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ABSTRACT
Densification of urban areas is a global trend. Since many of the worlds cities are built on soils
with poor engineering properties, e.g. soft natural clay, the urban developments increases the
demand of efficient deep foundations that are capable of supporting increasingly larger loads. The
installation of deep foundations using displacement piles into clay leads to disturbance which need
to be quantified to prevent damage on adjacent structures.

This work presents a coupled Eulerian numerical framework for the simulation of pile installa-
tion into natural soft clay. Furthermore, an advanced effective stress based constitutive model was
implemented. The most important factor governing the magnitude of displaced soil volume is the
volume of the installed pile. After installation, dissipation of excess porewater pressures leads to
volumetric contraction in the soil. The displacements during this phase are in the reversed direction
compared to the initial outward movement during installation. Incorporating the anisotropy and
sensitivity of the clay in the analysis leads to increased displacements closer to the pile during
penetration and larger reversed displacement trajectories in the subsequent porewater pressure
equalisation stage. The overconsolidation ratio, elastic and plastic stiffness properties and the
critical state friction angle are shown to be the most influential, both directly after installation and
after equalisation of the excess porewater pressures.

The differences between the mass displacements predicted from full vertical penetration and
numerical horizontal cavity expansion, show that the far field (>10R) displacement pattern are
similar, while the displacement path of soil closer to the pile are not fully captured using horizontal
cavity expansion. The Shallow Strain PathMethod (SSPM) is shown to predict similar deformations
as the Finite Element calculations using a failure criterion.

For the investigated normalised penetration rates in natural soft clay the emerging response
from the coupled analyses indicated near constant volume conditions. Hence, any simplified
method acknowledging this condition will predict displacement in a similar order of magnitude as
the advanced method. However, an effective stress based model that captures the response of the
natural clay is required if the magnitude of mass displacements during and after the porewater
equalisation phase is of interest.
Keywords: Natural soft clay, displacement piles, pile installation, mass displacement, finite element
analysis, large deformations.
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1 Introduction

1.1 Background

Population growth is driving more e�cient use of the available space in urban areas around
the world, inspiring the Civil Engineering community to meet increasing demands on larger
building sizes and loads, the utilisation of underground space and the development of residential
and commercial areas on less competent ground, in terms of engineering properties. A typical
example of this process is the city of Gothenburg in the southwestern part of Sweden, where recent
developments that include but are not limited to, the construction of a underground railway tunnel
crosses both rock and soft sensitive clay deposits, as well as extensive developments along the Göta
Riverbank including a new bridge and the construction of the soon to be tallest building in Sweden
(Göteborgs Stad 2022). A major part of the city development is performed on deep deposits of soft
sensitive clay leading to the need of extensive deep foundations for practically every new Civil
Engineering project. In this solution piles are transferring structural loads from the structure on the
surface down to more competent underlying soil or bedrock. Long and slender displacement piles
made out of concrete are the most commonly used pile type in the region (Pålkommisionen 2022),
due to the low cost and ease of installation in the clay deposits. The downside of the ubiquitous
use of displacement piles in urban areas is the impact on the surroundings,i.e. problems with the
foundations of existing nearby buildings might arise.

Displacement piles are installed in the ground by penetrating the pile from surface level
downwards by applying a static (jacked) or dynamic (driven) load on the pile head. As the pile
length embedded in the soil gradually increases, the soil needs to accommodate the extra volume
of the pile. From a kinematics point of view, to accompany the introduced pile volume, the
soil undergoes a combination of displacements (translation, rotation) and deformation (strain).
In addition to the mechanical properties of the soil, the presence of groundwater in the pore
space enclosed by the grains, and the drainage conditions is controlling this process. Commonly,
soils with low hydraulic conductivityk, e.g. natural soft clays withk = 1 • 10 *10 m s*1 to
1•10 *8 m s*1 , exhibit an undrained response under constant volume during fast loading, due to the
fact that groundwater is trapped inside the pore spaces of the soil hence preventing any volumetric
deformation to occur in the soil. As a result, additional porewater pressures are generated,i.e.
the increment in total stress from pile penetration is transferred to the porewater. The total stress
increment is (almost) directly transferred to the solid grains (increment of e�ective stress), in
case the loading period (rate) is relatively long (small) compared to the time required to dissipate
any excess porewater pressures. The increment of e�ective stress governs the magnitude of
deformations, either directly during penetration,i.e. in sand that has a large hydraulic conductivity,
or in the equalisation period after pile installation (pile setup in clay). The relation between the
loading rate, hydro-mechanical properties of the soil and drainage length in the soil deposit, is
governing the combined response of deformation and (mass) displacement due to installation of
displacement piles.

The ability to predict the magnitude and extent of mass displacements and disturbance from
piling activities is essential for avoiding and/or mitigating potential damage to existing structures
near the piling works and help prevent delays in production due to measurements of (un)expected
excessive movement. The latter is an increasing issue with construction activities in an urban
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environment. A number of numerical approaches for piling induced displacement and disturbance
have been developed, ranging from pure empirical relations to advanced numerical analysis. Each
method is based on a di�erent set of assumptions and simpli�cations, as well as considering
di�erent aspects of the actual processes observed in the �eld.

1.2 Aim

This study aims to investigate the opportunities and limitations of di�erent numerical approaches
for modelling the disturbance and mass displacement from piling in natural (sensitive) clay. An
advanced numerical model will be utilised to complement experimental evidence, in absence of a
complete and consistent dataset on mass displacement from sites around Gothenburg. Consequently,
the primary focus will be on investigating the governing processes in the soil that in�uence the
magnitude and extent of mass displacement.

1.3 Objectives

ˆ Develop a reference model. A numerical framework for large deformations with a coupled
soil and groundwater formulation will be used together with advanced e�ective stress based
constitutive models for natural soft clay.

ˆ Identify the most important factors in the soil that governs the mass displacement from
piling at the time of installation and after consolidation.

ˆ Benchmark commonly used methods for the assessment of mass displacement from the
installation of a pile in clay.

1.4 Limitations

This study focuses on the mass displacements in the soil, natural soft clay, due to the installation
of a displacement pile. Although the impact of the e�ective stress and pore pressures is included
in the numerical model the results will not be discussed in detail.
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2 Pile installation in natural soft clays

A pile is a long slender object installed into the soil with the purpose to transfer loads from the
superstructure to soil layers at larger depths that have superior engineering properties,i.e. strength
and sti�ness. Loads are commonly applied on the pile head and transferred downwards along
the pile. The resistance of a pile arises from shaft friction along the perimeter of the pile and
resistance at the pile base. Starting from the �rst prehistoric short wooden piles installed along
riverbanks to support simple houses, piles are nowadays found in a variety of materials, sizes
and shapes. The pile type of interest in this research is the displacement pile that is prefabricated
in a factory before being brought to the site to be installed. In soft soils the displacements piles
typically are driven into the ground.

2.1 Pile cycle

A complex system of interaction between the pile and the supporting soil is created during pile
installation, and is active as long as the pile is embedded in the soil. Randolph and Gouvernec
(2011) propose a separation of the analysis of piling and pile capacity into a number of stages.
Each of the stages can then be investigated separately to facilitate an increased understanding of
the system within a rational framework.

Figure 2.1 presents the four stages that together form the pile cycle. Although the division allows
for the stages to be investigated separately, a strong dependency on the previous stages is present.
Thein-situ stage focuses on the soil at the site prior to the installation of the pile. Theinstallation
of the pile will a�ect the stress distribution in the soil surrounding the pile, leading to a new stress
state in the soil. The new total stress state in the soil after pile installation is a combination of the
e�ective stresses in the soil and a change in the porewater pressure. During theequalisationstage
the excess porewater pressures are dissipating, and a number of intermediate stress states are found
until a new equilibrium, where all excess porewater pressures from installation are dissipated, is
reached. The �nal stage is theloadingof the pile, where the working load is applied to the pile
head and transferred to the soil surrounding the pile. The following Sections will elaborate the pile
cycle, focusing on the installation, and subsequent dissipation of porewater pressures generated
during installation of a displacement pile into a natural soft clay. A large number of studies have
been conducted on the e�ect of pile installation in natural soft clay and is summarised by for
example Jardine and Potts (1988), Pestana et al. (2002) and Karlsrud (2012).

Installation

The installation of a displacement pile into a natural soft clay will lead to displacements in the soil
to facilitate the advancing pile. Due to these (non-uniform) displacements, the soil is distorted
and the state and stresses in the soil changed,i.e. the soil is disturbed. As the pile behaviour is
mostly governed by the soil response in the vicinity of the pile, this new disturbed state needs to
be incorporated in the following stages in the pile cycle.

Karlsrud (2012) presents results from a �eld test in Lierstranda where the overconsolidation
ratio (OCR) of the soft clay is decreasing from 2.3 at the top to about 1.15 in the bottom of the
deposit. The ratio of excess porewater pressures over vertical e�ective stress� u_� ¨

v0 was shown
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Figure 2.1:The pile cycle, di�erent stages in the service life of a pile. Adopted from Randolph and
Gouvernec (2011)

to decrease from the top the bottom of the deposit following the change inOCR. A ratio � u_� ¨
v0

of 2.0-2.4 is found by Azzouz and Morrison (1981) in a deep deposit of Boston blue clay (BBC)
with anOCR of 1.2. In addition, the tests indicates that the increase in the horizontal total stress
acting on the pile is totally attributed to the increase in the porewater pressure. The radial e�ective
stress after installation was even found to decrease compared to the in-situ value in the soil. Roy
et al. (1981) measured the emerging porewater pressures from pile iinstallation in addition to
the measurements on the pile shaft. The ratio� u_� ¨

v0 decreased from around 2.25 at the pile
shaft to about 0.93 4D away from the pile and 0.3 at a distance of 8D from the pile. In situ vane
tests were also conducted at the site, and showed a reduced shear strength very close to the pile,
corresponding to about 60-75% of the in-situ tests results. At a distance of about 3D, the measured
shear strength, measured with the �eld vane test, was similar before and immediately after the
installation of the pile. Massarsch (1976) and Bozozuk et al. (1978) report a similar decrease of
undrained shear strength of respectively 15-30% and 15-50% immediately after pile driving in
clay.

Lehane and Jardine (1994) presents the results from pile tests conducted at three di�erent sites
with anOCR of 1.5 in Bothkennar, 6 in Cowden and 30 in London, highlighting the di�erence
in behaviour for di�erentOCR of the natural clay. Due to the large OCR, both the Cowden clay
and the London clay will dilate when loaded. Hence, on those sites a decrease in the porewater
pressures during installation was measured in the clay near the pile tip. When the penetration
was stopped, the porewater pressures quickly rose indicating that the porewater pressures slightly
away from the pile shaft increased and were equalising towards the pile. In contrast, the only
slightly overconsolidated Bothkennar clay showed a positive increase in porewater pressure at all
times during the installation of the pile. The Bothkennar test results are supporting the �ndings of
previous studies in clays with a lowOCR that the radial e�ective stress is decreasing due to the
pile installation. In contrast, an increase in the radial e�ective stress was measured in the London
and Cowden again showing the impact of the dilatant behaviour.
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Equalisation

The equalisation of the excess porewater pressures in the soil is the main driver in the set-up stage
of the pile cycle. As the excess porewater pressures are present along the full length of the pile, the
main direction of the equalising �ow will be in the radial direction of the pile. The measurements
of the porewater pressures in the soil at di�erent radial distances from the pile by Roy et al. (1981),
show that an initial increase in porewater pressure is occurring at some distance from the pile,
supporting that the porewater pressures are mainly equalising in the radial direction. The large
di�erence found between the excess porewater pressures close to the pile and further away from the
pile immediately after pile driving is decreasing with time. During that stage the e�ective stress
increases and deformations in the soil occur. The vane shear strength measured in the soil after
full equalisation of the pore pressures show a similar strength as before pile installation, indicating
that the strength reduction immediately after installation is limited and the strength is regained
during the consolidation stage, which is also supported by the �ndings of Bozozuk et al. (1978).

