart according to Robertson (2016a)
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CONE PENETRATION TEST INTERPRETATION

SAND MODEL

Unit Weight — Sand

Unit weight of uncemented (silica) sand, silt and clay soils may be derived according to Mayne et al. (2010):

o \008 o 006
y=1.95yw[ onj (_tJ

a Pa

where total unit weight y and unit weight of water yw are in kN/m? and effective in situ vertical stress o'y is in kPa.
The symbol f; refers to sleeve friction corrected for pore pressures acting on the end areas of the friction sleeve,
with units in kPa. Atmospheric pressure Pais in kPa.

Unit weight may also be derived according to Lengkeek et al. (2018):

Y = Yref — B : (lOg(qt,ref/ qt))/ (lOg (Rf,ref/Rf))

where vy, IS a reference unit weight at which q; is constant regardless of friction ratio R, B is a factor for unit
weight contouring, qi.er iS @ reference for total cone resistance q; at which y is constant regardless of Rg,
and Rge is a reference friction ratio. The default values are: yyof = 19 KN/M3, B = 4.12, q¢ e = 5 MPa, and
Rerer = 30 %. The correlation allows development of project-specific estimation of unit weight.

In Situ Stress Conditions - Sand

A knowledge of in situ stress conditions is required for estimation of parameters such as relative density Dr and
angle of internal friction of a sand deposit ¢'. The effective in situ vertical stress c'vo may be calculated with a
reasonable degree of accuracy but the effective in situ horizontal stress c'no = Ko c'vo is generally unknown.
Usually, it is necessary to consider a range of conditions for Ko (coefficient of earth pressure at rest). The range
can consider overconsolidation as inferred from a geological assessment, preconsolidation pressures of
intermediate clay layers and/or theoretical limits of Ko.

Geological factors concerning overconsolidation include ice loading, soil loading and groundwater fluctuations
(influence from desiccation). Possible subdivisions for these factors are mechanical, suction, cyclic and ageing
consolidation.

The following empirical approach can be applied for direct estimation of K, based on Mayne (2017):

K, = 0.4V(OCR)

0.28
25

1
1+(765)
where OCR is overconsolidation ratio, o’p is effective preconsolidation stress, a’vw is effective in situ vertical stress,
gn is net cone resistance in kPa and I¢ is soil behaviour type index.

using: OCR = :—p o) =0.33-q m=1-
vo

The Ko-OCR relationship represents a simplification of Ko = (1 — sin ¢’) OCRs"® proposed by Mayne and Kulhawy
(1982). Mayne and Kulhawy (1982) investigated mechanical overconsolidation of reconstituted laboratory
specimens for over 170 different soils. For sands, it can be shown that the Ko = 0.4 V(OCR) equation provides
similar statistics to the Mayne and Kulhawy correlation.

Ko = (1 — sing’) - OCRS"®’

Figure 5 presents an approximate CPT-based correlation for Ko according to Robertson (2016b). Ko limits are
typically set to 0.5 and 2. Linear interpolation is applied for the region between Ko = 0.5 and Ko = 2.
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Figure 5: Ko correlation according to Robertson (2016b)

No laboratory study can fully capture in situ behaviour. Particularly, Ko may be underestimated if effects such as
ageing and cyclic loading are relevant.

In general, in situ Ko values are limited to the range Ko = 0.5 to Ko = 1.5. For many situations, Ko values are
believed to be relatively low at greater depths (say Ko < 1 for depths exceeding 50 m). Jamiolkowski et al. (2003)
recommend using a limiting value Ko = 1 in practice, for limit states where low values of soil resistance and soil
stiffness are critical.

Relative Density - Sand

The relative density concept applies to sands with a percentage fines of less than about 15 %.

Relative density is defined as Dr = (€max — €) / (Emax - €min), Where emax is maximum index void ratio, e represents
in situ void ratio and emin is minimum index void ratio. Maximum and minimum index void ratios are defined by
laboratory testing. Relative density can exceed 100 %, because in situ void ratio can be lower than laboratory
values for minimum index void ratio.

CPT-based correlations are commonly used for estimation of in situ relative density. These correlations rely on
database results of CPTs carried out in sand samples reconstituted in laboratory calibration chamber tests. Use
of such correlations implies dependence on, for example:

- soil type of database versus soil type in situ;

- reference laboratory test method for determination of index void ratios, particularly sensitivity to minimum
index void ratio;

- range of stress levels and K, values for calibration testing;

- results applicable to reconstituted sand samples, sample preparation method and soil stress history
simplifications.

Jamiolkowski et al. (2003) proposed the following relationship between q. and D: for normally and
overconsolidated silica (dry) sands:

~1.87+ 2.32Inq7C05
e and for saturated sands: (Pa*c'w)™ ,|Dr(dy)

D =
Dyegrey = ——In Pa r(sat) 100 100
r(dry) 2.96 0.46
: - (1+ 2K, J

0| R
24.94 P73

a
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where relative density Dy is a fraction. The correlation for saturated sands results in relative densities that can be
up to about 10% higher compared to the correlation for dry sands.

CONE PENETRATION TEST INTERPRETATION

Kulhawy and Mayne (1990) proposed:
0.5
D = Qun./Qs where: Qu.. = (&)/(5%)

and q, is corrected cone resistance, P, is atmospheric pressure, o, is effective in situ vertical stress. Kulhawy
and Mayne (1990) suggested using Qf = 280 for highly compressible normally consolidated sands and Qs = 450
for highly compressible overconsolidated sands (overconsolidation ratio of > 8) based on their dataset. Robertson
and Cabal (2015) suggested Qs = 350 for clean, uncemented, medium compressible quartz sands of about 1000
years old. Values for Qr can be closer to 300 for fine sands and closer to 400 for coarse sands. Furthermore, Qs
increases with age and increases significantly when age exceeds 10 000 years.

Determination of laboratory minimum and maximum index void ratios forms the basis for the relative density
concept (loose, dense sand, etc.). No internationally agreed procedure is available. It is understood that
Jamiolkowski et al. (2003) used results from one of the ASTM vibratory table methods for determination of
minimum index void ratio. It is not clear which specific ASTM method was used, i.e. a vibratory table method
requiring oven-dried soil or wet soil.

Calibration chamber test results apply to a limited range of stress conditions; typically:

50 kPa < c'vo < 400 kPa
0.4 < Ko < 1.5

Sample preparation for laboratory chamber tests is usually by means of dry pluviation. Soil stress history
application is by mechanical overconsolidation.

Angle of Internal Friction - Sand

The effective shear strength parameter ¢' is not a true constant. It depends on factors such as density, stress
level, shearing mode and mineralogy. There is evidence that overconsolidation ratio, method of deposition and in
situ stress anisotropy is less important.

Correlation of angle of internal friction ¢' to cone resistance gc may be done at various levels of sophistication.
Simple procedures rely on a conservative assessment of soil behaviour classification. A more sophisticated
empirical correlation consists of:

(&) Estimation of in situ stress conditions c'vo and c'ho
(b)  Estimation of relative density Dy
(c)  Empirical correlation of angle of internal friction ¢' with Dr, 6'vo and c'ho.

Estimation of stress conditions and relative density has been discussed above.

The empirical procedure proposed by Bolton (1986 and 1987) is used for estimation of ¢'. This correlation applies
to clean sands and considers peak secant angle of internal friction in Isotropically Consolidated Drained triaxial
compression (CID) of reconstituted sand. This procedure requires estimation of the dilatancy index and the critical
state angle of internal friction.

Kulhawy and Mayne (1990) determined an equation based upon 20 data sets obtained from calibration chamber
tests. This equation is almost identical to the empirical formula determined earlier by Trofimenkov (1974) which
was based on mechanical cone data. Mayne (2007) validated the use of total cone resistance q: instead of cone
resistance gc used in the equation from Kulhawy and Mayne (1990).

.05
¢'=17.6+11.0l0 (ﬂMGW] (Mayne, 2007)

a Pa

Undrained Shear Strength - Sand

Undrained shear strength of cohesionless soil can be important for assessment of cyclic mobility and liqguefaction
potential. Geotechnical procedures other than the conventional limit state models are employed.
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CONE PENETRATION TEST INTERPRETATION

Compressibility - Sand

Correlations between CPT data and compressibility parameters are indicative only. Further developments in
interpretation techniques may offer improvement in the future.

Elasticity theory is commonly employed for analysis of drained soil deformation behaviour. Secant moduli are
adopted. A common guideline is an empirical correlation given by Baldi et al. (1989). The correlation is for silica-
based sand and considers cone resistance qc, in situ stress conditions and secant Young's modulus for drained
stress change E'. The ratio of E'/qc typically ranges from about 3 to 5 for recently deposited normally consolidated
sands up to about E'/gc = 6 to 25 for overconsolidated sands. The correlation has been inferred from laboratory
conditions; including CPT tests in a calibration chamber and conventional triaxial compression tests on
reconstituted sand samples. It takes account of the degree of deformation and overconsolidation. In this regard,
it is noted that secant deformation moduli are strongly dependent on strain level: the elastic modulus increases
with decreasing strain to an upper limit at about 10-4 % strain.

For estimation of initial (small strain) or dynamic shear moduli, ratios of Gmax/qc of between about 4 and 20 are
considered, in accordance with Baldi et al. (1989). The basis for this correlation is similar to that of secant Young's
modulus, except that laboratory resonant column tests serve as reference instead of triaxial compression tests.
Results of limited in situ seismic cross-hole and downhole tests provide an approximate check of this correlation.

Constrained Modulus M - Sand

Kulhawy and Mayne (1990) derived two formulas for the determination of the constrained modulus for both
normally consolidated and overconsolidated sands by indicating that the modulus is a function of relative density.
The determination of relative density can be done with, for example, the methods indicated previously.

M = g, *10%09-0-00750; (Normally consolidated sands, Kulhawy and Mayne, 1990)

M = q, *10%78-0-0122 (Overconsolidated sands, Kulhawy and Mayne, 1990)

where Dr is in %, and gc and M in kPa respectively.

Shear Wave Velocity vs— Sand

If no in situ measurements of shear wave velocities (vs) are available, then empirical correlation with CPT
parameters may be considered. Hegazy and Mayne (2006) published a statistical correlation derived from 73 sites
worldwide representing a range of soil types including sands, clays, soil mixtures and mine tailings (Figure 6). The
correlation considers a normalized cone resistance (gcin_nm) and a soil behaviour type index (lc_m) as follows:

Vg =0.08310upn phm (G'yo /Pa)02° (1786 le _hm) (Hegazy and Mayne, 2006)

where shear wave velocity vs is in m/s and Qgcin_hm and lc_nm are dimensionless. Calculations for gcin_hm
and lc_nm require iteration, and consider measured cone resistance dc or corrected cone resistance qt, measured
sleeve friction fs, total in situ vertical stress ovo, effective in situ vertical stress c'vo and atmospheric pressure Pa.

1000 FVs =0.0831%(gein)*
" (G‘rw;Pa)UZS*eil.‘mﬂ*lc) R
100 _EVs in D'I/S
Fo'vo in kPa
Z  [P.=100kPa
Z10 4n=558
5 fr=08s 4
1
0'1 1||1=|||l=11||=x|||=|1!|

0 1 2 3 4 5

14
Figure 6: vs — g¢ correlation according to Hegazy and Mayne (2006)
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Robertson and Cabal (2010) present a vs correlation incorporating net cone resistance gn (= gt — ow) and soil
behaviour type index (lc) as defined by Robertson and Wride (1998):

CONE PENETRATION TEST INTERPRETATION

Vs = [ong (Of — 010 )/ Po *° where o, =100-551:+1.68) (Robertson and Cabal, 2010)

where shear wave velocity vsis in m/s and total cone resistance g, total in situ vertical stress ovo and atmospheric
pressure Pa are in kPa. The method can be applied to a wide range of soil behaviour types, notably uncemented
Holocene to Pleistocene age soils. Older deposits could have a higher shear wave velocity. Exceptions are
Zones 1, 8 and 9 of Robertson (1990 and 2009).

Baldi et al. (1989) derived a correlation between shear wave velocity vs and cone resistance qc for uncemented

silica sands. This correlation is based on data from CPT, cross-hole and Seismic Cone Penetration Tests (SCPT)
performed in quaternary deposits of the predominantly silica Po river sand and Gioia Tauro sand with gravel.

vg =277, 6, 0% (Baldi et al., 1989)

where shear wave velocity vs is in m/s and cone resistance gc and effective in situ vertical stress o’vo are in MPa.

Shear wave velocity may be normalised according to Robertson and Cabal (2010):
Vg1 =Vs-(Pa/0'\o )0 (Robertson and Cabal, 2010)

Shear Modulus Gnax - Sand

Interpretation of low-strain shear modulus can be considered by using the modified correlation proposed by Rix
and Stokoe (1991) in which data from calibration test measurements is compared to the correlation obtained
between Gmax and gc by Baldi et al. (1989).

Grax =1634(q.)° % (oo 37 (Rix and Stokoe, 1991)

where Gmax, gc and c’vo are in kPa.

CLAY MODEL

Unit Weight — Clay

Empirical correlation between unit weight of clay and CPT parameters is as described in “Unit Weight — Sand”
above.

In Situ Stress Conditions - Clay

Similar to sand, a knowledge of in situ stress conditions is generally necessary for estimation of other parameters
such as consistency (soft, stiff, etc.) of a clay deposit and compressibility.

Calculation of the effective in situ vertical stress c’vo is reasonably accurate. A more approximate estimate applies
to the effective in situ horizontal stress c'ho, Or, more particular, Ko as 'ho = KoG'vo.

Direct correlations for interpretation of the coefficient of earth pressure at rest Ko are the same as described for
the Sand Model.

For normally consolidated clays and silts, Konc may be correlated with angle of internal friction, in accordance with
Jaky (1944), or more simply in accordance with Mayne and Kulhawy (1982). The reference angle of internal
friction is that obtained from a straight-line approximation of the Mohr-Coulomb failure envelope determined from
Consolidated Undrained (CU) triaxial compression tests on undisturbed specimens.

For overconsolidated clays, Kooc may be correlated with angle of internal friction and overconsolidation ratio, in

accordance with Mayne and Kulhawy (1982). The plasticity index together with OCR may also be used for
preliminary estimates of Kooc as indicated by Brooker and Ireland (1965).
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K, = (1-sing')OCRS"™ (Mayne and Kulhawy, 1982)

CONE PENETRATION TEST INTERPRETATION

Overconsolidation Ratio - Clay

Overconsolidation ratio is defined as: OCR = ¢'p/c'vo Where c'p is the effective preconsolidation stress considered
to correspond with the maximum vertical effective stress to which the soil has been subjected in the past, and c'vo
is the current effective in situ vertical stress. The effective preconsolidation stress approximates a stress level
where relatively small strains are separated from relatively large strains occurring on the virgin compression stress
range. The reference OCR is usually based on laboratory oedometer tests carried out on undisturbed samples. It
may thus be influenced by factors such as sample disturbance, strain rate effects and interpretation procedure.

Various analytical and semi-empirical models for interpretation of effective preconsolidation stress from piezocone
test data are available. Sandven (1990) presents a summary. The procedures are mostly "experimental” and yet
uncommon in practice. Chen and Mayne (1996) presented a direct correlation between net cone resistance and
overconsolidation ratio for 205 clay sites around the world, as follows:

OCR=0.317Qt (Chen and Mayne, 1996)

The overconsolidation ratio may also be inferred from a geological assessment and from undrained strength
ratios.

Geological factors concerning overconsolidation have been discussed under "in situ stress conditions - sand”. An
empirical procedure for estimation of OCR based on undrained strength ratio su/c'v is given by Wroth (1984). The
procedure uses the strength rebound parameter A. Guidance for selection of A and normally consolidated
undrained strength ratio is given by Mayne (1988). Historically, much use has also been made of the Skempton
(1957) relationship between normally consolidated undrained strength ratio and plasticity index lp. This equation
is useful for preliminary estimates, considering that I, probably relates to ¢' in some complex manner.

Undrained Shear Strength - Clay

No single undrained shear strength exists. The in situ undrained shear strength su depends on factors such as
mode of failure, stress history, anisotropy, strain rate and temperature.

Various theoretical and empirical procedures are available to correlate gc with su. Theoretical approaches use
bearing capacity, cavity expansion or steady penetration solutions, all of which require several simplifying
assumptions. Empirical approaches are more common in engineering practice because of difficulties in realistic
soil modelling. An empirical correlation for soft to stiff, intact and relatively homogeneous clays is given by
Battaglio et al. (1986) as follows:

Su = (QC-GVO)/NC

where su, ove and gc are in kPa. N¢ is an empirical factor that typically ranges between 10 and 25. The higher N¢
factors typically apply to clays with a relatively low plasticity index and/or apply to heavily overconsolidated clays.
Lower Nc factors are generally appropriate for normally consolidated and slightly overconsolidated clays. The
reference undrained shear strength is that determined from in situ vane test results. The term owo (total in situ
vertical stress) becomes insignificant for stiff clays at shallow depth so that the equation reduces to su = g¢/Nc.

For specific design situations, a different su reference strength should be used. For example, offshore axial pile
capacity predictions in accordance with API (2011) recommend su to be based on undrained triaxial compression
tests, which are likely to yield lower su values than in situ vane tests. A site-specific or regional approach should
generally be preferred.

If piezocone test data are available, then improved correlations are feasible because of the pore pressure
information. Empirical correlations of piezocone test results with laboratory undrained shear strengths are
commonly expressed, as follows:

Su = Qn/th
Nkt ranges typically between 8 and 30 with the higher N« factors applying to heavily overconsolidated clays.
Mayne and Peuchen (2018) account for Nk variation according to Bq:

Nee =10.5-4.6¢In(Bq+0.1)
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where Bq > -0.1. The equation is based on 407 paired CPT and laboratory test results, particularly anisotropically
consolidated triaxial compressive strength. Factoring of Nkt can be applied by multiplying the calculated Nk factor
by, for example, 0.85 and 1.2.

CONE PENETRATION TEST INTERPRETATION

Mayne et al. (2015) recommend a mean Nk = 12 with a standard deviation of 2.8 for correlation with laboratory
anisotropically consolidated triaxial compressive strength. The recommendations are based on a study of
51 onshore and offshore clays and apply to normally consolidated to slightly overconsolidated clays with gnvalues
of typically less than 8 MPa. Slightly higher Nk values can be expected for average laboratory undrained shear
strength, defined as the average of laboratory triaxial compression, simple shear and triaxial extension.

Clay Sensitivity

The sensitivity of a clay (St) is the ratio of undisturbed undrained shear strength to remoulded undrained shear
strength. Sensitivity may be assessed from the CPT friction ratio Ry, in accordance with Schmertmann (1978):

St = Ns/R¢

where Ns is a correlation factor typically ranging between 5 and 10. The correlation is expected to be inaccurate
for sensitive clays where uncertainty in very low values for sleeve friction may dominate results.

The reference S: value is often taken to be that determined from undisturbed and remoulded laboratory
unconsolidated undrained triaxial tests. This reference S: value may differ from that determined from other tests,
for example laboratory miniature vane tests. This is partly related to the definition of sensitivity. For vane tests,
several measurements of undrained shear strength are possible:

- Intact (I) = undisturbed undrained shear strength as measured on an intact/undisturbed specimen.

- Intact-Residual (I-R) = measured post peak during initial shearing of the intact specimen.

- Intact-Vane Remoulded (I-VR) = measured after multiple-quick rotations of the vane after completion of the
intact test.

- Hand Remoulded (HR) = steady state (post-peak if exists) resistance of hand remoulded test specimen.

- Hand Remoulded — Vane Remoulded (HR-VR) = steady state resistance of hand remoulded specimen
measured after applying multiple-quick vane rotations.

Skempton and Northey (1952) present a correlation of sensitivity and laboratory liquidity index I.. This correlation
may allow a check on CPT-based interpretation of sensitivity.

Effective Shear Strength Parameters - Clay

Measurement of pore water pressures during penetration testing has led to development of interpretation
procedures for estimation of effective stress parameters of cohesive soils. Background information may be found
in Sandven (1990). Currently available procedures are evaluated to be "experimental" and are yet not commonly
adopted.

In general, CPT interpretation of effective shear strength parameters for clay and silt relies on soil behaviour-type
classification.

It is noted that significant silt and sand fractions in a clay deposit will increase ¢', while a significant clay fraction
in silt will decrease ¢'.

Masood and Mitchell (1993) provide an equation for the determination of ¢’ by combining sleeve friction with the
Rankine earth-pressure theory. The equation is based on the following assumptions:

Unit adhesion between soil and sleeve is negligible.

- Friction angle between soil and sleeve = ¢’/3.

- Lateral earth pressure coefficient during penetration is equal to the Rankine coefficient of lateral earth
pressure under passive conditions.

f 1 U
S —tan?(45° + %)tan(%) (Masood and Mitchell, 1993)

Svo
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Mayne (2001) proposed an approximation of the Masood and Mitchell equation, as follows:

Q= 30.8{|og( TS )+1.26} (Mayne, 2001)
(e)

VO

Mayne (2001) also proposed the following approximation of friction angle ¢’ based on pore pressure ratio Bq and
the cone resistance number Nm (Senneset, Sandven and Janbu, 1989):

¢'=29.5B,%1%1(0.256 + 0.336B +l0gNy,) (Mayne, 2001)
where
Ny = 2t~ %w
o'\ ta

where the cone resistance number Nm is dimensionless, total cone resistance qt, total in situ vertical stress ovo
and effective in situ vertical stress c’vo are in kPa.

Senneset et al. (1989) use the attraction value [a] as a function of soil type. In general, the attraction value ranges
from 5 to > 50 for both sands and clays and may be estimated directly from CPT results. The correlation is valid
if the angle of plastification B is zero. In general, a plastification angle of zero applies to medium sands and silts,
sensitive clays and highly compressible clays.

Compressibility — Clay

Correlations between CPT data and compressibility parameters are viewed as indicative only, as discussed for
sand compressibility.

The use of elasticity theory is common for analysis of undrained soil deformation behaviour. The adopted
procedure is as follows:

(8) Estimation of undrained shear strength s, from CPT data, as outlined above.
(b)  Estimation of secant Young's moduli for undrained stress change Eu in general accordance with correlations
based on sy, as presented by Ladd et al. (1977).

Laboratory undrained triaxial tests carried out on undisturbed clay specimen form the basis for the Eu versus su
correlations. Typical Eu/su ratios at a shear stress ratio of 0.3 range between about 300 and 900 for normally
consolidated clays and Eu/su = 100 to 300 for heavily overconsolidated clay. Higher Eu/su ratios would apply to
lower shear stress ratios, and vice versa.

Mitchell and Gardner (1976) present an approximate correlation of cone resistance with constrained modulus M
(or coefficient of volume compressibility myv, where M = 1/my). Typical ratios of M/gc range between 1 and 8 for
silts and clays. Refinements include gc ranges and soil type (silt, clay, low plasticity, high plasticity, etc.). The
correlation relies on the results of conventional laboratory oedometer tests carried out on undisturbed clay and
silt samples. The constrained modulus can also be related (approximately) to secant Young's modulus E' and
shear modulus G'.

It is noted that laboratory soil stiffness may differ from in situ stiffness because of inevitable sampling disturbance
(particularly soil structure disturbance). In general, this implies that laboratory stiffness will usually be less than in
situ stiffness.

Constrained Modulus M

Kulhawy and Mayne (1990) correlated constrained modulus M in clays with net cone resistance data. This
relationship is based on data from 12 different test sites, with constrained moduli up to 60 MPa. The published
standard deviation is 6.7 MPa.

M =8.25 q, (Kulhawy and Mayne, 1990)
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Shear Wave Velocity vs— Clay

Hegazy and Mayne (2006) and Roberson and Cabal (2010) present empirical correlations between shear wave
velocity and CPT parameters for a wide range of soils including clays, as described in “Shear Wave Velocity vs—
Sand” above. The Hegazy and Mayne correlation is sensitive to use of qc or gt It should be used with caution for
soils showing undrained or partially drained CPT response.

Mayne and Rix (1995) derived a correlation between shear wave velocity vs and cone resistance qgc for intact and
fissured clays. A database from Mayne and Rix (1993) was used including 31 different clay sites.

vg =1.750,28% (Mayne and Rix, 1995)
where shear wave velocity vs is in m/s and cone resistance qc is in kPa.

Shear Modulus Gmax

Mayne and Rix (1993) determined a relationship between Gmax and gc by studying 481 data sets from 31 sites all
over the world. Gmax ranged between about 0.7 MPa and 800 MPa.

Gy =2.78 0.3 (Mayne and Rix, 1993)
where Gmaxand gcare in kPa.
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SEISMIC CONE PENETRATION TEST AND SEISMIC DOWNHOLE TEST IN BOREHOLE

INTRODUCTION

The downhole method of seismic wave testing relies on measuring the travel time interval of body waves travelling
between a seismic wave source on the ground surface (seafloor) and an array of geophones at a selected depth
below ground surface. The body waves comprise shear waves (S-wave) and compression or primary pressure
waves (P-wave). Wave velocities can give an indication of ground characteristics, such as low-strain modulus.

The common methods for geophone placement are:

1. Push technology, such as the seismic cone penetration test (SCPT) consisting of a cone penetration test
(CPT) and seismic downhole tests performed during penetration interruptions;

2. Borehole method, with geophones clamped inside a casing pipe.

The principal deployment modes for push technology are from “ground surface or seafloor” and “downhole”. A
downhole system latches into the lower end of a drill pipe.

Apparatus and procedures adopted by Fugro are in general accordance with ISO 19901-8 (2014), ASTM D7400
(2019) and BS 5930 (2015).

This document focuses on S-wave velocity. Any test procedure for P-wave velocity should be regarded as
experimental. Particularly, acquisition of P-wave signals requires specific measures for avoiding signal
interference by acoustic waves travelling through equipment in the soil, such as CPT push rods, drill string and
borehole casing.

APPARATUS

Test apparatus includes the following:

— push apparatus, as appropriate for push technology;

— borehole drilling, casing pipe installation and grouting equipment, as appropriate for the borehole method;
— seismic wave source, for generating the body waves;

— trigger, for the start of recording of the seismograph upon activation of the seismic wave source;

— geophones for receiving the seismic waves;

— seismograph, for recording the signals from the geophones.

A seismic cone penetrometer can incorporate a single or dual array of geophones. The dual array version
incorporates two sets of multi-component geophones at a fixed spacing.

PROCEDURE

The SCPT procedure includes a repeated sequence of the following steps:

— interrupting the CPT at the seismic downhole test level,

activating the seismic wave source and recording of the geophone signals, if necessary with re-activating
cycles to permit stacking;

resuming CPT, repeating the test sequence as required.

The borehole test procedure includes the following steps:

— drilling of a borehole to below the maximum test depth;

— grouting of a casing pipe in the borehole to prevent borehole collapse, if required,;

— installation and clamping of the geophones within the borehole at the designated test depth;

— activating the seismic wave source and recording of the geophone signals, if necessary with re-activating
cycles to permit stacking;

— installation and clamping of the geophones at the next designated test depth, repeating the test sequence as
required.

Seismic downhole testing is subject to limitations, as follows:

— Wauve interference effects can prevent the interpretation of results applicable to tests close to the ground
surface. Common interferences for S-waves are P-waves and surface waves. For some ground conditions,
interference can also result from S-wave refraction and reflection. For example, refraction can occur along an
interface between a low-velocity top layer and a high-velocity lower layer. Typically, reliable interpretation for
S-wave velocity applies below about 2 m to 5 m depth;
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— The use of a downhole push system requires consideration of wave interference through the drill pipe. The
penetration of the geophones below the bottom of a borehole should not be less than about 0.5 m, but
preferably at least 1 m;

— The selected seismic wave source affects the maximum depth of detection. Eventually, spherical divergence
of the shear waves leads to an unacceptable signal-to-noise ratio, typically a ratio of less than about 2. For
S-waves, the detection depth is typically in the order of 100 m for common seismic sources and favourable
ground conditions. Unfavourable conditions include ground with strong absorption characteristics such as peat.
Adverse wave reflection effects between high velocity and low velocity layers can also lead to a reduction in
detection depth. For example, soft clay overlying dense sands or calcarenite rock interbedded with calcareous
soil can prevent acceptable measurements at greater depths;

— A marine setting presents challenges because of inevitable background noise induced by deployment tools,
metocean conditions, vessel machinery and propulsion (Gibbs et al., 2018). This applies particularly to SCPT
deployment through a drill pipe and seabed frame operated from an offshore drilling vessel.

SEISMIC CONE PENETRATION TEST AND SEISMIC DOWNHOLE TEST IN BOREHOLE

Common test termination criteria for a single test depth are:
— acceptable data quality with a maximum stack count of 3;
— unacceptable interference effects;

— inadequate signal-to-noise ratio.

Termination is at the discretion of the operator.

The criteria for termination of a test sequence are commonly:

— target depth;

— thetermination criteria for conventional cone penetration testing (push technology) or for conventional borehole
and casing pipe installation (borehole method);

— inadequate signal-to-noise ratio, with no expected improvement with depth.

No results will be presented where data confidence is assessed as inadequate.
TEST RESULTS

Primary test data consist of seismic wave traces for, usually multiple, test depths. Stacking of traces recorded at
the same depth and data filtering techniques are commonly used for removing unwanted noise. Further data
processing includes calculation of seismic wave interval velocities between individual test depths. The calculated
velocities are for a radially propagating wave train and they assume laterally homogeneous ground and a straight-
line slant distance. Some types of software have options for wave train trajectories according to Snell’s law of
refraction.

A single-array system requires calculation of S-wave velocity from the difference in arrival times to the same
receiver when positioned at two distances from the source. Three or more test depths provide additional
opportunities for separating zones of interest.

The measurement of test depth spacing is particularly important for seismic systems using a single array of
geophones. An example of favourable depth measurement conditions is non-drilling (seabed) deployment of an
SCPT system. An example of unfavourable depth measurement conditions is downhole deployment of an SCPT
system operated from a heaving vessel. Possible mitigation measures for spacing inaccuracy consist of
(1) using a dual-array system, (2) decreasing the test spacing and averaging of results, and (3) using a larger test
spacing.

The approach for a single-array system can also be adopted for a dual-array system, by considering top
geophones or bottom geophones only. However, a single test with a dual-array system allows calculation of S-
wave velocity from the difference in arrival times between the two receivers at a fixed distance apart. For
homogenous sail, the accuracy of this velocity is largely unaffected by depth uncertainty and travel path.

Gibss et al. (2018) commented on data scatter related to a fixed 0.5 m spacing for dual SCPT receivers,

versus 1 m spacing. This comment can be compared with Ghose (2012), who reported very good data quality for
tests performed with a seismic cone penetrometer incorporating 7 sets of receivers spaced at 0.25 m.
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If required, test results can include low-strain (dynamic) elastic parameters, using measured or estimated
densities. The following theoretical equations apply to the S-wave velocity and P-wave velocity:

1 E G
V. = * — = [—
*TV2a+v) p \/:

1-v E 4
Vo :\/(1+ Wa-2v) p :\/(K+§G)/p

SEISMIC CONE PENETRATION TEST AND SEISMIC DOWNHOLE TEST IN BOREHOLE

where

Vp = P-wave velocity [m/s] E = low-strain Young's modulus [kPa]
Vs = S-wave velocity [m/s] G = low-strain shear modulus [kPa]
p = density of ground [Mg/m3] K = low-strain bulk modulus [kPa]
v = low-strain Poisson's ratio [-]

The following explicit relations are commonly used to estimate low-strain ground parameters:

G=p*v’
K= plvy =2 v.)

0.5(v, /v)*1
(v, /v

E=p*v *[21+v)]
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IN SITU PORE PRESSURE DISSIPATION TEST

INTRODUCTION

A push-in probe equipped with a pore pressure sensor allows the in situ measurement of pore water pressure
dissipation during a penetration interruption (ASTM, 2012; ISO, 2012; ISO, 2014). The variation of pore water
pressure with time can give an indication of the permeability and consolidation characteristics of the soil.
Measurement of in situ equilibrium pore pressure is also possible if a sufficiently long dissipation period is
maintained. The required period depends on factors such as geometry/size of the probe and soil coefficient of
consolidation.

Common push-in probes for dissipation testing are as follows (Figure 1):
1. Piezocone penetrometer.
2. Piezoprobe.

The feasibility of test interpretation for consolidation or permeability depends primarily on the drainage
characteristics of the soil and the location of the pore pressure filter in the probe. In low-permeability soil, the
probe generates:

— excess (positive) pore pressures as a result of normal stresses due to plastic soil failure

— positive or negative pore pressures as a result of shear-induced stresses.

Piezo-cone piezoprobe

These transient pore pressures are generally high at the face
(designated as u: for a piezocone penetration test PCPT or
CPTU) of the probe where the normal and shear components are
positive. Lower or negative pore pressures apply to locations
above the base of the cone (designated as uz and us for the
CPTU), where the shear-induced pore pressures can be negative
(Figure 1). In particular, negative pore pressures above the base
of the probe may apply to overconsolidated low-permeability soil.

APPARATUS

Pore pressure dissipation testing requires a push-in probe
equipped with a water pressure sensor, separated by a filter from
the surrounding soil. Generally, CPT thrust equipment is used for
penetration of the probe into the soil.

us

uz — u1

Figure 1: Designations for pore pressure filter positions

PROCEDURE

The test procedure includes the following steps or a repeated sequence of these steps:
interrupting the push-in penetration of the probe at the test level for pore pressure dissipation
measurement of pore pressure versus time (t) until the required termination criterion
resuming penetration, where applicable.

Table 1 presents types of tests for a piezocone penetrometer according to 1ISO (2014).
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IN SITU PORE PRESSURE DISSIPATION TEST

Table 1: Types of PPDTs for a piezocone penetrometer

Test Type Description Test Duration
PPDT1 Pore pressure dissipation for estimation of in situ Typically > 90 % of the pore pressure
equilibrium pore pressure immediately before the penetration interruption,
relative to the estimated in situ equilibrium pore
pressure
PPDT2 Pore pressure dissipation for estimation of coefficient | Typically > 5 % of the pore pressure immediately
of (radial) consolidation in fine grained, low before the penetration interruption, relative to the
permeability soil estimated in situ equilibrium pore pressure
PPDT3 Pore pressure dissipation for qualitative indication of Typically < 600 s
soil permeability
PPDT4 Pore pressure dissipation to distinguish between Typically <60 s
drained, undrained and partially drained soil behaviour
during cone penetration

Test termination criteria for analysis of in situ equilibrium pore pressure are as follows and additional to Table 1,
as appropriate or agreed otherwise:

— reaching >90 % dissipation of excess pore pressure (relative to in situ equilibrium pore pressure)

— dissipation period of 6 hours

— unfavourable test conditions

— risk of damage to apparatus or safety of personnel, at discretion of equipment operator or as determined by
software algorithms;

whichever occurs first and as applicable.

Test termination criteria for coefficient of consolidation are comparable, with =290 % dissipation changed to 250 %
dissipation and a dissipation period of 6 hours changed to a dissipation period of 1000 seconds. Extension of a
dissipation period to beyond 1000 s may be necessary for some geotechnical applications. The extension is
optional.

