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Door meten tot weten - Kammerlingh Onnes

Vad v̊aldet m̊a skapa är vanskligt och kort,
det dör som en stormvind i öknen bort - Tegnér
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Abstract

Displacement pile installation causes large displacements and stress changes in the soil. Con-
sequently the subsequent load-deformation response is partly governed by the installation
effects. Analysis of piles and pile groups therefore needs to include the installation effects to
produce realistic simulations of the behaviour of piles. The installation effects are currently
not completely understood, because of the large deformation character of the installation,
which is not straight-forward to model with standard laboratory and numerical methods.
A fuller understanding of installation effects would therefore lead to more efficient design
methods and techniques for analysis of piled structures.

Physical models that mimic the behaviour of the prototype installation at correct initial and
boundary conditions simulate the prototype mechanism of the installation. In the current
thesis displacement pile installation effects are modelled in the centrifuge for correct scaling
of the stress conditions in the soil. A small scale model pile was realized for Small-scale
contact stress measurements. Deformation measurements were made in-flight during the
installation.

Continuous and incremental installation in dry sand were modelled in order to assess the
effect of cyclic loading during installation with an impact hammer. Loose, medium dense
and dense initial relative densities were tested. After installation, the model was subjected
to a static load test and a subsequent extraction test.

The experimental measurements show that the installation effects strongly depend on the
initial relative density of the soil. The friction fatigue effect, which is caused by a grad-
ual decline of horizontal contact stress with further penetration of the pile at a fixed soil
horizon, was confirmed in the model tests. The link between friction fatigue and horizontal
deformations during installation was also observed in the deformation measurements. The
behaviour of the pile in tension during the extraction tests showed a more brittle response for
the loose and medium dense samples. The deformation measurements showed that both the
displacements path of the soil continuum and the development of strain during installation
depends on the initial relative density.

The current explanation of installation effects is shown to be relatively accurate for com-
parable types of soil. During installation, the repeated loading cycles results in a gradual
change in horizontal stress, at the same time as the stress conditions around the pile changes
as a result of the soil displacements. The installation effects are shown to govern the pile
soil interaction when the pile is loaded, and recommendations for future research are given.
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Samenvatting

Installatie effecten bepalen het gedrag na de installatie van grondverdringende palen in
zand. Deze effecten worden nog niet volledig begrepen. Geschikte experimentele technieken
om deze installatie effecten te modelleren omvatten veld-, laboratorium- en experimentele
modellen. In dit proefschrift wordt een laboratorium model op kleine schaal gebruikt om
installatie effecten van grondverdringende palen in zand te onderzoeken, als aanvulling op
een numerieke studie van hetzelfde onderwerp.

Allereerst wordt de huidige kennis over installatie effecten toegelicht. De verdeling van
de schachtwrijving ten gevolge van cyclische belasting en het effect van de initile relatieve
dichtheid op de installatie effecten zijn hierbij van bijzonder belang. Vervolgens worden de
doelstellingen en strekking van het voorliggend proefschrift besproken welke het onderzoek
naar het effect van de installatiewijze (continue of stapsgewijze installatie) en het effect van
de initile relatieve dichtheid van de grond voor de installatie omvatten.

De experimenten zijn uitgevoerd in de geotechnische centrifuge waarbij aanzienlijke inspan-
ning is ondernomen om de overeenstemming tussen het schaalmodel en het prototype te
verzekeren. Dit betreft het model zelf, de grootte van de zandkorrels, evenals de randen van
de grondbak. Dit proces wordt bepaald door zowel theoretische als ook empirische overweg-
ingen.

Vervolgens wordt het experimentele model verder uitgewerkt. Dit betreft de geotechnische
centrifuge zelf, alsmede de genstalleerde elektrische en communicatie systemen om de elek-
trische stapmotoren aan te drijven en de meet- en besturingsgegevens door te geven. Het
besturingssysteem van het model wordt beschreven inclusief de computerprogramma’s die
de modelproeven aansturen. Vervormingsmetingen zijn uitgevoerd met een in-flight camera.
De vervormingsmetingen zijn vervolgens door een reeks computerprogramma’s geanalyseerd
en aangepast om met de lensvervorming rekening te houden en verplaatsingsincrementen
te verkijgen met een Particle Image Velocimetry (PIV) programma. De procedure om het
grondmonster voor te bereiden wordt beschreven inclusief de voorbereiding met verschillende
initile relatieve dichtheden.

Daarna wordt de kleine schaal modelpaal beschreven. In deze modelpaal zijn horizontale
contact- en axiale spannings-meetsensoren opgenomen die zich in kleine membranen binnen
de modelpaal bevinden. De modelpaal werd geanalyseerd met een FE-programma om het
effect van de belastingscondities in te kunnen schatten. Kalibratie werd uitgevoerd in op
maat gemaakte kalibratie-apparatuur voor de horizontale en axiale spanningssensoren.
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De experimentele meetresultaten bestaan uit spannings- en vervormingsmetingen. De span-
ningsmetingen bestaan zowel uit de horizontale contactspanningen en de axiale spanning als
ook hun onderlinge verhoudingen. De vervormingsmetingen worden gepresenteerd als ver-
plaatsingpaden waarin zowel de grondverplaatsing is geanalyseerd als ook de incrementele
rekken.

De interpretatie van de metingen is gericht op het effect van de initile relatieve dichtheid
en het effect van belastingscycli. Het wordt aangetoond dat de initile relatieve dichtheid
een groot effect heeft op de horizontale contactspanning tijdens installatie en tijdens trekken
van de paal. De vervormingsmetingen tonen een soortgelijk effect waarbij de dichtere grond-
monsters grotere horizontale verplaatsing laten zien. Het effect van stapsgewijze installatie
op de spannings- en vervormingsmetingen is geanalyseerd en geeft aan dat de verdichting
van de grond tijdens cyclische belasting leidt tot lagere contactspanningen. De metingen
zijn vergeleken met numerieke modellen die een vergelijkbaar resultaat geven. Hierdoor is
meer vertrouwen ontstaan in de huidige theorie van installatie effecten die in empirische
ontwerpmethoden gebruikt wordt.
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Summary

Installation effects govern the post-installation behaviour of displacement piles in sand.
These effects are currently not completely understood. Suitable experimental techniques
to model these installation effects include field, laboratory and experimental models. In the
current thesis a small-scale laboratory model is used to investigate the installation effect of
displacement piles in sand, to complement a numerical study of the same subject.

The current knowledge of installation effects is initially discussed. The distribution of shaft
friction, resulting from cyclic loading, and the effect of initial relative density on the installa-
tion effects are of particular interest. Aims and scope for the current thesis are subsequently
discussed, and consist of investigating the effect of installation mode (continuous or incre-
mental installation), and the effect of the initial relative density of the soil before installation.

The experiments are carried out in the geotechnical centrifuge, and considerable effort is
taken to ensure that the similarity between the scale model and the prototype is assured.
This concerns the model itself, the size of the soil grains, as well as the boundaries of the
soil container. This process is guided both by theoretical and empirical consideration.

The experimental model is then elaborated. This includes the geotechnical centrifuge, as well
as the electrical and communications system installed to drive electric control motors and
transmit measurement and control data. The model control system is described, including
the computer programs that control the model tests. Deformation measurements are car-
ried out by an in-flight camera. The deformation measurements are subsequently analysed
with a series of computer programs to adjust for lens distortion and to retain displacement
increments with a Particle Image Velocimetry (PIV) program. The soil sample preparation
procedure is described, including preparation at different initial relative densities.

The small scale model pile is described. This model pile included horizontal contact stress
and axial stress measurement sensors that were included in the small membranes inside the
model pile. The model pile was analysed with a FE-program to estimate the effect of the
loading conditions. Calibration was carried out in custom-made calibration equipment for
the horizontal stress sensors and the axial stress sensor.

The experimental measurement results consisted of stress measurements and deformation
measurements. The stress measurements consisted of the horizontal contact stress and the
axial stress, as well ratios between these. The deformation measurements were presented
as displacement paths in which the soil displacements were analysed, as well as incremental
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strains.

The interpretation of the measurement focused on the effect of initial relative density, and
the effect of load cycles. The initial relative effect was shown to have a large effect on the
horizontal contact stress during installation, and during extraction of the pile. The deforma-
tion measurements showed a similar effect in which the denser soil samples exhibited more
horizontal displacement. The effect of incremental installation was analysed in the stress
and deformation measurements, and indicates that the compaction of the soil during cyclic
loading results in lower horizontal contact stress. The measurements were compared to nu-
merical models that display a similar result, giving more confidence in the current theory of
installation effects that is included in empirical design methods.
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Chapter 1

Introduction

1.1 Modelling of displacement pile installation effects

Structures built on soft soils are frequently underpinned by deep foundations consisting of
piles. The design of these piles is governed by soil conditions and experience of the specific
construction method. A common pile type, worldwide and especially in the Netherlands, is
the displacement pile. This pile type displaces the soil around the pile during installation,
which leads to changes in the structure of the soil. These changes in soil state and soil struc-
ture after installation, including stress and strain, are often defined as the displacement pile
installation effects.

The installation effects make practical analysis of the load-deformation behaviour of piles
complicated, since the properties of the soil around the pile are not known. Axial pile design
is traditionally based on empirical methods, which are calibrated through a pile load test
database to produce predictions based on input data. The advent of fast computers makes it
possible to conduct numerical analysis of piles and pile groups with an advanced numerical
framework and various non-linear constitutive models. Much more accurate predictions of
load capacity and load-deformation behaviour are therefore possible, if the soil is modelled
correctly.

Such advanced models are governed by the input data which is put into the model. This
includes properly defined model parameters, boundary values and initial conditions of the
soil, which are determined from laboratory and in-situ tests. The presence of the instal-
lation effects make evaluation of such soil parameters complicated, since the state of the
soil is significantly different from the initial conditions. A more detailed description of the
installation effects, and how these evolve in sand for different types of initial conditions, is
therefore of practical interest.

Further insight into the installation effects would be helpful for improvement of the current
empirical design methods. These are often based on the Cone Penetration Test (CPT).
There is still not complete agreement over the accuracy of these methods, especially for
large diameter piles, and for very loose and very dense initial conditions. Extrapolation of
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these methods consequently leads to large variations in prediction of bearing capacity. The
effect of initial relative density and stress level are especially of interest, since these govern
the mechanical response of the pile during installation and subsequent loading.

Both the empirical prediction methods as well as behaviour of soil parameters in numerical
analysis would consequently be possible to improve by more accurate description of the
displacement pile installation effects. Further experimental and numerical research with
the aim of capturing the installation effects is therefore needed. This thesis is restricted
to experimental research into pile installation effects, and is complemented by a study of
numerical simulations of installation effects, [76].

1.2 Aims and scope

The research aims of the thesis consist of capturing the governing mechanisms in the soil
adjacent to a displacement pile during pile installation through experiments. This should
allow for validation of numerical simulations of the installation process with correct soil pa-
rameters. The aim was to study the effect of the initial relative soil density as well as of the
installation mode. Measurements were made of pile behaviour during and after installation.
This includes the resulting stress-strain paths during installation, which required stress and
deformation measurements of the soil during pile installation.

The experimental model was simplified in order to provide practical and reliable measure-
ments. Piles are commonly installed as part of pile groups, in which the piles interact. The
behaviour of such a pile group is very complicated, and suitable simplifications are needed
to approach the problem of installation effects. This thesis is restricted to experimental
analysis of installation effects for single piles in dry sand, and therefore excludes inertial and
consolidation effects. The experimental tests were carried out in the TU Delft geotechnical
centrifuge, and the displacement pile installation was simulated with a mechanical actuator
conducting continuous and incremental pile installation.

1.3 Outline of the thesis

The thesis presents the experimental research, as well as the underlying considerations and
idealizations. In chapter 2, installation effects are defined, and suitable prototype parame-
ters for experimental tests are summarized. The installation procedure is discussed, and the
installation is divided into installation stages to clarify the soil behaviour.

In chapter 3, the experimental methodology is presented, and similitude of the physical
model is discussed. The adaption of pile installation to a small scale model is elaborated in
detail, and suitable measurement techniques are summarized.

Chapter 4 presents the experimental test set-up, sample preparation methods and the proper-
ties of the experimental soil type. The control system for the experimental setup is discussed
in detail, and the experimental model capabilities are described.
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In chapter 5, the realization of an instrumented model pile for horizontal contact stress mea-
surements is described, including numerical simulation of the sensor and calibration method.

Chapter 6 presents the experimental results.

In chapter 7, the experimental measurements and the interpretation of these results are
discussed and put in a conceptual framework for pile installation.

Finally, chapter 8 presents the conclusions of the research presented in this thesis as well as
recommendations for further research.

1.4 A note on the sign convention

The x-axis is defined the horizontal axis with origin in the center of the pile and directed
outward. The installation effects are mostly symmetrical around the pile axis. The y-axis is
defined as the vertical axis and has its origin at the soil surface and is directed into the soil
mass.

The stress convention consists of the standard system in soil mechanics, in which the tensile
stresses have a negative sign, and compressive stresses have a positive sign.
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Chapter 2

Physical modeling of installation
effects

2.1 Introduction

Pile foundations transfer loads from the top soft soil layers down to strata with higher bear-
ing capacity. There are many different pile types, [82]. A common type worldwide and in the
Netherlands is the displacement pile, which is installed by displacing the soil around the pile
through impact driving, jacking or vibrating the pile. After installation, the soil surrounding
the pile will have undergone large deformations and stress changes. These installation effects
change the subsequent load-deformation behaviour of the soil-pile system when the pile is
eventually loaded.

In this chapter the motivation for a closer study of installation effects is presented. The pile
installation effects are described by a conceptual framework consisting of various compo-
nents which have been verified by experimental measurements and numerical simulations.
A simplified description of the behaviour of sands is delineated to assist the study, and the
most significant soil parameters are outlined. Installation effects are defined in order to limit
the current experimental study, and typical values of prototype parameters are summarized.
The different phases of displacement pile installation are subsequently considered to assist an
structured study. This includes description of initial soil conditions, the installation phase
and the post-installation phase.

Various methods of analysing installation effects are then discussed. Based on the concep-
tual framework of soil behaviour, a combination of a numerical and experimental methods
to study these installation effects is proposed. The installation effects are modelled exper-
imentally in the current thesis, and the research complements a separate numerical study
of pile installation effect in sand carried out by numerical simulations with the hypoplastic
constitutive model, [76].

The conceptual framework consists of the model of pile installation described in [159], [128],
[130], [148], as well as the detail description in [241]. The realization of the experimental
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model is governed by the types of measurements needed to expand this conceptual frame-
work. A relatively detailed description of pervious types of measurements and finding is
therefore presented in the current chapter.

2.2 Motivation

Design of axially loaded displacement piles comprises prediction of the pile bearing capacity,
and the pile load-deformation response. Displacement pile installation effects alter the soil
state, hence the behaviour of the soil, and should therefore be taken into account in practi-
cal design. Ideally, these installation effects should also be included in the analysis of piles
subjected to load combinations, and to pile groups. For these types of structures, empirical
methods are not particularly accurate, and numerical methods seem more appropriate, espe-
cially for soil-structure interaction (e.g. small-deformation dynamic analysis of structures).
So far there is no consistent framework to create realistic models including installation ef-
fects, which is why the installation stage is not explicitly included in most analytical and
numerical analyses.

2.2.1 Design of axially loaded single piles

Pile foundations have a long history, [82], [233]. Consequently a vast amount of practical
experience has been gained which governs practical designs, [187]. The total pile axial
bearing capacity of a single pile, Qtot, is defined as:

Qtot = Qbase +Qshaft −WPile (2.2.1)

where WPile is the self-weight of the pile, and Qbase and Qshaft are the bearing capacity
of the pile base and the pile shaft, respectively. An idealized loaded axially loaded pile is
shown in Figure 2.1. The components of the axial pile bearing capacity may subsequently
be calculated as:

Qbase = qbaseAbase (2.2.2)

Qshaft = CPile

zPile∫
τs(z)dz (2.2.3)

where qbase is the pile base resistance, Abase is the area of the pile base, CPile is the circum-
ference of the pile, and τs(z) is the shaft friction along the length zPile of the pile.

It is possible to estimate the base resistance following the method of limit analysis or cavity
expansion methods, in which a bearing capacity factor is calculated, e.g. [25], [82], [187]. In
this method, the pile base resistance qbase is correlated to the effective vertical stress level
σ′v through a bearing capacity factor Nq, [163]:

qbase = Nqσ
′
v (2.2.4)

The shaft capacity τs can be predicted by the effective stress approach in sand, [82], [163]:
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Figure 2.1: Pile base and shaft resistance.

τs = βσ′v (2.2.5)

where β is expressed as:

β = KPile tan δ′ (2.2.6)

where KPile is the earth pressure factor against the pile shaft including the installation
effects, and tan δ′ is the drained pile-soil interface friction coefficient. The β-method conse-
quently constitutes an estimate of the axial capacity of the pile shaft based on Mohr-Coulomb
friction.

The interface friction tan δ′ is measured in shear tests or inferred from pile load tests. Guide-
lines to determine tan δ′ in such tests have been established, e.g. [121], [124]. The earth
pressure is more cumbersome to describe, [178]. Estimations for various relative densities
have been established, e.g. [141]. In these estimates, the earth pressure factor KPile depends
on the relative density Rd of the soil and p′ is the mean stress level before installation:

Kpile = f(Rd, p
′) (2.2.7)

where p′ is defined as

p′ = (σ′1 + σ′2 + σ′3)/3 (2.2.8)

where σ′1, σ
′
2 and σ3.

′ are the major, intermediate and minor principal stresses.

7



The pressure coefficient KPile is evaluated from the cone resistance qc, [141]:

KPile = f(qc) (2.2.9)

Experimental verification has shown that there are large inaccuracies in these correlations,
[122], [178]. An alternative simplified design method consists of empirical correlations be-
tween in-situ measurements and axial pile bearing capacity, e.g. [40], [50], [64]. [77], [123],
[138], [150], [208]. These direct methods provide formulas for calculating the axial bearing
capacity Qtot of a single pile as a ratio to an in-situ measurement, such as the cone resistance
qc:

Qtot = Qbase +Qshaft = f(qc, p
′, DPile, hy) (2.2.10)

where DPile is the pile diameter and hy is the distance from the pile tip. For the constant
design coefficients αb and αs, the base and shaft resistance are estimated as [40], [64], [77],
[173]:

Qbase = αbqc (2.2.11)

and

Qbase = αsqc (2.2.12)

Some recent methods include a variation in shaft friction with the normalized distance from
the pile tip hy/DPile, shown in Figure 2.2, [123], [138], [150].

These empirical methods contain correlation coefficients derived from databases of axial pile
loads tests carried out in different conditions for various pile geometries, [122]. The accu-
racy of these empirical methods is therefore dependent on these pile load test databases,
[178]. Some of the tests were carried out in very loose sands [97], or very dense sands [256].
The installation effects are therefore implicitly included in these empirical design methods,
since the database consists of displacement piles with a stress history related to the cone
resistance. Not all of the piles in these databases have similar dimensions, [148], [187], [256].
These correlations give more accurate predictions of load capacity compared to the tradi-
tional methods, i.e. Eq. 2.2.4 and 2.2.5 [41].

The settlement of axially loaded piles in Servicebility Limit State (SLS), is estimated with
a variety of methods, including both analytical and numerical approaches where the soil
and pile materials are simplified, e.g. [81], [184]. For onshore foundation design, settlement
analysis dominates the design, while load capacity frequently governs design in offshore
constructions, [173], [187].

2.2.2 Modelling installation effects for axially loaded single piles

The pile installation effects make it cumbersome to analyse the load-deformation response of
piles, [104], [141], [148]. During pile installation, the soil conditions change, thereby influenc-
ing the pile-soil interaction response, [173], [187]. The empirical design formulas previously
presented do not take the governing mechanisms of the pile into account, and could therefore
result in inaccurate estimations of axial pile bearing capacity when the soil properties or the

8



Pile

Load

Distribution of shaft friction

shaft friction τs

Figure 2.2: Idealized distribution of shaft friction in recent design models.

pile type are different from those in the pile load test database, [241].

Especially the behaviour of skin friction degradation, which governs the distribution of the
shaft friction, reduces the accuracy of predictions, [103], [148], [231]. The reduction in shaft
friction at any depth y with increasing pile penetration is assumed to be a result of the in-
stallation effects, [104]. A possible explanation is that the installation cycles during driving
and jacking change the relative density Rd of the soil adjacent to the shaft, [103], [104].
This volumetric change results in lower normal stresses at the pile shaft, [148]. This effect
is combined with reduction in interface friction angle δ′ as the large shear strains at the pile
surface reduces the roughness of the pile by grinding down the asperities at the pile surface,
[109], [120]. The horizontal contact stresses have been shown to recover over time. This is
assumed to be a result of more immediate stress relaxation and long-time creep in the soil
surrounding the pile, [11], [47], [48], [95], [139], [140], [120].

Empirical methods may also not be accurate for soil types which exhibit unusual properties.
These soils include soils with very angular grains, calcareous soils, and soils with a high
silt or mica content, [149], [210], [216], [225]. In-situ measurements are also affected by
the properties of these soils, which means that empirical design methods do not properly
incorporate the soil response, [49].

It would therefore be of interest to more fully understand the behaviour (i.e. the stress and
strain paths) of the soil during pile installation of axially loaded single piles. If the stress
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history and deformation behaviour during the installation of the pile are described and
included in subsequent analysis, empirical, analytical and numerical methods will improve,
[122], [241].

2.2.3 Design of pile group foundations in general VHM load con-
ditions

Even though empirical methods are available for the design of axially loaded single piles,
such load conditions comprise a significant simplification of normal pile foundation load-
settlement behaviour. Actual conditions include vertical, horizontal and moment (V HM)
loads, shown in Figure 2.3a. The load capacity and load-deformation behaviour of a pile
at these general load conditions are much more cumbersome to predict than for the axially
loaded pile, [82], [122].

Combination of piles into pile groups also makes empirical design methods more compli-
cated, [173]. Since the total load is distributed between the piles in the group, each pile will
carry loads of different type and magnitude, [82], [182]. Other types of load effects on the
pile group include consolidation of the ground around the piles following installation, which
results in negative skin friction, shown in Figure 2.3b, [27], [78].

Empirical methods are therefore generally not a suitable option for analyzing pile groups
loaded with general V HM -conditions, shown in Figure 2.3b, since load testing of pile groups
is complicated and not practical for large structures. Some load tests have been carried out
on pile groups, but only for small group configurations, [199]. Pile groups are frequently
very large structures, and field tests are therefore not feasible, [64].

2.2.4 Including installation effects in advanced numerical models

Analysis of pile groups subjected to general loads is therefore preferably carried out in ad-
vanced numerical models, e.g. [185], and more recently, [193]. Many other types of pile
group analysis include significant simplifications of the soil conditions, e.g. [185]. Numeri-
cal implementations include the finite element method, the boundary element method and
the material point method, e.g. [15], [14], [255]. These methods are more accurate and
flexible compared to traditional analytical methods, such as those presented in [184] and
[185] as long as the soil properties are correctly modelled. This gives the possibility of more
accurate design in comparison to simplified analytical and empirical models, [96], [186], [228].

Realistic simulations by an advanced constitutive model and numerical framework require
estimation of suitable input parameters for the settings of initial and boundary conditions
in the model, [159], [184], [228]. Many numerical models assume that the soil parameters
are unchanged after the installation of the structure, i.e. the pile. This method is sometimes
called wished in place, since the structure is placed into the soil without changing the soil
properties, [34]. These initial conditions result in significant simplifications of the pile-soil
interaction, [173].

This assumption is not realistic for analysis of displacement piles, and to increase the accu-
racy of the simulation, installation effect should be included in the model. Simulations of
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Figure 2.3: General loading conditions on single pile and pile group

installation and penetration mechanisms are generally time-consuming, and may probably
not be carried out for routine projects. Instead, it would be of interest to develop a method
in which the installation effects can be directly included into the initial conditions of the
numerical model, in which realistic simulations could be conducted.

To establish such a method through a conceptual framework, numerical and experimental
research is needed to estimate installation effects for various initial conditions. So far, similar
types of research have been primarily aimed at developing empirical design methods, e.g.
[121], [148], [256]. The behaviour of the soil during installation should therefore be modelled
and subsequently efficiently included in the numerical simulations.

2.3 A conceptual framework for pile installation effects

Pile installation effects should be included in simplified empirical design methods or in ad-
vanced numerical analysis for realistic modelling of displacement piles. The components of
a design method or numerical model are based on a conceptual framework of the pile in-
stallation effects. This needs to be described before the practical design method or method
of analysis can be devised. The aim of the current research is to contribute to this concep-
tual framework by experimental measurements of displacement pile installation effects. The
conceptual framework is the result of the accumulated scientific research about the topic,
and the formulation obviously depends on the selection of empirical data. For displacement
piles such models are presented in [121], [122], and [241].
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Figure 2.4: Idealized description of increasing accuracy and detail in conceptual model.

The scientific method governs the construction of such a conceptual framework, which con-
sists of conjectures that are verified by which experimental measurements, [143]. The con-
ceptual framework is subdivided into separate parts in practical research, and these isolated
parts are simplified and studied by experiments and analysis, [67]. A more detailed model
is possible to construct based on experimental verification. An idealized relation between
number of components and accuracy of a conceptual model is shown in Figure 2.4, in which
the conceptual framework is describing the phenomena in more detail by verification of the
smaller parts.

For installation effects of displacements piles, there are several components of interest in the
construction of an experimental model, [241]. For single piles, components such as horizontal
stress σ′h, and the distribution of stress along the pile, the effect of friction fatigue rff , and
also long-term changes in the structure of the soil are possible to include by suitable mea-
surements of the experimental model, [11], [104], [148]. For pile groups, interaction effects
on load-deformation behaviour and pile group bearing capacity are also of interest, [184],
[185].

The conceptual framework itself is not sufficient to result in prediction for design purposes.
It can guide the construction of a design method, but the precise formulation of such a
method should be based on experience, practical judgment, and the availability of input
data. Figure 2.5 shows the route from conceptual framework to a simplified model, which
then is supplied with soil parameters and subsequently presents a prediction for the particu-
lar load effect. Accurate prediction in soil mechanics is often governed by the practical need
for soil parameters, [122], [182], [250]. For design of single axially loaded piles, many meth-
ods are based on the Cone Penetration Test (CPT), e.g. [16], [25], [40], [50], [64], [123], [138],
[150]. Prediction can also be made by numerical models, e.g. [76] with suitable soil param-
eters. This thesis is limited to the discussion of the conceptual framework of pile installation.
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Figure 2.5: The route from conceptual model to prediction based on soil parameters.

2.4 Practical simplifications of real soil behaviour

Modelling of installation effects includes suitable simplification of behaviour of the soil. Con-
clusions from model experiments are subsequently integrated into the conceptual framework
for describing installation effects and for conducting experimental tests. This specific frame-
work is then valid for soil and pile types which are comparable to the prototype behaviour
in the framework. The soil parameters and the scale on which they govern the behaviour of
the soil should also be accurately measured in laboratory or in-situ tests, [250]. A flowchart
describing the governing parameters is shown in Figure 2.6. The flowchart begins at the
grain scale level, proceeds through the soil composition, the state of the soil and the load
type. This description is a significant simplification of real soil, but is still helpful for mod-
elling purposes. An extensive discussion of advanced laboratory modelling for analysis of
these effects is given in [120].

Drained experiments on sand (without excess pore pressures) have shown that sands respond
to loads and displacements through normal and shear stresses, which restrain displacements
and rotations of the grains, [74], [205]. The effective stress state of the soil consists of the
total effect of these forces, integrated over a specified boundary, [74], [169]. A sufficient num-
ber of grains are therefore required to constitute a homogenous stress state Vhom,soil, [58].
The approximate number of grains relative to model size need in experiments is discussed in
the following chapter. The size of the volume Vhom,soil depends on the grain size and grain
shape, [43], [74], [203]. Furthermore, experiments show that grain shape has an impact on
the soil-structure load and deformation response, e.g. [49], [149], [216]. Grain shape may be
described by sphericity, roundness and the roughness of the soil grains. These expressions
describe the 3D shape of the grains, [43], [149].

The mineral composition of the soil contributes to the soil properties as well. Brittle grains
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Figure 2.6: Parameters that govern the behaviour of sands.

in the soil mass fracture at higher stress levels, [31], [51], [132], [250]. The mineral content
likewise influences the possibility of grain cementation and transition into a different be-
haviour, [51],[221].

Natural soils have large variations in particle size distribution, e.g. [90], [169], [250]. The
particle size distribution has an effect on the packing of the grains, and therefore the range
of the relative density of the soil, expressed as the maximum and minimum void ratios emax
and emin (which are difficult to consistently obtain in experimental tests), [20], [22], [100],
[170], [203]. Inclusion of clay and silt in sands changes the behaviour of the soil, and has
been observed to change the mechanical behaviour of the soil, and consequently the bearing
capacity of piles, e.g. [21], [22], [210].

The state of soil is described by parameters such as the stress and void ratio, [250]. Ex-
periments on soils of different void ratios or relative densities have shown the influence of
the evolution of the state of the soil, [42], [116], [194], [195]. The behaviour of the soil
is also determined by the stress state, [19], [212], [250]. Such observations of the effect of
relative density and stress level were formalized into critical state soil mechanics, [202], [250].

Natural soils have a stress history and contain soil structure, or fabric, that is observed both
in the field and in the laboratory. These in-situ conditions are cumbersome to recreate in
experiments, [136], [250]. The soil fabric depends on the geological history of the soil, [39],
[152], [228]. It is also complicated to separate overconsolidation effects and fabric, and the
term yield strength ratio (Y SR) has therefore been adopted in design procedures, [122].
Pile installation has been observed to influence the response of the soil over longer periods,
which is assumed to a result of the change in fabric, as well as the stress distribution, [11],
[95], [139], [140], [120].
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Parameters Standard ranges
Water-cement ratio (vcr) 0.4 (-)
One-month cu-
bic compressive
strength

σc 60 MPa

Diameter DPile 250 to 600 mm
Length LPile 10 to 30 m
Young ’s modulus EPile 35 GPa
Poissons ratio νPile 0.2 (-)

Table 2.1: Properties of prototype concrete piles, [235], [82].

Possible load effects include static loads as well as cyclic loads at different frequencies, e.g.
[64], [120]. Load cycles alters the soil state, especially on soil-structure boundaries, e.g.
[103]. Depending on the mean stress level and the cyclic load variation, the cyclic behavour
of the soil may not be stable, [120], [130]. These loads frequently result in consolidation
effects and inertial effects in the soil. Saturated soils subjected to dynamic loads (including
inertial effects) experience pore pressure generation and dissipation as well as stress wave
propagation, both in the soil and the structure, e.g. [7], [247], [248].

Because of the variability of the soil properties, an experimental model of soil-structure
interaction should be a compromise between realistic description of soil behaviour and the
number of model parameters. The accuracy of the model depends on how well the model
simplifies the prototype behaviour, which cannot be inferred from the model itself, [142].
The prototype should therefore be studied in detail, so that suitable simplifications can be
made, and the governing mechanisms be included in a practical but still realistic realization,
[200], [250].

2.5 Description of prototype for modelling

This thesis is restricted to modelling displacement pile installation effects in rounded, clean
silica sand, with no clay or silt content. This type of soil therefore has a relatively high
permeability, resulting in some generation of excess pore pressures during installation and
relatively quick dissipation after the installation in the prototype. The behaviour of this type
of material is therefore not directly applicable to other types of soils, such as sands with a
high silt content or calcareous sands that exhibit a different load-deformation response, e.g.
[49], [132], [216], [225].

Piles are classified as either displacement piles or non-displacement piles, [82], [173], [187].
This thesis is restricted to square closed-ended displacement piles. The prototype pile is here
defined as a square full-displacement concrete pile with rectangular cross-section. These piles
have limited steel reinforcement, which does not directly influence the behaviour of the pile
in compression, [173]. Some prototype parameters for such concrete piles are shown in Table
2.1.
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This type of displacement piles are installed by impact driving, jacking or vibrating, e.g.
[159]. The most common method of installation is by impact driving, in which the pile is
driven into the soil by repeated blows by an impact load provided from the pile hammer,
with a typical rate of ca. 1 Hz, [173], [235]. Hammer types include steam, hydraulic and
diesel hammers, [64]. Piles may also be installed by jacking, although this method is most
common for tubular piles and sheet piles, [93]. The hammer energy for a blow may ranges
from 18 to 600 kNm for diesel and hydraulic hammers, [235].