Hunt et al. (2000) presented laboratory tests on clay samples extracted from the same site
before and after the installation of a pile. The index tests related to the density and water content
of the soil indicate that the soil sample, extracted after pile installation, has a higher density and
a lower water content compared to the soil samples taken before pile installation, indicating a
contraction due to the pile installation and subsequent dissipation of excess porewater pressures.
Undrained triaxial tests sheared in compression were also performed, and these showed a small
increase in the undrained shear strength for post pile samples. However, the ductility of the soil had
increased dramatically, and the axial strain associated with the maximum shear stress increased
from 1-3 % in the pre-pile samples to about 8-9 % in the post pile samples. The results from CRS
tests showed that the the post pile samples have a much more gradual transition, when moving
from a overconsolidated stress state to a normally consolidated stress state, indicating a reduction
of the importance of stress history,i.e. no clearly discernable pre-consolidation pressure, due to
remoulding of the soil during installation.

Karlsrud (2012) extracted a block sample extending from the pile shaft to a distance of about
5D. The shear strain of the soil was derived form the distorted layering of the clay, and exceeded
100% close to the pile and was approaching zero at a distance of 1D from the pile. Within a zone
extending about 0.1D from the pile wall, the original structure of the soil is impossible to detect.
The water content in the clay close to the shaft was 16-17% lower than in the surrounding soil
indicating a compression of the soil after the consolidation of the excess porewater pressures. At
a distance of about 1D, the water content in the soil was approaching the water content in the
surrounding soil. Fall cone tests conducted on the block samples showed a very high shear strength
in the soil very close to the shaft, while the undrained strength at an intermediate distance of about
1/3D was somewhat lower than the in-situ undrained shear strength.

Lehane and Jardine (1994) presented the reduction of the radial total stress after installation
due to consolidation in the Bothkennar clay, Coweden till and London clay. The reduction was
largest in the Bothkennar clay with lowOCR, and the �nal total radial stress only corresponded
to about 45% of the value immediately after consolidation. The two other sites showed a similar
reduction to about 80% of the stress immediately after consolidation. Radial e�ective stresses
were reported to increase from a low value found in both clays a few minutes after pile installation,
corresponding to about 45 % of the value after full equalisation. However the London clay showed
a reduction of e�ective radial stress after installation compared to the value after equalisation. The
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ratio of the e�ective radial stress at the pile shaft to the in-situ vertical e�ective stress� ¨
hc_� ¨

v0 is
shown to increase byOCR from about 1.2 (OCR = 1.5) in Bothkennar to 4 (OCR 6) at Cowden
to 12 (OCR 12) in London. Karlsrud (2012) found a range in the� ¨

hc_� ¨
v0 between 0.2 and 1.3,

and an increase in the ratio with an increase in the plasticity index of the clay.

Pile loading

The loading stage of a pile starts after the equalisation phase, when su�cient strength is recovered
Randolph and Gouvernec (2011). The loading in the pile induces a relative displacement between
the soil and the pile shaft. As this displacement occurs, a shear stress� sf = � ¨

hf tan.� / mobilises
between the soil and the pile. The magnitude of the shear stress depends on the horizontal e�ective
stress at the pile shaft� ¨

hf , after equalisation, and the interface friction angle� between the soil
and the clay. This shear stress will act in the opposite direction from the movement, and will result
in shear strains in the soil that reduce with increasing distance from the pile-soil interface.

A displacement typically around 0.5-1% of the pile diameter is required to mobilise the full
interface friction, followed by a reduction of the interface friction due to continuous straining in
between the soil and the pile. Due to the axial compression of a loaded pile,i.e. elastic shortening
of the pile, the shear strains on the pile - soil interface will be non-uniform. The shear strain will be
larger closer to the applied load at the pile head, resulting in shear stress beyond the peak strength,
whereas towards the pile base smaller shear strain, hence shear stress below the peak strength,
are mobilised. A stress rotation will also occur when the shear stress is mobilised leading to a
horizontal stress at failure� ¨

hf di�erent than the horizontal stress after consolidation� ¨
hc.

The stress at the pile-soil interface at failure is often related to the undrained shear strength
using a total stress approach by� sf = �s u or the in-situ vertical e�ective stress by� sf = �� ¨

v0.
These two approaches allow for a simpli�ed estimation of the shear stress at the interface. Both of
these approaches are simpli�cations of the reality, where the combined e�ect of stress change and
disturbance due to installation and loading is combined into the� and� , respectively.

2.2 Experimental observations on mass displacements from
pile installation - physical model test

Lehane and Gill (2004) performed a laboratory study where a pile was installed in an arti�cial
transparent clay like soil under undrained conditions, while tracking the displacements. The
pile radius in the experiment was equal to R =6:35 mmand the displacements was tracked by
embedding black beads with a radius of1 mm). A series of targets were placed at a vertical distance
equal to about 18R from the surface corresponding to about half the �nal pile penetration depth.

The resulting displacements normalised withR for the targets are presented in Figure 2.2.
The ratioh_R denotes the normalised vertical distance from the pile head to the target where a
negative value indicate that the pile head is above the target. Targets at all locations show a radial
displacement away from the pile, and the displacement is decreasing with the initial distance from
the pile. All targets show an initial vertical downward movement. When the penetration continued
passing the vertical location of the target, an upward movement larger in magnitude than the initial
downward movement is found for soil at a distance from the pile. The additional movement due
to continuous pile penetration deeper than h/r = 5 below the measurement position is limited.
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In contrast, the upward movement for targets close to the pile is smaller in magnitude than the
downward movement. The �nal normalised displacement pro�le was also compared to the results
from two other lab tests reported in the literature (Francescon 1983; Gue 1984) and one �eld test
(Cooke et al. 1979) where all of the tests showed good agreement.

Ni et al. (2010) present the results from a laboratory test on the pile installation in a arti�cial
material similar to many natural clays, although the strength is higher and sti�er in the arti�cial
material. The movement within the soil was recorded using particle image velocimetry (PIV),
and the resulting displacement vectors are presented in Figure 2.3. The distance from the pile
to the edge of the container was about 12.5R. The displacement vectors are used to derive the
normalised horizontal and vertical displacement contours included in the picture. By investigating
the heave at the surface and relating this to the installed pile volume, a volumetric reduction of the
soil was found to be about 0.3 - 0.4%,i.e. practically constant volume displacement. A comparison
was conducted with the vertical displacement contours presented by Lehane and Gill (2004) and
the two studies show good agreement.

Massarsch (1976) conducted a laboratory test where 20 model piles were installed in a arti�cial
clay in a 4x5 pattern with a distance of about 6 pile diameter between the individual piles with
the edges of the box within 2 pile diameters from the nearest pile. By tracking of the vertical
and horizontal deformations of the targets located at the surface of the soil, a displacement for
the surface was recorded. The measured heaved soil volume is corresponding to the installed
pile volume, indicating an undrained response in the clay. The measured radial displacements of
previously installed piles are following the displacements of the surrounding soil and the previously
installed piles are considered to have a negligible e�ect on the horizontal deformation pattern.
A subsequent experiment was conducted when soil was extracted in the place of the piles. The
measured soil heave together with the extracted soil volume corresponded well to the installed pile
volume. The horizontal displacements were also reported to scale accordingly to the extracted
volume.

2.3 Experimental observations on mass displacements from
pile installation - �eld studies

The displacements due to pile installation have also been studied in �eld conditions. In contrast
to the laboratory studies where the full displacement �eld can be monitored, the �eld studies are
limited to the measurements of displacement in a few instrumented locations. The displacement
is often tracked by the tracking of movement in measurement locations at the surface of the soil
during the installation of the piles. In addition to the measurement on the surface, inclinometers
and bellow-hoses have been frequently used to track the horizontal and vertical movements,
respectively, towards the depth in a soil deposit due to the installation of multiple piles in clay.

First, the displacements measured in two �eld tests due to the installation of a single pile will
be presented. Secondly, the total e�ect of the installation of pile groups will be described based
on a number of reported studies. Lastly, a short summary of some published results of mass
displacement due to pile installation in the Gothenburg region will be conducted.
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Figure 2.2:Normalised displacement paths due to the installation of a pile with radiusR and
length equal o 40R for targets located at a depth of 19R. From Lehane and Gill (2004).
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Figure 2.3:Displacements due to the installation of a pile with radiusR and length equal to
10R into clay. Displacement vectors (a) were used to derive the horizontal (b) and vertical (c)
normalised displacements contours due to the pile installation. Negative values indicates an
upward movement. From Ni et al. (2010).
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Figure 2.4:Vertical displacements due to pile installation measured at a shallow0:5 m (a) and a
deep2:2 m(b) horizontal cross section. From Cooke et al. (1979).

2.3.1 Single pile

The number of �eld tests conducted focusing on the displacements from the installation of a single
pile into clay are limited. Two cases will be presented where the �rst was performed in London on
the vertical displacements from pile installation as part of a wider study by Cooke et al. (1979)
on the load displacement behaviour due to pile loading. The second case focuses on the radial
displacements due to installation of a pile and subsequent consolidation of the pore pressures in
San Francisco by Pestana et al. (2002).

Vertical displacement

The vertical displacements measured by Cooke et al. (1979) due to the installation of a cylindrical
5 m long pile with a radiusR of 89 mmis presented in Figure 2.4 for two depths0:5 m and2:2 m,
corresponding to a shallow depth equal to 7R and at a deeper location of 31R.