Reasons for unfavourable test conditions can include the following:

— presence of gas in the soll

— significant soil layering within the zone of influence for pore pressure dissipation

— hydraulic connection between borehole fluid and test zone for pore pressure measurement (Peuchen et al.,
2015)

— absence of significant excess pore pressure at the location of the filter, particularly for PPDT2

— characteristics for pore pressure measuring system (particularly filter permeability) dominate dissipation
response, particularly for PPDT2 in high-permeability soil

— high signal noise caused by the marine operational environment, e.g. because of inevitable small cyclic and/or
downward movements of the probe during the stationary dissipation phase (Peuchen and Klein, 2011).

TEST RESULTS

Data processing typically results in a diagram showing pore pressure, u, and the logarithm of time. The presented
pore pressure is relative to the reference level of a test. For analysis of in situ equilibrium pore pressure, this
reference level is generally taken as atmospheric pressure. For consolidation analysis, the reference level is (1)
the ground surface for onshore tests, (2) the seafloor for nearshore and offshore tests. Data processing for
consolidation analysis presumes a hydrostatic in situ pore pressure profile, unless specifically indicated otherwise.

Data processing can include data filtering or averaging for improving signal to noise ratio. Data processing for
cone penetration tests typically includes a diagram showing cone resistance, gc, and the logarithm of time.

The initial pore pressure variations in low-permeability soils warrant further attention:

— Interruption of penetration of the probe results in an inevitable and abrupt reduction of the push-in resistance
and, hence, stress change. Thus, the excess pore pressure shows an abrupt decrease, which can be
significant for measurements taken at the face of the probe, and, to a lesser extent, for measurements above
the base of a cylindrical probe.

— Penetration of the probe into the soil results in the development of radial and axial pore pressure gradients.
The magnitudes of the gradients depend primarily on the soil characteristics, such as soil type and stress
history. Also, a non-uniform longitudinal shape of the probe will affect pore pressure distribution. Spatial pore
pressure redistribution takes place shortly after penetration interruption. For example, at the CPT u: filter
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location this can include an initial negative pore pressure, followed by a rise to positive excess pore pressure
and, finally dissipation to in situ equilibrium conditions.

— Dissipation of pore pressure also takes place during penetration of the probe into the soil. This effect is
generally negligible near the base of the probe, where undrained conditions are likely to dominate for low-
permeability soil. However, partially drained conditions may apply to a filter positions in the shaft of a
cylindrical probe, for example the CPT us location above the friction sleeve.

— Soil inhomogeneities can lead to a non-uniform development of pore pressures around the probe. This may
affect both the initial and the subsequent pore pressure variations.

IN SITU PORE PRESSURE DISSIPATION TEST

INTERPRETATION

Indication of permeability and drainage conditions around a penetrating probe

If required, the test results can include qualitative interpretation of soil permeability, for example by comparing the
initial excess pore pressure with the excess pore pressure after, say, up to 10 minutes of dissipation.

Note that the penetration rate of a penetrometer with respect to soil permeability determines whether soil
behaviour is primarily undrained, drained or partially drained. Partial drainage may also be denoted as partial
consolidation. In general, soil behaviour during cone penetration testing is drained in clean sand (no measurable
pore pressures as a consequence of soil displacements) and undrained in clay (significant pore pressure
changes). Partially drained behaviour occurs in soils with intermediate permeability, such as sandy silt. Results
of a pore pressure dissipation test can provide indications for partial drainage conditions. Particularly, partial
drainage conditions should be considered when tso is less than about 100 s (DeJong and Randolph, 2012) for a
piezocone penetrometer. The term tso represents the time for 50 % dissipation of excess pore pressure at the uz
location of the cone penetrometer.

Coefficient of consolidation

Interpretation can include an estimate of the coefficient of radial consolidation, c:, which represents radial flow of
pore water under vertical compression. This coefficient is the product of the compression modulus and the
permeability of the soil. These parameters vary during consolidation. Common interpretation models for cr are
according to Baligh and Levadoux (1986) and Teh and Houlsby (1991).

The Baligh and Levadoux procedure includes a comparison of a curve of normalised excess pore pressure ratio
(du/duo) against time with a theoretical curve derived from cavity expansion theory. General consolidation theory
applies in case of reasonable similarity of the curves up to 50 % pore pressure dissipation. Limitations include:

— cavity expansion theory does not take account of actual stress-strain behaviour of the soil and rate effects
— the shape of the theoretical expanding cavity differs from the actual shape
— displacement and remoulding of the soil applies in the immediate vicinity of the probe.

The basis for the Teh and Houlsby method is also cavity expansion theory and consolidation theory. The method
requires an estimate of the rigidity index, Ir, defined as G/su, where G is the shear modulus of the soil and su is
the undrained shear strength.

Kurup et al. (1995) provide recommendations on the selection of the initial excess pore pressure. This procedure
considers the initial dissipation values and not the excess pore pressure immediately before the penetration
interruption. The root-time method offers the opportunity for extrapolation of dissipation records that are not
sufficiently long to reach 50 % dissipation of excess pore pressure (Teh and Houlsby, 1991; Sully and Campanella,
1994).

Improvement on the interpreted consolidation coefficients is possible by site-specific integration of in situ and

laboratory consolidation parameters, including those made using non-standard (large diameter) Rowe hydraulic
oedometer.
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IN SITU PORE PRESSURE DISSIPATION TEST

In situ equilibrium pore pressure

In situ equilibrium pore water pressure can be estimated if dissipation of excess pore pressure is between 90 %
and 100 % (Peuchen and Klein, 2011). The selected method uses inverse time (1/t), which is in general
accordance with ASTM (2012). This method implies geometric data fitting as shown in Figures 2 and 3, where
Figure 3 shows the information of Figure 2 for a selected time window.

The test results can include degree of pore pressure dissipation defined as (Umax — Uend)/(Umax — Uo), Where Umax is
the maximum pressure during dissipation, uend is the pressure at the end of the dissipation phase and uo is the
estimated in situ equilibrium pore pressure.

Dissipation Test
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Figure 2: piezoprobe dissipation test results Figure 3. geometric data fitting of piezoprobe test data
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GEOTECHNICAL BOREHOLE

INTRODUCTION

This document describes borehole activities for a geotechnical project. The activities comprise borehole drilling
and, optionally (1) borehole geophysical logging, (2) in situ testing in borehole and/or (3) sampling and sample
handling.

The common drilling techniques for onshore investigations are:

- Open hole drilling: a drilling method whereby all material within the diameter of the borehole is cut, such as
open hole rotary drilling, cable percussion drilling and auger drilling.

- Open hole rotary drilling: an open hole drilling method whereby ground at the bottom of the borehole is cut
by a drill bit rotated on the bottom of a borehole, and drill fluid is pumped down to the drill bit through the
hollow drill pipe.

- Cable percussion drilling: an open hole drilling method whereby ground at the bottom of the borehole is
broken up by percussive action of a bailer, clay cutter or chisel, and brought to the surface by the bailer or
clay cutter.

- Auger drilling: an open hole drilling method whereby ground at the bottom of the borehole is cut and brought
to the surface by auger flights.

- Core drilling: a rotary drilling method that cuts out cylindrical ground samples.

The common drilling techniques for marine investigations are open hole rotary drilling and core drilling. Core
drilling can be combined with the following deployments modes of Figure 1: (b), (e) and (f). Offshore core drilling
can also be achieved by piggyback operations, whereby the drill pipe for open hole rotary drilling acts as drill
casing and as support for the drill rig. Piggyback operations can be combined with the following deployments
modes of Figure 1: (b), (d) and (e).

ISO (2014) recognises the following deployment modes: (1) non-drilling, (2) vessel drilling and (3) seafloor
drilling. Fig. 1(a) illustrates non-drilling, i.e. deployment of an in situ testing tool or sampling tool from seafloor, in
single stroke with no drill-out. Strictly, non-drilling also applies to Fig. 1(c), but ISO considers this jack-up mode
as vessel drilling. Fig. 1(e) illustrates a hybrid system, in-between vessel drilling and seafloor drilling. Fugro
operates this hybrid system under SEADEVIL™. Drilling control is achieved by means of a combination of a drill
rig at vessel deck and a vertical control system at seafloor. Fig. 1(f) illustrates seafloor drilling. Fugro operates
this system under SeaFloor Drill SFD. Looijen and Peuchen (2017) provide a comparison of vessel drilling and
seafloor drilling technologies, including the SEADEVIL™,
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Figure 1: Deployment modes for marine soil investigation, in combination with cone penetration testing
Optional activities for rotary drilling are MWD (measuring while drilling) and LWD (logging while drilling). MWD
involves the manual or digital recording of drilling parameters, such as penetration rate, torque and drill fluid

pressure. LWD involves sensors located in a drill collar immediately above the drill bit. The downhole sensors
can include electrical resistivity, natural gamma ray, sonic velocity and temperature.

Borehole geophysical logging tools are available for in-pipe measurements and for open hole measurements
including tools such as the P and S suspension logger and the acoustic televiewer.

A wide range of in situ tests is available for boreholes. Examples are the pore pressure dissipation test (PPDT),
vane shear test (VST), thermal conductivity test (TCT) and cone penetration test (CPT).
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GEOTECHNICAL BOREHOLE

This document describes borehole geophysical logging and in situ tests as an integral part of borehole activities,
but gives no details. Separate descriptions apply, where appropriate.

The common borehole sampling techniques are drive sampling and/or push sampling of an open-tube sampler,
and push sampling in case of a piston sampler. Sampling of cuttings from drilling may be feasible for some
types of drilling techniques.

Borehole activities are based on ISO, CEN, BSI and ASTM standards.

DRILLING APPARATUS

GENERAL

Descriptions of common borehole drilling apparatus are as follows:

Drilling Equipment: any equipment that provides a suitably clean open hole before insertion of downhole
sampling and/or testing apparatus and ensures that sampling and/or testing is performed in undisturbed
ground.

Drill Rig: machine capable of providing:

= rotation, feed and retraction to drill pipe, casing and/or auger,

= drill fluid pumping capacity, as required,

= sampler or test apparatus insertion.

Drill Casing: cylindrical pipe with one or more of the following purposes:

» to support the sides of a borehole,

= to support drill pipe above ground surface in case of over-water drilling,

= to promote return of drilling fluid.

Drill Pipe: cylindrical pipe connecting drill rig and drill bit.

Drill Collar: thick-walled drill pipe providing self-weight thrust for the drill bit.

Drill Bit: device attached to drill pipe and used as a cutting tool to drill into the ground.

Core Bit: device attached to a rotary core sampler and used as a cutting tool to drill into the ground.

Core Catcher: device that assists retention of core in the core barrel.

Core Box: box with longitudinal separators for the protection and storage of (core) sample.

Bottom Hole Assembly: lower section of offshore drill pipe and drill bit, shaped to permit latching of
downhole in situ testing and sampling apparatus.

CORING

Core drilling is a ground investigation technique comprising simultaneous drilling and sampling. Descriptions of
apparatus are as follows:

Single Tube Core Barrel: hollow steel tube with a head at the upper end threaded for drill pipe, and a
threaded connection for the core bit at the lower end.

Double Tube Core Barrel: assembly of two concentric steel tubes joined at the upper end by means of a
swivel arranged to permit rotation of the outer tube without causing rotation of the inner tube; the upper end
of the outer tube is threaded for drill pipe and the lower end is threaded for the core bit.

Double Tube Core Barrel with Retrievable Inner Tube: double tube core barrel that permits retrieval of the
core-laden inner tube assembly to the surface through matching drill pipe without the need for withdrawal of
the drill pipe.

OFFSHORE OPERATIONS

Offshore drilling can require additional apparatus, particularly when drilling from a vessel:

Seafloor template (or seabed reaction frame): seafloor-based apparatus capable of providing one or more of
the following:

= improved horizontal and vertical control of the drill pipe

re-entry of a borehole by drill pipe after earlier retraction

vertical reaction for hard-tie rigging

vertical reaction for the drill pipe during downhole testing and sampling

vertical control of the drill pipe during drilling, downhole testing and sampling (hybrid seafloor/ vessel
drilling).

Heave Compensator: apparatus to compensate (passive system) the drill pipe or logging tools for vertical
motion of a vessel.

Hard-tie Rigging: special rigging system incorporating a seafloor template and a passive heave
compensator, for heave-compensated drilling with low drill bit load and/or increased depth control of the drill
bit.
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GEOTECHNICAL BOREHOLE

SAMPLING APPARATUS
DRIVE SAMPLING

- Drive-Weight Assembly: Device consisting of hammer, hammer fall guide, anvil and hammer drop system.

- Hammer: impact mass, which is successively lifted and dropped to provide the energy that accomplishes
sampler penetration.

- Hammer Fall Guide: guide arrangement for the fall of the hammer.

- Anvil: drive-head which the hammer strikes and through which the hammer energy passes into the sampling
rods.

- Hammer Drop System: pick-up and release mechanism by which lifting and dropping of the hammer is
accomplished.

- Cathead: rotating drum in a rope-cathead hammer drop system around which a rope is wrapped to lift and
drop the hammer by successively tightening and loosening the rope turns around the drum.

- Self-Tripping Release: hammer drop system that ensures a free fall of the hammer after lifting by a cable or
rope.

- Free-Fall Winch: hammer drop system that permits a free release of the rotating drum of the winch around
which a cable is wrapped to lift and drop the hammer.

- Hydraulic Percussion: hammer drop system that provides rapid impact hammer blows by fluid flow.

- Sampling Rods: rods that connect the drive-weight assembly to the sampler head.

PUSH SAMPLING APPARATUS

- Sampler Insertion Equipment: apparatus providing relatively rapid continuous penetration force.
- Reaction Equipment: reaction for the sampler insertion equipment.
- Sampling Rods: rods that connect the sampler insertion equipment to the sampler head.

SAMPLER

- Open-Tube Sampler: sampler with tube that is open at one end and fitted to the sampler head at the other
end.
- Piston Sampler: sampler with close-fitting sliding piston that is held stationary during penetration of a sample
tube into the ground.
- Rotary Core Sampler:
= Single Tube Core Barrel: hollow steel tube with a head at the upper end threaded for drill pipe, and a
threaded connection for the core bit at the lower end.
= Double Tube Core Barrel: assembly of two concentric steel tubes joined at the upper end by means of a
swivel arranged to permit rotation of the outer tube without causing rotation of the inner tube; the upper
end of the outer tube is threaded for drill pipe and the lower end is threaded for the core bit.
= Double Tube Core Barrel with Retrievable Inner Tube: double tube core barrel that permits retrieval of
the core-laden inner tube assembly to the surface through matching drill pipe without the need for
withdrawal of the drill pipe.
- Sampler Head: coupling between sampling rods and sample tube, and containing a non-return valve to allow
free exit of water and air above sample.
- Sample Tube: cylindrical tube with cutting edge or cylindrical tube fitted with separate cutting shoe.
- Liner: cylindrical plastic tube inserted in a sampler to preserve sample and reduce friction.
- Thin-Walled Sample Tube: sample tube with area ratio of less than 15% and inside clearance ratio of less
than 1 %.
- Thick-Walled Sample Tube: sample tube not meeting the requirements of a thin-walled sample tube.
- Core Catcher: device that assists retention of the sample in the sampler.
- Cutting Shoe: replaceable tapered cutting edge of sample tube to allow use of core catcher and the
selection of inside clearance ratio and/or area ratio.
- Stroke length: maximum achievable sample length.
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Table 1 shows dimensions of common samplers.

Table 1: Dimensions of Samplers

-l"uﬁnn

edge.

Sampler type Inside Outside Inside Wall Arearatio Inside Stroke
diameter diameter diameter | thickness clearance ratio | length®
D1 D2 D3 Ar Cr
[mm] [mm] [mm] [mm] [%] [%] [mm]
yl‘g‘cr;”:]”sg 72.0 76.0 72.0 2.0 10.2 0.0 950
;E‘T'i’z’;‘”tige(z) 72.0 76.0 72.0 2.0 102 0.0 950
yl‘g;kh"tvfg'eed 72.0 80.0 72.0 4.0 19.0 0.0 950
;h‘;’lk‘l’vﬂfg 54.0 57.0 54.0 15 10.2 0.0 9537%”"
;‘;}%“h"tﬁygd 53.0 60.3 53.1 3.6 22.7 0.2 570
Piston Sampler® | 72.0 76.0 72.0 2.0 10.2 0.0 845
vioton Sampler® | 660 80.0 67.0 2.6 313 15 3000
Hammer
Sampler 40.0 51.0 41.0 5.0 38.5 2.5 600
2 inch splitspoon
gg}ﬁgeﬁgfe 62.5 85.0 63.6 4.1 44.0 18 3000
Notes

1. “Length” dimension considers manufactured length. Re-use of a sampler may lead to shortening, for example to reshape the cutting

2. Thin walled 5° - 10° tube is equivalent to conventional thin-walled 3 inch tube except for specially machined cutting edge with 5° and

10° taper to reduce sampling disturbance.
3. Tool can be assembled with liners and a range of cutting shoes; D, D,, D3, A; and C, can be varied.
4. Fugro Marine Core Barrel.

The definitions of area ratio and inside clearance ratio are as follows:

Area Ratio: Indication of volume of ground displaced by the sample tube, calculated as follows:

Ar=

where:
Ar
D2
D1

[(D22-D12)/D2?] x 100

area ratio expressed as percentage
outside diameter of the sample tube and/or cutting shoe
inside diameter of the cutting shoe.

Inside Clearance Ratio: Indication of clearance of sample inside the sample tube, calculated as follows:

Cr= [(D3-D1)/D4] x 100

where:

Cr = inside clearance ratio expressed as percentage

Ds = inside diameter of the flush portion of the sample tube or liner
D1 = inside diameter of the cutting shoe.

The worst case of manufacturing tolerances applies for calculation of C:.

FNLM/GEO/APP/002

Page 4 of 8






ISSUE 33

© Fugro 1995-2019

GEOTECHNICAL BOREHOLE

PROCEDURE

Figure 2 summarises the procedure for boreholes.

Start borehole

Borehole set-up stage

Yes

First borehole

of project

Yes

Set-up approval

Stage selection

Open hole qn_llmg Borehole gepphysmal In situ testing Sampling
or core drilling logging
Method selection Method selection Method selection Method selection
Execution Execution Execution Execution

l

l

l

|

Borehole
termination ?

Yes

Borehole termination

stage

End borehole

Figure 2: Flow chart

The procedure includes several stages, as follows:

BOREHOLE SET-UP STAGE

- assignment of borehole details such as location, target borehole depth, types of apparatus, sequence of

sampling

- positioning of drill rig at assigned location
- selection of drilling, logging, sampling or in situ testing stage.

FNLM/GEO/APP/002

Page 5 of 8





ISSUE 33

© Fugro 1995-2019

-l"uﬁnn

GEOTECHNICAL BOREHOLE

The subsequent stage is one of the following:

DRILLING

open hole or core drilling

borehole logging, such as drill bits and drill fluids used, borehole size and depth, drilling observations, MWD
and LWD

borehole water level, where practicable

selection of subsequent drilling, sampling or in situ testing stage.

BOREHOLE GEOPHYSICAL LOGGING

tool deployment in-pipe or open hole
logging of depth and geophysical parameters
selection of subsequent drilling stage.

IN SITU TESTING

in situ test
logging, such as test depth and test parameters
selection of subsequent drilling stage.

SAMPLING

sampling

logging, such as sample depth and sample inspection at the time of sampling
sample handling

selection of subsequent drilling stage.

BOREHOLE TERMINATION STAGE

termination of borehole
backfilling of borehole, if appropriate
data processing.

The set-up stage is at discretion of the equipment operator, particularly considering suitability of expected
ground type(s), accessibility, risk of damage to equipment and safety of persons.

Set-up requires a reasonably flat, accessible, ground surface with a slope of 5° or less. Most onshore drilling
systems have levelling facilities allowing a vertical start of drilling. Seabed reaction frames used for offshore
drilling activities typically have no levelling facilities. Drill pipe passage through a seabed reaction frame must be
(near-)vertical.

For over-water (marine/ offshore activities), additional accessibility considerations include:

Minimum water depth for the selected pontoon, jack-up or vessel and the selected drilling, logging, testing
and sampling equipment;

Maximum water depth for the selected pontoon, jack-up or vessel;

Maximum depth below water (sea) level for the selected drilling, logging, testing and sampling equipment;
Metocean conditions, particularly wind, waves, currents.

The sampling stage may result in no-recovery or partial recovery of a sample due to unfavourable conditions for
the deployment of a particular sampler. A subsequent sampling event at the same depth or immediately below
the initial sampling depth is a separate sampling activity, unless specifically agreed otherwise or unless no
specific evidence shows departure from the agreed procedure for the earlier activity.

Criteria for borehole termination are as follows, unless specifically agreed otherwise:

as instructed by client

reaching target penetration

drilling progress rate of less than 1 m/hour based on half-hourly observation
circumstances at discretion of system operator, such as risk of damage to apparatus or safety of persons

whichever occurs first and as applicable.
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Sampling techniques and samplers can be important for the evaluation of the results of laboratory tests.

Table 2 presents an assessment of typical sample class and Table 3 summarises the corresponding
classification system for sample quality. The classification system recognises 5 classes based on feasibility of
specific geotechnical identification and laboratory tests (CEN, 2007; 1ISO, 2014).

Table 2: — Sampling Technique and Sample Class

Sampler Type

Sample Class

Very soft to Stiff to very | Hard boulder Loose to Dense silt/ Weakly
soft clay stiff clay clay medium dense sand cemented
silt/sand soils and rock

Thin-walled
3 inch tube 2@ 2(1) 2(1) 3(2) n/a (2) n/a (2)
Thin-walled
50 — 10° tube 1 1 n/a 3(2) n/a (2) n/a (2)
Thick-walled
3inch tube 2 2 2 3(2) 3(2) n/a (3)
Thin-walled
2 inch tube 2@ 2(1) 2(1) 3(2) 2 n/a (3)
Thick-walled
2 inch tube 2 2 2 3(2) 3(2) n/a (3)
Piston Sampler 1 1 n/a 3(2) n/a n/a
3 metre EP Piston
Sampler 2@ 2(1) 2(1) 3(2) n/a nla
Hammer Sampler
2 inch splitspoon 2 3(2) 3(2) 3 3 3
Rotary Core Sampler n/a 3(2) 3(2) n/a n/a (3) n/a (2)

Notes

PR

Sampler type is according to Table 1 and sample class is according to Table 3.

Ground descriptions (e.qg. stiff to very stiff clay) are according to ISO (2014) for applicability rating.
Sample class between brackets may be feasible under favourable conditions.
n/a means not applicable or very low applicability.

Table 3: Sample Application (Quality) Classes

1. The higher class includes the laboratory tests of the lower classes.

Application (quality) Designation Laboratory Test Feasibility
Class
Class 1 undisturbed strength, stiffness and consolidation
Class 2 undisturbed layering, permeability, unit weight
Class 3 disturbed water content
Class 4 disturbed particle size analysis, Atterberg limits, soil type
Class 5 disturbed stratigraphy
Notes

Comments on Class 1 and Class 2 fine-grained soil samples are as follows:
- Some sample disturbance is inevitable because of the required sampling process and subsequent on-site
and laboratory sample handling.
- Silt soil is more sensitive to disturbance than clay soil.
- Sample disturbance typically increases with increasing total stress conditions applicable to the in situ soil.
Negative pore pressures develop after sampling, upon reduction of total stresses. The resulting effective
stresses within the sample cause sample disturbance. Sample disturbance may thus increase with sampling
depth or with increasing water depth for offshore boreholes.
- Reduction in water pressure occurring after sampling causes a change in equilibrium between dissolved
gasses, gas bubbles and gas hydrates, where present. The amount of gas release increases with water

pressure. This may result in increased sample disturbance, in particular for deep-water sites.
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In principle, sampling is continuous from bottom of borehole to maximum penetration. However, recovery ratios
(ratio of recovered sample length to penetration) can differ from unity. Reasons include:

- Loss of ground from the bottom end of the sampler during retrieval.

- Compaction of ground due to vibration (hammer sampler), and/or handling.

- Settling of soil due to an inside clearance ratio Cr of the sampler of greater than zero.

- Soil expansion due to swelling-soil minerals, gas and/or stress release.

- Loss and/or segregation of very soft soil due to fluidisation.

- Plugging type behaviour during penetration (missing sample).

GEOTECHNICAL BOREHOLE

Sample quality may change with time and storage conditions. The type of soil or rock will influence the degree
of change. For example, exposure to air may initiate chemical processes, such as rapid oxidisation of organic
soil.
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SAMPLING FROM SEAFLOOR

INTRODUCTION

This document describes ground sampling practice for a geotechnical project, as follows: (1) tube sampling
from seafloor and (2) bulk sampling from seafloor.

The common tube sampling techniques are:

— Vibrocoring. This technique comprises remote-controlled deployment of a lined open-tube sampler mounted
on a seabed frame positioned on the ground surface (seafloor). Sampler insertion into the ground is by
means of vibration, supplemented by self-weight penetration. The maximum penetration below ground
surface is typically about 3 m to 6 m, depending on the length of the sampler and the capabilities of the
sampler insertion equipment. Typical sample diameters are in the range 50 mm to 100 mm.

— Gravity coring. Sampler insertion into the ground is by means of wireline self-weight penetration from a
vessel or platform. The maximum penetration below ground surface is typically about 3 m to 6 m, depending
on the geometry of the sampler, the mass and drop height, the ground conditions and the capabilities of the
sampler insertion equipment. Typical sample diameters are in the range 50 mm to 100 mm.

— Piston coring. This technique is similar to gravity coring, except that a stationary piston at the top of the
sample helps to reduce resistance to sample penetration into the tube. The maximum penetration below
ground surface is typically up to about 15 m to 20 m. Typical sample diameters are in the range 80 mm to
120 mm.

— Piston sampling. Sampler insertion into the ground is by means of monotonic continuous push from a
seabed frame positioned on the seafloor. A piston inside the sampler is kept stationary at seafloor. The
maximum penetration below seafloor is typically 2 m. Typical sample diameters are in the range of 70 mm to
100 mm.

— Rotary coring. This technique comprises remote-controlled or diver-controlled deployment of a core barrel
mounted on a seabed frame positioned on the seafloor. Sampler insertion into the ground is by means of an
open-hole drilling method whereby ground at the bottom of the core barrel is cut by a rotating drill bit, and
drill fluid is pumped down to the drill bit through a hollow drill pipe. The maximum penetration below ground
surface is typically about 3 m to 6 m, depending on the length of the sampler and the capabilities of the
drilling equipment. Typical sample diameters are in the range 50 mm to 150 mm.

The common bulk sampling techniques are:

— Grab sampling. This technique comprises wireline deployment of a grab sampler. Sampling is by self-weight
penetration and grabbing action. Sampler sizes are typically in the range 5 litres to 20 litres.

— Box core sampling. Sampler insertion into the ground is by means of wireline self-weight penetration from a
vessel or platform. A typical box core size is 0.5 m by 0.5 m by 0.5 m.

— Dredge sampling. This technique comprises wireline deployment of a drag net. Penetration into the seabed
is typically small as the general purpose of dredge sampling is to collect protrusive seabed objects.

Sampling activities are based on ISO, CEN, BSI and ASTM standards.

APPARATUS

GENERAL

Wireline sampler handling with vessel or platform support is a common denominator for seafloor-based
sampling techniques. Optional apparatus includes sample handling equipment (for example a sample extruder
and core boxes) and an on-site laboratory.

VIBROCORER

Sampling apparatus includes the following:

— remote-controlled sampler insertion equipment, including a vibro-unit and a control-display unit

— mounting frame for the sampler insertion equipment

— thick walled open-tube sampler, with liner, optional core catcher (sample retainer basket) and optional piston
— penetration indicator (optional).
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The definition of a thick-walled sample tube is a sample tube with an area ratio of more than 15% or an inside
clearance ratio of more than 1%, where area ratio is Ar = [(De>-Di?)/Di?] x 100 and inside clearance ratio is
C: = [(D+-Di)/Di] x 100 and:

SAMPLING FROM SEAFLOOR

De = maximum external diameter of the sample tube and/or cutting shoe
Di = minimum internal diameter of the sample tube at the cutting edge
D: = internal diameter of the flush portion of the sample tube.

GRAVITY CORER

Sampling apparatus includes the following:

— thick walled open-tube sampler, with liner, optional core catcher and optional piston

— various weights to adjust the sampler weight

— pilot-weight tripper or free-fall winch for release of the sampler at a selected height above the seafloor.

PISTON CORER

Sampling apparatus includes the following:

— thick walled open-tube sampler, with liner, optional core catcher and piston

— various weights to adjust the sampler weight

— pilot-weight tripper or sliding base plate (STACOR®), for release of the sampler at a selected height above
the seafloor, and for control of the piston position relative to the top of the sample.

PISTON SAMPLER

Sampling apparatus includes the following:

— remote-controlled sampler insertion equipment, including a push/ retraction unit, stationary piston and
penetration measurement

— mounting frame (seabed frame) for the sampler insertion equipment

— thin-walled open tube sampler or thick walled open-tube sampler with liner, optional core catcher.

ROTARY CORER

Sampling apparatus includes the following:

— drill rig mounted on a seabed frame, for providing rotation, feed and retraction to drill pipe/core barrel and for
drill fluid pumping capacity

— core barrel with core catcher, typically of double-tube assembly, with or without an internal liner

— tungsten-carbide or diamond-set core bit.

An optional facility for rotary coring is analogue or digital recording of MWD (Measure-While-Drilling)
parameters, such as penetration rate, torque and drill fluid pressure.

BOX CORER

Sampling apparatus includes the following:

— sampler insertion equipment mounted on a seabed frame

— rectangular box core assembly with weights and fixed side plates or (optional) one removable side plate

— release facility for self-weight penetration of the sampler into the seabed upon touch-down of the seabed
frame on the seafloor

— base plate lid mechanism that closes the bottom of the box corer by sliding action immediately prior to lifting

of the seabed frame.
GRAB SAMPLER

Sampling apparatus includes the following:
— wireline grab sampler
— tripping mechanism for grabbing action of the sampler after touch-down on the seafloor.

DREDGE SAMPLER

A common type of dredge sampler is a wireline-towed scoop with a net for collection of material.
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PROCEDURE

Flgure 1 summarises the sampling procedure. It typically includes the following steps:
information review for deployment approval
— lowering of the mounting frame or sampler close to or onto the seafloor
— sampler insertion into the ground and retrieval (tube samplers and box corer)
— sampler grabbing action or dragging (grab sampler and dredge sampler respectively)
— raising of the sampler or frame on to the vessel/platform
— measurement of sample recovery
— removal of the sample or the liner (with sample) from the sampler and further sample handling.

e

Deployment approval?

Sampling

Measurement of sample
recovery and sample handling

Additional sampling at
same location?

e

Figure 1: Flow chart

Deployment is at discretion of the equipment operator, considering risks such as loss and damage to
apparatus, and safety of personnel.

Deployment approval typically requires prior information about seafloor conditions and, for some systems,
seabed conditions. The seafloor should be clear of existing structures and other objects. Deployment of
systems with a seabed frame or a pilot weight tripper typically require a reasonably flat seafloor with a slope of
5¢° or less. Most seabed frames used for sampling activities have no levelling facilities. Location-specific cone
penetration test (CPT) data are typically required for deployment decisions for free-fall sampling systems with a
target penetration exceeding 6 m below seafloor. The CPT data then serve as input in calculation models that
allow optimisation of sample recovery and allow prediction of the integrity of the equipment for actual seabed
conditions at the sampling location.

Most systems, with or without a mounting frame or seabed frame, have no tilt measuring system. Sampling
may not be vertical. Deployment of a system with seabed frame requires a reasonably flat seafloor with a slope
of 5° or less. Most seabed frames used for offshore sampling activities have no levelling facilities.

The activities may result in no-recovery or partial recovery of a sample due to unfavourable conditions for the
deployment of a particular sampler. A subsequent sampling event at the same location is a separate sampling
activity, unless specifically agreed otherwise or unless specific evidence shows departure from the agreed
procedure for the earlier activity.
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Sample handling can include activities such as cutting of a liner into sections and sub-sampling of selected
portions of the sample. Optional on-site activities can include sample removal from the liner (tube sampling),
and visual sample description.

The result of vibrocoring, gravity coring or piston coring is a ground sample contained in liner sections. Rotary
coring may result in core contained in liner sections or in core boxes. The result of bulk sampling is an
unconfined ground sample.

Table 1 presents an assessment of applicability class according to 1SO (2014) and typical sample class
according to BSI (2015).

Table 1: Sampling Technique, Applicability Class and Sample Class

Sampling Inner Sample Sampler Ground Type Feasibility Applicability | Sample
Technique | Diameter Di| Length Insertion Class Class
[mm] [m] Method
Vibrocoring 50 to 100 3to6 self-weight and | very soft to soft cohesive soll C 3(2)
high-frequency | firm to hard cohesive soil BtoC 2(1)
vibration cohesionless soil AtoB 4(3)

Gravity coring 50 to 100 3to6 self-weight very soft cohesive soil AtoB 3(2

soft to hard cohesive soll BtoD 2()

cohesionless soil B to n/a 4 (3)
Piston coring— | 80to 120 Up to 30 |self-weight very soft cohesive soil BtoC 3(2)
pilot weight soft to hard cohesive soil Aton/a 2(1)
g'rﬁ?er or trip cohesionless soil B to n/a 4 (3)
Piston coring— | 80to 120 Upto 25 |self-weight very soft cohesive soil A 2(1)
sliding base soft to hard cohesive soil Aton/a 1
plate cohesionless soil B to n/a 3
Piston 70 to 100 Upto 2 |continuous push |very soft cohesive soil AtoB 2(1)
sampling

soft to hard cohesive soil AtoD 1

cohesionless soil B to n/a 3
Rotary coring 50 to 150 3to6 rotary drilling very stiff to hard cohesive soil B 2(1)

Rock AtoB 1
Box coring 05m 0.5 self-weight very soft cohesive soil A 2(1)

square

soft to very stiff cohesive soll Aton/a 1

loose cohesionless soll (3 4 (3)
Grab sampling not not grabbing cohesive soll BtoD 4 (3)

applicable | applicable

cohesionless soil Bto C 5(@4)
Dredge not not dragging most soil types BtoD (5)
sampling applicable | applicable

Note: Sample class in brackets may be feasible under favourable conditions.

The system for applicability class considers A =high applicability/recommended, B = medium applicability,
C = low applicability, D = very low applicability, and n/a = not applicable.

Table 2 presents a summary of the classification system for sample quality. Note that ISO (2014) considers the
same system, except that the term quality class is replaced by application class.
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SAMPLING FROM SEAFLOOR

Table 2: Sample Application (Quality) Classes

Application (quality) Designation Laboratory Test Feasibility
Class
Class 1 undisturbed strength, stiffness and consolidation
Class 2 undisturbed layering, permeability, unit weight
Class 3 disturbed water content
Class 4 disturbed particle size analysis, Atterberg limits, soil type
Class 5 disturbed stratigraphy
Notes
1. The higher class includes the laboratory tests of the lower classes.

