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Abstract

This master’s thesis investigates the mechanical
behaviour of Rødal chalk with relevance to off-
shore monopile foundations in the North Sea.The
study is conducted as part of the 45 ECTS Mas-
ter’s programme in Structural and Civil Engineer-
ing at Aalborg University.It focuses on the labo-
ratory characterisation of Rødal chalk obtained
from the Aalborg Portland quarry. Literature re-
view with an experimental investigation from Pre-
vious research, including findings from the AL-
PACA programme and also other studies on off-
shore chalk formations, is applied to establish
a framework for understanding chalk behaviour
under monotonic loading.Emphasis is given on
strength degradation, destructuration, stiffness
degradation, pore pressure response, and the tran-
sition from bonded to frictional behaviour during
shearing. The experimental programme consists
primarily of Triaxial Compression test together
with index tests, such as testing of the block rødal
chalk, dry density and bulk density, specific grav-
ity, porosity, void ratio, to classify the material
and evaluate its mechanical response. The labo-
ratory results are analysed through stress–strain
relationships, effective stress paths, shear strength
mobilisation, and volumetric behaviour to evalu-
ate the mechanical response of intact chalk.
Pile installation tests were not conducted; how-
ever, the experimental findings are interpreted in
the context of pile–soil interaction and its im-
plications for offshore monopile installation in
chalk. The study provides insight into how chalk
behaviour and degradation may influence pile–
soil interaction during installation.The thesis con-
tributes new triaxial experimental data and pro-
vides additional insight into the mechanical be-
haviour of Rørdal chalk beyond existing studies.
The findings expand the available database for
chalk and contribute to the understanding of off-
shore geotechnical engineering applications, par-
ticularly those related to pile–soil interaction and
offshore foundation design.



Preface

This project was carried out from 20 September 2025 to 4 June 2026 as part of the Master’s programme
in Structural and Civil Engineering at Aalborg University. The project is entitled Mechanical Behaviour
of Structured Chalk and Its Implications for Offshore Pile Installation.
The study investigates the mechanical behaviour of chalk in relation to offshore monopile foundations.
Particular emphasis is placed on laboratory-based evaluation of stress-strain response, destructuration,
and pore pressure development. The work combines findings from published research, including the
ALPACA research programme, with experimental results obtained from testing rødal chalk.
Although no direct pile installation tests were performed, the observed material behaviour is interpreted
in the context of monotonic loading conditions representative of monopile installation. This provides a
link between laboratory-scale observations and practical preliminary engineering applications in offshore
foundation design.
Generative AI tools, including ChatGPT, were used in a limited and supportive capacity alongside
Grammarly for language refinement. Assistance was also used to support MATLAB code optimisation,
plot formatting, figure layout design, and the development of conceptual illustrations. All technical
analyses, engineering calculations, interpretations, results, and conclusions presented in this thesis were
developed, verified, and critically assessed by the author.

Reading guide

References throughout the project follow the Harvard citation style. Sources covering entire sections are
cited at the beginning or end of the relevant section, while specific references are provided at the end of
corresponding sentences or paragraphs.
Figures and tables are numbered according to the chapter in which they appear (e.g. Figure 1.1, Fig-
ure 1.2). Equations are numbered by chapter and section.
All numerical values are presented in standard SI units unless otherwise stated.
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Abbreviations and Notation
General Mechanical and Stress Variables (SI-based)

Symbol Description SI Units

Esec Secant stiffness modulus Pa
E0 Initial/reference secant stiffness Pa
Esec/E0 Normalized secant stiffness ratio –
δ′ Interface friction angle rad (◦)
σ′ri Radial effective stress at pile–soil interface Pa
τrz Shear stress acting at pile–soil interface Pa
∆q Increment in deviatoric stress Pa
σ′vy Yield stress under vertical loading Pa
z Depth below ground level m
σ Total normal stress Pa
σ′ Effective normal stress Pa
σ1 Major principal stress Pa
σ3 Minor principal stress Pa
p′ Mean effective stress Pa
p′0 Initial mean effective stress Pa
q Deviatoric stress Pa
qf Deviatoric stress at failure Pa
τ Shear stress Pa
τvh Shear stress in DSS testing Pa
u Pore water pressure Pa
∆u Excess pore pressure Pa
A Skempton pore pressure parameter (A = ∆u/∆q) –
εa Axial strain –
εv Volumetric strain –
γ Shear strain –
ϕ′ Effective friction angle rad (◦)
ϕ′peak Peak effective friction angle rad (◦)
ϕ′cs Critical-state friction angle rad (◦)
ϕ′post Post-rupture friction angle rad (◦)
c′ Effective cohesion Pa
E Young’s modulus Pa
G Shear modulus Pa
k Coefficient of permeability m/s
K0 Earth pressure coefficient at rest –
M Stress ratio parameter –
θ Rupture-plane inclination angle rad (◦)
su Undrained shear strength Pa

Chalk Index and Material Properties (Laboratory)
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Symbol Description Units

ρb Bulk density of chalk kg/m3

ρd Dry density of chalk kg/m3

ρs Particle density kg/m3

Gs Specific gravity of solids –
n Porosity –
e Void ratio –
e0 Initial void ratio –
ef Void ratio after shearing –
w Natural water content –
Sr Degree of saturation –
σ′vy Vertical yield stress Pa
LL Liquid limit –
PL Plastic limit –
PI Plasticity index –

In Situ Testing and Pile Parameters

Symbol Description Units

τshaft Shaft shear resistance Pa
Qt Total pile resistance N
qc CPT cone resistance Pa
fs CPT sleeve friction Pa
Rf CPT friction ratio –
Ic CPT soil behaviour index –
D Pile diameter m
L Embedded pile length m
Qs Shaft resistance N
Qb Base resistance N
Qult Ultimate pile capacity N
SNW St Nicholas-at-Wade chalk test site (UK) –

Vibro-Driving and Installation Parameters

Symbol Description Units

cs Shaft degradation parameter –
cb Toe degradation parameter –
fd Vibratory driving frequency Hz
vpen Penetration velocity m/s
Rshaft Shaft resistance during vibratory installation N
Rtoe Toe resistance during vibratory installation N
Fv Vibratory driving force N
Mpile Pile mass kg
zp Penetration depth m
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Compression Behaviour and Destructuration Parameters

Symbol Description Units

Γ Intercept of the critical-state or large-strain line in v–ln p′ space at p′ = 1 –
v Specific volume (v = 1 + e) –
e Void ratio –
e0 Initial void ratio –
ef Void ratio after shearing –
v − ln p′ Specific volume versus logarithmic mean effective stress relationship –
NTL No-tension line –
λ∗ Modified compression slope parameter –
v Specific volume –
Cc Compression index –
Cαe Secondary compression index –
λ Compression slope in v–ln p′ space –
κ Swelling/recompression index –
NCL Normal compression line –
NCL∗ Reconstituted chalk normal compression line –

Laboratory Shearing and Test Conditions

Symbol Description Units

SEM-EDS Scanning electron microscopy with energy-dispersive spectroscopy –
CID Consolidated isotropically drained triaxial test –
CIU Consolidated isotropically undrained triaxial test –
DSS Direct simple shear test –
SEM Scanning electron microscopy –
OD Specimen outer diameter mm

Critical State Framework Variables

Symbol Description Units

CS Critical state –
Mcs Critical-state stress ratio parameter –
q = Mp′ Classical critical-state stress relationship –
q = 3p′ No-tension line relationship –
CSL Critical state line –
M Critical state stress ratio –
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Chapter 1

Introduction

1.1 Background and Motivation

Global energy demand has increased Markedly since the Industrial Revolution. This growth is mainly
caused by the increase in the population, industrial development, and improvements in living standards.
Since the mid-twentieth century, global primary energy consumption has grown at an average rate of
approximately 1% to 2% per year. As shown in Figure C.9, fossil fuels such as coal, oil, and natural
gas still dominate the global energy supply, despite temporary reductions during events such as the 2009
�nancial crisis and the COVID-19 pandemic (Ritchie et al., 2024).

