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ABSTRACT
Urbanisation calls for a more efficient use of space. Historically, cities are often located close to
water where deep deposits of soft natural clay are ubiquitous. This combination of factors results
in construction of increasingly larger buildings on less competent ground, which requires deep
foundations. Displacement piles offer one of the most cost-effective deep foundation solutions.
The installation of those piles, however, leads to mass-displacements and changes in state in the
clay that surrounds the newly built and existing structures in the geotechnical system. Nowadays
advanced numerical analysis is routinely used by practising geotechnical engineers to quantify the
soil-structure interactions in urban areas. Including the pile installation phase in such system-level
analyses, however, is complex and thus often neglected. In practice, designers rely on empirical
relations to consider the influence of the installation on the pile response, and the impact of
mass-displacement is investigated as a separate design case in which the change of state is not
considered.
This thesis explores the possibility of directly including pile installation in the numerical analysis
of the urban geotechnical system. The focus was on modelling the changes of the soil in space and
time during (parts of) the pile cycle using numerical techniques. The research results show that the
pile installation phase can be successfully modelled at each stage of the pile cycle, using realistic
kinematics by using a numerical framework for large deformations and a constitutive model that
captures the complex deformation characteristics of soft natural clays. Furthermore, the need for
complexity in the numerical analysis, in terms of modelling the kinematics of pile installation and
the constitutive model, was investigated. Geotechnical engineers should avoid using advanced
constitutive models while neglecting the influence of pile installation. The simplified models
perform well in comparison to the advanced models for predicting the short-term response at
distances larger than five pile radii. The results reiterate that short-term mass-displacements
occur in undrained conditions and that the length and cross-sectional area, in combination with
the relation between the pile length and distance from the pile, govern the distribution of soil
displacements. Additionally, stiff boundaries, existing foundations, as well as horizontal and
vertical stiffness gradients influenced the distribution of the displaced soil. In conclusion, the
work conducted in this thesis provides a basis for further numerical studies on the influence of pile
installation on the urban geotechnical systems.

Keywords: deep foundations, pile installation, mass-displacements, numerical modelling, soft
natural clay, soil-structure interaction, Creep-SCLAY1S
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NOTATION
Acronyms
CPTU piezocone penetration test
CRS Constant Rate of Strain
CS Critical State
CSL Critical State Line
NCL Normal Compression Line
OCR Apparent Overconsolidation ratio
SSPM Shallow Strain Path Method
Greek symbols
𝛼 amount of anisotropy
𝛼𝑠 adhesion factor at pile failure
𝛽 effective stress factor at pile failure
𝛾 unit weight
Δ𝑢 excess pore pressure
𝛿 displacement
�̇� strain rate
𝜀 strain
𝜅 swelling index
𝜅∗ modified swelling index
𝜆 compression index
𝜆∗ modified compression index
𝜆i intrinsic compression index
𝜆∗i modified intrinsic compression index
𝜇∗
i modified intrinsic creep index

𝜈′ Poisson’s ratio
𝜛 small strain multiplier
𝜌 density
𝜎′h horizontal effective stress
𝜎′v vertical effective stress
𝜎′ℎ horizontal effective stress
𝜎′𝑟 radial effective stress
𝜎′vc apparent vertical preconsolidation pres-

sure
𝜏𝑓 shaft resistance at failure
𝜒 amount of bonding
Ω installed pile volume
𝜔 rate of rotational hardening
𝜔d relative rate of rotational hardening due

to deviatoric strain
Roman lower case letters

𝑎 rate of destructuration
𝑏 relative rate of destructuration due to

deviatoric strain
𝑐h horizontal coefficient of consolidation
𝑐v vertical coefficient of consolidation
𝑑 diameter
𝑒 void ratio
𝑘 permeability (hydraulic conductivity)
𝑝′ mean effective stress
𝑞 deviatoric stress
𝑞𝑝 penetrometer resistance
𝑞𝑛𝑒𝑡 CPTU net tip resistance
𝑠u undrained shear strength
𝑡 time
𝑢 pore pressure
𝑣 penetration velocity
𝑤𝐿 water content at liquid limit
𝑤𝑛 natural water content
𝑤𝑝 water content at plastic limit
Roman capital letters
𝐴 shape factor for small strain stiffness

degradation
𝐸 Young’s modulus
𝐺 shear modulus
𝐼𝑝 plasticity index
𝐾 ′ effective bulk modulus
𝐾0 coefficient of earth pressure at rest
𝐾𝑐 coefficient of earth pressure after equal-

isation
𝐾𝑖 coefficient of earth pressure after instal-

lation
𝐿 pile length
𝑀c stress ratio at critical state in triaxial

compression
𝑀e stress ratio at critical state in triaxial

extension
𝑅 radius
𝑆𝑡 sensitivity
𝑇 normalised time (time factor)
𝑉 normalised penetration velocity
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1 Introduction
1.1 Background
Historically, human settlements have been established near lakes, rivers and other waterways often
situated on deep deposits of soft natural clay. Some of these early settlements have transformed
into the cities of today, comprising of modern structures that have been built adjacent to existing
(historic) structures. Furthermore, building plots have been re-used, leading to new developments
in the same location as demolished structures. Urbanisation calls for increasingly more efficient use
of the urban space, leading to the construction of high-rise buildings and increasingly higher loads
on new foundations. In addition to securing the bearing capacity and controlling the deformations
of the new foundation, predicting the influence of the new building on the neighbouring structures
and their foundations has become an essential part of the foundation design in urban settings.
Furthermore, the contribution of the construction sector to global warming is significant and an
efficient use of construction materials, including those in the foundation, is essential in the effort
towards net zero emissions (De Melo et al. 2024).
A system perspective is required to predict the spatio-temporal response of the complex urban
geotechnical systems. The response of these systems is a result of the interactions between the
soil in its current state, including the existing structures, and the changes to the system caused by
the new structures. Deep foundations are used to transfer large loads from the super-structure to
the clay deposit below and are thus a common component in the urban geotechnical system. The
installation of piles will impact the system by a combination of state change and mass displacements
(e.g., Bozozuk et al. 1978). In Sweden, driven prefabricated concrete displacement piles comprise
ca. 50–60% of the yearly installed pile volume (Pålkommissionen 2024). During installation,
these piles displace the soil with a combination of translation & rotation and deformation (strain),
e.g., Ni et al. (2010).
In geotechnical engineering practice, numerical modelling is increasingly more common for
analysing geotechnical engineering problems in an urban setting involving soil-structure interaction
at system-level. Advanced constitutive models combined with coupled hydro-mechanical Finite
Element frameworks have been successfully used to quantify the evolving state of soft natural clays
due to historical, present and future loading events. When combined with field- and laboratory-
based site investigation methods, numerical modelling gives the geotechnical engineer a powerful
tool to increase the understanding and to quantify the current and future state of the system (e.g.
Zdravković et al. 2021; Karstunen 2023).
Including the effects of pile installation in geotechnical system analysis, however, is complex and
thus usually simplified. The numerical complexity of the pile installation process, resulting from
the large deformations around the advancing pile base, precludes the adoption of system-level
analyses using standard (small strain) Finite Element formulations.
In current practice, the effect of the pile installation in natural clay is usually included indirectly.
Empirical relations between pile load tests and the in-situ conditions prior to installation, such
as the undrained shear strength, vertical effective stress or cone resistance are most often used
for design of the bearing capacity of single piles (or piles at a sufficiently large centre-to-centre
spacing). However, the influence of the evolving state of the soil following pile installation on the
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larger geotechnical system is often overlooked. In Swedish geotechnical engineering practice, the
immediate impact of pile installation is commonly included in the analysis as a separate design
case. Typically, only the undrained response in the clay is simulated using the Shallow Strain Path
Method (Sagaseta et al. 1997) or simple Finite Element Methods. In contrast, the deformation
analysis during the service life of the foundation is often conducted without consideration of the
time-dependent effects from pile installation.
A multitude of numerical frameworks are available to address the complexity involved in the
modelling of the pile installation process into clay (e.g., van den Berg et al. 1996; Lu et al.
2004; Dijkstra et al. 2011; Hamann et al. 2015; Ceccato et al. 2016; Monforte et al. 2018; Singh
et al. 2021; Phek et al. 2023; Staubach et al. 2023). Numerical studies that incorporate the
complete service life of the pile, including the installation, with advanced constitutive models
in a coupled hydro-mechanical framework, however, remain scarce. Most studies are restricted
to the installation of a single pile in an axisymmetric domain without the presence of adjacent
structures. Consequently, the influence of pile installation and equalisation on a more complex
geotechnical system remains challenging, due to the numerical complexity and the computational
demands. Furthermore, the modelling of natural sensitive clays, abundant in the Nordic countries,
requires constitutive models that are more advanced than typically used for the modelling of pile
installation.
The current project was initiated to investigate potential methods of including the spatio-temporal
effects of the installation of displacement piles and subsequent equalisation in geotechnical system
analysis. Installation effects will be studied, over the service life of the pile, with a focus on
possible means of increasing the accuracy of numerical predictions of the urban geotechnical
system. Gothenburg, Sweden, is a typical example of a city that forms such a geotechnical system.
The city is situated on a deep deposit, i.e., up to 80m of soft natural clay and is in the process of
densifying the central parts, which requires extensive piling works in an already crowded urban
environment.
Different modelling approaches are associated with varying levels of complexity, which apply to
both the effort needed by the engineer to use the model and the accuracy of the numerical results
obtained. The research will provide guidance on the appropriate model choice for the trade-off
between model complexity and the fidelity of the results obtained.

1.2 The pile cycle
In this work, the pile cycle, as proposed by Randolph and Gourvenec (2011), will be used as a
conceptual model for the systematic analysis of the spatio-temporal influence of pile installation
on the geotechnical system. The pile cycle contains four separate stages and is illustrated in Figure
1.1.
The in-situ stage focuses on the state of the soil at the site prior to the installation of the pile. The
installation of the pile will result in severe distortion in the soil surrounding the pile, leading to
a change in the stress distribution and state of the soil. The new effective stress state in the soil
after pile installation is a combination of the total stresses in the soil and the changes in the pore
water pressures. During the equalisation stage, the excess pore water pressures generated during
installation dissipate, resulting in an increase in effective stress and a decrease in the total stress
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close to the pile. The final stage is the loading of the pile, in which the service load is applied to
the pile head and transferred to the soil surrounding the pile.

    In-Situ    Installation    Equalisation       Loading

�'
h0

�'
v0

u0

�'
hi

�'
vi

u0+�ui

�'
hc(t)

�'
vce(t)

u0+�u(t)

�'
hf

�'
vf

u0+�u(t)+�uf

Figure 1.1: The pile cycle. Separation of the service life of a pile into four different stages. Adopted
from Randolph and Gourvenec (2011).

1.3 Aim and objectives
The spatio-temporal response of the geotechnical system, i.e., the evolving interaction between
existing and new structural elements and the soil over time, will be numerically quantified for the
installation of displacement piles into soft natural clays. The applicability of the methods with
varying degrees of complexity will be studied for several aspects of the pile installation problem,
e.g., mass-displacements, evolving state in the soil and the impact on existing foundations.
The main objectives are to investigate:

(i) The influence of model complexity, i.e., numerical framework and constitutive model, on
the magnitude of the predicted mass displacements from pile installation in a soft natural
clay, including both the short- and long-term conditions.

(ii) The evolving response with time of the state of the pile-soil system over the course of the
pile cycle.

(iii) The impact of existing structures and the size of the domain on the distribution of constant
volume mass-displacements due to pile installation.
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2 Deformation characteristics of soft natural clays
The response of saturated soft natural clay as an engineering material results from its constituents
(clay mineralogy and other non-active fractions), geological and anthropogenic deposition and
loading history as well as loading conditions (direction, rate). At a continuum level, this evolving
mechanical behaviour shows features such as; rate-dependency, anisotropic yielding and stress-
strain response as well as strain-softening from destructuration (loss of bonding). This Chapter
will briefly discuss some of the main features of the behaviour of soft natural (sensitive) clays,
which are needed to understand the response of the pile-soil system over the different stages of the
pile cycle. Additionally, a generalised framework will be introduced for numerical studies on the
effect of the installation of displacement piles in natural clay.

2.1 Stiffness
Stiffness is a measure of the resistance of a soil to deformations when subjected to a change in
stress. In the following, the initial focus is on the effective stress response, i.e., the resistance of the
soil skeleton to a change in effective stress. The undrained response, where the water contributes
to the bulk stiffness of the soils with a low hydraulic conductivity, will be treated as a special case.
For soft natural clays, the link between the emerging continuum response and the mechanisms at
particle scale between individual particles is still unresolved (e.g., Birmpilis et al. 2022). The
emerging stiffness at continuum scale, however, is well established for monotonic loading paths.
The deformations of a soil element are commonly separated into compression, i.e., a change
in volume with a constant shape, and distortion, i.e., a change in shape under constant volume.
Correspondingly, the conjugate effective stress components, i.e., the stress component that induces
compression and the component that induces distortion can be derived from the the Cauchy stress
tensor:

𝝈′ =
[

𝜎
′

𝑥 𝜎
′

𝑦 𝜎
′

𝑧 𝜏𝑥𝑦 𝜏𝑦𝑧 𝜏𝑧𝑥
]𝑇 (2.1)

with the following corresponding strain tensor:
𝜺 =

[

𝜀𝑥 𝜀𝑦 𝜀𝑧 𝜀𝑥𝑦 𝜀𝑦𝑧 𝜀𝑧𝑥
]𝑇 (2.2)

The deviatoric stress tensor and strain tensor can be derived by introducing the isotropic effective
stress (also denoted mean effective stress) 𝑝′ = (𝜎′𝑥 + 𝜎′𝑦 + 𝜎′𝑧)∕3 and volumetric strain 𝜀𝑣 =
𝜀𝑥 + 𝜀𝑦 + 𝜀𝑧 . The deviatoric stress tensor now becomes:

𝝈′
𝑑 =

[

𝜎′𝑥 − 𝑝′ 𝜎′𝑦 − 𝑝′ 𝜎′𝑧 − 𝑝′
√

2𝜏
′

𝑥𝑦

√

2𝜏
′

𝑦𝑧

√

2𝜏
′

𝑧𝑥

]𝑇 (2.3)

and the corresponding deviatoric strain tensor:

𝜺𝑑 =
[

𝜀𝑥 −
𝜀𝑣
3

𝜀𝑦 −
𝜀𝑣
3

𝜀𝑧 −
𝜀𝑣
3

√

2𝜀𝑥𝑦
√

2𝜀𝑦𝑧
√

2𝜀𝑧𝑥
]𝑇 (2.4)

The geotechnical sign convention where a compressive load is denoted as positive is used for this
work.
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The relation between the volume change Δ𝜀𝑣 of a material and the change in mean effective stress
Δ𝑝′ is often assumed to be isotropic and given by the effective bulk modulus 𝐾 ′ as:

Δ𝑝′ = 𝐾 ′Δ𝜀𝑣 (2.5)
and the relation between the increments in deviatoric stress and strain by the shear modulus 𝐺:

Δ𝝈′
𝑑 = 2𝐺Δ𝜺𝑑 (2.6)

At small strain magnitudes, the relation between 𝐾 and 𝐺 are interrelated by the effective Young’s
modulus 𝐸′ and the corresponding effective Poisson’s ratio 𝜈′:

𝐾 ′ = 𝐸′

3(1 − 2𝜈′)
𝐺 = 𝐸′

2(1 + 𝜈′)
(2.7)

The stiffness of soft natural clays is non-linear, see Figure 2.1a, with a stiffness that depends on the
current effective stress state and can be approximated by a linear strain logarithmic stress relation
(Cummings et al. 1950; Burland 1990). Soft natural clays also show a distinct yield behaviour.
The most established approach is to separate the small elastic (reversible) strain below yield and
the large plastic non-reversible strains beyond yield. The plastic response is significantly softer
compared to the elastic response. The yield stress (represented by the apparent preconsolidation
pressure in 1D) in soft natural clays results from historic loading (changes in effective stress, creep
and cementation). Additional factors influence the yield stress, which will be elaborated on in
the following sections. Natural soils have been shown to be significantly stiffer for small strains
compared to large strains as measured in conventional laboratory testing (Dobry and Vucetic
1987; Clayton 2011), see Figure 2.1b, which also denotes typical threshold values for the strain
delimiting the elastic and plastic response of clays.

p′

ε v

(a) Idealised volumetric elastoplastic response with a
stress dependent stiffness.