Comments on Class 1 and Class 2 cohesive soil samples are as follows:

—  Some sample disturbance is inevitable because of the required sampling process and subsequent on-site
and laboratory sample handling.

—  Silt soil is more sensitive to disturbance than clay soil.

—  Sample disturbance typically increases with increasing total stress conditions applicable to the in situ soil.
Negative pore pressures develop after sampling, upon reduction of total stresses. The resulting effective
stresses within the sample cause sample disturbance. Sample disturbance may thus increase with
sampling depth or with increasing water depth.

— Reduction in water pressure occurring after sampling causes a change in equilibrium between dissolved
gasses, gas bubbles and gas hydrates, where present. The amount of gas release increases with water
pressure. This may result in increased sample disturbance, in particular for deep-water sites.

In principle, seafloor tube sampling is continuous from ground surface to maximum penetration. However,

recovery ratios (ratio of recovered sample length to penetration) can differ from unity. Reasons include:

— loss of ground from the bottom end of the sampler during retrieval

— compaction of ground due to vibration (vibrocorer), and/or handling

—  settling of soil due to an inside clearance ratio Cr of the sampler of greater than zero

— soil expansion due to swelling-soil minerals, gas and/or stress release

— loss and/or segregation of very soft soil due to fluidisation

—  plugging type behaviour during penetration (missing sample)

— unwanted piston accelerations at the time of penetration or at the time of extraction of the sampler
(Buckley et al., 1994 and Bourillet et al., 2007), causing flow-in of ground or missing sample (PISTON
SAMPLER with pilot weight tripper)

— sliding base plate (STACOR® penetration into the seabed, system kinematics and hydrodynamic forces
(Po and Woerther, 2013)

— wash-out by drill fluid during penetration (rotary corer).

Continuity gaps and flow-in can be important for soft/loose/weak ground. Data integration with other data (for
example cone penetration tests and drilling parameters) can usually provide further information on continuity

gaps.

Sample quality may change with time and storage conditions. The type of soil or rock will influence the degree
of change. For example, exposure to air may initiate chemical processes, such as rapid oxidisation of organic
soil.
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BOREHOLE GEOPHYSICAL LOGGING

INTRODUCTION

Borehole geophysical logging is a method for continuous and discontinuous measurement of physical and
chemical properties of soil and rock (i.e. formation). This is achieved by operating borehole geophysical tools in
(1) open hole borehole, (2) borehole with plastic casing (in-casing measurements) or (3) drill pipe or drill casing
(in-pipe measurements). Real-time data acquisition applies. Results typically consist of borehole geophysical
logs versus depth.

Apparatus and procedures adopted by Fugro are in general accordance with ISO 19901-8 (2014),
ISO/TR 14685 (2001), ASTM D6727/6727M (2016); ASTM D7400 (2014), ASTM D6167 (2011), ASTM D6274
(2010), ASTM D5753 (2018), BS5930 (2015) and BS7022 (1988). The scope of logging, data processing and
interpretation of results is according to agreed project specifications.

The following alternative deployment methods apply to borehole geophysical logging:

— Deployment of borehole geophysical logging tools after borehole drilling; wireline deployment;

— Borehole geophysical logging while drilling (LWD), whereby sensors are incorporated in the drill string
immediately above the drill bit (Peuchen and Raap, 2007).

This document focuses on wireline deployment.
APPARATUS

Test apparatus includes the following:

— Borehole drilling equipment, including borehole fluid (drilling mud);

— Casing pipe (e.g. threaded plastic casing), where applicable;

— Logging winch and lifting/communication cable;

— External seismic wave source (e.g. airgun), where applicable;

— Borehole geophysical logging tools (slimline), connected (in sequence) with the lifting/communication cable
and control panel/acquisition computer.

The logging winch includes a connection with a heave compensator, if logging takes place from a heaving
vessel.

Common borehole geophysical logging tools are:

— Caliper tool (CAL): measures borehole diameter by a mechanical caliper providing information on borehole
rugosity and general borehole condition (e.g. borehole stability, swelling, caving). Open hole logging only;

— Orientation and temperature tool (OT): measures borehole fluid temperature and borehole orientation. Open
hole logging only;

— Resistivity tool (DLL): measures electrical resistivity of the formation, providing interpretative information on
soil and rock type, differences in unit weight (porosity) of the formation and nature of pore fluid in the
formation. Open hole logging only;

— Sonic tool (SON): measures acoustic wave velocity for deriving (semi-continuous) P-wave velocity within the
formation, which can provide indications on formation type and differences in formation character. The SON
utilizes a built-in acoustic (seismic wave) source. P-waves are primary, compressional waves. Open hole
logging only;

— Acoustic televiewer (ACO): measures travel time and amplitude of semi-continuous P-waves within the
formation, which can provide information on orientation of discontinuity planes within the formation. The
ACO commonly also provides tool inclination and azimuth. Alternatively, the ACO provides an oriented
image of the borehole wall using high resolution sound waves. The acoustic image is recorded as both an
amplitude image and a travel-time image. Open hole logging only;

— Optical televiewer (OPT): generates a continuous oriented 360° image of the borehole wall using an optical
imaging system. The OPT uses an orientation device for borehole deviation data to be acquired during
logging. Open hole logging only;

— Vertical seismic profiler (VSP): measures acoustic wave velocities for deriving discontinuous (requiring a
static position of the tool) interval velocities, P-wave and, where applicable, S-wave. The VSP utilizes a
seismic wave source suspended in the water column (e.g. airgun) or mounted on a seafloor template (e.g.
impact hammer). S-waves are secondary, shear waves. Open hole logging only;

— P and S suspension logger (PSSL): measures acoustic wave velocity for deriving (discontinuous) P-wave
and S-wave interval velocities in the formation. The PSSL utilizes a built-in acoustic source. Open hole;

— Natural gamma radiation tool (GR): measures gamma radiation naturally emitted by the formation, providing
inferred information on soil and rock type. Open hole logging, in-casing or in-pipe;
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— Spectral gamma radiation tool (SGR): measures natural gamma radiation within the gamma ray spectrum
(0 keV to 3000 keV), quantitatively inferring the relative contents of 4°K, 232Th and 238U in the formation.
Open hole logging, in-casing or in-pipe.

BOREHOLE GEOPHYSICAL LOGGING

The following tools are occasionally used for onshore borehole geophysical logging. They are not recommended
for marine soil investigation. Particularly, it can be impossible to recover a radioactive tool from the borehole.
Any contingency activities for tool loss can far exceed the original cost of borehole geophysical logging.

— Gamma-gamma density tool (DEN): uses a sealed radioactive source (Cs37; y-source) to measure electron
density of the formation which can be correlated to formation unit weight. Open hole logging, in-casing or in-
pipe;

— Dual neutron tool (DN) or neutron porosity: uses a sealed radioactive source (e.g. Am?*Be, a-particle
source) to measure hydrogen content of the formation, which in turn can be correlated to porosity of the
formation (i.e. neutron porosity). Open hole logging, in-casing or in-pipe.

PROCEDURE

Table 1 and Figure 1 summarise general procedures and practice for borehole geophysical logging.

Table 1: Typical Tool Strings for Borehole Geophysical Logging

Tool String® Typical Logging Speed Comments
[metres/minute]
GR-OT-CAL 3to6 — Typically first tool string that is run
Natural gamma radiation — Check for borehole conditions
Orientation and temperature
Caliper
GR-DLL 1to5 Typically second tool string
Natural gamma radiation
Resistivity
GR-SON 1to2 — Typically last tool string
Natural gamma radiation — SON tool in direct contact with borehole wall (i.e. side-
Sonic velocity walled)
Spectral gamma radiation 05t01
GR-ACO 1
Natural gamma radiation
Acoustic televiewer
VSP tool Discontinuous — Separate run of logging tool
— Requires seismic wave source (e.g. airgun) at or above
ground surface/ seafloor
P and S suspension logger Discontinuous Separate run of logging tool
Notes:
MTool string identification implies top to bottom, e.g. GR would be upper sensor for GR-OT-CAL

Supplementary information is as follows.
BOREHOLE SET-UP STAGE

The borehole set-up stage covers:

— Assignment of borehole details such as location, in-pipe logging or plastic casing (if agreed), depth to which
drill bit is retracted, any sampling and in situ testing activities;

— Selection of logging section, i.e. the part of the borehole planned for one or more logging runs;

— Types of apparatus, sequence of logging runs;

— Position of borehole at assigned location.

The shallowest depth to which the drill bit is retracted typically considers:
— Borehole stability during logging;

— Safe drilling operations;

— Maximising total data coverage.
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BOREHOLE GEOPHYSICAL LOGGING

DRILLING AND LOGGING STAGE

The drilling and logging stage can require decisions on feasibility of open-hole logging, multiple sections and
multiple runs. The default arrangement is (a) single borehole drilling operation, (b) open-hole borehole, (c)
single section and (d) run(s) as required for data types. Other arrangements can be agreed, e.g. use of plastic
casing.

BOREHOLE TERMINATION STAGE

Common termination criteria for borehole geophysical logging are, whichever occurs first;

— Reaching target of logging coverage or target borehole depth;

— As instructed by client;

— Termination criteria for conventional borehole and casing pipe installation, including adverse borehole
conditions (e.g. swelling and caving);

— Inadequate signal to noise ratio, with no improvement expected for any follow-up logging runs and stacking
(maximum stack count of 3, where applicable);

— High interference effects;

— Risk of damage to apparatus or safety of personnel, at discretion of equipment operator or as determined by

software algorithms.

First borehole of
Project

Yes

Set-up approval No

A

Borehole drilling ¢

Feasibility open-hole
logging

Expected weak zone

In-pipe or in-casing in logging interval

logging

;Yes

Multiple sections Single section

4

Decide section
depth ranges

A 4

Borehole geophysical
logging operations

A
End logging operations

Figure 1: Procedure

A
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BOREHOLE GEOPHYSICAL LOGGING

Borehole geophysical logging results can be adversely influenced by:

— lrregular borehole wall, for example high rugosity and washouts. This can locally increase the distance
between formation and tool sensors, which in turn can cause effects such as (1) attenuation of induced
acoustic waves and (2) reduced radiation detection;

- tool position with respect to borehole wall, e.g. a near-central tool position is favourable for interpretation of
ACO results;

— Infiltration of drilling mud in the borehole wall (e.g. mud cake), forming a barrier between the formation and
tool sensors and changing the physical conditions of the formation; measurements may not be
representative for the formation;

— Use of plastic casing or drill pipe/drill casing;

— Low contrast in physical properties, i.e. no distinct change between parameter values for different strata, or
between plastic casing and borehole wall;

— Magnetic interference affecting orientation sensors deployed in proximity of steel drill pipe, e.g. auxiliary
sensors of an acoustic televiewer;

— Free gas in drilling mud,;

— Acoustic background noise, leading to low signal-to-noise ratio for P-wave and S-wave measurements
(SON, ACO, VSP, and PSSL).

A marine setting with an offshore drilling vessel implies specific challenges, compared to an onshore setting:

— Small cyclic/ vibratory movements of the drill pipe, drilling mud (swabbing and surging effects) and seabed
frame;

— Spatial movement of the logging winch and lifting/communication cable onboard of the vessel, caused by
wind, waves and currents;

— Acoustic background noise caused by the vessel and seawater drag/ vortices around the drill pipe;

— Small cyclic/ vibratory movements of the drill pipe, drilling mud and seabed frame;

— Use of relatively thick-walled drill pipe, implying a significant difference between the diameter of the tool
string and the borehole diameter.

Site conditions and operational constraints can limit opportunities for mitigation of adverse influences. No results
will be presented where data confidence is assessed as inadequate.

METROLOGICAL CONFIRMATION

Metrological confirmation is according to ISO (2003). Where applicable, this can include calibration of borehole
geophysical logging tools in a dedicated calibration borehole at Fugro premises. Lithology and physical
parameters are known for the calibration borehole.

LOGGING RESULTS

Borehole geophysical logging typically results in geotechnical (or geological) logs for each of the selected tools.
Optionally, the logs may be supplemented by or integrated with other information, such as results from 2D
seismic reflection, geotechnical laboratory testing and in situ testing.

Data processing of acquired data typically considers the following steps:
Identification of ground surface/seafloor from natural gamma radiation log (initial run);

— Splicing of multiple logging runs to achieve continuous borehole geophysical logs for the depth range of
interest, based on matching of natural gamma radiation;

— If applicable, correcting logging/tests depths for tides by cross referencing depth and date/time stamps with
tidal variation;

— Manually removing anomalous values (e.g. as caused by borehole conditions, washouts);

— For SON, picking of P-wave first arrival times;

— For VSP, picking of P-wave and S-wave first arrival times, where applicable, followed by calculation of
interval P-wave and/or S-wave velocities for the selected depth intervals;

— For PSSL, picking of P-wave and S-wave first arrival times for both near and far receivers, followed by
calculation of interval P-wave and S-wave velocities for the distance between the near and far receivers.

Data processing for PSSL considers a radially propagating wave train and assumes laterally homogeneous

ground, where wave train trajectories are according to Snell’s law of refraction. Calculation of P-wave and S-
wave velocities takes account of a fixed offset between the seismic source and a receiver or a fixed distance

FNLM/GEO/APP/079 Page 4 of 6





ISSUE 12

© Fuaro 2016 -2018

-I-imnn

between two receivers. The travel path of acoustic waves is assumed through drilling mud to borehole wall, then
refracted at borehole wall, then refracted back into drilling mud to the receiver.

BOREHOLE GEOPHYSICAL LOGGING

The start and end depths of the acquired data can differ between tools, due to tool string configuration with
measurement sensors at various depths along the tool string. In other words, data coverage will be less than
borehole depth. The presented depth of a data point considers the mid-point for interval measurements such a
velocity. This means that coverage can exceed the presented ranges of a log.

Vertical resolution can be as good as 0.05 m, depending on tool and operational conditions.

The use of data filtering techniques (high and low pass filters) is common for removing unwanted signals
(i.e. noise).

Results can include integrated assessment of multiple sensor records, for example for indicators on formation
type and differences in formation character. Integration can also include information from sources other than
borehole geophysical logging. Correlation between multiple locations of borehole geophysical logging can also
be considered.

ACO data allow interpretation for identification of discontinuity planes in the formation. Interpretative results are
typically presented as a structure log.

VSP and PSSL data allow estimation of low-strain (dynamic) elastic parameters:
2
0.5x (%g) -1
@
Vs

G = pxvs?

E = pxvs?x[2(1 + v)]

4
K = p (sz - gVSZ)

where:

vp = P-wave velocity [m/s] E = low-strain Young's modulus [kPa]
vs = S-wave velocity [m/s] G = low-strain shear modulus [kPa]
p = density of formation [Mg/m?] K = low-strain bulk modulus [kPa]
v = low-strain Poisson's ratio [-]
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A geotechnical log presents a one-dimensional, typically vertical, profile of ground strata and water level
measurements, where applicable. In addition, it may include the principal details of operational activities for
acquisition of the information shown on the geotechnical log.

Other terms for geotechnical log used in practice include core log, borehole log, drilling log, sample log,
geohazard core log, geological log and wireline log.

PROCEDURE

Preparation of geotechnical logs is based on 1SO, CEN, BSI and ASTM standards.

The format and detail of a geotechnical log depends on an agreed project specification. Integration Level 1 of
Table 1 applies, unless indicated otherwise.

A geotechnical log typically considers a specific purpose, for example presentation of geotechnical information
for design of a pile foundation. The geotechnical log should not be used for another purpose without appropriate

verification.

Table 1: Levels of Integration

Integration
Level

Integration Type

Description

1

Bundled Information

Each data acquisition activity is interpreted and reported separately. No specific
effort is made to consider and reconcile potential conflicts between information
sources.

Stratigraphic Integration

This level of integration specifically focusses on achieving stratigraphic
alignment between (1) sub-surface/sub-bottom profiles obtained by non-
intrusive geophysical techniques (e.g. seismostratigraphy) and (2) stratigraphic
interpretation from results of ground investigation obtained at specific locations
(e.g. geotechnical soil unitisation). The stratigraphic alignment considers vertical
zonation of a site.

Geotechnical Zonation

This level of integration provides a vertical and horizontal geotechnical zoning of
a site. The horizontal zonation comprises a delineation and mapping of “soil
provinces’. Each soil province has a representative vertical soil profile and
envelopes of ground characterisation such as shear strength, relative density,
friction angle, unit weight, etc. The “horizontal and vertical zoning™ facilitates
selection of engineering criteria (e.g. geotechnical parameter values/ ranges) for
analysis of trenchability, anchor holding capacity, foundation bearing resistance,
etc.

Geotechnical Zonation
and Analysis

This level of integration not only provides geotechnical zonation but also
incorporates engineering assessments of specific project requirements such as
bearing resistance, trenching resistance, anchor holding capacity, upheaval
buckling resistance, scour potential, etc. These requirements are usually specific
to the type of facility, construction method and project phase.

A basic geotechnical log can consist of descriptions limited to e.g. “soil” and “rock” or a value such as soil
behaviour type index I, in combination with corresponding depths below ground surface or seafloor.

A comprehensive geotechnical log is an interpretation of selected, processed data. The procedure for
interpretation typically includes ranking of information for quality and importance and, where applicable, selection
of primary depth values and aligning other depth data with the primary reference. The selected data can include:
- geological information

- 2D/ 3D geophysical data
- results of nearby geotechnical investigation locations

- borehole geophysical logging data

- in situ test data
- laboratory test results
- drilling parameters such as torque, feed, drill fluid pressure and drilling time.

A comprehensive geotechnical log can include mm-scale geological descriptions, geotechnical strata, data points
of laboratory test results and multiple profiles of borehole geophysical logging and interpretive results of in situ

testing.
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The level of detail and accuracy of a geotechnical log depends on factors such as sample size, quality, coverage
of samples and test data and integration with any supplementary information. For example, interfaces between
strata may be more gradual than a geotechnical log indicates. The selected method for data presentation can
also influence the level of detail. For example, graphical presentation will be constrained by the selected vertical
depth scale and horizontal scale(s). Any graphical presentation of test results considers values within the scale
limits only. No automatic scaling applies, unless indicated otherwise. Tabular presentation of a geotechnical log
(no linear depth scale and no fixed horizontal scales) imposes fewer constraints.

GEOTECHNICAL LOG

EXAMPLE INFORMATION - GEOTECHNICAL LOGS
DEPTH

A geotechnical log typically presents depths below ground surface or seafloor as positive values in the downward
direction. Information can also be presented relative to a vertical datum such as mean sea level. This gives
increasing values for elevation in the upward direction.

The penetration depth shown on a (vertical) geotechnical log is defined as the deepest point reached by drilling,
sampling or in situ testing. The recovery depth is the deepest point for which logging, sample or test data are
presented.

Unless indicated otherwise, recovery of a borehole tube sample or a core sample is assumed and shown to be
continuous from the starting depth of sampling. Similarly, sample recovery for a seafloor sampler is assumed to
be continuous from seafloor to recovery depth. In other words, the geotechnical log ignores possible plugging,
flow-in and/or wash-out.

OPERATIONAL ACTIVITIES

A geotechnical log can include documentation of operational activities, such as details on drilling, sampling and
in situ testing. Figure 1 shows examples for presentation of operational information.

Sample 1 A Ambient Pressure Sample Cone

2 H Hammer Sample Penetration
Core 3 P Piston Sample Test
Run 4 W WIP (push) Sample

5 CR Core Run In-Situ Test

Figure 1: Symbols for identification of samples and in situ tests

DRILLING PARAMETERS

Measurement while drilling (MWD) parameters for rotary drilling or percussion drilling can help characterisation
of ground conditions such as cemented strata, weak rock and formations with cavities. Recording can be
manually or by means of an automated recording system. Recorded parameter values are typically qualitative,
i.e. no calibration of sensors would apply. Presentation of factual and/or interpreted results is usually in graphical
format.

ROCK CORING PARAMETERS

ASTM International (2017) provides descriptions for rock core quality as follows:

TCR Total Core Recovery: the total core length divided by the core run length

SCR Solid Core Recovery: the total length of the pieces of solid core that have a complete circumference divided
by the core run length

RQD Rock Quality Designation: the total length of the pieces of sound core over 100 mm long along the
centreline divided by the core run lengths per stratum or core run; sound core includes core with obvious
drilling breaks

Ir Fracture Index: spacing of natural discontinuities.
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Table 2 shows a classification of rock quality according to ASTM International (2017).

Table 2: Classification of Rock Quality

RQD

Classification of Rock Quality

0%to 25% Very poor
25 % to 50 % Poor
50 % to 75 % Fair
75 % to 90 % Good
90 % to 100 % Excellent

GEOTECHNICAL DESCRIPTION

Geotechnical description can be presented by text, numerical test values and by graphic logs.

Cone penetration test data allow software algorithms for geotechnical description of soil. Widely used systems
are those by proposed by Robertson (2009) and Robertson (2010). These systems include numerical test values,
such as soil behaviour type index Ic as geotechnical description.

A geotechnical log can consist of or include a graphic log of ground conditions. Figures 2 through 4 present
examples of symbols used in graphic logs.

MAIN SOIL

TYPE CEMENTATION
% PEAT T 1 | Coomemea
cuay T | ey
SILT i m Well Cemented

LU SAND

o
00000 GRAVEL

A
222%2%4| Coralline DEBRIS

wo7y% | DEBRIS

VvV Vv
VoY | Shell DEBRIS
VvV Vv

MADE GROUND
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ADDITIONAL SOIL PARTICLES

Organic Matter

v v | Shells or Shell
v Fragments

Coral Fragments

Algal Crustations

. Gypsum Crystals
v o v Rock Fragments
2 Inclusions

©

/77771 Interbedded Thin Layer/Seam

Figure 2: Symbols for soils

EXAMPLES OF GRAPHIC LOG

=/

* 100
R o)

* |00
.| o

0000
000

0000
00O |-

PEAT, clayey

-| cLAY, sandy
| cLay, very sandy

-| SILT, sandy

SAND, clayey

SAND, very grawelly, clayey

SAND, silty, well cemented

;| GRAVEL, sandy
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GEOTECHNICAL LOG

Figure 3:

CARBONATE ROCKS SILICA ROCKS EVAPORITES Symbols
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CALCILUTITE CLAYSTONE
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Dolomitic LIMESTONE SHALE
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sedimentary rocks

METAMORPHIC ROCKS IGNEOUS ROCKS
% Fine grained rock iﬁiﬂ: Fine grained rock
% Medium grained rock iiii Medium grained rock
% Coarse grained rock i + j[ Coarse grained rock

Figure 4: Symbols for metamorphic and igneous rocks

WATER LEVEL

Water level measurements taken in boreholes can be valuable. Interpretation of water levels requires due caution.
They may or may not be representative of the ground water levels. In any case, water levels apply to the time
and date of the measurements only. They will vary due to seasonal and other environmental influences, including
construction activities.
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SOIL DESCRIPTION AND CLASSIFICATION

INTRODUCTION

Fugro employs a range of industry-standard systems for soil description, with additional refinements. The more
important systems are:

—  British Standards Institution (BSI) standard BS 5930:2015 (Code of Practice for Ground Investigations).

— American Society for Testing and Materials (ASTM) standards D2487-17 (Standard Practice for
Classification of Soils for Engineering Purposes — United Soil Classification System) and D2488-17el
(Standard Practice for Description and Identification of Soils — Visual-Manual Procedures).

— International Organization for Standardization (ISO) standards ISO 14688-1:2017 (Geotechnical
Investigation and Testing - Identification and Classification of Soil. Part 1: Identification and Description) and
ISO 14688-2:2017 (Geotechnical Investigation and Testing - Identification and Classification of Soil. Part 2:
Principles for a Classification).

— International Organization for Standardization (ISO) standard 1SO 19901-8:2014 (Petroleum and Natural
Gas Industries - Specific Requirements for Offshore Structures. Part 8: Marine Soil Investigations).

The standards are similar, as they are (1) based on the Unified Soil Classification System (Casagrande, 1947),
(2) rely on a range of relatively simple visual and manual observations and (3) classify soils according to particle
size distribution and plasticity. Laboratory particle size distribution and Atterberg limits tests are used to confirm
the observations. In addition, the standards include organic soils characterisation under soil particle type
description.

Significant differences between the standards include the particle size boundaries and the degree to which
plasticity is used as a basis for description and classification. Other differences include suggested format and
order of soil description.

Where applicable, carbonate soil classification system can be integrated, using the system by Clark and Walker
(1977). The characteristics of carbonate soil deposits can differ substantially from those of silica-based soil
deposits, primarily because of cementation and differences in void ratios.

Based on identification and description of soils, the standards given above provide a means by which soils can
be classified into groups of similar composition and geotechnical characteristics.

This document applies to soil description and classification for:

—  sample description;
— soil specimen description, whereby a specimen can be all or part of sample;
— soil stratum description, for example in the format of a geotechnical log.

This document excludes:

—  CPT-based description of soil behaviour type;

—  rock description and classification;

—  specific engineering geological classification systems, such as those for detailed identification of peat, chalk
and micaceous sand.

The following sections summarise typical steps of BS 5930:2015, ISO 14688-1+2, and ASTM D2487-17/ASTM
D2488-17el, particularly:

1. Measure or estimate particle type as silica-based, organic, or calcareous.

2. For soils that are predominantly silica-based and/or organic, select BS or ASTM based on local geotechnical
practice or project requirements, and follow the appropriate descriptive procedure; for calcareous soils, use
the process described by Clark and Walker (1977).

3.  Measure or estimate the particle size distribution and Atterberg limits for use in defining the principal and
secondary soil fractions.

4. Measure or estimate soil strength according to one of the following: (1) relative density of coarse soils,
(2) consistency and/or undrained shear strength of fine soils, (3) cementation of cemented soils, or
(4) lithification of soils undergoing diagenesis.

5.  Complete the description and classification using the additional terms for the soil mass characteristics and
other features such as bedding, colour, and particle shape.

FNLM/GEO/APP/005 Page 1 of 14





ISSUE 31

© Fugro 1996-2019

-l-'ut;nn

SOIL DESCRIPTION AND CLASSIFICATION

CALCAREOUS SOIL DESCRIPTION

The procedure considers particle size, carbonate content and material strength. The particle size classification
follows the Unified Soil Classification System. The carbonate content is an additional feature and the material
strength classification relates to common post-depositional alteration of calcareous soail.

PARTICLE TYPE

The first determinant for soil description is particle type using Table 1. It mainly differentiates between silica and
carbonate soil compositions with organic content of less than 1 % of the dry weight. Organic soils are further
described in the soil description procedures for BS and ASTM.

Table 1: Particle Type

Carbonate
Fine Soils Coarse Soils Content Reaction with HCI (10 %)
(by dry weight)

In fine soils: no bubbles, or slowly forming bubbles.

_ Silica <10 % In coarse soils: reaction often limited to some individual
0 particles, or particle surface

Residue: nearly all soil remaining

In fine soils: clearly visible, prolonged reaction and foaming.
Calcareous Calcareous silica 10 to 50 In coarse soils: violent reaction

Residue: large part of soil remaining

Siliceous Violent reaction

Carbonate carbonate 501090 Residue: only small part of soil remaining
Carbonate Carbonate > 90 V|olc_ent rfeacnon . L

Residue: hardly any soil remaining

The description method does not distinguish between types of carbonate material, and assumes that non-
carbonate particles are siliceous.

CEMENTATION AND LITHIFICATION

Cementation is the process by which a binding material precipitates in the voids between the grains or minerals.
Lithification is the process by which a soil is hardened due to pressure solution and transformation or new grain
or mineral growth. Both processes contribute to the formation of rock.

The descriptions for cementation follow rock strength classification (Table 2) expressed as uniaxial compressive
strength oc:

Table 2: Cementation

Cementation [MoFfa]

Slightly cemented 0.3t01.25
Moderately cemented 1.25t05.0
Well cemented 5.0t0 12,5

The term "well cemented” in Table 2 applies to soil, which also shows sublayers with little or no cementation. In
case of further lithification, the soil description becomes a rock description using Table 3. The rock strength is
only indicative.
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Table 3: Lithification
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Carbonate ) .
Dominant Fraction (oS
Content
[%] Clay Silt Sand Gravel Cobbles Boulders [MPa]

Incomplete Lithification
<10 CLAYSTONE SILTSTONE SANDSTONE CONGLOMERATE
100 50 Calcareous Calcareous Calcareous Calcareous

CLAYSTONE SILTSTONE SANDSTONE CONGLOMERATE 0.3to

I i i I - CONGLOMERATE or 125

50 t0 90 Clayey Siliceous Siliceous Conglomeratic BRECCIA .

CALCILUTITE CALCISILTITE CALCARENITE CALCIRUDITE
>90 CALCILUTITE CALCISILTITE CALCARENITE CALCIRUDITE
Complete Lithification

GRAVEL
<50 CLAYSTONE SILTSTONE SANDSTONE
CONGLOMERATE
= ed - red CONGLOMERATE or 125
ine-graine ine-graine >12.
. 9 . 9 Medium-grained Conglomeratic BRECCIA
>50 argillaceous siliceous
LIMESTONE LIMESTONE
LIMESTONE LIMESTONE

The Clark and Walker system does not include reef limestone (biolithite). Reef limestone represents an in situ
accumulation of biological origin (e.g. coral reef) and consists largely of carbonate skeletal material of colonising
organisms. The carbonate content normally exceeds 90 %. Classification of strength follows rock description
procedures.

SOIL DESCRIPTION AND CLASSIFICATION USING BS 5930:2015 AND ISO 14688-1+2
SOIL GROUP
The soil group subdivides the soils into very coarse, coarse, fine, and organic, and anthropogenic soils.

Very coarse soils consist of cobbles and boulders, with particles larger than 63 mm in diameter. These soil
particles are rarely sampled using standard soil sampling techniques. They are described separately, and not
included when determining the proportions of the other soil components.

Characteristics of fine and coarse soils are based on particle size distribution of the coarser particles and plasticity
of the finer particles. A first appraisal of physical properties is made from visual description of the soil's nature
and composition, assisted by a few simple hand tests. Soils that stick together when wet and can be rolled into
a thread that supports the soil's own weight (i.e. they have cohesion and plasticity) are matrix supported and are
described as fine soils. Soils that do not exhibit these properties are clast supported and are described as coarse
soils. The boundary between fine and coarse soils is on the basis of behaviour, not weight percentage.

Organic soils contain usually small quantities of dispersed organic matter that can have a significant effect on
soil plasticity and may produce a distinctive odour and have a dark grey, dark brown or dark bluish grey colour.
Increasing quantities of organic matter enhance effects. Soils with a high organic content might oxidize and
change colour rapidly. Organic soil descriptions in BS 5930 are based on organic content by weight determined
by loss on ignition. Where organic matter is present as a secondary constituent in inorganic soil, the terms in
Table 4 are used.

Table 4: Terms for Description of Secondary Organic Matter in an Inorganic Soil

Term Typical Colour Organic Content [weiogrr?ta;)li)ﬁ(j)rr;t?:;ss]
Slightly organic Grey Low organic content 2t06

Organic Dark grey Medium organic content 6 to 30

Very organic Black High organic content > 30

Soils with organic contents of up to approximately 30 % by weight and water contents of up to about 250 %
behave as inorganic, mineral soils and are described using the terms given in the lower portion of Table 4. Such
materials are usually transported (geologically) and would not be described as peat.
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Soils comprising mainly organic materials are termed peats. They are of low density, typically 1.01 Mg/m3 to
1.1 Mg/mé3. Peat consists predominantly of plant remains, is usually dark brown or black, and has a distinctive
smell. It is generally classified according to the degree of decomposition (fibrous, pseudo-fibrous, or amorphous)
and strength (firm, spongy, or plastic).

SOIL DESCRIPTION AND CLASSIFICATION

PRINCIPAL SOIL TYPE

Classification of coarse and fine soils and composite mixtures is based both on particle size distribution and on
plasticity, unless determination of plasticity is irrelevant or not feasible. Classification of fine soil is based on either
particle size distribution and/or on plasticity.

Where a soil (omitting any boulders or cobbles) “sticks together when wet, and remoulds” it is described as a fine
soil (“CLAY” or “SILT", dependent on its plasticity). When it does not stick together and remould, it is described
as a coarse soil (“SAND” or “GRAVEL” dependent on its particle size distribution). The principal soil type which
dominates the soil behaviour and the secondary constituents which modify that behaviour is described.

Coarse Soils

The principal soil type in coarse soils is sand if the dry weight of the sand fraction (0.063 mm to 2 mm particle
sizes) exceeds that of the gravel fraction (2 mm to 63 mm particle sizes), and vice versa for gravel.

Particle size distribution of coarse soils can be designated based on uniformity coefficient (Cu) and coefficient of
curvature (Cc) from particle size distribution curves, as presented in Table 5.

Table 5: Grading Characteristics from Particle Size Distribution

Term Cu Cc
Uniformly graded <3 <1
Poorly graded 3t06 <1
Medium graded 6to 15 <1
Well graded >15 1to3
Gap graded >15 <0.5

Sands and gravels are subdivided into coarse, medium, and fine, as defined in Table 6. Predominant size
fractions are stated as, for example, “fine and medium GRAVEL" or “fine to coarse SAND”". The use of the
conjunctions “and” or “to” allow differentiation between predominant fractions and a range of sizes.

Table 6: Size Fraction Descriptions for Coarse Soils

Particle Size Range
Soil [mm]
Coarse Medium Fine
Gravel 63 to 20 20t0 6.3 6.3t02
Sand 2t00.63 0.63t00.2 0.2t0 0.063
Fine Soils

Fine soils are classified as clay or silt based on their plasticity. The description of plasticity on-site can be carried
out using the terms low plasticity or high plasticity, based on hand tests. In a laboratory, plasticity can be
determined based on the results of Atterberg limits tests (Table 7).

Table 7: Plasticity Classification

Term Liquid[(I’_Ai]mit, WL
Low Plasticity <35
Medium Plasticity 351050
High Plasticity 50to 70
Very High Plasticity >70
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Soils consisting solely of coarse silt may not demonstrate plasticity. They are described as silt rather than fine
sand, if the grains cannot be seen with the naked eye. The distinction between clay and silt is often taken to be
the “A-line”, defined as Ir = 0.73 (wL-20), on a plasticity chart. Fine soil is classified as clay if:

SOIL DESCRIPTION AND CLASSIFICATION

lp>6 and lp > 0.73 (wL-20)

where:
Ir = plasticity index [%0]
WL = liquid limit [%0]

A plasticity chart may also show a “U-line” defined as Ip = 0.9 (w.-8) and wL > 16, according to Casagrande
(1948). The U-line represents an approximate upper limit of correlation between plasticity index and liquid limit
for natural soils.

Fine soils are described as either a “SILT” or a “CLAY” depending on the plastic properties. On-site distinction
between SILT and CLAY can be made using hand tests. Secondary descriptors in a fine soil may be used for
materials that show behaviour that is borderline between those showing clay-like and silt-like behaviour, hence
“silty CLAY” or “clayey SILT”". These terms are qualitative only.

PARTICLE SHAPE

Description of particle shape applies to gravel, cobbles and boulders. It typically covers the angularity of the
particles (degree of rounding at edges and corners), the general form, and surface characteristics (Table 8). The
terms in Table 8 can be used, where appropriate.