Figure 1.1 Global primary energy consumption by source since 2000 (Ritchie et al., 2024).

The continued dependency on fossil fuels has led to increasing CO2 emissions, which contribute to global
climate change (Ritchie and Roser, 2024). In response, international agreements such as the Paris Agree-
ment aim to limit global temperature rise to 1.5 � C. Achieving this target requires a transition towards
renewable energy sources such as wind, solar, and hydropower (UNFCCC, 2025).

Among these, o�shore wind energy has become an important part of the energy transition. Recent tech-
nological developments have enabled the installation of larger and more e�cient o�shore wind turbines,
now exceeding 15 MW (Vestas, 2025). These developments allow wind farms to be installed in deeper
waters and more challenging ground conditions. Monopile foundations are currently the most widely
used support structures for o�shore wind turbines, especially in shallow to intermediate water depths.

1



Kassahun Abera Molla 1. Introduction

Figure 1.2 Development of onshore and o�shore wind power capacity in Europe (WindEurope, 2025).

As o�shore wind development expands across the North Sea and surrounding regions, an increasing num-
ber of projects encounter chalk formations at or near the seabed. Chalk is widely distributed across
north-western Europe, forming an extensive Upper Cretaceous deposit that extends from southern Scan-
dinavia through Denmark and the North Sea Basin into the United Kingdom and Ireland (Mortimore,
2012; Jardine et al., 2019). The regional distribution of chalk is shown in Figure 1.3.

2



1.1. Background and Motivation Aalborg University

Figure 1.3 Regional distribution of Upper Cretaceous chalk in north-western Europe (after Mortimore, 2012),
including key o�shore development areas (Jardine et al., 2019).

Chalk is a weak, highly porous carbonate rock that is mainly composed of calcium carbonate.Hjuler and
Fabricius (2009a); Nielsen et al. (2019) Due to its weak cementation and microstructure, chalk shows
behaviour that can transition from rock-like at small strains to soil-like at larger strains (Jardine et al.,
2018; Vinck et al., 2024b). Laboratory and �eld studies, including those from the ALPACA research
programme, have shown that chalk can degrade signi�cantly under loading. This leads to a reduction
in sti�ness and strength, and the formation of remoulded zones during pile installation (Jardine et al.,
2019; Vinck et al., 2024b; Jardine et al., 2024).

These changes directly a�ect important geotechnical parameters such as cone resistance (qt ), shaft friction
(f s), and axial capacity (Q),Jardine et al. (2018). However, current monopile design methods are mainly
based on empirical correlations developed for sands and clays. As a result, they do not fully capture the
complex behaviour of chalk. In particular, these methods often overestimate installation resistance and
post-installation capacity, because they do not account for the degradation of chalk during loading.

3
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This mismatch between the initial resistance and the actual behaviour after installation can lead to conser-
vative designs, where monopiles are longer or heavier than necessary. Therefore, a better understanding
of the mechanical behaviour of chalk is required.(Jardine et al., 2019; Vinck et al., 2024b; Jardine et al.,
2024).

1.2 Chalk as a Challenging Engineering Material

Chalk's porous structure, weak cementation, and numerous microfractures governs its mechanical re-
sponse (Jardine et al., 2018; Vinck et al., 2024b). When chalk is at low strain levels, it exhibits sti�ness
due to the very closed grain interlocking, however it fractures easily as the strain increase. This is because
of the bonds that binds the grain will break, and pores collapse happen. This leads to a rapid sti�ness
degradation and disintegration of the matrial grain. As the strain progresses and become larger and
larger, chalk transitions from a bonded rock-like behavior to a remoulded, soil-like state, where shear
strength is primarily derived from friction rather than cementation (Vinck et al., 2024b).

Laboratory index testing obtained from the ALPACA research site at St Nicholas-at-Wade that is shown
table A.2 reveals high natural water contents and lower dry densities, and it also has high porosity, around
an average of 45%.

Investigations highlight spatial variability linked to stratigraphy, �int bands, and fracture networks (Vinck
et al., 2024b), resulting in anisotropic sti�ness and increased mass-scale permeability.

During penetration tests such as CPT and pile driving, bond rupture and pore collapse beneath the
advancing tip generate extreme excess pore pressures, while the surrounding material undergoes destruc-
turation and remoulding, producing zones of very low shear resistance (Buckley, 2018; Jardine et al.,
2018; Vinck et al., 2024b).

The resulting response is neither fully drained, as in sands, nor fully undrained, as in clays, but re-
�ects a partially drained transitional regime governed by fracture-enhanced permeability and structural
degradation (Vinck et al., 2024b; Jardine et al., 2019).

1.3 Research Gap and Problem Statement

Field investigations carried out within the ALPACA research programme at the St Nicholas-at-Wade
(SNW) chalk test site have signi�cantly improved the understanding of monopile installation behaviour
in low- to medium-density chalk. Large-scale instrumented pile installation tests measured penetration
resistance, shaft friction development and pore pressure generation during driving, providing direct ob-
servations of pile-soil interaction processes in chalk (Jardine et al., 2019, 2024).

Complementary laboratory investigations within the ALPACA programme have examined the mechanical
behaviour of chalk under controlled stress conditions. These studies identi�ed key mechanisms governing
chalk response, including bond rupture, pore collapse and progressive degradation of the chalk fabric
during loading (Vinck et al., 2024b). Experimental observations from the same study Vinck et al. (2024a)
show that chalk behaviour is strongly in�uenced by stress path and structural degradation, with bond
breakage leading to sti�ness reduction and pore collapse.

Despite these advances, practical approaches used to interpret monopile installation resistance still rely
largely on empirical correlations derived from cone penetration testing (CPT), which were originally de-
veloped for sands and clays (Jardine et al., 2018). These simpli�ed approaches do not fully capture the
complex mechanical processes governing chalk response during pile installation. Because chalk deposits
are widespread across the North Sea Basin, 1.3 and exhibit signi�cant, variability in structure and me-
chanical behaviour, further experimental investigation remains valuable for improving the interpretation
of pile soil interaction mechanisms.

Therefore, this study investigates the monotonic triaxial behaviour of Rørdal chalk, focusing on sti�ness
degradation, post-peak strength loss, destructuration, and con�nement e�ects, and interprets the �ndings
in the context of o�shore pile installation.
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1.4 Limitations of the Study

The present study investigates the mechanical behaviour of Rødal chalk using laboratory CID and CIU
triaxial tests under controlled stress conditions. The work focuses on material-scale behaviour and does
not reproduce the full o�shore monopile installation, including dynamic driving e�ects, cyclic loading, or
complete �eld stress paths.

The tested specimens were obtained from quarry material rather than o�shore in situ sampling loca-
tions. Although specimen preparation aimed to preserve the natural chalk structure, some disturbance
associated with extraction and trimming cannot be excluded.

The sti�ness interpretation is based on global measurements from the GDS triaxial system. Local axial
or radial LVDT instrumentation was not available, and direct lateral strain measurements were therefore
not obtained. Consequently, anisotropic sti�ness behaviour and experimentally derived Poisson's ratios
could not be evaluated directly.

No direct CPT/CPTu measurements, �eld pile installation tests, or numerical modelling were included
in the present work. Correlation with o�shore monopile behaviour is therefore based primarily on inter-
pretation of laboratory observations together with comparison to published studies, including �ndings
from the ALPACA research programme.

The study was based on a limited number of representative triaxial specimens. Although the selected
tests captured key behavioural trends, the results may not fully represent the natural variability of the
Rørdal chalk deposit.

Inspite of these limitations, the results gives valuable insight into the strength, sti�ness degradation, pore
pressure response, and destructuration behaviour of Rørdal chalk. The �ndings also provide preliminary
insight into the potential implications for o�shore pile�soil interaction, based on laboratory observations
rather than �eld-calibrated installation analyses.