(b) Idealised strain amplitude dependent stiffness.
Mitchell and Soga (2005)

Figure 2.1: Stiffness of clay.

The initial response of saturated clays upon load application is often in the undrained regime,
where excess pore water pressures completely carry the applied load. Over time, consolidation
occurs, during which excess pore water pressures dissipate, consequently increasing the effective
stress in the soil. The stiffness of clay upon undrained loading can be understood by adopting
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an undrained modulus 𝐸𝑢 and letting the Poisson’s ratio 𝜈 → 0.5 (by definition constant volume
response) in the stiffness Equations 2.7, leading to, in theory, infinite bulk stiffness. The water in
the pores does not resist shear, hence, in undrained conditions 𝐺𝑢 = 𝐺.

2.2 Yielding
The yield stress of soft natural clay stems from the intrinsic properties of the soil, in combination
with the historic effective stress levels and direction of loading. Commonly, natural clays are de-
posited in water vertically, forming horizontal layers, resulting in an anisotropic stress environment
(Mitchell and Soga 2005). The overburden load and pore water conditions dictate the magnitude
of the vertical (effective) stress, while the horizontal effective stress results from a combination of
the current vertical effective stress, the mechanical behaviour of the clay and the stress history
(Mayne and Kulhawy 1982).
The loading direction and initial stress conditions have been found to influence the deviatoric
stress at failure for soft natural clays. Loading rate also matters, as will be discussed in Section 2.3.
Systematic stress probing in multiple directions at a single loading rate has been conducted by,
e.g., Sällfors (1975), Larsson (1977), Graham et al. (1983), Leroueil and Vaughan (1990), Wheeler
et al. (2003), and Koskinen (2014), on different natural clays. When combined, the yield points
from different stress paths form an inclined yield surface characterised by a higher yield stress
in compression than in extension. Furthermore, the size of the inclined yield surface has been
shown to be strongly related to stress history which is commonly quantified using the yield stress
(apparent preconsolidation pressure) in the oedometric loading path 𝜎′𝑣𝑐 .
An example of the yield surface of an anisotropic natural soft clay is exemplified in Figure 2.2 with
data from Graham et al. (1983). The results are presented in the simplified cross anisotropic triaxial
stress space 𝑝′ vs. 𝑞, defined as 𝑝′ = (𝜎′𝑣 + 2𝜎′ℎ)∕3 and 𝑞 = (𝜎𝑣 − 𝜎ℎ), and include the yield points
from triaxial stress probing on soil from four different depths. When the data are normalised with
the 𝜎′𝑣𝑐 , the yield points collapse in a narrow band that forms a normalised inclined yield surface.
Although different soft natural clays share the characteristics of anisotropy and a stress-dependent
yield surface, the shape of the surface is unique for each clay and can be identified by systematic
effective stress probing in relevant isotropic and deviatoric stress paths.

50 100 150 200 250 300
p′[kPa]

0

50

100
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Figure 2.2: Normalised yield surface of a soft natural clay from Winnipeg. Based on triaxial test
data on clay sampled from four depths, data from Graham et al. (1983).
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2.3 Material rate-dependency
Soft natural clays exhibit a strain rate-dependent response, sometimes called viscous effects,
which manifests as i) rate-dependent yield stress and undrained strength, ii) creep, i.e., continuous
deformation on sustained loading, and iii) stress relaxation at a constant deformation. The size
of the yield surface of a natural clay relates to the apparent preconsolidation pressure that is
evaluated in oedometric loading conditions (vertical effective stress - void ratio). The influence of
rate-dependency is often discussed in the oedometric loading conditions but is equally applicable
to the rate-dependent behaviour of clay in other loading paths, see e.g., Tavenas et al. (1978).
Sällfors (1975) conducted Constant Rate of Strain tests (CRS) on a soft natural clay at different
strain rates, see Figure 2.3, where an increase in strain rate was shown to lead to higher 𝜎′𝑣𝑐 . When
normalised with the evaluated 𝜎′𝑣𝑐 of each test, the curves collapse. This indicates that the change
in the yield stress due to a change in the strain rate is sufficient to map the stress-strain behaviour
of the soil at different loading rates. Creep is defined as the time-dependent deformations that
occur at constant effective stress. If put in the context of strain rate, the creep can be interpreted as
a gradual reduction of strain rate over time. Leroueil et al. (1985) conducted a series of oedometer
creep tests on Batiscan clay. The deformations were recorded at various times, converted to strain
rates, and used to illustrate the stress-strain response for the clay corresponding to the various
strain rates, see Figure 2.4a. The results provide very similar curves to the influence of strain rate
observed for the CRS test results in Figure 2.3.
Relaxation, i.e., the reduction in effective stress under constant deformations is governed by the
same mechanism as creep but instead of constant load, the deformations are kept constant, resulting
in a reduction of effective stress. In the context of strain rate, relaxation can be seen as a reduction
in strain rate under constant volume. Larsson (1977) studied the undrained relaxation of soft
natural clay using triaxial creep tests. The clay samples were consolidated to an initial stress state
based on the in-situ stress state of the soil. Subsequently, the samples were rapidly loaded in
axial compression to varying levels of mobilisation. After the rapid loading, the test were left in
undrained conditions. The response during the undrained stress relaxation, see Figure 2.4b, results
in a reduction of effective stress, and a corresponding increase in pore water pressures. During the
relaxation process, the three tests with the largest deviator stress failed.
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Figure 2.3: Influence of loading rate on the stress strain response of a soft natural clay. CRS tests
at different strain rates �̇� on result in different vertical yield stress 𝜎′𝑣𝑐 . Tests was conducted on
clay from Bäckebol by Sällfors (1975).
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Figure 2.4: Rate dependent response of clay.
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2.4 Apparent bonding
In their natural state, soft clays resist higher loads than in their reconstituted state at the same
void ratio (an imaginary state), which is attributed to some apparent bonding in the clay (Burland
1990). This phenomenon was studied by Leroueil (1996) on re-sedimented Jonquière Clay that
was left for 128 d in an oedometer cell under a constant load, see Figure 2.5. After 128 d, the
sample showed an increase in yield stress (apparent preconsolidation pressure) compared to the
response of soil tested without the sustained load step, which is partly attributed to the creep
of the soil to a denser state (lower void ratio 𝑒). However, the influence of creep is limited to
the increase in the yield stress found up to the normal compression line (NCL). The additional
difference in the yield stress is attributed to the development of some apparent bonding in the soil.
The term ageing is commonly used to discuss the additional increase in pile capacity after the
end of consolidation, which includes, but is not limited to, creep and the development of some
apparent bonding (Doherty and Gavin 2013).
When loading continues past yielding, the inclination of the compression line is initially steeper
for the intact natural clay, which results from the gradual destruction of the bonding in the soil.
The curves of the bonded and (unbonded) remoulded soil will ultimately converge at large values
for vertical effective stress when the clay has reached a completely destructured state (Leroueil
et al. 1979; Koskinen et al. 2002).
The sensitivity, i.e., the ratio of the intact peak undrained shear strength and the remoulded
undrained shear strength (Mitchell and Soga 2005), is usually used to measure the potential for
strain softening of a natural clay due to remoulding. In the Nordic countries, the fall cone test
(where the penetration is linked to the shear strength) is most commonly used to determine the
sensitivity, by first testing the clay sample in its intact state, before remoulding it and retesting.
The sensitivity is closely linked to the amount of bonding in the soil, however, the bonding is
quantified in a known state, i.e., void ratio and stress, whereas the state of the clay during the
fall cone test is unknown. When formulating the constitutive models in Section 2.6, the loss of
(apparent) bonding as a result of plastic strains is called destructuration.
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Figure 2.5: Influence of creep and bonding on the oedometric response of resedimented Jonquière
Clay, data from Leroueil (1996).
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2.5 Critical state in clays
The concepts of critical state soil mechanics are based on the systematic testing of reconstituted
clays subjected to various levels of isotropic preloading (Roscoe et al. 1958). The framework
stipulates that soils, when sheared past the point of yielding, ultimately reach a critical state 𝐶𝑆 at
which further shearing of the soil will occur under a constant stress ratio and volume. The critical
state line 𝐶𝑆𝐿 is defined by its slope 𝑀𝑐 in compression and 𝑀𝑒 in extension which defines the
relation between 𝑝′ and 𝑞 at critical state for a given soil, see Figure 2.6.
Depending on the relation between the yield surface of the soil, the initial stress state, and the
stress path towards failure, the soil will reach yield at different sides of the 𝐶𝑆𝐿. When the soil
reaches yield at a point on the right-hand side of 𝐶𝑆𝐿, at the “wet side”, it contracts on its way
to 𝐶𝑆, which results in volumetric hardening in drained triaxial loading and the generation of
positive excess pressures in undrained loading. In contrast, if the soil reaches yield at a point on
the left-hand side of 𝐶𝑆𝐿, at the “dry side”, the soil will dilate on its way to 𝐶𝑆, resulting in
dilation (increase in volume) in drained loading or the generation of negative excess pore water
pressures (suction) in undrained loading.
Allman and Atkinson (1992) conducted triaxial tests on 𝐾0 consolidated reconstituted soil with
various degrees of unloading before loading in extension or compression in both undrained and
drained conditions. The results from the tests are presented in Figure 2.6 and clearly illustrate
the existence of a critical state that is reached independently of the initial state of the soil and the
drainage conditions. The inclination of 𝐶𝑆𝐿 in compression is higher than in extension.
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triaxial test on Bothkennar clay presented by Allman and Atkinson (1992).

13



2.6 Generalised behaviour of soft natural clays
The concept of critical state soil mechanics (Roscoe et al. 1958) provides the basis of the generalised
framework describing the stress-strain response of soft natural clays. Critical state soil mechanics,
in combination with insights from the experiments on the yielding behaviour of clays, resulted in
the formulation of the elastoplastic Modified Cam Clay (MCC) model (Roscoe and Burland 1968).
Since then, critical state soil mechanics has been used to develop increasingly more advanced
constitutive models for natural clays. In the following, the critical state models SCLAY1S and
Creep-SCLAY1S will be used to generalise the behaviour of soft natural clays.
The formulation of the (Creep-)SCLAY1(S) models is based on MCC, e.g., Roscoe and Burland
(1968) and Wood (1990), and was gradually extended to include anisotropy and evolution of
anisotropy (SCLAY1, Wheeler et al. (2003)), bonding and destructuration (SCLAY1S, Koskinen
et al. (2002)). Creep-SCLAY1S is a viscoplastic formulation of SCLAY1S that incorporates the
rate-dependent nature of soft soils (Sivasithamparam et al. 2015b; Gras et al. 2018). A small strain
formulation has also been used in combination with Creep-SCLAY1S, see e.g., Tahershamsi et al.
(2023).
SCLAY1S and Creep-SCLAY1S are both formulated in a hierarchical manner, see Table 2.1.
Hence, both the elastoplastic and viscoplastic model families allow for studying the influence of
the additional features (anisotropy and bonding) beyond the basic framework (MCC). Furthermore,
the influence of rate-dependency can be studied by comparing the response captured by SCLAY1S
and Creep-SCLAY1S.
The models have been successfully used to capture various problems, e.g., the response of excava-
tions (Tornborg et al. 2021; Bozkurt et al. 2023; Tornborg et al. 2023), embankments (Amavasai
et al. 2018), pile installation (Karlsson et al. 2019), installation of stone columns (Castro and
Karstunen 2010) and slope stability (Sellin and Karstunen 2023).

Table 2.1: Hierarchical model features of SCLAY1S and Creep-SCLAY1S
Model Basic framework Anisotropy Rotation Bonding
SCLAY1S Elastoplastic Yes/No Yes/No Yes/No
Creep-SCLAY1S Viscoplastic Yes/No Yes/No Yes/No

Some definitions
Before describing the model some definitions related to the formulation need to be made. The
Cauchy stress tensor (see equation 2.1), with the y-axis as the vertical direction is used in combi-
nation with the strain rate tensor defined as:

�̇� =
[

�̇�𝑥 �̇�𝑦 �̇�𝑧 �̇�𝑥𝑦 �̇�𝑦𝑧 �̇�𝑧𝑥
]𝑇 (2.8)

The deviatoric stress tensor is defined as:

𝝈′
𝑑 =

[

𝜎′𝑥 − 𝑝′ 𝜎′𝑦 − 𝑝′ 𝜎′𝑧 − 𝑝′
√

2𝜏𝑥𝑦
√

2𝜏𝑦𝑧
√

2𝜏𝑧𝑥
]𝑇 (2.9)
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where the mean effective stress is 𝑝′ = (𝜎′𝑥+𝜎′𝑦+𝜎′𝑧)∕3. The deviatoric strain rate tensor is defined
as:

�̇�𝑑 =
[

�̇�𝑥 −
�̇�𝑣
3

�̇�𝑦 −
�̇�𝑣
3

�̇�𝑧 −
�̇�𝑣
3

√

2�̇�𝑥𝑦
√

2�̇�𝑦𝑧
√

2�̇�𝑧𝑥

]𝑇
(2.10)

where �̇�𝑣 = (�̇�𝑥 + �̇�𝑦 + �̇�𝑧). A deviatoric fabric tensor is defined as:

𝜶 =
[

𝛼𝑥 − 1 𝛼𝑦 − 1 𝛼𝑧 − 1
√

2𝛼𝑥𝑦
√

2𝛼𝑦𝑧
√

2𝛼𝑧𝑥
]𝑇 (2.11)

where the components have the property:
𝛼𝑥 + 𝛼𝑦 + 𝛼𝑧 = 3 (2.12)

The formulation of the slope of the critical state line is stress path dependent. The Lode angle 𝜃
dependent formulation of 𝑀(𝜃) follows Sheng et al. (2000) as:

𝑀(𝜃) = 𝑀𝑐

(

2𝑚4

1 + 𝑚4 + (1 − 𝑚4) sin 3𝜃𝛼

)1∕4
(2.13)

where 𝑚 = 𝑀𝑐∕𝑀𝑒 and:
sin 3𝜃𝛼 = −

[

3
√

3
2

(𝑱 3)𝛼
(𝑱 2)

3∕2
𝛼

]

(2.14)

The (𝑱 2)𝛼 and (𝑱 3)𝛼 are the second and third invariants of the modified deviatoric stress (𝝈′
𝑑 −

𝜶𝑑𝑝′), see e.g., Sivasithamparam et al. (2015b).