Table 8: Terms for Particle Shape

Parameter Term

Very Angular

Angular

Subangular

Angularity/Roundness
Subrounded

Rounded

Well rounded

Cubic

Form Flat (or tabular)

Elongate

Rough
Surface Texture

Smooth

SECONDARY CONSTITUENTS

Table 9 presents terms for ranges of secondary constituents. If the secondary fraction is coarse, proportions are
assessed by mass of different size fractions and the term “slightly” or “very” can precede the qualifying term.

If the secondary fraction is fine, it is identified as “clayey” or “silty” on the basis of its plasticity. The terms “silty”
and “clayey” are mutually exclusive, e.g. “gravelly clayey fine SAND”. On the other hand, the terms “sandy” and
“gravelly” may both be used, in which case the percentages are assessed separately, e.qg. “slightly gravelly slightly
sandy CLAY” means that the soil contains up to 35 % sand and up to 35 % gravel.

The secondary fractions as adjectives are placed with the term describing the primary fraction in the order of
increasing proportion when there are two coarse soil secondary features, or coarse and then fine if one of each.
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Table 9: Terms for Mixtures of Fine and Coarse Soils
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Approximate Proportion of Secondary

Term Principal Soil Type Constituent

Coarse Soils Fine Soils
- SAND and GRAVEL About equal proportions -
Slightly clayey or slightly silty - <5%
Clayey or silty - 5 % to 20 %*
Very clayey or very silty - > 20 %*

SAND and/or GRAVEL

Slightly sandy or slightly gravelly <5% -
Sandy or gravelly 5% to 20 % -
Very sandy or very gravelly >20% -
Slightly sandy and/or slightly gravelly <35% -
Sandy or gravelly SILT' or CLAYT 35 % to 65 % -
Very sandy or very gravelly > 65 %t -
Notes:
* = Can be described as fine soil depending on soil behaviour
t = Can be silty CLAY or clayey SILT
¥ = Can be described as coarse soil depending on assessed soil behaviour

SOIL COLOUR

Soil colours are described using a Munsell soil colour chart (e.g. Gretag-Macbeth, 2000). The Munsell colour is
arranged according to three variables known as Hue, Value and Chroma. The Hue notation of a colour indicates
its relation to red, yellow, green, blue and purple. The Value notation indicates the relative lightness. The Chroma
notation indicates the intensity of the colour.

BEDDING AND INTERBEDDING

Layers of different soil types within a stratum are called bedding units (Table 10). If beds of alternating or different
soil types are too thin to be described as individual strata, the soil is described as interbedded or interlaminated,
using the terms in Table 10, as appropriate. Where the soil types are approximately equal, “thinly interlaminated
SAND and CLAY” would, for example, be appropriate. Where one material is dominant, the subordinate material
is described with a bed thickness and a bed spacing (using bedding and discontinuity spacing terms in Table 10
and Table 11 respectively), e.g. “SAND with closely spaced thick laminae of clay”. Where two or more soils types
are present in a deposit, arranged in an irregular manner, the soil is described as mixed, e.g. “SAND with gravel
size pockets (20 mm to 35 mm) of CLAY”. The spacing of sedimentary features (e.g. shell bands) and of minor
structures (e.g. root holes in soils) are reported as measurements or using the spacing terms for discontinuities.
There are descriptive terms that have no size connotation (e.g. pocket, lens, inclusion); where such terms are
used their size, spacing and frequency are reported.

Table 10: Bedding and Interbedding Thickness Terms

Term Thickness of Bedding Unit
[mm]

Thinly (inter)laminated <6

With® thin laminae

Thickly (inter)laminated

With" thick laminae 61020

Very thinly (inter)bedded*

With' very thin beds* 201060

Thinly (inter)bedded*

With' thin beds* 6010200

Medium (inter)bedded*

With' medium beds? 200 to 600

Thickly (inter)bedded*

With thick beds* 600 to 2000

Very thickly (inter)bedded*

With' very thick beds* > 2000

Notes:
t = Use “with” or other quantifying term as appropriate

¥ = Use “bedded” or other fabric name as appropriate
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SOIL DESCRIPTION AND CLASSIFICATION

DISCONTINUITIES

The term discontinuity is used to describe surfaces that separate soils of different types or form planes of
weakness within the soil. Discontinuities include fissures and shear planes, and the descriptor refers to the mean
spacing between such discontinuities in a soil mass. A soil is “fissured” when it breaks into blocks along
unpolished discontinuities, and “sheared” when it breaks into blocks along polished discontinuities (which is
equivalent to a slickensided soil). The spacing description ranges from extremely closely spaced (< 20 mm) to
very widely spaced (> 2000 mm). No other descriptive terms are used. An example would be: “firm grey very
closely fissured fine sandy calcareous CLAY with many silt partings”.

The spacing terms are also used for distances between partings, isolated beds or laminae, desiccation cracks,
rootlets, etc.

The surface texture of discontinuities is described, e.g. rough, smooth, or polished, as well as any colour changes
or staining on discontinuities and any infilling.

Table 11: Spacing of Discontinuities

Term Spacing of[rE])qirsnc]ontinuities
Extremely closely spaced <20

Very closely spaced 20 to 60

Closely spaced 60 to 200

Medium spaced 200 to 600

Widely spaced 600 to 2000

Very widely spaced > 2000

RELATIVE DENSITY OF COARSE SOILS

Usually, soil description offers little evidence about the relative density of coarse soils. The reason for this is the
substantial sampling disturbance incurred during conventional sampling operations such as push sampling,
percussion sampling, and vibrocoring. Complementary investigation techniques, such as cone penetration tests
(CPT), are usually necessary. Relative density is the ratio of the difference between laboratory index void ratios
of a coarse (cohesionless) sail in its loosest state and existing in situ state to the difference between its void ratios
in the loosest and densest states. Loosest and densest states are relative to laboratory test methods.

Relative density is referred to in BS 5930 in terms of N-values obtained by the standard penetration test (SPT).
Results of such tests may not be available. Rather than using SPT-based values, it is common practice to
interpret relative density on the basis of CPT results. Ranges of relative density are given in Table 12. These
ranges are in common use in the industry. They were originally presented in Lambe and Whitman (1979).

Table 12: Relative Density of Coarse Soils

Relative Density Term RenE of Rt[a(!/i\]tive DENSIL
Very loose <15

Loose 15t0 35

Medium dense 35to0 65

Dense 65 to 85

Very dense > 85

CONSISTENCY AND UNDRAINED SHEAR STRENGTH OF FINE SOILS

The consistency of fine soils can be described according to Table 13, particularly if no information is available for
description of undrained shear strength. When undrained shear strength data are available, terms can be refined

to those given in Table 14.
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Table 13: Consistency of Fine Soils

On-site Description Term Definition

Finger can be easily pushed in up to 25 mm

Very soft Soil exudes between the fingers when squeezed in the hand

Finger can be pushed in up to 10 mm

Soft Soil can be moulded by light finger pressure

Thumb makes an impression easily
Firm Soil cannot be moulded by fingers, but rolls in the hand to 3 mm thick threads
without breaking or crumbling

Soil can be indented slightly by thumb
Stiff Soil crumbles and breaks when rolling to 3 mm thick threads but is still sufficiently
moist to be moulded to a lump again

Soil can be indented by thumb nail

Very stiff Soil cannot be moulded but crumbles under pressure

Table 14: Undrained Shear Strength of Fine Soils

Term Based on Measurement ez S[i?g] SUEMEIT, Sy
Extremely low strength <10

Very low strength 10to 20

Low strength 20 to 40

Medium strength 40t0 75

High strength 75 to 150

Very high strength 150 to 300
Extremely high strength > 300

TERTIARY CONSTITUENTS

Tertiary constituents within the soil, such as shell or wood fragments, glauconite grains, plant remains, or small
soil inclusions (such as partings or pockets), can be quantified using the terms “with trace”, “with few”, “with” and
“with many” (in increasing order). These terms are usually added at the end of the primary soil description (e.g.

“with many shell fragments”, “with silt pockets”). These terms are qualitative and no percentage is given. The size
of the tertiary constituents can be given in mm.

Mineral constituents are generally reported before the principal soil type, using qualitative terms such as “slightly
micaceous”, “glauconitic” or “very shelly”. For beds of material within a soil matrix, the terminology for spacing
and thickness of beds is used. For individual particles of soil or material within a soil matrix, the terms “partings”

and “pockets” may be used.
SOIL ODOUR

For anthropogenic soils, odour can be described. Terms used to describe the odour are for example “H2S”,
“musty”, “putrid”, or “chemical”. It is emphasised that soil odour descriptions are unlikely to be fully consistent,
because of factors such as variations in sample handling, ambient conditions at time of sample description, and

strong dependence on a person'’s ability to detect and identify odour.
SOIL DESCRIPTION AND CLASSIFICATION USING ASTM D2487 AND D2488

The ASTM standards for soil description and classification are applicable to naturally occurring soils passing a
3inch (75 mm) sieve. The standards identify three major soil types: coarse-grained, fine-grained, and highly
organic soils. The major soil types are further subdivided into 15 specific basic soil groups. Before a soil can be
classified according to these standards, generally the particle size distribution of the minus 3 inch material and
the plasticity characteristics of the minus 0.425 mm sieve material are determined.

The identification and description of silica soils in the ASTM system consists primarily of a group name and

symbol, which are based on particle size distribution and plasticity, and the results of other laboratory
classification tests.

FNLM/GEO/APP/005 Page 8 of 14





ISSUE 31

© Fugro 1996-2019

—l'-llERD

Based on the results of visual observations and prescribed laboratory tests, a soil is catalogued according to the
basic soil groups, assigned a group symbol(s) and name, and thereby classified.

SOIL DESCRIPTION AND CLASSIFICATION

SOIL TYPES

The initial classification of soils as coarse-grained or fine-grained is based on percentage fines. ASTM defines
the fine-coarse boundary as 0.075 mm.

A soil can be classified as coarse-grained (sand or gravel) if the percentage fines is 50 % or less. Coarse-grained
soils are further classified as either sand or gravel using the results of particle size distribution analyses.

Classification of fine-grained soils (silt or clay) is based on plasticity (liquid limit and plasticity index from Atterberg
limits tests).

A soil is classified as highly organic when it contains sufficient quantities of dispersed organic matter that it has
an influence on the liquid limit. The soil is an organic silt or organic clay if the liquid limit after oven drying is less
than 75 % of the liquid limit of the original specimen determined before oven drying.

Peat is generally classified according to the degree of decomposition and strength. When encountered, reference
can also be made to the classification given in ASTM standard D4427-18.

SOIL GROUP NAME AND GROUP SYMBOL
Coarse-Grained Soils

For coarse-grained soils, the dominant soil fraction is sand if the dry weight of the sand fraction, i.e. particle sizes
from 0.075 mm to 4.75 mm, exceeds that of the gravel fraction, i.e. particles ranging from 4.75 mm to 75 mm,
and vice versa for gravel.

Coarse-grained soils are also described as well-graded or poorly-graded based on the particle-size distribution
curve, using the coefficient of uniformity (Cu) and, to a lesser extent, the coefficient of curvature (Cc) as follows:

Particle size grading of coarse-grained soils with <12% fines can be designated based on (Cu) and (Cc) from
particle size distribution curves, as presented below:

- Sands are well-graded when Cy = 6 and Cc is between 1 and 3, and for <5 % fines (“SW")
- Sands are poorly-graded for other values of Cu and Cc, and for < 5 % fines (“SP”)

- Gravels are well-graded when Cu 2 4 and Cc is between 1 and 3, and for <5 % fines (“GW”)
- Gravels are poorly-graded for other values of Cy and Cc, and for <5 % fines (“GP").

For coarse-grained soils with fines contents > 12 %, these terms are not used. In this case, the soil is considered
a coarse-grained soil with fines. The fines are determined to be either clayey or silty based on the plasticity index
versus liquid limit plot. Classify the soil as a clayey gravel, “GC”, or clayey sand, “SC”, if the fines are clayey.
Classify the soil as a silty gravel, “GM”, or silty sand, “SM”, if the fines are silty (definition of “clay(ey)” and “silt(y)”
as per section on fine-grained soils below).

If the fines are classified as a silty clay, “CL-ML", classify the soil as a silty, clayey gravel, “GC-GM”, if it is a gravel
or a silty, clayey sand, “SC-SM”, if it is a sand.

If the sample contains between 5 % and 12 % fines, the soil gets a dual classification using two group symbols.
The first group symbol corresponds to that for a gravel or sand having < 5 % fines (“GW”", “GP”, “SW", “SP”"), and
the second symbol corresponds to a gravel or sand having > 12 % fines (“GC”, “GM”, “SC”, “SM"). The group
name corresponds to the first group symbol plus “with clay” or “with silt” to indicate the plasticity characteristics
of the fines (for example: “well-graded gravel with clay, GW-GC", “poorly graded sand with silt, SP-SM".

If the specimen is predominantly sand or gravel but contains 15 % or more of the other coarse-grained
constituent, the words “with gravel” or “with sand” is added to the group name.

Sands and gravels are also sub-divided into coarse, medium, and fine, as defined in Table 15.
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Table 15: Size Fraction Descriptions for Coarse-Grained Soils

Particle Size Range
Soil [mm]
Coarse Medium Fine
Gravel 19to 75 - 4.75t0 19
Sand 2.0t04.75 0.425t0 2.0 0.075t0 0.425

Fine-Grained Soils
Fine-grained soils are classified as clay or silt according to the results of Atterberg limits tests.

The soil is an inorganic clay if the liquid limit versus plasticity index plots on or above the A-line, Ir > 4, and the
presence of organic matter does not influence the liquid limit (i.e. liquid limit after oven drying is = 75 % of the
liquid limit of the original specimen determined before oven drying).

The soil is then further classified as lean clay if w. < 50, and given the group symbol “CL”", or as fat clay if w. = 50
with group symbol “CH”".

Soils are classified as silty clay where the liquid limit versus plasticity index plots on or above the A-line but where
the plasticity index falls within the range 4 < Ip < 7. Silty clays are given the group symbol “CL-ML".

The soil is an inorganic silt if the liquid limit versus plasticity index plots below the A-line or if Ip < 4, and the
presence of organic matter does not influence the liquid limit (i.e. liquid limit after oven drying is = 75 % of the
liquid limit of the original specimen determined before oven drying).

The soil is then further classified as silt if w. < 50, and given the group symbol “ML", or as elastic silt if w. = 50,
with group symbol “MH".

where:
lp = plasticity index [%]
WL = liquid limit [%6]

If a fine-grained soil contains between 15 % and 30 % coarse material, the words “with sand” or “with gravel”
(whichever is predominant) is added to the group name. For example, “lean clay with sand, CL”, “silt with gravel,
ML". If the percentage of sand is equal to the percentage of gravel, use “with sand”.

If a fine-grained soil contains > 30 % coarse material, the words “sandy” or* gravelly” are added to the group
name (whichever is predominant). For example, “sandy lean clay, CL", “gravelly fat clay, CH". If the percentage
of sand is equal to the percentage of gravel, use “sandy”.

Organic Soils

If fine-grained soil has a dark colour and an organic odour when moist and warm, a second liquid limit test is
performed on a test specimen which has been oven dried at 105 °C to a constant mass. For both clay and silt,
or the fines component of a coarse-grained soil, the additional term organic applies if the ratio of the liquid limit
of a sample (or the fines portion of the sample) after oven drying at 105 °C to the liquid limit without oven drying
is less than 0.75.

Organic soils are classified in a manner similar to that for inorganic soils for plots of the liquid limit (not oven dried)
versus plasticity index with respect to the A-line. Organic clays and silts with liquid limit w. < 50 are given the
same group symbol “OL”. Organic clays and silts with liquid limits w. = 50 are given the group symbol “OH”.
Coarse-grained soils containing fine organic material are described using the term “with organic fines”.

PARTICLE SHAPE

The description of particle shape includes references to shape and angularity. These terms are normally used
only for gravels, cobbles, and boulders, though in some cases for coarse sands.
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The shape of coarse particles is described as flat, elongated, or both.

— Flat: particles with width/thickness > 3
— Elongated: particles with length/width > 3
— Flat and elongated: particles meet criteria for both flat and elongated.

Angularity terms are usually only applied to particles of coarse sand size and larger. A range of angularity may
be stated, such as “subrounded to rounded”.

Table 16: Angularity of Coarse-Grained Particles

Term Criteria

Angular Particles have sharp edges and relatively plane sides with unpolished surfaces
Subangular Particles are similar to angular description but have rounded edges
Subrounded Particles have nearly plane sides but have well-rounded corners and edges
Rounded Particles have smoothly curved sides and no edges

SECONDARY CONSTITUENTS

Table 17 presents a summary of terms to be used for ranges of secondary constituents. Applicable group symbols
are defined in the previous section.

Table 17: Terms for Mixtures of Coarse-Grained Soils and Fine-Grained Soils

Approximate Proportion of Secondary
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Term Principal Soil Type Term Constituent
Coarse-Grained Soils | Fine-Grained Soils

- SAND and/or GRAVEL* | - - <5%

- SAND and/or GRAVEL* | with clay or silt - 5%to 12 %

Clayey or silty SAND and/or GRAVEL* | - - >12%

SAND and/or GRAVEL* | - <15 % gravel or sand -

SAND and/or GRAVEL* | with sand or gravel = 15 % gravel or sand -

- SILT or CLAY - <15% -
- SILT or CLAY with sand or gravel* 15 % to 29 % -
Sandy and/or gravelly* | SILT or CLAY - 230 % -
Notes:

* = Selection depends on which fraction has a higher percentage

SOIL COLOUR

Soil colours are described using a Munsell soil colour chart (e.g. Gretag-Macbeth, 2000).

STRUCTURE
Criteria for describing soil structure are provided in Table 18, along with additional terms in use in the geotechnical
industry.
Table 18: Criteria for Describing Structure
Description Criteria
Stratified Alternating layers of varying material or colour with the layers = 6 mm thick
Laminated Alternating layers of varying material or colour with the layers < 6 mm thick
Fissured Breaks along definite plates of fracture with little resistance to fracturing
Slickensided Fracture planes appear polished or glossy, sometimes striated
Blocky Cohesive soil that can be broken down into small angular lumps which resist further breakdown
Lensed Inclusion of small pockets of different soils, such as small lenses of sand scattered through a
mass of clay
Homogeneous Same colour and appearance throughout
Gassy* Soil has a porous nature and there is evidence of gas, such as blisters
FNLM/GEO/APP/005 Page 11 of 14






ISSUE 31

© Fugro 1996-2019

SOIL DESCRIPTION AND CLASSIFICATION

-l-'uann

Description Criteria

Expansive* Visibly expands after sampling

Platy* A stratified appearance when the soil can be broken into thin horizontal plates
Cemented* Material grains bound together forming an intact mass

Note:

* = not part of ASTM D2488

The distance between the fissures, shear planes and expansion cracks is noted using the terms in Table 11.

CONSISTENCY AND UNDRAINED SHEAR STRENGTH OF FINE-GRAINED SOILS

The consistency of fine soils can be assessed on site, in case of no on-site laboratory. Terms to be used for the
designation of consistency of fine-grained soils in accordance with the results of manual tests are given in

Table 19.

Table 19: Criteria for Describing Consistency

Description Criteria

Very soft Thumb will penetrate soil more than 25 mm

Soft Thumb will penetrate soil about 25 mm

Firm Thumb will indent soil about 6 mm

Hard Thumb will not indent soil but readily indented with thumbnail
Very hard Thumbnail will not indent soil

Descriptions of undrained shear strength of fine-grained soils are not part of the ASTM classification system. If
required by project specifications, undrained shear strength ranges according to Table 20 can be presented.

Table 20: Undrained Shear Strength of Fine-Grained Soils

Term Undrained Shear Strength*

[kPa] [ksf]T
Very soft <125 <0.25
Soft 12.5t0 25 0.25to0 0.50
Firm 2510 50 0.50t0 1.0
Stiff 50 to 100 1.0t02.0
Very stiff 100 to 200 20to 4.0
Hard* 200 to 400 4.0t08.0
Very hard* > 400 >8.0
Notes:

* = From Terzaghi and Peck (1967)
t = ksf used primarily for US projects
¥ = Upper boundary for “Hard” and the “Very hard” range have been added

WRITTEN SOIL DESCRIPTIONS

Soil description is typically given in consistent sequence, such as:

Discontinuities
Bedding
Colour

Nogh,rwbhE

For example: Firm closely fissured dark olive grey sandy calcareous CLAY with few silt pockets.

FNLM/GEO/APP/005

Relative density/consistency/undrained shear strength

Composite soil types: particle size distribution and grading, shape and size
Tertiary constituents either before or after the principal soil type as appropriate
PRINCIPAL SOIL TYPE, based on grading and plasticity.
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PARTICULATE DEPOSITS
The geological origin of a single particle type allows the following descriptions (optional):

Clastic: sediment transported and deposited as grains of inorganic origin. Typical clastic particles are:

- quartz grains: clear or milky white and ranging from very angular to very rounded; commonly a frosted
surface for wind-blown grains

- feldspar grains: varying in colour from milky white to light yellowish brown

- mica flakes: varying in colour from gold-coloured to dark brown

- dark mineral grains: usually of igneous or metamorphic origin with undetermined mineralogy

- silicate grains: undetermined mineralogy

- rock fragments: including fragments of carbonate rock

- debris: deposit of rock fragments of a variety of particle sizes which may include sand and finer fractions;
typical examples are rock debris and coral debris.

Organic: remains of plants and animals that consists mainly of carbon compounds

Bioclastic: sediment transported and deposited as grains of organic origin. Examples of bioclastic particles are:

— Calcareous algae: crustal or nodular growths or erect and branching forms produced by lime-secreting
algae; microstructures include layered, rectangular structures and internal fine tube-like structures.

- Foraminifera: hard sediment test (external skeleton) consisting of calcite or aragonite and produced by
unicellular organisms; commonly less than 1 mm in diameter, multi-chambered and intact.

— Sponge spicules: spicules of siliceous sponges in a variety of rayed shapes; dimensions ranging from less
than 1 mm to over 1 cm in length but usually less than 1 mm in width.

— Corals: commonly consisting of small fibres set perpendicular to the walls and septal surfaces; mainly
aragonite composition for relatively recent forms; conversion of aragonite to calcite for earlier corals,
usually with consequent loss of original structural details.

- Echinoids: hard part of echinoids consisting of a plate or skeletal element forming a single crystal of calcite;
five-rayed internal symmetry for spines of echinoids; typical widths ranging from several mm to a few cm.

— Bryozoans: chambered cell-like structures that are considerably coarser than those of calcareous algae;
either aragonite or calcite composition; possible cell in-fill consisting of clear calcite and/or micrite.

- Bivalves and gastropods: mollusk shells, chiefly of aragonite composition; inner layer of aragonite
protected by an outer layer of calcite for some bivalve shells and gastropods.

Oolitic: sediment consisting of solid, round or oval, highly polished and smooth coated grains, which may or may
not have a nucleus. The coating consists of chemically precipitated aragonite, possibly converted to calcite.
Oolites have concentric structures and may also have radial structures. The grains are generally less than 2 mm
diameter.

Pelletal: sediment consisting of well-rounded grains of ellipsoidal shape and no specific internal structure. The
composition is clay to silt-sized carbonate material, which is probably the excretion product of sediment-eating
organisms. Pellets may have an oolitic crust. The grains are generally less than 2 mm diameter.

STRUCTURE OF NON PARTICULATE DEPOSITS

Reef: soil or rock formed by in situ accumulation or build-up of carbonate material by colonial organisms such as
polyps (coral), algae (algal mats or balls) and sponges.

Orthochemical: orthochemical components precipitated during or after deposition. These components can

include: (1) pyrite spherulites and grains, (2) crystal euhedra of anhydride or gypsum, (3) replacement patches
and nodular masses of anhydrite and gypsum. Single grains are rare.
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GEOLOGICAL INFORMATION

Specific geological terms can assist the geotechnical soil description by providing information on stratigraphy,
origin (genesis) or regional significance (optional). Examples are:

Time stratigraphy, such as Eemian and Pleistocene

Lithostratigraphy, such as Yarmouth Roads Formation

Depositional environment, such as marine, glacio-lacustrine and residual soil
— Regional significance, such as chalk and mud.
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GEOTECHNICAL LABORATORY TESTS

TESTING PRACTICE
GENERAL
This document summarises geotechnical laboratory test methods for soil.

Fugro strives to arrange testing in registered laboratories with formal accreditation. This document summarises
test methods used by many Fugro geotechnical laboratories. Test methods used by on-site laboratories are often
identical or generally equivalent.

Laboratory tests are carried out in general accordance with standards published by ASTM International (ASTM),
British Standards Institution (BSI) and International Organization for Standardization (ISO). Note that ISO (2014)
refers mainly to test procedures published in other documents, with some additional recommendations. In-house
test procedures adopted for some tests are generally based on published recommendations for which no
standards are available. Detailed work instructions and calibration details are available for inspection at the
laboratory.

Test standards typically provide explicit and indirect indications of applicability of a test method. An example of
an explicit indication of applicability would be that the test is intended for uniform homogeneous clay. Indirect
indications can consist of e.g. a low-stress limit for equipment capability and a general reference to public
literature. In practice, laboratory tests may be performed outside of the intended applicability of the test method.
Typically, such applicability situations are not explicitly reported.

Some of the laboratory tests allow various optional procedures. These procedures are not applicable, unless
specifically agreed.

Laboratory test results show depth defined as vertical distance between ground surface or seafloor and top of the
laboratory test specimen, unless indicated otherwise.

SAMPLING AND SAMPLE HANDLING

The feasibility of a particular laboratory test relates to the sampling practice and sample handling for a particular
soil and depends on factors such as soil type, available amount of sample material and sample quality. Usually,
a reasonable estimate of test feasibility is possible at the time of sampling. A further refinement is possible in the
laboratory prior to testing and, in some cases, only after testing. The limitations of feasibility estimates may lead
to rejection of samples for testing upon inspection in the laboratory or may result in appropriate comments on test
results after completion of testing.

Soil parameter values can vary with temperature. Tests are generally conducted at laboratory temperatures of
around 20°C. Any tests conducted at specific temperatures and any corrections for temperature are explicitly
reported.

SAMPLE QUALITY

The adopted classification system for sample quality is according to BSI (2015) and 1SO (2006, 2014). The
classification system recognises 5 sample quality classes or application classes, based on feasibility of specific
geotechnical identification and laboratory tests. A summary of these classes is as follows:

Class 1: undisturbed: strength, stiffness and consolidation

Class 2: undisturbed:  permeability, unit weight, boundaries of strata - fine

Class 3: disturbed: water content
Class 4: disturbed: particle size analysis, Atterberg limits, boundaries of strata - broad
Class 5: disturbed: sequence of layers

The higher class includes the laboratory tests of the lower class.

An indication of intact (undisturbed) sample quality may be obtained from re-compression of a test specimen, for
example in an oedometer or triaxial cell. Table 1 presents a method recommended by ISO (2014) based on Ae/eo.
Here, Ae represents the change in void ratio Ae from an initial laboratory value (eo) at atmospheric conditions to
the specimen void ratio upon re-compression to in situ stress conditions.
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Overconsolidation Aeleo
Ratio 1 (very good to 2 (good to fair) 3 (poor) 4 (very poor)
excellent)
1to2 <0.04 0.04 to 0.07 0.07t0 0.14 >0.14
2to 4 <0.03 0.03to 0.05 0.05t0 0.10 >0.10

The presented criteria are based on tests on marine clays in the depth range 4 m to 25 m, with plasticity index in
the range 6 % to 43 %, water content 20 % to 67 % and overconsolidation ratios of 1 to 4. The criteria must be
used with caution for soils outside this range.

Table 2 presents an alternative indication of intact (undisturbed) sample quality according to Terzaghi et al. (1996).
Here, volumetric strain is derived from an initial laboratory specimen volume and the specimen volume upon re-
compression to in situ stress conditions. The criteria apply to clays with an overconsolidation ratio of less than
about 3 to 5. Parameters such as effective preconsolidation pressure o', and undrained shear strength su
preferably require laboratory specimen with SQD equal to B or better (DeGroot et al., 2005).

Table 2: Intact Sample Quality - SQD

Volumetric Strain &y SQD
[%]

<1
1to2
2t04
4t08

>8

m|o|0O|w|>

Note: SQD: Sample Quality Designation

The Aeleo and ¢y criteria represent a simplification, as they ignore important soil changes during the process of
sampling and sample handling up to specimen preparation in a geotechnical laboratory. This simplification avoids
interpretation anomalies related to uncertainties in laboratory values for soil unit weights, water contents and
density of solid particles.

The Ae/eo and ¢y criteria assume no-gas within the pore water. Gas can cause an increase in void ratio when
recovering samples to surface. The result is a correspondingly larger change in void ratio when returning a
specimen back to the estimated effective stress conditions in situ. In such case, it is likely that the undrained shear
strength would be less affected than soil stiffness, as the void ratio in situ has been partially restored. Changes in
soil fabric remain.

Values for Ae/eo and &y should exclude secondary consolidation. In practice, no correction for secondary
consolidation will be applied. This practice underestimates undisturbed sample quality, particularly for incremental
loading oedometer tests with 24 hour load increments and longer.

SOIL DESCRIPTION AND IMAGING

Soil description typically considers (1) the Unified Classification System (Casagrande, 1947), (2) a range of
relatively simple visual and manual observations, and (3) classification of soil according to particle size distribution
and plasticity.

Soil description can include imaging of a ground sample or specimen by photography, laser scanning and acoustic
methods.

The level of detail and accuracy in soil description and interpretation depend on factors such as test data, sample
size, quality, coverage, availability of supplementary information, and project specifications.

Test references: ASTM D2487-17, ASTM D2488-17el, BS 5930:2015, ISO 14688-1:2017, ISO 14688-2:2017, ISO 19901-8:2014
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GEOTECHNICAL INDEX TESTING
WATER CONTENT

The water content is determined by drying selected moist/wet soil material for at least 18 hours to a constant mass
in a 110°C drying oven. The difference in mass before and after drying is used as the mass of the water in the
test material. The mass of material remaining after drying is used as the mass of the solid particles. The ratio of
the mass of water to the measured mass of solid particles is the water content of the material. This ratio can
exceed 1 (or 100 %).

Test references: ASTM D2216-19, BS 1377-2:1990, ISO 17892-1:2014, ISO 19901-8:2014
UNIT WEIGHT — VOLUME-MASS CALCULATION

Measurement of volume and mass of a soil sample allows calculation of unit weight (y). For fine-grained (cohesive)
soils, a soil specimen is generally obtained from a standard steel cylinder with cutting edge, which is pushed
manually into the extruded soil sample. Preference is given to a 100 ml cylinder (area ratio of 12 %), but a volume
of 33.3 ml (area ratio of 21 %) may be used when insufficient homogeneous sample is available. If possible, a
specimen of coarse-grained (non-cohesive) soil is obtained by selecting a part of a cylindrical soil sample,
trimming the end surfaces, and measuring height and diameter. This method also applies to fine-grained
specimens selected for strength and/or stiffness (e.g. triaxial and oedometer) tests.

Unit weight vy refers to unit weight of the soil specimen at the water content at the time of test.

The method excludes correction for pore water salinity r (contains dissolved solids), in situ pressure and
temperature. The diagram below provides an indication of error in calculated submerged unit weight y’ versus
submerged unit weight corrected for salinity, y'* (Kay et al., 2005). Typical seawater salinity is 35 g salt per kg
seawater (r = 0.035). Correction for salinity is optional.

0.2

10 % erroriny’ (y’*/y’ =0.90
0.15 \1/

P
7
_—

5%erroriny’ (y’% vy’ = 0.95)/

©
-

critical salinity, r [kg/kg]

0.05

/
0

12 14 16 18 20 22

soil bulk unit weight, y [kN/m?q]

Optionally, unit weight (ya) can be calculated from the mass of oven-dried soil and the initial specimen volume.

Test references: BS 1377-2:1990, ASTM D7263-09(2018)e2, ISO 17892-2:2014, ISO 19901-8:2014
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UNIT WEIGHT DERIVED FROM WATER CONTENT
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Water content (w) measurement allows estimation of soil unit weight (y) and unit weight of dry soil (ya) on fully

saturated samples. This practice requires input on density of solid particles (ps) and presumes saturation of non-
saline pore water.
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Correction for (high) pore water salinity (contains dissolved solids) is optional.

Test reference: In-house

VOID RATIO AND POROSITY

Void ratio (e) and porosity (n) can be derived from soil unit weight (y). This practice requires input on density of
solid particles (ps). The diagrams below presume saturation of non-saline pore water.
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Test reference: In-house
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DENSITY OF SOLID PARTICLES — CONVENTIONAL PYCNOMETER

The density of the solid particles of an oven-dried soil sample is determined by means of a stoppered-bottle
pycnometer, using distilled water. The method is considered applicable to solid particles that are not soluble in
water. For soils with a high organic content, a different liquid may be selected. Soils with high pore water salinity
(contain dissolved solids) require use of a gas pycnometer. This is optional.

Test references: BS 1377-2:1990, ASTM D854-14, ISO 17892-3:2015, ISO 19901-8:2014
GRAIN SHAPE

Grain shape is determined by microscopic comparison of both grain roundness and sphericity with standard grain
shapes. The standard shapes are presented together with the test results.

Test reference: In-house
PARTICLE SIZE ANALYSIS

Particle size analysis can be performed by means of sieving and/or hydrometer readings. Sieving is carried out
for particles that would be retained on a 0.063 mm (ISO and BS) or 0.075 mm (ASTM) sieve, while additional
hydrometer readings may be carried out when a significant fraction of the material passes a 0.063 mm (0.075 mm)
sieve.

In a sieve analysis, the mass of soil retained on each sieve is determined and expressed as a percentage of the
total mass of the sample. Prior to sieving, samples are treated with a dispersing agent (sodium hexameta-
phosphate), rinsed on a 0.063 mm (0.075 mm) sieve and dried.

The hydrometer method allows measurement of the density of a suspension consisting of fine-grained soil
particles and distilled water, to which a dispersion agent is added. This suspension is mixed using a high-speed
stirrer. Testing is performed in a thermostatically controlled water bath (25° + 0.5°). The patrticle size is calculated
according to Stokes' Law for a single sphere, on the basis that particles of a particular diameter were at the surface
of the suspension at the beginning of sedimentation and had settled to the level at which the hydrometer is
measuring the density of the suspension. These calculations require a value for the density of solid particles.
Generally, a value of 2.65 t/m?® is assumed. When other values are used, this is included in the laboratory report.
The hydrometer results for selected particle sizes are presented as a percentage of the total mass of the soll
sample.

Particle size is presented on a logarithmic scale so that two soils having the same degree of uniformity are
represented by curves of the same shape regardless of their positions on the particle size distribution plot. The
general slope of the distribution curve may be described by the coefficient of uniformity Cu, where Cuy = Deo/D1o,
and the coefficient of curvature Cc, where Cc= (D30)%/D10xDso. Dso, D30, and Dio are effective particle sizes
indicating that 60 %, 30 %, and 10 % respectively of the particles (by weight) are smaller than the given effective
size.