This type of simplification helps to constrain the large variation of pile length (2 m -100
m), and pile diameters (0.2 m- 2.5 m) to a prototype which is developed into a model. The
model is consequently not replicating all prototypes, but a limited type which is possible to
simulate in numerical and physical models. The following dimensions are considered: 4 - 10
m pile with 250 - 500 mm diameter.

In the following text, results of previous experimental and numerical studies are discussed
in the detail, to provide an argument for the design of the experimental model.

2.6 Modelling installation effects

Natural soils show large variability in composition and behaviour, and their mechanical re-
sponse is consequently diverse, depending on many characteristics of the soil. These aspects
are often formalized as soil parameters, e.g. [169], [202], [212], [250].

In experimental tests on prototype soil with accurate initial conditions and stress paths, the
soil behaviour is directly included, [1], [189]. Careful experimental preparation in the labora-
tory has been shown to give relatively consistent reproduction of experimental conditions, [8].

In contrast, analytical and experimental models are based on constitutive material formula-
tions and produces simulations of the material behaviour based on parameters determined
in experiments. Formulations range from elastic models to advanced models such as the
Cam clay or the Severn-Trent model [58], [87]. The basis of these constitutive models is
experimental evidence from laboratory tests. The models should therefore not be extended
to simulations where these conditions are not valid, [230].

2.6.1 Analytical models

Analytical models include elastic models, suitable for small deformations, and perfectly
plastic models, which are used in limit analysis, [58], [59], [250]. Simplified elastic solutions
of deformation around a pile have been formulated, but modelling pile installation procedure
requires much larger deformations, e.g. [166], [190], [191]. Analytical models of plastic
deformations also require significant simplifications, e.g. [59], [189]. The flow of soil around
the pile during installation has been simulated in cavity expansion models which also results
in large simplifications of the soil behaviour, e.g. [187], [232]. Although analytical methods
result in rigorous solutions, they are probably not the most suitable options way to model
the pile installation effects.
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2.6.2 Numerical models

Material behaviour in numerical models is described by a constitutive framework for sand,
e.g. [87]. Well-known numerical codes include the finite element method, the boundary
element method and the finite difference method, [14], [56], [255].

Numerical simulations of installation effects include [26], [37], [71], [72], [96], [186], [159],
[157]. The numerical approach to modelling installation effects is very promising, and will
give valuable additional information about the simulated stress-strain behaviour of soil due
to installation effects. A disadvantage is the practical limitations of the method, such as the
large number of parameters required in more advanced constitutive models. This results in
large variations in the input data into the models, since the quality of the parameter deter-
mination process is highly dependent both on the operator of the laboratory experiments
and the type of analysis carried out to obtain soil parameters. These procedures are also
dependent on the analysis and laboratory procedure, [169].

2.6.3 Experimental modelling

Experimental modelling of installation effects comprises field and laboratory measurements.
The big advantage of field measurements is the direct inclusion of ground conditions. There
is therefore no need for scaling of the soil properties, e.g. [28], [78], [97]. Most physical
models contain normally or isotropically consolidated soil, since complicated features of the
soil behaviour such as fabric and stress history are cumbersome to include in physical models
such as centrifuge tests, [136], [222].

The laboratory gives the possibility to perform experiments in a variety of configurations in
a controlled environment. Geotechnical centrifuge models scale the mechanical behaviour
accurately, [201], [242]. Alternatively, simulated stress conditions may be carried out in
calibration chamber models, e.g. [49], [85], [128].

An advantage of small scale model tests is the lower cost of laboratory scale models compared
to field models, [242]. A larger number of experimental tests can therefore be conducted, e.g.
[49], [136]. In contrast, large scale field models are frequently restricted to a small number
of field tests with relatively limited measurement possibilities (resulting in less information
from the tests), due to the cost and practical considerations, e.g. [256].

2.6.4 A combined modelling approach

A suitable compromise includes field, laboratory and numerical models, combining the
strengths of the different types of modelling, [188]. Field tests provide information about
the prototype, laboratory measurements show the detailed behaviour of the mechanisms of
the soil, and numerical methods offer the possibility of combining these results. The re-
search carried out in the line of this thesis consists of laboratory modelling, and is part of a
project containing simulations of pile installation effects by numerical modelling, [76], with
a suitable constitutive model, [234].
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2.7 Description of the prototype installation phases

It is useful to separate the installation procedure into installation phases. A pile is installed in
soil with a specific geological history, and consequently the installation effects are influenced
by the initial properties of the soil, such as the relative density Rd, the stress state p′ and
the soil fabric. The installation is here divided into installation stage 1 and installation
stage 2. The stages are related to an arbitrary soil element, shown in Figure 2.7. In stage
1, the pile approaches the soil element, followed by installation stage 2 in which the soil is
cyclically loaded at lower stress levels but with a high shear strain at the pile-soil interface,
[109]. After installation the structure of the soil changes due to the stress relaxation and
creep, [11], [48], [47], [95], [139], [140], [120].

2.7.1 Pre-installation stage and normalization of installation effects

Before installation of displacement piles, the soil is normally characterized by in-situ tests
or tests on retrieved soil samples in the laboratory, [82]. Sands are often disturbed during
sampling, and special methods are needed to obtain soil samples that give an accurate rep-
resentation of the soil properties, e.g. soil freezing, [110]. In-situ methods, such as the cone
penetration test (CPT), or the standard penetration test (SPT) (which is not recommended,
[82]) are therefore frequently used to characterize sands. Many types of correlations have
been established between soil parameters and in-situ tests, e.g. [18], [49].

It is possible to prepare soil samples at a specified relative density in the laboratory accord-
ing to correlations between cone resistance qc and relative density Rd, [8], [136], [250].

2.7.2 Installation stage 1

The penetration mechanism in installation stage 1 results in very large deformations and
changes in effective stresses as well as stress rotations when the pile is installed into the
ground, [119], [136], [148]. This has also been modelled in numerical models, e.g. [96]. It
should be pointed out that the stress and strain paths of the soil depend on the location
of the soil relative to the pile, [119]. Figure 2.8 shows elements a, b and c at the depth y
at various initial radial distances r. The soil follows stress and strain paths represented by
functional relations, [85], [119]:

σ′ij = f(r/DPile, hy/DPile, p
′) (2.7.1)

εij = f(r/DPile, hy/DPile, p
′) (2.7.2)

where σij and εij are the effective stress and the strain components, r is the initial distance
from the pile, DPile is the pile diameter, and hy is the vertical distance from the pile base.
The complete stress and strain path of a homogenous element of soil consequently consists
of the evolution of σij and εij during the installation. For large strain gradients in soil
samples with relative large grains, which is common in model tests, [85], [88], the concept of
homogenous soil element Vhom is also doubtful, since the theoretical size of the homogenous
element of soil depends on the homogeniety of the stress field, [58], [74]. The distribution of
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Figure 2.7: Installation stage 1 and 2.

stress during large deformation is therefore complicated to describe.

To replicate a collection of heterogeneous stress paths in homogenous soil tests, e.g. the
tri-axial apparatus, a large number of samples should be tested for different stress paths.
Based on these tests, the total system response could be estimated from the measurements.
In traditional experimental analysis of slope stability, such types of suitable stress paths are
tested to recreate the system response to deformation, e.g. [8]. A series of different tests,
such as triaixal test in compression, simple shear test, and triaixal test in extension, recreate
the governing mechanism at each part of the prototype accurately, [250]. Alternatively the
soil response is modelled by a consitutive model with a numerical framework based on such
experiments, e.g. [234], [250].

Similar modelling of displacement pile installation is more cumbersome. The deformation
and stress levels during installation are also very different and include large stress rotations,
[62], [148]. This makes experiments in tests with fixed principal stresses, such as the triax-
ial apparatus, not a practical method to model the prototype behaviour. The soil response
during pile installation is consequently not easy to measure in element level laboratory tests.

The large variation in stress level makes it also complicated to conduct accurate measure-
ments, so the experimental measurements system should both have a large range and a very
fine resolution during the installation. The penetration mechanism of a displacement pile is
comparable to that of a cone penetrometer, [122]. The cone penetrometer friction in sand is
around 1% of the cone resistance, [49], [158]. A friction angle δ′ of e.g. 25 degrees, results in
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a horizontal normal stress corresponding to around 2% - 2.5% of the cone resistance, [124].
This is a relatively small fraction of the total stress range, which governs the accuracy of the
measurements. If any stress measurement system used to measure the total stress path has
a resolution of less than 1% of the total stress range, the variation in the horizontal normal
stress in installation stage 2 will therefore be around ± 50%. Measurements of the total
stress path must consequently have a very high resolution and precision, as well as total
range, if both installation stage 1 and 2 are to be captured simultaneously.

The installation effects consist of the change of the initial soil state as a result of the installa-
tion, [141]. The installation effects are consequently a function of pre-installation parameters
such as relative density Rd, mean stress level p′, [29],[141]. The installation effects have also
been described based on normalization with the state parameter ψ, [136]. The state param-
eter is defined as, [22], [250]:

ψ = esoil − ecs (2.7.3)

where esoil is the void ratio of the soil, and ecs is the void ratio at critical state at the
mean stress level p′, [22], [250]. Installation effects have been analysed in the same way,
in which similar normalizations of the installation response were carried out, [136]. These
show large variations, possibly as a result of the variation in stress and strain path during
displacement pile installation. It is therefore not conclusive whether it is possible to use the
state parameter to characterize displacement pile installation effects.

The soil-pile stress during installation has been measured both at the surface of the pile or
penetrometer, as well as in the soil mass. Measurements in the soil itself are more tedious to
conduct, and a large number of stress transducers are required for accurate measurements,
[85], [119]. Measurements of installation effects on the surrounding soil include measure-

20



ments of heave around the pile, and driving resistance for subsequent pile installation, [23],
[173].

Field investigations of the installation effects include penetrometer measurements carried
out before and after a displacement pile was installed, [180]. These measurements show a
large increase of penetration resistance close to the pile, which is reduced at larger distances.
It is also notable that the change in penetrometer resistance in the test was dependent on the
initial void ratio and mean stress level, with a larger increase in the penetration resistance
in dense sand layers. Similar types of measurements have been carried out with dynamic
sounding apparatus, showing a similar pattern, [23]. These field tests are relatively old and
it is possible that this specific and sensitive experimental test set-up results in measurement
uncertainty.

Stress change measurements on installed piles during subsequent pile installation nearby
has also been carried out, showing stress redistribution in the soil as the subsequent pile
advances, [24], [46]. The previously installed pile was observed to lift slightly in the vertical
direction during the installation of the next pile. In turn, this resulted in reduction of the
pile base resistance as a result of the disturbance of the stress field, [24].

Soil stress measurements during pile installation have also been carried out in the laboratory,
where accurate sample control is possible. These studies display similar behaviour as the
field measurements, with a stress peak at the location of the pile base, [38], [83], [85], [119],
[128]. Measurements of the stress components σ′r, σ

′
z and σ′θ have been carried out at several

layers with embedment stress sensors in the calibration chamber and compared to the cone
resistance qc, [119], [128]:

σ′i
qc

= f(hy/RPile, r/RPile) (2.7.4)

where σi is a stress component (i = r, z or θ), hy is the distance between the soil and the pile
in y-level, and RPile is the radius of the pile. These types of relationships are very valuable
for analysis of the stress change during installation on structures close to the piles, [183].
The post installation stresses are however very small in comparison to the maximum stresses,
which makes a complete description of the stress and strain paths of the soil difficult, [241].

Field measurements of penetration resistance, replicating pile base resistance include [16],
[180]. These measurements showed a correlation between the cone resistance, mean stress
level p′ and the relative density Rd. Later, explicit correlations calculated from experiments
in pressure controlled calibration chambers were formulated, [18], [22], [49], [158], [207]:

qc = f(Rd, p
′) (2.7.5)

Measurements of pile installation in the field and in the laboratory have shown similar types
of response, [83], [85], [119], [128], [136], [148], [256]. Many experiments have been carried
out in dry sand where pore pressure generation and dissipation does not change the effective
stress state, e.g. [34], [83], [85], [119]. A typical penetration resistance is shown in Figure
2.9a, which shows increased penetration resistance in dense sand layers, and at higher mean
stress levels p′ which occurs at greater depth in the soil. Numerical models have shown the
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Figure 2.9: Change in cone resistance and relative density with depth.

same result, [159].

The stress distribution in the pile is sometimes determined by dynamic testing methods, [64],
[227]. The most likely distribution of stress in the pile is found through signal matching of
measurements of the acceleration and force at the top of the pile using analysis software such
as CAPWAP, [94]. These measurements have relatively low resolution, and cannot describe
the evolution of the stress distribution in the pile with high levels of accuracy, [227]. The
installation method (including vibrations) influences the stress distribution around the pile,
and it is there not possible to evaluate different pile types with the same method, [159].

The displacements of the soil around the pile during installation by a transparent surface
have been measured in various experimental settings, e.g. [69], [70], [162], [165], [246], [252].
The behaviour of the soil was shown to depend on the relative density Rd and the mean
stress level p′, as well as the mineral content of the soil, [162], [243]. Idealized displacements
are shown in Figure 2.10.

The deep penetration mode has been compared to the strain path method in undrained soil,
which presents similar displacement paths but with a larger vertical rebound mechanism in
installation stage 2, [13], as well as other experimental methods, [171], [243], [246]. Cen-
trifuge modelling of a similar deep penetration mechanism in a two-layer material has been
carried out in [54]. Experimental modelling of deep penetration mechanisms in sand has
been carried out by [99].

Measurements of soil deformation and soil density change in 3D conditions have been con-
ducted with X-ray measurements, in which the soil deformation was tracked with pre-placed
metal spheres in the soil mass. The soil sample was prepared in loose conditions and the
tests carried out at low stress, in which qualitative measurements of the soil flow mechanisms
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Figure 2.10: Idealized displacement of soil around the pile during installation.

were carried out, [197], [198]. From these measurements the specific mechanisms which gov-
erned the installation process were described, including a deep penetration flow mechanism,
which included large magnitudes of vertical deformations of the soil around the pile, [197].
A special nose-cone, which does not deform and is displaced along with the soil in isotropic
compression, was also found, [197], [243], [246].

Other measurements of soil deformation and strain levels during pile installation include [25],
[44], [57], [63], [137], [213], [252]. These measurements show the steady state deformation
mechanism in which the soil flows around the pile base during installation, Figure 2.10.

2.8 Installation stage 2

Installation stage 2 commences when the soil element has reached the same depth y as the
pile tip, shown in Figure 2.7. The pile installation resistance is composed of the pile base
resistance and the pile shaft resistance, [96]. For the study of interface shaft friction, the
most interesting part of the soil mass is positioned adjacent to the pile shaft, shown in Figure
2.11. The behavior of the soil at the interface is governed by the whole soil mass extending
from the pile, [82], [187]. The stress history of the soil is a result of the stress and strain
paths in this volume of soil during installation stage 1. The behaviour of the soil in stage 2
is consequently cumbersome to model since the stress history is heterogeneous and largely
unknown, even though some measurements of installation stage 1 are available, e.g. [119].

During installation with an impact pile hammer, the soil-pile interface is cyclically loaded by
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Figure 2.11: Dilating soil at pile-soil interface.

the displacement increments in the two-way installation cycles, shown in Figure 2.13a, [124],
[109]. These load cycles have been shown to cause changes in the peak shear and normal
stress, e.g. [89], [148], [256]. This is believed to result from densification of the loose soil,
degradation of the interface friction angle, and stress redistribution in the soil, [84], [120],
[148], [251]. This phenomenon is shown in Figure 2.13a to 2.13c in the τs − σ′n-space.

The cyclic loading mechanism at the pile-soil interface depends on the displacement, ∆z, the
roughness of the pile RCLA (the average height of the troughs and the peaks of the material
surface, defined in Appendix A), the mean grain size d50, as well as the relative density Rd
and the mean stress level p′, [124], [148]. The loading type (i.e. one- or two way loading),
and the loading frequency also influence the interface mechanism, [66], [118], [120].

In installation stage 2, averaged shaft friction has been captured through measurements of
the axial stress distribution during the installation itself, e.g. [97], [256]. Measurements of
the shaft friction through axial stress distribution have relatively low accuracy and these
measurements consequently show some variation, but confirm the effect of initial relative
density on the horizontal contact stress, with a horizontal contact stress correlated with the
cone resistance, [148], [256].

More detailed information is gained in local horizontal normal stress measurements, e.g.
[29], [136], carried out in the laboratory, and [89], [148], [256] carried out in field tests. The
local horizontal normal stress is in these experimental models measured by special sensors
at the pile shaft. Measurements such as these have shown the effect of the pile roughness
RCLA, mean stress level p′ and the relative density of the soil Rd, [97], [148], [256], again
with correlation between the horizontal contact stress and the measured cone resistance.

Experimental measurements have shown that the effective horizontal normal stress σ′h clearly
follows the cone resistance qc in clean silica sand, [148], [256]. The direct correlation be-
tween relative density and shaft friction is consequently not a correct description, since the
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Figure 2.12: Distribution of horizontal normal stress σh resulting from friction fatigue.

mean stress level p′ is not included, [178]. The correlation between shaft friction and cone
resistance is significantly different in carbonate soils, and standard design methods are not
accurate in such soils, [132], [225].

Field and laboratory experiments also show that the distribution of horizontal normal stress
depends on the location of the measurement relative to the pile tip, hy/D, and changes
with increasing penetration. This effect has been observed in the field, [97], [103]. Such
measurements of the horizontal normal stress at different distance hy/D from the pile base
show a reduction in σ′h at increasing hy/D, which has also been reported as friction fatigue,
[103].

Laboratory measurements show that the most significant changes in interface horizontal
stress (and the shaft friction) occur after a relatively small number of loading-unloading
cycles, [65], [89], [154], [245]. This effect is partly caused by the volumetric response of the
soil during shear loading, [65]. The friction fatigue mechanism is consequently also present
in jacked piles, since the jacked piles are also loaded cyclically, but with a much smaller but
still significant number of load cycles, [93]. The ideal continuous jacking modelled in the
current thesis and e.g. [159] is not possible to achieve in the field in most cases. The mech-
anism of friction fatigue was previously presented as a critical depth, in which the average
shear stress reached a constant value, e.g. [231]. Instrumented model pile experiments show
that the local horizontal stress variation with increasing penetration causes the change in
average horizontal stress, [155].

Interface behaviour between the soil and the pile has been modelled in the constant normal
stiffness (CNS) test, [218], [241]. It has also been modelled in ring shear tests, in which
very large strain levels may be modeled, e.g. [134], [148], [218]. Laboratory and field
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measurements have shown that the interface shaft friction τs between the soil and the pile
can be described by the Mohr-Coulomb friction, [34], [124], [109], [148]:

τs = σ′h,tot tan δ′ (2.8.1)

where δ′ is the drained interface friction angle and σ′h,tot is the total horizontal normal stress.
The total horizontal contact stress σ′tot,h between the soil and the pile is approximated as
the sum of the horizontal contact stress when the pile is not loaded σ′h,n and the increase in
normal stress during deformation resulting from dilation, ∆σ′h:

σ′tot,h = σ′n,h + ∆σ′h (2.8.2)

The change in normal stress during deformation is a result of the change in the dilatory
expansion ∆h. Based on cavity expansion theory, the change in normal horizontal stress
∆σ′n is simplified as, [34], [148], [147]:

∆σ′h =
4G

DPile
∆h (2.8.3)

An alternative formulation includes the extra space of the dilating interface ∆ysoil, which
normally is around 10 soil grains, [34], [134]:

∆σ′n =
4G

DPile + ∆ysoil
∆h (2.8.4)

where G is the shear modulus of the soil, and DPile is the pile diameter. The shear modulus
is a function of the mean stress level, as well as the deformation level, [117], [126], [151]. It
may be assumed that the soil reaches a stable stiffness level at around 0.4Gin after large
deformations, where Gin is the initial shear stiffness before installation, [151]. Laboratory
measurements on pre-installed piles loaded in tension show that the back-calculated shear
modulus is a smaller fraction of Gin, [147]. Some experimental measurements show that
reversals in loading direction may result in very high stiffness levels, something which also
could result in higher shear modulus resulting from the many installation cycles, [214], [247].

The interface friction angle δ′ also changes during installation, since the soil friction at high
stress levels decreases the roughness of the pile during installation, thereby lowering the
Mohr-Coulomb failure envelope, shown in Figure 2.13c, [109]. In field and calibration cham-
ber experiments, piles which have been retrieved from the soil were covered with a layer
of soil, increasing the roughness RCLA of the pile [109], [149]. In other experiments the
interface roughness have been lower, [251]. Geological processes may also influence the pile
roughness, [114]. The effects of aging and as well as grinding are complicated to assess, and
also occur over different timescales, and depends on the properties of the soil.

The properties of the soil at the pile-soil interface have also been observed to change as
a result of the installation process. Laboratory experiments have shown that the particle
size distribution may change close to the pile, with a layer of small particles reducing the
interface friction angle at large deformations, [109], [251]. These processes may also be time-
dependent, and influenced by creep and stress relaxation in the soil, [11], [48], [95], [139],
[140], [120].
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Figure 2.13: Behaviour of the soil-pile interface during load cycles in idealized soil.

The behaviour of the soil around the pile during the installation is therefore complex, and a
combination of laboratory experiments in confined conditions and consequently the experi-
mental tests should be combined to model the whole system, e.g. [34], [124], [148].

2.8.1 Post-installation stage

Measurements of the post-installation stage include axially instrumented piles in the field
and in the laboratory, carried out both immediately after installation as well during longer
periods, e.g. [11], [141], [148], [231], [256]. Natural soil regains structure after disturbance
which is a possible cause for long-term change of observed pile-soil behaviour of impact-
driven displacement piles, [11], [48], [47], [82], [95], [139], [140], [228]. Post-installation
effects include installation of subsequent piles in a pile group, which makes an assessment of
the pile group interaction effect complicated, [24], [46].

2.9 A conceptual framework for installation effects

Experimental model tests are conducted relative to a conceptual model of the prototype.
In a simplified model, the soil behaviour is governed by mineral properties, particle size
distribution, particle shape, stress level, relative density, soil fabric, stress history and load
type. A complete description of the soil is consequently elusive, and practical methods to
describe the penetration mechanism contain considerable simplifications, e.g. [25], [82]. The
total system response to pile installation constitutes a boundary value problem, in which the
displacement- or load controlled deformation mechanism results in a system of stress and
strain paths, [1].
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The conceptual framework is here adapted from [119], [130], [148]. Current methods of
design consist of such a conceptual model in combination with correlation coefficients found
in a pile load test database, e.g. [50], [123], [138], [150]. It is essential that the conceptual
model is capturing the main mechanisms to establish the reliability of such methods, [178].

2.9.1 Installation behaviour in stage 1

In installation stage 1, the soil is deformed as the pile approaches the soil, resulting in large
deformations and stress rotations, [85], [96], [95], [159], [128], [198]. Measurements by em-
bedded stress sensors show increases in the stress components σ′r, σ

′
z and σ′θ in a cylindrical

coordinate system, with decreasing stress magnitude at larger radial distances r from the
pile, [119]. Numerical simulations of pile installation show similar types of stress develop-
ment, [96].

After the initial penetration close to the surface, the soil is displaced in a more confined
steady-state material flow, with some similarities to spherical cavity expansion and the
strain path method, [187], [244], [243], [252]. The change between the initial kinematic
penetration mechanism at the soil surface and the deeper steady state mechanism has been
stated to occur at a transition zone, zmode,tr, but this is not corroborated by other experi-
mental measurements, [162]. This depth is possibly dependent on the initial void ratio, as
well as other parameters in Figure 2.6.

2.10 installation behaviour in stage 2

During installation stage 2, the pile-soil interface behaviour is approximated by Equation
2.8.1. The total horizontal stress at the shaft σ′h,tot comprises the horizontal stress at the
shaft when the pile is not loaded, σ′h,n, and the increase in stress ∆σ′h resulting from a
dilating layer at the interface according to Equation 2.8.2.

The cyclic loading at the pile-soil interface results in soil density change, and change in hori-
zontal contact stress, i.e. the friction fatigue effect, [34], [148], [241]. This causes variation in
average shaft friction, [104]. The cyclic loadings depends on the number of loads cycles, but
field and laboratory measurements have shown that the major part of the friction fatigue
effect occurs after a small number of load cycles, [89].

2.10.1 Deformation zones around the pile after installation

The large deformation during installation stage 1 results in large volumetric and shear
strains, [34], [159], [119]. After the pile installation, the soil around the pile may approxi-
mately be divided in three zones, A, B and C, as shown in Figure 2.14, [130]. These zones
experience very different types of deformation, and should therefore be analysed separately.

Zone A is the layer of soil at the interface between the soil and the pile which is primarely
sheared during deformation. In stage 1, this soil is located beneath the pile, and constitutes
part of the larger stress and strain path envelope, [130]. In sand, this soil layer is dominated
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Figure 2.14: Horizontal displacement around the pile: idealized zones, following [130].

by very large shear strains, [103], [119], [148]. Numerical models of pile installation show
that the volumetric behaviour of the this Zone depends on the initial relative density of the
soil, with compression of the soil in looser samples, and dilation of the soil in denser samples,
[159].

Zone B constitutes the soil around the soil annulus which is deformed during the installa-
tion, but is not at the interface of the pile. This deformation zone is defined for clay in [130]
to establish the extension of deformation during installation, and is useful to define in sand
as well. The behaviour of the pile base during loading is also governed by the properties
of the soil in Zone B, since the soil beneath and above the pile base is compressed by the
installation and consequently has a high stiffness and is also governed by the stress history,
[241].

Zone C is the soil far from the pile center, which is not noticeable disturbed during the
installation based on deformation measurements, [243], [244], [252]. The behaviour of pile
groups which interact are governed by how the stress is redistributed in Zone B and zone
C, [82]. The width of this zone defines how large the radial distance of a model show be to
avoid boundary effects.

2.10.2 Analysis of stress and strain envelopes in comparison to a
normative parameter

The conceptual model of pile-soil interaction is the basis for design. These design methods
are based on correlations between a pile load test database and measurements of the soil
state, e.g. by cone penetrometer, [119], [130], [148].
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For the interface between the soil and the pile, which is located in zone A, the normal stress
against the pile is described by Equation 2.8.3.

The effect of friction fatigue gives a reduction of interface normal stress as the pile further
advances through the soil. The friction fatigue reduction factor rff may then be defined,
e.g. [183]:

rff (hy/DPile) =
σ′h,hy/DPile

σ′h,b
= f(qc/p

′, hy/DPile) (2.10.1)

where rff is the friction fatigue reduction factor, σh,hy/DPile
is the normal horizontal stress

at the distance h from the pile base, DPile is the diameters of the pile, σ′h,b is the horizontal
normal stress at the pile base.

Deformation R(z) around the pile may then be formulated based on the initial conditions
or from the cone resistance:

R(r, z) = f(qc/p
′, Rd, z) (2.10.2)

where Rd is the relative density of the soil, r is the radial length and y is the depth. The
soil behaviour is then linked to the cone resistance. This formulation can then be made
non-dimensional:

R(r, z)

DPile
= f(qc/p

′, r/DPile, z/DPile) (2.10.3)

It is here proposed that the deformation level is mainly defined by what may be called the
RB , or the length of the B-zone, [130]. The layer of soil at the pile-soil interface is assumed
to be very small, and consists of some grains and not be dependent of the pile diameter,
[148]. The length of the zone B can therefore be described:

RB
DPile

= f(qc, p
′, z) (2.10.4)

Other possible deformation zones include the main shear zone RS , and the compaction zone
RC , where the shear strain γyx and volumetric strain εv occur, but these have not previously
been analyzed in experimental research.

2.10.3 Stress-strain paths during installation

The behaviour of the soil is represented by many stress paths. Figure 2.15a and Figure 2.15b
show conceptual behaviour of the soil during installation. It is consequently not possible to
describe the soil behaviour by a single stress-strain curve.

A more detailed analysis has been developed by White, [241] in which the behavior of a
specific soil element located adjacent to the pile shaft after installation is followed during
the installation. The stress path during installation at specified depths y and radial distance
r have also been measured in experimental tests, [128], [127].
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Since the soil is displaced during the installation, the soil should be captured in a Lan-
grangian formulation, in which the soil is transported along the displacement. This presents
complications for the stress measurements. Horizontal stress measurements normally result
in the Eularian type of measurements, i.e. the actual soil is not followed, but the position of
the sensor, e.g. [29], [89]. An alternative configuration is an embedment stress transducer
system, but the displacement of these sensors are not necessarily the same as the surround-
ing soil and therefore not a real Lagrangian description, e.g. [85], [119].

Correct Lagrangian stress measurements are possible to conduct with a photoelastic configu-
ration, which requires special soil, [69], [70]. Correct Lagrangian deformation measurements
are also possible to carry out with particle image velocimetry (PIV), which is discussed in
the next chapter, [238].

2.11 Conclusions

The prototype for the physical model has been specified as a representative sample of rectan-
gular reinforced concrete piles. The parameters governing the behaviour of the soil have been
described, and the installation phases discussed, including pre-installation, installation, and
post-installation phases. Physical modelling is well suited to study the installation stage,
consisting of installation stage 1 and installation stage 2. Experimental measurements and
numerical analysis have shown that homogenous elements of soil at different initial position
relative to the pile display quite different stress and strain paths. Suitable simplifications are
consequently necessary to include in the current modelling approach, since it is not possible
to describe the soil response as a homogenous stress and strain path. The large variation
in stress path should be taken into account in analysis. Different methods to model the
installation stage are described, and physical modelling is found to be a suitable approach.

The aims of the experimental model have been discussed. There are some parts of the cur-
rent conceptual framework which have not been verified experimentally, and where further
experimental research would be helpful. This is specifically the generality and validity of
the current methods for different relative densities, the effect of friction fatigue in different
relative densities, and the phenomenological description of the components of the horizontal
contact stress. The latter governs how scale effects results in different governing mechanisms,
and is especially of interest for piles outside the current pile load test database.

The effect of the initial relative density for pile installation effects has been studied in field
experiments, e.g. [180]. However, most centrifuge model tests have been conducted in non-
homogenous initial relative densities, e.g. [151]. Tests carried out in homogenous samples,
e.g. [136], were made in different soil samples, and at different levels of accelerations. There
are consequently relatively few model tests, and the results are not conclusive. A larger tests
series would therefore be helpful for systematic interpretation.

A larger tests series in different initial relative density is of interest, since the effect of friction
fatigue, which alters the average shear stress of the pile, has also been measured at differ-
ent initial relative densities, [148], [151]. Deformation and stress measurements of friction

31



Mean Stress p
′

Deivatoric stress q

M

p
′ ∼ qc, qb

Initial state of stress

Stress paths

(a) Conceptual figure of variation in stress paths during pile installation, after [241].

Mean Stress ln(p
′
)

Void ratio e

Critical state line

Initial density
Density paths

(b) Conceptual figure of variation in density paths during pile installation.

Figure 2.15: Conceptual illustrations of variation in stress and strain path.

32



fatigue have also only been carried out separately, e.g. [151] and [246].

The components of the horizontal total contact stress σ′h,tot have been measured in shear
tests and model tests, e.g. [34], [147], and are taken into account in design for large piles, e.g.
[150], where the effect of interface dilation is small, [89]. For smaller piles, the dilative com-
ponent ∆σ′h can be larger, and is of interest. Especially for computer simulations in which
a separate soil-structure interface element is implemented, e.g. [33], [34], a more detailed
description of the interface is of interest. A series of tests in different initial relative density
is then needed, since the constitutive behaviour of soil depends on the initial relative density.

The deformation zones around the pile have been measured in laboratory tests, [197] and
[246]. Normalized measurements have not been systematically presented for different initial
relative densities (even though some measurements has been demonstrated, [213]), and the
effect of initial relative density has not been measured.

The installation effects also depends on the installation mode, whether the pile is installed
in installation cycles or continuously, [151]. The effect of the installation mode is also of
interest, especially on the horizontal contact stress after the installation.