2.6.1 Creep-SCLAY1S
A detailed description of the viscoplastic Creep-SCLAY1S model will be presented in the following
Section. The formulation of SCLAY1S, which is an equivalent standard elastoplastic model will
not be elaborated, and the reader is referred to Koskinen et al. (2002). Since the models rely
on similar hardening laws, SCLAY1S can conceptually be understood by replacing viscoplastic
strains with plastic strains and the Normal Compression Surface with a yield surface. However, in
the elastoplastic version of the model, the current effective stress state cannot fall outside the yield
surface.
The viscoplastic critical state model Creep-SCLAY1S is formulated around three surfaces that are
identical in shape and orientation but different in size, see Figure 2.7. The model is formulated
such that at any stress state, the total strain rate is a combination of elastic (e) and viscoplastic or
creep (c) strain rates:

�̇� = �̇�𝑒 + �̇�𝑐 (2.15)

The Current Stress Surface (CSS) describes the current stress state of the soil and its size is
controlled by the equivalent mean effective stress 𝑝′𝑒𝑞 at the hydrostatic axis. The Normal Com-
pression Surface (NCS) forms the boundary between large and small creep rates, which would be
called a yield surface in a rate-invariant model. The size of the NCS is expressed by the isotropic
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Figure 2.7: Illustration of Creep-SCLAY1S model surfaces in simplified triaxial space.

preconsolidation pressure 𝑝′𝑚. The Intrinsic Compression Surface (ICS) represents an imaginary
yield surface of the soil at a state without bonding, inspired by Gens and Nova (1993) and with a
size defined by the intrinsic isotropic pre-consolidation pressure 𝑝′𝑚𝑖. The sizes of NCS and ICS
are linked by the bonding parameter 𝜒 according to the relation 𝑝′𝑚 = (1 + 𝜒)𝑝′𝑚𝑖. The surfaces
are defined by the expression:

𝑓 = 3
2
[

{𝝈′
𝑑 − 𝑝′𝜶𝑑}𝑇 {𝝈′

𝑑 − 𝑝′𝜶𝑑}
]

−
[

𝑀(𝜃)2 − 3
2
𝜶𝑇
𝑑𝜶𝑑

]

(𝑝𝑠𝑢𝑟𝑓 − 𝑝′)𝑝′ = 0 (2.16)

were 𝑝′𝑠𝑢𝑟𝑓 is the parameter controlling the size of the specific surface, i.e., 𝑝′𝑚, 𝑝′𝑒𝑞 and 𝑝′𝑚𝑖. The
surfaces of the model are illustrated in simplified triaxial space 𝑝′∕𝑞 in Figure 2.7 where 𝜎′𝑥 = 𝜎′𝑧and 𝑞 = (𝜎′𝑦 − 𝜎′𝑥). For reference, the yield surface corresponding to MCC initialised from the
same stress state and apparent overconsolidation ratio 𝑂𝐶𝑅 is included.
The scalar representation of the anisotropy 𝛼 is the inclination of the yield surface in 𝑝′ − 𝑞 space
with regards to the mean effective stress axis where 𝛼2 = 3

2𝜶
𝑇
𝑑𝜶𝑑 . The initialisation of the model

is based on assuming cross anisotropy in the 3D space, so that the initial inclination of the surfaces
is defined by the scalar value 𝛼0 and the following relations:

𝛼𝑥 = 𝛼𝑧 = 1 − 1
3
𝛼0 𝛼𝑦 = 1 + 2

3
𝛼0 𝛼𝑥𝑦 = 𝛼𝑦𝑧 = 𝛼𝑧𝑥 = 0 (2.17)

The Creep-SCLAY1S model contains three hardening laws: one corresponding to volumetric
hardening similar to MCC, one corresponding to the rotation of NCS similar to SCLAY1, and one
corresponding to the destructuration of the bonding similar to SCLAY1S.
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The rotational hardening law is defined as:

�̇�𝑑 = 𝜔
([

3𝝈′
𝑑

4𝑝′
− 𝜶𝑑

]

⟨�̇�𝑐𝑣⟩ + 𝜔𝑑

[

𝝈′
𝑑

3𝑝′
− 𝜶𝑑

]

|�̇�𝑐𝑑|
)

(2.18)

where ⟨�̇�𝑐𝑣⟩ = �̇�𝑐𝑣 if �̇�𝑐𝑣 > 0 and ⟨�̇�𝑐𝑣⟩ = 0 if �̇�𝑐𝑣 < 0 and �̇�𝑐𝑣 is the deviatoric viscoplastic strain rate.
The rate of rotation due to viscoplastic strain 𝜔 and the relative rate of rotation due to deviatoric
viscoplastic strains 𝜔𝑑 control the rate of rotation. The value of 𝜔 needs to be calibrated based on
experimental testing whilst 𝜔𝑑 can be theoretically derived from 𝐾𝑁𝐶

0 using the 𝑀𝑐 .
The destructuration law changes the amount of bonding 𝜒 according to:

�̇� = −𝑎𝜒
[

|�̇�𝑐𝑣| + 𝑏�̇�𝑐𝑞
]

(2.19)
where 𝑎 is the volumetric rate of destructuration and 𝑏 the rate of destructuration due to deviator
strain. The volumetric hardening law changes the size of ICS:

�̇�′𝑚𝑖 =
𝑝′𝑚𝑖

𝜆∗𝑖 − 𝜅∗ �̇�
𝑐
𝑣 (2.20)

where 𝜅∗ and 𝜆∗𝑖 are visualised in Figure 2.8 and are called modified swelling index and modified
intrinsic compression index, respectively.
The (isotropic) elastic response of the model is similar to MCC where the effective elastic bulk
modulus 𝐾 ′ is based on 𝜅∗ (𝐾 ′ = 𝑝′∕𝜅∗) and the effective elastic shear modulus 𝐺 is calculated
based on a constant value of Poission’s ratio 𝜈′ according to 𝐺 = 3𝐾 ′(1 − 2𝜈′)∕2(1 + 𝜈′). The
viscoplastic (creep) strains of the model are assumed to follow an associated flow rule, formulated
as:

�̇�𝑐𝑖𝑗 = Λ̇
𝜕𝑝′𝑒𝑞
𝜕𝜎′𝑖𝑗

(2.21)

Λ̇ =
𝜇∗
𝑖

𝜏𝑟𝑒𝑓

(

𝑝′𝑒𝑞
𝑝′𝑚

)

𝜆∗𝑖 −𝜅
∗

𝜇∗𝑖

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
i

⎛

⎜

⎜

⎝

𝑀2(𝜃) − 𝛼2𝐾𝑛𝑐
0

𝑀2(𝜃) − 𝜂2𝐾𝑛𝑐
0

⎞

⎟

⎟

⎠

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
ii

(2.22)

where i) controls the creep strain rate and ii) is added to ensure that the resulting creep strain rate
in oedometric conditions corresponds to the measured volumetric creep strain rate. The reference
time of the viscoplastic formulation 𝜏𝑟𝑒𝑓 corresponds to the duration of the test used to define the
size of the NCS surface, most commonly an oedometer test with the load step duration of 24 h,
i.e., one day.

2.6.2 Small strain formulation
A small strain formulation following Sivasithamparam et al. (2021) has been recently incorporated
with the Creep-SCLAY1S model. Details on the implementation are presented in Tahershamsi
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et al. (2023). The Creep-SCLAY1S model, in combination with this small strain formulation, will
be denoted as Creep-SCLAY1Sss in this work.
The formulation is based on Hsieh et al. (2017) and relates the current shear modulus 𝐺 to the
shear modulus at small strains 𝐺0 according to:

𝐺(𝜀𝑞) = 𝐺0

[

1 −
⟨𝜀𝑞 − 𝜀𝑠⟩

𝐴 + 𝐵⟨𝜀𝑞 − 𝜀𝑠⟩

]

(2.23)

where 𝜀𝑞 is the deviatoric strain invariant, 𝜀𝑠 is a threshold strain below which 𝐺 = 𝐺0, in this
work 𝜀𝑠 = 10−5 is assumed.
Parameters 𝐴 and 𝐵 are model parameters where 𝐴 specifies the shape of the stiffness degradation
curve, see Figure 2.1b, and 𝐵 defines the relation between the small strain and large strain stiffness.
By rearranging Equation 2.23 and letting 𝜀𝑞 approach to infinity:

𝐺
𝐺0

= 1 − 1
𝐵

(2.24)
Following Tahershamsi et al. (2023), for simplicity, 𝐵 is replaced by a small strain multiplier 𝜛
as the input model parameter, controlling the relation between the small strain stiffness and the
unloading reloading modulus at engineering strain levels 𝐺𝑢𝑟 as:

𝜛 =
𝐺0
𝐺𝑢𝑟

(2.25)

2.6.3 Some comments on Creep-SCLAY1S
The use of the Creep SCLAY1S model requires in total 14 model parameters (+2 for small strain
stiffness formulation), see Table 2.2. The parameters can be divided into intrinsic model parameters
that control the intrinsic (state-independent) behaviour of the material, state parameters describing
the initial and current state, and the hardening parameters describing the evolution of the bond
degradation and anisotropy in the soil.
The viscous behaviour in Creep-SCLAY1S is formulated using the intrinsic creep index of the
soil. The creep rate can, in the context of strain rate, be seen as the vertical distance between two
curves representing different strain rates, following the concepts of isotaches (Šuklje 1957), as
seen in, e.g., Figure 2.3. As such, this viscous formulation is able to capture the influence of the
loading rate on the yielding of the soil as represented by the difference in 𝜎′𝑣𝑐 due to the variation
in strain rate. The aspects related to the rate-dependency of the model are illustrated in Figure 2.8
considering both strain-rate effects and creep.
Note that when changing from Creep-SCLAY1S to SCLAY1S 𝜆∗𝑖 and 𝜅∗ should be replaced by 𝜆𝑖and 𝜅 using the relations

𝜆∗𝑖 =
𝜆𝑖

1 + 𝑒
𝜅∗ = 𝜅

1 + 𝑒
(2.26)

Additionally, in simulations where bonding is not included in the analysis, 𝜆∗𝑖 should be replaced by
a compression index representative for the relevant loading situations, commonly the 𝜆∗ evaluated
at stress levels just beyond the apparent preconsolidation pressure (Figure 2.8).
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Table 2.2: Creep-SCLAY1S model parameters. Parameters for the small strain stiffness formulation
in parenthesis.

Basic behaviour
𝜆∗𝑖 Modified intrinsic compression index [-]
𝜅∗ Modified swelling index [-]
𝜈′ Poisson’s ratio [-]
𝑀𝑐 Slope of CSL in compression [-]
𝑀𝑒 Slope of CSL in extension [-]
𝜇∗ Modified intrinsic creep index [-]
(𝜛) Small strain multiplier [-]
Initial state
𝑒0 Initial void ratio [-]
𝛼0 Initial anisotropy [-]
𝜒0 Initial amount of bonding [-]
𝑂𝐶𝑅 Apparent overconsolidation ratio [-]
𝜏 Reference time for preconsolidation pressure [days]
Hardening behaviour
𝜔 Rate of rotation [-]
𝜔𝑑 Relative rate of destructuration due to deviatoric strains [-]
𝑎 Rate of destructuration [-]
𝑏 Relative rate of destructuration due to deviatoric strains [-]
(𝐴) Shape factor for small strain stiffness degradation [-]
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Figure 2.8: Rate-dependent volumetric response of the Creep-SCLAY1S model.
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2.7 Coupled response of soil
The soft natural clays considered are assumed to be fully saturated within the context of this thesis.
Thus, the response of the soil emerges from the interplay between the mechanical properties of
the clay, discussed in the previous Sections, and the drainage properties. Two limit states, the
drained and undrained state, are commonly adopted in geotechnical engineering. The drained
situation relies on immediate dissipation of pore water pressures, while the undrained state assumes
no dissipation of pore water pressures. Consequently, in the undrained conditions a practically
constant volume response emerges, due to the high stiffness of the pore water. This undrained
limit state can be numerically captured by letting Poisson’s ratio 𝜈 → 0.5, which results in very
high 𝐾 , see equation 2.7.
The two-phase nature of saturated clays leads to a coupled response governed by a combination of
the mechanical and hydraulic properties of the soil. Water is unable to transfer any shear stress
while being almost incompressible when subjected to pure isotropic loading. In the short-term
undrained limit state, any isotropic stress increase resulting from the external load is thus completely
carried by pore water, resulting in the emerging excess pore water pressures as a result of negligible
flow of pore water. In contrast, the shear stresses induced by the external load are instantaneously
applied to the soil skeleton. Over time, the excess pore water pressures generated due to the
loading dissipate, which correspondingly increases the effective stress and in turn changes the
volume in the soil. After full dissipation of the pore water pressures, in the drained limit state,
the external load is completely carried by the soil skeleton as an effective stress. The drainage
response emerges from a combination of the emerging stiffness, the hydraulic conductivity of the
soil, and the rate of external loading. It should be noted that the consolidation processes near a pile
in clay during the installation and the subsequent equalisation is complex, opposed to oedometric
conditions, as the excess pore water pressures generated during pile installation will dissipate
under non-constant total stress.
During pile installation, the drainage situation in the soil emerges depending on the installation
velocity (rate) 𝑣 and the diameter of the pile 𝑑, in combination with the hydromechanical properties
of the soil as captured by the combination of the vertical and horizontal consolidation coefficients 𝑐𝑣and 𝑐ℎ respectively. The consolidation coefficients in the soil result from the evolving compression
moduli and hydraulic conductivity 𝑘 of the soil.
The drainage situation in the soil during pile installation can be estimated by the non-dimensional
normalised penetration velocity defined as 𝑉 = 𝑣𝑑