A cross section is created from the measurement of vertical displacements at 9 discrete locations
for each depth extending up to approximately3 mor about 33R from the pile. First, it is obvious
that the deformation pattern is di�erent between the deep and the shallow locations, indicating an
in�uence of the stress free surface of the soil deposit for more shallow soil. The soil at all shallow
locations is experiencing an upward movement due to the installation of the pile. In contrast, the
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Figure 2.5:Normalised heave volume at di�erent depth of pile penetration. The displaced soil
volume was calculated from the shallow vertical displacements presented in Figure 2.4 by assuming
an axisymmetric displacement �eld. From Cooke et al. (1979).

deeper soil close to the pile is experiencing a net downward movement, while the soil further
away is showing an upward displacement also for the deeper lying soil. No additional vertical
displacements were measured in either of the positions once the pile reached about2 m below the
position of the cross section. The magnitude of the displacements is decreasing non-linearly with
the increased distance from the pile. The volume under the curves presented in Figure Cooke et al.
(1979) is calculated considering axisymmetry, and thereafter normalised with the pile volume
below the level of the probes at di�erent penetration depths. The normalised heaved volume is
presented in Figure 2.5 and is decreasing with the continuous penetration of the pile. This indicates
that an considerable amount of the soil movement is occurring further away from the pile than the
probe at a distance of3 mfrom the pile. At the moment when the pile is being penetrated down to
3 m, the extent of the measurements is equal to the penetration depth and the normalised volume
passing the cross section corresponds to 55% of the pile volume below the measurement position.
Assuming a constant volume displacement of the soil due to the pile installation this indicate that
45% of the soil is displaced further away than a horizontal distance corresponding to one pile
length away from the installed pile. Although the measured displacements at distance from the
pile are very small, the corresponding soil volume in the axisymmetric calculation is considerable.

Horizontal displacement

Pestana et al. (2002) presents the horizontal displacements measured in three inclinometers after
the installation of a cylindrical pile in clay with a radius of0:305 m. The pile was pre-drilled
through a �ll layer of about4 mbefore being driven into the clay referred to as Young Bay Mud.
The displacements were measured by three inclinometers located at a distance corresponding to
a mean distance over the full depth of the inclinometes of 3 (B-4), 4 (B-5) and 6.5 (B-6) pile
radii from the installed pile wall. The radial displacements of the clay are increasing from the �ll
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Figure 2.6:Radial displacements due to the installation of a solid pile with a radiusR of 305 mm
and subsequent dissipation of excess pore pressures. The inclinometers is located at 3R (B-4), 4R
(B-5) and 6.5R (B-6) pile radii from pile wall. From Pestana et al. (2002).

layer for about3 m corresponding to about 10 pile radii indicating a surface e�ect at the interface
between clay and �ll. The study focused on the link between the build up and dissipation of excess
pore pressures and the corresponding deformations in the clay.

Horizontal displacements immediately after installation at an intermediate stage during the
consolidation, and �nally after the full dissipation of pore pressures had occurred, are presented in
Figure 2.6. The outward radial displacement is largest immediately after pile installation and is
decreasing with the increased radial distance from the pile. Due to the subsequent consolidation
process, the initial radial outward displacement direction is reversed and the inclinometers show
a movement towards the pile. The remaining deformation after consolidation corresponds to
between 80% and 60% of the displacements immediately after consolidation, where the ratio of
remaining deformations tend to decrease with the distance from the pile.

2.3.2 Pile groups

Displacements piles in natural clays are most often installed in groups and the accumulated mass
displacement from multiple piles is therefore of a particular interest for engineers. A large number
of case studies have been reported in the literature, while numerous unpublished measurements
have been conducted as part of regular monitoring programmes during piling projects. First, the
mass displacements from one speci�c pile group will be introduced followed by a discussion
on various factors that might in�uence the resulting mass displacement from pile installation in
natural clays.

The mass displacements due to the installation of 116 end bearing solid concrete piles with
an (equivalent) radius of150 mmis reported by Bozozuk et al. (1978). Initially, an excavation of
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2:44 mwas conducted before the piling operations started. Vertical and horizontal displacements
were measured using bellow-hoses and inclinometers, respectively, and are presented in Figure 2.7.
Both the vertical and horizontal displacements are found to be largest at the surface and decreasing
with depth. With an increase in the distance from the pile group, the displacements are decreasing
with a similar rate as for the single pile measurements shown in for example Figure 2.2.

Hagerty and Peck (1971) summarise conclusions from comparing the mass displacements
due to the installation of pile groups from thirteen locations into various types of clay. Both
sensitive and nonsensitive clays were included in the study. Generally, the study shows that the
mass displacements from pile installation into clay is a process under constant volume conditions,
as the installed pile volume corresponds well to the displaced soil volume which is also supported
by Bozozuk et al. (1978), Massarsch (1976), Dugan and Freed (1984), Cooke et al. (1979), and
Edstam (2011). However, the presence of sensitivity in the soil was shown to alter the pattern
of mass displacement, with a tendency to give smaller displacement outside the pile group. The
reason behind this is explained by a mechanism where the disturbed clay close to the pile appeared
to be extruded along the shaft. In addition, the partial consolidation during the duration of the pile
driving operations of the very soft remoulded clay reduced the magnitude of outward displacements.
The study also shows that the presence of thin permeable and contractive layers in a clay deposit
strongly decrease the measured heave at the site.

Dugan and Freed (1984) presents the conclusion from the measurements of nine case histories
where pile groups were driven into the same soil deposit in the area of Boston and Cambridge,
Massachusetts. As the soil conditions are similar at the studied sites, a homogeneous deep clay
layer with piles driven into a underlying glacial till, the study focused on other possible factors
in�uencing the displacement pattern. The study concluded that the vertical stress distribution in
the soil surrounding the piling operations is in�uencing the pattern of mass displacement. Piling
within an excavation leads to increased heave within the excavated area, and lower heave outside
the excavation compared to piling conducted in an area with a level surface. Additionally, the heave
measured in stationary buildings is signi�cantly smaller than the measurements of the soil heave at
the surface at neighbouring locations (green �eld conditions). The in�uence of the vertical stress
on the displacement is also evident in sloping ground conditions, where the lateral displacements is
larger towards the downward direction of the slope (Vytiniotis et al. 2018; Massarsch and Wersäll
2013). The case histories from Boston (Dugan and Freed 1984) also showed a considerable
downward movement after the pile installation was ceased, which is attributed to the compression
of the clay due to the dissipation of excess porewater pressures. The downward movement due to
consolidation was similar, or even greater in magnitude as the initial heave from pile installation,
and the authors suggest that the net movement due to pile installation can be approximated as zero.

Massarsch (1976) found similar trends for both the horizontal and vertical consolidation
movement due to the installation a group of wooden piles to support a road embankment in Ursvik,
close to Stockholm in Sweden. The piles were driven through a layer of clay into a supporting
till layer. The initial deformations were outward (inclinometer) and upward (bellow-hose) away
from the piling area. The build up of excess pore pressures due to the installation of the piles
was also monitored. As the piling driving ceased, the movement in both vertical and horizontal
directions was reversed, and a movement towards the pile group was monitored. After two years,
the measured net vertical and horizontal deformation from piling and subsequent consolidation
was shown to be approximately zero. However, the deformations from the pile penetrating till
layers below was in�uencing the deformations for the Ursvik and Boston case studies.
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(a)Horizontal displacement

(b) Vertical displacement

Figure 2.7:Displacements due to the installation of a group of end-bearing solid concrete piles. A
total of 116 piles with a radius of150 mmwas driven within an excavated area. From Bozozuk
et al. (1978).
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2.3.3 Displacement from piling in Gothenburg

This Section will present a few case studies on the mass displacement due to the installation of pile
groups in Gothenburg, on the west coast of Sweden. Edstam (2011) presents measurements of the
mass displacement due to the installation of a �oating pile group in a deep clay deposit in Gothen-
burg, Sweden. The measurement was performed using multiple bellow-hose and inclinometer
measurements in addition to the monitoring of surface points. The resulting mass displacement was
shown to correspond well to the installed pile volume. The resulting direction of displacement was
shown to be outwards and upwards from the pile. Both the vertical and horizontal displacement
is shown to linearly decrease with depth, from the maximum value found close to the surface of
the soil. The vertical displacements at the surface was shown to decrease with a factor just over
two when the distance from the pile group is doubled. Considerable movement was detected at
distances further than one pile length from the pile group.

Massarsch (1976) studied the displacement due to the installation of a large pile group in
Bäckebol in Gothenburg, Sweden. The installation of the piles was performed in an excavated area.
The excavation depth was not uniform within the area and measurements of the surface heave due
to pile installation was shown to increase with the increased depth of excavation in an area. In
addition, the evolution of vertical movement was measured with a bellow-hose for about 2 years
after the installation of the piles. The initial vertical upwards movement was reversed during the
consolidation time, and the net upward movement after 2 years corresponds to about half of the
initial maximum upward movement.

Hall et al. (2020) present the measurements conducted due to the installation of two adjacent
pile groups into clay, with an existing building in between the two piling sites. The study shows
that the net horizontal displacement of the existing building was small due to the fact that piling
was made simultaneously on the two sides of the building with equal magnitude of displacement
but in opposite directions. In addition, the measurements show that the driving of piles into
frictional layer underlying the clay lead to a reversed movement compared to the installation for
both the radial and vertical movement due to the compaction of the frictional layer. A number
of construction projects involving piling have been conducted close to an old steel bridge in the
central part of Gothenburg (Tra�kkontoret 2021). Measurements of the movement in the vicinity
of and at the bridge due to these piling activities were monitored. The report emphasises that the
problem of mass displacements due to piling is a problem reaching beyond the physical limits of
each individual project, and that the combined e�ect should be analysed.

2.4 Modelling pile installation

2.4.1 Cavity Expansion Method

A wide range of practical problems can be modelled as a expanding or contracting spherical or
cylindrical cavity in a solid material. The �rst use of the method in solid mechanics looked at
metal indentation problems of a conical punch into copper (Bishop et al. 1945). By combining the
expansion of a cavity with the constitutive response and boundary conditions of the containing
solid, a set of equilibrium equations is formulated.

Yu (2000) summarised the history of the Cavity Expansion Method (CEM) in Geotechnics.
The method has been applied to analyse problems such as the modelling of tunnelling, piling,
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Figure 2.8:Displacement due to the expansion of a cylindrical cavity with an incompressible pile.
From Randolph et al. (1979)

wellbore stability as well as the theoretical modelling of in-situ tests, such as pressuremeters and
penetrometers. Randolph et al. (1979) suggest that the radial displacement due to pile installation
in clays can be captured by the expansion of a in�nitely long cylindrical cavity embedded in a
continuum deforming under constant volume,i.e. undrained conditions. Based on the assumption
of conservation of volume, a geometrical solution to the problem can be found.

Consider a volume of soil contained within a circle having the radiusr i , see Figure 2.8. Starting
from the centre of the soil volume, a cylinder representing the pile is expanding with the radiusrp
pushing the soil radially outwards. To accommodate for the expanding volume of the cylinder,
the soil needs to displace radially� to conserve the initial volume of the soil. By setting the soil
volume before and after the expansion of the pile, the following expression is obtained

r2
i = . r i + � /2 * r2

p (2.1)

which can be rearranged to

� _rp = .. r i_rp/2 + 1/
1
2 (2.2)

Although this modelling approach neglects vertical movements, the method has been successfully
used to capture the radial displacements from undrained pile installation. The results compare
well with experimental data from model tests and in-situ measurements (Lehane and Gill 2004;
Pestana et al. 2002; Massarsch and Wersäll 2013). The reported studies focused on the resulting
displacement in the vicinity of the pile with a distance less than 20R from the pile group.