1.5 Objective and Scope

Monopile foundations are used frequently for o�shore wind turbinesNielsen et al. (2025).

O�shore chalk formations present signi�cant challenges for the design and installation of monopile foun-
dations due to their high porosity, weak particle bonding, and susceptibility to destructuration under
loading.

These characteristics can lead to progressive degradation of strength and sti�ness during pile installation
and subsequent loading.

The main objective of this study is to investigate the mechanical behaviour of chalk under controlled
laboratory conditions, with particular focus on the mechanisms that govern strength degradation and
structural breakdown.

The investigation is also includes the transition of chalk from an intact bonded material to a destruc-
tured state during loading. As destructuration progresses, the mechanical response becomes increasingly
governed by frictional mechanisms rather than interparticle bonding. This phenomenon will also be
investigated. Understanding this transition is important for interpreting the large-strain behaviour of
chalk; its implications are important when using pile installation.

The experimental programme is based on chalk obtained from the Aalborg Portland quarry at Rørdal.
This material is representative of weak chalk found in northern Europe. Laboratory testing includes the
determination of index properties and triaxial compression tests.

The laboratory tests generally provide information on strength, deformation and pore pressure response
under controlled stress conditions.

The results are discussed using established soil mechanics concepts, including e�ective stress, and critical
state frameworks. The aim is to assess how well these approaches describe the behaviour of weak,
structured chalk.
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Finally, the study aims to improve the understanding of the wide variability of chalk behaviour and
provide a preliminary basis for interpreting pile�soil interaction and pile installation behaviour in chalk
conditions and present more laboratory data that can be used for further studies.

The work addresses the following aspects:

ˆ The geological origin, microstructure, and structural features of chalk are described to establish the
material background for its mechanical behaviour.

ˆ Published laboratory and in-situ data, including CPTu measurements, are reviewed to provide a
reference for chalk mechanical behaviour under di�erent loading conditions.

ˆ The basic index properties of Rørdal chalk, including Bulk density,dry density, water content,
porosity, particle density and void ratio are determined and used to place the material within
established density-based classi�cations.

ˆ Triaxial testing is conducted to investigate stress�strain behaviour and pore pressure response under
controlled loading conditions.

ˆ The transition from intact bonded behaviour to a destructured friction-dominated response is anal-
ysed based on the experimental results, such as SEM image and stress-strain plots.

ˆ The �ndings are interpreted in the context of o�shore monopile installation, with emphasis on the
potential implications of chalk degradation and strength evolution for pile�soil interaction, for a
preliminary study.

The study is limited to laboratory-scale investigation of intact chalk specimens. Full-scale installation
processes, including driving dynamics and �eld response, are not modelled directly. Instead, the work
focuses on the underlying material mechanisms, which provide a preliminary basis for interpreting pile�
soil interaction in chalk.

1.6 Structure of the Thesis

This thesis integrates published �eld observations from the ALPACA research programme with laboratory
investigations conducted on Rødal chalk, giving a framework for understanding the mechanical behaviour
of chalk and its relevance to monopile installation mechanisms.

Chapter 1 introduces the background and motivation for the study, outlines the challenges associated
with chalk as an engineering material, identi�es the research gap, and de�nes the objectives, scope, and
limitations of the work.

Chapter 2 presents the geological and mainly engineering material characteristics of chalk. Its microstruc-
ture, porosity, classi�cation, and description. The chapter further highlights relevant literature on Aal-
borg chalk and the ALPACA research site, and discusses compressibility, destructuration, and in-situ
penetration behaviour.

Chapter 3 examines the mechanical behaviour of chalk under large strain conditions, focusing on brit-
tle peak response, volumetric collapse, destructuration processes, and the transition toward frictional
behaviour. The implications of these mechanisms for penetration processes are also discussed.

Chapter 4 synthesises in-situ characterisation methods and �eld behaviour of chalk, including CPTu,
seismic measurements, and pressuremeter testing. The chapter highlights how these observations relate
to engineering classi�cation and foundation response.

Chapter 5 discusses pile installation mechanisms in chalk formations, including penetration-induced de-
structuration, formation of remoulded zones, pore pressure generation, and the evolution of shaft resis-
tance during installation and reconsolidation.

Chapter 6 describes the experimental programme conducted at Aalborg University in 2026 by this study,
including material sourcing, sample preparation, index property determination, and triaxial testing pro-
cedures, as well as the adopted test matrix and limitations.

Chapter 7 presents and interprets the experimental results, integrating laboratory observations with
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published �eld evidence to examine destructuration, stress representation, drainage conditions, and the
limitations of conventional CPT-based interpretations.

Finally, Chapter 8 summarises the main �ndings of the study.
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Chapter 2

Geological and Material Characteristics
of Chalk

2.1 Introduction

This chapter highlights the geological and material background required to understand the behaviour of
chalk and interpret the experimental results presented later in chapter 7. The laboratory investigation
was performed on chalk obtained from the Aalborg Portland quarry at Rørdal; therefore, the chapter �rst
outlines the geological origin, microstructure and engineering characteristics of chalk in general. Pub-
lished studies on Aalborg chalk are further reviewed to describe the material properties and mechanical
behaviour relevant to the present study.

In addition to the rødal chalk data, this chapter also considers �ndings from the ALPACA research
programme at the St Nicholas-at-Wade (SNW) site in the United Kingdom. Although the present study
does not use SNW material, the ALPACA programme provides a detailed dataset covering index prop-
erties,an advanced laboratory study that discuses on compressibility, destructuration, triaxial behaviour,
and mainly in-situ penetration response of low- to medium-density chalk relevant to o�shore founda-
tions.(Vinck et al., 2024b; Jardine et al., 2019). These speci�c studies are therefore used as a reference
point for interpreting the broader and complex mechanical behaviour of chalk under loading.

The chapter is structured as follows. It �rst introduces the geological formation, microstructure, and
engineering description of chalk. This is followed by a review of published work on Aalborg chalk,
focusing on the characteristics of the Rørdal deposit and the available laboratory evidence. Finally,
results from the SNW ALPACA site are summarised to place the present study within a relatively wider
geotechnical and engineering context, particularly in relation to monopile installation and penetration in
chalk.

2.2 Geological Formation of Chalk

Chalk is deposited during the Late Cretaceous through the accumulation of calcareous plankton, primarily
coccolithophores, in marine environments where pure carbonate sediments accumulated with limited
siliciclastic input (Ineson et al., 2005).

Post-depositional cementation in chalk is generally limited. Consequently, the material retains a highly
porous structure and exhibits a lower bulk density than more strongly lithi�ed limestones (Mortimore,
2012). The porosity is mainy becouse of the depositional process of chalk.Anderskouv and Surlyk (2012)

Chalk deposits are widespread across north-western Europe and form a major component of the North
Sea Basin (Mortimore, 2012). As a result, chalk is of direct relevance to o�shore geotechnical engineering,
particularly for monopile foundations supporting o�shore wind turbines.

The material investigated in this study was obtained from the Aalborg Portland quarry at Rørdal.It is
generally known as a shallow burial type chalk with mechanically weak and high porosity. According to
Hjuler and Fabricius (2009a) and Nielsen et al. (2019), this deposit belongs to the Upper Maastrichtian
chalk of the Danish Basin and is representative of weak, near-surface chalk characterised by high porosity
and limited cementation.

The shallow burial history of Rørdal chalk distinguishes it from many North Sea reservoir chalks that
have experienced substantially greater burial depths and more extensive diagenetic alteration. According
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to Hjuler and Fabricius (2009a), the maximum burial depth of Danish outcrop chalk generally did not
exceed 500�750 m, whereas reservoir chalks in the North Sea are commonly buried to depths exceeding
3 km. As a result, Rørdal chalk has been subjected to lower e�ective stresses and temperatures during
its geological history, which has limited the extent of recrystallization and cementation compared with
more deeply buried reservoir chalks.

while looking at north sea chalk, from north sea reserviour includes Dan,south Arne,Eko�sk and valhall
�eld have expreinced a deep burrial depth, can result recstallation,stylolite formation, degeneseis pro-
cess. Hjuler and Fabricius (2009a).This result in stronger bonding, cementation and lower porosity and
highparticle bonding.