𝑐𝑣
. The consolidation coefficient can be estimated

using the relation 𝑐𝑣 =
𝑘𝑣(1+𝑒0)𝜎′𝑣0

𝜆𝛾𝑤
following Schneider et al. (2007) where 𝛾𝑤 is the unit weight of

water.
In simple terms, this implies that the faster a pile is pushed into the soil, compared to the ability
of the soil to accommodate the volume change (as represented by the rate of consolidation), the
more likely it is that the emerging soil response will be undrained. The normalised response
of the emerging penetration resistance (𝑞𝑛𝑒𝑡) and excess pore pressures (Δ𝑢2) are illustrated in
Figure 2.9a for the penetration of a piezocone (CPTu) into normally consolidated kaolin during a
geotechnical centrifuge test (Schneider et al. 2007). At low 𝑉 the response is practically drained,
no excess pore water pressure is developed. At intermediate 𝑉 , an increase in penetration velocity
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Figure 2.9: Rate-dependent penetration response in clay.

result in an increase in the excess pore pressure developed. At high 𝑉 , the response is essentially
undrained, and an additional increase in penetration velocity does not cause any additional excess
pore water pressure due to a higher penetration (loading) rate. The suggested limits for the drained
and undrained response are 𝑉 ≈ 0.3 and 𝑉 ≈ 30 respectively (DeJong and Randolph 2012). The
cone resistance increases when the drainage conditions change from undrained to drained, due to
the effective stress increase in the soil, which enables the mobilisation of a larger shear strength.
In addition to the rate-dependency of the hydromechanical coupling (consolidation), the rate-
dependency of the material itself (viscous behaviour) also influences the emerging penetration
resistance. The combined rate effects were studied by Lehane et al. (2009) with CPTu, T-bar and
Ball cone penetrometers. Figure 2.9b shows the influence of the relative influence of consolidation
and viscous behaviour at different 𝑉 . The influence of consolidation controls the response at
intermediate 𝑉 , manifesting in a lower penetration resistance 𝑞𝑝. When 𝑉 increases, the viscous
behaviour dominates the response, resulting in an increase in net penetration resistance at increasing
𝑉 in the undrained regime. Noteworthy is that a 𝑉 denoted 𝑉𝑇 exists where the penetration
resistance is the lowest, which emerges from the combined effects of undrained behaviour and a
minimum increase in the resistance due to the viscous behaviour.
The dissipation response following undrained cone penetration was numerically studied at different
locations at the shaft by Teh and Houlsby (1991). The development of excess pore water pressure
Δ𝑢 during dissipation is normalised with the excess pore water pressure directly after installation
Δ𝑢𝑖 and presented in Figure 2.10. Δ𝑢 was shown to be uniquely dependent on the location at the
shaft and the time factor 𝑇 = 𝑐ℎ𝑡

𝑅2 , with 2𝑅 is equal to the diameter 𝑑. The dissipation close to the
tip is faster, resulting from partial consolidation in the vertical direction, while points C, D, E, and
F show a very similar dissipation due to the largely horizontal dissipation. The distribution of
excess pore pressure normalised with the shear strength Δ𝑢∕𝑐𝑢 in the soil at 𝑇 = 0 (undrained)
and after some dissipation at 𝑇 = 5 is visualised in Figure 2.11.

21



10−3 10−2 10−1 100 101 102

T= cht
R2

0.0

0.5

1.0

Δu
/Δ
u i

A,ΔB,ΔC,ΔD,ΔE,ΔF R 

20
R

10
R

5R
 

Figure 2.10: Dissipation at the pile shaft after undrained CPTu penetration at different vertical
distances from the tip, from Teh and Houlsby (1991).

0246
r/R [−]

−4

−2

0

2

4

6

y/
R
[−

]

Δu/cuΔatΔT=0

0 2 4 6
r/R [−]

y/
R
[−

]

Δu/cuΔatΔT=5

7 6 5 4 3 2 1

Figure 2.11: Excess pore pressure following undrained cone penetration at 𝑇 = 0 (undrained)
and after some dissipation at 𝑇 = 5, data from Teh and Houlsby (1991).

22



3 Pile installation in soft clay
This Chapter elaborates on the impact of the installation of displacement piles in soft natural clays,
considering the pile cycle introduced in Section 1.2. First, the influence of pile installation on the
state of the pile-soil system is discussed, followed by an examination of the soil displacements
resulting from pile installation.

3.1 Change of soil state
3.1.1 Shaft response
The emerging state of the soil at the shaft of a displacement pile governs the pile capacity in
the pile cycle (Randolph 2003). During the largely undrained pile installation, the soft natural
clay adjacent to the pile undergoes severe disturbance, i.e., state change, due to shear-induced
deformations. After pile installation, the state of the soil continues to evolve during the equalisation
of the excess pore water pressures. Data on the evolution of the effective stress state at the pile
shaft due to installation and subsequent equalisation of piles installed in natural clays was compiled
by Karlsrud (2012). The data includes 14 test sites and more than 100 individual pile load tests.
The measurements from soils with an 𝑂𝐶𝑅 < 2.5 are included in Figure 3.1, where the data is
plotted as a function of both OCR and plasticity index 𝐼𝑝. The results are presented as the stress
ratio between the vertical in-situ effective stress 𝜎′𝑣0 and the horizontal effective stress 𝜎′ℎ (denoted
𝜎′𝑟 when measured directly at the pile shaft) at different stages of the pile cycle. The stress ratios
included are the in-situ earth pressure at rest 𝐾0, the effective stress ratio directly after installation
𝐾𝑖 and the effective stress ratio after consolidation 𝐾𝑐 . Additionally, the change in total stress due
to the installation of the pile is included by the term 𝐾𝑖 + Δ𝑢𝑖∕𝜎′𝑣0 where Δ𝑢𝑖 is the excess pore
water pressure measured directly after installation at the pile shaft.
Directly after installation, the stress state at the pile shaft is characterised by high excess pore water
pressures, and reduced radial effective stresses compared to in-situ. During the equalisation, the
excess pore water pressures dissipate, resulting in an increase in the effective stresses. Noteworthy
is that during equalisation, a relaxation of total stress is present, which is different from the 1D
oedometric consolidation case where the total stresses in the soil are constant throughout the
consolidation process. The resulting 𝐾𝑐 after consolidation is commonly found to be of similar
magnitude to the estimated 𝐾0.
In practical pile design, the failure load of piles is directly related to the in-situ strength of the
clay see e.g., Doherty and Gavin (2011), or to the CPTu test, see e.g., Lehane et al. (2022). These
methods are based on empirical relations which indirectly consider the installation effects, given
that these piles are installed into the soil in which they are tested. The 𝛼𝑠 method relates the shaft
resistance at failure 𝜏𝑓 to the undrained shear strength of the soil 𝛼𝑠 = 𝜏𝑓∕𝑠𝑢 and the 𝛽 method
relates to the initial vertical effective stress as 𝛽 = 𝜏𝑓∕𝜎′𝑣0. Thus, the coefficients effectively
incorporate the complex transient state of the pile-soil system over the installation and equalisation
stages by the 𝛼𝑠 or 𝛽 without explicitly quantifying each stage. Figure 3.2 presents the 𝛼𝑠 and 𝛽
evaluated from the pile load test reported in Karlsrud (2012).
The influence of rate dependency on the emerging pile capacity was investigated by Brown et al.
(2006), where the viscous response of the soil was shown to strongly influence the ultimate capacity
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of the pile. The ageing of piles, i.e., the increase in shaft capacity after the end of equalisation, was
studied in Doherty and Gavin (2013) by retesting a pile after ten years. The conducted pile tests,
in combination with a database study, suggests a continuous increase of pile capacity after the end
of equalisation that can be captured by a linear capacity logarithmic time relation. Similar gain
in pile capacity beyond equalisation was reported in Karlsrud et al. (2014) for loaded piles and
was successfully modelled by using a combination of SSPM and an advanced constitutive model
(Karlsson et al. 2019). The modelling suggests that the pile ageing is governed by relaxation and
creep in the soil surrounding the pile.
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3.1.2 Soil response
The change in state from pile installation reaches beyond the soil directly adjacent to the pile shaft.
Roy et al. (1981) measured the pore water pressures in the soil and at the pile shaft, both at the end
of installation and during the equalisation stage. The measurements show, see Figure 3.3a, that the
excess pore water pressures are highest at the pile shaft and decrease with the distance from the
pile. The distance is measured from the pile shaft and normalised by the radius of the pile 𝑅. The
magnitude of excess pore water pressures and the gradients in the distribution decrease with time,
as included by the time factor 𝑇 = 𝑐ℎ𝑡

𝑅2 based on measurements at 0.25, 3, 22 and 70 h after pile
installation. Interestingly, the pore water pressures at a distance exceeding 5𝑅 initially increase
following the radial dissipation of pore pressures, at a distance of 19𝑅 from the pile, the pore
pressures are higher at time 𝑇 = 10.51 compared to 𝑇 = 0.04. Similar observations are made in
physical model tests at elevated stress levels in the geotechnical centrifuge by Ottolini et al. (2014).
The dissipation of pore water pressures following pile installation in soft natural clays results in a
change in the effective stresses, and a corresponding volume change. The extent of this volume
change was explored by Karlsrud and Haugen (1985) on a soil block extracted near a displacement
pile, after equalisation, see Figure 3.3b. The void ratio after equalisation 𝑒 was shown to be reduced
compared to the void ratio of the in-situ soil 𝑒0. Additionally, the figure includes the shear strain in
the plane of the block face that was evaluated from the distortion of initially horizontal layers in the
block. The disturbance resulted in a change in shear strength 𝑐𝑢 to the soil (fall cone). The shear
strength within 0.5𝑅 from the pile was increased in relation to the in-situ value 𝑐𝑢0. In contrast, a
reduction of shear strength was found for soil at larger distances.
The change in state due to pile installation results in an immediate reduction of shear strength.
Roy et al. (1981) report a reduction of vane shear strength to about 60% to 75% of the initial
value, which is similar to the values reported by Bozozuk et al. (1978). No significant reduction
was observed at distances greater than 6𝑅 from the pile. After the full equalisation, the measured
vane shear strength was similar to the in situ shear strength at all distances from the pile. The
shear strength of the disturbed soil after equalisation has been reported to be both slightly higher
(Seed and Reese 1957) and lower (Cummings et al. 1950; Torstensson 1973; Bozozuk et al. 1978)
than the initial shear strength. Furthermore, the stress-strain response measured on the samples
extracted near an installed displacement pile shows clear evidence of a change in the compression
behaviour. The yield stress is commonly slightly lower, combined with a less pronounced yield
point and less evidence of destructuration (Torstensson 1973; Fellenius and Samson 1976; Hunt
et al. 2002).
Hunt et al. (2002) provides a detailed investigation of the influence of pile installation on the state of
the soil by comparing the response of samples extracted before pile installation and after installation
and equalisation. The results of the CRS tests and the undrained triaxial compression tests are
shown in Figure 3.4 and show clear evidence of strong disturbance due to the pile installation.
Similar to the vane shear strength, the peak shear stress is comparable to the pre- and post-pile
response. However, the strains required to reach the peak shear stress are considerably higher
in the post-pile samples. Additionally, the post-peak softening behaviour of the pre-pile sample
caused by the gradual destructuration of the clay is not visible in the post-pile sample, which
implies that the post-pile sample lost all initial structure (bonding) due to the pile installation. The
pre-pile soil response shows a distinct peak in deviator stress at a strain level of about 1% to 2%,
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followed by a strain softening in combination with an increase in excess pore water pressures.
In contrast, the post pile response shows a more ductile response with peak shear stress found
at 5% to 8% without strain softening. The destructuration caused by the pile installation is also
clear when examining the CRS response. An unstructured soil is expected to have a constant
slope in the log(𝜎′𝑣)–𝑒 space after the yield, while a structured soil has an initially softer response
as illustrated in Figure 2.5. This distinct difference in the compression behaviour of structured
and destructured soil is evident when comparing the CRS response of the pre-pile and post-pile
samples. The response of the post-pile response after yielding shows a constant inclination of the
compression line, while the pre-pile samples show an initially softer response and only stabilise at
stresses beyond 5𝜎′𝑣0, which indicates a destructured state in the post-pile sample.
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Figure 3.3: Influence of pile installation on adjacent soil.
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3.2 Mass-displacements due to pile installation in clay
The installation of a displacement pile into natural soft clay results in mass-displacements of soil
away from the pile, see e.g., Orrje and Broms (1967), Hagerty and Peck (1971), Bozozuk et al.
(1978), and Edstam and Kullingsjö (2010). This displacement can be separated into the rigid body
translation and rotation, and deformations (changes of shape by shear distortion or volume change
). When the pile is installed into clay, the pile-soil system responds in an undrained manner, which
prevents short-term volumetric deformations. However, large shear deformations of the soil are
present.
The short-term soil displacements during the installation stage of the pile cycle have been studied
in a laboratory environment by, e.g., Gue (1984), Lehane and Gill (2004), Ni et al. (2010), Ottolini
et al. (2014), and Zhou et al. (2017). These studies came to the same general conclusions: i) the
displaced soil is equal to the installed pile volume, ii) soil movement decreases with the distance
from the installed pile, iii) the soil displacements are strongly influenced by the presence of a
stress-free surface.
A generalised axisymmetric method for the prediction of movements due to pile installation in
clay was formulated by Sagaseta et al. (1997). The method called Shallow Strain Path Method
(SSPM) is based on the assumption of an incompressible soil contained in a half-space with a
stress-free ground surface. Sagaseta (2001) shows that SSPM produces a non-dimensional relation,
see Figure 3.5, for small strain conditions for the displacements 𝛿 resulting from axisymmetric
pile installation according to:

𝛿𝐿
𝑅2

= 𝛿𝜋𝐿
Ω

= 𝑓 ( 𝑟
𝐿
,
𝑦
𝐿
) (3.1)

where 𝑅 is the radius of the pile, Ω is the cross-sectional area of the pile, 𝐿 is the length of the
pile.
The non-dimensional relation shows that the magnitude of displacements is scaled with Ω and 𝐿,
and the distribution of the displacements relates to the relative vertical 𝑦∕𝐿 and horizontal 𝑟∕𝐿
position respectively. Zhou et al. (2017) investigated the influence of pile cross-sectional shape on
the resulting displacements by comparing the results from an x-shaped with a cylindrical pile. The
result indicates that the influence of shape is significant close to the pile and negligible at a distance
greater than 5𝑅𝑒𝑞 where the normalised displacements are independent of the cross-sectional
shape.
Sagaseta (2001) compared the predictions of SSPM with published laboratory data and found an
overall good agreement with the displacements due to the installation of a single pile. Since then,
SSPM has been shown to be able to capture the magnitude of displacements from the installation
of a single pile in physical model tests (Lehane and Gill 2004; Ni et al. 2010; Zhou et al. 2017) and
for a single pile (Xu et al. 2006) and a pile group installation in the field (Edstam and Kullingsjö
2010). Given the basic assumptions of SSPM, the displacement fields from multiple piles can be
added to predict the response from pile group installation which has been compared to field results
from the installation of pile groups (Rehkopf 2001; Edstam and Kullingsjö 2010).
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Figure 3.5: Non-dimensional radial (𝑟) and vertical (𝑦) displacements 𝛿 due to axisymmetric pile
installation in clay, obtained using Shallow Strain Path Method and the dimensionless response
proposed by Sagaseta (2001).

