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The interpretation of the rapid load test
 to an equivalent static capacity 

requires evaluating the load rate effect 
and the excess pore pressure effect 

since these two effects make 
the pile resistance 

of the rapid load test 
significantly higher than that 

of the static load test. 

This thesis presents 
the experimental and numerical modelling 

of static and rapid pile load tests 
in granular soils 
in order to assess 

the rate effect and 
the excess pore pressure effect 

on the interpretation of 
a rapid pile load test.
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SUMMARY

People have used pile foundations throughout history to support structures by trans-
ferring loads to deeper and stronger soil layers. One of the most important questions
during the design of the pile foundation is the bearing capacity of the pile. The most re-
liable method for determining the bearing capacity is to use results from pile load tests.
Traditionally, the static pile load tests have been used and more recent the dynamic tests.
The rapid load test, at intermediate loading rates, was invented to overcome the disad-
vantages of the static tests (expensive and time-consuming) and the dynamic tests (the
stress wave effects) and is conducted more and more in practice.

The interpretation of the rapid load test to an equivalent static capacity requires eval-
uating the load rate effect and the excess pore pressure effect since these two effects, in
general, make the rapid resistance significantly higher than the static resistance. This
thesis presents the experimental and numerical modelling of static and rapid pile load
tests in granular soils in order to assess the rate effect and the excess pore pressure effect
on the interpretation of a rapid pile load test.

In the experimental modelling, several series of rapid pile load tests and static pile
load tests are performed in the geotechnical centrifuge at Deltares at the acceleration
level of 40-g . Mixtures of sand/viscous fluid, silt/water and sand/water are used in order
to create different drainage conditions for the rapid pile load tests. The rapid load tests
are carried out with several loading rates and maximum pile loads. The displacement of
the pile head, the forces in the pile head and pile tip and the excess pore pressure in the
soil around the pile tip are measured. Both closed and open-ended piles are tested. The
influence of installation method has been studied.

In the numerical modelling, static and rapid pile load tests are simulated by the Fi-
nite Element software Plaxis at the prototype scale. A research module, Plaxis-PTU, is
applied. This model solves the dynamic two-phase Biot equation which couples the dy-
namic calculation and the consolidation analysis. The Plaxis-PTU module was verified.
Several static and rapid pile load test calculations are carried out to evaluate the influ-
ence of permeability on the excess pore pressure response, and then assess the excess
pore pressure effect on the increase of the rapid pile tip resistance over the static tip re-
sistance.

The response of excess pore pressure depends strongly on the soil behaviour during
the rapid load test.

Axisymmetric installation of the pore pressure transducers (PPT) around the pen-
etrated pile in the experiments reveals an unexpected asymmetry of the responses of
excess pore pressure. More precisely, it seems that the excess pore pressure response ex-
hibits an initial elastic symmetric behaviour followed by asymmetric behaviour due to
an asymmetric failure of the soil. The asymmetry of the excess pore pressure responses
can be explained by these physical reasons (the asymmetry of failure and/or the hetero-
geneity of the soil bed) but an experimental reason (small differences in the distance of

v
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vi SUMMARY

each PPT from the pile centre line) cannot be excluded. The principal mechanism of the
excess pore pressure effect is the presence of negative pore pressure due to the shear-
induced dilatancy of the soil which increases the effective stress in the skeleton, hence,
the soil strength and, therefore, the pile resistance. The excess pore pressure effect can
be described with the drainage factor which can be determined from the soil properties,
the pile radius and the loading duration of the test. This factor must be considered in the
interpretation of the rapid pile load test results.

The constitutive rate effect can be determined from the fully drained tests since the
excess pore pressure effect is negligible in such a test. The constitutive-rate effect results
in an increase of 10% for the maximum pile tip resistance in the rapid test over the static
value. The excess pore pressure effect plays a role in partially and undrained situations.
It leads to an increase of up to 50% for the maximum tip resistance and the tip resistance
at the unloading point (the equivalent static) in the rapid test over the static value. The
relationship between the drainage factor and the normalised tip resistance (the ratio be-
tween the tip resistance in the rapid load test over the tip resistance in the static load test)
are extended relative to earlier research for partially drained conditions by considering
the silt/water mixture.

From the experiments, the conclusions for the ratio between the soil resistance at a
displacement of 10% of pile diameter in a rapid test and a static test (the normalised tip
resistance) read:

• The soil permeability has a strong influence on the normalised tip resistance. The
normalised pile tip resistance increases with a decrease of the soil permeability
due to an increase of the excess pore pressure effect.