The experimental model should consequently be adapted to study these phenomena. In the
following chapter, the experimental model is discussed, including the simplification of the
prototype compared to the model.
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Chapter 3

Experimental methodology

3.1 Introduction

In this chapter the experimental methodology of the physical model tests is presented. First,
the aims of the model tests are outlined. Subsequently the relevant empirical and theoretical
guidelines for physical model tests in sands are summarized, to assure similarity between the
model and the prototype. Appropriate methods of stress and deformation measurements are
then discussed. Based on this analysis of experimental possibilities, the model configuration
and the test series are finalized, followed by a discussion of the limitations and advantages
of the experimental system.

3.2 Aims of the physical model tests

3.2.1 Initial conditions and parameter variation

The soil samples should be modelled at different initial conditions to capture the governing
mechanisms, [6], [149]. The current physical model tests are carried out on natural sand with
specific material properties presented in the following chapter. State parameters include the
mean stress level p′ and the relative density Rd. The initial values of these properties are
possible to vary in the model tests.

Physical model tests conducted in sand samples with changing levels of relative density with
depth include [30], [97], [148], [147], [256]. The non-homogeneity of initial relative density in
such tests is a considerable disadvantage for systematic interpretation, since the behaviour
of the pile-soil system is a result both of the relative density Rd as well as the mean stress
level p′, [31], [136].

This effect is exacerbated by the tendency to conduct experimental measurements on small
diameter model piles at relatively shallow depths, e.g. [29], [97], [148]. This often results in
a stress state p′ at corresponding normalized depth LPile/DPile which are not comparable
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to prototype piles.

Physical model tests are possible to carry out at different centrifuge accelerations to scale
the model dimensions, e.g. [136], [151], [174]. A disadvantage of these types of tests is that
the behaviour of the soil changes with mean stress level p′ if the relative density is kept
constant, [31]. This can be accounted for by changing the relative density following recom-
mendations for physical modelling in which the state parameter ψ is constant at different
stress levels, [6]. A possible disturbance in such tests consists of experimental artifacts in
the experimental test set-up, which frequently are a result of the stress conditions and make
comparisons of measurements at different acceleration levels cumbersome.

The most practical method to model the soil state is consequently to vary the initial relative
density in between the experimental tests.

3.2.2 Modelling the pile-soil system behaviour

The pile-soil behaviour is a result of the development of stress-strain path during installa-
tion, described in the previous chapter, [136]. The kinematics and stress evolution during
installation stage 1 and 2 are very different. Consequently, the experimental methodology
should accommodate different levels of sensitivity to register the whole range of deformation
and stress levels.

Experimental aims include an analysis of the penetration response and the subsequent evo-
lution of interface horizontal stress in installation stage 2. This requires combined stress
and deformation measurements to capture the stress and density change. It is also suit-
able to perform a quantification of the mechanism relative to normative parameters such
as mean stress level p′, relative density Rd, and pile diameter DPile to aid generalization
of the installation effects and comparison to the numerical models, e.g. [96]. The soil sur-
rounding the pile is disturbed during the installation, [130], and the length of the disturbed
soil is helpful to define relative to such a parameter, e.g. RB/DPile for the length RB of
the disturbed Zone B around the pile, and where DPile is the pile diameter, [130], [173], [185].

The lateral deformation levels are relatively small in installation stage 2 and the soil-pile
kinematic response is dominated by large shear strains at the pile surface, [109], [119], [148],
[198]. A variety of horizontal stress distributions have been measured in previous tests,
e.g. [148], [187], [231]. Since the shaft friction is governed by the effective horizontal stress
σ′tot,h, experimental measurements of the horizontal normal stress are preferable because of
the higher accuracy of such type of sensors, compared to sleeve friction shear measurements
in experimental tests, [124], [136].

The possible change in horizontal normal stress as the pile penetrates further into the soil,
i.e. friction fatigue, should also be measured, [104], [148]. This physical mechanism is also
dependent on the initial relative density, which together with stress level controls the stress
and strain paths, and has so far only been studied on soil samples with variation with depth
in initial relative density, e.g. [89], [151], [148], [256]. To correctly describe the reduction
in shaft friction Rff (hy/DPile) with distance from the pile tip, hy/DPile, measurements
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Figure 3.1: Considerations for practical configuration of the model tests which required a
compromise between measurement technology and model idealization.

should be carried out at several distances hy along the pile shaft to capture this specific
mechanism, [119].

The fully mobilized horizontal contact stress σ′h,tot is exaggerated in small-scale model tests
because of significantly increased dilation in the interface shear zone, [34], [85], [83], [88],
[136], [148], [147]. The effect of extra horizontal stress ∆σ′h at the pile-soil interface is
accounted for in the current research.

3.3 Experimental approach

Suitable experimental simplification depends on the modelling aims, [250]. It should be
pointed out that any experiment is not objective, since how and why something is measured
is a result of the explicit or implicit assumptions made by the experimentalist, [142]. Figure
3.1 shows the considerations which guide the experimental design, leading to a practical
experimental model described at the end of this chapter. The aim of the model is to distill
the essential aspects of the prototype to a model through simplification. This is achieved by
suitable idealization of the prototype, which must take similitude, sample preparation and
instrumentation into account. The aims and configuration of the model should consequently
be analyzed in some detail in order to achieve a practical compromise between these often
conflicting demands.

3.3.1 Experimental system

A small geotechnical centrifuge system was used to scale the prototype dimensions. The ad-
vantage of the centrifuge is that the self-weight of the soil is accurately scaled, [200], [204],
while it is possible to prepare soil samples at manageble initial densities, e.g. [85], [136].

This thesis is limited to experimental modelling in the laboratory of displacement pile in-
stallation effects in sand. The prototype was described in the previous chapter, and is here
simplified to a square 500 mm concrete displacement pile which is installed 10DPile by
impact driving (where DPile is the pile diameter). The prototype should be simplified to
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achieve a practical experimental model, [217], [222].

The most complicated part of the prototype to replicate is the installation by impact driving,
[62], [88], resulting in inconsistency between centrifuge inertial time scale 1/n and diffusion
time scale 1/n2, [222]. A model with dynamic loads also comprise compression wave and
shear wave reflections inside the soil sample, [144]. There are consequently relatively few
experimental models of structural installation which include dynamic loads, e.g. [5], [38].

Instrumentation of models comprising inertial and consolidation effects is also considerably
more complicated, [222]. The instrumentation system is also more prone to disturbances,
since such tests require both high data acquisition rate and a large number of pore pres-
sure transducers for accurate pore pressure measurement. The measurement system should
therefore include a high performance data acquisition system with a large number of chan-
nels, if the inertial and consolidation effects should be modelled.

The experimental tests are consequently carried out in dry sand at a low displacement rate
to exclude these effects. It would be possible to separate the inertial and consolidation effects
in tests in dry sand, but this was considered to be outside the scope of the current research.
Laboratory tests on sand samples show no large influence of strain rate, and these are con-
sequently not taken in account in the test configuration or analysis, [104]. The installation
procedure consists of continuous and incremental installation jacks, which corresponds to
the installation mechanism of jacked piles, [93]. This model therefore neglects Poisson’s ratio
effects during propagation of waves in piles, [61].

The limitation of the prototype to a short rectangular pile is also a considerable simplifica-
tion since displacement piles show large variations in length and diameter, [64], [82]. The
experimental model is consequently not valid for other types of piles, especially tubular piles
with an inner plug that interacts with the soil, [38], [256]. This simplification is motivated by
experimental limitations of laboratory facilities, and results in a relatively straightforward
experimental model.

These simplifications result in some differences between the model and the prototype. The
prototype installation by impact hammer in saturated soil causes generation and dissipation
of excess pore pressure, resulting in changes of effective stresses. These effects are not
captured by the model. The inertial effects, such as vibrations, result in stress propagation
in the surrounding soil, which has an effect both on the pile itself as well as surrounding
piles and structures. The soil response to such load effects is of large interest, but are not
captured by the model. The propagation of stress waves are also highly dependent on the
specific soil conditions and geometry. It is consequently not suitable to include these in the
current model.

3.4 Centrifuge modelling

The rotation of a geotechnical centrifuge creates an artificial centrifugal acceleration which
scales the self-weight and the stress gradient of the soil, [200], [204]. The TU Delft centrifuge
is a beam centrifuge, in which the soil sample is placed on a platform on the end of the
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Factor
Dimensionprototype

Dimensionmodel

Length n
Area n2

Volume n3

Mass n3

Stress 1
Strain 1
Displacement n
Force n2

Table 3.1: Relevant scaling factors for drained physical model tests in the geotechnical
centrifuge, [88].

centrifuge swing. The scaling factor between the model and the prototype depends on the
angular velocity of the centrifuge and the centrifuge arm length, [204], [222]. The magnified
acceleration level in the geotechnical centrifuge is frequently described as a multiple ncen of
the ratio between the centrifuge acceleration and the earth gravity g:

ncen =
Rω2

g
(3.4.1)

where R is the centrifuge radius and ω is the angular velocity. A full derivation of the
centrifugal acceleration from the angular velocity is given in Appendix B.

The prototype similarity in the centrifuge is described by scale factors between dimensions of
the model and prototype. These scale factors are linked to the magnification in acceleration,
ncen, and are expressed as a multiple of the gravitational acceleration g. Various catalogues
of scaling rules have been established, e.g. [88], [200], [211], [222].

The relatively small model height relative to the centrifuge radius in the current centrifuge
results in some variation of the acceleration. This is discussed in Appendix C.

Current physical model tests of pile installation effects were conducted in dry sand. The
relevant scaling factors for the current model tests are shown in Table 3.1, [88].

3.5 Similitude

Laws of similarity between the model and the prototype are derived from equilibrium and
compatibility equations of the soil at increased acceleration, [88], [222]. Empirical scaling
laws are a result of the inherent dualism between the soil grains and the soil mass, [169]. A
load in the centrifuge model is distributed among a smaller number of grains compared to the
prototype. This results in possible stress concentrations, since a certain number of soil grains
are needed to convert the load to a homogenous stress field, [58]. This number is normalized
with a certain model dimension DModel, to calculate normalized scaling guidelines in the
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Dimension Recommended value
Circular footing DFooting/d50 >35
Strip footing DFooting/d50 >35
Pullout of anchor plate DPile/d50 >48
Dilation of frictional interface DPile/d50 >50-100

Table 3.2: Recommended scale value for the pile dimension and mean grain size of the soil,
[68], [91], [145], [175] .

Dimension Recommended value
Distance from boundary LBoundary/DPile >10
Diameter of the sample con-
tainer

Lcontainer/DPile >30

Table 3.3: Recommended scale value for the sample container, [98], [179].

form of DModel/d50, where DModel is the model length, and d50 is the mean grain size of the
soil, [88].

3.5.1 Empirical scaling laws for the model pile

Table 3.2, shows recommended values of the ratio between the pile diameter and the mean
grain size DPile/d50, shown in Figure 3.2. These recommendations are based on experimen-
tal tests on circular footings, [175], strip footings, [91], [145], as well as anchor plates in
tension which results in a soil response similar to that of tension piles, [68], [80], [176].

The 10 mm diameter model pile in the current tests results in a DPile/d50-ratio of 38 with
the test sand (described in the following chapter).

3.5.2 Empirical scaling laws for the sample container dimensions

Table 3.3 summarizes recommended scaling laws for the ratio between the length of the box
and the pile diameter LBox/DPile. These recommended values are based on cone penetra-
tion tests carried out in the centrifuge, [98], [179].

The equivalent radial distance LBox/DPile calculated from the rectangular sample container
(described in the next chapter) is 12.

3.5.3 Effect of non-scaled dimension of the interface

The size of the interface dilating surface depends on the roughness of the pile surface RCLA
and the mean grain size of the soil, d50, [124], [134], and does not scale in scaled physical
model tests, [88], [125], [147]. Small scale models consequently display large interface stresses
both in the centrifuge or in the calibration chamber, [85], [122]. This should be considered
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Dimension Recommended value
Sensor diameter LSensor/d50 >12
Stiffness of sensor ESensor/ESoilsample = 1

Table 3.4: Recommended scale value for the sensor.

when experimental measurements are interpreted, since the confined dilation results in in-
terface stresses dissimilar to the prototype, [88], [148], [147].

3.5.4 Empirical scaling laws for the sensor

The grain-soil mass duality has also an effect on the accuracy of stress sensor measurements,
[32], [148]. The scaling rules relating to the sensor are shown in Table 3.4, based on experi-
mental measurements, [92], [206], [220]. Disturbances from low ratios of Dsensor/d50 include
the effect of concentrated load from grains which are very large in comparison to the sensor
area, [220], and large grains locked-in during deformation, leading to very large variations
in stress concentration, [88], [219].

The stiffness and deformability of the diaphragm also influences the measurements, [133],
[177], [220]. Higher sensor stiffness than the soil mass causes over-estimation of the stresses,
and a lower stiffness than the soil will cause under-registration of the stresses in the soil
mass, [220]. At small strain levels the stiffness of the soil is estimated to be higher, [9], [126].

Arching around the sensor surface likewise changes the stress distribution in the soil at the
sensor position. This potentially leads to both over-registration of the stress and lower-
registration, depending on the stress distribution, [92], [219]. The normal stress over the
sensor area is frequently assumed to be uniformly distributed for sensor analysis, e.g. [52].
This can lead to inaccuracies if the stress distribution is non-homogenous.

3.6 Experimental sample preparation methods

The consistency in the soil sample preparation method depend on target relative density Rd
and the mean grain size d50 of the soil sample. A practical preparation method for very fine
grained sands is slurry mixing, in which the soil is mixed into a slurry, followed by com-
paction by vibration, e.g. [62]. For soils with a larger mean grain size d50, other preparation
possibilities include moist tamping and air pluviation, e.g. [19].

Air pluviation has previously been carried out for calibration chamber tests and centrifuge
tests, e.g. [83], [85], [119], [149]. The sample is prepared by pluviating the soil from a pre-
determined height into the sample container. The height governs the relative density of the
soil. A moving sample container is possible to use to increase the accuracy and uniformity
of the soil sample, [149].
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Since the current experimental tests were carried out in dry soil samples, air pluviation was
considered to be the preferred sample preparation method. The sample container was rela-
tively large, and moist tamping was consequently estimated to be relatively time-consuming
and potentially resulting in variation of relative density Rd. The possible relative densities
resulting from air pluviation were considered to be satisfactory since very loose samples
were not modelled. Various possible mechanical set-ups to pluviated the soil into the sample
container were assessed, but since the soil sample container was relatively small, the soil was
manually sieved into the sample container before densification.

3.7 Design of the measurement system

The measurement system was designed to measure both stresses and deformations in the soil,
and will be described in detail in the following two chapters. The design of the measurement
system required an extended analysis of possible instrumentation configurations and how
these would be suitable for the idealization of the prototype. The resulting measurement
system was a compromise between accuracy and space constraints, following Figure 3.1,
since the centrifuge model was relatively small.

3.7.1 Measurements of soil stress

A stress measurement system should be accurate and suitable for instrumentation within the
small centrifuge model. The possible measurements sensor types comprised sensors located
on the pile, or embedment sensors, located in the soil mass, and distributed or local stress
measurements.
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Figure 3.5: Types of local soil stress measurements

3.7.2 Sensor type

The principle of the embedment stress sensor is shown in Figure 3.5a. The sensor is embed-
ded in the soil mass at a specific location. In contrast, the principle of the contact stress
sensor is shown in Figure 3.5b. The sensor measurements are conducted at the surface of a
structure.

Contact stress measurements have been carried out at in field conditions in various config-
urations, [29], [64], [97], [101], [115], [160], [196], [231], [253], [256]. Experimental models
have been adapted for the laboratory, e.g. [38], [61], [83], [102], [146]. Embedment soil stress
sensor types have been mainly used in the laboratory, [83], [85], [119], [133], [172].

The technology of contact stress measurements is therefore well established, [136]. The
alternative embedment stress sensor allows stress measurements within the soil mass, e.g.
[119], [172], [224], but has the disadvantage of the interaction between the soil, the sensor,
and the wire connections, and possible displacement of the sensors, [133]. The whole em-
bedment stress sensor system should also preferably consist of a relatively large number of
sensors to increase the spatial accuracy of the system, [85], [119]. The available space for
instrumentation is relatively small inside the centrifuge, and cables to the sensors are also
needed in the model. These components do not scale in the centrifuge, and are therefore
large in comparison to the model. There is therefore possible interaction between the in-
strumentation and the soil, [88]. The larger number of output signals from a embedment
stress sensor system also results in requirements for high capacity data acquisition system,
[119], [222].

Measurements of soil stress on an instrumented model pile are therefore considered more
suitable for small scale centrifuge measurements, since they offers the possibility of small
instrumentation space and relatively high accuracy. This instrumentation design implies that
the stress cannot be measured in installation stage 1, since the soil is then located beneath
the pile tip. The stress measurement system should be complemented with deformation
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measurements for measuring instrumentation stage 1.

3.7.3 Local and distributed soil stress measurements

A local stress sensor measures the local stress locally at the sensor location, Figure 3.6a.
In contrast, distributed stress measurements are correlated from several sensors at different
locations, Figure 3.6b. The distributed stress measurement is subsequently inferred from a
physical relationship between the sensors, e.g. a stress and strain relationship for an elastic
material, e.g. [219].

Shaft friction of piles is frequently measured in distributed measurements by strain gauges
mounted in the axial direction of the pile, e.g. [97], [256]. The variation of the external force
between the sensors is consequently relatively low between the strain gauges. The average
pile shaft friction between two different levels of strain gauges can then be inferred from the
difference in axial stress level at the strain gauge levels. Distributed stress measurements
are normally conducted by measurements with vibrating wire strain gauges, or electric resis-
tance strain gauges, [107], [231]. The sensors are either mounted on the pile reinforcement
bars in the concrete pile, or attached to the surface of a steel pile, e.g. [45], [187]. Various
experimental arrangements of distributed soil stress measurement have also been created,
such as modular axial strain gauge measurements at large distances and larger number of
local measurements in pipe piles, [62], [78].

Distributed measurements of the axial stress distribution in the field are not always accu-
rate, [79], [111], [141], [187]. The large stresses during installation potentially reduces the
accuracy of the sensors, [141], and there is also potential strain gauge output shifts, resulting
from the installation stress, [78], [187], [256]. Another possible disturbance is the residual
load, resulting negative skin friction along part of the pile. The residual stress shifts sub-

45



sequent measurements if these are normalized with the initial strain gauge output, [36], [111].

The resolution of the distributed shaft friction measurements depends on the spacing of the
axial strain gauges. Subtraction of the axial load to calculate the shear between closely
positioned strain gauges leads to small differences in comparison to the large base value.
The precision of such measurements is relatively low, [256]. Larger strain gauge spacing
will increase the electric output precision and resolution of the axial stress measurements,
but reduces the spatial resolution of the shear stress measurements, [62], [141]. The axial
strain gauge spacing should consequently constitute a compromise between resolution and
precision.

Models in the centrifuge are frequently very small and also have a low length to diameter
LPile/DPile ratio, and instrumentation is consequently cumbersome. Indirect stress mea-
surements with axial strain gauges are therefore considered unsuitable for centrifuge tests if
the model pile has a low LPile/DPile ratio. The current set-up consists of such as pile, and
the measurements system therefore consists of direct stress measurements located at the pile
shaft for horizontal contact stress measurements.

3.7.4 Design of the stress sensor for direct stress measurements

The most common mechanical configuration for instrumented model piles is an electric re-
sistance strain gauge configured to a half or a full Wheatstone bridge, [30], [136], [147], [219].

A possible disturbance in all these normal pressure soil stress measurement configurations
is the interface between the pile and the sensor, which creates a discontinuous surface at the
sensor location, [32], [136]. This discontinuous zone redistributes the loads carried by grains
around the stress sensor for very small levels of deformation, [219]. The difference in the
roughness of the sensing surface and the rest of the pile could also give a different shear slip
mechanism around the sensors, resulting in potential stress redistribution at the location of
the sensor.

The stiffness of the sensor governs how stresses are distributed around the sensor location,
[220]. The strain is measured by a strain gauge mounted on a flexible diaphragm for a
compliant sensor, [92], [113], [206]. Results of measurements with flexible sensors are shown
in [129], [168], [172]. To reduce any changes in stress around the sensors, they should have
the same stiffness as the soil, and in most cases a rigid sensor with a regulated inner pressure
is preferred, [220]. It is not possible to instrument multiple sensors in small scale models,
and a preferred solution is a relatively stiff but still deformable membrane, [136]

3.7.5 Adaption of sensor design to the model tests

Based on these considerations, an instrumented model pile with contact stress sensors is a
suitable configuration. Restricted space within the centrifuge model makes the embedment
sensor system cumbersome to operate, and the low levels of LPile/DPile in centrifuge models
make axial stress measurements complicated. The sensor should be designed with the same
stiffness as the soil and with the same material roughness and geometry relative to the model
pile, to prevent potential adverse redistribution of stress.
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3.7.6 Measurements of soil deformation

There are many types of configurations for soil optical or thermal soil deformation mea-
surements, [3], [25], [57], [63], [137], [162], [198], [213], [252]. Most of these measurement
systems are relatively tedious to install, and consequently do not fit into the centrifuge. The
most suitable method is Particle Image Velocimetry (PIV), sometimes called Digital Image
Correlation (DIC), [131].

PIV comprises image pair cross correlation between subsections of the image to find incre-
mental displacement of patches (small parts of the total area) of soil with an interpolation
algorithm, [131], [237], [238]. The PIV deformation measurement method has been adapted
to geotechnical research, [246], and there are many examples of centrifuge models which
includes deformation measurements, e.g. [73], [223].

3.7.7 Combination of half-space deformation measurements and 3D
stress measurements in the same sample

Measurements of soil deformation with PIV have been carried out in plane strain [73], and
half-space configurations, [223]. The half-space configuration consists a semi-symmetrical
model in which measurements are carried out at the axis of symmetry, i.e. for one half of
the model in half-space, [223]. The advantage of this configuration is the relatively realistic
kinematics configurations that are included in the model. Typically, there is space in the
remainder of the model for a fully embedded penetration for accurate stress measurements.
As a result of the half-space configuration, the deformations can be compared with the stress
readings on the structure, since the test was carried out in the same soil sample, even if the
conditions where slightly different, [223].

3.7.8 Data processing

The raw image sequence is processed using a PIV algorithm to extract the incremental
displacement fields. The program divides the measurement images into smaller interrogation
zone, which are correlated with rectangular displacement patches of the same size around
the original location, [237]. The interrogation zones are possible to overlap, resulting in an
averaged pattern of incremental displacements. Possible sizes of interrogation window are
iterated to find a suitable size with regressive reduction in window size, using multi-pass
algorithms to minimize integer locking, [237].

3.7.9 Data analysis

The PIV processing results in incremental displacements in-between images. Strain compo-
nents in two dimensions are possible to calculate from these, [58]. The soil is divided into a
grid based on the location of the interrogation windows in the PIV analysis. Shape functions
are subsequently used to calculate the strain components in the center of the nodes of the
grid which contain the displacement information with an algorithm,[56].
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3.8 Description of physical model tests

The experimental procedure of the physical model tests consisted of two tests: (1) deforma-
tion measurements in the soil, and (2) contact stress measurements on the pile through a
transparent wall during model pile installation in the centrifuge. The layout of the physical
model tests in the sample container is shown in Figure 3.7. The deformation measurements
were first carried out, with the pile positioned against the Plexiglas window. These mea-
surements were conducted with a non-instrumented pile with a thickness of 0.5DPile. The
centrifuge was then stopped, and contact stress measurements were then carried out with
an instrumented model pile placed in the center of the sample after starting the centrifuge
again, shown in Figure 3.7. Both measurement methods followed the test program, which
included installation, static pile load test in compression, and a tension test. Continuous
and intermittent installation modes were carried out in the tests.

The deformation measurements were carried out with a 5 x 10 mm2 non-instrumented model
pile, which was covered with a plastic layer. The dummy model pile was positioned against
the Plexiglas window with the horizontal axis of the actuator. A horizontal aluminum beam
mounted on top of the metal frame of the sample container was used to guide the model
pile. Care was taken not to remove the lubricant from the sample container window or push
soil sample against the lubricated window.

The centrifuge swing lights were then activated, and the camera focus and aperture was
adjusted to give a focused image. Both the focus and the aperture were manually controlled
on the objective. The camera correction procedures were first carried out with a computer
plugged into the in-flight computer and subsequently controlled in the control room. Af-
ter these procedures were completed, all equipment was controlled and the lights in the
centrifuge room switched off and the centrifuge started. The centrifuge was ramped to an
acceleration for a specified gravity. At the correct angular velocity, the stability of the me-
chanical system was assessed. The camera program was then activated and the computer
to control the dummy model pile was started. A computer program executed the tests, and
afterwards the centrifuge was stopped and the dummy model pile disconnected from the
load frame.

The subsequent stress measurements in the centrifuge were carried out in the center of the
soil sample, as shown in Figure 3.7. The instrumented model pile was attached to the load
frame and the cable from the instrumented model pile was then attached to the data ac-
quisition system. The data acquisition was started with the program pileheat, in which the
periodic strain gauge measurements were performed, and which is described in detail in the
following chapters. The data acquisition of the heat procedures of the instrumented model
pile was carried out for at least 0.5 hours before the actual test was started.

Since the centrifuge was restarted, the self-weight of the soil was recycled, resulting in a
pre-stressing of the soil, which results in a stress history in the model sample. This possibly
changes the initial properties of the soil samples, [151]. However, it was assumed that this
effect would be relatively modest, as long as vibrations of the sample were avoided. Mea-
surements of sample height did not show any conclusive volume change between tests.
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Figure 3.7: Layout of the physical model tests (plane view).

After the centrifuge has been accelerated to the correct angular velocity the test was started.
The tests were executed by a computer program. After the measurements had been carried
out the centrifuge was stopped and the instrumented model pile was removed from the load
frame and dusted of with a wet cloth and paper. The sample container was then transported
to the sample preparation room, where the soil was sieved. The sample container was then
cleaned with soap and water and dried with paper. It was subsequently air dried for some
time before another sample was prepared. The measurements were inspected before the next
tests were started.

3.8.1 Test Series

The experimental test series consisted of deformation and stress measurements conducted in
loose, medium dense and dense samples. The different installation routines were carried out
with the computer programs Installation − Continuous and Installation − Incremental.
The test series is shown in Table 3.5, where the initial relative density, the type of measure-
ments, and the installation program are shown.
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Test type Initial relative
density

Measurement
type

Program Number of
tests

TLDC Loose Deformation Continuous 3
TLSC Loose Contact stress Continuous 3
TLDI Loose Deformation Incremental 2
TLSI Loose Contact stress Incremental 2
TMDC Medium Deformation Continuous 3
TMSC Medium Contact stress Continuous 3
TMDI Medium Deformation Incremental 3
TMSI Medium Contact stress Incremental 3
TDDC Dense Deformation Continuous 2
TDSC Dense Contact stress Continuous 2
TDDI Dense Deformation Incremental 2
TDSI Dense Contact stress Incremental 2

Table 3.5: Test series

3.9 Advantages and limitations of the physical model
test configuration

3.9.1 Advantages of the physical model test configuration

The aim of the physical model is to capture the effects of initial effective vertical stress
level and relative density on pile installation in silica sand. The simplified model allows test
execution in consistently prepared samples of various initial relative density.

The physical model is an appropriate idealization of the prototype. Pile installation is mod-
elled by jacking, which simplifies the experimental procedure (avoids scaling issues) and
reduces the complexity of instrumentation necessary in the model. The stress wave reflec-
tions and the excess pore pressures are therefore not included. Since the model consists of
dry sand, it is not necessary to include pore pressure transducers. The dry conditions are
also helpful for model execution and sample preparation.

During model testing, the equipment does not need much manual operation, resulting in
smooth operating procedures. The low operating cost of the facility allows larger number of
tests to be conducted, so that parameter analysis may be carried out, for both deformation
and contact stress measurements in the same soil sample.

3.9.2 Limitations of the physical model

The model geometry is somewhat simplified in relation to general piles: the pile is short, and
the LPile/DPile-ratio is consequently smaller than the prototype piles. On the other hand,
displacement piles are frequently not penetrated very far into the the sand layer in layered
subs-soils, [64], [82]. This could also influence the stiffness of piles, although prototype piles
exhibit large variations depending on the geometry and embedment depth, [148], [181], [256].
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Inertial or consolidation effects are not included into the model. This is a suitable simplifica-
tion given the unattainable instrumentation and boundary control needed to measure these
effects reliably, e.g. [62]. The scope of the thesis has therefore been adjusted to the model
possibilities.

51



52



Chapter 4

Description of the experimental
test set-up

4.1 Introduction

Considerable parts of experimental modelling are the build up of a model as well as prepara-
tion of a proper sample. The physical model should be reproducible and enough information
ought to be provided to repeat the experiment. Hence, in this chapter the experimental test
set-up is described. The physical model tests which have been carried out consisted of
physical modelling of pile installation in the TU Delft centrifuge. The main parts of the
realization of the experiments were the preparation of mechanical and electrical equipment,
data acquisition system, camera system and the soil sample. These components of the ex-
perimental set-up are described first. Subsequently, the soil sample preparation is described
and soil properties are presented from laboratory experiments.

4.2 The TU Delft centrifuge

The physical model tests on pile installation effects were carried out in the TU Delft cen-
trifuge, which is a 1.22 m diameter beam centrifuge. The centrifuge swing and the control
beam is shown in Figure 4.1. It consists of a double arm swing system. The swing platform
is connected to the centrifuge beam with a hinge. The centrifugal force in the radial di-
rection raises the swing to horizontal position during the test at the used acceleration level
(>20g). The centrifuge arms consist of rectangular steel beams which are mounted on the
central axis with a ball bearing. This is a conventional design for beam centrifuges, which
gives an improvement of the original centrifuge system in which the sample was prepared in
a vertical position, e.g. [4], [174].

The height of the centrifuge swing is 500 mm, and the length and width result in a base di-
mension of 450 x 350 mm2. The swing has four columns and a high strength aluminum base
plate. Simultaneous tests may be carried out with samples placed on both swings. If the
centrifuge is not balanced by two identical samples, counterweights are placed on the swing
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Figure 4.1: The TU Delft centrifuge

opposite to the physical model test. Only one of the swings is used for the current tests.
The capacity of the TU Delft centrifuge is presented in Table 4.1. A detailed description of
the TU Delft centrifuge can be found in [4].

The laboratory safety precautions are described in Appendix D.

4.3 Electrical and communication system

4.3.1 Electrical system

The electrical and communication connections with the centrifuge system at the time of
testing are shown in Figure 4.2. The electrical connections are shown in dashed lines. A
12 V DC input voltage is connected to the centrifuge by the slip ring system, shown in
Figure, 4.3. The electric supply and data can therefore be maintained during rotation of
the centrifuge. This in-flight voltage powers the physical model system and data acquisition
system on the centrifuge. The electric voltage is regulated in a small transformation system
to suitable voltage for the centrifuge components, seen in Figure 4.2. The actuators are
supplied with 12 V DC and 24 V DC, the camera with 24 V DC, the data computer board

Radius Maximum
acceleration

Maximum load
at 300g

Maximum
capacity

Electrical drive
system

1.22 m 300 g 39 kg 120 g − kN 13.5 kW

Table 4.1: Details of the TU Delft centrifuge
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and data acquisition system and strain gauge amplifiers with 12 V DC and the switching
strain gauge supply for the model pile with 6 V DC.

The digital communication system is also shown in solid lines in Figure 4.2. The slip ring
system provides a connection between the control room and the centrifuge computer, shown
in Figure 4.3. One dedicated connection is used for the VC 5 MP machine vision camera.
There is also a wireless connection between the centrifuge and the network. The data ac-
quisition system and the actuator are connected back to the centrifuge computer, for test
control and communication.

4.3.2 Centrifuge control software

A dedicated micro-controller regulated control loop controls the centrifuge. This PLC is
accessed over a serial port using the program CUTECOM . CUTECOM sets the PLC of
the centrifuge motor.

The centrifuge angular velocity level is measured with a Sharp GP1A50HR photo-interrupter,
which is installed between the main support frames of the centrifuge and the rotating cen-
trifuge axis.