Combined presentation of results from hydrometer readings and sieving normally requires data harmonising in
the area of overlap, i.e. near the 0.06 mm particle size.

Test references: BS 1377-2:1990, ASTM D6913/D6913M-17, ASTM D7928-17, ISO 17892-4:2016, SO 19901-8:2014
PERCENTAGE FINES

The Percentage Fines test identifies the proportions of fine grained (< 0.06 mm for BS/ISO and < 0.075 mm for
ASTM) and coarse-grained (> 0.06 mm) particle sizes of a soil sample by wet sieving through a 0.063 mm (0.075
mm) sieve. Prior to sieving, the sample is treated with a dispersing agent. The Percentage Fines is defined as the
ratio of dry mass of soil passing the 0.063 mm (0.075 mm) sieve to the dry mass of the total soil sample, expressed
as a percentage.

Test references: BS 1377-2:1990, ASTM D1140-17, ISO 17892-4:2016, ISO 19901-8:2014
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ATTERBERG LIMITS

Atterberg limits are determined on soil specimens with a particle size of less than 0.425 mm. If necessary, coarser
material is removed by dry sieving. The Atterberg limits refer to arbitrarily defined boundaries between the liquid
and plastic states (liquid limit, wi), and between the plastic and brittle states (plastic limit, we) of fine grained soils.
They are expressed as water content, in percent. The range of water contents over which a soil behaves plastically
is the plasticity Index, Ir. This is the difference between the liquid limit and the plastic limit (wL-we).

The liquid limit is defined as the water content at which a part of soil is placed in a standard cup and cut by a
groove of standard dimensions will flow together at the base of the groove, when the cup is subjected to
25 standard shocks. The one-point liquid limit test is usually carried out. Distilled water may be added during soll
mixing to achieve the required consistency.

The plastic limit is defined as the water content at which a soil can no longer be deformed by rolling into 3 mm
diameter threads without crumbling.

Atterberg limits can be presented on a plasticity chart (liquid limit versus plasticity index). BS and ASTM standards
define plasticity classifications (e.g. low, high). ISO 14688-2:2017 gives a (non-numerical) plasticity classification.
Fugro results can include a numerical interpretation of the ISO plasticity classification.

Test references: BS 1377-2:1990, BS 5930:2015, ASTM D2487-17, ASTM D4318-17e1, ISO 19901-8:2014, ISO 14688-2:2017
MINIMUM INDEX UNIT WEIGHT

The minimum index unit weight (yamin) of cohesionless soil is determined from the mass of oven-dry material that
is deposited by slowly withdrawing a soil-filled funnel from a standard mould of either 70 ml or 550 ml volume.

Test reference: In-house
MAXIMUM INDEX UNIT WEIGHT - IMPACT COMPACTION

The maximum index unit weight (yamax) Of cohesionless soil is determined from the mass of oven-dry, compacted
soil in a standard mould. The soil is compacted in 5 layers, with each layer being subjected to respectively 5, 10,
20, 40 and 80 blows from a standard, hand-held hammer.

Equipment dimensions are as follows. Preference is given to the large mould, but application depends on size of
sample.

Equipment 70.5 ml mould 554 ml mould
Hammer mass [0] 185 750
Drop height [mm] 300 390
Cross-sectional area [mm?] 1006 38,500

Reference: In-house, DGI Product Sheet #000 96-07-02
MAXIMUM INDEX UNIT WEIGHT - VIBRATING HAMMER

The maximum index unit weight (y'amax) is obtained by compacting soil that has been passed through a 4 mm
sieve into a mould at a range of water contents. The first sample is thoroughly mixed with water, to produce a soil
with a 4 % water content, and then compacted in three equal layers using a vibrating hammer for a period of 10
seconds per layer. The top section of the mould is removed, and the sample levelled in the bottom section of the
mould. The unit weight of the sample is calculated, and a representative portion of soil is removed for water
content determination.

The test is repeated at four further water contents. By determining the dry unit weight achieved at each water

content, a maximum dry unit weight may be estimated. There is evidence of breakdown of crushable particles
during a test.
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Equipment dimensions are as follows:
L] Volume of mould: 96.4 ml
= Hammer: Milwaukee heavy duty 545S
— 1300 W nominal / 650 W release
— rotation/min: 300
— hammer force: 8.5 J
— mass: 6.7 kg

Test reference: In-house

GEOCHEMICAL TESTING
ORGANIC MATTER CONTENT — DICHROMATE OXIDATION METHOD

An oven-dried (50°C) soil sample is mixed with potassium dichromate solution and left for 30 min to allow the
oxidation of organic matter to proceed. The solution is titrated with a ferrous sulphate solution (to determine the
amount of excess potassium dichromate). The organic matter content is defined as the ratio of the total volume
of potassium dichromate solution used to oxidize the organic matter in the soil sample to the mass of the initial
dried soil sample (Walkley and Black’s method). It is expressed as a percentage.

Note: soils containing sulphides or chlorides have been found to yield inaccurate (too high) organic matter content
measurements using this procedure.

Test references: BS 1377-3:1990
ORGANIC MATTER CONTENT — LOSS ON IGNITION

An oven-dried (105°C) soil sample is heated to 550°C for 2 hours. The mass is measured before and after heating.
The organic matter content is defined as the ratio of the mass loss due to heating to the original mass of the dried
soil sample and is expressed as a percentage.

Note: the mass loss on ignition test is reliable for (1) sandy soils that contain little or no clay and no carbonate and (2) peats
and organic clays containing more than 10 % organic matter.

Test references: BS 1377-3:1990, ASTM D2974-14, NEN 5754, ISO 19901-8:2014
CARBONATE CONTENT — GAS VOLUME

The carbonate content is determined by drying selected soil material to a constant mass in a 110°C drying oven
and measuring the volume of dissipated carbon dioxide (COz) upon reaction of the soil with hydrochloric acid
(HCI). The carbonate content is calculated from calibration values and expressed as a percentage of dry mass of
the original soil.

Test reference: 1ISO 10693:2014, ISO 19901-8:2014
CARBONATE CONTENT - RAPID TITRATION METHOD

The carbonate content is determined by using a dried or a natural soil specimen and measuring the pressure of
dissipated carbon dioxide (COz) upon reaction of the soil with hydrochloric acid (HCI). The amount of excess acid
is determined by titration against sodium hydroxide. The carbonate content is calculated from the mass of the
specimen, the concentration of hydrochloric acid and the volume of sodium hydroxide used. Carbonate content
is expressed as a percentage of dry mass of the original soil.

Test reference: BS 1377-3:1990
CARBONATE CONTENT - GAS PRESSURE

The carbonate content is determined by using a dried or a natural soil specimen and measuring the pressure of
dissipated carbon dioxide (CO2) upon reaction of the soil with hydrochloric acid (HCI). The carbonate content is
calculated from the mass of the specimen and the pressure increase after reaction by comparison with calibration
values. For a natural soil, a correction factor is applied to correct for water content. Carbonate content is expressed
as a percentage of dry mass of the original soil.

Test reference: ASTM D4373-14, ISO 19901-8:2014
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SULPHATE CONTENT

The acid-soluble sulphate content of a soil sample is determined by extracting the sulphate in dilute hydrochloric
acid and removing the insoluble residue by filtration. The filtrate is made up to volume and the concentration of
sulphate in the filtrate is determined by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES).
This instrument works by injecting the liquid extract of the sample into a stream of plasma at a temperature around
4 000 °C. This causes ionisation of all components of the extract. The ions produced are then analysed within the
same instrument by optical emission spectrometry, comparing the emission levels of the sample with a standard
calibration graph.

Acid-soluble sulphate content of soil is reported as % SOz or % SOa.

The water-soluble sulphate content of a soil sample is determined on a test portion that has been sieved and
crushed through a 2 mm sieve and oven dried to 110 °C. The test portion is mixed with distilled water to prepare
a 2:1 water:soil extract.

The concentration of sulphates in the filtrate is also determined by ICP-OES.

If no other anions are present, the water-soluble sulphate content can be expressed either in terms of the
concentration of sulphates in the extract in (m)g/L or in terms of percentage of water-soluble sulphate in the soil
sample.

If water-soluble sulphate content is provided in (m)g/L SOs, one can convert this to (m)g/L SO4 by multiplying SOs
by a factor 1.2. For extractions other than 2:1, the multiplying factor is different.

If water-soluble sulphates are reported as mg/L SOs (or SO4) (i.e. the sulphates content of the extract) and a
percentage is required, the reported value should be divided by 5 000 to obtain the sulphate content (in %) of the
soil, and by 10 000 to obtain the sulphate content (in %) of the 2:1 water:soil extract.

Test references: in-house
CHLORIDE CONTENT

The acid-soluble chloride content of a soil sample is determined by dissolving the chloride in the sample in nitric
acid and removing the insoluble material by filtration. The dissolved chloride is analysed by Volhard’s method.
The chloride in solution is precipitated with a known excess of standard silver nitrate. The excess silver nitrate is
titrated against standard ammonium thiocyanate using ferric alum as an indicator. The colour change is white to
orange/red.

The water-soluble chloride content of a soil sample is determined on a test portion that has been sieved and
crushed through a 2 mm sieve and oven dried to 110 °C. The test portion is mixed with distilled water to prepare
a 2:1 water:soil extract.

In the Mohr’s method, a chloride ion will precipitate with silver nitrate. The chloride reacts with the silver ion before
any silver chromate forms, due to the lower solubility of silver nitrate. The potassium chromate indicator reacts
with excess silver ion to form a red silver chromate precipitate. The end point is the appearance of the first
permanent orange colour. The chloride content is expressed as a percentage by mass of dry soil.

This test method is suitable for analysing solutions with a pH between 6.0 and 8.5.
Test references: in house, BS 1377-3: 1990, AASHTO T291-94-UL (2008)

THERMAL CONDUCTIVITY TESTING
THERMAL CONDUCTIVITY — NEEDLE PROBE

Thermal conductivity is defined as the amount of heat that passes through a unit cross-sectional area of a
substance, under a unit thermal gradient, per unit time. The test specimen is allowed to reach temperature
equilibration. A stainless steel thermal needle probe is then inserted into the sample, ensuring that the probe
heater is sufficiently buried in the soil and that a good probe/soil contact is made. After temperature equilibration
is confirmed by probe measurements, a current is passed through the heater element in the probe. As a result,
the temperature of the probe and the surrounding soil increases.
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The thermal needle probe is calibrated using a block of material of known thermal conductivity.

Thermal conductivity of soil is calculated from a suitable part of a temperature versus time curve (typically the last
2/3 of the measurements), using the following equation (Brandon & Mitchell, 1989):

7
)"
where:
k = Thermal conductivity [W/(m-K)]
P = Applied power [W/m]
7>-T1 = Temperature change over selected time interval [K]
ttz = Start and end of time interval [s]

Test reference: ASTM D5334-14
ELECTRICAL RESISTIVITY TESTING
ELECTRICAL RESISTIVITY — DISC ELECTRODE

Electrical resistivity is a measure of the resistance of soil to the flow of electric current. The test is performed using
the disc electrode method. The metal disc electrodes are placed into contact with each end of a soil specimen,
after which a series of direct current voltages is applied. The resulting current flowing between the electrodes is
measured. The applied voltages are typically from 5 V to 10 V in 0.5 V steps, although lower voltages can be
required in some cases.

Current readings are plotted against voltage to confirm that a linear relationship. If this is the case, the slope of
the plot is calculated to give the resistance, R. The soil's resistivity is calculated using the following equation:

_ RA
P = 1000L
where:
p = Soil electrical resistivity [Q.m]
R = Measured resistance [Q.s]
A = Cross-sectional area of specimen [mm?]
L = Length of specimen [mm]

Test reference: BS 1377-3: 1990 (Clause 10.2)
PERMEABILITY TESTING
CONSTANT HEAD PERMEABILITY: TRIAXIAL CELL

The effect of stress level on the coefficient of permeability may be estimated from constant head tests in a triaxial
cell — flexible wall permeameter. The specimen is compacted in a split mould by tamping of thin layers of moist
soil to the required initial density, and subsequently mounted in the triaxial cell. Filter screens or porous disks are
placed at both ends of the specimen. The required stress level is applied and saturation is achieved by flushing
with CO:2 gas followed by controlled flow of de-aired water and the application of backpressure. The degree of
saturation is checked by the pore water pressure response to small variations in cell pressure. A hydraulic gradient
is applied and the rate of flow is recorded for various time steps. The permeability is calculated in accordance with
Darcy's equation for laminar flow.

References: BS 1377-6:1990, ASTM D5084-10, ISO 19901-8:2014
CONSTANT HEAD PERMEABILITY: PERMEAMETER

Coefficient of permeability can be derived from constant head testing in a rigid container, permeameter cell.
A specimen is compacted in the permeameter by tamping of thin layers of moist soil to a required initial density.
Filter screens or porous disks are placed at both ends of the specimen. Initial flow of water through the specimen
is achieved by percolation of de-aired water from the bottom upwards, after which the permeameter cell is closed
off. An inlet reservoir of de-aired water connects to the top of the permeameter cell and a hydraulic gradient is
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applied by adjustment of the inlet reservoir height in relation to the permeameter cell. Once a stable head condition
is observed, the rate of flow is recorded and the flow-phase of the test repeated for consistency checks.
Permeability is calculated in accordance with Darcy's equation for laminar flow.

GEOTECHNICAL LABORATORY TESTS

References: BS 1377: Part 5: 1990, ASTM D2434-68(2006) (withdrawn 2015), ISO 17892-11:2019, ISO 19901-8: 2014
COMPRESSIBILITY TESTING
OEDOMETER - INCREMENTAL LOADING

The oedometer test covers determination of the rate and magnitude of consolidation of a laterally restrained soil
specimen, which is axially loaded in increments of constant stress until the excess pore water pressures have
dissipated for each increment. Normally, each load increment is maintained for 24 hours.

The test is generally carried out on undisturbed (intact) cohesive specimens using a consolidometer (oedometer)
apparatus, which is placed in a thermostatically controlled room (10°C). Selection of mounting method depends
on soil characteristics. Soils that show a tendency to swell, such as peat or overconsolidated clays, are mounted
dry. Moist sponges are placed in the oedometer cell to retain sample moisture conditions. Other samples are
usually mounted using the wet mounting method. Distilled water is added to the cell when loads are applied to
the loading arm. When required, the initial load is increased to prevent swell.

Key parameters that can be obtained from this test are the preconsolidation pressure c'p and the coefficient of
consolidation cv. The preconsolidation pressure is estimated using the graphical Casagrande construction. The
root time method or the log time method is used for determination of cv. Other parameters that may be derived
from this test are the compression index Cc, the coefficient of volume compressibility my and the vertical
permeability kv.

Test references: ASTM D2435/D2435M-11, BS 1377-5:1990, ISO 19901-8:2014
OEDOMETER - CONSTANT RATE OF STRAIN

The Constant Rate of Strain (CRS) oedometer test covers determination of the rate and magnitude of
consolidation of a laterally restrained soil specimen when it is drained axially and subjected to controlled
deformation loading. The rate of deformation is selected so that excess pore water pressures are between 3 %
and 20 % of the applied axial stress. Drainage of pore water is permitted from the top of the specimen and pore
water pressures are measured at the bottom of the specimen. The test is generally carried out on undisturbed
(intact) cohesive specimens using a consolidometer, in a thermostatically controlled room (20°C).

Key parameters that can be obtained from this test are the preconsolidation pressure c'p and the coefficient of
consolidation cv as a function of axial stress. The preconsolidation pressure is estimated using the graphical
Casagrande procedure, while the coefficient of consolidation is determined analytically from the measurements
of axial stress, strain and excess pore water pressure. Other parameters that may be derived from this test are
the compression index Ce, the coefficient of volume compressibility my and the coefficient of vertical permeability
Kv.

Test reference: ASTM D4186/D4186M-12, ISO 19901-8:2014
STRENGTH INDEX TESTING
TORVANE AND POCKET PENETROMETER

The torvane and pocket penetrometer are small hand-held instruments for rapid strength index testing of fine
grained (cohesive) soils. The torvane test is carried out by pressing a standard vane into the soil and measuring
the minimum torque required to rotate the vane. The vane size can be selected to suit the expected torque up to
an equivalent undrained shear strength of the soil of 250 kPa. The undrained shear strength is correlated to the
measured torque by vane size and torvane spring constant.

The pocket penetrometer test consists of pressing a small solid cylinder into the soil, to a specified penetration.
The maximum force required for penetration is correlated to the undrained shear strength. The size of the cylinder
can be selected so that undrained shear strength readings of up to 900 kPa can be taken.

Test reference: ISO 22475-1:2006, ISO 19901-8:2014
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NEEDLE PENETROMETER

The needle penetrometer is a small held-held instrument for rapid strength index testing of cemented soil and soft
rock. The test consists of pressing a needle into a laboratory specimen or in situ outcrop. The needle is a thin
truncated cone with a minimum diameter of 0.3 mm, a maximum diameter of 0.8 mm and a cone angle
of 20°. The maximum penetration is 10 mm. Force and penetration are recorded. Results are expressed as NPR =
F/D, where F is the axial force in N and D is the penetration in mm. The axial force is limited to 100 N. NPR can
be correlated to uni-axial compressive strength oc. Ulusay and Erguler (2012) suggest ac = 0.042 NPR%92°, where
ocis in MPa and NPR is in N/mm.

Test reference: Ulusay & Erguler (2012)

FALL CONE

The fall cone is a rapid index test for determining undrained shear strength of undisturbed or remoulded
specimens of cohesive soil. The test consists of suspending a standard cone of a specified mass and apex angle
vertically over and just touching the surface of the specimen. Subsequently, the cone is released and penetrates
the sample under its self-weight. The depth of penetration for the selected cone is correlated to the undrained
shear strength of the soil. Several correlations exist. The cone size and shape can be selected to suit the expected
undrained shear strength of the specimen.

Reference: ISO/TS 17892-6, ISO 19901-8:2014
HAND VANE

The hand vane allows index testing for undrained shear strength of cohesive soil. The tool is similar to the

laboratory miniature vane except for reduced control: manual penetration and rotation of the vane.

Several different measurements of undrained shear strength are possible:

a) Intact: undisturbed undrained shear strength as measured on an intact specimen.

b) Intact-residual: measured post-peak during initial shearing of an intact specimen.

c) Intact-vane-remoulded: measured after multiple rotations of the hand vane after completion of the intact test.

d) Hand-remoulded: steady state (post-peak if exists) resistance of a hand-remoulded test specimen.

e) Hand-remoulded—cane-remoulded: steady state resistance of a hand-remoulded specimen measured after
applying multiple vane rotations.

Different values of the remoulded shear strength are often obtained from the different measurement methods.

A specimen may be tested in the sample tube in which it was taken, in a block sample or in a mould after removal
from a sampler. The test apparatus consists of a rectangular vane with a short push rod for penetration into the
soil. The vane is then slowly rotated by hand and the maximum torsional moment is recorded. Various vane sizes
can be selected depending on the consistency of the specimen. Calculation of undrained shear strength is based
on a cylindrical failure surface for which uniform stress distributions are assumed. The equation for undrained
shear strength is as follows:

Tmax
RN
zD? ZH+=D

2 6
where:
Su = peak undrained shear strength [kPa]
Tmax = maximum torsional moment [KNm]
D =vane diameter [m]
H = vane height [m]

Test reference: in-house
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LABORATORY MINIATURE VANE

The laboratory miniature vane test allows determination of undrained shear strength of cohesive soil. CEN (2007)
classifies the laboratory miniature vane as a strength index test.

Several different measurements of undrained shear strength are possible:

a) Intact: undisturbed undrained shear strength as measured on an intact specimen.

b) Intact-residual: measured post-peak during initial shearing of an intact specimen.

¢) Intact—vane-remoulded: measured after multiple rotations of the vane after completion of the intact test.

d) Hand-remoulded: steady state (post-peak if exists) resistance of a hand-remoulded test specimen.

e) Hand-remoulded—vane-remoulded: steady state resistance of a hand-remoulded specimen measured after
applying multiple vane rotations.

Different values of the remoulded shear strength are often obtained from the different measurement methods.

A specimen may be tested in the sample tube in which it was taken or in a mould after extrusion from the sample
tube. The sample tube or mould is mounted in the test apparatus and a rectangular vane is lowered into the soil.
The vane is then rotated at 10°/min (BS 1377) or at 60°/min to 90°/min (ASTM D4648) and the maximum torsional
moment is recorded. A continuous record of rotation versus torsional moment can also be made if required
(optional). Various vane sizes can be selected depending on the consistency of the specimen. Calculation of
undrained shear strength is based on a cylindrical failure surface for which uniform stress distributions are
assumed. The equation for undrained shear strength is as follows:

Tmax
W EE!
zD? ZH+=D

2 6
where:
Su = peak undrained shear strength [kPa]
Tmax = maximum torsional moment [KNm]
D = vane diameter [m]
H = vane height [m]

Test references: BS 1377-7:1990, ASTM D4648/D4648M-16, ISO 19901-8:2014

UNCONSOLIDATED UNDRAINED TRIAXIAL (UU)

This type of test is usually performed on undisturbed (intact) samples of cohesive soils. Depending on the
consistency of the cohesive material, the test specimen is prepared by trimming the sample or by pushing a mould
into the sample. A latex membrane with a thickness of approximately 0.2 mm is placed around the specimen. A
lateral confining pressure of 600 kPa to 1000 kPa is maintained during axial compression loading of the specimen.
Some test procedures consider lateral confining pressures that are equivalent to total in situ vertical stress.
Consolidation and drainage of pore water during testing is not allowed. The test is deformation controlled (strain
rate of 60 %/h), single stage, and stopped when an axial strain of 15 % or 20 % is achieved. The deviator stress
is calculated from the measured load assuming that the specimen deforms as a right cylinder.

The presentation of test results includes a plot of deviator stress versus axial strain. The undrained shear strength,
Su, is taken as half the maximum deviator stress. The stress at 15 % or 20 % strain is used to calculate undrained
shear strength if a maximum stress has not been reached earlier. Derivation of su from a selected value of axial
strain is also possible, but uncommon.

To determine strength sensitivity, the test may be repeated on remoulded (compacted) specimens. When
possible, the tested undisturbed specimen is kneaded in the membrane, and then reshaped in a mould prior to
testing. Stiff to hard specimens are cut into pieces, and reconstituted (compacted) by tamping the pieces in layers
into a mould, until the original specimen dimensions are obtained. The sensitivity is the ratio of shear strength of
undisturbed soil to shear strength of remoulded soil, su/Su;.

Test references: ASTM D2850-15 (2015), BS 1377-7:1990 (Clause 8), ISO 19901-8:2014
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STRENGTH TESTING

RING SHEAR - SOIL/STEEL INTERFACE

Ring shear interface tests are performed on remoulded or reconstituted (compacted) soils to infer the residual
friction angle, also called the constant volume friction angle (8cv), on a soil-steel interface.

The ring shear apparatus enables an annular specimen of soil, 5 mm thick with internal and external diameters of
70 mm and 100 mm, respectively, to be subjected to rotational shear.

First, the sample is consolidated to selected stress conditions. Then, it is sheared at a rate of 500 mm/min (fast
shear), followed by 50 mm/min, up to a relative displacement of at least one metre. The sample is then resting for
a period of 24h and after that is again consolidated to its selected stress conditions. Finally, the sample is sheared
at a slower rate of 0.018 mm/min under drained conditions.

The presentation of the test results includes a plot of stress ratio and angle of shearing resistance versus
displacement, both for fast and slow shear.

Test reference: BS 1377-7:1990, Jardine et al. (2005) (Appendix A), ISO 19901-8:2014
DIRECT SIMPLE SHEAR (DSS)

Simple shear tests provide a simulation of the plane strain mode of shearing for undisturbed (intact), remoulded
or reconstituted (compacted) specimens. Key features of the DSS test are essentially constant horizontal
dimensions of the specimen in the direction of shear, and a constant volume during shear to simulate undrained
behaviour for a saturated test specimen. A constant volume is achieved by maintaining a constant specimen
height. A constant specimen height is achieved by varying the normal load applied to the specimen or by fixing
the vertical loading ram in place.

The direct simple shear test is carried out on a cylindrical specimen of 50 mm to 66 mm diameter and 16 mm to
30 mm height, depending on test apparatus. Lateral confinement of the specimen is provided by (1) a membrane
in combination with a stack of brass shearing washers or by (2) a reinforced membrane. There are no facilities for
applying back pressure and control of drainage.

The stress state within a test specimen is insufficiently uniform to allow fundamental processing of test results.
Nevertheless, data are commonly presented by shear stresses and strains for the horizontal plane and by
equivalent pore pressures.

The peak horizontal shear stress is inferred as the undrained shear strength.

Test reference: ASTM D6528-17, ISO 19901-8:2014

DIRECT SHEAR — SOIL/SOIL INTERFACE

Direct shear testing (or shear box testing) is a method for determining drained soil resistance (angle of internal
friction, @’) for cohesionless and cohesive soils.

The soil to be tested is placed in a split mould, with internal dimensions of 60 mm by 60 mm. A porous stone and
loading plate are placed on top of the specimen and a normal load is applied to the specimen. The sample is then
sheared, by displacing the top half of the split mould relative to the bottom half, at a rate of displacement preventing
significant excess pore-water pressures to be generated. During the test, horizontal displacement, load and
vertical displacement are recorded.

On completion of the first stage, the specimen is removed from the mould and the unit weight and water content
are determined. Two further tests may then be performed, at the same unit weight, but with increased normal
loads.

The test results are presented in the form of graphs of horizontal displacement versus shear stress and normal
stress versus maximum shear stress.

Test reference: BS 1377-7:1990, 1SO 19901-8:2014

FNLM/GEO/APP/007 Page 13 of 18





ISSUE 71

© Fugro 1995-2019

—l-'uman

GEOTECHNICAL LABORATORY TESTS

CONSOLIDATED UNDRAINED TRIAXIAL (CIU AND CAU)

The consolidated undrained triaxial test offers the opportunity to derive both undrained and drained strength
parameters for undisturbed (intact) or remoulded (compacted) specimens. Specimens are generally prepared by
trimming cohesive samples to the required dimensions. The wet mounting method is used, which includes use of
wet porous disks and a water-filled drainage system.

Test procedures include specimen saturation, consolidation and compression loading. For cohesive soils, filter
paper strips are attached to the specimen circumference to promote drainage during consolidation. Saturation is
obtained by incrementing cell pressure and back pressure. The degree of saturation is checked by the pore water
pressure response to small variations in cell pressure.

In case of isotropic consolidation (CIU) the specimen is usually consolidated to a stress level equivalent to the
mean in situ stress estimated for the appropriate sample depth. For anisotropic consolidation (CAU), the specimen
is consolidated to the estimated vertical and horizontal effective stresses. Various consolidation stages may be
adopted to simulate the consolidation history and the effects of the expected loading sequence.

Specimen shearing is carried out under conditions of constant axial strain rate, while monitoring axial load and
pore water pressure. A strain rate of 4 %/h is generally applied, except when consolidation was slow, in which
case a smaller strain rate is applied. The deviator stress is calculated from the measured load assuming the
specimen deforms as a right cylinder. The shearing stage is terminated based on effective principal stress ratio
(ratio of effective axial stress to effective lateral stress ¢'1/6'3), or when an axial strain of 15 % or 20 % is reached.
The CIU test may consist of three consolidation and shearing stages of increasing stress level. These stages may
be performed on a single specimen or on three separate specimens.

The presentation of test results includes stress-strain data, effective stress paths, pore water pressures and shear
strength parameters. Stress paths may be presented in terms of a mean effective stress (p’ or s’) and the principal
stress difference or deviator stress (g or t) as follows:

=  Cambridge p'-q space and ASTM p'-q space, with p' defined as (0'1+26'3)/3 and q as 01-03;

=  BSI(1990) s'-t space, with s' defined as (0'1+0'3)/2 and t as (01-03)/2.

The undrained shear strength is defined as half the deviator stress at failure, sy = g/2 and is typically reported for
the following failure criteria:

1) maximum deviator stress
2) maximum stress ratio g/p'.

The stress at 15 % or 20 % strain is used to calculate undrained shear strength when a maximum stress has not
been reached. Alternative failure criteria include peak pore pressure umax, limiting axial strain and (Skempton’s)
pore pressure parameter A = 0.

A secant angle of internal friction, ¢', is determined from q = Mp' where M = (6sing")/(3-sing") or sin ¢' = 3M/(6+M)
for compression conditions. This definition assumes a zero effective cohesion intercept and may be applied to
Mmax but also to other values of M and corresponding values of g and p'. Similarly, sin ¢' = t/s’. For tests with three
shearing stages, angles of internal friction may be determined for each stage separately, and from a straight line
approximation of the failure points of the three stages. The latter method also provides a value for effective
cohesion intercept c'.

Test references: NEN 5117, ASTM D4767-11, BS 1377-8: 1990 (Clause 4, 5, 6, 7), ISO 19901-8:2014
CONSOLIDATED DRAINED TRIAXIAL (CID AND CAD)

Consolidated drained triaxial compression tests are generally performed on samples of cohesionless soils. The
specimen of dry soil is prepared in the rubber membrane on the base of the triaxial cell, without the use of side
drains. Soil particles larger than 20 % of the diameter of the specimen are removed. Specimens are prepared by
tamping thin layers of soil to a density approximating the estimated in situ dry density. To saturate the specimen,
CO2z gas is used to expel the air and subsequently de-aired water is used to expel the CO2 gas. The specimen is
further saturated by incrementing cell pressure and back pressure, until the pore pressure response to a cell
pressure increment (B-factor) indicates saturation is complete. The specimen is then isotropically or
anisotropically consolidated (CID and CAD respectively).

After consolidation the sample is sheared by applying axial load at a sufficiently slow rate to permit drainage
(usually 6 %/h). The lateral confining pressure is kept constant during each loading stage. Pore pressure
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measurements are made at the bottom to check if the test is fully drained. The deviator stress is calculated from
the measured load assuming the specimen deforms as a right cylinder. The CID test may have three consolidation
and loading stages of increasing pressure performed on either a single specimen or on three separate specimens.
The CAD test is limited to a single shearing stage. A shearing stage is terminated on the basis of effective stress
ratio (ratio of effective axial stress to effective lateral stress, c¢'1/c's), or when an axial strain of 15 % or 20 % is
reached.

GEOTECHNICAL LABORATORY TESTS

Results include stress-strain data, stress paths, and volumetric/shear strain of each loading stage. Stress paths
may be presented in terms of a mean effective stress (p’ or s’) and the principal stress difference or deviator stress
(q or t) as follows:

= Cambridge p'-q space and ASTM p'-g space, with p' defined as (¢'1+20'3)/3 and q as 01-03;

=  BSI (1990) s'-t space, with s' defined as (0'1+0'3)/2 and t as (01-03)/2.

A secant angle of internal friction, ¢, is determined from q = Mp' where M = (6sing")/(3-sing") or sin ¢' = 3M/(6+M)
for compression conditions. This definition assumes zero effective cohesion intercept and may be applied to Mmax
but also to other values of M and corresponding values of q and p'. Similarly, sin ¢' = t/s’. For tests with three
shearing stages, angles of internal friction may be determined for each stage separately, and from a straight line
approximation of the failure points of the three stages. The latter method also provides a value for effective
cohesion intercept c'.

Test reference: ASTM D7181-11; BS 1377-8: 1990 (Clause 4, 5, 6, 8), ISO 19901-8:2014
MINIATURE T-BAR PENETRATION TEST AND MINIATURE BALL PENETRATION TEST

The miniature T-bar penetration test (MTPT) involves measurement of the resistance of soil to continuous
penetration at a steady slow rate of a cylindrical rod (T-bar penetrometer) positioned perpendicular to the lower
end of a push rod. The miniature ball penetration test (MBPT) is equivalent to the MTPT except that the T-bar is
replaced by a sphere. Penetration resistance is measured just above the T-bar or the ball. Some systems measure
penetration resistance at the top of the push rod. Common instrument characteristics are as follows:

= miniature T-bar penetrometer length of 75 mm and diameter of 12 mm,;
= miniature ball penetrometer diameter of 34 mm;

= 11.3 mm push rod diameter;

= penetration rate of approximately 20 mm/s.

The applicability of the MTPT and MBPT is soft cohesive soil with an undrained shear strength su < 50 kPa. Both
tests require a soil sample with a height 300 mm < h < 600 mm and a diameter of typically > 300 mm. The tests
are conducted at atmospheric pressure and the sample is typically confined by a sampler (e.g. box corer) or by a
sample liner.

The test procedure consists of recording downward and upward penetration and extraction lengths, and recording
of penetration and extraction resistances (qror gs) of the penetrometer. This is done from the surface of the
sample to about 50 mm above the base of the sample. Extraction resistance near the top of the sample can be
downward if a lump of soil adheres to the penetrometer. The definitions of gr and gg are as follows.

grorgs = Qp/A1 — (A2/A1)uo — (As/A1) - (Ovo — Uo)

where:

gr = T-bar penetration resistance.

gs = ball penetration resistance.

A1 = maximum cross sectional area of the penetrometer perpendicular to the axis of the push rod.

A> = cross-sectional (steel) area at the push rod / penetrometer connection.

As = cross-sectional area of the push rod immediately above the penetrometer.

Qp = axially measured force on the penetrometer, positive for downward push.

Uo = hydrostatic pore pressure at penetration depth, relative to the top surface of the sample. This is a calculated

value. Calculation takes no account of any water on top of the sample and any non-hydrostatic pore
pressure conditions.

ow = total vertical stress at the midpoint of T-bar or ball, relative to the top surface of the sample. This is a
calculated value.

If required, measured penetration resistance gm = Qp/A1 can be provided.
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One or more cyclic penetration/ extraction phases can be implemented. This is optional. A cyclic phase typically
consists of 10 cycles of upward and downward penetration with stroke length of at least 6 times the diameter of
the penetrometer. A cyclic phase usually starts in the primary downward penetration phase.

GEOTECHNICAL LABORATORY TESTS

MTPT and MBPT results allow derivation of undrained shear strength s.. Derived values of undrained shear
strength are obtained from su = g1/Nt or su = gs/Ns, Where Nt is a T-bar factor and Ns is a ball factor. Values for
Nt and Ng are typically about 10 for clay, considering (1) the penetrometer to be completely surrounded by soil
and (2) a reference laboratory strength, i.e. sucauc undrained shear strength obtained by anisotropically
consolidated undrained triaxial compression. Lower Nt and Ns factors can be considered for penetration depths
at and close to the surface of the sample. Derivation of sy is optional.

Remoulded undrained shear strength can be derived from sur= gt / N1 where grn is normally taken as (gr for
downward push — gr for upward retraction) / 2 at cycle n, usually the 10t cycle. Values for Nt;r (and Ng;) are in
the order of 13. Determination of derived values for sy is optional.

Test reference: In-house, 1ISO 19901-8:2014
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CYCLIC AND DYNAMIC LABORATORY TESTS

TESTING PRACTICE

GENERAL

This document summarises geotechnical laboratory test methods for cyclic and dynamic soil behaviour.
Fugro strives to arrange testing in registered laboratories with formal accreditation.