• The relative density of the soil has a limited influence on the normalised tip resis-
tance. The normalised pile tip resistance increases with a decrease of the initial
relative density due to a decrease of the soil shear stiffness, and therefore, of the
drainage factor.

• The installation method has a strong influence on the normalised tip resistance
in which the normalised tip resistance of the pre-embedded pile is significantly
higher than that of the jacked pile.

• The pile type and diameter have a limited influence on the normalised head resis-
tance. The normalised head resistance of the close-ended pile is higher than that
of the open-ended pile. The normalised head resistance of the small pile ( D = 11.2
mm) is higher than that of the large pile ( D = 16 mm).

In the numerical modelling, the influence of the installation process on the stress
around the pile is simulated. The soil behaviour around the pre-embedded pile is mod-
elled by adapting the soil properties in the vicinity of the pile; whereas the soil behaviour
around the jacked pile is modelled by pre-stressing a soil block under the pile tip. The
static capacity of the pile is reasonably achieved. The tip-dominant pile (the tip resis-
tance is 70-80% of the total capacity) is reasonably described.

The simulations confirm the presence of excess pore pressure around the pile and its
influence on the rapid tip resistance. A relationship between the drainage factor and the
normalised tip resistance from the numerical modelling is found to have the same trend
with that relationship from the experimental modelling.
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The simulated pore pressure response has the same pattern with that from the ex-
periment. The permeability has no influence on the general trend of the excess pore
pressure response, but it has a significant effect on the magnitude of the maximum pos-
itive/negative excess pore pressure as well as the time that the peak values are reached.
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SAMENVATTING

Al lange tijd worden paalfunderingen toegepast om de belasting van een constructie
naar diepere en draagkrachtigere lagen af te voeren. Een van de belangrijkste vragen
voor het ontwerp van een paalfundering is de draagkracht van de paal. De meest be-
trouwbare manier om de draagkracht te bepalen is een proefbelasting op een paal. Tra-
ditioneel worden hiervoor statische proefbelastingen uitgevoerd, meer recent ook dyna-
mische. De snelle proefbelasting met een tussengelegen belastingssnelheid, is geschikt
om de nadelen van de statische test (de hoge kosten en de lange uitvoeringsduur) op
te lossen zonder de nadelen van de dynamische proefbelasting (het optreden van span-
ningsgolven in de paal). Snelle proefbelastingen worden steeds vaker uitgevoerd.

Bij de interpretatie van een snelle proefbelasting tot een equivalent statische draag-
kracht, moet gecorrigeerd worden voor de invloed van de belastingssnelheid en de op-
tredende wateroverspanningen. Het verwaarlozen van deze twee invloeden leidt in het
algemeen tot een overschatting van de equivalente draagkracht. Dit proefschrift pre-
senteert de resultaten van experimenteel en numeriek onderzoek naar de statische en
snelle proefbelastingen op palen in granulaire materialen met als doel de invloed van de
belastingssnelheid en de optredende wateroverspanningen op de interpretatie te kwan-
tificeren.

In de experimenten zijn verschillende series met statische en snelle proefbelastin-
gen uitgevoerd in de geotechnische centrifuge van Deltares onder een versnellingsni-
veau van 40-g . De grond rondom de paal is gemodelleerd met zand waarin als porien-
vloeistof zowel water als een viskeuze vloeistof gebruikt is, en silt, waarin alleen water
als porienvloeistof toegepast is. Hiermee zijn verschillende drainagevoorwaarden gecre-
ëerd. De snelle proefbelastingen zijn uitgevoerd met verschillende belastingssnelheden
en maximale belastingen. De verplaatsing van de paalkop, de krachten in de paalkop en
de paalvoet en de wateroverspanningen in de grond rondom de paalpunt zijn gemeten.
Zowel palen met een gesloten punt als met een open punt zijn beproefd. De invloed van
verschillende installatiemethodes is onderzocht.