The acceleration level at the centrifuge swing is measured by an Analog devices ADXL193
MEMS accelerometer, which is mounted on the bottom plate of one of the swing platform
with screws. Before the testing started, the accelerometer was checked at a known angu-
lar velocity according to the photo-interrupter, and the acceleration at the location of the
accelerometer was calculated. The accelerometer level is measured through the centrifuge
data acquisition system to simplify data synchonization.

A National semiconductor LM-60 temperature sensor is connected to the centrifuge to mea-
sure the temperature in the room during the tests. The centrifuge tests on pile installation
effects were conducted over relatively short test periods, so the temperature was not chang-
ing significantly.

The centrifuge facilities are operated from the control room. Standard desktop computers
installed in the control room are connected to the centrifuge motor control, the safety cam-
eras, and the physical model test control. The centrifuge control PC is directly connected
to the motor control. The computer system for model test control is accessed through the
local network via a 32-port switch, which is located in the control room. The safety cameras
are also controlled and broadcasted through the network.

4.3.3 Centrifuge actuator control

The experimental model pile is controlled by the load frame, which controls the load rate in
the x-axis and y-axis, shown in Figure 4.4a. The vertical load frame consists of an aluminum
and stainless steel system, which is translated along a horizontal support frame using a met-
ric spindle. The load frame is a platform for the centrifuge actuators. These actuators move
the load frame in the horizontal direction, and a lever attached to the load frame in the

55



Lab

Centrifuge

Control room

Slip Ring System

Voltage line

Actuator System

DC/DC ConversionCamera

Computer

A/D conversion
Strain gauge
amplifiers

Strain gauge
bridge supply

TCP/IP

12 V

12 V

6 V

Signal

12/24 V

5/12 V

24 V

24 V

Figure 4.2: Electrical and Communication connections to centrifuge.
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Data I/O

Power

Figure 4.3: Centrifuge slip-ring system.

vertical direction. The instrumented model pile is attached to this lever. The whole system
acts as a reaction frame, in which loads applied on the model are resisted by the load frame
through its connection to the centrifuge swing.

The horizontal and vertical actuators are powered by electrical motors in combination with
gearboxes, which operate in the horizontal and vertical direction. The gearboxes are in-
stalled on the motors to give the system a suitable rotating speed and torque. The electric
motor systems are shown in Figure 4.4.

The horizontal axis uses Maxon Amax32 GP32A 15 W 24 V DC motor with a GP32A
2ST KL gearbox. This specific motor system gives a 2.25 Nm Torque and a horizontal
rate of around 0.5 mm/s. It is connected to the spindle with a series of gears. The hori-
zontal actuator is relatively slow and was not designed for high rates, but mainly positioning.

The vertical axis uses a Maxon RE40GB KL2WE 150 W 12 V DC motor with a GP42C
2ST KL gearbox. The electric motor is installed in a horizontal position and it connected
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(a) The centrifuge load frame system on y-axis.

(b) The manual centrifuge actuator control.

Figure 4.4: The load frame actuator system and the manual control box.
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Figure 4.5: Principle sketch of the load frame installed in the centrifuge swing.

to the moving lever by gears and a metric spindle, which converts the torque into a vertical
translation. This system gives a 7.5 Nm torque and a maximum vertical rate of around 1
mm/s.

The actuators may be operated either from the control room by control software, or by man-
ual control in the centrifuge room. The manual control consisted of a micro-controller which
is installed on the end of the centrifuge swing, shown in Figure 4.4b. The displacement is
measured by pulse-meter of the digital mtor, which specifies the vertical location relative
the original position. The motor speed during manual operation was set at a low level of
around 0.2 mm/s.

Safety switches to stop the electric motors are installed at both ends of the horizontal and
vertical axis on which the load frame moved.

The physical model test control is carried out by computer software, which is run on the
centrifuge flight computer. The centrifuge computer is an ASUS ITX atom computer board
system that is installed on a platform on top of the centrifuge beam. A solid state hard disc
is also installed beside the computer.

The computer programs for physical model tests are written in ANSI C. These programs
control the actuators and sample data from the sensors, including the accelerometer. The
data aquisition of the analog signals uses a National Instruments DAQ card mounted on the
centrifuge beam.

The physical model tests were controlled by the programs Installation − Continuous and
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Component Installation− Continuous Installation−Incremental
Installation rate (mm/s) 0.25 0.25
Load test rate (mm/s) 0.01 0.01
Pull rate (mm/s) 0.25 0.25
Installation to target depth
(100 mm)

x x

Installation Cycles x
Removal of pile head load at
target depth

x x

Pile load test to 0.2D x x
Pull test in tension (to
0.5D)

x x

Table 4.2: Stages of the installation programs.

Installation− Incremental. The content of the programs are shown in Table 4.2.

The Installation − Continuous was programmed to continuously install the model pile,
while in the program Installation− Incremental the pile was cyclically installed in prede-
fined installation incremental lengths. The installation increments consisted of displacement
controlled penetration at the installation rate to a specific depth of each cyclic interval.
The pile head was then unloaded to the initial weight of the pile hanging in the air, which
included the self-weight of the pile. The pile was subsequently installed to the target incre-
mental depth with displacement control. The next incremental depth was specified in the
beginning of each load step. Piles which exhibited larger rebound lengths would therefore
have a larger number of cycles, compared to piles which displayed a smaller rebound. The
program measured the number of cycles. The last cycle was stopped at the target installa-
tion depth which was specified in the program.

After the target depth was reached, the pile head was unloaded to the initial weight, which
included the self-weight of the pile. A static pile load test to a 0.2D displacement was then
carried out at a 0.01 mm/s installation rate. This static pile load test included loading and
unloading of the pile. The pile was subsequently retracted in a pull test in tension at the
same rate as during the initial installation. The pull load test was stopped at the initial
depth of the pile before installation plus 0.5D.

4.4 Data acquisition system

Data acquisition in the physical model tests was carried out directly on the centrifuge flight
computer through the National instruments PCI bus data acquisition card. A schematic
image of the data acquisition system is shown in Figure 4.7. The data acquisition was con-
trolled by the centrifuge computer, an Asus ITX computer board, and stored on an Intel
64GB solid state drive. These were both installed on the instrumentation board located on
top of the beam of the centrifuge, shown in Figure 4.6.

The transducers were connected to the amplifiers and the data acquisition system through
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a switch box located on top of each centrifuge swing. The instrumented model pile was con-
nected directly to the data acquisition system by a cable connected to the pile and secured
with tie-wraps on the top of the centrifuge swing, and the rest of the sensors were connected
through the box.

Physical model tests consisted of a load controlled or a displacement controlled test program
that was controlled by the actuators in the load frame. The control software was run on the
centrifuge computer, which was accessed remotely by the network connection through the
slip ring system, shown in Figure 4.3 and Figure 4.6. All the sensors were therefore directly
accessed on the centrifuge, and the measurements were processed from analog to digital and
saved on the centrifuge computer.

Analog measurements were conducted by the sensors through the 16 channel amplifier sys-
tem that was installed on the centrifuge beam. These channels had a manually switchable
1-10000x amplification system. These measurements were then sampled by the National
Instruments PCI-6221 data acquisition board, shown in Figure 4.6, and converted to digital
form by the A/D converter in the data acquisition board.

Physical model tests involving load control required digital input values. These were pro-
vided by the A/D converted to digital form, after the analog signal had been sampled through
the amplifier system, shown in Figure 4.6. The hardware and software components of the
physical model control program therefore needed to be coordinated to provide suitable sam-
pling intervals for the program sequence.

At the end of the centrifuge swing a machine vision camera was installed, which was digitally
connected to the control room through the slip ring system. The machine vision camera con-
tained a small processor in which image processing took place. The image capture programs
therefore run directly on the camera. The images from the camera were sent to a computer
in the control room in digital form through the network connection.

4.5 Camera System

The camera system consists of a 80 x 40 x 20 mm3 Vision Components VC4012nano machine
vision camera attached to the centrifuge swing for in-flight image capture, Figure 4.8. The
camera is equipped with a Sedeco 8 mm C3M0814 C-mount lens. Network connection to the
control room is provided through the slip rings and camera control is carried out through
a computer in the control room. The camera is controlled by image software run on the
camera computer, which is actively broadcasting video images. These are captured by an
external program run on the control room computer.

The camera is equipped with a 1/2.5” CMOS sensor with a 2592 x 1944 pixel2 resolution.
The maximum frame rate is 11.6 FPS, output is generated through a 10/100 TCP/IP Eth-
ernet interface. Data acquisition is controlled through the camera control software which is
run on the 3200 MPIS 400 MHz Texas Instrument TMS320C64 processor, and converted into
the output digital form with a 1x80 MHz 12 bit A/D conversion. The camera is equipped
with 64 MB SDRAM memory.
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Figure 4.6: Data acquisition board mounted on centrifuge beam

The camera is connected to the 24 V Power supply and the 6-Pin Ethernet connection
through cables secured by tie wraps and wrapped around the centrifuge swing column. The
camera is mounted on a metal frame which is screwed onto the bottom of the centrifuge
swing and equipped with a flexible screw connection that permit vertical adjustment of the
camera height, shown in Figure 4.8.

4.6 Data analysis procedures of images

Image processing was carried out on the camera images, with the aim of calculating incre-
mental displacements, displacement paths, and strain fields from the images. The image
preprocessing consisted of image preprocessing with the program imageJ, correction of lens
distortion, Particle Image Velocimetry (PIV) analysis with the program JPIV. Finally, post
processing of the images was carried out with the custom made MATLAB code JPath and
JStrain, to calculate the displacement paths and strain fields, based on the displacement
increments from the PIV analysis. Figure 4.9 shows a flowchart diplaying the procedures in
the image analysis sequence.

4.6.1 Data analysis in imageJ

The images were first pre-processed with the program ImageJ, which is a general image
analysis program, [209]. The colour version of the centrifuge camera VC4012nano, which
was used in the tests, captures image pixels through a Bayer filter, which creates a 2x2 grid
of two green, one red and one blue pixel for recreation of color, [17]. This image pattern was
found to influence the PIV analysis, and was removed by a Band pass filter with 2 x 2 pixel
minimum size and 39 x 39 pixel maximum object pixel size in imageJ, [209]. The contrast
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Figure 4.7: Data acquisition system.

is subsequently normalized to the average intensity histogram of the whole series of images,
and then partially cropped to the area of interest to reduce processing time in JPIV.

4.6.2 Correction of lens distortion

Lens distortion occurs in most camera objectives and should be corrected to find the correct
pixels positions in image analysis, [236]. The most common lens distortion components are
radial and tangential distortion, which transforms positions of pixels in the images to new
locations as a result of the properties of the lens and camera system. These may be corrected
by a computer algorithm, based on a description of the intrinsic lens system, combined ex-
trinsic image data. This extrinsic image data consists of measurements of image positions
in comparison to the real positions. This information is obtained by placing control points
with known locations on the real object when the images are captured. These locations are
then compared with the pixels positions found in the images, [106].

The images are processed in MATLAB with the camera calibration toolbox, created by
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Heikkila, [105]. The intrinsic components in the program are derived from the C3M0814
lens (8 mm focal length) the size of the CMOS sensor (1/2.5”), in the VC4012nano camera,
and the total image size in pixel (2592 x 1944). The extrinsic data are calculated from the
image correction points, consisting of twelve 2.5 mm diameter markers had been mounted
on the Plexiglas window of the sample container, similar to method in [240]. The markers
are black with a white outer circle around the center, with the design specified to simplify
image analysis. The marker distances were measured carefully, and used in the extrinsic
image information. The distorted marker locations were found by binary image analysis in
MATLAB, [161].

The locations of the markers in the image and in the model could then be inserted into
the extrinsic system formulation of the camera. The camera distortion coefficients were re-
trieved using the iterative method contained in the camera calibration toolbox, [106]. These
calibration distortion coefficients could then be inverted, to derive the correction coefficients.

The corrected image pixels locations could subsequently be found with the camera calibration
toolbox by sub-pixel interpolation of the corrected image to retrieve the updated image pixel
positions according to the correction coefficients. The camera correction coefficients were
based on the initial distortion analysis of the first series of images. The calibration procedure
was therefore not repeated for the whole series of images.

4.6.3 PIV analysis

The PIV analysis was carried out with the program JPIV, [229]. The JPIV procedure
consisted of a four passes of PIV analysis with reducing window size, with a 25% overlap
between the image windows. The normlized median tests was run between each PIV series
to reduce array outliers, [239].

4.6.4 JPath

The displacement paths were calculated with the program JPath, implemented in MATLAB
[161], and consisted of analysis of the displacement increments. This program interpolates
the displacement increments, and creates displacement paths. These consists of the contin-
uous displacement increments, which are interpolated between the displacement increments
of the images.

4.6.5 JStrain

The strain components in the triangular elements could be calculated with the MATLAB
code JStrain, [161]. This program calculated the strain components from linear strain tri-
angles.

A detailed description of the image analysis software is outlined in Appendix G. A develop-
ment of a cross-triangular strain element for calculation of strain components based on the
displacement increments is discussed in Appendix H.
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d50 d60 d10 Cu Gs emax emin φcs

0.265 0.277 0.174 1.6 2.6457 0.523 0.823 31

Table 4.3: Soil properties of the test sand.
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Figure 4.10: Particle size distribution of the test sand.

4.7 Soil properties

The physical model tests were carried out in silica sand samples. The specific properties of
sand are known to have a large influence on the soil behaviour, e.g. [19], [31], [136]. The soil
properties have been analyzed in the laboratory to provide an accurate description of the
soil, and to assist interpretation of the soil relative to the conceptual model of soil behaviour.

Soil properties are presented in Table 4.3. The maximum and minimum void ratio was
determined according to the Japanese Geotechnical Society (JGS) procedures, [55]. The
specific gravity of the soil was determined with a MagnaChrome Ultrapycnometer. The
particle distribution of the soil was determined by a Haver and Boecker Haver EML digital
plus sieving machine, and is shown in Figure 4.10. The critical state friction angle was
determined from drained triaxial tests in [2].
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Figure 4.11: Image of soil in microscope.

4.7.1 Mineral content

Soil grains were studied under the microscope for qualitative analysis of the particulate
properties. Figure 4.11 shows a Leica microscope image at 50x magnification including over-
head illumination of the grains. The dominant mineral types in the soil assembly are quartz
and feldspar. Images of the soil grains at various magnifications are provided in Appendix F .

The grain mineral content was analyzed with X-ray diffraction in a Panalytical Axios Max
WD-XRF spectrometer and SuperQ5.0i/Omnian Software. The analysis showed that the
sand consisted of 98.832% SiO2, 0.587% Fe2O3 and 0.252% Al2O3. The remaining com-
pounds were beneath 0.14% of the grain mineral content. Analysis of the grain mineral
content was also carried out with a Bruker D5005 diffractometer and a Huber incident-
beam monochromator and Braun PSD detector which confirmed that the major mineral in
the soil was quartz (SiO2).

4.7.2 Grain shape

The shape properties were analyzed from microscope images of the soil, shown in Fig-
ure 4.12. The image was analyzed following the procedures described in [43], [156]. The
Particles8Plus plugin in ImageJ was used to analyze the particle shapes, [156], [209]. In
this program, the roundness R and sphericity S are defined as:

R =
4Ac

πL3
maximum

(4.7.1)
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R S ρ

0.624 0.544 0.584

Table 4.4: Grain shape properties of the test sand.

S =
Ri
Rc

(4.7.2)

where Ac is the area of the soil grains in the photographs, Lmaximum is the length of the
maximum axis, Ri is the radius of a circle inscribed within the soil grains, and Rc the radius
of the circle which is centered at the centre of the mass of the grain and includes the whole
grain in the image. In addition, the regularity of the soil grains is defined as:

ρ = (R+ S)/2 (4.7.3)

where R and S are the roundness and the sphericity. This parameter represents the variation
from a circular shape in two and three dimensions, [43]. The roundness and sphericity was
calculated on 172 particles. The average values are shown in Table 4.4, which also includes
the average regularity (ρ). The coefficient of variation COVR = µR/σR was 0.15.

The soil shape is categorized as rounded, following the guidelines in [254]. The average
aspect ratio was 1.47. The surface roughness of the soil was not analyzed. Based on previous
experience with silica sand, an average surface smoothness of comparable silica sand is 0.5 -
0.8, [43]. Formulas for calculation of the maximum and minimum void ratio emax and emin
for sands which are moderately uniformly graded have been described by Youd, [156], [254]:

emax = 0.554 +
0.154

R
(4.7.4)

emin = 0.359 +
0.082

R
(4.7.5)

Where R is the soil grain roundness. The maximum and minimum void ratio emax and emin
were calculated with R = 0.624, resulting in emax = 0.801 and emin = 0.491. This resulted
in a difference between the computed and measured value using the JGS procedure of 7%
for emin and a difference of 3% for emax. The measured maximum and minimum void ratios
are therefore in relative agreement with the calculation according to [254]. Another slightly
different formula was presented in [203]:

emax = 0.615 +
0.107

R
(4.7.6)

emin = 0.433 +
0.051

R
(4.7.7)

These formulas results in emax = 0.786, and emin = 0.514, giving similar predictions for the
emax and emin as [254].
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Figure 4.12: Image of test sand grains for analysis of grain shape.

4.8 Sample preparation

One of the aims of the physical model tests was to assess the influence of varying initial
relative density. To realize this in the experimental tests, soil sample preparation was carried
out at three different initial relative densities. Loose and medium dense soil samples were
prepared by pluviation from two different pluviation heights, while the dense soil sample
was prepared with a combination of air pluviation and vibration of the strongbox.

4.8.1 Sample container

The soil was prepared in a specially constructed sample container, shown in Figure 4.13.
This sample container consisted of a 14 mm aluminum bottom plate, two 14 mm aluminum
end plates, and was enclosed with a 12 mm Plexiglas window along the length of the sample
container. The internal dimensions of the sample container were 380 x 144 x 150 mm3.
Inside the Plexiglas windows small markers were inserted for correction of image distortion
through the lens system. These markers consisted of black circles inside a white circular
edge. The edges were marked to improve edge detection and simplify automatic processing
of lens correction, [240].

4.8.2 Sample preparation procedure

The sample procedure is shown in a flow chart in Figure 4.16. The sample was prepared at
loose, medium dense, and dense initial conditions, shown in Table 4.5. Preparation of the
soil sample for physical model tests consisted of a sequence of steps. First the soil sample
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Figure 4.13: Sample container

Sample Relative density

Loose 0.4
Medium Dense 0.6
Dense 0.8

Table 4.5: Initial relative density of test samples.

container was cleaned, and the Plexiglas windows smeared with Vaseline grease. The con-
tainer was then placed on a Mettler PM30-K 30 precision scale with ±1 g accuracy [164],
and filled with soil by the method of air pluviation. Air pluviation was performed with a
small tray which could be moved across the surface of the soil, and which reversed to reach
all the boundaries. The pluviation height was measured with a ruler.

After the air pluviation procedure, the volume and the weight of the sample was measured.
The relative density of the soil was then calculated based on the specific gravity GS of the
soil and the maximum and minimum void ratio. If the relative density was within the desired
range, the soil was carefully manually transported by hand to the centrifuge room. After
transport the volume, hence relative density, was subsequently calculated again, based on
height measurements at six locations around the soil container. The extra preparation of
the dense soil sample consisted of vibration of the specimen.

The sample was pluviated from a small soil vessel situated at a specified pluviation height,
shown in Figure 4.14. For the loose soil sample the pluviation height was as small as possible
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Figure 4.14: Pluviation height in sample container.

without touching the soil surface, approximately 10 mm - 20 mm. For the medium dense
soil sample the target pluviation height was 120 mm. The dense soil sample the soil was first
pluviated from 120 mm height. It was subsequently compacted in a Haver and Becker EML
vibrator for six minutes by harmonic excitation with 2 mm amplitude. The soil container
fixed to the vibrator is shown in Figure 4.15.

The sample preparation procedure for the dense soil sample is discussed in Appendix E and
an analysis of the homogeniety resulting from the preparation method is made.

The experimental test consisted of deformation and stress measurements tests. Possible
change in height of the soil sample at different locations in the sample container was carried
out to assess the effect of density change. After the centrifuge tests, the sample container
was removed from the load frame and transported to the preparation room and weighted.
The soil was subsequently re-sieved to remove any larger pieces, and any influence of the
experimental tests. After the re-sieving, the soil was mixed with the source sample inside
a large sample container. The whole preparation-testing-removing procedure is shown in
Figure 4.16.

4.9 Summary

The experimental set-up has been carefully reviewed in order to demonstrate experimental
rigour. The experimental set-up was mounted in the TU Delft centrifuge, which included
installation for electrical and communication systems. The installation of electric control
motors and camera control are controlled by custom-made software. The experiments tests
are steered by a computer program that include the pile installation, the pile load test and
the extraction test. The image analysis procedure consists of a series of programs that
corrects lens distortion, conducts Particle Image Velocimetry (PIV), and interpolates the
displacement increments to construct displacement paths. Soil properties include the grain
shape and mineral content. The sample preparation procedure consists of a series of steps
before and after the test, and is repeated to achieve sample control.
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Figure 4.15: Soil sample mounted on vibrator

72



Sample container
washed and dried

Air pluvia-
tion of the soil

Measurements of
relative density

Sample resieved
for incorrect

relative density

Test manually
transported to
centrifuge room

Relative density
of the sam-

ple measured

Experimental
tests on sample

Transport of the
soil sample to

preparation room

Soil sample
resieved in sep-
arate container

Sample mixed
together with

larger soil sample

Figure 4.16: Flow-chart of sample preparation procedures.
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Chapter 5

Design and realization of an in-
strumented model pile

5.1 Introduction

Experimental measurements of installation effects comprise measurements of the stress state
in the soil adjacent to the pile, both during and after installation. Accurate instrumentation
for the measurement of contact stress on the model pile is therefore of great interest to study
the installation effects.

Experimental studies of soils show that the mechanical behaviour of soil is governed by the
effective stress level σ′ as well as the relative density Rd of the soil, [250]. This chapter is lim-
ited to the description of stress measurements in soil, carried out on dry sands with relatively
high permeability. This implies that total stresses are equal to the effective stresses, and the
measurement system therefore measures the total stresses, hence effective stresses, in the soil.

Total stress measurements are known to have relatively low accuracy, both in the field and
in the laboratory, [141], [148]. The reason is the large number of factors that influence these
measurements, such as the sensor geometry, the structure in the soil, as well as scaling of
the model, [136], [219]. Such measurements should be carried out in a properly designed
testing program to reduce potential measurements errors.

A systematic and rigorous experimental approach includes both a practical mechanical re-
alization of the measurement system, as well as an analysis of the accuracy, precision and
resolution of this system. Accurate calibration of the measurement system in conditions
comparable to the experimental setting is therefore helpful to achieve robustness of the
measurement system.

In this chapter the mechanical realization of an instrumented model pile is described. The
mechanical and electronic configurations of the model pile, as well as the theoretical and
practical considerations for the design of such a measurement system are presented and
discussed.
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Model pile

Soil surface
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Axial stress sensor

Figure 5.1: Location of the stress sensors on the instrumented model pile. (Dimensions are
provided later in the text)

5.2 Considerations for the design of an instrumented
model pile

5.2.1 Design of the pile membrane dimensions

The design approach consisted of instrumentation of a model pile to conduct contact stress
measurements in the normal direction to the pile surface. The stress sensors comprised
membrane strain gauges situated inside the model pile. In the final design, the model pile
had a quadratic outer diameter of 10 mm and a length of 125 mm. It was instrumented
with four contact stress sensors and an axial stress sensor, shown in Figure 5.1. The contact
stress sensors were located at two hy/DPile levels, where hy is the distance from the pile tip
in the y-direction, and DPile is the pile diameter. The hy/DPile factor is commonly used
in research on piles, e.g. [148], [119]. The sensors were situated at two opposite sides of the
model pile.

Typically, a membrane strain gauge consists of a vibrating wire or an electric resistance
strain gauge mounted on a flexible diaphragm, e.g. [86], [92], [113]. In this model pile an
electric resistance strain gauge half bridge was installed, consisting of two strain gauges and
two precision resistors. These were powered by an excitation voltage, Vex of 6 V. The output
signal of the strain gauges was measured through the output voltage, Voutput. During defor-
mation of the diaphragm, or membrane, the output voltage Voutput of the strain gauge alters,
and the stress level is therefore related to this output voltage Voutput via a calibration factor.

The aim of this specific design was to create a continuous external surface, on which con-
tact stress measurements would be carried out. In previous measurement programs, contact
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stress sensors were fitted into a hole drilled in the pile body, or in a special earth pressure
cell. This discontinuous pile surface potentially results in arching around the sensor surface
and redistribution of stress during cyclic loading, e.g. [85], [136], [147]. The risk of arching
and stress redistribution around the sensors were considered to be lower for membrane stress
sensors. A two-part steel model pile which was connected by epoxy adhesive was therefore
designed. The diaphragm or membrane was created by reducing the wall thickness at the
sensor location by milling a local cavity on the inside of both pile halves.

The final sensor design comprised 0.3 mm thin membrane for the horizontal normal stress
sensors. The half strain gauge bridges were mounted on internal side of these membranes,
and both strain gauges were glued on the membrane. The design dimensions of the 8x8 mm2

membrane were based on estimation of the maximum horizontal stress, [136], [147]. The di-
mensions of the membrane were then calculated from the design strain level at maximum
deformation, chosen from specifications of the strain gauge.

Because of the possible effect of redistribution of axial load into the membranes, the sensors
were designed to have a relatively low sensitivity. Other practical solutions show similar
strategies, [32], [119], [136]. The specific model design was therefore a compromise between
sensor sensitivity and reduction of disturbances from combined loads.

The membrane dimensions were initially calculated from the design strain, based on a simpli-
fied analytical solution of a circular clamped plate, [52], [192], [226]. The analytical solution
for the membrane strain in the radial direction err depends on the thickness h of the mem-
brane, the Poisson’s ratio νPile ,the elastic modulus of the membrane E and the normal
stress σn:

w =
6σn(1− v2)

32Eh3
(a2 − r2)2 (5.2.1)

err =
3σn(1− v2)

8Eh2
(a2 − 3r2) (5.2.2)

Using eq. 5.2.1 and 5.2.2 the suitable design membrane thickness was estimated to 0.3 mm,
which still would allow enough stiffness to protect the sensors from considerable deformation.
A numerical model was also set up to analyze the effect of the rectangular shape. The
membrane in both these calculations was assumed to be homogeneous, but the fabrication
procedures would likely results in some variation of the membrane dimensions resulting from
fabrication tolerance levels at the small scale. This possible effect was not evaluated in the
design process.

5.2.2 Numerical modelling of the model pile

In the model tests, the instrumented model pile was assumed to be influenced by a combi-
nation of loads during the tests, such as axial, torsion and bending loads and the influence
of interface shear stress. This behaviour had been observed in similar tests, e.g. [136], [256].
To assess the effects of these combined loads on the accuracy of the model pile, a numerical
model was devised, in which the performance of the sensor and the calibration procedure
could be analyzed for different load cases.
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The model pile was modelled in the finite element analysis program COMSOL, [167]. Be-
cause of the symmetry of the model pile, one half of the pile was modelled. This simplification
was justified, since only horizontal and axial loads were estimated to be present in the model
tests. Consequently, the boundaries between the model pile halves were prescribed to have
no horizontal or vertical displacements, however, rotations were allowed.

The model was meshed with 10-noded tetrahedral elements with an automatic meshing al-
gorithm, which was refined at the membrane, resulting in around 35000 elements (± 2000
elements when different membrane dimensions were studied). The refinement of the mesh
was higher in the membrane section of the model pile. The 3D model including the tetra-
hedral mesh is shown in Figure 5.2. The stainless steel pile material was modelled by an
isotropic elastic constitutive model. An elastic modulus EPile = 210 GPa and a Poisson’s
ratio of v = 0.28 were used.

Numerical convergence of the finite element solution was controlled by varying the mesh
density in the model, and conducting a series of simulations for the same model, including
both horizontal and axial load. The fine mesh was seen to give mesh independent solutions
and was used in the model. The simulation time was relatively low, in general less than
0.5 minutes. The simulations of the instrumented model pile were carried out with the
finite element COMSOL solver for structural mechanics, [167]. A variety of load cases were
modelled.

5.2.3 Simulation of variation in membrane dimensions

The fabrication procedures were assumed to result in some variation in membrane dimen-
sions, caused by limited machine tolerance at the small model scale. A numerical analysis
was conducted to analyze this effect, in which the dimensions of the membrane cross-section
were varied between 0.27 mm - 0.33 mm. The aim of the simulation was to find upper and
lower bounds for how this effect would influence the sensitivity of the sensor. The simulation
was carried out with combined horizontal and axial load. Since the model was simulated
with isotropic elasticity, it was assumed that these loads could be added by superposition,
and an analysis of possible distributions of the combined loads would therefore not be nec-
essary. Torsion and bending loads were not analyzed.

Table 5.1 shows the effect of variation in fabrication dimensions. The membrane cross-section
was varied between 0.27 mm - 0.33 mm in the model. A simulation of the model pile re-
sponse was then conducted. Five different models were simulated, in which the cross-section
was 0.27 mm, 0.29 mm, 0.3 mm, 0.31 mm and 0.33 mm. An additional effect changing the
result was the new mesh generated on the pile model, since the geometry was altered for
each spatial realization of the model. This effect was assumed to be relatively limited, and
once convergence was reached for the standard model, the same mesh size was assumed to
give convergence in the other models as well.

The simulation was carried out with a simulated horizontal and axial stress. The horizontal
stress was assumed to act on all external surfaces of the model pile, and was varied from
no stress to a maximum stress of 200 kPa in increments of 25 kPa. The axial stress was
simulated to act as a pressure on the pile base. The axial stress was varied to a maximum
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Membrane

Membrane profile

Membrane

Model pile

Figure 5.2: Numerical model of one-half of the instrumented model pile.

stress of 18 MPa with a stress increment of 2 MPa.

In all simulations, the strain component εxx, perpendicular to the pile axis, was sampled
from the numerical simulation for later analysis. The strain gauge bridge was mounted in
the same direction along the x-axis, and it was therefore of interest to study the additional
effect of the axial load in the measurements of the εxx strain component.

The simulations of the isotropic horizontal stress are shown in Table 5.1. The membrane
strain εxx has for all simulations been normalized with the simulation for the 0.3 mm sim-
ulation, εxx,30, which was the design specification. The divergence from the design could
therefore be studied, and it suggests that variation of the normalized strain ratio εxx

εxx,30
is

larger for horizontal load than axial load.
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Membrane thickness [mm] horizontal strain ratio
εxx,d

εxx,30
axial strain ratio

εxx,d

εxx,30

0.27 1.2409 1.0708
0.29 1.0772 1.0236
0.3 1 1
0.31 0.9455 0.9788
0.33 0.8357 0.9363

Table 5.1: Numerical analysis of influence of fabrication precision

Strain gauge

Model pile

Strain gauge bending axis.

X

Y

Figure 5.3: Direction of bending for the measurements of the strain gauge.

5.2.4 Simulation of interface shear stress

The membrane stress sensor is configured to measure the strain component perpendicu-
lar to the pile axis εxx, where the y-direction is directed along the pile axis, Figure 5.3.
Experimental studies have shown that when the pile capacity is mobilized, a shear stress
component will also be present at the soil-pile interface, [136], [148]. This interface shear
stress may influence the stress measurements by inducing strain in the membrane. The in-
fluence of this effect on the system accuracy was therefore simulated in the numerical model.

The numerical simulation consisted of simulations of horizontal normal and shear stress over
the pile surface. The stress was increased to 400 kPa in 50 kPa increments. A frictional shear
stress component was added, with the shear stress τ = σn tan(δ′), where δ′ is the interface
angle, [124]. An initial simulation included a shear component based on an interface friction
angle of 25 degrees, which implies a frictional coefficient of around 0.466.
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The strain component exx from the numerical simulation is shown in Figure 5.4, which sug-
gests that the strain levels increases with the shear component present at the interface.

To study the effect of various pile-soil interface angles, a simulation was carried out where
this angle was varied between 12 - 32 degrees. The normal stress was kept at 0.1 MPa and
0.4 MPa.