2.4.2 Shallow Strain Path Method

The Strain Path Method (SPM) was developed over a period of time at MIT, and is presented
by Baligh (1985) as an alternative to the one dimensional CEM. The method is based on the
assumption that a known velocity �eld is giving the strains in the soil. Subsequently, the strain
�eld can be used to calculate the corresponding stress state by combining the known strain �eld
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with a constitutive model and an initial stress state in the soil. Observation of soil deformations
"far" below the surface caused by the deep undrained penetration of an object into saturated clay
showed that the displacement seems to be independent of the mechanical properties and stress
state in the soil. These observations lead to the assumption that the soil movement in a saturated
clay can be estimated by assuming a incompressible isotropic and homogeneous soil material
under isotropic stress.

SPM assumes a deep steady state solution, which disquali�es the method from being used to
estimate displacements close to the stress free surface. Further developments were made to SPM
by Sagaseta et al. (1997) introducing a Shallow Strain Path Method (SSPM) to incorporate the
presence of a free surface of the problem. As it is not possible to treat the problem as a steady
state solution, additional steps are required. Figure 2.9 shows the representation of the SSPM
for a simple pile penetrating into an in�nite half space where the �nal condition of a stress free
surface on the top should be reached. The solution to achieve these conditions consists of three
speci�c steps. Step 1 considers a point source discharging a volume (Q) in an in�nite full space
moving from the origin along the positive vertical axis to the desired depth of penetration with the
velocity U. Step 2 adds a surface free from vertical stress by including a mirrored image sink (-Q)
in the same in�nite full space, with the magnitude equal to the source, while moving along the
negative vertical axis. The combination leads to the cancellation of the vertical stress components
at a plane perpendicular to the vertical axis as desired. To eliminate the shear stress from the
surface, a distributed shear stress is applied equal in magnitude but in the opposite direction from
the combined shear stress induced from the source and the image sink. The applied shear stress
will give rise to a velocity �eld in the soil. Combining the velocity �eld arising from applied shear
stress to the velocities from the point source and the image sink, the velocity �eld for the shallow
penetration of a rigid pile into a homogeneous incompressible half space with a stress free surface
is obtained.

Sagaseta and Whittle (2001) compared the predictions of the SSPM with data from a number
of actual sites and laboratory tests, and showed that the method was able to predict movement from
the installation of pile group, as well as the the evolving movement in soil due to the installation of
a single pile. The surface heave was generally underestimated by the SSPM. The SSPM has further
been successfully used to predict the evolving displacements in a clay like soil from undrained
penetration in laboratory environment Lehane and Gill (2004) and Ni et al. (2010).

By superposition of the single pile displacement, the displacement from the installation of a
pile group can be predicted. Several case studies where the measured �eld displacement has been
compared to superposition of the SSPM single pile solution is reported. The impact of preaugering,
i.e. removing soil in the place of the pile, can also be modelled by a "negative" pile representing
the outtake of soil volume before the installation of a pile.

Rehkopf (2001) showed a good match between the SSPM predicted displacement and the
measured displacement due to the installation of about 350 piles into clay including preaugering in
East Boston. Three case studies reported from the Gothenburg area (Edstam 2011; Hall et al. 2020;
Tra�kkontoret 2021) also yielded a good comparison between the predicted and the measured
displacements. Care should be taken when using SSPM, as the method is not able to predict
the situations more complex than the a stress free plane surface in axisymmetric or plane strain
situation.
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Figure 2.9:Conceptual model of the Shallow Strain Path Methods used to simulate the penetration
of a pile into a half space with a stress-free surface. From Sagaseta et al. (1997)
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2.4.3 Finite Element Analysis

Finite element modelling (FEM) of the penetration of a long slender object, such as a pile or the
CPT, has been performed by several authors using di�erent numerical approaches. The penetration
of a long and slender object into soil is associated with large distortions of the calculation mesh
that in the common Lagrangian numerical formulation is following the deformations of the soil. A
common way of circumventing the problems related to these mesh distortions is to pre-embed the
full length of the pile inside the FE mesh (Castro and Karstunen 2010; Sheil et al. 2015). The pile
installation is then modelled by a horizontal expansion of the pre-embedded pile, corresponding
to the pile geometry leading to acceptable mesh distortions. The horizontal expansion can be
followed by a step of limited vertical penetration inducing shear at the pile shaft interface and
mobilising the base resistance (Abu-Farsakh et al. 2015).

Another frequently used technique is to perform a limited number of calculation stages with a
vertical penetration mechanism in a Lagrangian mesh, followed by a remeshing procedure adjusting
the calculation mesh to be better shaped elements (Hu and Randolph 1998). Di�erent approaches
using a stationary Eulerian mesh can also be used where the material information is convected in
between the elements (Pucker and Grabe 2012; van den Berg 1994). A special procedure where
the displacement of the soil is decoupled from the independently deforming calculation mesh has
also been used (Nazem et al. 2006).

Recently, a number of methods have been presented using material points (MPM or SPH)
carrying material information through the numerical domain (Ceccato et al. 2016; Monforte et al.
2021; Bui et al. 2008). Most of theses studies focus on the dependency of the stress situation on
the installation of the pile into di�erent soil, and the impact on the deformations is more scarce.

Massarsch (1976) conducted a series of FE calculations on the resulting mass displacement
due to the installation of a pile row by prescribing a horizontal movement at the boundary of
the FE model. The study investigated the e�ect on the resulting displacement due to di�erent
values of shear strengths,K0 values, and strength anisotropy using an incompressible soil. The
study showed a signi�cant di�erence in the resulting deformations, where a lowK0 will lead
to larger radial deformations and smaller vertical deformation compared to a higher value of
K0. The presence of a high strength top layer, representing the dry crust of a natural clay, was
shown to reduce the vertical deformations and to increase the horizontal deformations in the soil.
Edstam (2011) simulated the displacements due to the installation of a pile group by using volume
expansion of pre-embedded solid elements to represent the pile installation in a 3D FE-model.
The pile group consisting of more than 50 piles was represented by 3 solid elements that was
expanded to correspond to the total volume of the single piles. The soil was modelled as a linear
elastic incompressible material, and the resulting displacements showed good comparison with
displacements measured in the �eld.

The deformations due to the installation a stone column was modelled using a prescribed
horizontal displacement of the axisymmetric boundary in a 2D FE model using the SCLAY1S
constitutive model by Castro and Karstunen (2010). Vertical displacement upwards and outwards
was detected after installation. The consolidation of excess pore pressures lead to a volumetric
compression of the soil and corresponding downward vertical movement at the soil surface.
The presence of sensitivity in the soil was shown to increase the downward movement due to
consolidation, compared to the insensitive case.

Karlsson et al. (2019) combined SSPM method with a subsequent 2D FE model to study the
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impact of pile installation on pile ageing,i.e. the increase in bearing capacity with time. The
steady state results of the deformations calculated with SSPM were mapped to a 2D FE model, so
that the dissipation of excess porewater pressures from installation as well as the creep with time
could be quanti�ed. The analyses used the Creep-SCLAY1S constitutive model. The average of
the results of the SSPM for open ended and closed ended piles, using the plugging ratio, compared
well with measured results from the �eld. Furthermore, the results indicate a clear link between
the amount of disturbance and the subsequent re-gain in pile bearing capacity, where open-ended
piles disturbed less and recovered faster towards the original undrained shear strength. However,
it should be noted that for the reported simulations in sensitive clay the capacity only recovered
slowly, as the softening from remoulding during pile installation counter acts the hardening from
the equalisation stage.
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3 Modelling mass displacement

3.1 Eulerian pile penetration

In Chapter 2.4, a number of possible numerical techniques for modelling the installation of a pile
into soil were brie�y discussed. This Chapter will describe the numerical method used in this
study to model pile installation.

The numerical method relies on the combination of an Eulerian (E) material description for
the soil and a quasi-Lagrangian description for the pile. The code used, Tochnog Professional
Roddeman (2022), which has been used previously to model �ow like landslides (Crosta et al. 2003;
Crosta et al. 2015) as well as pile installation (Dijkstra et al. 2011). In contrast to commonly used
Lagrangian or updated Lagrangian small strain FE-formulations, this method is able to consider
the 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 (1986) where each time
step is divided into an initial Updated Lagrangian step followed by the convection of material (and
its state) through a stationary mesh with the Streamline Upwind Petrov Galerkin method (SUPG).
The Finite Element mesh is �xed,i.e. independent of the material deformations, throughout the
analysis, however, each type step any change in the geometry,e.g.a second Lagrangian mesh or
a geometry entity with prescribed boundary condition is continuously updated. A fully coupled
numerical formulation with an e�ective stress based constitutive model is used to link the material
deformations to the emerging porewater pressure and �ow and vice versa. The hydraulic head in
the system and the �ow of porewater is solved for simultaneously with the mechanical problem for
the ongoing pile penetration. Hence, for each element in the domain the drainage response will
emerge from the hydraulic conductivity and penetration rate for the pile, as well as the drainage
length to nearest open boundary. 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 di�erent methods to model the installation of a pile into soil, have
been proposed. Both rely on an Eulerian framework and an axisymmetric model domain. The two
methods were previously proposed by Dijkstra et al. (2011) to model pile installation in sand using
the same numerical framework. Although the two methods are based on the same FE formulation
and constitutive model, they are fundamentally di�erent in how the kinematics of the problem are
introduced in the domain.

In the�xed pile method the problem is modelled as a stationary �ow problem where the pile is
�xed and the soil is �owing upwards in the domain. The pile geometry will a�ect the �ow patterns
in the soil, thus capturing the pile penetration mechanism. A steady state solution will eventually
be reached for the speci�ed geometry of the model.

A more intuitive way of modelling the penetration process is by themoving pilemethod, 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 at any given moment
during the calculation will be showing the current geometry. Analogously to the modelling of a
�at pile tip, another shape of the penetrating object can be used for both of these two methods.
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3.1.1 Fixed pile

The�xed pile method is illustrated in Figure 3.1. The�xed pile method considers a pile with a

Figure 3.1:�xed pilemethod. Boundary conditions between the soil and the pile can either be
�xed in the normal direction or fully �xed.

radiusr that is initially embedded to the full penetration lengthL of the pile at the axisymmetric
boundary in homogeneous soil. The geometry is kept constant throughout the complete analysis.
The kinematics of the method are introduced by a vertical in�owv of soil 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 is continuously �owing upwards, the stationary pile is a�ecting the
�ow pattern of the soil and the penetration mechanism of the pile installation is being captured.
Eventually, a steady state is reached giving a solution to the problem for the speci�ed geometry.
Due to the �ow of soil in the domain, the�xed pile method is limited to a homogeneous initial
stress state in the soil. In the analysis, the soil can be modelled as a �uid, but more commonly
an e�ective stress based constitutive model developed for soils is used. This initial stress state
is prescribed though the domain, and in equilibrium in between the vertical forceq applied as a
boundary condition at the top of the domain and the in�ow. Soil entering the domain through the
bottom boundary is given 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 di�erent ways of applying
the boundary conditions (BC) from the pile geometry on the soil will be used (Figure 3.1). The
fully �xed BC is preventa all movement at the nodes in the soil that are connected to the pile.
In contrast the �xed normal only prevents nodes from moving in the normal direction to the
pile geometry. Below the pile, regular axisymmetric boundary conditions are used preventing
horizontal displacements. Horizontal displacements are also set to zero at the right boundary.
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3.1.2 Moving pile

The second method for modelling pile installation, themoving pilemethod is illustrated in 3.2.
In contrast to the�xed pile method, the pile is initially modelled outside above the axisymmetric
domain. A geometric entity, a quadrilateral with radiusr, is de�ned to represent the pile initially
outside the domain. Penetration is modelled by moving the bottom line of the quadrilateral, that
represents the pile, downwards with a velocityv representing the penetration rate into the soil. As
the pile geometry is continuously expanding downwards, a mapping at each time step is performed
to check which of the nodes in the domain are at the location of the 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 will be
repeated until the pile geometry has reached the �nal penetration depthL . Once all nodes of an
element are associated with the pile geometry, the element can either be deleted or replaced by a
material representing 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 inbetween the initial and �nal calculation step represent a valid solution for the speci�c
geometry of the current time step.