Influence from non-ideal soil and boundary conditions
Deviations from the generalised behaviour as expressed by SSPM are expected when the actual
conditions differ from the basic assumptions of the method. The expected influence of deviations
from the greenfield assumptions, i.e., a horizontal ground surface, and an incompressible soil with
a constant stiffness are:

• A limited domain size alters the distribution of soil displacements. A vertical boundary, e.g.,
a side of a model container or a rock surface in the field, prevents horizontal displacement and
increases vertical displacement in regions close to the boundary (Gue 1984). A horizontal
boundary, e.g., bedrock, increases the displacement close to the installed pile in the soil
deposit. The effect increases with the decreasing distance between the pile and the horizontal
boundary (Sagaseta 2001).

• Piles installed into sensitive clay are reported to result in lower displacements outside the area
enclosed by a pile group in relation to the displacements when installed into a non-structured
clay (Hagerty and Peck 1971; Massarsch 1976).

• The non-horizontal profile at the ground surface, e.g., sloping ground and excavations,
influences the distribution of soil displacements. Soil displacements are reported to increase
in the downward direction of the slope. A concentration of movement is reported to happen
at regions with lower elevation within a pile group (Hagerty and Peck 1971). Piling from
within an excavation results in lower displacements outside the piling area (Dugan and Freed
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1984).
• The presence of coarser soil, either as a layer or when piles are driven through the clay

into underlying coarse-grained (frictional) soil, is resulting in deviations from the constant
volume conditions observed for pile installation into clay (Turkel et al. 2023). Consequently,
the observed vertical displacements are reduced due to compaction of coarse-grained soil,
see e.g., Hagerty and Peck (1971) and Bergdahl and Nilsson (1974).

• The dissipation of the pore water pressures at the equalisation stage of the pile cycle results
in compression of the soil near the installed pile. The expected displacements due to consoli-
dation at this stage is in the reversed direction from the displacements during installation, i.e.,
radially towards the pile (Massarsch 1976; Pestana et al. 2002) and vertically downwards
(Hagerty and Peck 1971; Massarsch 1976; Dugan and Freed 1984). Depending on the
drainage conditions and the time frame of a construction project, partial consolidation can
occur during the construction stage thus reducing the observed displacements.

Additional alterations of the greenfield conditions come from the presence of existing foundations.
The stiffness of the structures causes a redistribution of the soil displacements compared to the
greenfield conditions, affecting the distribution of displacements within the soil deposit. Some
effects of existing foundations are:

• An existing single pile, when subjected to vertical soil movement, redistributes the soil
displacements along its length, which results in relative displacements between the pile
and the soil (Cooke and Price 1973). The vertical movement of the pile head is a result
of the interaction between the distribution of soil displacements exerted on the length of
the pile and the transfer of load at the pile shaft (Chow and Teh 1990). Typically, vertical
displacements due to pile installation increase towards the surface, resulting in lower pile
head displacements compared to the greenfield displacements of soil in the same location.

• The vertical displacements of existing structures on end bearing piles are reported to be
significantly lower, ≈ 50% than the measured ground displacements in a greenfield location
at a similar distance from the driven pile Dugan and Freed (1984).

• The horizontal movement of single piles in clay due to external soil displacements is compa-
rable to the greenfield soil displacements given the inability of piles to resist displacements
in its weak transversal direction (Chen and Poulos 1997).

• The horizontal movement of a foundation slab can be considered to be uniform over the stiff
horizontal direction of the slab. When subjected to displacements, piles connected to the
slab will thus have similar displacements at the pile head while being subjected to different
magnitudes of displacements from the soil as a function of the distance from the source of
displacements (Xu and Poulos 2001).

An additional remark is that existing foundations are not only subjected to, but also influence
the distribution of soil displacements in a complex soil-structure interaction problem (Zhou et al.
2021). For piles subjected to external displacements, the emerging boundary conditions have a
major impact on the predicted deformations in the pile. For an existing pile group, the boundary
conditions for the single piles result from a system-level soil structure interaction.
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3.3 Modelling of the pile cycle
Numerical modelling of the pile cycle in fine-grained soils, such as soft natural clay, involves
capturing the kinematics from pile installation and the corresponding soil response. A number of
modelling assumptions need to be made. Each assumption is associated with different degrees of
simplification of the system response and, thus, influences the accuracy of the results.
Numerical methods
Table 3.1 presents some of the numerical methods previously used to investigate the impact of
pile installation as part of geotechnical numerical analysis. The kinematics from the vertically
installed pile can either be introduced with a vertical penetration (V) of the full pile length or,
in a simplified approach, by a horizontal (H) numerical cavity expansion method (CEM). The
CEM introduces the kinematics associated with the pile installation by a horizontal expansion of a
predefined cavity (or volume element) equal to the length of the pile. The volume expansion of
the cavity should be equal to the cross-sectional area per unit length of the pile.
Furthermore, the accuracy of different constitutive models for capturing the behaviour of natural
clays, as described in Section 2.6, needs to be evaluated. Additionally, the drainage response in
the soil can be captured by assuming an undrained (U) response in either a total stress (T) or an
effective stress (E) formulation or by including the emerging coupled hydro-mechanical response
(C).
Conventionally, the Finite Element Method (FEM) in geotechnics relies on a Total Lagrangian
(TL) or an Updated Lagrangian (UL) numerical formulation. In TL the mesh used for spatial
discretisation is fixed in space, so no change in the problem geometry is considered. In UL,
the nodes of the mesh move with the calculated displacements and thus considers the updated
geometry of the problem. In the case of modelling large deformations from pile installation,
however, the updated mesh becomes severely distorted leading to numerical convergence issues.
The Press-replace method (PRM) can be used to approximate a vertical pile installation using a
conventional small-strain Lagrangian formulation. The pile installation is modelled by repeating
sequences of press and replace steps. In the press step, a displacement boundary condition is used
to press soil at the pile tip away, which is then replaced by pile material in the replace step.
To avoid convergence issues related to a distorted mesh, several different FEM formulations based
on an Eulerian framework have been developed. An Eulerian formulation relies on a mesh that is
fixed in space while the field variables, i.e., stress, strain and state variables, are convected through
the domain between calculation steps. The installation of a pile in an Eulerian formulation can be
introduced by applying boundary conditions that mimic the penetration of a rigid pile.
A number of studies rely on a combination of the two formulations to overcome issues related to
large deformations. The Arbitrary Lagrangian-Eulerian (ALE) formulation relies on a periodical
re-meshing or reshaping of a deformed Lagrangian mesh by an Eulerian remapping of the field
variables between the new and old mesh configurations. The Coupled Eulerian-Lagrangian (CEL)
formulation instead divides the domain into a pure Lagrangian part and a pure Eulerian part.
Contact formulations are introduced as boundary conditions in the relevant domains, and then the
interaction between the two parts is specified.
Additionally, continuum-based particle methods, such as the Material Point Method (MPM),
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Geotechnical Particle Finite Element Method (G-PFEM) and Smoothed Particle Hydrodynamics
(SPH) can be used to model pile installation. These methods are conceptually comparable to the
ALE methods, except that the field variables are tracked by convection of a number of predefined
material points that move in space rather than being mapped between different mesh configurations.
In addition to FE methods, the analytical Cavity Expansion Method (CEM) and the Shallow Strain
Path Method (SSPM) can be used to obtain the kinematics resulting from the pile installation,
assuming a horizontal and vertical installation mechanism, respectively. The strain history, which
is calculated independent of the soil response, from these two methods can then be combined with
a constitutive model to get the change in the state of soil due to pile installation. A mapping from
the single point response of the CEM or SSPM to an FE domain needs to be performed, if any
continuum analysis, such as consolidation needs to be considered.
Numerical studies
Table 3.2 presents a number of numerical studies that influenced the modelling choices made in
this Thesis.
The number of numerical studies that included the full pile cycle i.e., installation, equalisation, and
subsequent loading, of a displacement pile in a single numerical framework is scarce (Abu-Farsakh
et al. 2015; Sivasithamparam et al. 2015a; Phek et al. 2023; Staubach et al. 2023). The influence of
installation effects can be studied by comparing the load-displacement of a wished-in-place (WIP)
pile with a numerically installed pile, see e.g., Sivasithamparam et al. (2015a) and Staubach et al.
(2023). The results indicate that the influence of pile installation is significant and increases with
the introduction of strain softening in the modelled soil response (Sivasithamparam et al. 2015a)
and with the number of load cycles (Staubach et al. 2023). The significance of strain-softening
was also shown by e.g., Hauser and Schweiger (2021) and Monforte et al. (2021), for the cone
penetration test. The interplay between the rate-dependency and strain softening was highlighted
by, e.g., Zhou and Randolph (2009) and Singh et al. (2022) In conclusion, the above calls for a
study on the combined influence of installation, rate-dependency and strain softening over all
stages of the pile cycle.
The consolidation of positive excess pore water pressures results in a reduction in soil volume,
which in combination with an increase in effective stress, leads to time-dependent increases in
shear resistance. Additional compression of the clay occurs due to the ongoing creep in the soil.
Furthermore, the destructured soil near the pile could regain some of the bonding of the in-situ
soil due to thixotropy Ren et al. (2021). The phenomena are interlinked and are lumped together
in the concept of pile ageing. Karlsson et al. (2019) studied the ageing using a rate-dependent soil
response and concluded that the process of creep can be used as the major explanation for pile
ageing. Pile ageing due to thixotropy has been included in numerical studies, e.g., Abu-Farsakh
et al. (2015) and Phek et al. (2023), by explicitly prescribing the strength properties of the disturbed
clay. These studies do not include the influence of initial destructuration or rate dependency, and
require a back-analysis of the time-dependent strength properties of the clay with calibration data.
In the absence of full insight into the process of thixotropy, the process of ageing is in this work
solely attributed to the influence of creep, which emerges from the intrinsic rate-dependency of
the natural clay.
Numerical studies on soil displacements in clay resulting from both the pile installation stage
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and the subsequent equalisation of excess pore water pressures are limited to CEM where the
pile volume was introduced using a simplified horizontal pile installation mechanism (Castro
and Karstunen 2010; Sheil et al. 2015). A direct comparison using FE between the displacement
resulting from a simplified horizontal installation mechanism and that of a vertical installation
mechanism is missing. This comparison should be performed to reveal the influence of this model
assumption on the predicted displacements. Additionally, the relative influence of the features of
soft natural clay on the emerging displacements due to pile installation and subsequent equalisation
should be quantified.
Numerical studies of the full problem of pile installation tend to become computationally demand-
ing. Simplifying the modelling process is sometimes necessary to study in detail the individual
aspects of the impact of pile installation. An example is the quantification of the displacements
resulting from a large number of piles installed in clay, which was studied by Edstam and Kullingsjö
(2010) using a simplified numerical approach. The study relied on a constant volume response of
linear elastic soil combined with a horizontal pile installation mechanism. The individual piles
were grouped into a "superpile," which was the same length and equivalent volume as the individual
piles. The method showed results comparable to SSPM and the measured field displacements, and
is thus promising for assessing the influence of displacement on complex geotechnical systems in
the short term.
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4 Methodology development
4.1 Eulerian pile penetration
In this thesis, the Finite Element Method (FEM) formulation used to model the installation of
piles into soft natural clays combines an Eulerian (E) material description for the clay with a
quasi-Lagrangian description for the pile. The code used, Tochnog Professional (Roddeman
2024), has previously been used to model triggering and run-out of landslides (Crosta et al. 2003;
Crosta et al. 2016) as well as pile installation (Dijkstra et al. 2011). In contrast to commonly used
Total Lagrangian or Updated Lagrangian small strain FE codes, the formulation enables very
large deformations around the tip of an advancing cone or displacement pile without numerical
convergence issues.
The Eulerian description is based on the method suggested by Huetink (1992) where each time
step is divided into an initial Updated Lagrangian step followed by the convection of material
(and its state variables) through a stationary mesh with the Streamline Upwind Petrov Galerkin
method (SUPG). The Finite Element mesh is fixed, i.e., independent of the material deformations,
throughout the analysis. However, at each time step any change in the geometry, e.g., a second
Lagrangian mesh or a geometry entity with prescribed boundary condition is continuously up-
dated. A fully hydro-mechanically coupled numerical formulation with an effective stress-based
constitutive model is used to couple the deformation of the material (volumetric and shear strains)
to the emerging pore water pressure and flow of the pore water and vice versa. The hydraulic
head in the system and the flow of pore water are computed with the storage equation, solved
simultaneously with the mechanical problem for the ongoing pile penetration. Hence, the drainage
response for each element in the domain will emerge from the hydraulic conductivity of the soil
and the penetration rate of the pile. As a result, in addition to the undrained or drained penetration
problem, intermediate drainage regimes spanning from undrained to drained response can be
studied.
For an Eulerian mesh, two different methods to model the installation of a pile into the soil have
been proposed by Dijkstra et al. (2011). Both rely on an Eulerian framework and an axisymmetric
model domain but are fundamentally different in how the kinematics of the problem are introduced
in the domain.
In the fixed pile method the problem is modelled as a stationary flow problem where the pile is
fixed and the soil is flowing upwards in the domain. The pile geometry will affect the flow patterns
in the soil, thus capturing the pile penetration mechanism. A steady state solution will eventually
be reached for the specified geometry of the model.
A more intuitive way of modelling the penetration process is by the moving pile method, where
pile installation is modelled by penetrating a pile object into an initially stationary soil. In this
approach, the geometry of the pile and the boundary conditions prescribed on that entity, are
gradually changed. As the pile is pushed further into the soil, the solution will show the current
geometry at any given moment during the calculation. Analogously to modelling a flat pile base,
another shape of the penetrating object can be used for both of these methods.
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Fixed pile
The fixed pile method considers a pile with a radius 𝑅 that is initially embedded to the full
penetration length 𝐿 of the pile at the axisymmetric boundary in a homogeneous soil , see Figure
4.1. The geometry is kept constant throughout the analysis. The kinematics of the method are
introduced by a vertical inflow 𝑣 of soil (and its state variables) at the bottom boundary of the
domain. Pushing the soil already in the domain up and eventually out of the domain at the top
boundary. As the soil continuously flows upwards, the stationary pile affects the flow pattern of
the soil, and the penetration mechanism of the pile installation is modelled. Eventually, a steady
state is reached, giving a solution to the problem for the specified geometry. Due to the flow of
soil in the domain, the fixed pile method is limited to a homogeneous initial stress state in the soil.
In the analysis, the soil can be modelled as a fluid, but more commonly, an effective stress-based
constitutive model developed for soils is used. This initial stress state is prescribed through the
domain, and in equilibrium in between the vertical force 𝑞 applied as a boundary condition at
the top of the domain and the inflow. Soil entering the domain through the bottom boundary is
prescribed the initial stress state throughout the calculation.
Numerically, the pile is included by adjusting the geometry of the axisymmetric boundary to
the shape of the pile, though a pile material can also be added. Two different ways of applying
the boundary conditions (BC) from the pile geometry on the soil will be used (Figure 4.1). The
fully fixed BC prevents all movement at the nodes in the soil that are connected to the pile. In
contrast, the fixed normal BC only prevents nodes from moving in the normal direction to the
pile geometry. Below the pile, regular axisymmetric boundary conditions are used to prevent
horizontal displacements. Horizontal displacements are also set to zero at the far-right boundary.