The ratio of the total strain (with the normal and shear stress component) εtot, and the strain
from the normal stress εσ is used to normalize the effect of the interface angle δinterface.
The normalized strain ratio for the two stress levels are shown in Figure 5.5. The simulation
was conducted with two different normal stresses, to confirm the elastic behaviour of the
structure. It appears that the strain level εtot is significantly higher when a shear stress
component is added to the normal stress component.

Measurements in ring shear devices typically show an interface angle between 12-25 degrees,
[124]. Shear box measurements with a similar type of material on the same non-cohesive
soil resulted in an interface friction angle δinterface of 12.9, [60], which may be compared to
ring shear tests with a smooth surface, [45], [120]. The excess stress εexcess will therefore be
in the range of 10 %. A correction factor for the measurements of horizontal stress of 0.9
should be taken into account to correct the excess stress measurements from shear. This is
cumbersome to include in the interpretation of the measurements, since the displacement
necessary to mobilize the full shear stress must be taken into account, [218]. The results in
potential misestimations of the effect of shear during load cycles. Since this displacement is
not known, the measurements are not corrected for the shear load. It is possible to estimate
the shear component from the base and pile head load, but due to the variation in shear
stress along the pile, it was not possible to calculate a conclusive estimate of the shear stress.

Since the effect of shear stress on the sensor was ignored, the operational normal stress on
the sensors will be overestimated at peak horizontal stress. This will have the largest effect
on the continuously installed tests and extraction load tests.

5.2.5 Simulation of horizontal stress sensor calibration

The calibration procedure for the horizontal normal stress sensors consisted of a controlled
calibration by isotropic stress provided by water pressure. Calibration coefficients would be
derived from the calibration measurements. These calibration coefficients would also include
the additional strain resulting from isotropic stress at the pile base, εxx,Base. To estimate
the influence of this load, simulations of the calibration were carried out. Simulations of
the model pile response for isotropic stress at the pile shaft were compared with simulations
of the model pile response for the whole pile, including the pile base. Figure 5.6 shows
the numerical simulation. The axial stress contributes extra strain εxx,Base. The increase
is around 3.7 % based on the 0.3 mm membrane cross-section in the numerical model.
This additional correction of the calibration measurements were later used to correct the
calibration coefficients, as the correction factor chorizontal = 0.963.
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Figure 5.4: Simulation of the influence of combined normal and shear stress.

5.3 Design of the instrumented model pile

The instrumented model pile was realized to conduct measurements of stresses in the phys-
ical model. The measurement system consisted of a model pile instrumented with direct
soil stress measurement sensors. The aim of the instrumentation was to measure horizon-
tal normal contact stress at two levels of the pile, giving measurements at two different
LPile/DPile-levels. The instrumented model pile system also comprised an axial stress sen-
sor located at the pile base.

The aim of the mechanical realization of the measurement system were to simplify the model
appropriately, while incrementally improve details which may have reduced the accuracy of
previous physical models. The instrumented model pile was designed in combination with
the rest of the experimental model to reach a broad-based compromise for the practical
implementation, i.e. to combine properly scaled physical modelling with relatively accurate
measurements in the model.

The specific configuration of the horizontal stress sensors is intended to create a homogenous
shear surface at the sensor location. Experimental measurements of interface shear have
demonstrated that very small deformations at the interface govern the volumetric behaviour
of the soil, and thus the shear stress response of the soil, [34], [218]. Here an alternative design
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Figure 5.5: Normalized strain ratio εtot/εσ.

is used, which results in a slightly deforming continuous shear surface at the sensor location,
therefore replicating the prototype more accurately, especially for scaled soil samples, with
relatively small numbers of grains next to the sensor.

5.3.1 Mechanical configuration of the instrumented pile

The instrumented model pile consisted of two milled steel 5 x 10 x 125 mm3 stainless steel
rods with an elastic modulus of 210 MPa, and with a Poisson’s ratio of 0.28. The longitu-
dinal profile of one half-pile is shown in Figure 5.8. The Figure is shown in the x− y plane,
and shows the instrumentation cavity inside the model pile. The fully assembled model pile
is shown in Figure 5.10.

The mechanical realization of the instrumented model pile consisted of three differently
shaped cross-sections, shown in Figure 5.9. Two separate measurement levels were posi-
tioned 25 mm from the pile tip and 70 mm from the pile tip. These measurement levels
consisted of thin membranes cut into the pile. The membranes were intended to give a
flexible plate, which would deform under the external soil pressure. On these thin plates,
strain gauges were mounted so that measurements of the radial strain could be conducted.

The stress sensor membranes measured 8 x 8 mm2 in the y − z plane and had a design
thickness of 0.3 mm in the x-axis, Figure 5.9a. These small membrane dimensions made
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Figure 5.6: Simulation of horizontal stress sensor calibration.

a very accurate cutting depth necessary. The variation of the membrane thickness in the
x-plane measured with a micrometer showed that the membrane thickness after manufac-
turing was 0.29±0.2 mm. Table 5.1 shows that these fabrication tolerances will not have
a large effect on the sensor performance, since calibration coefficients were measured for
all the membranes and sufficient sensitivity was maintained. A numerical analysis was also
conducted to assess the influence of the fabrication accuracy.

Observations showed that there was also a slight increase of the membrane thickness towards
the edges of the membrane, which influences the sensitivity of the sensor. This effect was
assumed to be present for all membrane dimensions, and mainly influence the clamping of
the boundary of the membrane. This disturbance would also be included in the calibration
and would therefore not affect the sensor significantly.

The cross-section of the membrane sensor levels is shown at the profile A - A in Figure 5.9a
in the z− y plane, 70 mm from the pile tip. The non-instrumented profile of the model pile
consisted of solid rectangular 5 x 10 mm2 section into which a triangular groove was cut,
cross-section B - B in Figure 5.9b. In this groove, the electric cables for instrumentation
were placed. At the tip, the pile was sealed with a thin plate at a cross-section with a thin
edge, C - C in Figure 5.9c.
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Figure 5.7: Construction of the glued connections of the instrumented model pile.

Figure 5.8: One half steel core of the instrumented model pile.
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(a) Dimension of the pile at
cross-section A.

(b) Dimension of the pile at
cross-section B.

(c) Dimension of the pile at
cross-section C.

Figure 5.9: Cross-sections of the instrumented model pile.

5.4 Instrumentation of the model pile

5.4.1 Instrumentation system

The pile consisted of four horizontal normal stress sensors and an axial stress sensor instru-
mented with electric resistance strain gauges. Each of the milled steel bars had two different
levels instrumentation levels, and the micrometer measurements showed that the deviation
from the intended dimension were similar for the piles halves, i.e. both membranes for each
pile halves had the same magnitude. These sensors were instrumented before the model pile
halves were enclosed, and the electrical cables were extracted through the pile axis in the
groove shown in Figure 5.9c. The intention was to combine the horizontal normal stress
measurements on each side of the model pile for one instrumentation level to an average
stress reading. The latter reduces the noise level and increases the resolution of the normal
stress measurements. The double level horizontal stress measurements were also constructed
to measure the effects of friction fatigue on the soil-structure behaviour since the change in
normal stress level at the same depth z is measured, [104], [148].

The model pile was instrumented with resistance strain gauges to conduct measurements
of the normal stress against the thin membranes. The strain gauge configuration is shown
in Figure 5.11. The half strain gauge bridge consisted of two 120 Ω strain gauges and two
120 Ω high precision SMD resistors. The strain gauges were mounted next to each other,
perpendicularly to the model pile longitudinal axis. The strain gauge excitation voltage was
6 V, which was supplied by the in-flight amplifier system on the centrifuge. Both the 120
Ω strain gauges were of the type TML FLA 2-11. These had a tolerance of 0.1 %, and a
temperature coefficient of 5 ppm/C. The strain gauges were mounted with the TML-CN
adhesive on the thin membranes of the model pile. The strain gauge bridge was optimized
for an amplification of 1000x in the data acquisition system.

The orientation of the strain measurements relative to the model pile is shown in Figure
5.3. The direction of the strain gauge deformation axis is then perpendicular to the pile
longitudinal axis. The strain gauge on the opposite faces of the instrumented model pile
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Figure 5.10: Instrumented model pile with cable connection to amplifier system.

had inverse configuration of the bridge voltage, i.e. one face of the model pile gave an
increase in the bridge voltage output and the other side a decrease in the bridge voltage
output for the same deformation level.

5.4.2 Residual stress during the manufacturing of the instrumented
model pile

It is well known that residual stresses in the material will occur after machine process with
high contact stresses, [108]. These residual stresses after fabrication of cutting may be a re-
sult of the build-up of stresses, which are locked-in the final shape, [35]. During fabrication,
the local stress levels at the cut surface have very large magnitude, and could therefore be
redistributed in the steel body. This is sometimes also a result of heating and cooling effects,
[249].

These residual stresses may influence the stiffness response of the material, and give discon-
tinuous stress-strain curves when residual stresses are released, [249]. This may influence the
accuracy of the sensor, [135]. There are practical solutions for reducing the residual stress
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Figure 5.11: Configuration of the strain gauge bridge system.

in steel by cyclic or thermal loads. This process can step-wise release the stress after various
levels of loads cycles N , [112]. These residual stress reduction methods were considered
relatively cumbersome, and difficult to adapt to the specific geometry of the instrumented
model pile. To reduce the effect of residual stress the instrumented model pile was preloaded
at a stress level higher than the estimated physical model test loads. The calibration was
also carried out up to a relatively high stress level, which was assumed to result in a partial
stress release, reducing the residual stress influence at lower stress levels than the calibration
stress, [135].

5.4.3 Instrumentation procedures

The strain gauge bridge consisted of a half Wheatstone bridge with one electric resistance
strain gauges mounted on each side of an elastic plate, with the resistors completing the
bridge placed on another layer in the membrane. This strain gauge configuration is designed
to compensate for the axial strain, and only record the bending in the plate. The deformable
elastic plate was glued on rollers to the membrane in the half-pile, shown in Figure 5.12a.
This minimizes the loading from axial shear strain component. During application of hor-
izontal normal stress at the surface of the pile the deformable plate deforms along with
the membrane, whilst reducing the redistribution of axial strain to the strain gauges. The
bridge was covered by beeswax after the installation and the cables were extracted through
the groove in the pile.

The resulting configuration was found to be least sensitive to additional axial strains from
shear on the membrane surface or axial load in the pile wall. However, additional bonding
stress from these will still be influencing the measurements on contact stress.

The axial strain gauge for measuring base stress was mounted on the interior pile shaft as
close as possible to the tip of the pile, at the pile internal wall with the cross-section shown
in Figure 5.9b to minimize any additional shear resistance in the base load measurements.
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(a) Configuration of the strain gauge mounted on the membrane.

D D

Strain gauge level
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(b) Location of strain gauges for axial measurements.

Figure 5.12: Configuration of the horizontal normal stress and axial stress strain gauges
mounted on the instrumented model pile.
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instrumentation

Cable connection

Slip ring system

Figure 5.13: Cable connection from the instrumented model pile to ampifiers.

The axial strain gauges were fixed on the pile surface with epoxy adhesive, Figure 5.12b.
The strain gauge bridge consisted of two strain gauges that were attached to the opposite
interior faces of the pile. This specific configuration reduced the influence of bending on the
measurements. The strain gauge cables, which consisted of excitation voltage Vex and the
output voltage, Voutput for each sensor location, were guided through the center of the pile
to the amplifiers. The axial strain gauge bridge was covered with plastic coating before the
pile was enclosed.

After instrumentation the two pile halves were glued together with epoxy adhesive. The
adhesive was placed on the 1 mm wide surface of the steel rods which was located at each
side of the groove which was cut in the pile, shown in Figure 5 b. The glued connection
which enclosed the instrumented model pile is shown in Figure 3. The glued connections
are shown in Figure 5.7a and in Figure 5.7b. At the pile tip a 10x10 mm2 plate was placed
at the pile body with glue at opening of the steel rods at cross-section C - C in Figure 5
c. The plate had a 8x8 mm2 extrusion on which glue was placed to enclose the model pile.
The glued connection is shown in Figure 3 c. The extra pieces of glue at the pile surface
were sanded down, to ensure that the surface would be relatively homogenous. The stiffness
of the adhesive used to enclose the model pile was approximately the same as the stainless
steel, therefore reducing effects of stress redistribution in the model pile.

The instrumented model pile was connected to the 16 channel bridge amplifier and then
to the National Instruments PCI-6221 data acquisition system, which was mounted on the
centrifuge beam for in-flight measurements. The strain gauge connections were bundled
together, and connected to a small terminal board which was attached to the pile cap.

5.5 Switched strain gauge supply

The initial calibration of the instrumented model pile showed that heat effects influenced the
accuracy of the measurements. The relatively large current in each strain gauge resulting
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from the low resistance strain gauges heated the model pile, hence altering the measurements.
This was resolved by implementing an alternating excitation voltage Vex in combination with
triggered acquisition. It was found that still a specified heating time before centrifuge testing
was needed to assure a stable strain gauge temperature.

5.5.1 Switched strain gauge excitation voltage

In order to reduce the heating of the membrane, the strain gauge voltage supply was recon-
figured to have a switched activation time. The system consisted of an electric switch and
a timer that provided a 6 V excitation voltage Vex to the instrumented model pile. The
duty cycle was 9% at 1.3 Hz frequency. During active periods, the strain gauge would heat
up, and during passive periods, the heat could dissipate. The principle is shown in Figure
5.14. In Figure 5.14a, the strain gauge supply voltage is activated and stopped with a pre-
defined active period. In Figure 5.14b, the strain gauge temperature alternately increases
and decreases, when the voltage is activated. It was assumed that the temperature would
stabilize after a specified time, and that the heat effect would subsequently not influence the
accuracy of the measurements.

The electric circuit consisted of a Diodes Inc ZXMP6A17G electronic switch, connected to
a National Semiconductor LM555 timer. These two components were configured to switch
the excitation voltage Vex from the amplifiers. The switch gave a rectangular wave as input
to the switched voltage supply for the strain gauge bridge, as shown in Figure I.1. The full
configuration of the A-stable multi-vibrator is shown in Appendix I.

Figure 5.16 shows the heat reduction for one of the horizontal strain gauge sensors. The
measurements for all the sensors are shown in Appendix I. The Figure shows the tempera-
ture effects when the pile is heated, and displays the reduction in temperature disturbance
for the instrumented model pile when the alternate voltage supply system in activated. The
reduced temperature disturbance was more than tenfold.

5.6 Calibration Procedure

The instrumented model pile was calibrated using two separate calibration devices. The
reason for this calibration arrangement was the relatively different load conditions, in which
load of different magnitude had to be calibrated on the model pile. The horizontal normal
stress and the axial stress sensors could therefore not be calibrated simultaneously.

The calibration loads consisted of isotropic stress, followed by a moment-free axial load. The
horizontal normal stress sensor calibration was consequently carried out with a calibration
vessel, which is shown Figure 5.17. The axial calibration was carried out with a lever system,
shown in Figure 5.17.

5.6.1 Horizontal stress sensor calibration procedure

The horizontal membrane strain gauges were calibrated in a metal calibration vessel, Figure
5.17. For proper calibration of the membrane sensors it is not possible to have pressure in-
side the model pile, hence this special vessel was constructed to seal the pile and retain it in
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the calibration vessel. Calibration measurements of the horizontal normal stress sensors and
the axial stress sensors were carried out in the device. These measurements were compared
to the analytical and numerical calculations of the membrane strain level. Before calibration
the pile and acquisition system were warmed up to their equilibrium with ambient temper-
ature.

The calibration vessel consisted of a cylindrical steel container and a double-plate aluminum
top seal. During calibration the pressure inside the vessel was increased from no load in
increments of 25 kPa up to a maximum of 200 kPa, which simulated the real pressure in the
physical model. A large difference between the vessel and the model tests conditions was
that the water does not mobilize shear stress. The difference may influence the accuracy
of the calibration procedure, and influence the hysteresis behaviour of the sensors, since an
additional deformation of the membrane is mobilized by the shear stress when the pile is
pushed into the soil, [220].

The water pressured calibration vessel was controlled by a GDS GD Standard Pressure
Controller. To assure the accuracy of the water pressure measurements, separate water
pressure measurements were conducted using Druck PDCR-8 pore pressure meters. These
were installed through holes which were drilled in the calibration vessel and sealed with Teflon
Tape, Figure J.1. Measurements were made at a data acquisition rate of 1 Hz for about 30
seconds at each pressure level. Before calibration the model pile and the acquisition system
were warmed up to their equilibrium ambient temperature. The pressure in the calibration
vessel was measured before the start of the calibration. The instrumented model pile was
calibrated four times in the calibration vessel.

5.6.2 Axial stress sensor calibration procedure

A lever system was used for calibration of the axial stress sensor. The calibration system
consisted of a balanced lever system placed in the centrifuge load frame. In the 1:5 lever
system, the instrumented model pile was mounted in the load frame to achieve a balanced
counter weight. The calibration load was subsequently provided by the step-wise loading
with 0.5 kg steel weights on the other end of the lever, while holding the lever system horizon-
tal. A steel hinge was installed in a drilled hole on the metal lever to achieve a moment-free
connection between the model pile and the lever.

The temperature control system was included in the calibration procedure. The output
measurement was monitored, and when no significant change was recorded, the calibration
procedures started.

The calibration consisted of a load sequence in which the instrumented model pile was ax-
ially loaded in 1 kg increments up to 10 kg. The load was incrementally increased and
reduced to capture the hysteresis in the sensor, as shown in Figure 5.21. This calibration
load represented the calibration axial pressure of in total 5 MPa in 500 kPa increments.
The calibration procedure was repeated four times. Between the calibration cycles the in-
strumented model pile was repositioned to reduce the systematic measurements of bending
during loading. The new position would result in a different bending mode. The effect of
bending loads in the pile would therefore result in variation in the measurements, reduc-
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ing the possibility of including systematic loading effects caused by the calibration procedure.

The base load of the model pile further governed by an extra area which mobilized by an
estimated row of grains, with an estimated length of 2d50 along each side of the pile base, as
well as the shear stress measured by the axial stress sensor, which is located around 10 mm
from the pile base. A correction factor ca to adjust these effects is derived and discussed in
Appendix K.

5.7 Calibration results

The calibration measurements are represented by the maximum and minimum bounds of
measurements in the calibration series. The full calibration measurements are presented in
Appendix J and Appendix L. Appendix J presents the measurements in the calibration
vessel. Appendix L presents the measurements in the axial compression system.

For physical model test interpretation, the calibration coefficients kh,v and ka,v with unit
[kPa/mV] (horizontal and axial sensors in the vessel), kh,l with unit [mV/MPa], ka,l with
unit [MPa/mV] (horizontal and axial sensors in the lever) of these measurements have been
calculated based on the calibration data. Calibration coefficients for both loading and un-
loading have been calculated.

The calibration measurements were calculated by fitting to a curve y = kx. During combined
normal and axial loading, the load effect on the horizontal normal stress and axial sensors
consists of two components:

V totoutput,hor = V normaloutput,hor + V axialoutput,hor (5.7.1)

where V totoutput,hor is the total strain gauge output signal, V normaloutput,hor is the strain gauge out-

put signal resulting from normal stress, and V axialoutput,hor is the strain gauge output signal
resulting from axial load in the pile.

The axial sensor output signal is solely a result of the axial output voltage:

V totoutput,axial = V axialoutput,axial (5.7.2)

During calibration of the instrumented model pile in the vessel, the axial load increases the
strain gauge output level. The corrected horizontal normal stress correlation coefficient is
found by subtracting this axial component from the measurements:

kcorh,v = Raxialk
tot
h,v (5.7.3)

where ktoth,v is the calibration coefficient calculated from the calibration in the pressure ves-
sel, and Raxial is the axial load calibration coefficient reduction factors from the numerical
simulation.

The horizontal normal stress is then calculated by multiplying the strain gauge output
voltage resulting from normal stress, V normaloutput,hor, with the corrected calibration coefficient
kcorh,v :
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σh = kcorh,vV
normal
output,horσh = kcorh,v (V totoutput,hor − V axialoutput,hor) (5.7.4)

where V totoutput,hor is measured from the strain gauge output signal, and V axialoutput,hor is calcu-
lated from the axial stress near the pile base, σaxial, with the calibration coefficient kh,a in
the unit [mV/MPa]:

V axialoutput,hor = kh,aσaxial (5.7.5)

The axial stress is calculated with the axial calibration coefficient:

σaxial = ka,lV
tot
output,axial (5.7.6)

The effective normal and axial stress σh and σaxial a therefore possible to calculate from the
model test measurements of V totaxial and V tothor.

5.7.1 Calibration of the horizontal sensor system

During calibration, the output levels of the strain gauges were measured through the data
acquisition system. The measurements, which were conducted with the alternate voltage
supply system, were post-processed with the trigger software. The calibration principle is
shown in Figure 5.17. After each completed load cycle the pile was removed from the cali-
bration vessel. The mechanical set-up was checked and the pressure seal reinstalled before
the next calibration was started. Four series of calibration in the calibration vessel were
carried out.

A full calibration cycle for Sensor 1 is shown in Figure 5.19a. At each pressure increment a
small jump in pressure is recorded because of the response from the GDS pressure controller
and the calibration vessel, which displayed some minor leaks during calibration. Some hys-
teresis is observed during the load cycle of the horizontal sensor system. Separate calibration
coefficients for loading and unloading were therefore calculated for the interpretation of the
physical model tests.

The loading and unloading responses were analyzed separately. The maximum and minimum
bounds from the loading of the pile in the four calibration tests are plotted in Figure 5.20.
The Figure shows the range for all four horizontal contact stress sensors during loading
of the pile. The maximum and minimum bounds of the calibration measurements for the
unloading of the instrumented model pile from the maximum isotropic stress are similar,
and are shown in detail in Appendix J .
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Sensor nr Cal. 1 Cal. 2 Cal. 3 Cal. 4 Average cal.

sensor 1 1.515 1.581 1.627 1.570 1.573
sensor 2 1.155 1.145 1.186 1.180 1.166
sensor 3 0.9402 0.9474 0.9401 0.9430 0.9427
sensor 4 1.433 1.444 1.438 1.425 1.435
axial 14.16 21.00 21.34 17.21 18.43

Table 5.2: Calibration coefficients from the calibration vessel stress calibration for incremen-
tal stress increase.

Sensor nr Cal. 1 Cal. 2 Cal. 3 Cal. 4 Average cal.

sensor 1 1.594 1.588 1.603 1.604 1.597
sensor 2 1.180 1.227 1.186 1.180 1.193
sensor 3 0.9294 0.9440 0.9412 0.9548 0.9423
sensor 4 1.425 1.458 1.447 1.440 1.442
axial 26.99 21.95 22.96 23.44 23.83

Table 5.3: Calibration coefficients from the calibration vessel stress calibration for incremen-
tal stress decrease.
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Figure 5.17: Vessel for calibration of the horizontal membrane strain gauges.
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Figure 5.18: Calibration of model pile with lever.
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Figure 5.19: Calibration of the model pile in the horizontal calibration system.
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Figure 5.20: Bounds of calibration horizontal normal stress measurements in loading in the
calibration vessel.
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5.7.2 Calibration in the lever system

The instrumented model pile was subsequently calibrated in the axial compression lever
system. The calibration procedure was carried out in the centrifuge room and the instru-
mented model pile was connected to the data acquisition system including heat reduction
system. The principle of the calibration is shown in Figure 5.21b where the pile is subjected
to the axial compression. Since the calibration was conducted in the surrounding air, the
temperature effect was assumed to have a larger influence in comparison to the calibration
vessel system. Care was therefore taken to assure that the temperature was stable. Because
the axial load was assumed to influence the horizontal stress sensors in addition to the axial
stress sensor, measurements were carried out for all sensors in the pile.

A load cycle during calibration for the horizontal stress sensor 1 is shown in Figure 5.21a.
The calibration consisted of four such load cycles, in which the axial stress at the pile base
was loaded to a maximum level of 5 MPa with an increment of 0.25 MPa. The calibration
procedure was repeated four times to assure repeatability and reduce the influence of in-
clined load of the pile.

The maximum and minimum bounds of the axial sensor during loading are shown in Figure
5.22. The maximum and minimum bounds for the axial sensor during unloading are similar,
and are shown in detail in Appendix L. Because of the instability during the load increments
when the lever was manually supported, only the average measurement at the calibration
loads are shown in the Figures as diamonds.

The bounds for the calibration measurements for the horizontal stress sensors during loading
are shown in Figure 5.23a. The measurements show some significant axial load influence
on the horizontal stress sensors. The variation in this influence is relatively large for the
separate sensors. The upper and lower bounds for the calibration measurements of the
horizontal stress sensors during unloading of the pile are shown in Figure 5.23b. There is
some variation between the loading and unloading with an increased variation in unloading
of the instrumented model pile.

Sensor nr Cal. 1 Cal. 2 Cal. 3 Cal. 4 Average
Cal.

sensor 1 7.197 6.708 6.645 6.544 6.774
sensor 2 13.62 13.92 13.50 13.19 13.56
sensor 3 0.1081 0.3052 0.5727 0.5883 0.3935
sensor 4 1.400 1.031 1.439 1.608 1.370
axial 0.01872 0.01839 0.01847 0.01830 0.01847

Table 5.4: Calibration coefficients from the axial stress calibration for incremental stress
increase.
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Figure 5.21: Calibration of the instrumented model pile in axial compression

Sensor nr Cal. 1 Cal. 2 Cal. 3 Cal. 4 Average
Cal.

sensor 1 7.924 7.320 6.998 6.81 7.264
sensor 2 13.49 13.04 12.06 11.86 12.61
sensor 3 -0.7106 0.3861 0.6843 0.8284 0.2970
sensor 4 0.9709 1.514 2.049 2.213 1.687
axial 0.01874 0.01844 0.01861 0.01841 0.01855

Table 5.5: Calibration coefficients from the axial stress calibration for incremental stress
decrease.
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Figure 5.22: Bounds of calibration axial stress sensor measurements in loading in the lever
system.

5.8 Conclusions

An instrumented model pile for measurements of horizontal contact stress in the geotechnical
centrifuge was realized. The model configuration includes small-scale sensors, and calibration
equipment which was specially made for the particular apparatus. The model pile design
was analyzed in a numerical model to assess the effect of shear stress, axial loading and
calibration. The small scale of the model pile resulted in significant oscillations in strain
gauge output signal, possibly as a result of thermal expansion of the strain gauge membranes.
A switched voltage supply and accompanying software was implemented to alleviate this
effect. Calibration of the model pile showed good sensor performance.
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Figure 5.23: Calibration results: range of measurements
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Chapter 6

Measurements

6.1 Stress measurements

6.1.1 Measurements of pile head load during continuous and incre-
mental installation

The pile head load, base load and the total shaft friction are presented here to assess the
behaviour of the whole model pile. The pile head load, base load, and total shaft resistance
were measured and normalized with the pile area, APile. The unit of the measurements
were consequently force per area, which was convenient for the interpretation since these
were converted into the same dimension. It was consequently possible to compare how these
quantities evolves during the test.

The total penetration z/D is relatively small compared to prototype piles. The shaft friction
measurements are consequently potentially influenced by the stress distribution close to the
soil surface, e.g. surface heave. This potential disturbance was not possible to quantify.

The pile head load has been corrected for the self-weight of the model pile (measured at
1 − g with a Mettler PM30-K 30 precision scale with ±1 g accuracy [164]), and adjusted
for the magnified average acceleration at 50 − g. During installation, the location of the
pile in the centrifuge in the radial direction will change, and also the self-weight of the pile.
This was not corrected for in the measurements, because the difference in relative radius is
less than 10% before and after installation, and the difference from the mean acceleration is
consequently even smaller. As a proportion of the total pile head load the inaccuracy of the
self-weight of the pile is therefore small.

Figure 6.1 shows the principle for measurement of pile head load and pile base load. The
pile base load was multiplied with the correction factor ca, as explained in Appendix K.
The total shaft friction per area was then calculated from the difference between the pile
head and base load.

Figures 6.2, 6.3 and 6.4 show measurements of the pile head load, the pile base resistance,
and the total shaft friction in the loose, medium dense, and dense soil sample. These mea-
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Figure 6.1: Measurements of pile head load and pile base resistance.

surements are expressed in terms of force per unit area. Both the average and the range of
the measurements are shown in Figures 6.2, 6.3 and 6.4. The range consists of the total range
of the measurements at the same initial conditions and installation mode, shown in Table 3.5.

The measurements of pile head load in Figures 6.2, 6.3, and 6.4 show relatively good re-
producibility of the experimental tests. The dense soil sample displays some variation in
relative density with depth (Rd = f(z)) as a result of the sample preparation procedure, as
seen by the change in pile base load in Figure 6.4, compared with e.g. [49]. This is further
discussed in Appendix E.

The type of overall response during continuous installation corresponds to the behaviour
observed in several other laboratory tests of silica sands in different experimental variations,
e.g. [53], [136], [151]. The pile head load in Figures 6.2a, 6.3a, and 6.4a increases gradually
with penetration. The effect of the soil grain shape has been shown to have a large effect on
the soil behaviour in experiments, e.g. [203], but has not been analyzed in these tests since
only one soil type was used. The soil sample was prepared from a large soil container and
was consequently fresh for each test which means that any possible change in soil properties
would not affect the subsequent model tests.

The stress level was correctly scaled in the model tests, and did not display the type of
behaviour observed in samples tested at a low stress level or at a higher constant stress level
(in the calibration chamber), which also levels off to a more steady state behaviour after
the initial installation, e.g. [197]. The difference between the loose and the medium dense
sample is not very large in Figures 6.2a, 6.3a, and 6.4a, which suggests further densifica-
tion of the loose soil sample as a result of the vibrations experienced during startup of the
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model (this effect was not possible to observe in the deformation measurements (since the
gravitational acceleration resulted in an elastic deformation of the beam which carried the
camera), and is therefore not corroborated by experimental evidence).

The measurements of incremental installation in Figures 6.5, 6.6 and 6.7 display a similar
behaviour to continuous installation at full mobilization of each load cycles. During the
load reversal, i.e. when then pile is unloaded and subsequently loaded, the pile head load
decreases rapidly, and both the unloading and reloading stage show a large load-deformation
stiffness that is higher than the penetration resistance stiffness for the continuously installed
model.

The incremental installation behaviour has been modelled in some previous model tests, e.g.
[38], [151] and [197]. The load cycles result in step-wise two way loading of the model, [128].
In between the load cycles, the horizontal stress is lowered to the non-loaded level, and the
shaft friction is only carrying the self-weight of the model pile, similar to the prototype
during impact driving, [82]. In the prototype, the dynamic load in saturated soil results in
inertial and consolidation effects, but these are not included in the model, [47].

The incremental installation behaviour in Figures 6.5, 6.6 and 6.7 is different from that
observed in the field, [151]. The friction fatigue effect will be discussed later in the text,
but the response of the small model pile is dominated by the end-bearing, and not by the
shaft friction. The effect of friction fatigue is consequently relatively small in comparison to
standard types of piles which have a higher LPile/DPile, [89], [150], [241].

The pile base load in Figures 6.2b, 6.3b, and 6.4b is similar to that observed in other model
tests, [151]. The behaviour in the field is more cumbersome to overview, since most tests
have been carried out with slender piles with large L/D-ration, that more resemble the cone
penetration tests, and consequently display a similar behaviour, e.g. [49], [89], [148], and
also depends on the installation method.

The total shaft friction in Figures 6.2c, 6.3c, and 6.4c is shown to constitute a relatively
small part of the total pile head load, but seems to increase steadily in the model tests. The
effect of friction fatigue is discussed later in the test for the incremental installation mode.
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Figure 6.2: Measurements of pile head load, base resistance, and total shaft friction per area
in the loose soil sample during continuous installation.
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Figure 6.3: Measurements of pile head load, pile base resistance, and total shaft friction in
the medium dense soil sample during continuous installation.
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Figure 6.4: Measurements of pile head load, pile base resistance, and total shaft friction in
the dense soil sample during continuous installation.
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Figure 6.5: Measurements of pile head load, pile base resistance, and total shaft fricton per
area in the loose soil sample during incremental installation.
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Figure 6.6: Measurements of pile head load, pile base resistance, and total shaft friction per
area in the medium dense soil sample during incremental installation.
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Figure 6.7: Measurements of pile head load, pile base resistance, and total shaft friction per
area in the dense soil sample during incremental installation.
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6.1.2 Measurements of total horizontal contact stress σ′
h,tot during

continuous and incremental installation

Figures 6.9, 6.10 and 6.11 show measurements of the horizontal contact stress at instrumen-
tation levels 1 and 2, (Figure 6.8). The measurements show the mean value of the two or
three test (according to Table 3.5) in the solid line, and the range of measurements in dotted
lines. The full set of measurements are given in Appendix M and N .