At the left and right vertical boundaries horizontal displacements in the soil are �xed by
prescribing a zero velocity. 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 forceq on the top boundary and the bottom boundary, as in the case of the�xed
pile method, also a more natural gravity based stress distribution can be calculated in an initial
step.

Figure 3.2:Moving pile method.
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3.2 Constitutive model

SCLAY1S is an e�ective stress based constitutive model suitable to model the behaviour of lightly
overconsolidated natural clays, as it is able to capture the evolving anisotropy and bonding present
in these soils (Koskinen et al. 2002). In the following, the simpli�ed formulation is presented,
corresponding to the conditions in a typical triaxial test.

The model assumes an associated �ow rule, and builds from the critical state framework,i.e.
Modi�ed Camclay (MCC), using an isotropic elastic behaviour with volumetricd� e

v and deviatoric
d� e

d elastic strain increments identical to MCC.

d� e
v =

�dp ¨

vp¨ (3.1)

d� e
d =

dq
3G¨ (3.2)

where� is the unloading reloading index in theln p¨ * v -space wherev refers to the speci�c
volume of the soil. The yield surface of the anisotropic and bonded SCLAY1S model is formulated
using a sheared ellipse where� controls the inclination of the surfacei.e. the plastic anisotropy of
the soil, Figure 3.3.

f = . q * �p ¨/2 * . M 2 * � 2/.p¨
m * p¨/p¨ = 0 (3.3)

To capture the evolving anisotropy due to loading of the soil, a rotational hardening law is used
where the change in anisotropy is related to the plastic volumetric� p

v and deviatoric strain� d
v by
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Bonding is incorporated by including an (imaginary) intrinsic yield surface, using the same shape
and inclination as the yield surface of the soil and linked in size by the bonding parameter� .

p¨
m = .1 + � /p¨

mi (3.5)

Two additional hardening laws are included to control the size of the two yield surfaces. The
increase in size of the intrinsic yield surface is linked to the volumetric plastic strains of the soil
d� p

v using the intrinsic compression index� i ( or � in absence of bonding), similar to the hardening
law used in MCC for a soil without bonding.

dp̈mi =
vp¨

mi

� i * �
d� p

v (3.6)

The change in relative di�erence in size,i.e. the bonding parameter� , between the two surfaces
is controlled by the third hardening law, linking the degradation of the bonding parameter to the
absolute plastic strain increments

d� = * a� .ðd� p
vð+ bð� p

dð/ (3.7)
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Figure 3.3:SCLAY1S yield surface in triaxial stress space.

wherea andb are controlling the rate of degradation. Negative bonding, that might occur for very
large strains in this analysis, is capped by the model to 0.

The SCLAY1S model is a hierarchical model leading to the possibility to use the model without
the consideration of bonding (SCLAY1) and with an isotropic yield surface (MCC). Setting the
bonding parameter� = 0 and replacing the intrinsic compression index� i with the compression
index � leads to the SCLAY1 model wherepm = pmi . Additionally, if � together with the
associated rate parameter! are set to zero, the model becomes identical to the MCC.

3.3 Veri�cation

The numerical method used in this work was veri�ed by looking at the CPT penetration into soil,
essentially representing an instrumented mini pile. The CPT is preferred over the pile geometry to
verify the modelling method due to the large amount of theoretical studies conducted on the CPT
penetration, in addition to the extensive empirical research available on the relation between the
soil properties and the CPT response (Robertson 1990; Schneider et al. 2008).

3.4 Modelling method

Initially, the moving pilemethod and the�xed pile method were used to model the CPT geometry
penetrating into a soil with a homogeneous stress state and soil properties. A linear elastic perfectly
plastic stress strain relation with the Tresca failure criterion was used to model the soil behaviour. A
Poisson's ratio of� = 0.49 ensured a constant volume behaviour similar to the undrained response
of saturated �ne grained soils, such as clay. An uniform initial stress was set throughout the domain
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with vertical stress� v =5 kPaand a lateral earth pressure coe�cientK0 equal to 1. For the �rst
set of simulations a Young's modulusE = 5960 kPacombined with a shear strengthsu of 40 kPa
was used with a rough interface formulation.

Figure 3.4 shows the resulting vertical reaction force on the tip of the CPT from themoving
pile method and the�xed pile method using two di�erent boundary conditions. Themoving pile
method and the�xed pile method with fully �xed boundaries show very similar results. However,
the�xed pile method, where the movement was only prevented in the normal direction, shows a
considerably lower reaction force. The explanation can be found by a closer look in Figure 3.1 on
how the BC's are applied to the soil. The node located at the shoulder of the CPT, atr is in the
formulation using a normal boundary condition allowed to move freely along the CPT. In contrast
the �xed boundary condition is forcing the soil closest to the CPT, atr, to be stationary. Hence,
the movement will occur in the node located one element width away from the pile geometry
which results in a numerical radius extension. Since the model is axisymmetric, a rather small
increase in the radius leads to large increase in area and corresponding vertical force. Figure 3.5
is instead showing the vertical pressure on the tip using an area of the CPT calculated with this
numerical radius extension. The vertical pressure was found to be within 2% when comparing the
two simulations.

Figure 3.4:Vertical reaction force on the CPT tip from simulations using the �xed pile method
with two di�erent ways of applying BC and the moving pile method.

Furthermore, the numerical method was also compared to prior numerical studies from literature
on the resulting cone resistance on a CPT tip penetrating into a Tresca material. The�xed pile
method with fully �xed boundary conditions was used and the resulting cone factor was calculated
from a series of simulations using di�erent rigidity indexIr = E_su. The cone factor is calculated
as the cone tip resistance over the undrained shear strength of the soil. All other model parameters
are kept constant throughout the series of simulations. Table 3.1 shows the resulting cone factor for
both smooth and rough contact formulation and is compared to a range of cone factors calculated
by previous studies summarised in Liyanapathirana (2009). For the smooth interface formulation
the result found is in the upper range of the literature, in contrast to the rough interface which is
closer to the lower range found in literature. The results for both the smooth and rough interface
from this study are showing a similar dependency on the rigidity index as the previous studies.
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Figure 3.5:Cone tip resistance from simulations using the �xed pile method with two di�erent
ways of applying BC and the moving pile method.

Table 3.1: Simulated conefactor for di�erent values for the rigidity indexIr compared to the range
from literature (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 to previous
studies. In addition, the two proposed methods for modelling the pile installation gave similar
response on the resulting tip resistance in the soil. As themoving pilemethod allows for a wider
range of geotechnical applicationse.g. linear increasing gravity loads, staged construction and
intermediate calculation results, this method is preferred over the �xed pile method and was used in
for the rest of the simulations in this work. Furthermore, themoving pilemethod can be expanded
to study multiple piles in a group in a 3D calculation.

3.4.1 Drainage conditions

The results presented in this Section, and in Section 3.4.2, is a summary of the work presented
in the appended Paper A (Isaksson et al. 2022) that investigates CPT penetration into natural
clay using numerical modelling. The emerging drainage conditions arising from the coupled soil
deformation and porewater pressure formulation was studied numerically. A series simulations
of the Cone Penetration Test (CPT), or more precisely the piezocone (CPTu) that also registers
excess porewater pressures, was performed using the MCC constitutive model and themoving pile
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Table 3.2: Model parameters used to investigate the e�ect of drainage conditions on the CPTu
response.

Symbol Parameter Value
� ¨

v Vertical e�ective stress [kPa] 109
u0 Initial porewater pressure [kPa] 70
K 0 Initial earth pressure koe�cient [-] 0.61
OCR Overconsolidation ratio [-] 1.02
e0 Initial void ratio [-] 1.41
� Virgin compression index [-] 0.205
� Swelling/recompression index [-] 0.044
� Poisson's ratio 0.3
M Slope of CSL line [-] 0.9

method. The full range of drainage conditions, ranging from undrained to drained, was covered,
by varying the hydraulic conductivityk of the soil between5:5 • 10 *3 m s*1 and1:1 • 10 *8 m s*1 .
While the hydraulic conductivity was varied, all other model parameters were �xed using the
values summarised in Table 3.2. Hence, any di�erence in response of the net cone resistance
and the pore pressures can therefore solely be attributed to the change in drainage conditions. To
quantify the drainage condition for each case, a dimensionless normalised penetration rateV was
used:

V =
vd
cv

(3.8)

wherev is the penetration rate,d is the diameter of the pile (or cone) andcv is the vertical
consolidation coe�cient of the soil. The normalised penetration velocity enables a uni�ed direct
comparison to be made between the drainage conditions arising from di�erent experimental set-ups
or numerical simulations.

cv =
kv.1 + e0/� ¨

v0

�
 w
(3.9)

The net cone resistance was normalised with the net cone resistance from the practically
undrained condition (the simulation with the smallest hydraulic conductivity) and presented in
Figure 3.6 at di�erent normalised penetration ratesV . Similarly, the excess porewater pres-
sure emerging from the CPT penetration was normalised with the porewater pressures from the
practically undrained condition and presented in Figure 3.7.

Two di�erent alternatives for extracting the porewater pressures from the simulations were
included. The �rst alternative extracts the pressure from a single element at the cone shoulder,
while alternative 2 uses the mean value over the 4 closest elements on the shoulder. The results from
this study were compared to the laboratory studies conducted by Mahmoodzadeh and Randolph
(2014) and DeJong and Randolph (2012). Additionally, a comparison was made with numerical
results from Monforte et al. (2021) where the interface friction was varied.

The drainage condition has a signi�cant impact on the emerging net cone resistance, resulting
in a 3.5 times higher resistance for the drained compared to the undrained simulation. As expected,
the emerging excess porewater pressures decrease when loweringV (in this case due to a increase
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Figure 3.6:Normalised cone resistance as function of normalised penetration rate. Comparison
between results from this study and Monforte et al. (2021) is included to indicate the e�ect of
interface properties on the CPTu response. From Isaksson et al. (2022).

Figure 3.7:Normalised excess porewater pressure as function of normalised penetration rate.
Comparison between results from this study and Mahmoodzadeh and Randolph (2014) and DeJong
and Randolph (2012). Results from Monforte et al. (2021) are included to indicate the e�ect of
interface properties on the CPTu response. From Isaksson et al. (2022).

in cv). A practically undrained response is found forV > 100 while a practically drained response
can be found forV < 0.01. In between these two limiting states, a transition with increasing excess
porewater pressures and decreasing net cone resistance are found for increasingV . The general
trend on drainage behaviour was captured well by the numerical model, when compared to the
published laboratory and numerical studies.