Based on intact dry density, Rørdal chalk is also classi�ed as very weak by Mortimore and Fielding (1990)
and associate densities of approximately 1.65 Mg/m3 with extremely soft chalk. Lower densities have
also been reported; for example, Hjuler and Fabricius (2009b) measured values around 1.44 Mg/m3, while
Leth et al. (2016) reported a range between 1.31 and 1.60 Mg/m3 for water contents between 24% and
39%.

Overall, these data indicate that Aalborg chalk spans the extremely soft to very soft range based on dry
density classi�cation (Mortimore and Fielding, 1990) (Figure A.5). This classi�cation is also associated
with high porosity, low density, and relatively weak bonding. These characteristics are expected to
in�uence the compressibility, strength, and deformation behaviour of the chalk and are therefore relevant
to the experimental results and discussion presented in Chapter 7.

2.3 Microstructure and Porosity

At the microscale, chalk consists mainly of coccolith fragments and �ne carbonate particles. These
particles form a loosely packed structure with weak bonding at contact points (Vinck et al., 2024b).
Hjuler and Fabricius (2009a) mentioned that this microstructure can be visualized using magnifying
instruments such as SEM and BSE. These instruments can be used to study chalk diagenesis. Some of
the microscopic features visualized in that study include pore structure, fossils, cementation, stylolites,
cement overgrowths, and clay minerals.

Micro�ssures are also common in chalk and form an important part of its microstructure. These disconti-
nuities occur at various scales and contribute to the high porosity and anisotropic nature of the material.
Under increasing con�nement, partial closure of micro�ssures can increase sti�ness, whereas continued
loading may promote bond degradation and destructuration of the chalk fabric, leading to reductions in
sti�ness and strength (Jardine et al., 2018; Vinck et al., 2024b).

At large strains, the bonded structure breaks down completely. The material then behaves more like a
frictional carbonate soil. This transition is observed both in laboratory testing and in �eld measurements
(Jardine et al., 2019; Vinck et al., 2024b).

2.4 Chalk Classi�cation and Engineering Description

Chalk covers a wide range of material states and exhibits considerable variability in density, texture, and
strength. Consequently, its engineering behaviour may range from that of a very weak rock to that of a
highly porous structured geomaterial (Mortimore and Fielding, 1990).

A common classi�cation method is based on intact dry density. Lower density generally indicates higher
porosity and weaker bonding. These materials are typically more compressible and more susceptible
to destructuration. Terms such as extremely soft, very soft and medium-density chalk are therefore
not only descriptive. They re�ect expected di�erences in sti�ness, strength and penetration resistance.
(Mortimore and Fielding, 1990).

Based on burial history, chalk may be classi�ed as highly porous or low-porosity chalk. Permeability
is controlled not only by porosity but also by the speci�c surface area of the chalk matrix, which is
in�uenced by crystal size, clay content, and silica phases (Hjuler and Fabricius, 2009a).
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2.5 Selected Studies Relevant to This Thesis

As it is mentioned above during the starting of this chapter, literature reviewed in this study is based on
two main sources of chalk data. The �rst comprises published studies on Aalborg Portland chalk, while
the second consists of investigations conducted within the St Nicholas-at-Wade (SNW) ALPACA research
programme. Together, these studies provide a basis for understanding chalk behaviour under monotonic
loading conditions, ranging from controlled laboratory testing to large-scale �eld investigations at the
ALPACA test site.

The distinction between these sources is important. Aalborg studies describe the speci�c material in-
vestigated Rødal chalk in this thesis and provide direct context for the laboratory work. Conseqently,
the ALPACA studies provide a more dataset that includes comressive triaxial testing,stress path studies,
high-pressure compression and overburden pressure and in-situ CPTu measurements.

These two sources are speci�cally used in two distinct di�ernt way. Aalborg chalk is used to de�ne the
material properties of the tested specimens that could be its physical properties while the ALPACA
dataset is used to support interpretation of mechanical behaviour and to place the laboratory results
within a geotechnical context that could be used for interpretation of test results.

2.5.1 Aalborg Chalk as the Material Source

Nielsen et al. (2019) describes the Rødal deposit as part of the Upper Maastrichtian chalk succession of
the Danish Basin, representative of weak and highly porous near-surface chalk. Stenestad (2006) also
identify the Rørdal deposit as Maastrichtian in age.

Studies by Leth et al. (2016) and Nielsen et al. (2019) show that Rørdal chalk is characterised by high
calcium carbonate content, limited cementation, and a highly porous structure composed mainly of
coccolith fragments and �ne carbonate particles. The material behaves as a weak carbonate geomaterial,
where the response is governed by a fragile bonded structure rather than strong lithi�cation.

Published laboratory data indicate natural water contents in the range of 24�39%, dry densities between
1.31 and 1.65 Mg/m3, and porosities of approximately 45�50% (Leth et al., 2016; Nielsen et al., 2019).
Based on the intact dry density classi�cation proposed by Mortimore and Fielding (1990), these values
place the material within the range from extremly soft to very soft chalk to chalk.

Studies by (Hjuler and Fabricius, 2009b) on Rødal from the same area report a calcium carbonate content
of approximately 93.8%.

Table 2.1 Published index properties for Aalborg Portland chalk.

Property Literature Range Unit
Bulk density, � � Mg/m 3

Dry density, � d 1.31�1.65 Mg/m 3

Water content, w 24�39 (%)
Porosity, n 45�50 (%)
Particle density, � s 2.69�2.72 Mg/m 3

CaCO3 content � 93.8 a (%)

Values compiled from Leth et al. (2016).
a Calcium carbonate content reported by Hjuler and Fabricius (2009b).

The relatively high porosity and carbonate-rich composition suggest a weak and compressible material
that may exhibit signi�cant volumetric deformation and sensitivity to pore pressure development during
triaxial testing.

2.5.2 Mechanical Evidence from Aalborg Chalk

Nielsen et al. (2019) presented a laboratory investigation of chalk from the Aalborg Portland quarry at
Rørdal, focusing on the interpretation of oedometer test results. This study could be relevant to the
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present work, as it provides mechanical insight into material from the same geological source.

The tested chalk exhibited a natural water content of approximately w � 28%, a particle density of
� s � 2:7 Mg/m 3, and a void ratio of about e � 0:84, corresponding to a porosity of approximately
n � 46%. The intact dry density of � d � 1:65 Mg/m 3 places the material within the very soft to
extremely soft chalk range according to Mortimore and Fielding (1990).

Rødal chalk reported by Nielsen et al. (2019) also demonstrates the highly compressible nature of the ma-
terial. 2.1 shows progressive vertical strain development with increasing stress level, indicating substantial
compressibility and stress-dependent sti�ness behaviour.

Figure 2.1 Stress�strain behaviour from oedometer tests on Rørdal chalk, after Nielsen et al. (2019).

Oedometer tests conducted by Nielsen et al. (2019) showed that weak Rørdal chalk exhibits deformation
characteristics that di�er from those typically observed in conventional soils. The observed behaviour
was interpreted in terms of fabric destruction, progressive pore collapse, and crushing at higher stress
levels, indicating that chalk deformation is in�uenced by microstructural degradation in addition to
stress-dependent compression.

Nielsen et al. (2019) also demonstrated considerable variability between Rødal specimens, even when
obtained from the same source. This variability re�ects the heterogeneous and fragile nature of the chalk
fabric, which is sensitive to stress level, �ssuring, density, and bonding condition.