Laboratory tests are carried out in general accordance with standards published by ASTM International (ASTM),
British Standards Institution (BSI) and International Organization for Standardization (ISO). Note that ISO (2014)
refers mainly to test procedures published in other documents, with some additional recommendations. In-house
test procedures adopted for some tests are generally based on published recommendations for which no
standards are available. Detailed work instructions and calibration details are available for inspection at the
laboratory.

Some of the laboratory tests allow various optional procedures. These procedures are not applicable, unless
specifically agreed.

Laboratory test results show depth defined as vertical distance between ground surface or seafloor and top
of the laboratory test specimen, unless indicated otherwise.

SAMPLING AND SAMPLE HANDLING

The feasibility of a particular laboratory test relates to the sampling practice and sample handling for a particular
soil and depends on factors such as soil type, available amount of sample material and sample quality. Usually,
a reasonable estimate of test feasibility is possible at the time of sampling. A further refinement is possible in the
laboratory prior to testing and, in some cases, only after testing. The limitations of feasibility estimates may lead
to rejection of samples for testing upon inspection in the laboratory or may result in appropriate comments on test
results after completion of testing.

Soil parameter values can vary with temperature. Tests are generally conducted at laboratory temperatures of
around 20°C. Any tests conducted at specific temperatures and any corrections for temperature are explicitly
reported.

SAMPLE QUALITY

The adopted classification system for sample quality is according to BSI (2015) and I1SO (2006, 2014). The
classification system recognises 5 classes on the basis of feasibility of specific geotechnical identification and
laboratory tests. A summary of these classes is as follows:

Class 1: undisturbed:
Class 2: undisturbed:
Class 3: disturbed:
Class 4: disturbed: particle size analysis, Atterberg limits, boundaries of strata - broad
Class 5: disturbed: sequence of layers

The higher class includes the laboratory tests of the lower class.

strength, stiffness and consolidation
permeability, unit weight, boundaries of strata - fine
water content

An indication of intact (undisturbed) sample quality may be obtained from re-compression of a test specimen, for
example in an oedometer or triaxial cell. Table 1 presents a method recommended by ISO (2014) based on Ae/eo.
Here, Ae represents the change in void ratio Ae from an initial laboratory value (eo) at atmospheric conditions to
the specimen void ratio upon re-compression to in situ stress conditions.

Table 1: Intact Sample Quality - Ae/eo

Overconsolidation Aeleo
Ratio 1 (very good to 2 (good to fair) 3 (poor) 4 (very poor)
excellent)
1to2 <0.04 0.04 to 0.07 0.07t0 0.14 >0.14
2to4 <0.03 0.03to 0.05 0.051t0 0.10 >0.10
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The presented criteria are based on tests on marine clays in the depth range 4 m to 25 m, with plasticity index in
the range 6 % to 43 %, water content 20 % to 67 % and overconsolidation ratios of 1 to 4. The criteria must be
used with caution for soils outside this range.

CYCLIC AND DYNAMIC LABORATORY TESTS

Table 2 presents an alternative indication of intact (undisturbed) sample quality according to Terzaghi et al. (1996).
Here, volumetric strain is derived from an initial laboratory specimen volume and the specimen volume upon re-
compression to in situ stress conditions. The criteria apply to clays with an overconsolidation ratio of less than
about 3 to 5. Parameters such as effective preconsolidation pressure ¢’y and undrained shear strength su
preferably require laboratory specimen with SQD equal to B or better (DeGroot et al., 2005).

Table 2: Intact Sample Quality - SQD

Volumetric Strain &y SQD
[%]
<1l

1to2

2to4

4t08
>8

mio|O|®@|>

Note: SQD: Sample Quality Designation

The Aeleo and ey criteria represent a simplification, as they ignore important soil changes during the process of
sampling and sample handling up to specimen preparation in a geotechnical laboratory. This simplification avoids
interpretation anomalies related to uncertainties in laboratory values for soil unit weights, water contents and
density of solid particles.

The Aeleo and ey criteria assume no-gas within the pore water. Gas can cause an increase in void ratio when
recovering samples to surface. The result is a correspondingly larger change in void ratio when returning a
specimen back to the estimated effective stress conditions in situ. In such case, it is likely that the undrained shear
strength would be less affected than soil stiffness, as the void ratio in situ has been partially restored. Changes in
soil fabric remain.

Values for Aeleo and &v should exclude secondary consolidation. In practice, no correction for secondary
consolidation will be applied. This practice underestimates intact sample quality, particularly for incremental
loading oedometer tests with 24 hour load increments and longer.

STRENGTH TESTING = CYCLIC
CYCLIC DIRECT SIMPLE SHEAR

A cyclic direct simple shear (CSS) test is carried out on a cylindrical specimen of 50 mm or 67 mm diameter and
19 mm height, depending on test apparatus. Lateral confinement of the specimen is provided by (1) a membrane
in combination with a stack of brass shearing washers or by (2) a reinforced membrane.

Most types of test apparatus have no provision for controlling saturation or measuring pore pressure during the
test; back pressure cannot be applied to the specimen.

Cyclic and monotonic (static) shearing may be performed under either constant volume or constant vertical stress
conditions. The constant volume condition is equivalent to the undrained condition for a saturated specimen. The
constant volume condition is achieved by varying the normal load applied to the specimen or by fixing the vertical
loading ram in place. It is generally accepted that the change in vertical stress during shearing can be equated to
the change in pore water pressure that would have occurred in a truly undrained test. The constant vertical stress
condition is equivalent to the drained condition for a saturated specimen. The constant vertical stress condition is
achieved by continuous adjustment of the specimen height during shearing, so that the vertical stress acting on
the specimen remains constant.

For cohesionless specimens, cyclic pre-shearing may optionally be applied to simulate densification of the soil
under low amplitude wave loading. If required, on completion of the consolidation stage, a nominally low amplitude
(assigned based on foundation considerations and specimen depth) cyclic shear stress (tcy) is applied to the
specimen under constant vertical stress conditions.
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The CSS test may be performed as a stress-controlled or strain-controlled test. On completion of the consolidation
stage, or following pre-shearing (if required), a combination of either an initial (average) shear stress (tav) and tcy
(for stress-controlled tests) or, a cyclic shear strain (ycy) (for strain-controlled tests) is applied to the specimen.
The cyclic shear stress, 1cy, is defined as one half of the maximum change in shear stress over one load cycle.
Where required, a tav is applied to the specimen prior to the application of cyclic shear stress or cyclic shear strain.
This initial shear stress may be applied under constant volume or constant vertical stress conditions. After
application of the initial stress, the specimen is left to equalise for a period of time (nominally 1 hour). A sinusoidal
tey Of specified amplitude around the initial tav value (stress-controlled tests) or sinusoidal cyclic shear strain (ycy)
of specified amplitude (strain-controlled tests) is then applied to the specimen. The cyclic loading is applied at a
constant frequency which is typically 0.1 Hz or 1 Hz.

CYCLIC AND DYNAMIC LABORATORY TESTS

Common practice for stress-controlled CSS tests covers:

— Constant cyclic stress ratio tey/trer, Where trer is the reference strength for which commonly the peak shear
stress from a static direct simple shear test is chosen;

— Constant average stress ratio (tav/tref) per test;

— A series of tests at various stress ratios.

An optional procedure is to vary the stress level and to apply parcels of load cycles. Drainage/consolidation

between parcels can be allowed to simulate specific geotechnical design conditions.

Cyclic loading is typically terminated when one of several agreed criteria are reached. Usually a maximum number
of cycles or a limit average or cyclic shear strain (e.g. 15 %) is used for this purpose.

Following termination of the cyclic shearing stage, the specimen can (optionally) be sheared monotonically to
failure to determine post-cyclic shear behaviour. A shear stress is applied to the specimen at a constant shear
strain rate via the base loading platen. Monotonic shearing may be performed under constant volume or constant
vertical stress conditions. No volume change is permitted between cyclic shearing and post-cyclic monotonic
shearing, unless indicated otherwise.

Test results typically consist of the following diagrams:

— Number of loading cycles versus (a) shear stress, (b) shear strain, (c) change in vertical stress (constant
volume test), (d) normalised change in vertical stress (constant volume test), and (e) vertical strain (constant
vertical stress test);

— Vertical stress versus shear stress;

— Shear strain versus shear stress.

Various data processing options are available to suit specific project requirements.

Test reference: ASTM D6528-17 (excludes cyclic phase), ISO 19901-8:2014
CYCLIC CONSOLIDATED UNDRAINED TRIAXIAL

Consolidated cyclic triaxial tests with pore water pressure measurement are typically performed on intact or
reconstituted soil specimens with a height to diameter ratio of approximately 2:1. Where possible, specimens are
tested at full size (diameter of original sample). Cyclic loading is applied under undrained conditions.

The specimen set-up and testing procedures are essentially similar to the static triaxial test, except that the axial
or radial stress is applied cyclically, generally at a frequency of 0.1 Hz or 1 Hz.

Where cyclic pre-shearing of a reconstituted coarse-grained specimen is required to model densification under
small magnitude cyclic loading, this is applied to the specimen after completion of the consolidation stage. The
drainage lines are left open and a small cyclic deviator stress (qcy) is applied to the specimen for up to 200 loading
cycles.

The cyclic triaxial test may be performed as a stress-controlled or strain-controlled test. On completion of the
consolidation stage, or following pre-shearing (if required), the drainage lines are closed and a combination of
either an initial (average) deviator stress (gav) and qey (for stress-controlled tests) is applied to the specimen. The
cyclic deviator stress, qcy, is defined as one half of the maximum change in deviator stress over one load cycle.
Where required, gav is applied to the specimen prior to the application of cyclic deviator stress or cyclic axial strain.
This qav is applied undrained and left to equalise for a period of time (nominally 1 hour). A sinusoidal qcy of specified
amplitude around the initial gav value (stress-controlled tests) or sinusoidal cyclic axial strain (scy) of specified
amplitude (strain-controlled tests) is then applied to the specimen.
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CYCLIC AND DYNAMIC LABORATORY TESTS

Common practice for stress-controlled cyclic triaxial tests covers:

— Constant cyclic deviator stress ratio qey/Qret, Where gret iS the reference deviator stress for which commonly
either the peak deviator stress from a static triaxial test or the applied effective vertical consolidation stress is
chosen;

— Constant cyclic average deviator stress ratio (qav/qrer) per test;

— A series of tests at various stress ratios.

An optional procedure is to vary the stress level and to apply parcels of load cycles. Drainage/consolidation

between parcels can be allowed to simulate specific geotechnical design conditions.

Cyclic loading is typically terminated when one of several agreed criteria are reached. Usually a maximum number
of cycles or a limit average axial strain (gav) or cyclic axial strain (ecy), for example 15 %, is used for this purpose.

Following termination of the cyclic loading stage the specimen may be sheared statically to determine post-cyclic
undrained shear strength. The specimen is sheared at an appropriate strain rate, in the range 0.001 %/hour to
10 %/hour, such as to allow an equalised pore-water pressure response throughout the specimen. Drainage is
not permitted between cyclic loading and post-cyclic monotonic shearing.

Test results typically consist of the following diagrams:

— Number of loading cycles versus (a) deviator stress, (b) pore pressure ratio, (C) excess pore pressure, and (d)
axial strain;

— Axial strain versus deviator stress;

— p’-q and s’-t stress paths.

Various data processing options are available to suit specific project requirements.

Test references: ASTM D3999M-11el, ASTM D5311M-13, ISO 19901-8:2014
STIFFNESS TESTING — DYNAMIC
RESONANT COLUMN

The resonant column test allows determination of shear modulus and damping properties at small strain of a
cylindrical soil specimen by applying torsion. The torsion apparatus and specimen are enclosed in a triaxial cell
so that controlled states of stress and pore water pressure can be applied. The test may be carried out on intact
or reconstituted specimens with a height to diameter ratio of typically 2:1.

Test procedures include specimen saturation, consolidation and vibration excitation.

Saturation is obtained using standard triaxial test techniques. The degree of saturation is checked by the pore
pressure response to controlled variations in cell pressure (B-value method). For a reconstituted cohesionless
specimen, the saturation phase may be preceded by flushing the specimen with CO: gas.

In case of isotropic consolidation, the specimen is usually consolidated to a stress level equivalent to the mean
stress estimated for the appropriate sample depth. For anisotropic consolidation, the sample is consolidated to
the estimated vertical and horizontal effective stresses. A series of consolidation stages may be adopted to
simulate a stress history.

During torsional excitation, the specimen is fully fixed at the bottom end and an electromagnetic oscillator applies
a sinusoidal torsional motion or longitudinal vibration to the top. A range of torques are applied resulting in average
shear strain amplitudes typically in the range 0.0001 % to 0.1 %. The initial torque is re-applied after each stage
to check for any degradation of the specimen.

Resonance stages may be applied under undrained conditions. The resonant frequency is obtained by increasing
the excitation frequency from a minimum of about 10 Hz until the sinusoidal excitation moment is in phase with
the velocity of the top platen. The lowest frequency at which this occurs is defined as the resonant frequency. The
shear strain amplitude and shear modulus of the specimen are calculated from the peak acceleration and
frequency of the top cap at resonance. The damping ratio is obtained by means of the free vibration decay method.

Reference: ASTM D4015-15e1, ISO 19901-8:2014
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CYCLIC AND DYNAMIC LABORATORY TESTS

PIEZOCERAMIC BENDER ELEMENTS

Bender elements are small piezo-electric elements mounted in the base pedestal and top cap of oedometer,
triaxial or direct simple shear (DSS) apparatus. The bender element technique can be used at any stage of a test
without interfering with the particular test itself. The preparation of the test specimen should be in accordance with
the requirements specified for oedometer, triaxial and DSS tests.

The composition of the elements is such that the application of a waveform voltage across the plates causes a
bending motion which, when the elements are installed in a soil specimen, propagates a shear wave through the
soil. This behaviour is reversible to the effect that motion of the receiving element will generate a small waveform
voltage. After electrical stimulation of the transmitter elements, the arrival time of the wave at the receiving element
is derived using a high frequency oscilloscope. S-wave velocity vs is calculated from the derived travel time and
measured spacing between the bender elements. Values of small strain shear modulus (Gmax) of the soil can be
calculated from vs and density of the soil.

Reference: ISO 19901-8:2014
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SITE CHARACTERISATION

INTRODUCTION

Site characterisation may be defined as a fit-for-purpose model of seabed conditions at a geographical location

in a sea or ocean. Seabed is the ground below seafloor, including pore fluid and gas. The model is fundamental

to managing ground risks and optimizing opportunities. The model is a prediction and a reduction of reality:

— Providing sound information with which to define and assess the suitability of a site for proposed facilities

— Detecting and assessing the possible effects of geohazards and changes in seabed conditions with time

— Choosing parameter values for assessment of limit states and assess the feasibility of building/installing,
operating and/or decommissioning a structure.

The model has interpretive limits that typically depend on:
— Structure characteristics and project phase such as conceptual design, installation and structure re-
assessment
— Data selected and available at the time of study:
= Stratigraphic schematisation, e.g. partial data coverage or detection limits of deployed tools and an
interface between strata may be more gradual than indicated
= Level of detail and accuracy in interpretation of geotechnical parameter values, such as test data,
sample size, quality and coverage
— Public-domain information such as geological understanding
— Data visualisation algorithms, e.g. for data contouring.

Other terms used in practice for (parts of) site characterisation include integrated study, integrated geosciences,
desk study, and seabed characterisation.

Site characterisation can also refer to the activities required to create the model of seabed conditions
(e.g. Evans, 2010; Peuchen, 2012). Ideally, site characterisation benefits from integration of multidisciplinary
data (e.g. geotechnical and geophysical data integration). Table 1 shows levels of integration that can be
considered.

Table 1: Levels of Integration

Integration | Integration Type Description
Level
1 Bundled Information Each data acquisition activity is interpreted and reported separately. No

specific effort is made to consider and reconcile potential conflicts between
information sources.

2 Stratigraphic Integration This level of integration specifically focusses on achieving stratigraphic
alignment between (1) sub-surface/sub-bottom profiles obtained by non-
intrusive geophysical techniques (e.g. seismostratigraphy) and (2)
stratigraphic interpretation from results of ground investigation obtained at
specific locations (e.g. geotechnical soil unitisation). The stratigraphic
alignment considers vertical zonation of a site.

3 Geotechnical Zonation This level of integration provides a vertical and horizontal geotechnical
zoning of a site. The horizontal zonation comprises a delineation and
mapping of ‘soil provinces’. Each soil province has a representative vertical
soil profile and envelopes of ground characterisation such as shear
strength, relative density, friction angle, unit weight, etc. The ‘horizontal and
vertical zoning’ facilitates selection of engineering criteria (e.g. geotechnical
parameter values/ranges) for analysis of trenchability, anchor holding
capacity, foundation bearing resistance, etc.

4 Geotechnical Zonation and | This level of integration not only provides geotechnical zonation but also
Analysis incorporates engineering assessments for specific project requirements
such as bearing resistance, trenching resistance, anchor holding capacity,
upheaval buckling resistance, scour potential etc. These requirements are
usually specific to the type of facility, construction method and project
phase.

The terms seabed and seafloor are according to 1SO (2016):

— Seabed comprises materials below the sea in which a structure is founded, whether of soils such as sand,
silt or clay, cemented materials or, of rock

— Seafloor is defined as the interface between the sea and the seabed.

This document also uses the geological term sediments as synonym of uncemented soil.
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This document focuses on offshore projects. Site characterisation is an integral part of offshore structure design
and operation according to reliability principles covered by standards and codes of practice; for instance API
(2011, 2014 and 2015), ASTM (2018), DNVGL (2017), Renewable UK (2013), CEN (2004 and 2011); ISO
(2009, 2013 and 20186).

SITE CHARACTERISATION

The following sections provide further information.
SITE HAZARDS
TYPES OF HAZARDS, RISK AND MITIGATION

Site hazards may be grouped into:
— natural geohazards
— man-made hazards.

Natural geohazards are commonly referred to as geohazards or geological hazards. They are about past
geological processes and events have shaped the seafloor and seabed. Some of these processes may still be
active today. The resulting seafloor topography, and geological and geotechnical conditions within the seabed
can be hazardous when installing offshore structures including infrastructure (e.g. Clayton and Power, 2002;
IOGP, 2009, 2017; API, 2011).

Man-made hazards include shipwrecks, fallen objects, seafloor debris and unexploded ordnance. Within the
context of this document, man-made hazards exclude accidental events such as vessel impact, sabotage, well
drilling problems and fishing activities.

In relation of offshore activities, geohazards can be defined as local and/or regional site and soil conditions
having a potential of developing into a condition (e.g. irregular seafloor topography) or process
(e.g. currents, submarine slides) that could cause loss of life or damage to health, environments and/or assets.
The event-triggering sources can be ongoing geological processes or human induced changes (IOGP, 2009).
Figure 1 presents a schematic overview of offshore geohazards.
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Figure 1: Offshore natural geohazards (modified after Campbell et al., 1986)
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The damage potential of site hazards can range from, for example, local effects on pipelines and subsea
structures to complete loss of all installations in a license areas and 3" party losses (IOGP, 2009).

SITE CHARACTERISATION

The table below presents an overview of potential impacts and/or consequence associated with natural
geohazards (and man-made hazards) occurring offshore.

Table 2: Potential Impact/Consequence Associated with Site Hazards

Natural Geohazards and Man-made Hazards

Impact / Consequence

Irregular Seafloor Topography
Seafloor Bedforms

Seafloor Outcrops and Hard Seafloor
Soil Liquefaction

Shallow Gas & Gassy Soils

Gas Hydrates

Gas and Fluid Seepage

Diapirs (e.g. Mud /Salt) and Mud
Volcanoes

Earthquakes

Faults

Tsunami

Slope Failure

Submarine Mass Movement

Wind, Waves and Currents

Seafloor Scour and Sediment Mobility
Man-Made Hazards

Uneven support (foundation
instability)

x
x
x
x
x

Loss of support (structural
stresses)

Spanning (pipeline & flowlines) X X X X

Increased foundation
settlements, reduced access

Burial / embedment leading to
additional loading and reduced X X X X
access

Reduced soil strength and
bearing resistance

Lateral loading of structure
leading to overstressing of
foundation / structure
components

Structure displacement and
structural damage

Increased potential for soil
liquefaction

Increased potential for shallow
soil instability and submarine X X X X X X X X
sliding

Foundation and structure
installation difficulties

Steel abrasion, gouging and
denting; excessive wear X
trenching equipment

Gas and fluid migration (excess
pore pressures)

Corrosion of steel structures,
pipelines, flowlines

Well (borehole) instability X X X X

Mud losses (well/borehole
drilling)

Damage to casing string and
pile foundations

Presence of environmentally X X X
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Site hazards can generally not be treated on a statistical basis applying solely historical data. The nature of a
hazard is often site and time dependent. In addition, natural geohazards are often interrelated. This may be due
to a common trigger mechanism (e.g. earthquake, slope failure), or that one geohazard occurrence or process
forms a trigger for other geohazards.

For instance:

— Earthquakes will induce dynamic actions on a structure and may induce elevated pore pressures leading to
increased susceptibility to soil liquefaction;

— Slope failures and their deposits may result in irregular seafloor topography;

— Mud and salt diapirs are commonly associated with radial fault patterns, and continuous diapirism may
result in (shallow) slope failures.

Table 3 highlights some relations between natural geohazards.

Table 3: Related Offshore Natural Geohazards
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Irregular Seafloor Topography X X X X X X X
Seafloor Bedforms X X X
Seafloor Outcrops and Hard
Seafloor X X X X X X
Soil Liquefaction X X X X X X
Shallow Gas & Gassy Soils X X X X X X X X
Gas Hydrates X X X X X
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Gas and Fluid Seepage X X X X X X X X
Diapirs (e.g. mud /salt) and
Mud volcanoes X X X X X X
Earthquakes X X X X X
Faults X X X X X X X X
Tsunamis X X X X X X
Slope Failure X X X X X X X X X X X X
Submarine Mass Movement X X X X X X X X X X
Wind, Waves and Currents X X X X X X X
Seafloor Scour and Sediment
Mobility X X X X X X X

Assessment of hazard probability of occurrence and frequency can be based on geomechanical modelling
taking into account uncertainty in modelling of site conditions, soil parameter values, ongoing geological
processes, actions and applied analysis methods (Clayton and Power, 2002; IOGP, 2009).

The risk of a site hazard is the sum of the product of the probability of a hazard event affecting a structure and
damage consequence. The damage consequence can depend on factors such as structure robustness and
vulnerability. The information in this document covers the nature of hazards and their potential implications, not
the risk. Power et al. (2005) and Galavazi et al. (2006) describe risk analysis methodology.

Risk mitigation can include avoidance (e.g. a certain standoff distance to avoid structure interaction) and design
for robustness.

IRREGULAR SEAFLOOR

Seafloor morphology can be irregular as a result of past or present geological processes. Human activities can
also affect the seafloor topography. Irregular seafloor may be caused by (or be associated with) a number of
natural and man-made phenomena. These include:

— Canyons and channels

— Boulders (e.g. drop stones)

— Spudcan footprints

— Anchor scars

— Trawl marks and scars

—  Drill cuttings.

The scale of morphological features varies (e.g. scour marks, submarine canyons). The impact can differ per
structure type and geometry.
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SITE CHARACTERISATION

SEABED SCOUR AND SEDIMENT MOBILITY

Seabed scour relates to the erosion of seabed sediments. Such erosion can occur under normal metocean
conditions or can be enhanced as a result of a structure or multiple structures interrupting a natural flow regime
above seafloor, thereby increasing flow velocities. Scour can be enhanced or initiated by secondary processes
such as rocking of a structure.

Especially non-cohesive sandy (and silty) sediments are susceptible to scour. Erosion and transport of fine
sand can start at a flow velocity in excess of 0.2 m/s. Local scour pits (or scour holes) can form shortly after
installation of a structure. Their dimensions will usually vary in time depending on the flow regime.

Scour can occur in any water depth (from shoreline to deep sea). The flow regime due to wave- and tidal-
influence is generally stronger in shallow water than in deep water (Soulsby, 1997; Sumer & Fredsoe, 2002). In
general, tide- and wave-action, in combination with fluvial discharge of fresh water determine the natural flow
regime in coastal areas. Deepwater bottom current activity may result from density differences between water
masses and from global thermohaline ocean circulation. Resulting sedimentary accumulations are known as
contourite drifts (Faugeres et al., 1999).

Seafloor variation can usually be characterized as some combination of the following Whitehouse (1998):

— Local scour and sedimentation; usually a steep sided scour pit around a structure or structural element

— Global (or general) scour; a (shallow) scoured basin of large extent around a structure, possibly due to
overall structure effects, multiple structure interaction, or wave-soil-structure interaction

— Overall seabed movement; erosion, deposition, bedform migration that would also occur in the absence of a
structure (i.e. regional scour).

SEAFLOOR BEDFORMS

A seafloor bedform is a morphological feature formed by interaction of wave-action and (tidal-) currents and
cohesionless sediment (i.e. sand/silt). Bedforms are typically found in sandy areas at a continental shelf.

A characteristic of bedforms is their mobility (Table 4). Sand waves tend to move slowly (metres per year) or
flex their crests with (tidal) currents. Smaller-scale ripples tend to be more mobile, in the order of metres per
day.

Table 4: Seafloor Bedforms

Bedform Type Related Flow Wavelength Amplitude Time-scale Migration Rate Source
[m] [m]

Morelissen et al. (2013)
Ripple Instant flow 0.1to1 0.01t0 0.1 Hours > 1 m/day Reineck & Singh (1980)
Dodd et al. (2003)

Morelissen et al. (2013)

Megaripple Storm surges 10to 20 0.1t01.5 Days 100 m/year
garpp g Y y Ashley (1990)
Morelissen et al. (2013)
) Ashley (1990)
Sand wave Tidal currents 50 to 1000 2to 18 Decades 1 m to10 m/year

Reineck & Singh (1980)
Dodd et al. (2003)

Morelissen et al. (2013)
Long bed wave Unknown 1500 to 2500 1to5 Unknown Unknown Reineck & Singh (1980)
Dodd et al. (2003)

Morelissen et al. (2013)
Sand bank Tidal currents 5000 to 10000 51to 50 Centuries m/year Reineck & Singh (1980)
Dodd et al. (2003)

For structure design it is important to know which part of the seabed and/or the bedforms is actually mobile. For
example, cable trenching can modify bedforms. The rate at which the bedforms recover after cable trenching
will depend on sediment transport rate and supply of sediment.
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SITE CHARACTERISATION

SEAFLOOR OUTCROPS AND HARD SEAFLOOR

Seafloor outcrops and hard seafloor ground conditions commonly include:

— Shell and coral banks, reefs, which are common in shallow waters in the tropical zones.

— Local patches of cemented soil (e.g. hard ground, cap rock). Examples are authigenic carbonates around
pockmarks, Kurkar ridges (cemented aeolian dunes) in the eastern Mediterranean Sea, beach rocks
(cemented beach sediments) in the Caribbean Sea, sabkha deposits (evaporitic-tidal floodplain deposits) in
the Arabian/Persian Gulf and Gulf of Suez.

— Crust composed of precipitated metal sulphides associated with hydrothermal activity (e.g. black and white
smokers) in vicinity of tectonic plate boundaries and faults.

— Outcrops of rock. Examples are pre-Quaternary sand- and limestone beds offshore West Africa,
sedimentary and metamorphic rocks exposed in the Irish Sea.

It should be noted that seafloor outcrops and hard seafloor may have environmental protection status or
legislative implications.

Cementation of soil may result from sub-marine cementation processes. Cementation may also have resulted
from past sub-aerial exposure of a continental shelf during low sea level stands under arid climate conditions.
Cementation generally occurs in carbonate-rich and hyper-saline environments.

DIAPIRS AND MUD VOLCANOES

A diapir is a domal upwelling of sediment, rock or salt that forms in response to tectonic forces, density
differences and high overburden pressures. Diapirs can pierce through a stratigraphic overburden and create
an envelope of overconsolidated soils, deformed rock and sediments around a diaper core (e.g. salt).
Generally, a circular dome-shaped topographic feature develops when a diapir approaches the seafloor. Diapirs
are commonly associated with radial faulting patterns and locally increased seafloor slopes.

Salt diapirs are known to be present in, for example, the Gulf of Mexico, offshore Brazil and West Africa, and
the North Sea.

Mud diapirs and mud volcanoes are usually associated with rapidly-deposited sediments and in situ pore
pressure conditions significantly higher than hydrostatic (overpressured). Additionally, high vertical and
horizontal stresses typically apply, caused by faulting, folding and uplift processes.

Mud diapirs and mud volcanoes occur mostly in (historic) delta areas: Nile Delta (offshore Egypt), Absheron
Ridge (offshore Azerbaijan, Caspian Sea), Makran Ridge (offshore Iran, Arabian Sea), and Niger Delta
(offshore Nigeria).

Release of pressure is commonly provided by faults and folding of the strata. Sediments mixed with over-
pressured fluid and gas (mud) migrate upward through the stratigraphic overburden in vertical columnar zones
(diapirs). Usually the over-pressured muds enter fault planes, thus causing diapirism along faults. A mud
volcano can form when a mud diapir breaks the seafloor.

In general, mud volcanoes are conical, as tall as 65 m and up to 2 km across. The size and shape of a mud
volcano depends on the frequency of expulsion and the type of material ejected. This can be unconsolidated
soils, overconsolidated material, fractured rock (e.g. breccia), oil, gas and water (Snead, 1972; Newton et al.,
1980; Delisle et al., 2002; Delisle, 2004; Delisle, 2005). Not all offshore mud volcanoes are active. Eruptions are
believed to be episodic.

SHALLOW GAS & GASSY SOILS

Gas may be present (trapped) in the seabed (e.g. gassy soils). Shallow gas can comprise a mixture of different
gases, such as carbon dioxide, hydrogen sulphide, ethane and methane. In general, the gases originate from
bacterial decay of organic matter (biogenic gases) within a few metres of the seafloor. Gas may also come from
sources much deeper in the stratigraphy and migrates upwards through pores and cracks in the soil and rock
(petrogenic gases).

Shallow gas may be present dissolved in pore water, as free gas in gas-filled voids or bubbles, and as gas
hydrates. Over time, gas in soil may increase the in situ pore pressures and result in excess pore pressures.

Migration of gas in soil can result in accumulation of gas in seabed below a foundation. Shallow gas in the pore
water can have a serious effect on foundation behaviour.
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SITE CHARACTERISATION

In addition, shallow gas can be toxic to humans, can combust and explode.

Soil property measurements on geotechnical samples containing shallow gas may not be representative of in
situ properties.

GAS HYDRATES

Gas hydrates are ice-like crystalline solids composed of water molecules surrounding a molecule of gas,
generally methane. Gas hydrates can only form when gas is over-saturated in water. Gas hydrates are stable
under high pressure and low temperature conditions, and may be present at seafloor and in shallow sediments,
generally in deep water environments in excess of 500 m below Mean Sea Level (Rastogi et al., 1999; Von Rad
et al., 2000).

Stable gas hydrate acts as cement and increases strength and rigidity of soil.

Natural gas hydrates are regarded as a geohazard when they dissociate, start “melting”. Both water and gas
are released into soil when gas hydrates dissociate. This can result in formation of “gassy soils”. The addition of
water and gas may decrease soil strength and form a weak layer (Orange and Breen, 1992; Judd and Hovland,
2007). Gas hydrate dissociation may be initiated by human activities, e.g. flow of “hot” hydrocarbons through
well production casings, pipelines and flowlines.

Gas hydrates may for as a result of human activity. Gas hydrates can be a by-product of hydrocarbon
production, forming hydrate plugs in the wellbore, around leaking joints and in pipelines. If a deep water
exploration or production well is leaking, gas introduced into the shallow soils may react with water molecules to
form hydrate layers or nodules.

GAS AND FLUID SEEPAGE

Gas and fluid seepage at seafloor is commonly associated with pockmarks. Pockmarks are roughly circular or
conical depressions in the seafloor, generally 1 m to 350 m wide and up to 35 m deep (Newton et al., 1980; Von
Rad et al., 2000; Judd and Hovland, 2007).

Pockmarks form by disruption of a pore pressure environment. This disruption may be triggered by natural or
human causes, and can form on time scales of less than a year. Pockmarks can be intermittently active over
long periods of time or can grow with explosive eruption events. The sediments in a pockmark are generally
variable and may be overconsolidated.

When gas seeps continue over a long period of time, biological processes may cause cementation of the
seabed sediments. Formation of authigenic carbonates can take place around the seeps (Judd and Hovland,
2007; Ding, 2008). In some cases, unique ecological habitats form in and around pockmarks. Such habitats
may be protected by environmental legislation.

Authigenic carbonates may form thin crusts of weakly cemented sediments (hard grounds). They can be
continuous over distances of several hundreds of metres (Von Rad et al., 2000). Locally more massive,
competent layers of authigenic carbonates can be present as hard cemented layers or ‘lenses’. They may form
large build-ups and seafloor mounts (Judd and Hovland, 2007).

Apart from natural seeps, gas seepage may also be induced by drilling activities (e.g. geotechnical drilling,
hydrocarbon exploration drilling). The drilling process may cause fracturing of soil and rock, when drilling mud
pressures exceed the fracture pressure of the soil or rock (i.e. hydraulic fracturing). These fractures may form
pathways for fluid and gas migration into the wellbore and up to seafloor. A wellbore or leaking well casing may
form a pathway to the surrounding rock and soil formations, introducing gas into sand layers in the shallow
subsurface. Overtime, the introduced gas may affect the geotechnical properties of a soil and have serious
effects on foundation behaviour.

Drilling-induced fluid flows (e.g. shallow water flows) occur when a pressurised sand body (aquifer)
encapsulated in clay is penetrated by the drilling process. Shallow water flows are common offshore large river
deltas, such as the Mississippi Delta (Gulf of Mexico) and the Nile Delta (offshore Egypt). The sand bodies are
commonly derived from sediment deposition out of turbidity currents.
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EARTHQUAKES

An earthquake, or seismic event, occurs after stresses in the earth’s crust that have gradually built up, are
suddenly released by movements along a fault. The movement generates seismic waves which propagate
away from the earthquake epicentre. Most earthquakes occur along tectonic plate boundaries.

The location, magnitude and frequency (recurrence) of earthquakes cannot be reliably predicted. The
probability of seismic events can be assessed on the basis of historic records of earthquake activity.

Seismic impact depends on geotechnical conditions at the site and structure design. Seismic activity may
induce faulting, soil liquefaction, slope failure, and tsunamis.

SOIL LIQUEFACTION

Two types of liquefaction may be distinguished:
— gravitational (sometimes called static or flow) liquefaction, usually occurring in submerged slopes;
— cyclic liquefaction, usually generated through strong cyclic forces.

Soil liquefaction or cyclic mobility represents a decrease of soil strength and stiffness caused by an increase in
pore water pressure in saturated soil. Soil liquefaction usually occurs in response to sudden change in stress
condition, causing it to behave like a liquid. Examples of cyclic and dynamic actions include earthquake
shaking, storm wave loading, structure displacements upon cyclic load application, pile installation by driving
and vortex vibrations due to fluid flow around a structure.