Figure 4.1: Fixed pile method. Boundary conditions between the soil and the pile can either be
modelled as fully fixed or fixed only in the normal direction.
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Moving pile
The second method for modelling pile installation, the moving pile method is illustrated in Figure
4.2. In contrast to the fixed pile method, the pile is initially located above the axisymmetric domain.
The pile is modelled with a geometric entity to help mapping the boundary conditions on the
nodes. Here, a quadrilateral with radius 𝑅, is defined to represent the pile initially outside the
domain. Penetration is modelled by moving the bottom line (two nodes) of the quadrilateral, which
represents the pile, downwards with a velocity 𝑣 representing the penetration rate into the soil. As
the pile geometry continuously expands downwards, a mapping is performed at each time step to
check which of the nodes in the domain are at the location of the pile geometry. All nodes within
and on the boundary of the pile geometry will be given a vertical velocity equal to the penetration
velocity of the pile, while the horizontal velocity is set to zero. This process is repeated until
the pile geometry has reached the final penetration depth 𝐿. Once all nodes of an element are
associated with the pile geometry, the element can either be deleted or prescribed with a material
for the pile. Both of these choices will lead to a completely rigid pile during the installation stage,
i.e., all nodes have a prescribed velocity. In this modelling approach, all the steps in between the
initial and final calculation steps represent a valid solution for the specific geometry of the current
time step.
At the left and right vertical boundaries, the horizontal displacements are fixed. Initially, before
the pile enters the domain the initial stress state of the model is set. In addition to the possibility of
prescribing a homogeneous stress state in equilibrium with the vertical load 𝑞 on the top boundary
and the bottom boundary, as in the case of the fixed pile method, also a more natural gravity based
stress distribution can be calculated in an initial step.

Figure 4.2: Moving pile method.
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Verification
The numerical method used in this work was verified by investigating the penetration of a Cone
Penetration Test (CPT) into the clay. To verify the modelling method, CPT is preferred over the
flat pile geometry due to the large number of theoretical studies available on the problem of CPT
penetration. In addition, an extensive empirical database is available on the relation between the
soil properties and the response of CPT (Robertson 1990; Schneider et al. 2008).
Initially, the moving pile method and the fixed pile method were used to model the CPT geometry
penetrating into a soil with a homogeneous stress state and soil properties. After reaching the final
penetration depth, the two calculations have identical mesh and geometry. A linear elastic perfectly
plastic stress-strain relation with the Tresca failure criterion was used to model the behaviour of the
soil . A Poisson’s ratio of 𝜈 = 0.49 ensured a constant volume response, similar to the undrained
response of saturated fine grained soils, such as clays. An uniform initial stress was set throughout
the domain with vertical stress 𝜎𝑣 =5 kPa and a lateral earth pressure coefficient at rest 𝐾0 equal
to 1. For the first set of simulations, a Young’s modulus 𝐸 = 5960 kPa combined with a shear
strength 𝑠𝑢 of 40 kPa was used with a rough interface.
Figure 4.3 shows the resulting vertical penetration resistance on the tip of the CPT from the moving
pile method and the fixed pile method using two different boundary conditions. The moving pile
method and the fixed pile method with fully fixed boundaries show very similar results. The
penetration resistance was found to be within 2% when comparing the two simulations.
The fixed pile method, in combination with BC that prevents displacements in the normal direction,
initially indicated a considerably lower resistance However, this is a numerical artefact. The
difference can be explained by studying the application of BC in Figure 4.1. The node located at
the shoulder of CPT, at 𝑅 is in the formulation using a normal boundary condition allowed it to
move freely along the CPT. In contrast, the fixed boundary condition forces the soil closest to the
CPT, at 𝑅, to be stationary. Hence, a displacement will occur in the node located one element
width away from the pile geometry which results in a numerical extension of the radius. Since
the model is axisymmetric, a rather small increase in the radius leads to a large increase in the
area and the corresponding vertical force. The results included in Figure 4.1 correct for this fictive
radius extension, and agree well with the other results.
Furthermore, the numerical method was also compared with prior numerical studies from literature
on the resulting cone resistance on a CPT tip penetrating into a Tresca material. The fixed pile
method with fully fixed boundary conditions was used and the resulting cone factor was calculated
from a series of simulations using different rigidity index 𝐼𝑟 = 𝐸∕𝑠𝑢. The cone factor is calculated
as the resistance of the cone tip over the undrained shear strength of the soil. All other model
parameters are kept constant throughout the series of simulations. Table 4.1 shows the computed
cone factor for both smooth and rough contact formulation. The results are compared with a range
of cone factors from previous studies summarised in Liyanapathirana (2009). For the smooth
interface formulation, the results correspond to the upper range of the literature, whereas the results
for the rough interface are closer to the lower range found in literature. The results for both the
smooth and rough interface from this study show a similar dependency on the rigidity index as the
previous studies.
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Figure 4.3: Cone tip resistance from simulations using the fixed pile method with two different
ways of applying BC and the moving pile method. Results obtained using 𝐸∕𝑐𝑢 = 150

Table 4.1: Simulated cone factor for different values of the rigidity index 𝐼𝑟. Data on previous
studies from (Liyanapathirana 2009).

𝐼𝑟 Contact This study Previous studies
50 smooth 8.6 8.1 - 9.6

rough 9.3 9.4 - 13.8
150 smooth 11.5 9.8 - 11.4

rough 12.2 11.8 - 15.0
300 smooth 13.2 10.6 - 12.5

rough 13.9 13.3 - 15.8
500 smooth 14.1 11.2 - 14.4

rough 14.9 14.4 - 20.7

Hence, the proposed numerical framework was shown to give results in accordance with previous
studies. In addition, the two proposed methods for modelling the pile installation gave similar
responses on the resulting tip resistance in the soil. As the moving pile method allows for a wider
range of geotechnical applications, e.g., linear increasing gravity loads, staged construction and
intermediate calculation results, this method is preferred over the fixed pile method and was used
for the rest of the simulations in this work. Furthermore, the moving pile method can be expanded
to study multiple piles in a group in a 3D calculation.
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4.2 Simulation of pile installation in soft clay
4.2.1 Comparison with physical model test
First, the moving pile method was used to model the physical model test conducted by Ni et al.
(2010). The model test comprises a stainless steel pile with radius 𝑅 of 4mm being pushed down
with length 𝐿 = 10𝑅 into an artificial soil created from mixing amorphous silica powder with two
mineral oils. The artificial soil allows for determination of a cross-section of a 3D displacement
field without wall effects affecting the results. Oedometer results of the transparent soil were
reported, and the results were used to derive the MCC model parameters presented in Table 4.2.
For the simulations, the moving pile method was combined with the hydro-mechanically coupled
effective stress-based formulation with MCC to simulate the physical model test specified in
Table 4.2. The size of the axisymmetric model is identical to the side of the laboratory domain
face for which the displacements in the soil have been reported. The numerical model and
mesh layout are similar to the model presented in Figure 4.6 and only scaled with the radius
of the pile. The displacements from the numerical model are presented in Figure 4.4 together
with the measurements from the physical model test. The vertical displacement contours are
comparable between the simulations and laboratory tests, both with respect to the magnitudes of
the displacements and the separation between the upward and downward displacements. The trend
showing lower radial displacement towards the surface is similar between the simulations and
model test. The magnitude of displacements is, however, significantly lower in the physical model
test. The physical model test is conducted using a normalised penetration velocity of ≈ 7, which is
slightly on the low side for an undrained system response and is thus in an intermediate drainage
situation. Consequently, the system is very sensitive to small changes in stiffness and hydraulic
properties that significantly influence the volumetric response upon loading. In conclusion, the
comparison between the physical model test and numerical simulation shows that the moving pile
method is able to capture the emerging displacements from the installation of a pile into clay.

Table 4.2: Input data for simulation of physical model test conducted by Ni et al. (2010).
𝑒0 𝜅 𝜆 𝑀 𝜈 𝑝0 [kPa] 𝑞[kPa] 𝑘 [ms−1]
8.9 0.04 1.64 1.46 0.25 35 8 2 × 10−8
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(a) Simulation.
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(b) Physical model test.

Figure 4.4: Displacements due to the installation of pile with length 10𝑅 into an artificial trans-
parent clay, comparison between simulations and physical model tests by Ni et al. (2010).
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4.2.2 Displacements due to pile installation in a natural clay
This section will present the simulated displacements due to the installation of a displacement
pile into a soft natural clay. A numerical investigation on the influence of natural soft soil features
will be conducted by presenting displacements when gradually accounting for the features of
anisotropy, bonding, rate-dependency (creep) and small strains. This will be performed using the
family of SCLAY models presented in Table 4.3.
Table 4.3: Soft natural clay features included in the constitutive models of the SCLAY model
family.

Constitutive model Anisotropy Bonding Creep Small strains
MCC (MCC) - - - -
SCLAY1 (SC1) x - - -
SCLAY1S(SC1S) x x - -
Creep-SCLAY1S (CSC1S) x x x -
Creep-SCLAY1Sss (CSC1S-ss) x x x x

The properties of the modelled soft natural clay are based on the clay from the Utby test site,
located east of Gothenburg on the west coast of Sweden. The clay deposit in Utby is approximately
30m deep and on top of a 1m to 3m thick till layer on top of the bedrock. The soil properties
determined from routine laboratory tests are presented in Table 4.4 and the results from a series of
laboratory tests on the Utby clay can be found in Karlsson et al. (2016), including CRS test, IL
test as well as anisotropically consolidated undrained triaxial tests sheared in compression and
extension. Combined these tests allow for the calibration of the constitutive models.
The behaviour of the soft natural clay in Utby is modelled using the SCLAY1S and Creep-
SCLAY1S constitutive models with the model parameters presented in Table 4.5. The small strain
parameters were obtained from Tahershamsi et al. (2023) in the absence of relevant test data from
the Utby site. The SCLAY1S model parameters are identical to the parameters derived for the
Creep-SCLAY1S model by Karstunen and Amavasai (2017) and using 𝜆𝑖 and 𝜅 instead of 𝜆∗𝑖and 𝜅∗ and simply excluding the parameters related to creep. The calibrated model response in
undrained triaxial compression and extension loading path is presented in Figure 4.5 together with
laboratory data.

Table 4.4: Index properties of Utby clay: wet density 𝜌, water content at plastic limit 𝑤𝑝, natural
water content 𝑤𝑛, water content at liquid limit 𝑤𝐿, plasticity index 𝐼𝑝, sensitivity 𝑆𝑡 and the
undrained shear strength from fall cone test 𝜏𝑓𝑢. Data from Karlsson et al. (2016).

Depth [m] 𝜌 [t∕m3] 𝑤𝑝 [%] 𝑤𝑛 [%] 𝑤𝐿 [%] 𝐼𝑝 [%] 𝑆𝑡 𝜏𝑓𝑢 [kPa]
5 1.55 25 81 63 38 30 10
6 1.59 22 71 55 33 26 9
7 1.58 20 72 55 35 27 10
8 1.54 23 71 60 37 28 14
9 1.58 19 75 61 42 29 17
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Figure 4.5: Anisotropically consolidated triaxial testing of Utby clay. Laboratory data and
calibrated response of the SCLAY model family.
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Table 4.5: Model parameters used for the coupled simulation of pile installation into Utby clay using
SCLAY1S. From Karstunen and Amavasai (2017). Small strain parameters from Tahershamsi
et al. (2023).

Symbol Parameter Value
𝐾0 Initial lateral earth pressure coefficient [-] 0.6
𝑂𝐶𝑅 Overconsolidation ratio [-] 1.45
𝑘 Hydraulic conductivity [m/s] 6.67 e-6 (1 e-9)
𝜎𝑣 Overburden load 18 kPa
𝜌 Density 1.6 t m−3

𝑒0 Initial void ratio [-] 2.05
𝜅∗ Modified swelling index [-] 0.02
𝜆∗𝑖 Modified intrinsic compression index [-] 0.108
𝜆∗ Modified compression index [-] 0.296
𝜈′ Poisson’s ratio 0.2
𝑀𝑐 Slope of CSL line in compression [-] 1.56
𝑀𝑒 Slope of CSL line in extension [-] 1.15
𝛼0 Initial anisotropy [-] 0.63
𝜔 Rate of rotation [-] 30
𝜔𝑑 Rate of rotation due to 1.0

deviator strain [-]
𝜒0 Initial amount of bonding [-] 5
𝑎 Rate of destructuration [-] 9
𝑏 Rate of destructuration due to 0.4

to deviator strain [-]
𝜇∗
𝑖 Modified intrinsic creep index 0.00142

𝜏 Reference time 1 d
𝜛 Small strain multiplier 8
A Shape factor for small strain stiffness degradation 0.005

The modelling was performed using the fully coupled deformation and pore water pressure
formulation in Tochnog Professional (Roddeman 2024) in combination with the moving pile
method. The left and right boundaries are modelled as roller boundaries, fixed in the horizontal
direction, preventing any material displacements and groundwater flow, while the top boundary is
modelled using a prescribed total vertical stress 𝜎𝑣 corresponding to the weight of the dry crust
found on the Utby site, see Figure 4.6. Gravity is included in the analysis, which increases vertical
stress (and hence stiffness and strength) with depth. The initial horizontal stresses are prescribed
using the vertical effective stress and the earth pressure coefficient at rest 𝐾0 equal to 0.6. The
initial pore water pressures in the soil are set as hydrostatic pressures with a phreatic level at the top
of the domain. The pile is modelled with a radius 𝑅 of 0.155m and is being pushed towards a final
depth, corresponding to a pile length 𝐿, of 40𝑅 with a penetration rate 𝑣 of 0.155m s−1. After
installation of the pile into the soil, the pile is kept in place, and the excess pore water pressures are
allowed to dissipate whilst monitoring the displacements in the soil. The width 𝑤 is equal to twice
the pile length, i.e., 80𝑅 and the height ℎ is equal to six times the pile length, i.e., 240𝑅. The width
and height of the domain were decided after a convergence study on the surface displacements
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at a distance of two 𝐿 from the installed pile. The influence of domain size is significant and
elaborated on in Isaksson et al. (2025a) (see, Figure 7).

80R

Figure 4.6: Numerical model used to model pile penetration into Utby Clay.