2.5.3 Behaviour from the SNW ALPACA Research Site

Although the present study focuses on Rørdal chalk, the ALPACA research programme at the St Nicholas-
at-Wade (SNW) test site has generated an extensive dataset on the behaviour of low- to medium-density
chalk, including the properties summarised in Table A.2 (Jardine et al., 2019; Vinck et al., 2024b). The
�ndings from the SNW site are therefore used as a reference framework for interpreting the mechanical
behaviour of chalk under monotonic loading and for placing the laboratory results obtained in this study
within the broader context of o�shore pile�soil interaction.

The SNW chalk is classi�ed as CIRIA Grade B3/B2, corresponding to a structured, very weak to weak,
low- to medium-density chalk (Vinck et al., 2024b). Although the SNW and Rørdal chalk deposits orig-
inate from di�erent geological settings and geographical locations, they share characteristics associated
with weak, structured chalk, including high porosity and susceptibility to destructuration. The ALPACA
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dataset therefore, could provide a useful behavioural reference for comparison with the Aalborg chalk
investigated in this study.

Table 2.2 Typical index properties of chalk samples reported by Vinck et al. (2024b) from the ALPACA research
site at St Nicholas-at-Wade.

Depth Level � b � d w LL PI S r n
(m BGL) (m AOD) (g/cm 3) (g/cm 3) (%) (%) (%) (-) (%)

0.70 6.52 1.85 1.44 28.33 31.16 8.19 0.87 46.8
2.70 4.52 1.91 1.47 29.63 30.88 8.41 0.96 45.6
4.03 3.20 1.93 1.49 29.45 30.39 8.08 0.98 45.0
5.85 0.97 1.91 1.47 29.59 30.20 7.68 0.96 45.6
6.09 0.83 1.89 1.44 31.71 30.19 7.41 0.97 47.0
7.36 -0.44 1.90 1.43 33.01 30.82 7.08 1.00 47.2
8.55 -1.63 1.91 1.45 31.30 30.41 6.50 0.98 46.3
11.22 -4.30 1.98 1.53 29.03 30.59 6.76 1.00 43.4
12.75 -5.83 1.92 1.48 29.80 31.97 9.54 0.97 45.5
15.84 -8.92 1.92 1.50 27.94 31.15 8.51 0.94 44.5

Table A.2 shows relatively limited variation between the tested specimens. Dry density lies between about
1.43 and 1.53 g/cm3, porosity between approximately 43 and 47%, and natural water content between
about 28 and 33%. Plasticity indices remain below 10%.

Vinck et al. (2024b) describes the SNW chalk succession as consisting of Margate Chalk overlying Seaford
Chalk, separated by the Barrois' Sponge Bed. The chalk mass contains bedding features, �int bands,
joints and micro�ssures.

A key di�erence between laboratory samples and �eld behaviour is the presence of discontinuities and
material variability. Laboratory specimens are typically selected to represent intact chalk, whereas natural
deposits contain �ssures, bedding features and �int bands (Jardine et al., 2023; Vinck et al., 2024b).

During sampling at the Aalborg quarry, variations in the chalk were observed. Some blocks contained
visible discontinuities, while others appeared intact but still exhibited internal heterogeneity. In particu-
lar, darker grey zones were identi�ed during visual observation, within otherwise white chalk specimens
(Figure 2.2). These may indicate the presence of clay-rich or marl inclusions (Surlyk, 1997), suggesting
that the material is not fully homogeneous even at the specimen scale. Although care was taken to
select the most intact and uniform specimens for testing, the presence of local heterogeneities and minor
impurities cannot be completely excluded.

At the �eld scale, such heterogeneity occurs together with larger discontinuities, which could in�uence
sti�ness, drainage and strength. Consequently, laboratory tests mainly re�ect the behaviour of the intact
chalk matrix, but the presence of clay-rich material such as marl may also in�uence the triaxial test
results.

It is di�cult to ensure that the entire specimen consists of pure chalk, and therefore, the measured
response may not fully represent ideal chalk behaviour. In contrast, in situ behaviour is governed by
both the matrix and the discontinuity network.

This observation is directly relevant to the present triaxial tests, where local heterogeneity within the
specimen may contribute to variability in the measured stress-strain response.
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Figure 2.2 Examples of discontinuities and material variability observed in Aalborg chalk blocks during sam-
pling and specimen preparation.

2.6 Compressibility and Destructuration of Chalk

The compression behaviour of chalk di�ers from that of conventional soils. Observations from both
Aalborg and the SNW site show similar features, despite di�erences in testing methods.

Nielsen et al. (2019) reported non-linear compression in Aalborg chalk. The deformation was not uniform.
Local cracking was observed, and the specimens did not fully conform to the oedometer ring. This re�ects
the brittle nature of the material.

At the SNW site, Vinck et al. (2024b) presented compression curves with a change in slope at increasing
stress levels. This change is interpreted as yield, followed by increasing compressibility.

These results indicate that compression in chalk is linked to the breakdown of the internal structure.
As stress increases, pore space reduces, and bonds between particles are lost. The material response
therefore, changes during loading.

The same overall trend is observed in both datasets. Sti�ness reduces as stress increases, which re�ects
progressive structural damage.

Figure 2.3 One-dimensional compression behaviour showing yield and destructuration in chalk after Vinck
et al. (2024b).

The oedometer results obtained from Aalborg chalk (Figure 2.1) and the ALPACA SNW 2.3 dataset show
consistent mechanical behaviour despite di�erences in presentation. The Aalborg results are expressed
in terms of strain, whereas the ALPACA data are presented in terms of void ratio.
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In both cases, the response shows an initially sti� behaviour followed by a marked increase in compress-
ibility at higher stress levels. In the ALPACA data, this transition is clearly de�ned by a yield point.
In the Aalborg results, the same behaviour appears as a progressive increase in strain, although the
transition is less sharply de�ned.

Both datasets therefore show that compressibility in chalk is governed by destructuration rather than by
conventional consolidation of an unbonded soil skeleton. This behaviour supports the interpretation of
chalk as a structured geomaterial undergoing progressive degradation during loading.

2.7 Mechanical Behaviour Evidence

Studies reviewed above show that both Aalborg and SNW chalk behave as structured carbonate geomate-
rials with a bonded fabric that degrades rapidly under loading. The Aalborg oedometer results show that
one-dimensional compression is associated with brittle damage and non-linear structural collapse. The
ALPACA programme also provides insight into how destructuration develops under shear and combined
stress paths.

Vinck et al. (2024b) showed from triaxial testing that intact chalk mobilises peak strength at very small
axial strains, typically between 0.05% and 0.2%. The pronounced post-peak reduction in deviator stress
re�ects rapid breakdown of cemented particle contacts and loss of bonded sti�ness.

Figure 2.4 Triaxial stress�strain behaviour of SNW chalk showing brittle peak strength followed by rapid
softening after Vinck et al. (2024b).

The same study showed that sti�ness degradation begins at very small strains. Figure 2.5 illustrates the
rapid reduction in shear modulus with increasing strain, con�rming the sensitivity of chalk sti�ness to
bond damage.
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Figure 2.5 Shear modulus degradation with increasing strain in chalk after Vinck et al. (2024b).

Taken together with the Aalborg oedometer results (Figure 2.1), these observations show a consistent
behaviour. Intact chalk appears sti� at small strains, but the bonded structure degrades rapidly once
loading begins. The subsequent response is controlled by progressive destructuration.

2.8 In-situ Penetration Behaviour of Chalk

Field penetration behaviour provides a link between laboratory observations and foundation response
Vinck et al. (2024a). Buckley (2018) reported CPTu pro�les from the SNW site showing moderate cone
resistance, low sleeve friction ranging from approximately 0 to 0.8 MPa, and signi�cant excess pore
pressure generation during penetration, with measured pore pressures reaching approximately 12 MPa.

Figure 2.6 Representative CPTu pro�les from the SNW site showing cone resistance, sleeve friction and pore
pressure response after Buckley (2018).