Liguefaction potential can be significant for loose cohesionless soils present close to ground surface (seafloor)
and below the water table. Dense sands, loose unsaturated sands and some sensitive cohesive materials can
also liquefy under some conditions. In addition, the presence of gas in loose sands can change soil behaviour
and may potential for liquefaction (Grozic, 2003).

FAULTS

A fault is a planar fracture or discontinuity in a volume of soil or rock along which significant vertical and/or
horizontal displacement has occurred (Figure 2) (i.e. faulting). Fault zones are areas where multiple fractures
and faults occur in close proximity, with similar moment direction.

Displacement of seafloor
(irregular topography)

Thin sediment
cover

- Seafloor

Fault :
displacement\::

¥

Figure 2: Surface and subsurface expression of fault displacement
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SITE CHARACTERISATION

Faults can be associated with:

— Tectonic activity (e.g. at tectonic plate boundaries, earthquake zones);

— Laterally variable soil subsidence and compaction;

— Soil contractions (e.g. polygonal faulting in North Sea and West African seabed sediments);
— Diapirism (e.qg. radial faulting);

— Slope failure (e.g. headwall scarp, failure planes, tension cracks).

Movement along the fault plane (and hence soil displacement) is a semi-continuous process acting on time
scales ranging from years to millions of years. Faults are commonly considered to be in-active if there has been
no observed movement or evidence of seismic activity during the last 10,000 years. In this case a fault can be
covered by a uniform layer of soil (i.e. without a clear discontinuity surface being present). Depending on crustal
stresses and changes therein, apparently in-active faults may be reactivated causing further soil displacements
and even seismic events.

Faults may result in a displaced, stepped seafloor and/ or irregular linear topographic features on the seafloor
(e.g., headwall scarps). In addition, stratigraphic sequences are displaced in the seabed.

Deep-seated faults, with lengths of 100’s to 1000’s of metres, may be associated with earthquakes. The build-
up of stresses due to differential movement in the earth’s crust may be released along these deep-seated
faults, whereby large amounts of energy move through rock and soils in the form of pressure waves and shear
waves. These deep-seated, earthquake generating, faults are sometimes referred to as seismic faults.

TSUNAMIS

A tsunami (or surge wave) is a series of ocean waves of long wave lengths, which are created when a large
volume of water is suddenly displaced by a submarine earthquake, landslide or volcanic eruption (Figure 3). In
the open ocean, tsunami waves travel at high speeds (in excess of 800 km/h) with heights of, say, less than
0.05 m. As they approach the coast, the velocity decreases (to approximately 50 km/h) and the wave height
increases up to several metres or tens of metres. At the coastline, the force of a tsunami wave can cause loss
of life, damage to buildings and infrastructure, large scale erosion (scour) and flooding of low-lying areas.

> 7
Tsunami speed: Tsunami speed: Tsunami speed! o I
835 km/hr 340 km/hr S0 km/hr
Fa |
Sea level '
Wat th: Water depth: e S
§500 gg?ers 900 m(:;grs _ ol Water depth:
s 20 meters
/
|
/(Displacement

Figure 3: Tsunami generated by fault displacement offshore

SLOPE FAILURE

Slope failure occurs when downslope driving forces acting on seabed exceed resistance. In general, slope
failure results in the down-slope movement of a soil mass (see section titled Submarine Mass Movements).
Slopes may be unstable at any water depth.

Slopes may develop due to tectonics, high sedimentation rates or incision and erosion by seafloor currents and
flows.

Slope failure can be triggered by earthquakes, strong currents, storms (wave actions), tsunamis, volcanism and

human activity (Hampton et al., 1996; Mulder and Cochonat, 1996; Locat and Lee, 2005; Judd and Hovland,
2007; Rogers and Goodbred, 2010).
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Usually, a combination of two or more factors influence slope failure, e.g. presence of shallow gas and an
earthquake (Orange and Breen, 1992; Judd and Hovland, 2007). Slopes can be unstable due to low shear
strength and overpressured strata (e.g. shallow gas). Seabed may fail on slight slopes as little as 0.5° (Hampton
et al., 1996; Judd and Hovland, 2007).

SITE CHARACTERISATION

Failure scarps and oversteepened slopes are commonly associated with past slope failures. Past slope failures
may be reactivated if a trigger (e.g. pore pressure build-up, earthquake) is present. The seafloor morphology
resulting from a slope failure may be irregular and undulating (see section titled Irregular Seafloor Topography).

SUBMARINE MASS MOVEMENTS

A submarine mass movement is a displacement of seabed material driven directly by gravity or other body
forces, rather than stresses associated with fluid flow. The deposits of submarine mass movements are
commonly referred to as mass transport deposits, MTDs.

Submarine mass movements commonly follow from slope failures and include the following processes (Fig. 4)
(Lee et al., 2007):

—  Slides:
=  Translational slide
] Rotational slide

—  Mass flows:
] Debris flow
] Debris avalanche
= Mud flow
=  Liquefaction flow
= Turbidity current

Mass Movement
=
Slides Mass flows
— T T

s

Translational ~ Rotational Debris Mudflow Debris Liquefaction Turbidity
(slump) avalanche flow current

Figure 4. Submarine mass movement classification (after Lee et al., 2007)

Slides are movements of essentially rigid, undeformed masses along discrete failure/slip planes. If slip occurs
along a planar surface the slide is referred to as a translational slide. If slip occurs along a curved failure plane
and the rigid mass shows rotation, the slide is referred to as rotational.

If moving sediments take a form of viscous fluid, the feature is referred to as mass flow or gravity flow. Mass
flow deposits show considerable internal deformation with many invisible or short-lived internal slip surfaces.
Submarine slides can become mass flows as the failed material progressively disintegrates, gets entrained with
surrounding water and moves downslope.

Debris flows are mass flows in which sediments are heterogeneous and may include larger clasts supported by
a fine-grained soil matrix. Mud flows involve predominantly fine-grained (mud) sediments. Turbidity currents
involve downslope transport of a relatively dilute suspension of sediment grains that are supported by an
upward component of fluid turbulence. Turbidity currents often evolve from disintegration and dilution of debris
and mud flows. Liquefaction flows occur when loosely packed sandy sediments collapse under environmental
conditions (e.g. cyclic actions by waves or earthquakes; see section titled Soil Liquefaction. Debris avalanches
occur where slides collapse and disintegrate into smaller pieces. They move rapidly without following pre-
existing channels or valleys.

The potential impact of submarine mass movements on a structure depends upon the location or orientation of
the structure in relation to the movement direction (Figure 5).
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Figure 5: Potential impacts of submarine mass movements on platform foundation and pipeline

(modified after Thomas et al., 2009)

WIND, WAVES, CURRENTS AND TIDES

Periods of extreme weather conditions, such as (tropical) storms, monsoons, peak wind, waves and current
regimes, can cause lateral and cyclic actions on the seafloor and any seabed-supported structure. In addition,
adverse weather conditions may complicate structure installation activities.

Peak wave and (seafloor/bottom) current regimes can also cause changes in seafloor conditions due to scour
and burial (i.e. sediment remobilisation), winnowing of seafloor sediments (i.e. removal of fine/clay-size

materials) and development of irregular seafloor topography.

Tidal variation and atmospheric pressure fluctuations as a result of storms are known to change pore pressures

conditions in the seabed, potentially creating circumstances leading to soil failure and liquefaction.
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Estimation of environmental actions is relatively inaccurate. It normally involves statistical data for a specific
geographic region and various procedures for modelling the interaction of a structure and its environment.

SITE CHARACTERISATION

MAN-MADE HAZARDS

Human activities and anthropogenic (i.e. man-made/man-induced) features, debris or obstructions can have an
adverse effect on an offshore structure.

Seafloor features and objects have been left by human activities since the dawn of mankind. Ship wrecks can
form archaeological sites, war graves, enhance ecological diversity and may be restricted areas.

In addition, offshore energy activities, such as drilling, (jack-up) platform installation and decommissioning and
resulting footprints may alter seafloor topography and/or potentially alter seabed conditions (e.g. drill spoils, gas
charging as a result gas migration along exploration wells).

Commonly encountered man-made hazards include:

— Unexploded ordnance (UXO);

— Existing energy facilities (e.qg. fixed platforms, pipelines, manifolds, wellheads, power cables etc.);
— Telecommunication cables;

—  Ship wrecks;

— Fallen objects (e.g. shipping containers).

These hazards can complicate structure installation and design if not identified at an early stage.

Activities such as hydrocarbon extraction and deep salt mining can change site conditions, for example causing
regional subsidence of the seabed and/or trigger fault activity (Barton et al., 1987; Broughton et al., 1998;
Broughton et al., 1997, Gebara et al., 2000). Subsidence can range from millimetres to 10’s of metres. It
typically depends on reservoir size, mechanical properties of reservoir and overlying ground, reservoir depth,
production rate, pressure drawdown and duration.
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GEOTECHNICAL ANALYSIS

APPROACH

A geotechnical design situation or a re-assessment of an existing structure requires geotechnical analysis,
including evaluation of hazards and verification of relevant limit states. Geotechnical analysis follows design
philosophies included in standards and codes of practice, where available. All consider that the resistance (or
capacity) of a geotechnical system must be greater than the actions (demands or loads) on the system for an
acceptable or required level of safety or reliability (ISO, 2015).

The approach for geotechnical analysis typically includes these steps:

— selection of procedures and models for geotechnical analysis

— processing and integration of geotechnical information, e.g. by preparation of geotechnical logs, cross
sections, geographical information system GIS and/or 3D ground model

— site characterisation including hazard identification

— selection of geotechnical parameter values for calculation models

— application of calculation models and evaluation of results.

The approach for geotechnical analysis includes assumptions and premises. One premise is that the client’s
activities are state-of-the-practice in all areas, including planning, engineering, construction, operation and
maintenance of a geotechnical system or structure.

HAZARD EVALUATION

Hazards are situations or events with potential to cause damage (ISO 2000; 2013). Hazard evaluation typically
includes classification, estimation of probability of occurrence and measures for countering the hazard. Examples
of hazards are abnormal environmental events, accidental events, geohazards and man-made site hazards. Note
that event probability differs from risk, where risk is defined as the product of probability and consequence.

In many geotechnical situations, hazard evaluation will not be complete and exact. It will be necessary to draw on
so-called tacit expert knowledge. This means senior expertise, with access to geotechnical knowledge and
experience. Judgement and opinion are inevitable and a senior expert or a team of senior experts is more likely
to arrive at a correct understanding and an appropriate way forward. Judgement is qualitative and subjective.
Table 1 shows probability expressions intended for a context of approximate and subjective probability of the
occurrence of a hazardous event during a defined exposure period.

Table 1: Expressions for Approximate and Subjective Probability (adapted from Peuchen et al., 2015)

Short Verbal Descriptor Approximate Probability for
Descriptor Exposure Period
Negligible Unlikely, although the possibility cannot be ruled out 0to 0.01
completely
Low Not probable, although uncertain 0.01t0 0.1
High Credible, possibility can be described with reasonable 0.1to1l
confidence by known physical conditions or processes

Measures for countering a hazard include source elimination, avoidance, implementation of a barrier, minimising
consequences and design for the hazard.

LIMIT STATES

Limit states may be grouped into Ultimate Limit States (ULS, for example for structure stability), Serviceability
Limit States (SLS, for example for avoiding excessive settlement), Fatigue Limit States (FLS, for example for
structural integrity of a pile) and Accidental Limit States (ALS, for example for impact of an object). Verification of
a limit state usually involves one or more of the following approaches:

— calculation models

— prescriptive measures

— experimental models and load tests
— observational method.
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GEOTECHNICAL ANALYSIS

Features of a calculation model include:

— method of analysis typically including simplifications and modification of the results where necessary to
improve accuracy or to allow for uncertainty and systematic error

— actions, such as (a sequence of) imposed loads or imposed displacements

— geometrical data, such as the shape of a geotechnical structure, geometry of the ground surface, water levels
and ground strata

— values of geotechnical parameters of ground (soil, rock, pore fluid, pore gas) and other materials

— limiting values of, for example, deformations and vibrations

— partial factors or safety factors.

The common analytical models rely on semi-empirical and direct methods of analysis.

Prescriptive measures generally involve (1) conventional and conservative details in the design and
(2) attention to specification and control of materials, workmanship, protection and maintenance procedures. Their
use is often applicable where calculation models are not available or not necessary. Examples are prescriptive
measures for ensuring durability against chemical attack or frost action.

Experimental models and load tests can help to justify a design approach. Important considerations for evaluation
of the results include differences in ground conditions, time effects and scale effects.

Prediction of geotechnical behaviour is often difficult. The observational method allows carefully planned
monitoring during construction and includes planned contingency measures where necessary. Assessment of the
monitoring results takes place at appropriate stages.

DESIGN PHILOSOPHIES

Design philosophies typically incorporate geotechnical calculation models and corresponding (partial) factors.
These partial factors or safety factors may vary depending on the specific design scenario.

Design philosophies for the ULS may be grouped as follows:
1. Working Stress Design (WSD) or Allowable Stress Design (ASD).
2. Partial Factor Design (PFD) or Limit State Design (LSD).

a. Factored material properties.

b. Factored resistance.

The WSD method uses global safety factors applied to unfactored values (or ultimate values) of resistance.

The PFD methods the ULS use partial action factors and partial factors applied to resistance. The partial action
factors are applied to unfactored values of actions. This results in design values for actions. The factored material
properties and factored resistance methods differ by their calculation of resistance. The method for factored
material properties applies partial material factors to unfactored values of material properties such as undrained
shear strength of soil. The factored values are then used in the calculation model to obtain a design value for
resistance (factored resistance). The factored resistance method uses unfactored values of material properties in
the calculation model and then applies a partial resistance factor to obtain a design value for resistance. An
additional factor yq can be considered to account for model uncertainty or other uncertainties not covered by other
partial factors (1ISO, 2013).

API RP 2A-WSD Fixed Offshore Platforms (APIl, 2014) is an example of the WSD approach for the ULS.
Eurocode 7 Geotechnical Design (CEN, 2004; 2007), ISO Offshore Structures 1SO 19900 and 1SO 19901-4
(ISO 2013; 2016) and API RP 2GEO Geotechnical and Foundation Design Considerations (API, 2011) provide
design principles according to the PFD approaches.

Design philosophies for the ALS, SLS and FLS are similar to the ULS. Global safety factors and partial factors
will differ from the ULS.
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GEOTECHNICAL ANALYSIS

GEOTECHNICAL PARAMETER VALUES
DESIGN PROCESS

Assignment of geotechnical parameter values or soil property values is according to the following steps:

1. Site characterisation and stratigraphic schematisation.
2. Evaluation of derived values of geotechnical parameters.
3. Selection of values of geotechnical parameters and application in a calculation model.

The selection of values of geotechnical parameters takes place within the context of a calculation model and thus
includes consideration of limit states, actions, geometry, limiting values and partial factors or safety factors.
Divorcing the selection of geotechnical values from the actual use and evaluation of a calculation model can lead
to errors.

STRATIGRAPHIC SCHEMATISATION

General site characterisation is necessary before stratigraphic schematisation and before evaluation of the results
of specific tests and observations. Such site characterisation comprises a general assessment of the character
and basic constituents of the ground (soil and rock classification) and their possible change in time.

Typical parameters for soil classification include particle size distribution, water content, carbonate content,
Atterberg limits, unit weight, relative density and undrained shear strength. Typical parameters for rock
classification include mineralogy, water content, unit weight and uni-axial compressive strength.

The extent of stratigraphic schematisation depends on the nature of the actions, geometrical quantities of the
structure that interacts with the ground, volume of ground that represents the domain of influence with respect to
the limit state, spatial ground variability, simplification of ground conditions, e.g. undrained versus drained
foundation response.

Two competing factors apply to spatial ground variability: (1) the spatial averaging of properties over a potential
failure surface, which reduces the coefficient of variation of property values (i.e. with respect to that for the location
under consideration) and (2) the tendency for a failure surface to follow the path of least resistance.

Stratigraphic schematisation can include evaluation of:

— basic parameters such as undrained shear strength and relative density;
— geological and hydro-geological setting;

— results of a geophysical survey;

— hazards such as potential instability of the ground;

— water levels;

— ground and ground water, with respect to structure durability.

DERIVED VALUES OF GEOTECHNICAL PARAMETERS

A derived value of a geotechnical parameter or coefficient is obtained from test results by theory, correlation or
empiricism. Borehole geophysical logging, in situ testing, laboratory test measurements and other relevant data
provide a basis for obtaining derived values of geotechnical parameters.

Laboratory test standards often specify procedures for obtaining derived values, particularly where it is possible
to obtain a derived value by means of a conversion model or theory. Such derived values are thus part of the
laboratory test report. An example is the unconsolidated undrained triaxial compression test. Normalised load and
displacement data are the basic measured values. The measured values and the use of theory allow the
calculation of a derived value of undrained shear strength by consideration of principal stress conditions and a
theoretical deformation model.

Standards for in situ tests usually require reporting of (normalised) measured values only. Examples of measured
values are cone resistance and sleeve friction for a cone penetration test (CPT). Measured values can serve as
input for some calculation models that rely on empirical relationships. An example is the use of CPT cone
resistance for the calculation of axial pile resistance. A more common approach is to obtain derived values of
geotechnical parameters from in situ tests on the basis of empiricism or (simplified) theory or a combination
thereof. Evaluation of derived values of geotechnical parameters will usually comprise undrained shear strength
and relative density according to one or more interpretation methods, where appropriate.
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Many empirical correlations and theoretical interpretation models are available for obtaining specific derived
values of geotechnical parameters from the results of laboratory and in situ tests. Evaluation of various sets of
derived values by engineering judgement or statistical methods can be considered, whereby one method is
selected as reference.

GEOTECHNICAL ANALYSIS

Measured values and derived values may be represented by low estimate, best estimate and high estimate
values. The use of statistical methods can help to identify outliers and can support selection of best, low and high
estimates. In statistical terms, a best estimate value aims to represent a mean value of a geotechnical parameter
for a ground unit, stratum or multiple soil layers. Low and high estimates aim for the quantile associated with the
5 % fractile. Comments are as follows:

— Low, best and high estimates usually consider a reference method or procedure, if values from multiple
methods or procedures are combined. This is because a test result or a derived value can depend on the
method(s) selected to obtain the parameter value. For example, a value of undrained shear strength derived
from a triaxial test can depend on the sampling method, sample handling practice, laboratory test procedure
and whether undrained shear strength is derived from maximum deviator stress or maximum principal stress
ratio.

— Low, best and high estimates can include judgement and opinion, particularly for a limited quantity or absence
of test results and derived values. This implies that outliers may be ignored and that a bias may be introduced
relative to the available data. Judgement and opinion consider physically credible values, comparison of data
with results from other tests and a priori knowledge such as geological setting and comparable experience.

— A wide spread of data can indicate spatial variability of soil. This means that averaging of test results and
derived values can obscure a weaker or stronger zone.

— A calculation model usually requires specific schematisation of soil stratigraphy and model-specific selection
of parameter values. This is not covered by low, best and high estimates.

REPRESENTATIVE VALUES OF GEOTECHNICAL PARAMETERS

Industry uses multiple terms for unfactored values of geotechnical parameters that are applied in a calculation
model, for example:

— CEN (2004) considers “characteristic value”, representing a cautious estimate for the value affecting the
occurrence of a limit state;

— DNV GL (2017a and 2017b) consider “characteristic value”, generally a low value with a prescribed probability
of being favourably exceeded; sub-groups are “best estimate”, “lower bound” and “upper bound”;

— ISO (2013) considers “representative value” for a parameter used in a calculation model, with sub-groups
“characteristic value” and “nominal value”; nominal value is defined as a value assigned to a basic variable
determined on a non-statistical basis, typically from acquired experience or physical conditions;

— IS0 (2015) considers “characteristic value” and “nominal value, with emphasis on characteristic value defined
as “value specified preferably on statistical bases, so it can be considered to have a prescribed probability of
not being exceeded”. A footnote to the definition of characteristic value refers to a nominal value that may be
specified in cases where a statistical distribution is not known.

The text below uses terms according to 1ISO (2013).

The selection of a representative value takes account of probable differences between derived values of
geotechnical parameters and the geotechnical parameters that actually affect the behaviour of a geotechnical
structure. Reasons for differences can include inhomogeneity of the ground, extent of the zone governing a
particular limit state, uncertainties in geometrical data and analytical model, time effects, brittle or ductile response
of the ground, influence of construction activities.

Representative values can be lower values, which are less than the most probable value, or upper values, which
are greater. Each calculation requires the most unfavourable combination of lower and/or upper values for
independent geotechnical parameters. Appropriate judgement should be applied for selection of representative
values of parameters that are interdependent.

FNLM/GEO/APP/052 Page 4 of 7





ISSUE 20

© Fugro 1996-2019

—l-'uanu

Representative values for geotechnical parameters are, in most cases, nominal values based on estimates of a
statistical distribution for the geotechnical parameter required for a particular calculation model. These estimates
are mainly based on a small amount of derived values and general experience.

GEOTECHNICAL ANALYSIS

Uncertainty modelling such as described in DNV GL (2017a) will typically require quantification of the epistemic
uncertainties of derived values. Such quantification is challenging as it will require large data sets within a 3D
context and judgement on selection of adjustment factors.

Hicks (2013) and Baecher and Christian (2003) illustrate that statistical methods for selection of a representative
value can be feasible in some situations. Usually, such methods should allow for incorporation of a-priori
knowledge of comparable experience with geotechnical parameters, for example by Bayesian methods, as
necessary. Selection of a statistical representative value is typically such that the calculated probability of a worse
value governing the occurrence of a limit state is not greater than 5 %. Variance reduction methods may be applied
where appropriate.

In principle, spatial ground variability affects:

— The mean (Xm), standard deviation (SD) and probability density function (pdf) of the ground property for the
location under consideration, including any depth trend.

— The scale of fluctuation (8) of the ground property, which is the distance over which the property values are
significantly correlated; the scale of fluctuation in the (near) horizontal plane is often much larger than in the
vertical direction, i.e. 8nh >> 6y, for example due to the process of deposition.

— The limit state under consideration, particularly relating to the geometrical quantities of the structure that
interacts with the ground, the nature of the applied actions and the volume of ground that represents the
domain of influence with respect to the limit state.

The pdf required for the representative value(s) should take account of the spatial variability of
ground property values and the limit state under consideration, and thus may differ considerably from the
underlying pdf for the location under consideration (Figure 1). If the domain of influence is represented by the
dimension D, the representative value will be a function of the ratio 6/D and will generally lie within the following
limits:

— For relatively large values of 6/D, there may be considerable uncertainty regarding the property value
governing the structure response. Specifically, although the occurrence of the limit state will generally be
governed by the “local” mean, there will be uncertainty about what that mean actually is. The representative
value may then be represented by the 5 percentile of the underlying pdf (Figure 1a);

— For intermediate values of 6/D, the representative value may be estimated from a pdf with a reduced variance
to account for averaging of properties. However, account should also be taken of any apparent reduction in
the property mean due to the tendency for failure to follow the path of least resistance (Figure 1b);

— For small values of 8/D, there is considerable averaging of property values over potential failure surfaces and
the response of the structure may be reasonably represented by a cautious estimate of the mean over the
failure surface. For the assumption of a normal distribution of X, this is equivalent to a cautious estimate of
Xm, the mean of the underlying distribution (Figure 1c).
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Figure 1: Estimation of representative value and pdf (after Hicks, 2013): (a) Xk based on underlying pdf
(for large 8/D); (b) X« based on modified pdf (for intermediate 8/D); (c) X« based on modified pdf (for small
6/D)
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POSITIONING SURVEY AND DEPTH MEASUREMENT

INTRODUCTION

This document describes survey of horizontal and elevation/depth reference points for geotechnical and/or
environmental data acquisition in a marine environment.

National and international standards for geotechnical and/or environmental data acquisition (as ASTM, BSI, CEN
and ISO) require such surveys, but do not describe procedural details. This document summarises common
practice.

PROCEDURE

The procedure for positioning survey and depth measurement depends on the agreed project specifications. For

example, water level correction and subsurface positioning may not be part of the activities agreed upon. Some

or all of the following steps can apply:

— definition of the type of survey and the target location;

— set-up and initial checks of the survey system and depth measurement system;

— surface positioning survey of the reference point, i.e. the determination of grid coordinates;

— subsurface positioning survey, i.e. adjustment of the surface positioning results for underwater offset;

— measurement of the water depth;

— calculation of elevation of seafloor or a data point for the seabed relative to a vertical datum, e.g. water level
correction.

This document uses the terms seafloor and seabed. Seafloor is the underwater ground surface, i.e. the plane
separating water and ground (soil, rock, made ground). The seabed is the ground below seafloor.

SURVEY CLASSIFICATIONS

Positioning surveys require specific systems and procedures, such as those summarised below for marine
applications. The International Hydrographic Organization (IHO, 2008) defines four orders of hydrographic
survey (Table 1). The term “depth” refers here to water depth, i.e. the vertical distance between water level and
seafloor. Water level can be expressed with reference to, for example, Lowest Astronomical Tide LAT as vertical
datum. Note that a water level such as LAT depends on the calculation model used for determining the vertical
datum.

Table 1: Summary of IHO Classification

IHO Order

Special

la

1b

2

Description of Areas

Areas where under-
keel clearance is
critical

Areas shallower than

100 m where underkeel
clearance is less critical
but features of concern to
surface shipping may
exist

Areas shallower than
100 m where under-keel
clearance is not
considered to be an
issue for the type of
surface shipping
expected to transit the
area

Areas generally
deeper than 100 m
where a general
description of the
seafloor is considered
adequate

Maximum Allowable
Total Horizontal
Uncertainty 95 %
Confidence Level

2m

5m + 5 % of depth

5m + 5 % of depth

20 m + 10 % of depth

Maximum Allowable
Total Vertical
Uncertainty 95 %
Confidence Level

a=0.25m
b =0.0075

a=05m
b=0.013

a=05m
b =0.013

a=10m
b =0.023

Full Seafloor Search

Required

Required

Not required

Not required

Feature Detection

Cubic features > 1 m

Cubic features >2 min
depths up to 40 m; 10 %
of depth beyond 40 m

Not applicable

Not applicable

Recommended Not defined as full Not defined as full 3 x average depth or 4 x average depth
Maximum Line seafloor search is seafloor search is 25 m, whichever is

Spacing required required greater
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Note: The use of coefficients a and b is as follows:

+y[a +(b*d)’]

where:

a represents that portion of the uncertainty that does not vary with water depth

b is a coefficient which represents that portion of the uncertainty that varies with water depth
d is the water depth

b*d represents that portion of the uncertainty that varies with water depth.

Figure 1 illustrates the effect of coefficients a and b.
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Figure 1: IHO water depth uncertainty
IHO Survey Classification - Offshore Practice Examples

The IHO Special Order Survey is exceptional in geotechnical and/or environmental data acquisition. A Special
Order system set-up may be comprised of: RTK DGPS; a multibeam echosounder; a motion compensator, and
a conductivity temperature depth (CTD) probe. Subsurface positioning is uncommon in limited water depths.

An IHO Order 1a and 1b survey system set-up may include: high-accuracy DGPS; long baseline (LBL)
subsurface positioning; a CTD probe with Digiquartz pressure sensor; a barometer; and a tide gauge.

IHO Order 2 surveys are common in geotechnical and/or environmental data acquisition. Such system set-ups
could include: DGPS; ultra short baseline (USBL) subsurface positioning (IMCA, 2017); CTD probe; single beam
echosounder or direct sounding by drill pipe; a motion compensator; and predicted tide correction.

These are examples of the simplest set-ups. Independent measurements are often made using a redundant

system (IOGP, 2011). For example, surface position may be determined by two independent DGPS systems or
direct sounding by drill pipe and echo sounding.
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POSITIONING SURVEY AND DEPTH MEASUREMENT

Comments on Uncertainty Budget

IHO Order and offshore system set-ups involve relatively complex uncertainty budgets (uncertainty estimates).
IHO considers total propagated uncertainties for the reference point on the seafloor. For example, horizontal
positioning must not only consider the uncertainty of a DGPS antenna position, but also uncertainty in offset
between antenna and actual position of a tool on the seafloor.

Horizontal positioning:

— DGPS - antenna position uncertainty typically in the order of 1 to 2 metres.

— High accuracy DGPS - antenna position uncertainty typically in the order of 0.2 m.
— RTK DGPS — antenna position uncertainty typically in the order of centimetres.

— Gyro compass — uncertainty typically in the order of 0.5° to 1°.

DGPS uncertainty contributions include the geodetic network, vessel dynamics and antenna offset. Continuous
logging on location allows some quantification of position uncertainty.

Subsurface positioning:

— LBL system: receiver position uncertainty typically in the order of 1 metre.
— USBL system: uncertainty of typically 0.5 m plus 1 % of distance between transducer and transceiver.
Uncertainty contributions include timing, ray bending, sound absorption, noise and offset.

Water depth measurement:

— Direct sounding by drill pipe: uncertainty of typically about 1 m plus 0.5 % of measured mean water depth.

— Echosounder: uncertainty of typically about 0.3 m plus 1 % of measured mean water depth.

— Digiquartz probe: probe position uncertainty of typically about 0.2 m plus 0.1 % of measured mean water
depth.

— Motion compensator: heave measurements have a typical uncertainty of 0.05 m, and roll and pitch an
uncertainty of about 0.1°, relative to the mounting of the unit itself.

The pressure sensor estimates are corrected for atmospheric pressure. The echosounder estimate typically
incorporates CTD sound velocity checks, motion compensation, and transducer draught, including vessel squat
correction. Vessel squat is a vertical displacement of the hull as a vessel moves, and is determined by water
depth and the vessel shape and size. The direct sounding estimate includes uncertainties related to tape
measurement, heave, drill pipe length variation due to self-weight and temperature change, drill pipe bending
and offset from vertical axis.

Tide correction:

— Predicted tides: correction uncertainty typically in the order of 0.2 m to 1 m, depending on tidal range and
meteorological circumstances.

— High accuracy DGPS: antenna position uncertainty typically in the order of 0.1 m.

— Tide gauge: correction uncertainty typically in the order of 0.1 m.

— RTK DGPS: antenna position uncertainty typically in the order of 0.1 m.

Uncertainty budgets can be project-specific. Soft soils, for example, can introduce uncertainty in underwater
vertical position of measurement. A water pressure measurement tool mounted on an underwater frame may
sink into the soil, thus affecting the measurement. Insufficient acoustic contrast between water and soft soil may
affect echosounder water depth measurements.

An irregular or sloping seafloor may affect echosounder measurements. An echosounder determines the earliest
arrival of acoustic waves within the beam area. The highest points within the beam are assumed to correlate with
the seafloor position, and thus yield the "water depth".

DEPTH BELOW SEAFLOOR

This section describes estimation of depth below seafloor of a data point or measurement point acquired by
borehole logging, in situ testing, and physical sampling and laboratory testing.

ISO (2014) provides depth accuracy classes, as shown in Table 2. Class Z4 applies as default, except for

samplers with no fixed seafloor reference, where Z5 applies as default. Note that 1ISO (2014) uses accuracy
class and application class interchangeably. A definition is given for application class and not for accuracy class.
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Application classes are defined in terms of “classification of equipment based on achievable level of accuracy”.
This is interpreted to mean achievable under favourable conditions.

POSITIONING SURVEY AND DEPTH MEASUREMENT

Table 2: Depth Accuracy Classes for Data Point Measurements Relative to Seafloor

Depth Accuracy Class Maximum Data Point Depth Uncertainty
[m]
Z1 0.1
Z2 0.5
Z3 1.0
Z4 2.0
Z5 >2.0

ISO (2014) includes guidance on factors to consider for data point depth uncertainty. One of the factors is the
position of a sample or test specimen within a sampler.

Peuchen et al. (2005) present the following expression for depth uncertainty assessment for in situ testing,
i.e. excluding considerations for sampling and laboratory testing:

Az = i\/[a2+(b*d)2+(C*Z)2]

where:

a constant depth uncertainty, i.e. the sum of all uncertainties that do not vary with depth below seafloor in
metres

b uncertainty dependent on water depth, i.e. the sum of all uncertainties that are water depth dependent

c uncertainty dependent on data point depth below seafloor, i.e. the sum of all uncertainties that are data
point depth dependent

d water depth in metres

Z data point depth in metres below to seafloor

Az  data point depth uncertainty in metres (95 % confidence level)
Tables 3 to 5 present coefficients and accompanying premises.

Table 3: Coefficients for Data Point Uncertainty Assessment — In Situ Testing

Deployment System Data Point Depth Uncertainty Az

A b c
Vessel drilling — favourable 0.4m 0.003 0.003
Vessel drilling — adverse 1.0m 0.005 0.004
Non-drilling — favourable 0.2m 0 0.01
Non-drilling — adverse 0.8 m 0 0.02
Note: resolution estimated at 50 % of uncertainty

Table 4: Premise to Estimated Data Point Depth Uncertainty — In Situ Testing and
Vessel Drilling Deployment

Characteristics Marine Setting
Favourable Adverse
Vessel - horizontal position Variation within 5 m of target Variation within 5 m of target
Vessel heave 1 m at “hook” point 3 m at “hook” point
Tidal variation 1.5 m, with correction for tidal 3 m, with correction for tidal variation by pressure
variation by pressure sensor sensor mounted on seabed frame
mounted on seabed frame
Seafloor Firm and level Very soft seabed soils or very rugged seafloor
Drill pipe checkpoint Touchdown on seabed frame at Touchdown on seabed frame at borehole start
borehole start
Drill pipe bending None Minor
Borehole orientation Vertical Inclined at average 2° from vertical from sea
level to test depth z
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Table 5: Premise to Estimated Data Point Depth Uncertainty — In Situ Testing and
Non-Drilling Deployment

Characteristics Marine Setting
Favourable Adverse
Vessel - horizontal position Variation within 5 m of target Variation within 5 m of target
Vessel heave 1 m at “hook” point 3 m at “hook” point
Tidal variation 15m 3m
Seafloor Firm and level Very soft seabed soils or very rugged seafloor
Orientation of Penetration Vertical at start, with correction for Inclined at average 5° from vertical from seafloor
measured inclination to test depth z

Definition of seafloor is difficult for extremely soft ground. Reaction equipment may penetrate unnoticed into a
near-fluid zone of the seabed. Settlement may also continue during testing (Bouwmeester et al., 2009).

Seabed frame settlement is likely to be governed by the following factors:

(1) Descent velocity and penetration into seabed, including possible erosion (scouring) caused by seabed
frame descent and resulting water overpressures.

(2)  Non-centric loading during touchdown and testing.

(3) Variable on-bottom weight of reaction equipment, because of drilling, sampling and testing activities and
because of tensioning and hysteresis forces in a heave compensation system.