3.4.2 CPT in natural clay

In addition to the emerging drainage response, the appended Paper A (Isaksson et al. 2022) also
investigates the response of CPT for di�erent clay characteristics. The full capabilities of the
SCLAY1S constitutive model were used to capture the response of natural sensitive clays, and
compared with the well established empirical charts between CPT response and soil properties.
A normally consolidated reference state was calculated �rst for a modelled soil without initial
bonding or anisotropy, using a normalised penetration rate ofV = 200, i.e. practically undrained
behaviour.

A series of simulations was then performed where the model parameters were sequentially
altered, and the change in CPT response was monitored. First, the response from varying theOCR
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Table 3.3: Parameters used for investigation of the CPTu response in soft clays.

Symbol Parameter Value
OCR Overconsolidation ratio [-] 1.2, 1,5, 1,8
� 0 Initial amount of bonding [-] 2, 5, 10, 20, 50
a Rate of destructuration [-] 6
b Rate of destructuration due to 0.4

to deviator strain [-]
� 0 Initial anisotropy [-] 0.352
! Rate of rotation [-] 10
! d Rate of rotation due to 0.374

deviator strain [-]

between 1.02 and 1.8 was investigated. In addition, di�erent degrees of sensitivity in the soil were
investigated by varying the SCLAY1S state parameter� 0 between 0 (no structure) and 50 (highly
sensitive clay). The e�ect of fabric anisotropy was also studied by including an inclined yield
surface evolving with deviatoric and volumetric strains. Table 3.3 presents the range of SCLAY1S
parameters used in the study. Two common classi�cation charts used to evaluate CPT penetration
is used to present the results. Figure 3.8 shows the results in the chart originally proposed by
Robertson (1990). The response is presented using the normalised porewater pressure parameter
Bq and the normalised cone resistanceQt

Qt =
qnet

� ¨
v0

(3.10)

Bq =
� u
qnet

(3.11)

In addition to the new analyses, also the results from on the e�ect of drainage conditions (cv),
that were already presented in Section 3.4.1, are also included in the charts. The arrows annotate
the data points corresponding to each model parameter, and are showing the direction of the
normalised CPT response, when the value for the parameter is increased in the numerical analysis.
Distinct trends for each parameter are clearly identi�ed and are in good agreement with trends
proposed by Robertson (1990), for bothSt andOCR.

The numerical results are also presented in the classi�cation chart (Fig. 3.9) originally proposed
by Schneider et al. (2008), which is based onQt and the excess porewater pressure (� u) normalised
with the initial vertical e�ective stress (� ¨

v0). The impact of changingSt, OCR andcv indicates
clear trends that are in good agreement with the response suggested by Schneider et al. (2008).

The e�ect of fabric anisotropy� only shows limited impact on the results. The results are
only slightly changed, due to the lowerQt and excess porewater pressures when compared to the
isotropic model results. However, a strong in�uence of the increasedi.e. sensitivity, is found
where an increased sensitivity leads to a signi�cantly decreased normalised cone resistance and
only a small change in the excess porewater pressure. In contrast, the increasingOCR leads to an
increase in both the normalised cone resistance and excess porewater pressures. The observed
trends in the simulations from theOCR, drainage conditions (cv) and brittleness (St) are in very
good agreement with the trends proposed by Schneider et al. (2008) and Robertson (1990). This
increases the con�dence in the numerical method proposed.
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Figure 3.8:The e�ect on CPTu response from changing the consolidation coe�cientcv; overcon-
solidation ratioOCR; sensitivitySt and considering fabric anisotropy� in the characterisation
chart for CPTu proposed by Robertson (1990). From Isaksson et al. (2022).
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Figure 3.9:The e�ect on CPTu response from changing the consolidation coe�cientcv; overcon-
solidation ratioOCR; sensitivitySt and considering fabric anisotropy� in the characterisation
chart for CPTu proposed by Schneider et al. (2008). From Isaksson et al. (2022).
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3.5 Experimental design

The amount of sampling and testing data available from a geotechnical site is very limited in
comparison to the amount 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 performed when
creating a numerical model. A number of methods exists 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 speci�c 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 of2k possible realisations for the full set of parameter combinations.

The realisation of the full set gives information about the main e�ects related to the change of
a single parameters, as well as all possible interaction e�ects between two or more parameters.
However, by assuming that the higher order interaction e�ects are negligible compared to the lower
order interaction e�ects and the main e�ects, only a fraction of the full set of possible experiments
needs to be conducted. A fractional factorial design of resolution IV relies on the assumption that
the interaction e�ects are small in comparison to the main e�ects. The main e�ects for the change
in a single parameter will with this resolution not be confounded with any other main or two-factor
e�ects.

Tahershamsi and Dijkstra (2022) conducted Global Sensitivity Analyses (GSA) using a numer-
ical constant rate strain test (CRS) on the impact of the Creep-SCLAY1S parameters. The study
highlights the importance of di�erent parameters in the constitutive model at di�erent temporal
and spatial locations. The GSA was performed by means of Experimental design and the Sobol
method to analyse the impact of di�erent factors on the response of the CRS test. It was concluded
that the e�ects of these factors changes at di�erent temporal stages of the CRS test, which are
corresponding 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.
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4 Numerical study on mass displacements in natural
clay

This chapter presents the emerging displacements from the installation of a single displacement
pile into a saturated natural soft clay in Utby, Gothenburg, using the results from a numerical
analysis. A similar numerical framework as for the CPT described in Chapter 3 was used. The
numerical model only approximates the true behaviour of a pile installed into clay. However,
in absence of complete well documented datasets from �eld or laboratory studies, the model
provides a best estimate of the resulting soil displacements during pile installation and subsequent
consolidation.

4.1 Reference case

The numerical results presented in this chapter will be used as a reference case to evaluate the
in�uence of anisotropy and bonding of natural clays on the resulting mass displacements from
pile installation, and after subsequent consolidation. Additionally, the reference case is also used
to investigate the capability of di�erent modelling approaches to accurately describe the pile
installation process for a natural sensitive clay that is anisotropic.

The results will be presented as the continuous displacement path for a distinct soil patch
(think of it as a particle) in a similar approach as the experimental data that is presented ine.g.
Lehane and Gill (2004). In addition, the displacements along a number of vertical cross sections
corresponding to the commonly usedin situ instrumentation using an inclinometer (horizontal
movement) and a bellow-hose (vertical movement) will be presented.

Field measurements are most commonly performed on the ground surface, therefore the
displacement along a shallow horizontal cross section at depth of 1R will also be presented. The
latter results will be compared with the displacements along a deep horizontal cross section, to
contrast shallow and deep displacement patterns. All displacements will be normalised with
the pile radiusR to extend the results to be applicable to any radius of the pile with the same
slenderness ratio (L /R), this enables a more general interpretation of the results of this study.

The Utby test site is located east of of the city of Gothenburg on the west coast of Sweden.
Previously, the site has been used for research on energy piles (Bergström et al. 2021) and sam-
pling disturbance (Karlsson et al. 2016). In addition, test data from the site has also been used
benchmark di�erent constitutive soil models on a series of problems such as,e.g.embankments,
cut excavations and cantilever wall problem (Karstunen and Amavasai 2017). The clay deposit
in Utby is approximately30 mdeep and is supported by a1 m to 3 m thick till layer on top of the
bedrock. The soil properties determined from routine laboratory tests are presented in Table 4.1
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 into compression and extension. Combined these tests allow for the calibration of all
models used in this study.

The numerical modelling was performed using the fully coupled deformation and porewater
pressure formulation in Tochnog Professional (Roddeman 2022) using the Moving Pile method
using the Eulerian framework for large deformations, previously discussed in Chapter 3 The
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Table 4.1: Soil characteristics of the Utby clay: wet density� , water content at plastic limitwp, at
liquid limit wL , plasticity indexP I sensitivitySt and shear strength form fall cone test� fu .

Depth [m] � t_m3 wp [%] w l [%] P I [%] St � fu (kPa)
5 1.55 25 63 38 30 10
6 1.59 22 55 33 26 9
7 1.58 20 55 35 27 10
8 1.54 23 60 37 28 14
9 1.58 19 61 42 29 17

moving pile method is initially considering the pile to be out of the domain, and is gradually moved
vertically into the domain along the symmetry axis. The left and right boundary are modelled as
�xed, preventing any material displacements and groundwater �ow, while the top boundary is
modelled using a prescribed total vertical stress� v corresponding to the upper dry crust found
in the Utby site, see Figure 4.1. Gravity is included in the analysis giving an increase in vertical
stress with depth. Initial horizontal stresses follow from the vertical stress and the earth pressure
coe�cient K0 equal to 0.6, similar to that assumed for Utby. The initial porewater pressures in
the soil are set as a hydrostatic pressure with a phreatic level at the top of the domain. The pile is
modelled with a radiusR of 0:155 mand is being pushed towards a �nal depth corresponding to a
pile lengthL of 40 R with a penetration ratevpen of 0:155 m s*1 . Following the installation of
the pile the system, porewater pressures are allowed to equlibrate (dissipation of excess porewater
pressures), whilst recording the displacements in the soil while keeping the pile in place. The
width w and heighth of the domain are set equal to twice the pile length, 80R.

The behaviour of the soft clay in Utby is modelled using the SCLAY1S constitutive model
with the model parameters presented in 4.2. The SCLAY1S model parameters are taken as
the parameters derived for the Creep-SCLAY1S model by Karstunen and Amavasai (2017) but
excluding the parameters related to creep. To avoid convergence issues related to the coupled
formulation, and the very low permeability of the natural clay, the hydraulic conductivityk had to
be increased compared to the suggested value. Although the time of consolidation will need to be
scaled accordingly to match thein situ conditions, the pile penetration will still be modelled under
undrained conditions,i.e. in the analysis the normalised penetration rateV is ù 800, well above
the 100 which is considered to ful�l penetration under fully undrained conditions (Schneider et al.
2007; Mahmoodzadeh et al. 2014).

The Eulerian formulation of the numerical framework has a �xed mesh and solves for the
velocity �eld and displacements in an Eulerian reference frame. Hence, special consideration was
therefore needed to get the Lagrangian displacements of the soil due to the pile installation. To get
the displacements, 1614 discrete post points were de�ned in the domain. During the simulation,
the post points were convected with the material �ow using the velocity �eld in the domain.
The position of a post point at any given time step can therefore be interpreted as the displaced
position of a soil particle initially located at the original position of the respective post point. The
displacements were tracked using a resolution for printing of0:1 mm, although this seems to be
su�ciently accurate, the accuracy seemed to be slightly on the low side for soil located further
away from the pile. The e�ect on the analyses will be discussed later when presenting the results.
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Figure 4.1:Numerical model used to model pile penetration into Utby Clay.