Field observations from the ALPACA research programme shows that pile installation and drivibility of
it in chalk is accompanied by signi�cant disturbance of the surrounding chalk. Instrumented pile tests
and post-installation investigations showed that penetration induces destructuration of the chalk fabric
and the formation of a remoulded zone around the pile shaft (Jardine et al., 2019, 2024). These processes
changes the local strength and sti�ness of the chalk and in�uence the mechanisms governing penetration
resistance and shaft load transfer. The �eld observations therefore provide an important link between
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laboratory-scale evidence mentioned by Vinck et al. (2024a) of bond degradation and destructuration
and the behaviour of o�shore foundations installed in chalk.

2.9 Summary

Chalk is a weak and highly porous carbonate material whose behaviour is governed by a bonded mi-
crostructure and progressive destructuration.

Laboratory evidence from Nielsen et al. (2019) and Vinck et al. (2024a) shows that compression behaviour
is in�uenced by brittle fabric collapse and sensitivity to specimen preparation. These observations support
the interpretation of chalk as a structured geomaterial rather than a conventional soil.

The ALPACA dataset from the SNW site provides a broader behavioural framework. Triaxial testing,
sti�ness degradation, compression behaviour and CPTu response consistently show that intact chalk
exhibits high initial sti�ness but undergoes rapid structural degradation once loading begins.

The evidence presented in this chapter shows that chalk behaviour is governed by destructuration across
both laboratory and �eld conditions. This provides the basis for analysing large-strain mechanical be-
haviour in the following chapter. These �ndings provide a framework for interpreting the triaxial test
results obtained in this study, particularly in terms of sti�ness reduction, peak strength mobilisation and
post-peak behaviour.
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Chapter 3

Mechanical Behaviour of Chalk Under
Large Strain

3.1 Introduction

Chalk behaves as structured geomaterial because of its high porosity and the weak cementation that exists
between particles (Fabricius, 2007; Nielsen et al., 2019). At relatively small strains, this structure gives
rise to comparatively high sti�ness and a distinct brittle peak strength. However, this initial response is
not maintained during continued loading.

As stress levels increase, the cemented particle contacts progressively break down and the material begins
to destructure. This process is accompanied by rapid sti�ness degradation, reduction of apparent cohe-
sion and increasing particle rearrangement. Consequently, the mechanical response gradually transitions
from bond-controlled behaviour towards behaviour governed primarily by e�ective stress and frictional
resistance.Vinck et al. (2024a)

Understanding this transition is particularly important for o�shore foundation problems involving pile
driving or monopile installation in chalk formations. During penetration, the chalk surrounding the pile
experiences very large shear and compressive strains, meaning that the response is governed largely by
destructured chalk rather than intact material behaviour (Jardine et al., 2018, 2019; Vinck et al., 2024b).

This chapter reviews the main mechanisms controlling large-strain chalk behaviour, with particular fo-
cus on sti�ness degradation, destructuration, volumetric collapse and the transition towards frictional
behaviour.Vinck et al. (2024a). These mechanisms form the basis for interpretation of the experimental
results presented later in this master thesis.

3.2 Brittle Peak Behaviour and Early Destructuration

Laboratory triaxial tests on intact chalk commonly show that peak strength is mobilised at relatively
small local axial strains, typically between approximately 0:05% and 0:2% (Vinck et al., 2024b). Following
peak mobilisation, the deviator stress often decreases rapidly, indicating brittle behaviour associated with
rupture of cemented particle contacts and progressive structural breakdown.

A similar trend is observed in sti�ness measurements. Figure 3.1 presents sti�ness degradation results
obtained from constant-volume DSS and CIU tests on chalk reported by Vinck et al. (2024b). The
results show a signi�cant reduction in shear sti�ness at relatively small strain levels, indicating that
destructuration begins early during shearing.
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Figure 3.1 Shear sti�ness degradation during constant-volume DSS and CIU tests on chalk samples (Vinck
et al., 2024b).

The �gure also illustrates the substantial di�erence between small-strain and large-strain sti�ness. The
highest sti�ness values were obtained from elastic wave measurements and therefore represent the intact
chalk structure at very small strains. In contrast, the lower sti�ness values correspond to measurements
obtained during shearing, after signi�cant structural degradation had already occurred.

This behaviour demonstrates the strong strain dependency of chalk sti�ness.

Although intact chalk may initially appear relatively sti�, this sti�ness reduces rapidly once destruc-
turation begins. The reduction is associated not only with bond breakage, but also with �ssure closure,
pore collapse and local particle rearrangement within the chalk matrix.The plot also shows the types of
loading a�ect the sti�ness of chalk,here comparing DSS and CIU.Vinck et al. (2024a)

3.3 Volumetric Collapse and Structural Breakdown

In addition to shear-induced destructuration, chalk also undergoes substantial volumetric collapse during
compression. High-pressure oedometer tests reported by Vinck et al. (2024b) indicate that yielding occurs
at relatively modest stress levels compared with the apparent initial sti�ness of the material.

As shown previously in Figure 2.3, the compression curves exhibit a noticeable change in slope after yield.
At higher stress levels, the behaviour gradually approaches that of reconstituted chalk, suggesting that
the original bonded structure has largely been destroyed.

This transition re�ects progressive collapse of the porous chalk structure. Under increasing compression,
weak interparticle bonds break, pores collapse and the material progressively densi�es. The resulting
behaviour becomes increasingly similar to that of a frictional granular geomaterial.

Volumetric collapse is particularly important beneath pile tips, where large compressive strains develop
during installation. Under these conditions, both shear deformation and compressive volumetric strains
contribute to progressive destructuration of the chalk mass surrounding the pile.Vinck et al. (2024a)

3.4 Transition Towards Frictional Behaviour

Vinck et al. (2024a) mentioned in his work that as destructuration progresses, the contribution of bonding
gradually reduces and the mechanical response becomes increasingly controlled by e�ective stress and
frictional interaction between particles.

Results from his test indicates that CID and CIU triaxial tests, illustrate this transition clearly. At
relatively small strains, the peak response re�ects the in�uence of bonding and cementation. However,
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with continued shearing, the stress paths progressively approach a frictional failure envelope, as shown
in Figure 3.2.

Figure 3.2 Peak shear strength and failure criteria showing convergence toward frictional behaviour (Vinck
et al., 2024b).

At large strains, the stress ratio approaches approximately M = 1:25, corresponding to a mobilised
friction angle of about � 0 � 31 � (Vinck et al., 2024b). This behaviour suggests that destructured chalk
behaves more like a frictional geomaterial than an intact weak rock.

The reduction from peak strength to large-strain frictional behaviour is consistent with progressive bond
degradation and loss of apparent cohesion during shearing.

As destructuration develops, the material response becomes increasingly governed by particle interaction
and frictional resistance rather than cementation. The behaviours described in the preceding sections are
closely linked and should not be considered as independent mechanisms.

The brittle peak response, rapid sti�ness degradation and volumetric collapse all re�ect progressive
destructuration of the chalk structure during loading. Initially, the mechanical response is governed
largely by cementation and bonding between particles. However, as strains increase, bond rupture, pore
collapse and particle rearrangement progressively reduce the in�uence of structure.

Consequently, the response transitions towards a friction-controlled behaviour that is governed primarily
by e�ective stress.

The laboratory observations by vinck is consistent with �eld evidence from pile installation studies, which
indicate that chalk surrounding the pile undergoes progressive destructuration and remoulding during
penetration (Jardine et al., 2018, 2019).

3.5 Large-Strain Behaviour in Direct Simple Shear

Additional evidence of friction-controlled behaviour is provided by the constant-volume DSS tests shown
in Figure 3.3.
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Figure 3.3 E�ective stress paths from DSS tests (Vinck et al., 2024b).

The e�ective stress paths gradually approach an approximately constant stress ratio during continued
shearing. The measured ratio is approximately �=�0v � 0:61, corresponding to an e�ective friction angle
close to 31� .