In de numerieke modellering zijn statische en snelle proefbelastingen gesimuleerd
met het eindige elementen model Plaxis in prototype schaal. Het onderzoeksmodel
Plaxis-PTU is hiervoor gebruikt. Dit model lost de dynamische Biot vergelijkingen op,
waarin de dynamica en consolidatie theorie gekoppeld zijn. De Plaxis-PTU beschrijving
is geverifieerd. Verschillende berekeningen voor statische en snelle proefbelastingen zijn
uitgevoerd om de invloed van de doorlatendheid op de wateroverspanningen tijdens een
snelle proefbelasting te onderzoeken. Daarna is het effect van de wateroverspanningen
tijdens een snelle proefbelasting op de verhouding tussen de puntweerstand tijdens een
snelle proefbelasting en een statische proefbelasting.

De gemeten wateroverspanningen worden sterk beïnvloed door het gedrag van de
grond tijdens de snelle proefbelasting.

Bij een axiaal-symmetrische installatie van de waterspanningopnemers rondom de

ix
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paal worden onverwacht sterke asymmetrische waarden van de waterspanningen in de
opnemers gevonden. Dit treedt vooral op als de grond plastisch vervormt. Deze asym-
metrie kan een fysische achtergrond hebben (asymmetrisch bezwijkpatroon, heteroge-
niteit in de grond), of een experimentele achtergrond (kleine afwijkingen in de afstand
tussen de paal en de afzonderlijke opnemers).

Het principe van het wateroverspanningseffect is het optreden van dilatantie door
schuifspanningen. Dit leidt tot negatieve wateroverspanningen in de grond en een toe-
name van de effectieve spanningen in het skelet. De daarbij behorende grotere sterkte
van de grond resulteert in een grotere paaldraagkracht. Het wateroverspanningseffect
kan beschreven worden met de drainage factor, die wordt bepaald door de grondeigen-
schappen, de paaldiameter en de duur van de belasting. Deze factor moet beschouwd
worden tijdens de interpretatie van een snelle proefbelasting.

Het constitutieve snelheidseffect kan bepaald worden uit een volledig gedraineerde
test, omdat in dat geval het wateroverspanningseffect afwezig is. Het constitutieve snel-
heidseffect geeft bij een snelle proefbelasting een 10% hogere draagkracht bij de paal-
punt dan de statische draagkracht. Het wateroverspanningseffect speelt een rol tijdens
gedeeltelijk gedraineerde of ongedraineerde situaties. Dit effect leidt tot een toename
tot 50% voor de maximale kracht en de equivalente statische kracht in het unloading
point (ontlastingspunt) ten opzichte van de werkelijke statische draagkracht. De relatie
tussen de drainage factor en de genormaliseerde punt weerstand is voor partieel gedrai-
neerde proeven uitgebreid ten opzichte van eerder onderzoek en onderbouwd door het
silt/water mengsel te beproeven.

Op basis van de experimenten kunnen voor de genormaliseerde puntweerstand (de
verhouding tussen de puntweerstand in een snelle proefbelasting en de punt weerstand
in een statistisch test) bij een verplaatsing van 10% van de paaldiameter, de volgende
conclusies worden getrokken:

• De doorlatendheid van de grond heeft een grote invloed op deze verhouding. De
genormaliseerde puntweerstand neemt toe met de afname van de doorlatendheid
ten gevolge van het toenemende belang van het wateroverspanningseffect.

• De dichtheid van de grond heeft een beperkte invloed op deze verhouding. De
genormaliseerde puntweerstand neemt toe met initiële dichtheid ten gevolge van
de afname van de schuifsterkte van de grond en daarmee de drainage

• De methode van installatie heeft een grote invloed op deze verhouding, waarbij
de genormaliseerde puntweerstand van de in de grond gevormde paal significant
hoger is dan van de weggedrukte paal.

• Het type paal heeft een beperkte invloed op de genormaliseerde weerstand aan
de paalkop. De genormaliseerde weerstand aan de paalkop is bij een paal met
een gesloten voet hoger dan bij een paal met een open voet. De genormaliseerde
weerstand aan de paalkop is voor een kleine paal ( D = 11.2 mm) hoger dan voor
een grote paal ( D = 16 mm).

In de numerieke berekeningen is de invloed van de installatie methode op de span-
ningssituatie rondom de paalpunt gesimuleerd. De spanningssituatie bij de in de grond
gevormde paal wordt aangepast door de eigenschappen in de omgeving van de paal aan
te passen. De spanningssituatie in de grond rondom een ingedrukte paal wordt aange-
past door de grond onder de paalpunt op te spannen. Hierdoor wordt het statisch gedrag
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van de paal redelijk benaderd. De dominantie van de paalpunt voor de draagkracht (de
puntweerstand is 70-80% van de totale weerstand) wordt redelijk beschreven.