4.2 Displacement paths

Figure 4.2 presents the full displacement path from installation and consolidation for 10 post points
in the clay close to the pile. Five of the points are located at a shallow depth of 1R, whereas the
remaining points are located further down at a depth of 19R. It should be noted that the radial
coordinate of the points is speci�ed from the centre of the axisymmetric model, and the pile wall
is located at a radial coordinate of 1R. Hence, the point located at a radial coordinate of 1.5R
has a distance equal to 0.5R from the pile wall. A clear di�erence in the displacement paths of
shallow and deep soil is found, where the shallow soil at all radial distances is moved upwards,
in contrast to the deeper soil where a downward movement is registered for soil located close to
the pile. An upward movement is shown for the deep soil located further away from the pile. The
radial movement is in the same outward direction for all of the measured points, with a tendency
to be larger at the deeper location. Displacements due to the consolidation of the excess porewater
pressures are in the opposite direction, inward and downward, to the direction of the installation
movement.

4.3 Inclinometers

The horizontal displacements in the soil at 4 vertical cross sections (inclinometers) with respectively
radial coordinates of 3R, 10R, 20R and 40R are presented in Figure 4.3. The displacements at
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(a)Shallow: -R

(b) Deep: -19R

Figure 4.2:Displacement paths for shallow (-1R) and deep (-19R) post points due to pile installa-
tion and subsequent dissipation of pore pressures at di�erent radial coordinate (1.15, 1.5, 3, 5,
10)R. Displacement paths are normalised with the pile radiusR. Di�erent colours are used to
highlight the displacement from installation (light) and subsequent consolidation (dark).
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Table 4.2: Model parameters used for the coupled simulation of pile installation into the Utby clay
using the SCLAY1S model.

Symbol Parameter Value
K0 Initial lateral earth pressure coe�cient [-] 0.6
OCR Overconsolidation ratio [-] 1.45
k Hydraulic conductivity [m/s] 6.67 e-6 (1 e-9)
� v Vertical pressure 18kPa
� Density 1.6t m*3

e0 Initial void ratio [-] 2.05
� i Intrinsic compression index [-] 0.329
� Compression index [-] 0.903
� Swelling index [-] 0.061
� Poisson's ratio 0.2
M Slope of CSL line [-] 1.56
� 0 Initial anisotropy [-] 0.63
! Rate of rotation [-] 30
! d Rate of rotation due to 1.0

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

to deviator strain [-]

di�erent penetration depths,i.e. 10R, 20R, 30R and 40R, and after consolidation at the full depth
are included to illustrate the evolving process. As previously stated, the resulting displacements
and the vertical coordinate of the soil are normalised with the pile radius. The jagged appearance
of the displacement pro�les at larger distance from the pile, where the displacements magnitudes
are in the order of millimeters), are a�ected by the0:1 mmresolution in plotting the location of
the post points.

By looking at the horizontal movement, it is evident that the pile penetration is continuously
displacing an increasing amount of soil as the length of the pile in the soil is increased. Interestingly,
the radial displacements close to the pile are not signi�cantly a�ected by the continuous penetration
of the pile after the pile base passes beyond the depth of the a�ected point. In contrast, the radial
displacement further away from the pile are continuously increasing with increasing penetration
depth at all depths. Furthermore, the shape of the displacement patterns is changing from appearing
as an "S"-like shape close to the pile to a wedge that has decreasing displacement with depth
further away form the pile. This transition in shape of the resulting displacement patterns seems
to be occurring at a similar distance from the pile to where the continuous vertical penetration is
not leading to further radial displacements. Following the initial outward movement during pile
installation, an substantial inward movement due to consolidation is present at all radial locations.
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(a)3 R (b) 10R

(c) 20R (d) 40R

Figure 4.3:Evolving radial displacements from pile installation and subsequent consolidation at
four inclinometer locations (vertical cross sections) located at an initial radial coordinate of 3R,
10R, 20R, and 40R.
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4.4 Bellowhose

Vertical displacements in the same vertical cross sections (bellowhose) as previously used for
the radial displacements is presented in Figure 4.4. As for the displacement path for individual
particles, vertical displacement in the vicinity (3R) of the pile is strongly in�uenced by the vertical
location. Soil within a vertical distance of 9R from the surface experience an heave, while deeper
soil is pushed downwards. Similarly to the horizontal displacements, the vertical displacements
close to the pile are not strongly in�uenced by further penetration below the soil depth. At a
distance of 9R from the pile, the vertical movement is essentially upwards at all depths, except for
small areas located below the current position of the pile. Further away from the pile, all movement
is in the upward direction and is increasing at all depths with the continuous pile penetration.
Vertical movement due to consolidation is predominately downwards at all distances from the
pile except at locations very close to the tip of the pile where some heave occurring due to the
consolidation.

4.5 Movement in a horizontal cross section

In addition to inclinometers and bellow-hoses, the displacements are presented along two horizontal
lines, one shallow (Figure 4.5) and one deep (Figure 4.6) giving continuous displacement pro�les
at two depths between the horizontal cross sections. In addition to supporting trends previously
discussed, some phenomena is appearing more clearly. Both the vertical and radial displacements
are approximately halved when the distance from the pile is doubled. As previously indicated, but
now appearing much clearer, is how the displacement close to the pile is almost una�ected by the
continuous pile penetration in contrast to soil further away than about 9R from the pile, which
is increasingly displaced in both the radial and vertical direction with increasing penetration. It
is also worth noting that the movement of the shallow soil very close to the pile is downwards
in contrast to the rest of the upwards displacing soil. A net downward displacement is found
in the shallow cross section for soil located between 1R and about 20R from the pile after full
consolidation.

4.6 Key results

The magnitude and extent of the displacements in the soil resulting from pile installation is strongly
in�uenced by the radius of the pile and the length of the pile. The radius governs the deformation
behaviour close to the pile while the penetration depth,i.e. embedded length of the pile, dominates
the response at larger distances from the pile. The shape of the displacements in the vertical cross
sections seem to be changing from a curve to a inclined straight line at a similar distance as for
the transition from a displacement �eld most in�uenced by the radius instead of the pile length.
The consolidation of excess porewater pressures leads to a reversed displacement trajectory when
compared to the trajectories during pile installation. Consolidation displacements are signi�cant,
and might even lead to a net downward movement for soil close to the pile.
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(a)3R (b) 10R

(c) 20R (d) 40R

Figure 4.4:Evolving vertical displacement from pile installation and subsequent consolidation at
four vertical cross sections located at a radial coordinate of 10R, 20R, 30R, and 40R.
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(a)Vertical displacement

(b) Radial displacement

Figure 4.5:Evolving vertical (a) and horizontal (b) displacements from pile driving and subsequent
consolidation in a shallow (-R) horizontal cross section.
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(a)Vertical displacement

(b) Radial displacement

Figure 4.6:Evolving (a) vertical- and (b) radial displacements from pile driving and subsequent
consolidation in a deep (-19R) horizontal cross section.
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5 In�uence of soil properties on the mass displace-
ment due to piling in natural soft clays

This chapter investigates the impact of soft soil features, such as anisotropy and destructuration
(loss of structure in sensitive clay) on the resulting mass displacement from pile installation.
Initially, the sensitive and anisotropic reference case established in Chapter 4 will be compared
to an isotropic and an anisotropic clay without any bonding. The latter two cases are modelled
using the Modi�ed Cam Clay model (MCC) and the SCLAY1 model. Due to the model hierarchy
the parameters derived for Utby clay will be used, as the focus in this study is on the impact of
anisotropy and sensitivity.

In addition, a Global Sensitivity Analysis was performed to investigate the impact of di�erent
soil properties on the resulting mass displacement directly after installation and after consolidation.
The sensitivity study is performed using an experimental design with two level fractional factorial
design. This ensures a reliable result with a limited number of numerical simulations.

5.1 Displacement paths

The full displacement paths during pile installation and consolidation for the three di�erent clays
are presented for 4 shallow post points (Figure 5.1) and 4 deep (Figure 5.2). Here, a large di�erence
in response is found between the sensitive clay and the two clays without sensitivity. However,
slightly further away (>3R) the results between the two anisotropic clays converge towards to a
similar response with a slightly higher vertical upwards displacement compared to the isotropic
clay. Radial movements are very similar for all three clays directly after pile installation. After
consolidation, the magnitude of the displacements increased in the anisotropic clays compared to
the isotropic clay, with an additional increase due to the sensitivity. The displacements in the soil
deeper down in the deposit after installation are very similar directly after installation. In contrast,
the consolidation movement is increasing with both anisotropy and sensitivity, which is similar to
the shallow consolidation movements.

5.2 Inclinometers

Figure 5.3 shows the radial displacement in 4 vertical cross sections (inclinometer) after installation,
and subsequent consolidation. At all distances from the pile, the radial movement after pile
installation is very similar for all of the three clays. However, the magnitude of the consolidation
movement toward the pile is di�ering, where the largest movement is found for the sensitive
clay and the smallest for the isotropic clay. At 3R, the radial consolidation movement for the
isotropic and anisotropic nonsensitive clays are similar, while the consolidation movement for the
anisotropic clay at 10R is considerably higher. All three clays show a similar trend in how the
shape of the displacement is changed with the increasing radial distance from the pile.
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(a)1.5R (b) 3 R

(c) 5 R (d) 10R

Figure 5.1:Shallow displacement in the soil at a depth ofR, normalised with the pile radiusR,
after installation (light) and consolidation (dark) for an isotropic clay (Iso), an anisotropic clay
(Aniso) and a sensitive anisotropic clay (St aniso).
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(a)1.5R (b) 3 R

(c) 5 R (d) 10R

Figure 5.2:Deep displacement in the soil at a depth of 19R, normalised with the pile radiusR,
after installation (light) and consolidation (dark) for an isotropic clay (Iso), an anisotropic clay
(Aniso) and a sensitive anisotropic clay (St aniso).
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(a)3R (b) 10R

(c) 20R (d) 40R

Figure 5.3:Radial displacement from pile installation and subsequent consolidation for four
inclinometers (vertical cross sections) located at a radial distance of respectively 3R, 10R, 20R,
and 40R from the pile for an isotropic clay, an anisotropic clay and a sensitive anisotropic clay.
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5.3 Bellowhose

Vertical movement in 4 vertical cross sections (bellowhose) are presented in Figure 4.4. At distance
from the pile, the vertical movement is very similar for all three clays, and in agreement with
the trends found for the horizontal displacements. Closer to the pile, the vertical displacement is
in�uenced by the di�erence in constitutive response in the soil, where both the consideration of
anisotropy and additional sensitivity are leading to larger upward displacements in the upper part of
the soil. Displacements in the soil from consolidation closer to the pile show trends in agreement
with previous trends where sensitivity and anisotropy lead to larger consolidation settlements
compared to the nonsensitive and isotropic counterpart.

5.4 Horizontal cross section

The radial and vertical displacements along a shallow horizontal cross section at depthR for
the three di�erent clays is presented in Figure 5.5. Similar vertical displacements are found at a
distance of about 20R from the pile considering displacements directly after pile installation, while
the upward displacement closer to the pile is larger for the two anisotropic clays when compared
to the isotropic clay. The two clays considering anisotropy show a similar upward response with
the exception of very close to the pile, where the sensitive soil exhibits a substantially larger
vertical upward displacement. Vertical movement after consolidation is very similar in between
the isotropic and anisotropic clay, while the sensitive clay show considerably larger downward
movement until a radial distance from the pile of about 40R, where all models show a similar
consolidation response. The shallow radial movement after installation is very similar between
the clays. However, the consolidation movement is di�erent for all the three clays, with the largest
displacements for the sensitive clay and the smallest for the isotropic clay.