This behaviour is broadly consistent with the large-strain trends observed in triaxial testing and supports
the interpretation that destructured chalk approaches a friction-controlled response at large deformation
levels. The convergence towards a stable stress ratio also suggests that the in�uence of bonding becomes
progressively less as shearing continues, and this implies that the cohesion between chalk particles also
gets smaller.

3.6 Strain-Rate Dependency and Time E�ects

The mechanical response of chalk is also in�uenced by loading rate. Experimental observations reported
by Vinck et al. (2024b) indicate that increasing strain rate tends to delay structural collapse and increase
the apparent yield stress.

Results from isotach and CRS compression tests reported by Vinck et al. (2024b) indicate that faster
loading rates produce higher e�ective stress levels and delay yielding during compression. This behaviour
is associated with time-dependent bond degradation, delayed pore collapse, and progressive destructura-
tion within the chalk structure. Destructuration, time-dependent deformation e�ects such as creep may
also develop. Similar behaviour has been reported for other structured geomaterials and weakly bonded
soils (Mesri and Vardhanabhuti, 2005).

3.7 Summary

Intact chalk initially exhibits relatively high sti�ness and brittle peak strength due to interparticle bonding
and cementation. However, this behaviour changes progressively during loading as bond rupture and
destructuration develop, leading to sti�ness degradation, volumetric collapse, and reduction of apparent
cohesion.

Both shear-induced bond breakage and compressive pore collapse contribute to this transition. Under
undrained loading conditions, the contractive tendency of the chalk is re�ected primarily through excess
pore pressure generation rather than direct volumetric reduction.

With continued deformation, the material response progressively approaches friction-controlled be-
haviour. Large-strain laboratory studies have indicated a mobilised friction angle of approximately 31�

for destructured chalk, which is lower than the peak strength mobilised in intact material.

The mechanisms reviewed in this chapter provide an important framework for interpretation of the
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experimental results presented later in this thesis, particularly in relation to sti�ness degradation, stress-
path evolution, and post-peak destructuration behaviour.
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Chapter 4

In Situ Behaviour and Characterisation
of Chalk

4.1 Introduction

Understanding the in situ behaviour of chalk is important when relating laboratory observations to o�-
shore foundation performance. Laboratory testing provides controlled insight into mechanisms such as
bond degradation, pore collapse, and sti�ness reduction. However, �eld behaviour is additionally in�u-
enced by factors such as �ssuring, bedding structure, stress history, and in situ drainage conditions.Vinck
et al. (2024a)

Field investigations conducted within the ALPACA research programme at the St Nicholas-at-Wade
(SNW) site included CPTu testing, seismic investigations, pressuremeter testing, and geophysical surveys
(Jardine et al., 2019; Vinck et al., 2024b). These studies provided insight into the behaviour of chalk
during penetration and loading at �eld scale.

Alpaca laboratory studies have shown that chalk undergoes progressive destructuration once the bonded
framework is exceeded. However, intact laboratory specimens may not fully represent in situ chalk
conditions because sampling and specimen preparation can reduce the in�uence of larger discontinuities
and �ssures present in the �eld.

Field investigations are therefore important for characterising chalk behaviour in its natural state. This
chapter summarises key observations from published in situ studies and relates them to mechanisms rel-
evant to pile installation in chalk. Representative CPTu and pore pressure response pro�les are provided
in Appendix B, including Figures B.1 and B.2.

.

4.2 Implications for Penetration and Installation

Previous studies have shown that chalk undergoes rapid structural degradation during penetration and
pile installation processes (Jardine et al., 2018; Buckley, 2018; Vinck et al., 2024b). Large strains imposed
beneath pile and cone tips cause progressive bond breakage, pore collapse and destructuration of the intact
chalk framework.

Field and laboratory observations from the ALPACA research programme indicate that penetration in
low- to medium-density chalk generates remoulded chalk putty and signi�cant excess pore pressures
around penetrating elements (Vinck et al., 2024b). CPTu measurements at the SNW site recorded very
high pore pressures beneath cone tips, while pile installation was associated with the formation of weak,
destructured annuli surrounding pile shafts.

The destructured response di�ers signi�cantly from the behaviour of intact chalk observed at small
strains. Direct simple shear (DSS) and post-rupture triaxial responses indicate that large-strain behaviour
becomes increasingly friction-controlled, with mobilised friction angles of approximately 31� reported for
destructured chalk (Vinck et al., 2024b).

The presence of �ssures and micro-fractures may also promote partial drainage during penetration despite
rapid loading conditions (Buckley, 2018; Vinck et al., 2024b). Consequently, pile penetration resistance
and shaft behaviour are considered to be governed primarily by destructured chalk behaviour rather than
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the intact bonded response measured in small-strain laboratory tests.

4.3 Summary

Field investigations show how chalk behaves under natural conditions, where structural features such as
�ssures, bedding and micro-fractures strongly in�uence sti�ness and strength.

Chalk exhibits relatively high sti�ness at very small strains, although this behaviour degrades progres-
sively during loading as destructuration develops. Penetration and shearing processes lead to bond
breakage and the formation of remoulded zones within the chalk mass.

These �eld observations are consistent with laboratory evidence showing progressive sti�ness degradation
and destructuration during loading, where the bonded chalk structure gradually breaks down and tran-
sitions towards a weaker friction-controlled response. No in situ testing was carried out on the Aalborg
chalk in the present study.

Interpretation of �eld-scale behaviour is therefore based on published results from the ALPACA research
programme, which provides a representative reference for low- to medium-density chalk. These observa-
tions are used in the following chapters to relate laboratory behaviour to practical foundation response.

23



Chapter 5

Pile Installation Mechanisms in Chalk
Formations

5.1 Introduction

(Vinck et al., 2024b) in the alpaca laboratory investigations have shown that intact chalk behaves as a
structured geomaterial at small strains, where interparticle bonding and cementation govern sti�ness and
strength. In the same study and as well as from (Nielsen et al., 2019) triaxial and oedometer studies have
further demonstrated that bond degradation and destructuration may develop at relatively small strains
once the bonded framework is exceeded, respectiviely.

During pile installation, substantially larger strains are imposed around the pile tip and shaft compared
with conventional laboratory testing. Under these conditions, the bonded chalk structure progressively
breaks down and the material transitions towards a destructured state (Jardine et al., 2019; Vinck et al.,
2024b). The mechanical response is therefore increasingly governed by the behaviour of remoulded chalk
rather than the intact bonded structure.

Field investigations conducted within the ALPACA research programme, including CPTu testing, pile
installation monitoring and laboratory testing, provide insight into how these mechanisms develop during
penetration in chalk formations (Jardine et al., 2019; Vinck et al., 2024b). The observations reported
in these studies are reviewed in the following sections in relation to chalk destructuration, pore pressure
generation and pile resistance behaviour.

5.2 Penetration-Induced Destructuration Beneath the Pile Tip

(Buckley, 2018; Jardine et al., 2019) shown that high stresses develop beneath pile and cone tips during
penetration in chalk deposits. These stresses can lead to breakdown of the bonded chalk framework, and
lossen the strength of the bonded chalk framework and promote rapid destructuration of the material.

It is also reported that,Laboratory and �eld observations published by Vinck et al. (2024b) indicated that
destructuration is associated with collapse of the pore structure, reduction in sti�ness and progressive
transition from intact chalk behaviour towards a remoulded response. Similarly, Kågeson-Loe et al.
(1993) the same mechanisms were also discussed, progressive fabric degradation during loading of weak
chalk materials.

Rapid penetration may additionally generate excess pore pressure because the contractive tendency of the
chalk cannot be accommodated immediately through free volumetric compression (Buckley, 2018; Vinck
et al., 2024b). This response is analogous to undrained triaxial loading conditions, where suppression of
volume change results in pore pressure development.