(4) Consolidation of seabed sediments.
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ABBREVIATIONS

| - GENERAL

1D
2D
3D
API
ASTM
BSI
cov
FEED
GIS
ISO
SD

Il - GEODETICS

BGL
BSF
CD
CM
DGPS
ED
ETRS
GNSS
GPS
GRS
LAT
MSL
™
uTtC
UTM
WGS

one-dimensional

two-dimensional

three-dimensional

American Petroleum Institute

American Society for Testing and Materials
British Standards Institution

coefficient of variation

front-end engineering design

geographical information system
International Organization for Standardization
standard deviation

below ground level

below seafloor

chart datum

central meridian

Differential Global Positioning System
European Datum

European terrestrial reference system
Global Navigation Satellite System
Global Positioning System

Geodetic Reference System

Lowest Astronomical Tide

Mean Sea Level

Transverse Mercator

Coordinated Universal Time
Universal Transverse Mercator

World Geodetic System

Il - SITE INVESTIGATION

AUV
BC
BH
BGL
BPT
CPT
CPTU
CTD
FFP
FLPC
GC
GS
HRS
LDPC
LGPC
MAG
MBES
MBPT
MCS
MTPT
MV
PC
PPDT
RC
ROV
SBES
SBF

FNLM/GEO/APP/080

autonomous underwater vehicle
box core(r)

borehole

borehole geophysical logging
ball penetration test

cone penetration test
piezocone penetration test (or PCPT)
conductivity temperature depth
free-fall penetration test

Fugro large piston core(r)
gravity core(r)

grab sample(r)

high resolution seismic reflection
large diameter piston core(r)
large gravity piston core(r)
magnetometer

multibeam echo sounder
miniature ball penetration test
multichannel seismic reflection
miniature T-bar penetration test
motor vessel

piston core(r)

pore pressure dissipation test
rotary core(r)

remotely operated vehicle
single beam echosounder
seabed frame
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ABBREVIATIONS

SBP
STACOR®
SCPT
SCS
SIR
SSS
SV
SVP
TPT
TWTT
UHRS
VvC
VST
WISON
WIP

sub-bottom profiler, seismic reflection
stationary piston gravity core(r)
seismic cone penetration test

single channel seismic reflection
strong impedance reflector

sidescan sonar

sailing vessel

sound velocity profiler

T-bar penetration test

two-way travel time, seismic reflection
ultra high resolution seismic reflection
vibrocore(r)

vane shear test

wireline sounding tool

wireline push sampler

IV — SITE CHARACTERISATION

BP
Fm
LGM
Mb
MDAC
MTD
UXo

before present

geological formation

last glacial maximum

geological formation member
methane-derived authigenic carbonate
mass transport deposit

unexploded ordnance

V — GEOTECHNICAL ANALYSIS

ALS
ASD
FLS
LSD
PFD
SLS
ULS
WSD

FNLM/GEO/APP/080

accidental limit state
allowable stress design
fatigue limit state

limit state design
partial factor design
serviceability limit state
ultimate limit state
working stress design
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SYMBOLS AND UNITS

Symbol
| - GENERAL

SOADON<~"~3 - JTeawsg<COWr >

log

II - STRESS AND STRAIN

Unit

Pa kPa
u MPa
Uo MPa
Us MPa
Au MPa
c kPa
c kPa
T kPa
Tpeak kPa
01,02,03 kPa
Gh kPa
Ach kPa
Ov kPa
Aoy kPa
Gho kPa
c’ho kPa
Gvo kPa
G'vo kPa
c’h kPa
Gy kPa
c'r kPa
C'a kPa
lu -

p’ kPa
q kPa
Qref kPa
s’ kPa
t kPa
€ -
€1,€2,€3 -

&v -

Evol -
FNLM/GEO/APP/017

Quantity

Area

Length

Width

Diameter

Uncertainty of parameter value
Volume

Weight

Acceleration

Depth

Acceleration due to gravity (g = 9.81 m/s?)
Height or thickness

Inclination

Mass

Time

Time, mean Julian year

Velocity

Penetration or depth below reference level (usually ground surface)
Density

Mathematical constant (= 3.14159)
Base of natural logarithm (= 2.71828)
Natural logarithm

Logarithm base 10

Atmospheric pressure

Pore pressure

Hydrostatic pore pressure relative to seafloor or phreatic surface
Pore pressure at failure

Change in pore pressure

Total stress

Effective stress

Shear stress

Peak shear stress

Principal stresses

Total horizontal stress

Change in total horizontal stress

Total vertical stress

Change in total vertical stress

Total in situ horizontal stress relative to ground surface or phreatic surface
Effective in situ horizontal stress

Total in situ vertical stress relative to ground surface or phreatic surface
Effective in situ vertical stress (or p’o

Effective horizontal stress

Effective vertical stress

Effective radial stress

Effective axial stress

Pore pressure ratio [= u/cvo]

Mean effective stress [= (c'1+ o2+ ¢'3)/3]

Principal deviator stress [= 6’1~ ¢’3] Or [= 61- 63]
Reference principal deviator stress

Mean effective stress in s’-t space [= (6’1 + ¢'3)/2]
Shear stress in s’-t space [= (¢'1- 6"3)/2] or [= (o1- 63)/2]
Linear strain

Principal strains

Vertical strain (or volumetric strain)

Volumetric strain
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SYMBOLS AND UNITS

Symbol Unit Quantity

Y - Shear strain

Ye - Shear strain at maximum shear stress

v - Poisson's ratio

Vu - Poisson's ratio for undrained stress change

Vd - Poisson's ratio for drained stress change

E MPa Modulus of linear deformation (Young's modulus)

Emax MPa Modulus of linear deformation at small strain

Eu MPa Modulus of linear deformation (Young's modulus for undrained stress change)
Eq MPa Modulus of linear deformation (Young's modulus for drained stress change)
G MPa Modulus of shear deformation (shear modulus)

Gmax MPa Shear modulus at small strain

Ir - Rigidity index [= G/tmax or G/su]

K MPa Modulus of compressibility (bulk modulus)

M MPa Constrained modulus [= 1/my]

Mmax MPa Constrained modulus at small strain

n - Coefficient of friction

n kPa.s Coefficient of viscosity

Il - PHYSICAL CHARACTERISTICS OF GROUND

(a) Density and Unit Weights

Y kN/m3 Unit weight of ground (or bulk unit weight or total unit weight)

Yd kN/m3 Unit weight of dry ground

Ys kN/m3 Unit weight of solid particles

Yw kN/m3 Unit weight of water

Ypf kN/m3 Unit weight of pore fluid

Ydmin kN/m3 Minimum index (dry) unit weight

Ydmax kN/m3 Maximum index (dry) unit weight

Y Or ysub kN/m3 Unit weight of submerged ground

p Mg/m?3 [=t/m3] Density of ground

Pd Mg/m3 [= Ym3]  Density of dry ground

Ps Mg/m3 [=t/m3]  Density of solid particles (or Gs)

pw Mg/m? [= Ym3]  Density of water

Dr -, % Relative density [: ID = Ydmax (’Yd'Ydmin)/Yd(Ydmax-"{dmin) = (emaX'e)/(emaX'emin)]
\ - Specific volume [= 1+€]

e - Void ratio

€o - Initial void ratio

€50 - Void ratio at ¢'vo (0r eo)

€max - Maximum index void ratio

€min - Minimum index void ratio

Gs - Specific gravity of solid particles

Io -, % Density index [= D]

Rob -, % Dry density ratio [= ya/ydmax]

n - % Porosity

w % Water content

Sr % Degree of saturation

r -, g/kg Salinity of pore fluid [= ratio of mass of salt to mass of pore fluid]
R gl Salinity of fluid [= ratio of mass of salt to volume of distilled water]
S g/l Salinity of fluid [= ratio of mass of salt to volume of fluid]

S a/kg Salinity of seawater [= ratio of mass of salt to mass of seawater]

(b) Consistency

WL % Liquid limit

wp % Plastic limit

lp % Plasticity index [= wt - wp]

I % Liquidity index [= (w - wp)/(wL - wp)]
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SYMBOLS AND UNITS

Symbol

Ic
A

Unit

-, %

(c) Particle Size

D
Dn

Cu
Cc

(d) Acoustic Properties

Svh
Shh
Shv
Vp
Vs

Vsi1
Vvh

(e) Hydraulic Properties

k
kv
Kn
i

mm
mm

m/s
m/s
m/s
m/s

m/s
m/s
m/s

—l'-llGRD

Quantity

Consistency index [= (wL - w)/(wL - wp)]
Activity [= ratio of plasticity index to percentage by weight of clay-size particles]

Particle diameter

Particle diameter, where n% of the dry mass of ground has a smaller particle
diameter

Uniformity coefficient [= Deo/D10]

Curvature coefficient [= (D30)2/D10Dso]

S-wave propagating in the vertical direction with particle motion in the horizontal
direction

S-wave propagating in the horizontal direction with particle motion in the
horizontal direction

S-wave propagating in the horizontal direction with particle motion in the vertical
direction

P-wave velocity (compression wave velocity)

S-wave velocity (shear wave velocity)

S-wave velocity normalised to 100 kPa in situ vertical stress

S-wave velocity, vertically (v) propagated, horizontally (h) polarised

Coefficient of permeability
Coefficient of vertical permeability
Coefficient of horizontal permeability
Hydraulic gradient

(f) Thermal and Electrical Properties

(g) Magnetic Properties

B

(h) Radioactive Properties

Y

K, °C
W/(m-K)

1/°C
m2/s
Q.m
S/m

T

CPS

Temperature

Thermal conductivity

Thermal expansion coefficient (linear)
Thermal diffusion coefficient
Electrical resistivity

Electrical conductivity

Magnetic flux density (or magnetic induction)

Natural gamma ray

IV - MECHANICAL CHARACTERISTICS OF GROUND

(a) Cone Penetration Test (CPT)

Qc MPa
Qc1 MPa
fs MPa
fi MPa
Rt %
Rit %
ui MPa
FNLM/GEO/APP/017

Cone resistance

Cone resistance normalised to 100 kPa effective in situ vertical stress

Sleeve friction

Sleeve friction corrected for pore pressures acting on the end areas of the
friction sleeve

Ratio of sleeve friction to cone resistance

Ratio of sleeve friction to corrected cone resistance (fs/qt or f/qr)

Pore pressure at the face of the cone
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SYMBOLS AND UNITS

Symbol
uz

uz*
us

K
On
gt
Bq
Q¢
Qtn
Fr
Nc
Nkt
lc
IseT

Unit
MPa

MPa
MPa

MPa
MPa

—l'-llGRD

Quantity

Pore pressure at the cylindrical extension above the base of the cone or in the
gap between the friction sleeve and the cone

Pore pressure uz, but derived rather than measured

Pore pressure immediately above the friction sleeve or in the gap above the
friction sleeve

Adjustment factor for ratio of pore pressure at u: to uz location

Net cone resistance

Corrected cone resistance (or total cone resistance)

Pore pressure ratio

Normalized cone resistance [= gn/c’vo]

Normalized cone resistance with variable stress exponent

Normalized friction ratio [= f/qn]

Cone factor between qc and su

Cone factor between gn and su (or Nk)

Soil behaviour type index (for Qm and Fr)

Soil behaviour type index (for gc and Ry)

(b) Standard Penetration Test (SPT)

N
Nso
N1,60

Blows/0.3 m
Blows/0.3 m
Blows/0.3 m

SPT blow count

SPT blow count normalised to 60 % energy

SPT blow count normalised to 60 % energy and to 100 kPa effective in situ
vertical stress

(c) Strength and Stiffness of Soil — Static

Su

Suc
Subp
SuE
Su;ref
su/c'vo

Su;ar

kPa
kPa
kPa
kPa
kPa
kPa/m
kPa
°(deg)
°(deg)
%

%
MPa
kPa
kPa
kPa

Undrained shear strength (or cu)

Undrained shear strength in laboratory triaxial compression (or cuc)
Undrained shear strength in laboratory direct simple shear (or cup)
Undrained shear strength in laboratory triaxial extension (or cue)
Reference undrained shear strength

Undrained strength ratio

Rate of increase of undrained shear strength with depth (linear)
Effective cohesion intercept

Effective angle of internal friction (or ¢’)

Effective angle of internal friction at large strain (or ¢’cv)

External axial strain at half the maximum deviator stress (or &c)
External axial strain at the maximum deviator stress

Secant Young's modulus at half the maximum deviator stress
Undrained shear strength of remoulded soil

Undrained shear strength of aged remoulded soil

Undrained residual shear strength

Sensitivity [= Su/Su;r OF Su/SR]

Thixotropy strength ratio [Tx(t) = suar(t)/su;]

Gradient of critical state line when projected onto a constant volume plane
Pore pressure coefficient for anisotropic pressure increment

Pore pressure coefficient for isotropic pressure increment

(d) Strength and Stiffness of Soil — Cyclic and Dynamic

N -

Nt -
Neq -

10 kPa
Tav kPa
Tey kPa
Tmax kPa
Tmin kPa
FNLM/GEO/APP/017

Number of cycles (or cycle number)

Number of cycles to soil failure or final number of cycles
Equivalent number of cycles

Initial shear stress

Average shear stress or constant shear stress (or ta)
Cyclic shear stress amplitude [= (tmax - Tmin)/2]
Maximum shear stress

Minimum shear stress
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SYMBOLS AND UNITS

Symbol Unit Quantity

Yav % Average shear strain (Or ya) [= (ymax + ymin)/2]

Yoy % Cyclic shear strain amplitude [= (ymax - Ymin)/2]

Ymax % Maximum shear strain

Ymin % Minimum shear strain

Yp % Permanent shear strain

C'ac kPa Effective axial consolidation stress

G'rc kPa Effective radial consolidation stress

G ref kPa Reference effective stress

Ocy kPa Cyclic deviator stress amplitude [= (Qmax - Qmin)/2]

Omax kPa Maximum deviator stress

(min kPa Minimum deviator stress

Qav kPa Average deviator stress [= (gmax + (min)/2]

€cy % Cyclic axial strain (or cyclic vertical strain) amplitude [= (€max - €min)/2]
Emax % Maximum axial strain (or maximum vertical strain)

€min % Minimum axial strain (or minimum vertical strain)

€av % Average axial strain (or average vertical strain) [= (emax + €min)/2]
€a % External axial strain at N (or external vertical strain at Ny)

Eext MPa Young’s modulus derived from loop stiffness and external axial strain
Eloc MPa Young’s modulus derived from loop stiffness and local axial strain
Ua kPa Average pore pressure

Ucy kPa Cyclic pore pressure amplitude [= (Umax - Umin)/2]

Umax kPa Maximum pore pressure

Umin kPa Minimum pore pressure

Up kPa Permanent pore pressure

A -, % Damping ratio of ground (or D)

Next % Damping ratio derived from external axial strain

Moc % Damping ratio derived from local axial strain

(e) Strength of Rock

Cc MPa Uni-axial compressive strength
Is(z0) MPa Point load strength index
NPR N/mm Needle point resistance

(f) Consolidation (One Dimensional)

G'he kPa Effective horizontal consolidation stress

G've kPa Effective vertical consolidation stress

c'p kPa Effective preconsolidation stress (or effective vertical yield stress in situ)
G*ve kPa Effective vertical stress on ICL at eo

c'vy kPa Effective vertical yield stress in situ (or effective preconsolidation stress)
Ce - Compression index

C*c - Intrinsic compression index [= €*100 - €*1000]

Cs - Swelling index (or re-compression)

CR - Primary compression ratio [= Cc/(1+€0)]

RR - Recompression ratio [= Cs/(1+eo)]

eL - Void ratio at liquid limit wi

€*100 - Void ratio at ¢’v = 100 kPa during one-dimensional intrinsic compression
€*1000 - Void ratio at ’v = 1000 kPa during one-dimensional intrinsic compression
Cu - Coefficient of secondary compression (primary compression)

Cos - Coefficient of secondary compression (swelling/re-compression)

Cv m?3/s Coefficient of consolidation

H m Drainage path length

ICL - Intrinsic compression line (Burland, 1990)

Iv - Void index [= (eo - €*100)/C*(]

my m?/MN Coefficient of volume compressibility

M MPa Constrained modulus [= 1/my]

p kPa Vertical pressure

OCR - Overconsolidation ratio [= o’p/c’vo] (Or yield stress ratio)
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SYMBOLS AND UNITS

Symbol Unit
SCC -
SCL -
So -
YSR -

V - GEOTECHNICAL DESIGN

(a) Partial Factors

Yd -
Tt -
Ym -
TR -

(b) Seismicity

ag m/s?
dg m

a ;

Tc kPa

(c) Compaction

Pdmax Mg/m3 [= t/m3]
Pmax Mg/m3 [: t/m3]
Wopt %

(d) Earth Pressure

5 °(deg)
K -
Ka -
Kac -
Kp -
KpC =
Ko -
Kone =
KOoc -

(e) Foundations

A m?2

A m?2

B’ m

Es MN/m3
k MPa/m
L m

H MN

Vv MN

M MN.m
T MN.m
Q MN

Qp MN

Qs MN

dp MPa
Qlim MPa

f kPa
fiim kPa

p MN/m
FNLM/GEO/APP/017

Quantity

Sedimentation compression curve

Sedimentation compression line (Burland, 1990)
Stress sensitivity [= 6'vy/c*ve]

Yield stress ratio [= ¢’w/c’vo] (Or overconsolidation ratio)

Factor related to model uncertainty or other circumstances
Partial action factor (load factor)

Partial material factor (partial safety factor)

Partial resistance factor (partial safety factor)

Effective peak ground acceleration (design ground acceleration)
Peak ground displacement

Acceleration ratio [= ag/g]

Seismic shear stress

Maximum dry density
Maximum density
Optimum moisture content

Angle of interface friction (between ground and foundation)
Coefficient of lateral earth pressure

Coefficient of active earth pressure

Coefficient of active earth pressure for total stress analysis
Coefficient of passive earth pressure

Coefficient of passive earth pressure for total stress analysis
Coefficient of earth pressure at rest

Ko for normally consolidated soil

Ko for overconsolidated soil

Total foundation area

Effective foundation area

Effective width of foundation

Modulus of subgrade reaction

Rate of change of modulus of subgrade reaction Es with depth z
Effective length of foundation

Horizontal external force or action

Vertical external force or action

External moment

External torsion moment

Total vertical resistance of a foundation/pile
End bearing of pile

Shaft resistance of pile

Unit end bearing

Limit unit end bearing

Unit skin friction (or gs)

Limit unit skin friction

Lateral resistance per unit length of pile
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SYMBOLS AND UNITS

Symbol Unit Quantity

Piim MN/m Limit lateral resistance per unit length of pile

S m Settlement

t MN/m Skin friction per unit length of pile

y mm Lateral pile deflection

z mm Axial pile displacement

o - Adhesion factor between ground and foundation (= f/su)

B - Adhesion factor between ground and foundation (= f/c’v or f/c'vo)

8 °(deq) Angle of interface friction (between ground and foundation)

Sev °(deg) Constant volume or critical-state angle of interface friction (between ground and
foundation)

Ne¢,Ng,Ny - Bearing capacity factors

Ke,Kq,Ky - Bearing capacity correction factors for inclined forces or actions, foundation
shape and depth of embedment

ic,lg,ly - Bearing capacity correction factors for external force inclined from vertical
shape

Sc,Sq,Sy - Bearing capacity correction factors for foundation shape

dc,dq,dy - Bearing capacity correction factors for foundation embedment

Signs:

— A"prime" applies to effective stress.

— A'bar" above a symbol relates to average properties.

A "dot" above a symbol denotes derivative with respect to time.

— The prefix "A" denotes an increment or a change.

— A “star” after a symbol denotes value corrected for pore fluid salinity.
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1. PURPOSE AND SCOPE

This technical note provides geotechnical guidance for design verification of monopile foundations at
the Borssele Windfarm Area. Specifically, cyclic resistance of sandy soils is addressed, taking the
Tongeren Formation as an example.

This technical note is supplementary to and must be read in conjunction with the (cyclic) Laboratory
Test Data reports (Fugro 2015e and 2016) and the Geological Ground Model reports, particularly
Section 5 (Fugro 2015a to 2015d).

2, DESIGN LIMIT STATES — CYCLIC LOADING

Design situations for monopiles will require assessment of cyclic resistance (stiffness and strength) of
soils, for example as addressed by DNV (2014). The relatively large diameter of a monopile implies
that design verification will require consideration of pore pressure build-up and development of cyclic
shear strain in soil during cyclic loading. Pore pressure build-up can apply to large diameter monopiles
where it would not for small diameter piles such as considered by an API based PY-type approach
(APl 2011, 2014) or similar. For sandy soils, this implies specific consideration of drained, partially
drained or undrained soil behaviour, as indicated by the following example.

For example, consider a monopile with a diameter of 7 m installed by impact driving into Tongeren
sands. For this case, indicative values for time required for 10% dissipation of pore pressure t;o and
for 90% dissipation of pore pressure tyg can be in the order of 20 s and 12000 s respectively. These
values represent approximate averages for the soil zone of interest around a monopile subject to
lateral loading (e.g. Osman and Randolph, 2015). This indicative example considers a coefficient of
permeability k of 10°m/s and a Young’'s modulus E of 100 MPa. Values for t;y and tg, can be
compared to a typical cyclic lateral loading (rise) phase of, say, 5 s.

Further guidance is given below.
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3.2

3.3

3.4

ASSESSMENT OF CYCLIC SOIL RESISTANCE — TONGEREN FORMATION

Principal Considerations

Assessment of cyclic soil resistance in sandy soils typically considers:

pile installation practice
geological setting

|

|

m coefficient of consolidation;

m relationships between cyclic stress ratio and pore pressure build-up for undrained soil behaviour;
|

model for dissipation of excess pore pressures around a monopile.

Pile Installation

Soil around a monopile will have been modified by pile installation. This is generally insignificant for
analysis of lateral response of a monopile installed by impact driving. Geotechnical parameter values
for in situ sandy soil conditions may require adjustment where a monopile is installed by other
methods such as vibratory pile driving.

Geological Setting

The Tongeren sands include a fines fraction, typically in the range 5 % to 25% by weight, and, locally
glauconitic zones.

The Tongeren sands are expected to show “ageing” characteristics, particularly because they are of
Tertiary age. A cautious approach should be considered when interpreting in situ measurements,
notably (seismic) cone penetration test results if such interpretation includes comparison with relatively
young sands. No ageing effects were captured by the laboratory tests performed on Tongeren sands.
The laboratory tests were conducted on disturbed and/or reconstituted soil specimens.

Coefficient of Consolidation

Horizontal (radial) dissipation of pore pressure around a monopile is expected to be dominant.

The coefficient of consolidation (c, or c¢,) is dominated by coefficient of permeability k and soil Young'’s
modulus E.

Design values fork can be assessed from integrated assessment of pile installation practice,
geological setting, (CPT) soil behaviour type index I, and particle size distribution.

I values for the Tongeren Formation typically range between 1.5 and 2.0. I, values locally range
between 2 and 3, in zones up to several metres thick. The higher values indicate potential for partially
drained soil behaviour during penetration of a cone penetrometer. Scale effects imply that a monopile
will probably induce partially drained or undrained soil behaviour during cyclic loading.

Conventional correlations between soil permeability and particle size distribution should be cautiously
adjusted for glauconitic zones of the Tongeren Formation. Particle size distribution derived from a
laboratory test considers a disturbed sample. The test takes no account of the original macro fabric of
the soil.
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Values for E will depend on general soil conditions and on stress/strain levels within the zone of
interest for pore pressure dissipation. Estimates for E can be derived from correlation with cone
resistance from CPT and in situ shear wave velocity available from seismic downhole tests (seismic
cone penetration tests). Normalisation of E for stress-strain levels may be considered. Use of a
modulus degradation curve can be efficient for optimised design.

Pore Pressure build-up for Undrained Soil Behaviour

The available geotechnical data for the Tongeren Formation include site-specific measurement results
for assessment of pore pressure build-up during cyclic loading of sands according to common practice
(ISO 2014, 2015). Particularly, such site-specific assessment can be based on cyclic laboratory test
results and referenced to in situ test results, particularly CPT results and shear wave velocity
measurements obtained from seismic cone penetration tests.

The cyclic laboratory test programme for the Tongeren sands covers undrained triaxial and direct
simple shear tests. A safe and economical approach to foundation design may require factoring of the
results of these tests (Andersen, 2015). Considerations should include the following.

m  The cyclic test results apply to reconstituted soil specimens. The Tongeren laboratory test
specimens were prepared from batch samples. The particle size distributions of the batch samples
approximate average conditions. Particularly, in situ glauconitic zones may have percentage fines
above average.

m  Cyclic resistance of sands strongly correlates with shear wave velocity, which in turn correlates
strongly with both soil unit weight and soil fabric induced by geological setting. Estimated
uncertainty of the available in situ measurements of shear wave velocity for Tongeren sands is
possibly in the order of +/- 15 %, for example 300 m/s +/- 45 m/s. Estimated uncertainty of the
available laboratory measurements of shear wave velocity for Tongeren sands is possibly in the
order of +/- 10 %. Note that the authors of this document are not aware of any published
metrological estimates of uncertainty of shear wave velocity measurement.

m  The unit weights of the reconstituted soil specimens are believed to approximate in situ unit
weights. It should be noted that common geotechnical practice implies considerable uncertainty
for determination of in situ unit weight of sands, probably in the order of +/- 1 kN/m®. It can be
expected that shear wave velocity of reconstituted laboratory specimens will be significantly lower
than that of in situ sand of the same unit weight, other conditions being equal. The limited test data
appear to support this expectation.

m The shear wave velocity versus unit weight issue inevitably implies considerations for
interpretation of the available cyclic laboratory test results. Ideally, laboratory sand specimens will
have both soil unit weight and shear wave velocity equal to those of in situ sand. This is difficult to
achieve in practice. For the case of equal (laboratory and in situ) unit weight only, then the
laboratory test results will significantly underestimate cyclic soil resistance for in situ conditions.
This situation applies particularly to “first loading”. If cyclic loading incurs significant soil “damage”
(soil fatigue, brittleness) then the difference between in situ conditions and laboratory conditions
can be expected to be less for subsequent equivalent design conditions. In other words, it can be
expected that soil damage will not be (fully) recovered with time. In situ shear wave velocity will
reduce after first loading at practically no change in soil unit weight. This achieves a closer match
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of soil behaviour in laboratory test specimens with that for in situ soil, for second and subsequent
loading.

m  Results from the cyclic laboratory test programmes performed for Borssele (Fugro 2015e and
2016) are for selected initial stress conditions applied to the soil specimens. Use of the test results
for other, in situ, stress conditions should consider K,, coefficient of earth pressure at rest. Kq
values for the Tongeren sands are probably in the range 0.7 to 1.

m  The cyclic laboratory test results are for stress-controlled cycles, with a majority of tests performed
with zero average stress. This setting is generally conservative. Cyclic soil resistance will be
higher for conditions under positive average stress conditions.

3.6 Dissipation Model
Assessment of cyclic soil resistance will usually require consideration of both rapid and slow
dissipation of excess pore pressures around a pile. This is because partially drained soil resistance
may be lower than fully drained and/or lower than fully undrained soil resistance.

A radial model for dissipation of excess pore pressures around a pile can be considered for providing
a high estimate of pore pressure dissipation time, i.e. relatively slow dissipation. Low estimates should

consider 3D pore pressure dissipation.

A simplified cycle-by-cycle model can be considered for pore pressure build-up and dissipation, as
outlined by Andersen (2015).
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5. USE OF THIS TECHNICAL NOTE

Fugro Engineers B.V. prepared this Technical Note according to a project specification determined by
the Client.

Fugro understands that the presented information will be used for the purpose described above. That
purpose was a significant factor in determining the scope and level of the services. If the purpose for
which the presented information is used or the Client's proposed development or activity changes, this
Technical Note may no longer be valid.
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1 EXECUTIVE SUMMARY

The Hollandse Kust (noord) WFZ is located in the Dutch Sector of the North Sea, approximately 18.5 km
from the coastline of Noord-Holland. As part of the tender preparations, the Netherlands Enterprise
Agency (Rijksdienst voor Ondernemend Nederland, RVO.nl) requested a geotechnical site investigation of
the Hollandse Kust (noord) Wind Farm Zone (WFZ) which was based on previously performed
geophysical site investigations. Further to the on-site investigations a corresponding laboratory test
program was conducted.

Soil conditions across the Wind Farm Zone are predominantly characterised by sand deposits, with minor
clays and intermediate soils. Sands are mainly medium dense to very dense (soil units DS and A) and
partly slightly silty to silty (soil unit C). Soil units B and D are mainly sand but may contain high strength
to very high strength clay with variable thickness. The sand and clay layers are partially interbedded
with thin to thick laminae of clay and sand, respectively.

The suitability of the conducted investigations and tests for the implementation of a geological ground
model and their use within a Design Basis for Offshore Wind Turbine Structures in accordance with
DNVGL-ST-0437 and DNVGL-ST-0126 was assessed and documented by DNV GL with report CR-SC-
DNVGL-SE-0190-02453-0_Geotechnical.

In an additional process all data raised during the investigation campaigns and the laboratory test
program were further evaluated to achieve a meaningful basis for present values of geotechnical
parameters. The validation by DNV GL of the chosen approaches and methods which allow for a more
detailed conceptual foundation design in the Wind Farm Zone is documented with this report. The
parameters in the report are tailored for a monopile design but can also provide guidance on the design
of other types of foundation.

It is noted that the current report needs to be seen in conjunction with the mentioned geotechnical
report.

2 CERTIFICATION SCHEME

Document No. Title

DNVGL-SE-0190:2015-12 Project certification of wind power plants

This report includes the determination of values for geotechnical parameters useful for a detailed
conceptual design based on the geophysical survey, geotechnical in-situ testing and soil sampling with
static and cyclic laboratory testing in accordance with section 2.3.2 “Site assessment” of the given
Service Specification.

3 LIST OF REPORTS

The appendices to this report comprise the detailed DNV GL certification reports which normally include
reference standards/documents, list of design documentation as well as summary and conclusion of the
DNV GL evaluation.

APPENDIX Revision Subject
A 0 Geotechnical Parameters
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4 CONDITIONS

The conditions identified during the technical evaluation are listed in the appendices. The conditions are
assigned to the certification phases in which they need to be considered and evaluated.

The conditions listed in the following shall be addressed as part of the certification process.
For the Design Basis phase the following conditions shall be addressed:

- For the final layout of the Wind Farm Zone it is the responsibility of the designer to make the
final decision, if additional boreholes, cone penetration tests and/or laboratory tests can be
omitted to enable an economic and safe foundation design. Further, it is the responsibility of the
designer to verify the applicability of the reported results for the foundation design.

5 OUTSTANDING ISSUES

No outstanding issues have been identified.

6 CONCLUSION

Under consideration of the conditions listed in section 4, the geotechnical parameter report fulfils the
requirements as given in the evaluation criteria listed in section 2 of this report.
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APPENDIX A
Geotechnical Parameters

Evaluation of Geotechnical Parameters for Hollandse Kust (noord)
Wind Farm Zone

Al Description of verified component, system or item

Within the Hollandse Kust (noord) Wind Farm Zone geotechnical and geophysical investigations have
been performed. The results and the found site conditions are used to further investigate and develop
values for present geotechnical parameters that are useful for a detailed conceptual foundation design in
the present Wind Farm Zone with a focus on monopile design. The approaches and methods chosen to
achieve these values have been traced and assessed by DNV GL which is documented with this report.

A2 Interface to other systems/components

The data base for the development of the assessed report has been certified by DNV GL with report CR-
SC-DNVGL-SE-0190-02453-0_Geotechnical and needs to be seen in conjunction with the current report.

A3 Basis for the evaluation

Applied codes and standards:

Document No. Revision Title
DNVGL-ST-0437 November 2016 Loads and site conditions for wind turbines
DNVGL-ST-0126 April 2016 Support structures for wind turbines

A4 Documentation from customer

List of reports:

Document No. Revision Title

Fugro Report No.: 7 Geotechnical Parameters,

P903749/06 20.06.2019 Hollandse Kust (noord) Wind Farm Zone, Dutch Sector, North Sea,
447 pages

The assessment of the shown report relies on specific data shown in the listed report and the formerly
certified reports as mentioned in section A2.

A5 Evaluation work

DNV GL has evaluated that the above referenced documents from the customer provide additional
information that enables for a more detailed conceptual foundation design.

The assessment process by DNV GL has been documented with a verification comment sheet (VCS
reference: VCS-24-Rev02-PD-644258).
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Based on the present soil conditions the conducted CPTs have been evaluated which led to the
development of for representative CPT groups, G1 to G4, across the Wind Farm Zone. The distribution of
the CPT groups is given in the report which also includes a division of the geotechnical investigation area
in sub-areas that are most likely for the presence of the corresponding representative CPT profile. In
addition, the corresponding probability of occurrence has been determined and is outlined in the report,
too.

For the determination of values of geotechnical parameters, the report distinguishes between design,
characteristic, indicative and derived values. It is noted that the report does not include design or
characteristic values as these are directly connected to design models and methodologies.

Therefore, the report evaluates measured data and derived values to determine indicative values and
bandwidths for geotechnical parameters related to the corresponding CPT group, respectively, including
also statistical approaches where reasonable. The geotechnical parameters that have been investigated
are as follows: soil unit weight, net cone resistance, coefficient of earth pressure at rest, minimum and
maximum index void ratio, relative density, undrained shear strength (based on triaxial compression and
direct simple shear tests), external axial strain at half the maximum deviator stress, critical state line,
effective angle of internal friction at large strain, peak effective angle of internal friction, angle of
interface friction (steel/soil), constrained modulus, coefficient of permeability, shear modulus at small
strain, normalised shear modulus and cyclic strength.

The chosen approaches and methods to derive indicative values and bandwidths have been checked for
traceability and completion. The given information has been assessed to be in accordance with the
applied codes and standards as given in section A3.

A6 Conditions to be considered in other certification phases

The conditions identified during the technical evaluation are listed in the following. The conditions are
assigned to the certification phases in which they need to be considered and evaluated.

For the Design Basis phase the following conditions shall be addressed:

- For the final layout of the Wind Farm Zone it is the responsibility of the designer to make the
final decision, if additional boreholes, cone penetration tests and/or laboratory tests can be
omitted to enable an economic and safe foundation design. Further, it is the responsibility of the
designer to verify the applicability of the reported results for the foundation design.

A7 Outstanding issues

No outstanding issues have been identified.

A8 Conclusion

The given indicative values are valuable to define soil profiles for a conceptual foundation design. The
geotechnical parameter report can be used to support the (preliminary) design of future offshore wind
farms in the project area. In addition, the report adds useful recommendations for further reasonable
investigations which would lead to a possible refinement of the foundation dimensions.

It is evaluated that the determination of indicative values and bandwidths is in accordance with the
requirements of the applied codes and standards.
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In summary, the verification work performed by DNV GL confirms that the “Site assessment” as seen by
the documentation from customer related to the Hollandse Kust (noord) Wind Farm Zone as given under
section A4 fulfils the relevant demands set up in the Certification Scheme DNVGL-SE-0190:2015-12,
section 2.3.2 and the related “Basis for the evaluation” given in section A3, if the condition in section A6
and the information in section A2 are observed.
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Driven by our purpose of safeguarding life, property and the environment, DNV GL enables organizations
to advance the safety and sustainability of their business. We provide classification and technical
assurance along with software and independent expert advisory services to the maritime, oil and gas,
and energy industries. We also provide certification services to customers across a wide range of
industries. Operating in more than 100 countries, our 16,000 professionals are dedicated to helping our
customers make the world safer, smarter and greener.
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