For the numerical analysis, the hydraulic conductivity 𝑘 had to be increased compared to the in-situ
value to avoid convergence issues resulting from a required minimum critical time step for coupled
analysis, see, e.g., Vermeer and Verruijt (1981). The minimum critical time step increases with
the decrease in 𝑘 and decreases with the decrease in element size. For the very low in-situ 𝑘, the
required minimum time step was too large for an accurate solution with respect to the penetration
velocity of the pile in relation to the element size. Another possible solution would be to reduce the
minimum required time step by reducing the element size. However, this solution would increase
the domain size considerably and result in very long simulation times. Although the time of
consolidation will need to be scaled accordingly to match the in situ conditions, the pile penetration
will still be modelled under practically undrained conditions, i.e., in the analysis the normalised
penetration rate 𝑉 is ≈ 800, well above what is considered to fulfil penetration under undrained
conditions (𝑉 > 30) (Schneider et al. 2007; DeJong and Randolph 2012; Mahmoodzadeh and
Randolph 2014).
The Eulerian formulation of the numerical framework has a fixed mesh and solves for the velocity
field (and displacements) in an Eulerian reference frame. Hence, special consideration was needed
to extract the Lagrangian displacements of the soil caused by the pile installation. To get the
displacements, 1614 discrete post points were defined in the domain. During the simulation, the
post points were convected with the material flow using the velocity field in the domain. Therefore,

45



the position of a post point at any given time step can be interpreted as the displaced position of a
soil element initially located at the respective post points in their original position.
The simulated displacement paths for four shallow (1𝑅) soil particles and four mid-pile (19𝑅)
soil particles for the five different constitutive models are presented in Figure 4.7 and Figure 4.8
respectively. Generally, the shallow soil shows larger vertical and lower radial displacements
compared to the deeper soil. The displacement directly after installation is quite uniform for all
modelled soils. However, a difference is noticeable when introducing the features of anisotropy,
sensitivity, and small strains, which result in a gradual increase in vertical displacements. The
consolidation movement is strongly influenced by the feature of bonding. The simulations that
consider bonding and destructuration show a significantly softer response compared to the models
that do not.
In addition to the displacement paths of soil particles, the displacement of the soil in four vertical
cross sections at a distance of 3𝑅, 10𝑅, 20𝑅, and 40𝑅 from the installed pile directly after
installation and after full consolidation are computed. The radial displacements are presented in
Figure 4.9 and the vertical displacements in Figure 4.10. A surface effect is evident, close to the
pile at 3𝑅; the radial displacements are lower toward the surface while the vertical displacements
are higher. The radial movement after pile installation is similar for clays at all distances from
the pile. The small strain feature results in the lowest radial displacements and highest vertical
displacements, which indicates that the horizontal stiffness gradient in the small strain simulation
significantly impacts the displacement field by concentrating the soil movement closer to the pile.
The features of bonding again strongly influence the movement due to consolidation.
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Figure 4.7: Numerical displacement paths at different radial distances from the centre of the
pile (1.5𝑅, 3𝑅, 5𝑅 and 10𝑅) at a depth of 1𝑅 due to pile installation (light) and subsequent
consolidation (dark). Influence of soft natural clay features indicated by including results from all
constitutive models from Table 4.3. Displacements are normalised with the pile radius 𝑅.
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Figure 4.8: Numerical displacement paths at different radial distances from the centre of the
pile (1.5𝑅, 3𝑅, 5𝑅 and 10𝑅) at a depth of 19𝑅 due to pile installation (light) and subsequent
consolidation (dark). Influence of soft natural clay features indicated by including results from all
constitutive models from Table 4.3. Displacements are normalised with the pile radius 𝑅.
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Figure 4.9: Radial displacement from pile installation (light) and subsequent consolidation (dark)
for four inclinometers (vertical cross sections) located at a radial distance of respectively 3𝑅,
10𝑅, 20𝑅, and 40𝑅. Influence of soft natural clay features indicated by including results from all
constitutive models from Table 4.3.
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Figure 4.10: Vertical displacement from pile installation (light) and subsequent consolidation
(dark) for four inclinometers (vertical cross sections) located at a radial distance of respectively
3𝑅, 10𝑅, 20𝑅, and 40𝑅. Influence of soft natural clay features indicated by including results from
all constitutive models from Table 4.3.
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4.2.3 Global Sensitivity Analysis
In addition to investigating the emerging response by changing the constitutive model, a Global
Sensitivity Analysis (GSA) was performed using SCLAY1S to discover the most important
parameters influencing the emerging mass-displacements from the installation of displacement
pile in an anisotropic sensitive clay.
The amount of site investigation data available from a geotechnical site is very limited in comparison
to the volume of soil in the ground at the site. In addition, as a soil deposit is formed by nature,
some variability of the material is expected (Phoon and Kulhawy 1999). Uncertainties from the
limited site investigation are inherited by the numerical idealisation. A number of methods exist
to quantify the impact of the anticipated uncertainties and to highlight the most important factors
governing the model response.
Experimental design is a concept using a systematic approach of conducting Sensitivity Analysis
(SA), aiming to provide the maximum possible information from a limited number of experiments
(Box and Draper 2006). Experiments herein are referred to as the realisation of a numerical
simulation with a specific set of parameters. Experimental design using the two-level factorial
design is a statistical method in which the factors are given a low (-) and a high (+) value leading
to a total of 2𝑘 possible realisations for the full set of parameter combinations.
The realisation of the full set gives information about the main effects related to the change of a
single parameter, as well as all possible interaction effects between two or more parameters. A
fractional factorial design of resolution IV relies on the assumption that the interaction effects are
small in comparison to the main effects. However, by assuming that the higher order interaction
effects are negligible compared to the lower order interaction effects and the main effects, only a
fraction of the full set of possible experiments needs to be conducted. The main effects for the
change in a single parameter will with resolution IV not be confounded with any other main or
two-factor effects.
Tahershamsi and Dijkstra (2022) conducted Global Sensitivity Analyses (GSA) using a numerical
constant rate of strain oedometer test (CRS) on the impact of Creep-SCLAY1S parameters. The
study highlights the importance of different parameters in the constitutive model at different
temporal and spatial locations. The GSA was performed by means of Experimental design and
the Sobol method to analyse the impact of different factors on the response of the CRS test. It
was concluded that the effects of these factors change at different temporal stages of the CRS
test, which correspond to the elastic and plastic response of the numerical model. The rational
framework developed for GSA was also used in the studies conducted in this work.
The parameters and ranges considered in the SA are presented in Table 4.6. The - and + values
represent a variation of + − 10% from the mean. The Experimental design was chosen as a
resolution IV fractional factorial design giving in total 28−4𝐼𝑉 = 16 realisations. The choice of
using a level IV resolution instead of the full factorial design reduces the number of simulations
from 256 to 16. The combination of low and high values of the analysis for the 16 simulations is
presented in Table 4.7.
The response will be quantified as the volume of soil normalised with the installed pile volume that
is passing through the vertical cross sections presented in Figure 4.9. Figure 4.11 shows the GSA
results for four vertical cross sections at a distance of (3𝑅, 10𝑅, 20𝑅 and 40𝑅). The response is
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Table 4.6: Range of parameters used in the two level fractional factorial sensitivity analysis for the
modelling of pile installation into a sensitive anisotropic clay (SCLAY1S).

Parameter Mean - +
𝜅 0.02 0.018 0.022
𝜆𝑖 0.108 0.0972 0.1188
𝜒0 5 4.5 5.5
𝜔 30 27 33
𝑎 9 8.1 9.9
𝑏 0.4 0.36 0.44
𝑂𝐶𝑅 1.45 1.305 1.595
𝑀𝑐 1.56 1.404 1.716

Table 4.7: Table of contrast presenting the combination of parameters used for the 16 analyses
needed for the two level fractional factorial experimental design 28−4𝐼𝑉 sensitivity analysis.

Run no. 𝜅 𝜆𝑖 𝜒0 𝜔 𝑎 𝑏 𝑂𝐶𝑅 𝑀
1 - - - - - - - +
2 + - - - + + - -
3 - + - - + - + -
4 + + - - - + + +
5 - - + - - + + -
6 + - + - + - + +
7 - + + - + + - +
8 + + + - - - - -
9 - - - + + + + -

10 + - - + - - + +
11 - + - + - + - +
12 + + - + + - - -
13 - - + + + - - +
14 + - + + - + - -
15 - + + + - - + -
16 + + + + + + + +
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analysed both directly after installation (I) and after consolidation (C). The effect, i.e., change in
response from changing each parameter from the min to max value, is normalised with the sum
of the absolute effect for all the realisations. A negative response indicates that the total volume
of soil passing through a cross-section is decreased when the specific parameter is changed from
the - value to the + value. The total effect and the mean response are included at the top of the
figures. A general trend for all of the analyses worth highlighting is that the total effect is low
after installation compared to the total effect after consolidation. This indicates that the impact
of the soil properties and the parameters controlling those is strongly increasing after effective
stresses start changing during the consolidation in the soil. The most influential parameters on the
displacements after consolidation are 𝜅, 𝜆𝑖, 𝑂𝐶𝑅 and 𝑀 .
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(a) 3𝑅 (b) 10𝑅

(c) 20𝑅 (d) 40𝑅

Figure 4.11: Relative effect of model parameters on the mass displacement from piling in an
anisotropic sensitive clay captured with the SCLAY1S model.
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5 Research summary
5.1 Overview of methodology
The research aims to quantify the effects of installing displacement piles in natural clay on the
existing geotechnical system in-situ. The geotechnical system considered herein, contains the soft
natural clay and its extent to stiff boundaries, as well as existing geotechnical structures already
embedded in the clay. The resulting displacements and change in state result from the interaction
between the kinematics induced by the pile installation process and the emerging response of
the soft natural clay. The pile cycle (Randolph and Gourvenec 2011) is used as a conceptual
model for the investigations conducted. Different numerical approaches with varying degrees of
accuracy, i.e., numerical framework and constitutive models, are used to quantify the effect of pile
installation at different stages of the pile cycle. The complexity varies with respect to the in-situ
conditions, the modelled soil response, and the methods used to simulate the kinematics of the
installation of displacement piles. An overview of the work conducted in this thesis and the focus
of each part is presented in Figure 5.1.
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Figure 5.1: Outline of the methodology.
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The initial methodology development focuses on establishing an advanced numerical method for
simulating the vertical penetration of a displacement pile into a soft natural clay. The method relies
on an Eulerian numerical formulation to overcome the problems related to large deformations
around the advancing pile base. The framework incorporates a coupled effective stress-based
formulation using an advanced constitutive model. This first part focuses on quantifying the
kinematics following the pile installation.
Paper A presents numerical simulations of CPTu using the advanced numerical method established.
The purpose is to benchmark the coupled formulation and the advanced constitutive model used to
capture the evolving state in the soil. The results are compared against the normalised penetration
velocity framework and two empirical soil behaviour type charts.
Paper B focuses on capturing the evolving state and displacements in the soil surrounding the
pile. The installation effects are investigated for different penetration rates, i.e., emerging drainage
conditions. The influence of the pile installation on the state of the soil is quantified using numerical
triaxial tests conducted on the current state of the soil that is extracted at different stages of the
simulated pile cycle.
Paper C demonstrates the ability for including pile installation in spatio-temporal system-level
analysis. The ideal constitutive model for this analysis in geotechnical engineering should capture
all potential loading situations for a specific soil element with a single consistent parameter set.
The paper investigates the influence of common features of soft natural clays on the simulated
response in different loading situations commonly experienced by the soil, including the triaxial
test, oedometer test and CPTu. Additionally, the paper investigates the evolving spatio-temporal
state and response of the pile-soil system over the installation, equalisation and loading stages of
the pile cycle.
Paper D benchmarks simple and advanced methods for predicting the kinematics due to pile
installation directly after installation and after consolidation. The methods are associated with
varying model complexity, including the soil features modelled and the way of modelling the
pile installation. The influence of the model fidelity in the modelling on the computed mass-
displacements is discussed.
Paper E compromises a case study where the displacements from pile installation in clay are
investigated with a focus on quantifying the influence of including the interactions of an existing
foundation. This exploits the insights from previous model development, in which the kinematics
from the installed piles are introduced by a simplified horizontal mechanism, and the soil is
modelled as a linear elastic continuum. Structural elements are used to include the influence of
the existing structures, and the results are compared with field data.
Paper F extends the work of Paper E by generalising the soil-structure interaction resulting
from an existing deep foundation and the resulting displacements from the pile installation. The
response of the system is quantified with respect to the displacement of the existing foundation.
Additionally, the influence of pile spacing, foundation area, and relative stiffness between the
structure and the soil is quantified. Finally, the influence of domain size on the distribution of
displaced soil is highlighted.
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5.2 Summary of the appended papers
Paper A: "Simulation of CPT penetration in sensitive clay"

Paper A compromises a numerical study of a CPTu test. The paper validates the coupled Eulerian
numerical framework in combination with the constitutive model SCLAY1S. The CPTu response
was investigated for the full range of drainage conditions, including the emerging drained and
undrained limit states. The effect of the constitutive model was investigated by comparing the
response of the numerical CPTu simulations with different soil models.
A brief summary of some key results and conclusions is provided in the following:

(i) Successful simulations combining an advanced constitutive model in an Eulerian coupled
effective stress numerical framework were conducted.

(ii) The results show that the coupled formulation, in combination with the Eulerian numerical
framework, is able to capture the emerging drainage conditions due to CPT penetration into
clay. The transition from a drained to an intermediate and undrained system was quantified
using the normalised penetration velocity. The response agrees well with previous laboratory
and numerical studies.

(iii) The influence of the modelled soil features on the CPTu response was investigated using
SCLAY1S. The influence on the response was compared to the expected response based
on two common empirical Soil Behaviour Type charts (SBT). The influence of sensitivity
and OCR are in accordance with the expected response based on SBT. The influence of the
overconsolidation ratio and sensitivity was notable. The influence of anisotropy, as captured
by SCLAY1S, was limited.

(iv) The study indicates a possible mutual benefit between numerical modelling and empirical
SBT charts. The SBTs can be used as a benchmark for numerical frameworks, and the
numerical methods can be used to link soft natural clay features to the response in SBT
charts.
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Paper B: "Modelling pile installation in soft natural clays"

Paper B presents a numerical study on the effect of pile installation on the displacement and
state of the soil in the vicinity of a pile installed in soft natural clay. The installation effect is
investigated for drained, intermediate and undrained pile installation. The state change is quantified
using a numerical triaxial test on soil numerically extracted from the domain at different stages
of the pile cycle. The modelled soil is based on a soft natural clay found in Utby, Gothenburg,
Sweden.
A brief summary of some key results and conclusions is provided in the following:

(i) The displacements due to pile installation are strongly influenced by the emerging drainage
conditions during pile installation. The vertical displacements within 1.5𝑅 from the installed
pile are smallest for the undrained state and largest for the drained state, while the radial
displacements are similar in magnitude for all drainage conditions. At a larger distance,
the undrained situation shows considerably larger displacements than the intermediate and
drained state. The drained displacements beyond a distance of 5𝑅 are very small.