5.3 Formation of a Remoulded Annulus Along the Pile Shaft

Field observations from pile installation and CPTu investigations suggest that destructured chalk is
displaced along the pile shaft during penetration, forming a remoulded annulus surrounding the pile
(Jardine et al., 2019; Buckley, 2018).

This remoulded material exhibits reduced sti�ness and strength compared with intact chalk and behaves
primarily as a frictional material with limited bonding (Vinck et al., 2024b). Large-strain laboratory
tests further indicate that the response of destructured chalk becomes increasingly governed by frictional
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resistance rather than intact cementation e�ects.

The shaft interaction developed during penetration is therefore considered to depend primarily on the
behaviour of the remoulded chalk annulus rather than the intact chalk mass. This interpretation is
consistent with �eld measurements and CPTu observations reported within the ALPACA programme
(Jardine et al., 2019; Vinck et al., 2024b).

5.4 Pore Pressure Generation and Drainage Behaviour

Buckley (2018) reported signi�cant excess pore pressure generation during penetration in chalk, while the
laboratory studies of Vinck et al. (2024a) demonstrated that destructuration and pore collapse can con-
tribute to contractive behaviour during loading. However, unlike many �ne-grained soils, chalk deposits
often contain �ssures and discontinuities that may increase permeability and promote drainage, resulting
in behaviour that can range from partially drained to locally undrained depending on the loading rate
and chalk characteristics.

Field observations, CPTu measurements, and dissipation tests conducted at the SNW site indicate that
pore pressures generated during penetration can dissipate relatively rapidly compared with those in many
�ne-grained soils (Buckley, 2018; Jardine et al., 2019; Vinck et al., 2024b). Consequently, penetration in
weak chalk is often interpreted as occurring under partially drained conditions rather than under fully
drained or fully undrained conditions.

The partially drained response in�uences both e�ective stress development and penetration resistance
during installation (Buckley, 2018). Consequently, pore pressure generation and drainage behaviour are
considered important components governing pile installation response in chalk formations.

5.4.1 Rate E�ects and Drainage Conditions During Pile Installation

The degree of drainage during penetration may be described using the normalised penetration velocity:

V =
vD
ch

(5.4.1)

where v is the penetration rate, D is the pile diameter, and ch is the coe�cient of consolidation (Jar-
dine et al., 2024). This parameter represents the relationship between loading rate and pore pressure
dissipation capacity.

Field observations in chalk indicate that penetration commonly occurs within this intermediate
range,partially drained, because �ssures and discontinuities permit relatively rapid drainage even during
fast loading (Vinck et al., 2024b; Buckley, 2018). This framework has been used to conceptually relate
laboratory and �eld behaviour. Drained triaxial conditions (CID) may be interpreted as representing the
lower drainage limit, while undrained triaxial conditions (CIU) represent the upper limit where volume
change is restricted and pore pressure develops (Wood, 1990). Field behaviour during pile installation in
chalk is generally considered to occur between these two conditions because partial drainage may develop
during penetration (Buckley, 2018; Vinck et al., 2024b).

5.5 Evolution of Shaft Resistance During Installation and Reconsolidation

The alpaca �eld studies have shown that pile installation initially generates a weak destructured annulus
with reduced e�ective stress and limited shaft resistance (Jardine et al., 2019). Excess pore pressure
generated during penetration further contributes to temporary reduction in e�ective stress around the
pile.

As pore pressures dissipate, reconsolidation occurs and shaft resistance progressively increases (Buckley,
2018; Vinck et al., 2024b),setup. The recovered resistance develops within chalk that has undergone
signi�cant destructuration during installation, suggesting that shaft behaviour is governed largely by the
properties of the disturbed material rather than those of the original intact chalk structure. The evolution
of shaft resistance is therefore interpreted as being controlled by the interaction between destructuration,
pore pressure dissipation and reconsolidation processes (Liu et al., 2023).
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5.6 Implications for Drivability and Design

Studies reported by (Jardine et al., 2019; Buckley, 2018; Vinck et al., 2024b).indicate that pile installation
in chalk is governed by destructuration, pore collapse and frictional behaviour of remoulded material.
These mechanisms di�er signi�cantly from the conventional behaviour typically assumed for sands and
clays.

studies from Jardine et al. (2019), the response of piles installed in chalk is governed not only by the prop-
erties of the intact material but also by the changes induced during installation, including destructuration,
pore pressure development and subsequent e�ective stress recovery.

5.7 Summary

The above mentioned studies indicate that pile installation in chalk is governed by rapid destructuration
of the bonded chalk structure under large-strain loading conditions. Penetration leads to pore collapse,
excess pore pressure generation and formation of remoulded chalk surrounding the pile.

Field investigations further indicate that �ssures and discontinuities promote relatively rapid drainage,
causing installation behaviour to be partially drained rather than fully undrained (Vinck et al., 2024b;
Buckley, 2018).

Overall, the reviewed studies show that pile behaviour in chalk is governed primarily by the response of
destructured material rather than the intact bonded properties measured at small strain.
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Chapter 6

Laboratory Testing Programme

6.1 Introduction

In this chapter, laboratory testing was conducted to investigate the mechanical behaviour of Rørdal
chalk using a triaxial testing system. The testing procedures generally followed standard geotechnical
laboratory practice (ISO, 2015), and measurements of specimen mass and dimensions were performed
using the available laboratory instrumentation.

The testing programme began with the determination of the basic index properties of the chalk, includ-
ing bulk density, dry density, porosity, void ratio, and particle density. These properties were used to
characterise the material and provide a basis for interpreting its mechanical behaviour.

Following the index testing, two groups of triaxial tests were conducted. Isotropically consolidated drained
(CID) tests and isotropically consolidated undrained (CIU) tests. Each group consisted of three tests
performed under con�ning pressures of 50 kPa, 200 kPa, and 300 kPa. The primary objective of the
testing programme was to investigate the mechanical behaviour, stress�strain behaviour of the chalk and
to evaluate the in�uence of con�nement on strength, sti�ness, volumetric response, and pore pressure
development. Particular attention was given to the progressive transition from intact bonded behaviour
to destructured behaviour at larger strains.

Since chalk is highly sensitive to disturbance, particular care is also given during specimen selection,
preparation, and testing to minimise damage to the natural material structure.

The preparation of a single intact specimen, with dimensions of 70 mm in diameter and 70 mm in
height, typically required approximately 4.5 hours. Chalk blocks were carefully selected to minimise the
presence of discontinuities, �ssures, and other visible defects, thereby ensuring that the specimens were
as representative and intact as possible. This approach was adopted to improve the reliability of the
measured strength and deformation characteristics obtained from the triaxial testing programme.

6.2 Chalk Material Source and Site Description

The chalk specimens were obtained from the Aalborg Portland quarry at Rørdal, northern Jutland,
Denmark Aalborg Portland A/S (2023). The deposit consists of Upper Maastrichtian chalk from the
northern European Chalk Basin Stenestad (2006). It is a high-purity (90�95% CaCO3) B.3, biogenic
chalk composed mainly of coccoliths and foraminifera, deposited in a low-clastic marine environment.

The area has undergone long-term uplift and erosion, and the chalk mass is strongly a�ected by karsti�-
cation. The present topography is mainly controlled by �uviokarst processes, i.e. the interaction between
�uvial erosion and chalk dissolution, resulting in features such as channels, cavities, and sinkholes Sten-
estad (2006).

The map of the Aalborg Portland study area was prepared for this study using QGIS (OSGeo4W-4.0.0-1).
The map shows the location of the Rørdal quarry near Aalborg, along with nearby infrastructure such
as roads and the Aalborg Portland industrial area. The study site is located close to the Limfjord, a
shallow marine water body that connects to the North Sea.

Base map and relevant spatial data were used to give an overview of the surrounding environment,
including land use and access routes. The map helps to visualise the position of the chalk source and its
relation to the regional setting, as shown in Figure 6.1.
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