The measurements in Figures 6.9, 6.10 and 6.11 again agree relatively well with the be-
haviour seen in other tests, e.g. [53], [136], [151]. The total horizontal stress is seen to be
governed by the change of the effective vertical stress, which results in a steady increase
of the total horizontal stress during installation. This is in contrast with measurements in
the calibration chamber, e.g. [83], [128], [127], in which the total horizontal stress reaches a
maximum value at the constant vertical effective stress.

The horizontal stress in Figures 6.9, 6.10 and 6.11 is also observed to be governed by the
initial relative density. This agrees with the assumptions frequently made in design, e.g.
[82], [141], [163]. In such types of analysis, the shaft friction is linked to the initial relative
density of the soil through the frictional properties of the soil, [31]. This seems to be a
reasonable assumption for the continuously installation piles in Figures 6.9, 6.10 and 6.11.

These measurements do not show evidence of friction fatigue. The reason is believed to be
the relatively large ratio of dilational stress (∆σ′h) relatively to the total horizontal stress
(σh,tot = σh,n + ∆σ′h, where σh,n is the stationary stress) for the small scale pile. Later in
the text the effect of scaling on the horizontal stress is discussed in more detail.

Model pile

Soil surface

Instrumentation level 1 (L1)

Instrumentation level 2 (L2)

Figure 6.8: Instrumentation level 1 and 2 on the instrumented model pile.

Figures 6.12, 6.13 and 6.14 show measurements of the the total horizontal contact stress for
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Figure 6.9: Range of measurements of total horizontal stress σ′h,tot in the loose soil sample
for instrument level L1 and L2 during continuous installation.
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Figure 6.10: Range of measurements of total horizontal stress σ′h,tot in the medium dense
soil sample for instrument level L1 and L2 during continuous installation.
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Figure 6.11: Range of measurements of total horizontal stress σ′h,tot in dense soil sample for
instrument level L1 and L2 during continuous installation.

instrumentation level 1 and 2 for incremental installation in loose, medium dense and dense
soil samples.

These measurements of the incremental installation mode change between loading and un-
loading in cycles. The difference in stress mobilization is probably caused by the load cycles
during installation, in which the stress is initially increased during loading and subsequently
decreased during unloading. The total horizontal stress is mobilized at each load cycle, and
increases for rest to the peak value in the same way as for the pile head load. The cyclically
installed behaviour of the total horizontal stress was also measured in [151]. It was observed
that the effect of the load cycles was larger for the non-loaded horizontal stress than for the
total horizontal stress.

Figures 6.12, 6.13 and 6.14 also show that the load cycles result in shear loading at the pile-
soil interface during the installation, which is similar to field measurements and laboratory
measurements, [83], [148], [151]. This is later discussed in relation to the friction fatigue
effect.
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Figure 6.12: Range of measurements of total horizontal stress σ′h,tot in loose soil sample for
instrument level L1 and L2 during incremental installation.
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Figure 6.13: Range of measurements of total horizontal stress σ′h,tot in the medium dense
soil sample for instrument level L1 and L2 during incremental installation.
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Figure 6.14: Range of measurements of total horizontal stress σ′h,tot in the dense soil sample
for instrument level L1 and L2 during incremental installation.

6.1.3 Measurements of horizontal contact stress normalized to base
resistance

Figures 6.15a, 6.15b and 6.15c show the total horizontal contact stress σ′h,tot normalized
with the pile base resistance, σb in the soil sample at the same depth y (hence σb is not
taken at the same time t as the σ′h,tot, but when the horizontal stress sensor has reached the
same depth y).

The measurements during the initial phase probably suggests that the total horizontal con-
tact stress measurements are less accurate when the stress level is low, since the measurement
value is a small part of the total range of the sensor.

The steady level (at the pile tip position, with no friction fatigue included) of the total
horizontal contact stress σ′h,tot normalized with the pile base resistance, σb is assumed in
many empirical design methods, e.g. [40], [50], [64] for the horizontal stress.

It is also interesting to compare the model and prototype through the skin friction on a CPT.
The expected value for the skin friction (τf = tan(δ)σ′h) at the tip of the pile is around 1%
for sands, [49]. This results in a horizontal stress of around 2%-2.5% for normal frictional
surfaces. The measured value of 1.5% is therefore low compared with field measurements by
the CPT, e.g. in [256]. The possible reason is probably that the measuremnent is conducted
at around 2.5D from the pile tip with some change in stress distribution which is similar to
what was measured in [128].
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Figure 6.15: Normalized measurements of horizontal contact stress, σ′h,totσb.

6.1.4 Measurements of non-loaded horizontal contact stress σ′
h,n

The non-loaded horizontal contact stress σ′h,n consists of the horizontal stress level when
the pile head is unloaded during incremental installation, following the methodology in [89],
[148], [151]. This is not necessarily the lowest horizontal contact stress at the specific depth
during the load cycle, as some changes occur when the pile is loaded again (probably as
a result of stress rotations, [62]). But for a more formal definition it is measured at the
location y when the pile head reaches its minimum load during an installation cycle.

The measurements were interpolated and subsequently plotted in Figures 6.16, 6.17 and 6.18.
These measurements show the range of measurements of non-loaded horizontal contact stress
σ′h,n in loose, medium dense, and dense soil samples during incremental installation proce-
dure for the instrumentation level 1 and 2 of the model according to Figure 6.8.

The non-loaded horizontal contact stress σ′h,n in Figure 6.16, 6.17 and 6.18 is generally at
least 10-20% lower than the total horizontal contact stress σ′h,tot (at full mobilization for
incremental installation in Figures 6.12, 6.13 and 6.14). This is probably caused by the
mobilization of horizontal stress during loading, in which the volumetric behaviour of the
soil has a large effect on the pile-soil interaction, [34], [89], [151]. This effect will be discussed
later in the text.
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Figure 6.16: Range of measurements of non-loaded horizontal stress σ′h,n in the loose soil
sample.
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Figure 6.17: Range of measurements of non-loaded horizontal stress σ′h,n in the medium
dense soil sample
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Figure 6.18: Range of measurements of non-loaded horizontal stress σ′h,n in the dense soil
sample.

6.1.5 Stress components

Here the empirical methods to analyze the stress increase resulting from dilation (dilational
stress) in [34], [125] and [148], is applied to the measurements to predict the effect of dila-
tion. The presentation of the composition of the horizontal stress consists of total horizontal
stress measurements from continuous installation σ′h,tot, and non-loaded horizontal stress
from incremental installation σ′h,n, as well as the dilational stress component ∆σ′h from
continuous installation (which did not include the load cycles and was easier to calculate
than the incremental measurements). The principle of the stress components is that the
non-loaded horizontal contact stress σ′h,n and dilation are added together at each depth y,
as shown in Figure 6.19. The principle of the measurements are shown in Figure 6.20 for a
medium dense soil sample with the Baldi correlation for the shear modulus for the dilational
horizontal stress.

The dilational component is calculated from the standard expression for axisymmetric cavity
expansion around a circular pile, which is expanded to a rectangular pile shape in the same
form, [34], [89], [148]:

∆σ′h =
4G

DPile
∆h (6.1.1)

This is obviously a simplified expression, since e.g. stress rotation, absolute horizontal stress,
and stress distribution around the play may also govern the evolution of dilation, [62], [148],
[218].
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Correlation ∆h
Baldi ([12]) 0.005 mm
Duncan-Chang ([75]) 0.005 mm
Janbu ([117]) 0.005 mm

Table 6.1: Parameters in correlation of ∆σ′h.

where the initial shear modulus Gin was calculated from three different empirical correla-
tions by Baldi et al (B in Figure 6.21), Duncan and Chang (D in Figure 6.21), and Janbu (J
in Figure 6.21), [12], [75], [117], according to Table 6.1. The shear modulus G is not constant
according to the correlations, and is therefore not described in Table 6.1. A detailed descrip-
tion of the correlations for the shear modulus Gin is discussed in Appendix Q. The shear
modulus was then multiplied with 0.4 to represent the shear modulus at large deformations,
[151]. The size of the dilational expansion ∆h was then found by fitting Equation (6.1.1) to
the ∆h which gave a good fit for the sum of the components σ′h,n + ∆σ′h and σ′h,tot. This
resulted in ∆h = 0.005 mm, which is much smaller than the recommended values in [125]
and [150] (around 25% of the recommended value). The model pile is significantly smoother
than the prototype pile, which partly accounts for the lower interface friction. Figure 6.21a,
Figure 6.21b, and Figure 6.21c show the components of the total horizontal effective stress
σ′h,tot. Measurements conducted on model piles show that the shear modulus could be an
even smaller fraction of Gin [147], which means that the whole term G∆h here represents
the correlation of dilational expansion. Since two coefficients are subsequently needed to
calculate the dilational horizontal stress, possible combinations of the two parameters have
not been explored in the measurements. The effect of the relatively large shear zone in
comparison to the prototype possibly has also a large effect on the estimated size of the ∆h,
since the same effect was estimated in scaled tests, [147]. The differences between the model
and the prototype are consequently partly possible to explain by the effect of scaling, [53].

y

σ′

∆σ′h σ′h,n

(a) σ′
h,n and ∆σ′

h.

y

σ′

σ′h,tot σ′h,n + ∆σ′h

(b) σ′
h,n + ∆σ′
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h,tot.

Figure 6.19: Explanation of the components of horizontal total stress σ′h,tot.
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Figure 6.20: Dilational horizontal stress ∆σ′h and non-loaded horizontal stress σ′h,n for a
medium dense soil sample.
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Figure 6.21: Stress component during installation
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6.1.6 Measurements of friction fatigue

The friction fatigue effect was studied by the measurements of the non-loaded horizontal
contact stress, σ′h,n. This approach to measure friction fatigue is the most common in the
laboratory and the field, e.g. [89], [151], [148]. Figures 6.22a, 6.22b and 6.22c show the mean
measurements of the non-loaded horizontal contact stress σ′h,n at instrumentation level 1 and
2 in the loose, medium dense, and the dense soil sample.

The non-mobilized horizontal contact stress σ′h,n at instrument level L2 is multiplied by a
linear friction fatigue factor Rff (which is a linear correction factor) to find the σ′h,n at the
other instrument level L1 after the effect of friction fatigue, [241]. The friction fatigue factor
Rff for the soil samples are shown in Table 6.22.

The measurements are comparable to field and laboratory experiments in [89], [151], [148].
It appears that the friction fatigue effect scales relatively well in different initial relative
densities, which means that the relative effect is similar. This is also confirmed in field
observations in [148], where the friction fatigue factor Rff did not show a large variation
even though the horizontal stress level changed. This means that the current CPT based
design methods which take friction fatigue into account (e.g. [123], [138] and [150]) seem to
be conceptually correct at different initial relative densities, which is an advantage.
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Soil sample Rff
Loose (Rd = 40 %) 0.4-0.8
Medium dense (Rd = 60 %) 0.6-0.9
Dense (Rd = 80 %) 0.5-0.9

Table 6.2: The friction fatigue factor for the soil samples.
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Figure 6.22: Measurements of non-loaded horizontal contact stress σ′h,n.
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6.1.7 Normalized measurement of pile head load and pile base load:
continuous and incremental installation

The pile head load was measured both during continuous and incremental installation. Fig-
ures 6.23a, 6.23b and 6.23c show the pile head load during incremental installation normal-
ized with the pile head load during continuous installation in similar initial conditions.
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Figure 6.23: Pile head load during incremental installation, normalized with pile head load
during continuous installation.

Figures 6.24a, 6.24b and 6.24c show the total pile base stress σb,incr during incremental in-
stallation normalized with the pile base load per area during continuous installation σb,incr,
in loose, medium dense, and the dense soil sample. Similar measurements were carried out
in [151], but a comparable normalization was not carried out.

The ratio over 1 in the loose and dense tests probably results from the densification of the
soil sample in between the tests, but this has not been possible to confirm through measure-
ments of the sample height in between the tests.

The measurements suggest some effect of friction fatigue effect (e.g. loss of shaft resistance)
is more pronounced in the incrementally installed model tests, since the base load in not
influenced by the load cycles, while there is some effect of the load cycles in the pile head
load measurements. There are several factors which obscures a clear conclusion, such as the
low ratio in the beginning of the tests (resulting a lower accuracy, since the measurements
represent a smaller part of the total range), and possible densification in the denser soil
test as a result of the loading and unloading and could depend on the pile slenderness ratio
LPile/DPile and the boundary conditions.
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Figure 6.24: Normalized measurements of incremental and continuous pile base load,
σb,incr/σb,cont.

6.1.8 Measurements of pile head load during static pile load tests

The model pile was unloaded after installation. Subsequently a displacement controlled
static pile load test to 0.2D (at 0.01 mm/s displacement) was carried out.

Figures 6.25a, 6.25b and 6.25c show the mean measurements of pile head load during a static
pile load test in the loose, medium dense and dense soil sample after both the continuous
and the incremental installation method.

The full range of measurements are presented in Appendix P .

Figures 6.25a and 6.25b show that there is not a large difference between the maximum ca-
pacity of the loose soil sample and the medium dense soil sample for the 0.2D displacement.
There could be a result of the densification of the soil during installation, [82]. The pile are
also relatively short with a large diameter, which means that the end-bearing capacity dom-
inates the total shaft capacity of the pile, [173]. The densification of the loose soil sample is
consequently sufficient to give a a relatively high base capacity in comparison with the loose
soil sample, [125].

Relatively similar tests have been carried out in the laboratory, e.g. [38], [154], [153] but
not necessarily for the wider range of initial relative densities shown here. Some tests, e.g.
[38] have also been conducted in saturated soil, which seems to have less risk of compacting
during cyclic load because of the damping of the water. The loose soil sample tested in the
current test series could also be somewhat compacted after the installation of the model pile.

The dense soil sample in Figure 6.25c exhibits a more step-wise behaviour which seems to
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suggest that it interacts with the load frame. This effect is also present in the medium dense
soil sample in Figure 6.25b. The load frame is consequently not stiff enough for the maxi-
mum load. This complicated to analyse before hand because of the relatively complicated
geometry and load distribution of the load frame.
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Figure 6.25: Pile head load measurements during static pile load test for continuous and
incremental installation.
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6.1.9 Measurements of total stress σ′
h,tot during extraction test after

continuous installation

After the static pile load test, an extraction test in tension was carried out. Figures 6.26,
6.27 and 6.28 show the measurements of total horizontal contact stress σ′h,tot at instrumen-
tation level L2 in extraction tests after continuous installation in loose, medium dense, and
dense soil sample.

The measurements in Figures 6.26, 6.27 and 6.28 show a maximum mobilized horizontal
stress during loading that is around 50-60% of that measured during installation. This
results in an lower ratio between compression and tension loading than was is normally
adapted in most design models, e.g. [40], [50], [64].

Static pile load tests in tension have previously been carried out both in the laboratory and
in the field, e.g. [47], [148], [151] and [256]. The current extraction test include the initial
tension force, but also the post peak behaviour. Previous types of measurements have shown
less softening after peak resistance, e.g. [47], [148] and [256]. Such tests have shown a quite
large quantitative difference between different initial relative densities, but have not delved
deeply into the qualitative behaviour, which is present in the current tests.

Figures 6.26, 6.27 and 6.28 show a relatively large difference between the loose and medium
dense soil sample and the dense soil sample during pile extraction. The dense soil sample
in Figure 6.28 shows a smaller peak value and a slower decline of horizontal contact stress.
Since the loose and medium dense sample exhibit a different behaviour, this seems to be a
result of the installation effects. The extraction tests probably also includes stress rotation
after installation, which also seems to depend on the installation effects, [62].

The measurements in Figures 6.26, 6.27 and 6.28 show that the maximum horizontal stress
σ′h,tot in tension is lower than in compression, by an estimated factor 0.6-0.7 at h/D = 2.5.
This provides further evidence that piles in compression have a higher horizontal normal
stress and consequently shaft friction than the same piles in tension. Explanation for this
behaviour ranges from stress rotations to the Poisson’s ratio effect, but are not possible to
explain by the measurements, [62], [148], [147].

The full measurements of the extraction tests in tension are shown in Appendix P .
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Figure 6.26: Total horizontal stress σh,tot in the initial loose soil sample during extraction
test.
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Figure 6.27: Total horizontal stress σh,tot in the initial medium dense soil sample during
extraction test.
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Figure 6.28: Total horizontal stress σh,tot in the initial dense soil sample during extraction
test.

6.1.10 Measurements of total stress σ′
h,tot during extraction test af-

ter the incremental installation procedure

Figures 6.29, 6.30 and 6.31 show the measurements of the total horizontal contact stress
σ′h,tot during the extraction test after incremental installation in a loose, medium dense, and
dense soil sample.

The measurements of extraction tests after incremental installation are relatively similar to
those after continuous installation. The maximum horizontal stress is around 50-60% of the
installation stress in Figures 6.29, 6.30 and 6.31. The pile has experienced at least one load
cycle during the static pile load test, which previously has been shown to give a large effect
of friction fatigue, [89]. The effect of dilation could also be relatively large during tensile
loading, [34], [147], [151], and could have a large effect on the measurements.

The full measurements are shown in Appendix P .
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Figure 6.29: Total horizontal stress σh,tot in the initial loose soil sample during extraction
test.
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Figure 6.30: Total horizontal stress σh,tot in the initial medium dense soil sample during
extraction test.
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Figure 6.31: Total horizontal stress σh,tot in the initial dense soil sample during extraction
test.

6.2 Measurements of deformations

6.2.1 Displacement contours after installation

The deformation measurements are now presented through calculations of displacements
paths and strain fields. The displacement paths of were calculated following the procedure
presented in Appendix G.

Figures 6.32a, 6.32b and 6.32c show the displacement contours after installation, which rep-
resents the boundary between Zone B and Zone C according to [130], where there are no
displacements (except for small stray displacement cross-section, which were filtered through
the normalized median test in JPIV, [229]). The heavy dark line represents the boundary
where there are no displacements.

The displacement contours in Figures 6.32a, 6.32b and 6.32c are related to the influence
zone in [190], but the measurements exclusively concerns displacements. The actual field of
influence (stress as well as strain) by the analysis discussed in [190] is probably larger, as a
result of the stiffness of the soil at small strain, which results in relatively small deformations,
[10], [147], [214]. This is also related to the effect of installation of subsequent piles, which
probably will change the installation effect of the original pile, measured in [45]. These
influence zones indicate where the soil is displaced during installation. The measurements
implies that a model of a pile should at least include the boundaries of no displacements.
These measurements also suggest that the soil sample container should be wider.
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Figure 6.32: Boundary of discernible displacement contours for loose, medium dense, and
dense soil sample.

6.2.2 Measurements of displacement paths

The displacement paths were calculated from the displacement increments following the pro-
cedure discussed in Appendix G. Figure 6.33 shows the displacement paths for the medium
dense soil sample. The part of the soil that is displaced by the pile is here shown underneath
the pile contour. The displacement path at these locations ewre disturbed by the large de-
formation, and therefore showed much noise. A similar presentation of displacement paths
is shown in [243].

Some cross-sections of horizontal and vertical displacement path were calculated and plotted
separately to aid interpretation of the displacement during and after installation. This con-
sisted of a line of displacement paths that had the same initial x/D−position (vertical) or
y/D−position (horizontal). The set of vertical cross-sections are analyzed first. Figure 6.34
shows the location after the full installation (before the static pile load test) of the vertical
cross-section which were initially located at three locations A, B, and C, at distances 1x/D,
1.7x/D and 3.9x/D from the model pile, in the continuous installation sample for loose,
medium dense, and dense soil sample in Table 3.5.

Figures 6.35a, 6.35b and Figure 6.35c show the displacement paths at location A, at 1x/D
initial location. Figures 6.36a, 6.36b and 6.36c show the displacement paths at location B,
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Figure 6.33: Measurements of displacement paths for the medium dense soil sample.
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ABC

Figure 6.34: The displacement paths with the same initial position x/D calculated and
presented and vertical displacement arrays.

at 1.7x/D initial location. Figures 6.37a, 6.37b and 6.37c show the displacement paths at
location C, at 3.9x/D initial location.

The vertical cross-section of displacement show a pattern corresponding to that of [197],
[215], [243] with displacements extended from the pile during installation, with lower dis-
placements further from the pile. There seems to be a relatively large effect of initial density,
with more heaving vertical displacement for the dense soil sample in Figures 6.35c, 6.36c
and 6.37c.
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(c) The dense soil sample.

Figure 6.35: Vertical array of displacement paths at location A.
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(c) The dense soil sample.

Figure 6.36: Vertical array of displacement paths at location B.

141



−4.2 −4 −3.8

2

4

6

8

10

12

14

16

x/D (−)

z/
D

 (
−

)

(a) The loose soil sample.

−4.2 −4 −3.8

2

4

6

8

10

12

14

16

x/D (−)

z/
D

 (
−

)

(b) The medium dense sample.

−4.2 −4 −3.8

2

4

6

8

10

12

14

16

x/D (−)

z/
D

 (
−

)

(c) The dense soil sample.

Figure 6.37: Vertical array of displacement paths at location C.
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6.2.3 Analysis of an initially horizontal cross-section of displace-
ment paths

Horizontal displacement cross-sections with the same initial position y/D were calculated
from the displacement increments to assess the displacements paths after the full installation
(before the static pile load test) on the first continuous installation tests in Table 3.5. The
position of the horizontal arrays are shown in Figure 6.38.

Figure 6.39, Figure 6.40, and Figure 6.41 show the displacements at an initially horizontal
array at location A = 2.4x/D, B = 6.2x/D and C = 8.2x/D, following conceptually from
Figure 6.38. The Figure size has been adjusted to the displacement paths in the dense soil
sample.

The horizontal cross-section of displacement paths are relatively similar to the behaviour
measured in [197], [215] and [241]. The displacements are smaller further from the pile, and
there is a clear effect of the initial relative density. The soil deformations results in more of
a compaction response in the loose soil sample, while the dense sample is more characterized
by shear strain, similar to that discussed in [243].

A = 2.4x/D

B = 6.2x/D

C = 8.2x/D

Figure 6.38: The displacement paths with the same initial position y calculated and pre-
sented and vertical horizontal arrays.
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Figure 6.39: Horizontal array of displacement paths at location A for the dense soil sample.
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Figure 6.40: Horizontal array of displacement paths at location B for the dense soil sample.
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Figure 6.41: Horizontal array of displacement paths at location B for the dense soil sample.
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6.2.4 Horizontal displacements during incremental installation pro-
cedure

The effect of friction fatigue was studied by measuring the displacement paths during in-
stallation stage 2, [246]. Figure 6.42 shows the part of the soil which was studied. The
deformation measurement procedure discussed in Appendix G was implemented to calculate
the horizontal displacement.

Figures 6.43a, 6.43b and 6.43c show the horizontal displacement in installation stage 2 in
the loose, medium dense, and the dense soil sample. The measurements were made dur-
ing the complete installation stage 2 at the initial depth of 1.75D to the full installation
depth. The measurements were made in the first incremental installation model tests, i.e.
T − L−D − I − 1, T −M −D − I − 1 and T −D −D − I − 1 in Table 3.5.

Comparable measurements were conducted in [243], but for one relative density for different
types of sand. The measurements in the current research are relatively similar, with very
small horizontal displacements towards the pile. Research has shown that these very small
displacement result in large stress changes at the interface, [34]. The measurements therefore
seem to show that the friction fatigue effect is relatively similar in various relative densities.
This has previously not been discussed in detail, e.g. [241], although measurements have
been carried out in different initial relative densities, e.g. [89], [148], [256], which indicated
such behaviour.

Position 2

Soil surface

Position 1

Area that is analyzed = 6D

Figure 6.42: Area that is analyzed during PIV.
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Figure 6.43: Horizontal displacement during the installation stage 2.
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6.2.5 Measurements of strain

Soil surface

h/D

Soil element i

Figure 6.44: Definition of h/D in the measurements for soil element i.

A cross-section of the strain was derived from the displacements using the calculation pro-
cedure described in Appendix H. The εxx-, εyy-, γyx-, and εvv- strains were calculated from
the displacement measurements in a Lagrangian framework, in which the location of the
strain component moved along with the displacement paths during deformation.

The evolving strain level was plotted for different values of the respective normalized ratio
h/D from the model pile, as defined in [128]. The normalized ratio h/D is defined in Figure
6.44 for an arbitrary soil element i.

Three different depth were studied, z/D = 4, z/D = 8, and z/D = 12. Figures 6.45, 6.46,
6.47 show these strain components at these locations, but for different levels of h/D.

These Figures show the strain change similar to that observed in [85], [128], [127]. There are
relatively large strain changes as the pile approaches, and subsequently primarily close to
the pile after the pile tip has passed. The increase in strain is seen in Figure 6.47, in which
the soil is gradually deforming.
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Figure 6.45: Strain componenents at location z/D = 4.
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Figure 6.46: Strain componenents at location z/D = 8.
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Figure 6.47: Volumetric and shear strain components at location z/D = 12.
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6.3 Combination of stress and incremental strain mea-
surements

The stress and strain measurements were combined by plotting the detrended σ′h,tot(t) and
the incremental strain component ∆εij(t) as a function of installation time, i.e. σ′h,tot(z/D, t)
and εij(z/D, t) in the same plot for the complete installation procedure, following the sensor.
The analysis was carried out for the incrementally installed model pile, and the cyclic loads
were consequently included in the analysis.

The incremental strain components have been sampled from a horizontal cross-section which
follows the location z/D of the sensor at the time t, shown in Figure 6.48. The location
zsensor(t)/D as is consequently always located at the stress sensor, so that the σ′h,tot(z/D, t)
is matched with the zsensor(t)/D in the measurements.

The total horizontal stress σ′h,tot(z/D, t) was measured at the time t, as shown in Figure
6.49a. It was then fitted to a straight line, and the detrended stress level σ′h,tot(z/D, t) was
plotted.

The location x/D (which is between x/D = -1 and x/D = -6) is signified by the colour of
the line, which is black at x/D = -6 and is changed to a lighter grey close to the pile, as
shown in Figure 6.49b. The pile starts at x/D = −0.5. The part of the strain measurements
within 0.5D to the pile are not analyzed because of the large distortions of the triangular
elements, which result in very large strain levels.

Figures 6.50 and 6.51 show detrended measurements of σ′h,tot(z/D, t) and γyx and εvv.
The aim of the detrended strain-stress measurements was to analyse the effect of stress
changes on the strain levels. It appears from the measurements that increase in the de-
trended stress results in significantly more shear strain in Figure 6.50. This also suggests
that the shearing mechanisms depends on the initial relative density.

The strain measurements seemingly contradict the measurements of horizontal displacement,
in which the soil seems to be compressing close to the pile, which is similar to the behaviour
observed in [243]. It appears that the strain paths in installation stage 1 are very different,
and the volumetric behaviour of the soil with different initial relative density are therefore
different. This results in a behaviour observed in numerical simulations, in which the loose
soil sample contracts, and the denser soil samples dilate, [76].

Strain development during installation is shown in Appendix R, based on the strain calcu-
lation method discussed in Appendix S. The stress-strain behaviour with the normal stress
level (not detrended) are shown in Appendix T .
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Area that is analyzed at time t+ 1

Figure 6.48: Idealized illustration of moving sampling of strain: Calculation at time t and
t+ 1.
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(a) Measurements of σ′
h,tot(z/D, t) at time t.
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εi,j(t) (x/D = −6)
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(b) Measurements of strain at varying x/D from the pile center.

Figure 6.49: Idealized principle for measurement of stress and strain at time t.
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(c) The dense soil sample.

Figure 6.50: Detrended measurements of stress-strain path.
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(b) The medium dense sample.

x/D

−6 −4 −2 0 2 4 6 8

−5

0

5

·10−2

Detrended σh,tot(t) (kPa)

∆
ε v

v
(t

)
(-

)

−6

−4

−2

(c) The dense soil sample.

Figure 6.51: Detrended measurements of stress-strain path.
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6.4 Summary

The experimental tests consisted of stress and deformation measurements. The stress mea-
surements contained pile head load, pile tip and horizontal contact stress measurements.
These were analysed in order to show the effect of relative density and installation method.
The influence of cyclic loads on the distribution of the horizontal stress was investigated
in some detail. The resulting stress distribution around the pile was displayed in the pile
extraction tests, in which the initial relative density was seen to have a large effect of the
load-deformation response. On the other hand, the pile load tests showed that the pile
(with a small L/D-ratio and thus dominated by the pile base) had a relatively similar load-
deformation response for small loads.

The deformation measurements studied the deformation behaviour of the soil during in-
stallation. The effect of relative density was studied, as well the influence of cyclic loads.
Small horizontal deformations, possibly resulting from friction fatigue, were measured. The
displacement paths were studied (in horizontal and vertical arrays) to assess the displace-
ment pattern for soils of different initial relative density. The incremental stress change was
estimated at the location of the stress sensor.
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Chapter 7

Interpretation and discussion

The model tests were designed to study the effect of initial relative density, installation mode
(including the load cycles), the effect of friction fatigue, the components of the horizontal
stress, as well as the deformation behaviour during pile installation in sand. The aim was
also to both characterize and quantify the installation effects for the model pile at different
initial conditions and installation modes.

The soil samples were prepared at 40%±5%, 60%±7% and 80%±4% relative density. These
are representative for normal soil conditions, since the very loose soil conditions outside the
sample conditions rarely appear in soils subjected to piling, [82].

The effect of initial relative density is observed both in the continuous and incremental
installation mode. The pile head load measurements during continuous installation mode
(Figures 6.2, 6.3 and 6.4) display a steady increase with initial relative density of around
30%-80% for the medium dense and the dense soil sample respectively. Similar behaviour is
observed for the pile base load and the total shaft friction. This has also been observed in a
series of previous field and laboratory experiments, e.g. [53], [89], [148]. The same pattern
is observed in numerical simulations, e.g. [96].

The trend in the horizontal stress measurements during continuous installation in Figures
6.9, 6.10 and 6.11 display a stress response that is comparable to the pile head load, shown
in Figures 6.9, 6.10 and 6.11. Comparable measurements have been conducted in silica sand
in the field and in the laboratory, [89], [127], [151]. The horizontal contact stress in these
measurements increases with installation depth, and do not seem to reach a limiting value
to the stress level in the experiment (which is significantly different than longer prototype
piles). This is also observed in the current measurements. The incrementally installed model
tests seems to show a similar behaviour in Figure 6.12, 6.13 and 6.14.

It is also possible to analyze the effect of initial relative density on the ratio of the horizontal
normal stress and the pile base σ′h,tot/σb in Figure 6.15. The small ratios in the beginning
of the installation are followed by a more stable ratio at around 1.5% at the end of the in-
stallation. This is similar for all initial relative densities. Since the shaft friction is governed
by Coulomb friction, [124], this confirms the recommendation to calculate shaft friction as
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a ratio of the cone resistance, which is followed in most CPT-based design methods, e.g.
[40], [50], [64]. This also explains why the CPT based methods are giving more accurate re-
sults in various initial relative densities compared to more traditional methods of design, [41].

The effect of the installation mode is possible to distinguish from the pile head load mea-
surements (Figures 6.5, 6.6 and 6.7). These show a maximum pile head load during the load
cycles which are comparable to the maximum pile head load at the same depth z/D during
continuous installation, represented both by the base resistance and shaft friction. For a
clearer analysis of the installation mode, the pile head load during incremental installation
mode is normalized with the pile head load during continuous installation in Figure 6.23.
The loose and dense soil samples in Figure 6.23a and 6.23c show a relatively small, but
declining ratio of the maximum pile head load during installation. The corresponding plot
of the pile base load, Figure 6.24, does not present the same behaviour, but rather a steady
ratio. Is is consequently mainly the shaft friction which is influenced by the load cycles. The
pile head load measurements in Figures 6.25a, 6.25b and 6.25c suggest that the stiffness of
the load frame has a significant effect mainly in the dense sample. The trend of the pile head
load in Figure 6.25c shows that this effect is not present during initial reloading and final
unloading in each cycle, but rather at full mobilization during each loading cycle. The in-
teraction between the model and the load frame stiffness is consequently not present during
most of the load cycle, and only when a one-way cycle is performed at full mobilization. This
type of load cycles have previously been observed to have a smaller effect on the volumetric
response, [151].