(ii) The changes in state in the soil resulting from the pile installation are considerable. The
structure of the soil has been severely modified, as indicated by the non-brittle isotropic
response of the soil sampled from the disturbed zone, in relation to the brittle anisotropic
response of the intact soil.

(iii) An undrained pile installation leads to a temporary reduction of the shear strength of the
soil followed by a regain in strength following consolidation.

(iv) The installation of the pile with a rate that is in the drained regime, results in a higher shear
strength in the soil compared to the original strength in the soil prior to installation.

(v) A 𝐾0 consolidated triaxial test for soil extracted from the undrained pile installation after full
consolidation results in considerably higher shear strengths compared to the response when
the soil is tested at the stress state found in the numerical model. In contrast, no significant
changes in the shear strength was found when the same investigation was performed on soil
sampled close to the pile after the drained and intermediate pile installation.
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Paper C: "Modeling the pile cycle of an axial loaded pile in sensitive natural clay"

Paper C presents the simulation of a pile test conducted in a soft marine clay following a field test
conducted in Bothkennar, Scotland, reported by Lehane and Jardine (1994). The paper aims to
investigate the possibility of using a single consistent parameter set calibrated against laboratory
data to capture the system response over the full pile cycle. The numerical study compares the
triaxial response, oedometer response in intact and reconstituted samples, and the CPTu response
of the Bothkennar clay. The models used include the isotropic (MCC), anisotropic (SCLAY),
anisotropic and structured (SCLAY1S), rate-dependent anisotropic (Creep-SCLAY1), and rate-
dependent, anisotropic and structured (Creep-SCLAY1S) model versions. The full pile cycle is
quantified using the Creep-SCLAY1S model, and the results are compared to those of commonly
used design methods for pile capacity.
A brief summary of some key results and conclusions is provided in the following:

(i) The numerical CPTu response using MCC, SCLAY1 and Creep-SCAY1S is close to the
measured response in the field. Creep-SCLAY1 overpredicts the net tip resistance and
underpredicts the excess pore water pressures, while SCLAY1S underpredicts both the pore
water pressures and tip resistance. This indicates that the effects of destructuration and
rate-dependence are opposite and of equal magnitude, and hence seem to compensate for
each other for simulation of CPTu penetration.

(ii) The only model that is able to capture the triaxial, remoulded and intact oedometric response
and the CPTu is Creep-SCLAY1S. These loading situations are all representative of the soil
response over the pile cycle in clay. Creep-CSLAY1S is thus considered the only model
suitable to model the pile load test.

(iii) The numerical results show a good agreement with the general trends found in the pile load
test. The influence of loading rate, set-up time and loading direction, as captured by the
numerical simulations with Creep-SCLAY1S, agrees well with the trends from the field test.
However, the magnitude of stresses is systematically lower in the numerical simulations,
which is considered to be arising in the installation stage where pore water pressures are
underpredicted. This underprediction then remains in the later stages of the pile cycle.

(iv) The results show that the numerical method is able to explain the gain in shaft capacity over
time as seen in the field, both due to consolidation and due to creep (rate-dependency).

(v) The results highlight the strong influence of including the installation effect on the state of
the soil, when using advanced constitutive models for geotechnical system analysis.

(vi) The paper corroborates the strong link between the CPTu results and the pile capacity, e.g.,
the empirical relations proposed by Lehane et al. (2022).

(vii) The paper indicates that the testing and calibration of model parameters is challenging in
the post-peak regime.
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Paper D: "On modelling pile installation in soft natural clay. "

This manuscript includes but are not limited to the results presented in Section 4.2. The aim of the
manuscript is to investigate several methods for modelling pile installation and their impact on the
predicted mass-displacements directly after pile installation and after consolidation. In addition
to benchmarking simplified methods to model the installation process against the full simulation
with the Eulerian modelling approach, the importance of modelled soft soil features have been
quantified using Design of Experiment (DoE).
The installation methods compared include the Shallow Strain Path Method, the simplified horizon-
tal numerical Cavity Expansion Method and the coupled Eulerian large deformation framework.
Modified Cam Clay (MCC) was used as a constitutive model in the methods using the Finite
Element Method with an effective-stress based model.
The full pile penetration was modelled in DoE using SCLAY1S. Additional studies on the impact
of rate-dependency and small strain stiffness were added in the detailed analyses using Creep-
SCLAY1S-ss.
A brief summary of some key results and conclusions is provided in the following:

(i) The influence of the modelled detail of pile installation matters most for the displacements
in the soil close to the pile (< 5𝑅). At distances beyond this, the difference in the predicted
displacements between the horizontally expanded pile and the vertically penetrated pile
vanishes.

(ii) The emerging stiffness of the soil governs the mass-displacements which initially occur under
constant volume conditions. The elastic stiffness is shown to have a significant influence
on the initial distribution of the displaced soil. During dissipation, a reversal of movement
occurs due to the compression of the soil close to the pile. The magnitude of consolidation
displacements is strongly influenced by the soil features modelled.

(iii) The time for the displacements from consolidation to develop increases with the increased
distance from the installed pile. The degree of consolidation, as measured by the excess
pore pressures at the pile shaft, is a good approximation for the degree of consolidation
movement close to the pile. The time needed for full consolidation is ≈ 10 times longer at a
distance of 10𝑅 compared to the time needed at a distance of 0.5𝑅.

(iv) The dimensionless relation for the short-term displacements proposed by Sagaseta (2001)
holds for the short-term displacements but is not valid in the long-term situation after excess
pore water pressures have dissipated.
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Paper E: "A simple method for predicting cohesive pile deformations from displacement
pile installation induced ground movement"

Paper E relies on a simplified numerical method to predict the cumulative displacements of
two existing buildings in Gothenburg, Sweden caused by the installation of a displacement pile in
clay. Numerical predictions of the displacements are compared to the field measurements. The
numerical predictions are conducted for both a greenfield setting and considering the influence of
the existing structures.
A brief summary of some key results and conclusions is provided in the following:

(i) The existing buildings are influencing the soil displacements from nearby pile installation in
clay.

(ii) The numerical model is able to predict the general distribution of the displacements in the
soils as measured in the field, although the absolute magnitudes are not captured well.

(iii) The greenfield displacements predicted using SSPM and FEM are showing comparable
distribution and magnitude of displacements.
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Paper F: "Quantifying the response of piled structures from displacements induced by pile
installation in soft clay"

This paper investigates the influence of domain size and the presence of an existing building
on the displacements in the soil from pile installation in natural clay. The study is conducted
using a constant volume linear elastic soil response in combination with a simplified numerical
cavity expansion of the pile (group). The influence of the existing structure embedded in the soil
is simplified using plate and embedded beam elements.
The influence of the domain size is studied using 3D Finite Element Method and compared to the
displacements predicted by the SSPM method. The deformed shape of an existing foundation
with properties representative for piled foundations, is studied in detail and used to define a set
of response parameters. The response parameters relate the predicted greenfield displacements,
such as those that can be calculated with SSPM, to the actual movement and deformations of
the existing structures. The response parameters are used in a systematic study on the influence
of relative pile length and relative distance between the existing structure and the installed pile.
Additionally, the influence of relative stiffness between the soil and the structure, as well as the
influence of foundation size and number of piles, are studied.
A brief summary of some key results and conclusions is provided in the following:

(i) The vertical extent of the domain influences the predicted displacements when the piles are
installed all the way to the bottom boundary. The effect of the bottom boundary vanishes as
the distance between the base of the pile and the boundary increases beyond 0.3 times the
length of the installed pile.

(ii) The horizontal extent of the domain strongly influences the distribution of horizontal and
vertical displacements, which manifest as increased vertical displacements and reduced
horizontal displacements when reducing the domain size. The influence is considerable even
at locations that are at a distance larger than one pile length from the boundary. The influence
of the domain size on displacements should be considered in all situations, including field
conditions, physical model tests, and numerical simulations.

(iii) The study shows that existing piles restrain the vertical displacements while having a limited
influence on the magnitude of horizontal displacements.

(iv) A foundation slab restrains and redistributes horizontal displacements without substantially
influencing the vertical displacements. The mean greenfield displacement along an existing
foundation can serve as a good estimate to the horizontal rigid body movement of the
structure.

(v) The restraint caused by the existing foundation can be uniquely linked to the relation between
the relative distance between the new and existing pile group 𝐿𝑖∕𝐷 and the relative length
between the existing and new pile (𝐿𝑖 − 𝐿𝑒𝑥)∕𝐿𝑖.

(vi) The deflection ratio and the curvature are strongly linked to the horizontal restraint of the
pile head.
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6 Conclusions & recommendations
6.1 Conclusions
Urban densification necessitates a system perspective for the design of deep foundations. Prefabri-
cated piles, as commonly used in soft natural clays, lead to mass-displacements and changes in the
state of the soil. Therefore, the spatio-temporal response of pile installation into the geotechnical
system has been quantified. The focus was on investigating displacement piles installed in soft
natural clays over the different stages of the pile cycle.
Modelling pile penetration
Simulations of the penetration of displacement piles into soft natural clay were successfully
conducted using an advanced numerical method that combines i) a numerical framework able to
handle the large deformations in the soil during pile installation, ii) a hydromechanically coupled
effective stress formulation, iii) a set of advanced effective stress-based constitutive models. The
numerical method proposed was successfully benchmarked against CPTu penetration over the full
range of emerging drainage conditions, by comparing the influence of change in (modelled) soft
soil features on the CPTu response.
Additionally, the pile test at the Bothkennar test site was simulated as a first step towards simulating
the complete spatio-temporal response of pile installation in the geotechnical system. This included
model calibration against laboratory data, simulation of the installation process and the pile load
test. The results demonstrate that the proposed method allows for the quantification of the evolving
state over the course of the pile cycle in a soft natural clay. The numerical results highlight the
interaction between the non-standard soil features of destructuration and rate-dependence in the
penetration problem. The installation of the pile leads to destructuration in the clay close to
the pile, which results in a significantly changed load-displacement response of the pile upon
loading, compared to a wished-in-place pile. This is a strong indication that in case increasingly
more complex soil features are included in system-level engineering, the logic behind assuming
wished-in-place piles should be revisited.
Mass-displacements in soft natural clay from pile installation
The mass-displacements from pile installation were studied using different numerical prediction
methods. The complexity of the models varied with respect to the simplifications made for
modelling the mechanism of pile installation and the soil behaviour. The predicted displacements
close to the pile were impacted most when comparing (numerical) Cavity Expansion Methods,
the Shallow Strain Path Method and the Eulerian Finite Element method. The differences in the
predicted displacements between the modelling methods rapidly vanished at distances exceeding
5𝑅. The stiffness of the soil governs the predicted displacements. In the short-term, all of the
prediction methods are displacing the clay under constant volume, either due to assumptions in the
method or emerging from the coupled response of the soil-pile system. Therefore, the differences
between methods are small at larger distances.
During equalisation, however, the dissipation of the excess pore water pressures from the installation
stage softens the system. This softening can only be captured by effective stress-based constitutive
models combined with consolidation analysis. The features of the soft natural clay (as simulated
with the SCLAY1S model family) strongly impact the magnitude of the displacements in the

63



soil during consolidation. The time required for the consolidation movement to fully develop
varies significantly with the radial distance from the pile. An increase in the distance from the
pile leads to an increasing consolidation time. The results of a parametric study also highlighted
the importance of stiffness and its gradient in the system for the emerging mass displacements.
The latter is further corroborated by the large impact of small-strain stiffness on the predicted
short-term displacement response.
Impact of constraints in the domain
The importance of stiffness (gradients) in the geotechnical system was further explored by in-
vestigating the influence of existing deep foundations and the domain size on the predicted
mass-displacements resulting from pile installation. The findings from the single pile study on
required model complexity were exploited to set up a simplified 3D Finite Element Analysis in
which pile installation was simulated using numerical cavity expansion and the soil as an elastic
material under constant volume conditions.
The results from the simplified 3D FEA show that existing structures significantly redistribute the
soil displacements in their stiff direction, i.e., horizontally for a slab on the surface and vertically
for the existing pile foundation. The change in the boundary conditions posed by the size of the
domain was shown to have a major impact on the predicted displacements. The latter highlights
the importance of the geometry of the problem domain, i.e., in the field, numerical analysis or
physical model tests, in which the piles are installed.
Final remarks
All factors that influence the magnitude of displacements in soft (natural) clays due to installation
of displacement piles can be attributed to basic principles of soil mechanics. In the short term,
the stiffness of the system is mainly governed by emerging undrained conditions, and in the long
term, by the effective stress properties and evolving state of the soil. Additionally, the stiffness
constraints given by the system, e.g., existing foundations and bedrock, influence the distribution
of soil displacements. Numerical modelling can be used to distinguish the relative importance of
these factors.
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6.2 Recommendations
The research has led to the following recommendations for modelling pile installation in natural
soft clays:

(i) In absence of complex site-conditions, SSPM remains a valuable tool for estimating the
mass-displacement from pile installation in soft natural clays. However, in critical situations,
such as, e.g., piling close to existing structures, slopes, excavations and non-linear stiffness
profiles, a simplified 3D finite element analysis that accounts for the stiffness distribution in
the system is recommended.

(ii) For asset owners, the normalised response charts proposed herein can be used as a first
estimate on the potential damage to an existing structure.

(iii) The complexity of the constitutive model used should be balanced by the complexity of
the modelling of the pile installation process. Complex models, such as Creep-SCLAY1S,
should not be combined with a pile that is wished-in-place in the numerical model.

(iv) Over time, soil displacements from pile installation are partly reversed, and the undrained
situation is critical for existing structures. New structures that are constructed after the
installed piles, yet before the reversed movement is finished, will be impacted. In an urban
setting, such as Gothenburg, with multiple construction activities comprising thousands
of piles in the past decade, the past piling activities are still influencing the ongoing soil
displacements in the geotechnical system.

The following recommendations should be considered for future research directions:
(i) The temporal evolution of soil displacements due to the installation of multiple piles should

be studied further and linked to the degree of consolidation in the system.
(ii) The mesh dependency for strain softening constitutive models in Finite Element Analysis,

such as Creep-SCLAY1S, could be reduced by using numerical regularisation using non-
local integration schemes for the constitutive model. Recently, non-local methods have
been proposed for Large Deformation Finite Element analyses, including ALE remeshing
strategies (Singh et al. 2021), Eulerian (Chen et al. 2023) and Coupled Lagrangian Eulerian
(Qi et al. 2023) methods. The calibration of the internal length-scales, however, is non-trivial
when using standard laboratory data on cylindrical specimens (Romero-Olán et al. 2024)

(iii) Post peak calibration of the constitutive model should be performed on boundary value
level which requires non-local laboratory data, such as those obtained from operando tests
combined with x-ray computed tomography.

(iv) This study focused on modelling the impact of mass displacements from pile installation
in natural clays. However, common mitigation measures to reduce the mass-displacement,
such as pre-drilling and trenching, also influence the state of the geotechnical system with
time. The methods presented in this work are suitable to investigate the latter mitigation
measures.
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