The displacements for soil in a horizontal cross section located at a depth of 19R is found in
Figure 5.3. Downward vertical displacement is appearing close to the pile and is changing to an
upward direction at a distance of about 4R from the pile, displacement in the isotropic clay is
lower when compared to the two anisotropic clays. Radial movement is very similar in between
the clays before the consolidation. In contrast, the displacement after consolidation is considerably
increased when considering �rst anisotropy followed by sensitivity. However, at a distance of 40R
from the pile, the consolidation settlement is close to being equal for the three soils.

5.5 Remaining displacement after consolidation

Figure 5.7 shows the displacements after consolidation normalised with the displacement directly
after full pile installation for a number of vertical cross sections. This gives an indication of the
fraction of the initial displacements that are irreversible after consolidation for the radial and
vertical displacements, respectively. A general trend, in agreement with previous results, is that
the consolidation is increasing with the presence of anisotropy and additionally when sensitivity is
included. However, the vertical movement far away from the pile (40R) shows a very similar ratio
of persistent deformations for all of the three clays (soil models).
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(a)3 R (b) 10R

(c) 20R (d) 40R

Figure 5.4:Vertical displacement from pile driving and subsequent consolidation in four vertical
cross sections located at a radial coordinate of 3R, 10R, 20R, and 40R for an isotropic clay, an
anisotropic clay and a sensitive anisotropic clay.

56



(a)Vertical displacement

(b) Radial displacement

Figure 5.5:Evolving vertical (a) and horizontal (b) displacements from pile driving and subsequent
consolidation in a shallow (-R) horizontal cross section.
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(a)Vertical displacement

(b) Radial displacement

Figure 5.6:Evolving vertical (a) and horizontal (b) displacements from pile driving and subsequent
consolidation in a deep (-19R) horizontal cross section.
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(a)Radial

(b) Vertical

Figure 5.7:Remaining radial and vertical displacement after consolidation in vertical cross
sections. Displacement after consolidation is normalised with the displacement after installation
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Table 5.1: Normalised radial coordinate of where the soil volume passing through a shallow
vertical cross section, at depthR, corresponds to 25% and 50% of the total installed pile volume.
The total volume of soil that is displaced through the shallow vertical cross section after installation
Vs;i and consolidationVs;c is also included. Both volumes are normalised with the total pile volume
below the cross sectionVpile.

Analysis 25% ofVpile [r] 50% ofVpile [r] Vs;i_Vpile Vs;c_Vpile
Isotropic 27.7R 44.7R 0.972 0.47
Anisotropic 22.4R 41.0R 0.978 0.42
Sensitive anisotropic 19.6R 39.3R 0.985 0.36

5.6 Displaced soil volume

The vertical displacements in Figure 4.5 are recalculated into a measure of volume in the ax-
isymmetric domain, with consideration of the fact that movement further away from the pile is
corresponding to movement in a larger soil volume compared to close to the pile. The radial
location of where the accumulated soil volume passing through the cross section is respectively
25% and 50% of the installed pile volume, is presented for the three di�erent clays in Table 5.1.
The normalised volume of displaced soil reaching the surface is very close to being equal to the
installed pile volume, which indicates that the soil is displacing with constant volume. Remaining
normalised volume after consolidation range from about 50% for the isotropic clay to about 35%
for the sensitive clay. Displaced soil volumes seem to be reaching the surface closer to the pile for
the sensitive clay at 19.6R compared to the nonsensitive clay at 27R, with the anisotropic clay
once again at in between the other two clays. This trend is observed for the radial location of
where both 25% and 50% of the soil has reached the surface.

Additionally, the horizontal displacements presented in Figure 5.3 are also recalculated into a
volume by again considering that the soil movement further away from the pile is corresponding to
a larger volume in the axisymmetric formulation. The displaced volume, normalised with the total
pile volume installed, is presented in Table 5.2 both directly after pile installation, as well as after
consolidation. The di�erence in displaced volume directly after installation for the three clays
is localised within5R * 10 R from the pile and remains constant at larger distances further away
from the pile. The presence of anisotropy and sensitivity leads to smaller horizontal displaced soil
volume compared to an isotropic (*3~ ) and nonsensitive clay (*8~ ). This �nding is in line with
the larger vertical displacements found close to the pile, since the soil is displaced under constant
volume. The reduction of displaced soil volume due to equalisation of excess porewater pressure
is smallest for the isotropic clay, followed by the anisotropic clay, and largest for the sensitive
isotropic clay at all radial locations. The di�erences between the displaced soil volume in di�erent
clays are considerably larger after dissipation of excess porewater pressures from installation, when
compared to the di�erences between the models directly after installation.
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Table 5.2: Total soil volume displaced through a series of inclinometeres (vertical cross sections).
Volumes are normalised with the total installed pile volume,Vpile. The results are for each cross
section presented both after installation (I) and after consolidation (C).

Analysis 3R 5R 10R 20R 40R
I / C I / C I / C I / C I / C

Isotropic 1.02 / 0.81 0.99 / 0.65 0.99 / 0.58 0.88 / 0.56 0.61 / 0.43
Anisotropic 1.03 / 0.78 0.98 / 0.78 0.94 / 0.37 0.82 / 0.37 0.56 / 0.31

Sensitive anisotropic 0.98 / 0.50 0.94 / 0.27 0.91 / 0.11 0.79 / 0.14 0.53 / 0.15

Table 5.3: Range of parameters used in the two level fractional factorial sensitivity analysis for the
modelling of pile installation into a sensitive anisotropic clay.

Parameter Mean - +
� 0.02 0.018 0.022
� i 0.108 0.0972 0.1188
� 0 5 4.5 5.5
! 30 27 33
a 9 8.1 9.9
b 0.4 0.36 0.44
OCR 1.45 1.305 1.595
M 1.56 1.404 1.716

5.7 Sensitivity study - Design of experiments

In addition to investigating the emerging response by completely excluding or including anisotropy
and sensitivity in the analysis, a Global Sensitivity Analysis (GSA) was conducted to discover
the most important parameters in�uencing the emerging displacement from displacement piles
in an anisotropic sensitive clay. The study was performed by applying the two-level fractional
factorial design method described in Chapter 3. The parameters and ranges considered in the SA
are presented in Table 5.3 where the - and + values will be used for the sensitivity simulations
giving an indication of the response around the mean value. The Experimental design was chosen
as a resolution IV fractional factorial design giving in total28*4

IV = 16 realisations. The choice of
using a level IV resolution instead of the full factorial design reduce 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 5.4.

A simple quanti�cation of the mass displacement need to be used in the GSA. The �rst measure
of the mass displacement is the radial coordinate of where the accumulated soil passing through a
shallow vertical cross section corresponds to 25% and 50% of the installed pile volume, previously
used in Table 5.1. Second, the mass displacement will be quanti�ed as the volume of soil that is
passing through a series of inclinometers, the quantity was previously used in Table 5.2.

Figure 5.9 shows the GSA results for the amount of soil volume normalised with the pile
volume that is passing a series of vertical cross sections at a distance of (3R, 10R, 20R and 40R).
The results are given for both directly after installation and after subsequent consolidation. The
e�ect, i.e. change in response, from changing each parameter from the min to max value on the
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Table 5.4: Table of contrast presenting the combination of parameters used for the 16 analyses
needed for the two level fractional factorial experimental design28*4

IV sensitivity analysis.

Run no. � � i � 0 ! a b OCR M
1 - - - - - - - +
2 + - - - + + - -
3 - + - - + - + -
4 + + - - - + + +
5 - - + - - + + -
6 + - + - + - + +
7 - + + - + + - +
8 + + + - - - - -
9 - - - + + + + -
10 + - - + - - + +
11 - + - + - + - +
12 + + - + + - - -
13 - - + + + - - +
14 + - + + - + - -
15 - + + + - - + -
16 + + + + + + + +

response,i.e. amount of soil passing the cross section, is normalised with the total absolute e�ect
for the speci�c study. A negative response indicates that the total volume of soil passing through
a cross section is decreased when the speci�c parameter is changed from the - value to the +
value. The total e�ect and the mean response is included at the top of the Figures. A general
trend for all of the analyses worth highlighting is that the total e�ect is low after installation, in
comparison to the total e�ect after installation, indicating that the impact of the soil behaviour,
and the parameters controlling those, is strongly increasing after e�ective stresses start changing
during the consolidation in the soil. The most in�uential parameters on the displacements after
consolidation are� , � i , OCR andM .

Figure 5.8 shows the result where the response is chosen as the radial coordinate of where the
accumulated soil passing through a horizontal cross section at depth -R is equal to 25% and 50%
of the pile volume below the location of the cross section. The e�ect can be either negative or
positive, in this case corresponding to the movement of the normalised radial coordinate where
25% of the pile volume has passed the cross section. Two di�erent pile lengths of 20R and 40R are
included in the analysis. The normalised e�ect of each of the parameters is stable, except for the
in�uence of M , which is strongly increasing with increased pile length and distance from the pile,
i.e. the 50% response. The strongest in�uence is found for the sti�ness� in the overconsolidated
(elastic) region and inclination of the critical state angleM , where the decrease in sti�ness,i.e.
increase in� , leads to the displacement of soil further away from the pile, whilst the increase in
M leads to more soil moving upwards closer near the pile.
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(a)L = (20R) (b) L = (40R)

Figure 5.8:Relative e�ect of parameters on the mass displacement from piling in an anisotropic
sensitive clay.

5.8 Key results

The comparison of resulting displacements from pile installation in an isotropic clay, anisotropic
clay and a sensitive anisotropic clay show that both anisotropy and sensitivity are signi�cantly
a�ecting the response. Both anisotropy and sensitivity lead to a larger amount of the displaced soil
that is reaching the surface near the pile, compared to an isotropic and nonsensitive clay. The total
amount of soil displaced through a horizontal cross section is very close to the installed pile volume
supporting the assumption of constant volume displacement of the soil during pile installation in
natural clays with low hydraulic conductivity and with a representative penetration rate. However,
the phenomena underpinning the di�erence in the displacements directly after pile installation are
occurring within a radial distance of 10R from the pile. At larger distances this is stable, with
only a modest di�erence of about 8% of the installed pile volume. In contrast, the magnitude
and extent of displacements during consolidation are strongly in�uenced by the e�ective stress
driven response of the clay. The sensitive and anisotropic clay shows the largest displacements
during consolidation, followed by the nonsensitive anisotropic clay. The isotropic clay shows
the smallest displacements due to the consolidation. The sensitivity study generalises these
�ndings, where a considerably larger e�ect was found for the model parameters after consolidation
compared to directly after (undrained) installation. However, the parameters controlling the
amount of anisotropy and sensitivity are less in�uential on the response when compared to the
basic parameters that describe sti�ness, preconsolidation pressure and strength,i.e. � , � i , OCR
andM .
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