This supports the conjecture that the installation mode governs the changes in shaft fric-
tion. This is related to the friction fatigue phenomena, which is studied in Figure 6.22, in
which the non-loaded horizontal stress is displayed, following e.g. [148]. Instrumentation
level 1 experiences at non-loaded horizontal stress which is around 40%-60% of the observed
at instrument level 2. This corroborates other studies, e.g. [104], [89], [151]. The friction
fatigue effect is observed in all initial relative densities and was shown in Figure 6.23 to have
an effect on σ′h,tot as well.

The friction fatigue phenomena explains why the assumption about the constant ratio of
pile base load and shaft friction probably is too simplified to given an accurate description of
the shaft friction, [104], [148], [241]. Since the distribution of horizontal stress after installa-
tion has a large effect on subsequent load-deformation analysis, this makes analysis of piles
cumbersome, e.g. [111]. This is especially the case for comparison of piles in tension and
compression, in which the stress rotations play a big role, [62]. The measurements showed
that the maximum horizontal stress in tension is around 50%-70% of that in compression.
This could be influenced by the experimental set-up, because of the pile load test and load
cycle before extraction. The ratio α is consequently relatively low. The results of the model
tests thereby contribute to the more nuanced description of the stress distribution of piles,
in which the installation effects are an important component as a result of the stress history
and cyclic shear loading during installation, [34], [241], [243].

The shaft interaction mechanism is complex, since the frictional interface consists of a rel-
atively small number of grains (around 10-20), which is intensively sheared, [34]. This soil
layer does consequently not constitute a continuum, since the number of grains is too small to
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result in a homogenous stress distribution, [58]. The translational and rotational resistance
of the grain interface govern the behaviour during shear, [74]. Relatively small normal dis-
placements (from soil compaction or expansion against the pile) result in significant normal
stress changes, [34]. Laboratory measurements of different soils have shown that changes in
the loading direction have a significant effect on the stiffness of the soil, [214]. Similarly,
load cycles result in volumetric changes in the soil (such as gradual compaction), [218]. It is
here proposed that the cyclic shearing mechanism results in large changes in stiffness in each
cycle as well as gradual volumetric change of the soil, which reduces the horizontal stress at
the soil-pile interface, which was found in the measurements through PIV. The changes in
stiffness are also confirmed by other model pile experiments, [147].

The measurements of horizontal displacements also show the mechanism of friction fatigue
in Figure 6.43. The displacement increment plots during installation stage 2 present dis-
placements towards the pile, which suggests compaction of the soil, simular to observations
of cyclic loading in numerical simulations of vibration, [159]. This leads to decreasing hor-
izontal stress, as suggested by [243]. There are very few measurements of this phenomena,
and it is not known how much the measurements depend on the current testing conditions.
The displacements in Figure 6.43 are also very small, however both theory and experiments
show that such very small displacements have a large effect on the equivalent radial stress
distribution around the pile, [34], [147], [151].

The measurements of the strain components show that the stress-strain behaviour depends
on the initial relative density, shown in Figure 6.45-6.47. The total stress response during
installation seems to be rather uniform and scales relatively well with initial relative density,
even though the mechanisms are different, as shown by the normalized measurements in
Figure 6.15. The post-installation response, as shown in the extraction tests in Figure 6.26-
6.31 is different and depends on the initial relatively density. Such qualitatively different
behaviour is not discussed in detail in descriptions of the friction fatigue and installation
effects but governs the pile-soil behaviour for layers with large variation in initial relative
density, [241].

The components of horizontal stress have been analyzed by adding the non-loaded horizontal
stress σ′n and the dilational stress ∆σ′h, the principle shown in Figure 6.1. The measurements
in Figure 6.21 show that the same constant dilational interface size ∆h results in a suitable
fit with the total horizontal stress σ′h,tot. This effect has been discussed in other types of
tests, e.g. [34], [89], [151], and is here studied for several initial relative densities, which sug-
gests that the standard formulation for the stress components during full stress mobilization
(in e.g. [148]) is relatively accurate. The specific formulation of the shear modulus G and
the interface size ∆h is more difficult to evaluate, since other laboratory measurements have
shown the mobilized shear modulus G to be a rather small fraction of the maximum shear
modulus Gmax, [147]. The three different correlations for the shear modulus G gave similar
results, but with a low value of the dilational interface ∆h. A combined value of G∆h may
be a suitable method to evaluate the dilational stress component.

The effect of the post-installation response for the pile in tension is observed in the extrac-
tion load tests in Figures 6.26, 6.27 and 6.28 for the continuously installation model tests.
In these tests the pile passes through an already sheared zone of the soil, in contrast to
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[34], [147], [218], where the soil sample was prepared before shearing. In the current model
the installation effects are already included. The initial response for the loose soil in Figure
6.26 is relatively brittle, with a peak value and thereafter a residual stress during extraction.
The medium dense and dense soil samples in Figure 6.27 and 6.28 suggests a more gradual
softening behaviour, which is more clear for the dense soil sample. Tension load tests were
carried out in field and laboratory measurements in [47], [148], [151], [147], but not in a uni-
form initial relative density after installation, and the total effect was measured. Here the
density effect is clearly identified, and seems to give a large effect on the load-deformation
response. It is also possible that the scale effect during dilation is dominant, but this effect
is inherent in these tests, but this should also be considered, [147].

The extraction tests after incremental installation are shown in Figures 6.29, 6.30 and 6.31.
The load-deformation response is similar to that of the continuously installed piles. This
means that the load cycle during the static pile load tests could have a large effect of the
interface behaviour of the pile, since the friction fatigue mechanism has been observed to
develop in a small number of load cycles, [89]. The dense soil samples after continuous and
incremental installation both display a more gradual change in stress compared to that of
the loose and medium dense soil sample. The peak stress for the loose soil sample appears
after around 1D, which suggests that relatively large displacements are needed for softening.
A response which includes less softening is displayed in field pile load tests in tensions, [47].
Since the scaling of the models governs the interface behaviour, this deformation response
is not necessarily similar to the prototype case, which explains part of the difference of the
load-deformation response, [151].

The deformation behaviour of the soil is complex, as seen in Figures 6.35, 6.36 and 6.37 for a
vertical cross-section, and Figures 6.39, 6.40 and 6.41 for a horizontal cross section. Analysis
of the soil response through a limited part of the soil close to the pile in [34], [148] and [241]
is a clear simplification which may not accurately represent the whole soil-structure interac-
tion. The far-field behaviour of the soil is more similar to numerical simulations in [159], in
which the volumetric compaction of the soil at around 1D from the pile has a large effekt on
the stress distribution at the pile shaft. There is some difference between the initial relative
densities, with larger horizontal displacements in both the horizontal vertical cross-sections
in the medium dense and dense soil. This is partly similar to the deformations from different
soil types in [243]. The shape of the displacement paths also suggests more vertical rebound
for the denser soil samples, which probably has an effect on the stress distribution and the
post-installation response in Figure 6.26-6.31.

The contour plots in Figure 6.32 shows displacements for at least 4D from the pile, with
larger horizontal displacements for the dense soil sample.

Stress and incremental strain measurements were also calculated in Figure 6.50 and 6.51
for the detrended stress measurements. These Figures are plotted with the σ′h,tot on the
abscissa and the strain component on the ordinate. The medium dense and dense soil sam-
ples display a more expansive volumetric behaviour close to the model pile, which suggests
dilative mechanical behaviour closer to the pile shaft during installation.

This stress-strain behaviour is also discussed in [76], resulting in a volumetric compaction of
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loose soil, and volumetric expansion of the denser soil. The observed response could partly
explain the difference between the pile-soil interaction at different initial relative densities.
The shearing mechanism during the cyclic installation cycles is governed by the volumetric
response of the soil upon shear loading, [241]. This is similar to the response seen in defor-
mation measurements in Constant Normal Stiffness (CNS) tests, [65]. The loose soil sample
therefore has a lower horizontal stress, since the soil can compact, and the denser soil sample
have higher horizontal stress which results from the dilation. These conclusions are partly
supported by the experimental evidence, but more experimental research is needed to fully
verify these conjectures.

Finally, the experimental measurements have consequently resulted in a more detailed char-
acterization of displacement pile installation effects which is briefly presented: The pile
installation has been separated in between installation stage 1 and 2. During installation
stage 1, an arbitrary element of homogenous soil is located beneath the pile tip. This soil
element is displaced as the pile is installed through the ground. The displacement behaviour
depends on the initial relative density. Installation stage 2 starts when the pile reaches
the soil element. The stress level changes as a result of the cyclic loads during incremental
installation. The load cycles result in a reduction of the horizontal contact stress, and there-
fore lower shaft capacity. After installation, the distribution of horizontal stress has been
observed to follow an exponential curve with the highest stress located at the pile tip. The
measurements also show that the stress-strain behaviour in installation stage 2 depends on
initial relative density. This short description of the installation effects will be discussed in
further detail in the following chapter.
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Chapter 8

Conclusions and recommendations

8.1 Conclusions

This thesis introduces the design and realization of a Ng physical model test to investigate
installation effects of a displacement pile in dry sand. This includes a novel miniature model
pile capable of measuring horizontal contact stresses at mobilization and at rest and axial
loads and a centrifuge setup which facilitates an in-flight camera system. The latter allows
to measure the deformations in the soil behind a transparent window.

The experimental configuration in the current research results in a novel physical model
which allows both contact stress and full field deformation measurements during pile instal-
lation. The aim of the experimental research is to clarify and improve the current conceptual
framework by experimental model tests.

The experimental approach is based on a careful study of modelling considerations related
to the similitude of the model as well as instrumentation technology. The current physical
model is a compromise between model simplicity and retaining the governing mechanisms
of the prototype in the model. Relevant scaling laws and recommendations for the model
were mostly fulfilled, resulting in an adequate description of the installation procedure.

An instrumented model pile was realized to conduct contact stress measurements. The pile
was equipped with novel membrane stress sensors and an axial stress sensor. Sensor insta-
bility resulting from possible heat generation was solved by installing an alternating strain
gauge bridge supply. The sensitivity of the model pile is relatively low, which is a result of
the membrane mechanical configuration. This is a compromise between model robustness
and reliability. The fabrication tolerance was relatively low compared to the very thin mem-
brane, which would impair a more sensitive realization of the instrumented model.

An experimental model was designed for the TU Delft centrifuge. The model sample con-
tainer was equipped with markers, allowing lens correction in the deformation image process-
ing. The physical model was computer-controlled through the centrifuge control mechanism,
and data communication was realized through a slip-ring system.
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Displacement pile installation effects were modelled in the centrifuge with two different in-
stallation modes: continuous installation and incremental installation with unloading. The
experimental tests were carried out in initial loose, medium dense and dense soil samples
(40%±5%, 60%±7% and 80%±4% relative density) and repeated to assure repeatability
of the experimental model. Full field deformation measurements and horizontal contact
stress measurements from sensors located on the pile were conducted and processed with
custom-made software to calculate the strain components from displacement increments.
The experimental procedure consisted of installation, a static load tests, and an extraction
test.

The research aim was to provide a more complete characterization and quantification of the
displacement pile installation effects. The description includes quantification of the stress
and deformation behaviour of the model pile, as well as an improved characterization of
the installation. The experimental tests were conceived to study the effect of initial relative
density and installation mode (continuous and incremental installation) in particular.

Pile head load, axial stress and horizontal contact stress measurements show a clear depen-
dence on the initial relative density. The variation in measurement output between samples
prepared at the same initial relative density was relatively small. The normalized measure-
ments showed that the normalized horizontal stress σ′h,tot/σb reaches a relatively stable level
of around 1.5% in the installation stage 2, for all the initial relative densities.

The total horizontal normal stress σ′h,tot has been confirmed to consist of the non-loaded
horizontal stress σ′h,tot, and the dilational stress ∆σ′h. This has not previously been explic-
itly carried out in experimental measurements by stress component separation, but has still
guided model configuration, and was therefore studied in detail. The measurements showed
that the standard expression for the dilational stress as a function of the shear modulus
G, the volumetric change ∆h, and the pile diameter DPile results in relatively accurate
prediction of the total stress σ′h,tot if the shear modulus is calculated by standard types of
correlations for the shear modulus, e.g. [12]. There is still large uncertainty about the evolu-
tion of shear modulus during increasing shear strain, e.g. [147], and several other mechanism
contribute to the behaviour of the interface response, e.g. stress rotations, [62].

Measurements of horizontal contact stress for the non-loaded pile σ′h,n for the instrumen-
tation levels L1 and L2 consistently show the effect of friction fatigue at between 40%-60%
level of the horizontal stress at the upper level, compared to the lower instrumentation level
for all tests. The friction fatigue effect is compared to the exponential declines presented in
the advanced pile design models, and show distribution of horizontal stress similar to the
empirical method distributions. The absolute levels of horizontal stress were lower than the
prototype piles, e.g. [41].

Deformation measurements showed that the horizontal deformation during installation stage
2 consists of small deformations towards the pile, which results in the friction fatigue mech-
anism. The compaction of the soil was observed in the loose and medium dense soil sample,
but large deformations were not found in the dense soil sample. However, for the first time
some evidence has been shown to confirm the friction fatigue mechanism both for stress and
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deformation measurements. The horizontal displacements occur after the soil has passed
the pile tip, resulting in a different stress regime, in which dense soil may initially expand
becuase of the lower confining stress, and eventually compact because of cyclic loading.

The stress distribution in the soil after installation was governing the load-deformation re-
sponse during the pile extraction tests. In these the pile was pulled from the soil, thereby
only including shaft friction. Possible reasons between the difference in shaft friction in
tension and compression are the Poisson’s ratio effects and the distribution of stress, as
well as stress rotations and stress reversal after loading. The measurements show a ratio α
between horizontal stress in tension and compression to be around 50%-60%, which is larger
difference than e.g. [148]. It is possible that the distance to the pile tip could have an effect
on the horizontal stress, since the L/D-ratio distance to the sensor is smaller than in other
models, e.g. [32]. The design models also incorporate the same type of behaviour in differ-
ent initial relative densities with only the magnitude of the shaft friction being dependent
on the relative density. This homogenous deformation mechanism was not observed in the
measurements. The loose and medium dense soils samples instead displayed a somewhat
more brittle behaviour than the dense soil sample after maximum horizontal stress level.
The tension tests show that the stress field around the pile seems to be preserved in the
dense, and to some extent also in the medium dense soil sample, when the pile is extracted
from the soil. The stress history thereby results in a higher shaft friction at the lower part
of the pile, which is correlated to the effective vertical stress σ′v.

The horizontal stress measurements are conducted on a relatively low level of the sensitivity
range of the sensor (25%). The large deformations during installation results in very large
strains. The calculation mesh grid during installation is consequently distorted, resulting in
some inaccurate strain levels.

The experimental research therefore gives novel information about the displacement pile
installation effects. The conceptual model which guides the modern pile design methods is
shown to be relatively correct concerning the effect of relative density, friction fatigue, and
the conceptual description of the components of the total horizontal contact stress σ′h,tot.
But the measurements show that the response in tension have different behaviour for the
different initial relative densities, which brittle behaviour for the loose soil sample, possibly
resulting from the difference in volumetric strain change during installation. This implies
that the reliability of the pile at different relative densities is different, since the brittle be-
haviour results in more risk of collapse in comparison to a ductile behaviour, in which stress
distribution is possible. Consequently, the current conceptual model does not correctly dif-
ferentiate between the reliability of piles in tension for different initial relative densities.
Statistical methods for description of the reliability of the structure are consequently not
appropriate for different initial relative densities of the soil. The magnitude of this effect is
not known, and it may not be of large significance.
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8.2 Recommendations

Installation effects govern the post-installation load-deformation behaviour of displacement
piles. These should be taken into account in analysis of piles and pile groups. Methods of
analysis include numerical and the modern CPT-based design methods.

The strain computational method could be improved by including a remeshing technique,
in which the strain would be calculated from a well-configured triangle that is constructed
by interpolation of the displacement increments to a suitable triangular shape in each step.
This was considered to be outside the scope of the thesis because of numerical complications
during interpolation, but could lead to improved stability of the strain calculations.

Further research into the long-term behaviour of piles is also recommended. Field measure-
ments have shown large changes in load capacity after installation, resulting from possible
creep and stress relaxation. This time-dependent effect was not included in the model but
could be modelled in the future.

Laboratory, field and numerical experiments on the behaviour of multiple piles during in-
stallation would be helpful to comprehend the effect of installation effects in pile groups.
Relatively few such field tests of this phenomena have been carried out. A combination of
field tests and laboratory tests, coupled with extensive parameters tests by numerical simu-
lation is hence recommended.

Numerical simulations of displacement pile installation offers the possibility to model the
complete stress-strain response. The experimental model showed the intricate behaviour
of the soil, especially the large variation in stress and strain paths during the installation.
Because of the large deformations during installation, special numerical frameworks, such as
the material point method that could model large deformations, are recommended.

The inertial and consolidation effects were not included in the experimental model. This
is especially of interest for tubular or pipe piles, in which the Poisson’s ratio effect is large
during stress wave propagation, and also for the analysis of structure close to a pile installed
by impact driving. Further research into such effects would be beneficial.

The effect of cyclic loading on the horizontal normal stress may be included into routine nu-
merical simulation by a macro interface element with a stress-strain response. These types
of interface analysis are now mainly included in advanced models for shallow foundations.

It is also recommended that a full analysis of the grain properties is conducted before and
after installation in an experimental model. This would give the possibility of analysing the
effect of the shape and mineral content on the behaviour of the soil.
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[19] K. Been and M. G. Jefferies. A state parameter for sands. Géotechnique, 35(2):99–112,
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[23] L. Bendel. Comparison between the penetration-curve of sounding needle before and
after the placing into position of a pile. In Proc. II Internat. Conf. Soil Mech. and
Found, engng, volume 4, 1948.

[24] L. Bendel. Movements of a driven-in pile, when new piles are being driven. In Proc.
II Internat. Conf. Soil Mech. and Found, engng, volume 4, 1948.

[25] V. Berezantzev. Load bearing capacity and deformation of piled foundations. Proc.
5th ICSMFE, Paris, 1961, 2:11–12, 1961.

[26] P. Berg, R. de Borst, and H. Huetink. An eulerean finite element model for pene-
tration in layered soil. International journal for numerical and analytical methods in
geomechanics, 20(12):865–886, 1996.

[27] L. Bjerrum. Engineering geology of norwegian normally-consolidated marine clays as
related to settlements of buildings. Géotechnique, 17(2):83–118, 1967.
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Appendix A

Definition of RCLA

A.1 Roughness of surface RCLA

RCLA is an expression of the roughness of a surface. It is a simplification of the complicated
pattern of peaks and troughs of the surface, but is considered to contain sufficient informa-
tion, [82], [124], [188].

RCLA is defined as the average center-line height of the asperities on the surface of a struc-
ture, [124]. The height yi of the peak-to-trough i along the surface is shown in Figure A.1.

The roughness of the average peak-to-trough i is the mean value of the n peaks:

RCLA =

n∑
i

yi (A.1.1)

i

yi

Figure A.1: Definition of Peak-to-trough height yi for the peak i.
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Appendix B

Derivation of centripetal acceler-
ation

B.1 Acceleration of the centrifuge

In this appendix the centrifugal acceleration in the centrifuge (R (ω)
2
) is derived to give a

fuller description of the centrifuge system. More detailed descriptions are found in other
texts, e.g. [217], [222].

The position of the centrifuge swing relative to the centrifuge axis is here described by the
coordinates x and y, seen in the rotating plane of the centrifuge in FigureB.1. In this Figure
the axis of the centrifuge is located at the origin of the coordinate system. The angle of
rotation around the centrifuge is here ω and the radius R. The coordinates x and y are
described in circular coordinates as:

x = r cos θ (B.1.1)

y = r sin θ (B.1.2)

The velocity of the centrifuge swing is found by derivation:

dx

dt
= cosθ

dR

dt
−R sin θ)

dθ

dt
(B.1.3)

dx

dt
= sinθ

dR

dt
+R cos θ

dθ

dt
(B.1.4)

The acceleration is found by further derivation:

d2x

dt2
= cosθ

d2R

dt2
− 2 sin θ

dR

dt

dθ

dt
−R cos θ

(
dθ

dt

)2

−R sin θ
d2θ

dt2
(B.1.5)

d2y

dt2
= sinθ

d2R

dt2
+ 2 cos θ

dR

dt

dθ

dt
−R sin θ

(
dθ

dt

)2

+R cos θ
d2θ

dt2
(B.1.6)
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Figure B.1: Soil sample and the centrifuge in the different coordinate systems

These expression describe the acceleration in the original coordinates x and y. The accel-
eration in the soil sample is shown in Figure B.1. This acceleration is described in polar
coordinates r and θ through a coordinate transformation:(

x
′

y
′

)
=

(
− sin θ cos θ
− cos θ − sin θ

)(
x
y

)
(B.1.7)

The velocity and acceleration is derived from the transformation:(
dx

′

dt
dy

′

dt

)
=

(
− sin θ cos θ
− cos θ − sin θ

)(
dx
dt
dy
dt

)
(B.1.8)

(
d2x

′

dt2

d2y
′

dt2

)
=

(
− sin θ cos θ
− cos θ − sin θ

)(
d2x
dt2
d2y
dt2

)
(B.1.9)

If the transformed coordinates x and y are placed into the expression for the acceleration,
the acceleration in the soil sample is described as:

d2x
′

dt2
= − sin θ

(
cos θ

d2R

dt2
− 2 sin θ

dR

dt

dθ

dt
−R cos θ

(
dθ

dt

)2

−R sin θ
d2θ

dt2

)

+ cos θ

(
sin θ

d2R

dt2
+ 2 cos θ

dR

dt

dθ

dt
−R sin θ

(
dθ

dt

)2

+R cos θ
d2θ

dt2

)
(B.1.10)

d2y
′

dt2
= − cos θ

(
cos θ

d2R

dt2
− 2 sin θ

dR

dt

dθ

dt
−R cos θ

(
dθ

dt

)2

−R sin θ
d2θ

dt2

)

− sin θ

(
sin θ

d2R

dt2
+ 2 cos θ

dR

dt

dθ

dt
−R sin θ

(
dθ

dt

)2

+R cos θ
d2θ

dt2

)
(B.1.11)

The acceleration in the x and y coordinates are then:
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d2x
′

dt2
= 2

dθ

dt

dR

dt
+R

d2θ

dt2
(B.1.12)

d2y
′

dt2
= −d

2R

dt2
+R

(
dθ

dt

)2

(B.1.13)

The centrifugal acceleration is then:

R

(
dθ

dt

)2

= R (ω)
2

(B.1.14)
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Appendix C

Variation of stress gradient in the
centrifuge

C.1 Effect of centrifuge and swing length

Since the radius is not constant along the depth y in the centrifuge, the accelerated gravity
will diplay a variation in the y-axis. The effects of the varying acceleration are discussed
in some detail in [204], [211], [222]. The difference in the gravitational level at the top and
bottom of the sample should be less than 10 per cent for properly scaled samples, [204], [222].

In this appendix the difference between the gravity a at specified depth y in the prototype
and the model is derived to clarify the limitations of the centrifuge model.

The radial acceleration at a distance r and with a angular velocity ω is:

g(z) = rω2 (C.1.1)

In the standard centrifuge model tests the prototype gravity is specified in the middle of the
soil sample. In a centrifuge with a centrifuge arm length Rarm and a model height Lmodel,
the gravity gprototype in the middle of the sample at the depth Lmodel/2 is consequently:

gprototype = rω2 = (Rarm + Lmodel/2)ω2 (C.1.2)

For the centrifuge model, the gravity level gmodel is a function of the radius to the center of
the centrifuge axis:

gmodel(ymodel) = rω2 = (Rarm + ymodel)ω
2 (C.1.3)

where

ymodel ≤ Lmodel (C.1.4)

The ratio between the accelerated gravity at the model sale gmodel and the gravity at the
prototype scale gprototype is:
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gmodel
gprototype

=
(Rarm + ymodel)ω

2)

(Rarm + Lmodel/2)/ω2
=

Rarm + ymodel
Rarm + Lmodel/2

(C.1.5)

It is more convenient to transform the centrifuge arm length Rarm to the centrifuge radius
Rcen, so that:

Rcen = Rarm + Lmodel (C.1.6)

The ratio gmodel/gprototype is then:

gmodel
gprototype

=
(Rcen + ymodel − Lmodel)

R − Lmodel/2
=

(Rcen/Lmodel + ymodel/Lmodel − 1)

Rcen/Lmodel − 1/2
(C.1.7)

where Rcen/Lmodel is the ratio between centrifuge ratio and the length of the model, and
y/Lmodel is the normalized depth in the model. Figure C.1 shows the ratio gmodel/gprototype
for different values of Rcen/Lmodel.
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Figure C.1: The variation of the gravity in the sample with Rcen/Lmodel.

The centrifuge length Rcen in the small TU Deft centrifuge is 1.22 m, as described in Chapter
4. For a model length of 0.148 m, the ratio Rcen/Lmodel is around 8. Figure C.1 shows that
the variation in acceleration consequently is less than 7%.
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Appendix D

Laboratory safety precautions

Safety precautions during centrifuge testing were considered essential to perform experi-
mental research in the TU Delft laboratory. The test procedures and safety precautions are
therefore briefly described.

The test procedure consisted of preparation of equipment, sample preparation and test ex-
ecution. Before each step considerations were made about the safety of the procedure and
possible precautions. Possible casus of risk were identified for each step and the personnel
involved were informed before any activities commenced. The TU Delft safety procedures
were followed before the testing started. These consisted of consultation with the responsible
persons of the laboratory through the TU Delft safety form.

The equipment preparation involved installation of electromechanical equipment in the cen-
trifuge and operation of the centrifuge itself. Many pieces of mechanical and electrical
equipment were installed in the centrifuge or other facilities. The possible risks were injuries
resulting from sharp edges and heavy tools and electrical shocks from cables and circuits in
the centrifuge data acquisition system. The latter risk was estimated to be more important
since the tools and equipment were of relatively low weight. The power supply to the cen-
trifuge motor was connected with a secure cable and presented only a minor risk. Before
any electrical equipment such as cables or amplifiers on the data acquisition system was
adjusted the power supply to the centrifuge was switched off and care was taken not to plug
in the cable before any modification was completed.

The sample preparation consisted of a series of procedures to fill the sample container with
soil of specified relative density. This step was assessed not to present mush risks since the
sample container weight was low, around 12 kg. A Haver and Broeker EML vibration was
used for the preparation of the dense soil sample but the vibration was prepared at low
amplitude and the sample container was secured.

Execution of the centrifuge test presented the highest risks of the test procedures. The
centrifuge was always run by at least two persons to control the safety of the test. The test
was started after the soil sample was placed in the centrifuge swing. The counterweight in
the other centrifuge swing was controlled to make sure that the centrifuge was in balance.
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All cable and mechanical connection of the centrifuge swing were controlled before the test
started. The area around the centrifuge was controlled to make sure that no equipment was
in the vicinity of the centrifuge. The centrifuge was started by a small start controller which
was activated with a key. After the centrifuge started rotating a low angular velocity the
centrifuge pit was surveyed again and the centrifuge room was evacuated. The door was
locked and controlled. A rotating light was activated outside the centrifuge room when the
motor was started. This light was controlled before the test started. The centrifuge velocity
was then increased to the target angular velocity and the centrifuge test was started. During
the test the control software Cutecom was observed to control the stability of the centrifuge.
During long tests the temperature in the centrifuge room was also control to reduce the
risk of overheating an possible influence on measurements. After the test the centrifuge was
slowed down to the minimum velocity of the motor. The centrifuge room was then entered
and the electric motor was manually turned off.
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Appendix E

Preparation of the dense soil sam-
ple

The loose and medium dense soil samples were prepared by air pluviation of the soil, fol-
lowing standard procedures, e.g. [85], [88], [136]. The air pluviation method was tried out
for the dense sample preparation but it was found to be relatively cumbersome to prepare
a homogenous soil sample because of the boundary effects. This boundary effect caused
a development of heterogeneous soil around the edges of the sample container. When the
soil was released into the small soil container with some movement along the boundaries
it was bouncing further into the sample strongbox and creating small formation of soil
which resembled small sand dunes at the edges of the sample container. It was estimated
that this preparation method would result in variation of relative density in the soil sample
and between sample preparations since it was quite complicated to carry out the pluviation
in a consistent way, and an alternative sample preparation method was therefore considered.

In the alternative preparation method the air pluviation of the soil from a lower height was
combined with vibration of the soil to homogenize the soil sample. The dense soil sample
was prepared by air pluviation as specified for the medium dense soil sample, followed by
vibration of the soil sample in a Haver and Boecker HAVER EML digital plus sieving ma-
chine. The strongbox containing the sample was strapped to the vibrating pad in the sieving
machine with the two plastic screws at the top of the machine, shown in Figure E.1. It was
then vibrated at constant mode with 0.2 mm amplitude for five minutes. It was subsequently
released form the machine and the soil surface was slightly adjusted to remove small peaks
of soil. The sample was moved by hand to the centrifuge room and the height of the soil
sample was measured at six locations and averaged for the calculation of the initial void
ratio of the sample. The sample was then installed in the swing before flight.

This preparation method which was a combination of air pluviation and vibration was as-
sumed to result in relatively homogenous soil samples. Possible disturbances during the
vibration phase may come from non-homogenous soil vibration and soil flow. To assess the
influence of these factors particle image Velocimetry (PIV) measurements were carried out
on the soil sample during preparation in the vibrating machine. A camera with a specified
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Figure E.1: Set-up of dense soil sample prepared with vibration.

lens was placed in front of the vibrating machine. The sample container was illuminated
with a lamp and an image sequence of the vibration movement was captured by the cam-
era. The image sequence was processed with program imageJ in which a band pass filter
with 2 pixel size objects were filtered to reduce the locking effect during the PIV analysis,
[209]. The images were processed in the JPIV with a 64 x 64 pixel interrogation window,
32 x 32 pixel search window and 18 x 18 array spacing (resulting in some PIV overlap), [229].

Several different time-steps between the images were made to find a relatively suitable in-
terval for analysis with moderate velocity of the soil. The JPIV array images were further
processed with a filter to reduce array disturbances, [239]. The arrays from the PIV analysis
on the surface of the image are shown in Figure E.2.

Figure E.2 shows that the soil is not homogenously vibrated in the soil sample container.
The vibration motion of the sieving machine results in a flow of the soil from the top of the
sample into the bottom of the sample. The other side of the sample container as not ob-
served so conclusions about the complete behaviour of the soil in the sample container may
not be made. If the soil flows for a certain amount of time in the vibration machine all the
soil in the sample should have passed through a flow cycle and should have at a reduction in
relative density. This conclusion was made considering measurements of the sample volume
after vibration. In these measurements it was concluded that soil compaction representing
a relative density of around 80 percent is reached relatively soon after vibration is started.
The extra vibration time was added to increase the reliability of the preparation method
and to rigorously prepare the soil sample.

The sample preparation method for the dense soil sample may therefore result in some
variation in soil properties but it is here assumed that these variations are relatively small
and are concentrated to the lower part of the sample. The alternative preparation method
would presumably result in large variation of relative density and also some variation in
between different soil samples prepared with the same method.
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Figure E.2: PIV analysis of soil displacements during sample preparation.
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Appendix F

Properties of the experiment soil

Here some further information is given about the soil sample based on highly magnified im-
ages of the soil grains. Figure F.1 shows the soil magnified at 50x. The soil consists mainly
of quartz and feldspar grains.

Figure F.3 shows an increased magnification of the grains in which the shape of the grains
may be observed. Most grains are relatively rounded, but some quartz grains have higher
angularity. The illumination of the soil grains, which may reflect light on the grains, seems to
show that several of the grains are almost transparent. The grain sizes are relatively uniform.

In Figure F.3 the surface roughness of the soil grains may be observed at 100x magnification,
with a very smooth feldspar grain and quartz grains which have a higher roughness. The
quartz grains in Figure F.3 display some variation in surface roughness and analysis of a
small amount of grains may lead to conclusions that are not representations of the whole
soil mass. Some of the grains with higher roughness are also relatively angular which may
be a result of the depositional history of the soil.

In Figure F.4 the 200x magnification of feldspar and quartz grains is shown. The feldspar
grain has a very smooth surface and the discontinuities of the mineral structure with in the
grain may be seen. The quartz grains are relatively homogenous with the exception of the
rough and angular grain.

199



Figure F.1: Magnified image of the soil grains (50x).

Figure F.2: Magnified image of the soil grains (100x).
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Figure F.3: Magnified image of the soil grains (200x).

Figure F.4: Magnified image of the soil grains.
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Appendix G

Calculation of strain from displace-
ment increments

The strain components εxx, εyy, εyx and εvv are calculated from the displacement in-
cremenets. In this appendix a more detailed description of the calculation procedure is
given.

G.1 Displacement increments from JPIV

The displacement increments are retrieved from the deformation images by the program
JPIV, [229]. Figure G.1 shows an image for deformation analysis. The displacement incre-
ments are shown in Figure G.2.

The displacement increments are retrieved with a four-step PIV cross-calculation schedule,
shown in Table G.1, [229].

G.2 Calculation of displacement paths in JPATH

The displacement paths were calculated with the program JPATH which was implemented
in MATLAB, [161]. The program contained a subroutine that interpolated the displacement
increments with the 2D MATLAB subroutine interp2, [161]. The displacement paths were
subsequently created by creating array containing the displacement increments connected
at the end points of each increments. The displacement paths contained all the connecting
displacement increments, and are shown in Figure G.3.
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Figure G.1: Image for deformation analysis.

Component Step 1 Step 2 Step 3 Step 4
Interrogation
window
width

125 64 64 32

Interrogation
window
height

125 64 64 32

Search do-
main width

64 64 18 18

Search do-
main height

64 64 18 18

Horizontal
array spac-
ing

125 64 32 32

Vertical ar-
ray spacing

125 64 32 32

Table G.1: Description of cross-correlation interrogation of deformation image.
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Figure G.2: Displacement increments from JPIV

G.3 Calculation of strain components with the program
JSTRAIN

The strain components of the displacement path were calculated with the program JS-
TRAIN, implemented in MATLAB, [161]. A constant strain triangle grid was connected
with the original positions of the displacements paths, shown in Figure G.4. The positions
were stored in an array, and the strain of the elements in the grid were calculated for the
same initial triangles. Alternative formulations for the strain calculation are discussed in
the following Appendix.

The strain components were calculated by polar decomposition of the strain into the rotation
and stretch tensors, [58]. The engineering shear strain was calculated by adding the shear
strain components (γyx = εxy + εyx). The horizontal strain for initial installation in loose
soil sample is shown in Figure G.5, including the deformed mesh after the initial penetration
and deformation of the soil sample, showing some deformed elements of the initial triangular
mesh from Figure G.4.

205



−2.2 −2 −1.8 −1.6 −1.4 −1.2 −1 −0.8 −0.6

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

D

D

Figure G.3: Displacement paths calculated from the displacement increments in the program
JPATH.
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Figure G.4: Constant strain triangles from initial positions of the displacement paths.
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Figure G.5: Strain component εxx and deformed mesh after initial installation in the loose
soil sample.
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Appendix H

Calculation of strain components
by cross-triangular formulation

H.1 Oscillations in the constant strain triangle

The calculation of strain by the constant strain triangle resulted in relatively large oscilla-
tions of the strain levels. The reason is believed to be measurement disturbances, which
distort the constant strain triangles, thereby resulting in erroneous strain levels from the
noise in the data.

An alternative solution was to use a combination of constant strain triangles in in cross-
triangular formulation to reduce the noise in the measurements. This idea resulted from
discussion with Ivo Herle, and his advice is greatly appreciated.

H.2 Cross-triangular formulation A

Cross-triangular formulation A was constructed from an arbitrary node i, j from the JPIV
mesh. This node is surrounded by corner nodes, as shown in Figure H.1.

In formulation A, these nodes form triangles extending from the node i, j, as shown in Figure
H.2.

During calculation of the strain components, the strain components εi,j are calculated for
all triangles, and the mean value is assumed to represent the strain level at node i, j.

H.3 Cross-triangular formulation B

In the cross-triangular formulation B, larger triangles with corners at nodes i + 1, j + 1,
i+ 1, j − 1, i− 1, j − 1 and i− 1, j + 1 are formed.
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Figure H.1: Nodes around i, j forming the cross-triangular formulation.

i, j
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i− 1, j + 1

Figure H.2: Nodes around i, j forming the cross-triangular formulation A.

i, j

Figure H.3: Nodes around i, j forming the cross-triangular formulation B.
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Figure H.4: The strain component εxx calculated with the constant strain triangle.

Similar to method A, the strain components εi,j are calculated for all triangles, and the
mean value is assumed to represent the strain level at node i, j.

H.4 Strain calculation with constant strain triangle, method
A and B

The strain component εxx was calculated for the medium dense soil sample for some initial
installation. The measurements was processed by the method discussed in the previous Ap-
pendix.

The strain component εxx was then calculated with the constant strain triangle, and cross-
triangular formulation A and B presented in the current Appendix.

Figure H.4 shows εxx calculated with the constant strain triangle, Figure H.5 shows εxx cal-
culated with the cross-triangular formulation A, and Figure H.6 shows εxx calculated with
the cross-triangular formulation B.

The measurements were thought to show that the cross-triangular formulation B gives more
stability in the measurements, while still not filtering out all the information. The strain
measurements are consequently calculated by the cross-triangular formulation B here.
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Figure H.5: The strain component εxx calculated with the cross-triangular formulation A.
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Figure H.6: The strain component εxx calculated with the cross-triangular formulation B.

212



Appendix I

Reduction of temperature distur-
bances in the model pile

A temperature regulation system was devised to reduce the heating effect on the strain
gauge bridges. In this appendix the configuration of this system is described in detail and
measurements of heat reduction are shown.

I.1 Configuration of heat reduction circuit

The layout of the heat reduction circuit and its connection to the measurement devices is
shown in Figure I.1. The temperature reduction system is place between the strain gauge
bridges and the data acquisition system. The data acquisition system provides the strain
gauges with an excitation voltage, Vex, which consists of 6 V Direct Current to each sensor
in the measurement system.

The temperature reduction system consists of a National Semiconductor LM555 and a Diodes
Inc ZXMP6A17G electronic switch. The timer is manually adjusted to provide a specified
time interval in which the 6V excitation voltage is active. The switch is subsequently
switched on and off in periods to supply the strain gauge system with an alternate current
supply.

The layout of the National Semiconductor LM555 timer connected to the switch is shown
in Figure I.2. The time period has been specified to 1.3 s.

I.2 Strain gauge bridge measurements with tempera-
ture control

Figure I.3 - I.6 shows the reduction in strain gauge output voltage with the temperature
reduction system. There are also disturbances when the heat is increasing, which creates a
discontinuous deformation of the membrane.
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Figure I.2: Circuit showing the A-stable multivibrator in the strain gauge system.
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Figure I.3: Horizontal sensor 1
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Figure I.4: Horizontal sensor 2
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Figure I.5: Horizontal sensor 3
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Figure I.6: Horizontal sensor 4
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Figure I.7: Connection of alternate voltage supply system to the instrumented model pile

I.3 Connection to the instrumented model pile

The electric circuit was installed inside a small electric cable which was attached to the
instrumented model pile, and is shown in Figure I.7, and which was attached to the data
acquisition system. The system could therefore conveniently be added to the model.

219



220



Appendix J

Calibration of the model pile in
the pressure vessel

J.1 Measurements in the calibration vessel

The measurements conducted in the calibration vessel are shown here in detail. For all the
sensors, a series of four calibration measurements were carried out. Figure J.1 shows the
calibration set-up and pressure distribution during the calibration. The stress distribution
consisted of isotropic pressure, which was provided by the water pressure in the calibration
vessel. Figure J.1a shows a load cycle in the calibration vessel for Sensor 1.

Figure J.2 - J.5 shows the calibration measurements for the horizontal stress sensors 1-4.
The calibration series consisted of four different measurements. In between these measure-
ments the pile was released fromt eh calibration vessel, and the seal between the vessel and
the pile was inspected to assure that the vessel was sealed.

Figure J.6 shows the calibration of the axial stress sensors in the calibration vessel. There
are relatively large variations of measurements, which may be explained by the very small
level of the measurements compared to the full range of the sensors, whcih was much larger.
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Figure J.1: Calibration of the model pile in the horizontal calibration system.
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Figure J.2: Calibration of the horizontal normal stress sensor 1.
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Figure J.3: Calibration of the horizontal normal stress sensor 2.

223



0 50 100 150 200 250

0

100

200

Calibration pressure (kPa)

C
al

ib
ra

ti
on

m
ea

su
re

m
en

ts
se

n
so

r
(m

V
)

Calibration 1
Calibration 2
Calibration 3
Calibration 4

Figure J.4: Calibration of the horizontal normal stress sensor 3.
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Figure J.5: Calibration of the horizontal normal stress sensor 4.
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Figure J.6: Calibration of the axial stress sensor in the calibration vessel.

J.2 Calibration coefficients for isotropic stress

The calibration measurements were calculated as a y = kx calibration factor k with MAT-
LAB. The calibration coefficients were calculated from each test, and the average calibration
coefficients were out into the data interpreptation program.

Table J.1 shows the calibration coefficients from loading of the vessel. Figure J.2 shows
the calibration coefficients for calibration vessel stress decrease. The sensor calibration
factors are relatively similar for the horizontal stress sensors. The axial stress sensors shows
more variation.

Sensor nr Cal. 1 Cal. 2 Cal. 3 Cal. 4 Average
cal.

sensor 1 1.515 1.581 1.627 1.570 1.573
sensor 2 1.155 1.145 1.186 1.179 1.166
sensor 3 0.9403 0.9474 0.9403 0.9430 0.9427
sensor 4 1.4334 1.444 1.438 1.425 1.435
axial 14.18 21.00 21.34 17.21 18.43

Table J.1: Calibration coefficients from the calibration vessel stress calibration for incremen-
tal stress increase.
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Sensor nr Cal. 1 Cal. 2 Cal. 3 Cal. 4 Average
cal.

sensor 1 1.594 1.588 1.603 1.604 1.597
sensor 2 1.180 1.227 1.186 1.180 1.193
sensor 3 0.9294 0.9440 0.9412 0.9548 0.9423
sensor 4 1.425 1.458 1.447 1.440 1.442
axial 26.99 21.95 22.96 23.44 23.83

Table J.2: Calibration coefficients from the calibration vessel stress calibration for incremen-
tal stress decrease.
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Appendix K

Correlation factor ca for the axial
correlation coefficient

K.1 Effect of shaft friction and the pile diameter on the
axial measurements

The axial stress sensor consists of two strain gauges mounted on opposite interior walls inside
the model pile. Here some factors that govern the axial stress measurements are discussed.

The aim of the axial stress sensor is to measure the pile base stress σb. Since the axial
stress sensor is mounted around 10 mm from the pile base, the extra area distanced by the
boundary soil will also influence effective area, and some shaft friction will also be measured
as the load registered in the axial stress sensor, Ptot/d

2. This configuration results in extra
load from the shaft friction during loading. This is illustrated in Figure K.1, which shows
the axial measurements during tension.

The first part of the correlation ca, ca,1, results from the increase in area of the pile when
the load is mobilized resulting from the grain size. The extra length mobilized is assumed
to be DPile + 2d50. The correction factor ca,1 is then:

ca,1 =
(DPile)

2

(DPile + 2d50)
2 = 0.902 (K.1.1)

The measurement of Ptot/D
2 is consequently first multiplied with the correction factor ca,1,

to get Ptot,corr,1/D
2.

The other axial correction factor ca,2 results from the shear load of the pile, since the sensor
measured the axial stress including the shaft friction.
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Ptot,corr,1/D
2 = 1/D2

σbAb + CPile

zsensor∫
zbase

τs(z)dz

 (K.1.2)

where σb is the base stress, Ab is the base area, CPile is the circumference of the pile, zsensor
is the location of the sensor, and zbase is the location of the base, and τs(z) is the magnitude
of the shaft friction τs at the location z along the pile.

If the z-axis is defined to start at the pile base, the location of the sensor i zsensor, and
∆z = zsensor − zbase = 10 mm.

According to some of the empirical axial pile design methods, e.g. [121], [138], [150], the
shaft friction is distributed in an exponential curve, with a maximum value around the pile
base of around 3% to 8% of the cone resistance qc.

In the following reasoning, the value of 4% of cone resistance is estimated to be relatively
accurate for the shaft friction. The correlated measurement Ptot,corr,1/D

2 is then simplified
to:

Ptot,corr,1/D
2 = 1/D2

(
σbD

2 + 4D20.04σb
)

(K.1.3)

And

σb = Ptot,corr,1/D
21/1.16 (K.1.4)

which results in the correction factor ca,2 = 1/1.16 = 0.862. The total correction factor ca
is then:

Ptot,corr,1ca,2 = Ptotca,1ca,2 = Ptotca (K.1.5)

The total correction factor is then 0.78.

The calculation of the correction factor ca depends on the assumption of the average shaft
friction over the initial part of the pile, which is complicated to estimate, and is consequently
not very exact.
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Appendix L

Calibration of model pile in the
lever system

L.1 Measurements in the axial lever system

The instrumented model pile was also calibrated in the axial lever system. The principles of
the system are shown in Figure L.1. The counterweight was provided by 0.5 kg steel weights
which were mounted on the lever by hand.

Figure L.1a shows a load cycle in the axial calibration system for sensor 1. Measurements
of both axial and horizontal stress sensors were carried out with the axial calibration system.
Figure L.2 L.5 shows the measurements of the horizontal stress sensor system loaded within
the axial compression lever system. There is wide variation in measurements between the
sensors.

Figure L.6 shows the axial stress sensors, and shows a relatively straight calibration curve.
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Figure L.1: Calibration of the axial stress sensor including calibration cycle.
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Figure L.2: Sensor 1.
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Figure L.3: Sensor 2.
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Figure L.4: Sensor 3.
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Figure L.5: Sensor 4.
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Figure L.6: Calibration of the axial stress sensor in the axial calibration system.
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L.2 Calibration coefficients from the axial compression
lever system

Table L.1 and L.2 show the calibration coefficients calculated from the calibration measure-
ments. There is relatively small deviation from the averaged coefficients from the calibration.

Sensor nr Cal. 1 Cal. 2 Cal. 3 Cal. 4 Average
Cal.

sensor 1 7.197 6.710 6.645 6.544 6.774
sensor 2 13.62 13.92 13.50 13.19 13.56
sensor 3 0.108 0.3052 0.5727 0.5883 0.3935
sensor 4 1.400 1.031 1.439 1.608 1.370
axial 0.01872 0.01839 0.01847 0.01830 0.01847

Table L.1: Calibration coefficients from the axial stress calibration for incremental stress
increase.

Sensor nr Cal. 1 Cal. 2 Cal. 3 Cal. 4 Average
Cal.

sensor 1 7.924 7.320 6.998 6.814 7.264
sensor 2 13.49 13.04 12.06 11.86 12.61
sensor 3 -0.7106 0.3861 0.6843 0.8284 0.2970
sensor 4 0.9709 1.514 2.049 2.213 1.687
axial 0.01874 0.01844 0.01861 0.01841 0.01854

Table L.2: Calibration coefficients from the axial stress calibration for incremental stress
decrease.
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Appendix M

Measurements of horizontal stress
during incremental installation

The locations of the sensors are shown in Figure M.1, which shows the model pile with the
sensors and the instrumentation levels. The measurements show mean value in solid line,
and outer limits in dotted lines.

The horizontal stress measurements during incremental installation (including load reversal
during installation) are presented in this appendix for the soil samples.

Figure N.1a and the N.1b show the measurements in initial loose soil samples for incremental
installation method.

Figure N.2a, Figure N.2b and Figure N.2c show the measurements in the medium dense
sample.

Figure N.3a and Figure N.3b show the measurements in the dense sample.
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Figure M.1: Instrumentation level 1 and 2 on the instrumented model pile.
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(a) Measurements of total horizontal stress
σ′
tot,h in loose sample 1 during incremental in-
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(b) Measurements of total horizontal stress
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tot,h in loose sample 2 during incremental in-

stallation.

Figure M.2: Measurements of total horizontal stress σ′tot,h in loose sample during incremental
installation.
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(a) Measurements of total horizontal stress
σ′
tot,h in medium dense sample 1 during in-

cremental installation.
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(b) Measurements of total horizontal stress
σ′
tot,h in medium dense sample 2 during in-

cremental installation.
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(c) Measurements of total horizontal stress
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tot,h in medium dense sample 3 during in-

cremental installation.

Figure M.3: Measurements of total horizontal stress σ′tot,h in medium dense sample during
incremental installation.
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(a) Measurements of total horizontal stress
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tot,h in dense sample 1 during incremental

installation.
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Figure M.4: Measurements of total horizontal stress σ′tot,h in dense sample during incremen-
tal installation.
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Appendix N

Measurements of horizontal stress
during incremental installation

The horizontal stress measurements during incremental installation (including load reversal
during installation) are presented in this appendix for the soil samples.

Figure N.1a and the N.1b show the measurements in initial loose soil samples for incremental
installation method.

Figure N.2a, Figure N.2b and Figure N.2c show the measurements in the medium dense
sample.

Figure N.3a and Figure N.3b show the measurements in the dense sample.
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(a) Measurements of total horizontal stress
σ′
tot,h in loose sample 1 during incremental in-

stallation.

0 20 40 60 80

0

20

40

60

80

horizontal stress (kPa)

d
ep

th
of

th
e

in
st

al
la

ti
on

(m
m

) Level 1
Level 2

(b) Measurements of total horizontal stress
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Figure N.1: Measurements of total horizontal stress σ′tot,h in loose sample during incremental
installation.
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(a) Measurements of total horizontal stress
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tot,h in medium dense sample 1 during in-

cremental installation.
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(b) Measurements of total horizontal stress
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tot,h in medium dense sample 2 during in-

cremental installation.
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(c) Measurements of total horizontal stress
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tot,h in medium dense sample 3 during in-

cremental installation.

Figure N.2: Measurements of total horizontal stress σ′tot,h in medium dense sample during
incremental installation.
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(a) Measurements of total horizontal stress
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tot,h in dense sample 1 during incremental

installation.
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Figure N.3: Measurements of total horizontal stress σ′tot,h in dense sample during incremental
installation.
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Appendix O

Measurements of horizontal stress
during extraction pile extraction

The horizontal stress was measured during pull tests after the installation.

Figure O.1a, Figure O.1b, and Figure O.1c show horizontal stress measurements after con-
tinouous installation in the loose soil sample.

Figure O.2a and O.2b show the horizontal stress measurements during pull tests after incre-
mental installation in loose soil sample.

Figure O.3a, O.3b and O.3c show the horizontal stress measurements during pull tests after
continuous installation in medium dense soil.

Figure O.4a and Figure O.4b show the horizontal stress measurements during pull tests after
incremental installation in medium dense soil.

Figure O.5a and Figure O.5b show the horizontal stress measurements during pull tests after
incremental installation in dense soil.

Figure O.6a and Figure O.6b show the horizontal stress measurements during pull tests after
incremental installation in dense soil.
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(a) Measurements of total horizontal stress
σ′
tot,h in loose sample 1 during pull tests

after continuous installation.
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(b) Measurements of total horizontal stress
σ′
tot,h in loose sample 2 during pull tests

after continuous installation.
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(c) Measurements of total horizontal stress
σ′
tot,h in loose sample 3 during pull tests

after continuous installation.

Figure O.1: Measurements of total horizontal stress σ′tot,h in loose sample during pull tests
after continuous installation.
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(a) Measurements of total horizontal stress
σ′
tot,h in loose sample 1 during pull tests

after cyclic installation.
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(b) Measurements of total horizontal stress
σ′
tot,h in loose sample 2 during pull tests

after cyclic installation.

Figure O.2: Measurements of total horizontal stress σ′tot,h in loose sample during pull tests
after incremental installation.
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(a) Measurements of total horizontal stress
σ′
tot,h in medium sample 1 during pull tests

after continuous installation.
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(b) Measurements of total horizontal stress
σ′
tot,h in medium sample 2 during pull tests

after continuous installation.
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(c) Measurements of total horizontal stress
σ′
tot,h in medium sample 3 during pull tests

after continuous installation.

Figure O.3: Measurements of total horizontal stress σ′tot,h in medium dense sample during
pull tests after continuous installation.
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(a) Measurements of total horizontal stress
σ′
tot,h in medium sample 2 during pull tests

after cyclic installation.
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(b) Measurements of total horizontal stress
σ′
tot,h in medium sample 3 during pull tests

after cyclic installation.

Figure O.4: Measurements of total horizontal stress σ′tot,h in medium dense sample during
pull tests after cyclic installation.
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(a) Measurements of total horizontal stress
σ′
tot,h in dense sample 1 during pull tests

after continuous installation.
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(b) Measurements of total horizontal stress
σ′
tot,h in dense sample 2 during pull tests

after continuous installation.

Figure O.5: Measurements of total horizontal stress σ′tot,h in dense sample during pull tests
after continuous installation.
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(a) Measurements of total horizontal stress
σ′
tot,h in dense sample 1 during pull tests

after incremental installation.

0 20 40 60

0

20

40

60

80

horizontal stress (kPa)

d
ep

th
of

th
e

in
st

al
la

ti
on

(m
m

)

Level 1
Level 2

(b) Measurements of total horizontal stress
σ′
tot,h in dense sample 2 during pull tests

after incremental installation.

Figure O.6: Measurements of total horizontal stress σ′tot,h in dense sample during pull tests
after incremental installation.
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Appendix P

Measurement of pile head load
during static pile load test

Static load tests were carried out after the installation. The pile head load was measured
with the load cell mounted on the pile, Figure P.1. The modelpile was first unloaded (ex-
cluding self-weight and a small extra weight for stability in the actuator control system). A
continuous quasi-static pile load test with an installation rate of 0.01 mm/s was then carried
out to 0.2DPile (= 2 mm).

Model pile

Load cell

Figure P.1: Measurements of pile head load with load cell.

The measurements of pile head head for the pile load test after continuous and incremental
installation are shown in Figure P.2, Figure P.3, and Figure P.4 for loose, medium dense,
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(a) Pile head load measurements during static
pile load test in loose soil sample and continuous
installation.
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(b) Pile head load measurements during static
pile load test in loose soil sample and incremen-
tal installation.

Figure P.2: Pile head load measurements in loose soil sample for static pile load test.

and dense soil sample, respectively.
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(a) Pile head load measurements during static
pile load test in medium dense soil for continu-
ous installation.
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(b) Pile head load measurements during static
pile load test in medium dense soil for incremen-
tal installation.

Figure P.3: Pile head load measurements in medium dense soil sample for static pile load
test.
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(a) Pile head load measurements during static
pile load test in dense soil sample for continuous
installation.
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(b) Pile head load measurements during static
pile load test in dense soil sample for incremen-
tal installation.

Figure P.4: Pile head load measurements in dense soil sample for static pile load test.
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Appendix Q

Correlation for shear modulus

Q.1 Dilational stress ∆σ′h

The shear modulus should be estimated for the calculation of stress increase from dilation
at the soil-pile interface:

∆σ′h =
4G

Dpile
∆h (Q.1.1)

where ∆σ′h is the stress increase from dilation, G is the shear modulus, DPile is the pile
diameter, and ∆h is the volumetric increase from dilation during shear. ∆h is assumed to be
0.005 mm, which is lower than the values in design, since the pile surface is much smoother,
and the scaled size of the grains are larger, thereby creating less interlocking between the
grains and the surface, [124], [150].

G is here estimated with three different methods, based on the cone penetration test, [12],
a Duncan-Chang hyperbolic method, [75], and the Janbu modulus, [117]. The value of peak
shear modulus is then adjusted, since the soil is disturbed around the pile, [151].

Q.2 Shear modulus from cone penetration test

The cone penetration correlation is formulated as:

G = qc[A+Bη − Cη2]−1 (Q.2.1)

where

η = qc/
√

(Paσ
′
v) (Q.2.2)

where qc is the cone resistance, Pa is the atmospheric pressure, σvtextquoteright is the ef-
fective vertical stress, and A,B,C are correlation coefficient. Here A = 0.0203, B = 0.00125
and C = 1.216x10−3, [12], [125].
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Q.3 Shear modulus from Duncan-Chang hyperbolic cor-
relation

The Young’s modulus E(z) is calculated from:

E(z) = E500kPa

(
zγ′

E500kPa

)n
(Q.3.1)

where z is the scaled depth of the model, γ′ is the weight of the sand, n is a constant, and
E500kPa is the tangent stiffness of the soil att 500 kPa, [75].

In the calculations n = 0.5 for sand, [75], and E500kPa = 1500 kPa from triaxial test in the
same sand, [2].

The shear modulus G is then calculated with the Poisson’s ratio v:

G =
E(z)

2(1 + v)
(Q.3.2)

Q.4 Shear modulus from Janbu stiffness modulus

The constrained modulus Md(z) is formulated as, [117]:

Md(z) = kmPa(p′/Pa)0.5 (Q.4.1)

where km is the Janbu modulus, Pa is the atmospheric pressure, and p′ is the mean stress
level.

The shear modulus G is then calculated with the Poisson’s ratio v:

G(z) = Md(z)
1− 2v

2(1− v)
(Q.4.2)

The Janbu stiffness modulus which has been fitted to the experimental measurements is
relatively low, [117]. This could result from the change in stiffness because of the cyclic
loading. Since the Janbu formulation is derived from experimental triaxial testing, the
stress and strain paths are probably different from those in the soil during displacement pile
installation. The other correlations ([12], [75]) also depends on the experimental basis of the
formulation.

Q.5 Change in shear modulus

Experimental measurements on tension piles in the centrifuge with known interface friction
show that the shear modulus is significantly lower than the Gmax, [147]. The correlation
discussed in the current Appendix predict the maximum or small strain stiffness Gmax, [12],
[75], [117], which should be modified for correct description.
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Appendix R

Strain measurements

The strain components εxx, εyy, γyx and εv were calculated according to the cross-triangular
strain triangle method presented in Appendix H from the displacement paths. The strain
was calculated for the loose, medium dense, and dense soil samples at three different depths
A, B and C.

The sample area within 0.5D was very distorted, and consequently resulted in very noise
and also oscillating strain measurements. In the following presentation of strain, a black
mask with 0.5D length has been extended from the plot of the model pile in the Figures.

The strain components are here defined in the mechanical system in which tensile strain is
positive, and compressive strain is negative.

Figure R.1, Figure R.2 and Figure R.3 show the horizontal εxx at three different depths A,
B and C.

Figure R.4, Figure R.5 and Figure R.6 show the vertical strain εxx at three different depths
A, B and C.

Figure R.7, Figure R.8 and Figure R.9 show the shear strain γxx at three different depths
A, B and C.

Figure R.10, Figure R.11 and Figure R.12 show the volumetric strain εv at three different
depths A, B and C.
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(a) εxx in the loose soil sample.
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(b) εxx in the medium dense soil sample.
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(c) εxx in the dense soil sample.

Figure R.1: The horizontal strain εxx at installation position A.
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(a) εxx in the loose soil sample.
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(b) εxx in the medium dense soil sample.
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(c) εxx in the dense soil sample.

Figure R.2: The horizontal strain εxx at installation position B.
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(a) εxx in the loose soil sample.
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(b) εxx in the medium dense soil sample.
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(c) εxx in the dense soil sample.

Figure R.3: The horizontal strain εxx at installation position C.
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(a) εyy in the loose soil sample.
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(b) εyy in the medium dense soil sample.
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(c) εyy in the dense soil sample.

Figure R.4: The vertical strain εyy at installation position A.
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(a) εyy in the loose soil sample.
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(b) εyy in the medium dense soil sample.
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(c) εyy in the dense soil sample.

Figure R.5: The vertical strain εyy at installation position B.
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(a) εyy in the loose soil sample.
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(b) εyy in the medium dense soil sample.
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(c) εyy in the dense soil sample.

Figure R.6: The vertical strain εyy at installation position C.
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(a) γyx in the loose soil sample.
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(b) γyx in the medium dense soil sample.
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(c) γyx in the dense soil sample.

Figure R.7: The shear strain γyx at installation position A.
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(a) γyx in the loose soil sample.
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(b) γyx in the medium dense soil sample.
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(c) γyx in the dense soil sample.

Figure R.8: The shear strain γyx at installation position B.
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(a) γyx in the loose soil sample.
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(b) γyx in the medium dense soil sample.
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(c) γyx in the dense soil sample.

Figure R.9: The shear strain γyx at installation position C.
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(a) εv in the loose soil sample.
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(b) εv in the medium dense soil sample.
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(c) εv in the dense soil sample.

Figure R.10: The volumetric strain εv at installation position A.
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(a) εv in the loose soil sample.
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(b) εv in the medium dense soil sample.
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(c) εv in the dense soil sample.

Figure R.11: The volumetric strain εv at installation position B.
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(a) εv in the loose soil sample.
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(b) εv in the medium dense soil sample.
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(c) εv in the dense soil sample.

Figure R.12: The volumetric strain εv at installation position C.
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Appendix S

Strain calculation method A and
B

The stress-strain paths were calculated both with the cross-triangular method A and B.
Here a comparison of these is made for the loose soil sample.

Figures S.1, S.2, S.3 and S.4 show the strain calculation methods A and B for strain com-
ponents εxx, εyy, γyx and εvv for the loose soil sample.
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Figure S.1: Method A and B for the εxx strain component.
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Figure S.2: Method A and B for the εyy strain component.
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Figure S.3: Method A and B for the γyx strain component.
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Figure S.4: Method A and B for the εvv strain component.
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Appendix T

Strain change during installation

In this appendix the change in strain ∆εij with installation stress is plotted for all strain
component εxx, εyy, γyx and εvv.

Figures T.1, T.2, T.3 and T.4 shows these plots for the strain components εxx, εyy, γyx and
εvv for the loose, medium dense, and dense soil sample. The strain direction is the same as
the stress direction, and compression is consequently shown as a positive volumetric strain.
The total value of the shear strain was calculated in the measurements.

The strain change shown in Figures T.1, T.2, T.3 and T.4 is related to installation stage 2, in
which the soil is sheared against the pile, [241]. This phenomena has previously been studied
in continuously installed models in the calibration chamber (in which the installation cycles
and stress gradient were not included), [243], and in shear box tests (in which installation
phase 1 was not included), e.g. [65]. The measurements display some noise, but suggests
the soil behaviour during the shearing stage of installation.

Figure T.1 suggest a relatively large volumetric expansion close the model pile in the denser
soil samples. The loose soil sample in Figure T.1 does not display the same type of be-
haviour. The current approach to analysis of pile installation in empirical design methods
does not explicitly account for the difference in behaviour because of of the initial relative
density, [241]. Instead the total response as guided from the Cone resistance is governing
the behaviour, e.g. [40], [50], [64]. Figure T.1 shows that the shearing mechanism is also
dependent on the initial relative density, and consequently the friction fatigue mechanism.
It would therefore be interesting to analyse this effect within the current general framework,
[241].
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(b) The medium dense sample.
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(c) The dense soil sample.

Figure T.1: The εxx strain component.
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(a) The loose soil sample.
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(b) The medium dense sample.
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(c) The dense soil sample.

Figure T.2: The εyy strain component.
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(a) The loose soil sample.
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(b) The medium dense sample.
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(c) The dense soil sample.

Figure T.3: The γyx strain component.
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(a) The loose soil sample.

0 5 10 15 20 25 30 35 40 45 50 55 60

−2

0

2

·10−2

σh,tot(t) (kPa)

∆
ε v

v
(t

)
(-

)

(b) The medium dense sample.
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(c) The dense soil sample.

Figure T.4: The εvv strain component.
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