De berekeningen bevestigen het optreden van wateroverspanningen rond om de paal
en de invloed hiervan op de paalpunt weerstand tijdens een snelle proefbelasting. Op
basis van de berekeningen is een relatie tussen de drainagefactor en de genormaliseerde
puntweerstand afgeleid. Deze heeft dezelfde trend als de relatie die in de centrifuge
proeven gevonden is.

De berekende wateroverspanningen hebben dezelfde trend als in de experimenten.
De doorlatendheid van de grond heeft geen invloed op de algemene trend van de wa-
teroverspanningen, maar heeft wel een grote invloed op de grootte van de maximale
en minimale wateroverspanningen en ook op het tijdstip waarop de maximale waarden
worden bereikt.
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1
INTRODUCTION

1.1. BACKGROUND

1.1.1. PILE LOAD TESTINGS
People have used pile foundations throughout history to support structures by transfer-
ring loads to deeper and stronger soil layers [82]. Two of the most important and general
questions related to the design of the pile foundation are the bearing capacity and the
load-displacement relationship of the pile itself. The parameters that affect pile perfor-
mance are, for convenience, divided into four categories as proposed by Leland [154]:

• soil characteristics (i.e. soil types such as sand/clay/gravels/... and soil properties
such as stiffness/friction angle/cohesion/...),

• pile characteristics (i.e. pile types such as solid/hollow/H-section... and pile prop-
erties such as diameter/length/compressibility/...),

• methods of pile installation (i.e. bored, jacked, driven), and
• types of loading (i.e. based on loading duration such as static/dynamic/rapid and

based on loading direction such as axial/lateral).

It is apparent that each category includes numerous parameters. The parameters within
a category and especially between categories are not fully independent from each other;
many of them are interrelated. Because of these interactions, it is generally difficult to
describe and interpret the effects that parameters have on pile behaviour.

The most reliable method for determining the pile behaviour and, in particular, the
ultimate bearing capacity is to use results from pile load tests [219]. Traditional static
load tests provide the most precise method of evaluating the load-displacement response
[229] because of the similarity in their loading condition with the loading condition in
service of the pile. In practice, however, the static testing methods are not that attractive
because they are expensive to set up and time-consuming to undertake. A typical static
pile load test requires a massive construction frame, a reaction mass of 2-3 times of the
designed load and a duration of days depending on soil conditions and types.

The dynamic testing methods provide an economic alternative for static load testing.
A typical dynamic pile load test requires a reaction mass of about 2% of the designed load
and a duration in the order of hours. However since the dynamic test relies on the impact

1
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of a rigid mass at the pile head, damage of the pile head is not rare. Moreover, because
the dynamic test is characterised by a short blow, of the order of a few milliseconds, the
stress-wave effect in a pile is significant which sometimes causes damage to the pile due
to tension waves [191]. On top of that, the translation of the dynamic resistance to an
equivalent static capacity is not always unambiguous due to the stress wave effect.

An alternative method of pile load testing at intermediate loading rates, called rapid
load testing, has been developed to overcome the above-mentioned drawbacks of both
the static and dynamic testing methods [25] and is employed more and more in practice
[40, 157, 188]. The reaction mass in a typical rapid loading test is about 5-10% of the
ultimate capacity, the duration of a blow is about 50-400 ms and the time to perform of
the test is in order of hours [125]. With the relatively long loading duration, the pile is
continuously under compression, and it reacts as a rigid body with minimum influence
from the stress wave effect [192].

1.1.2. INTERPRETATION OF THE RAPID PILE LOAD TESTS

In deriving the equivalent static results, the pile load test results of both the dynamic and
rapid testing methods need to be interpreted to eliminate the dynamic and rate effects.
In general, dynamic effects consists of, the energy radiation effect, the inertial effect, the
damping effect, the load rate effect and the excess pore pressure effect. In the rapid load
tests, the most important reasons for complicated interpretation come from the load
rate effect and the excess pore pressure in the soil under and close to the pile toe [206].

The load rate effect, as defined by Whitman [281], is related to the constitutive be-
haviour of the soil and depends strongly on the loading rate of the pile load test. For
fine-grained soils, i.e. clay, the load rate effect is associated with the viscous behaviour
of the soil; while for granular soils, i.e. sand, the load rate effect is connected with the in-
terlocking between particles [281]. The load rate effect on the soil strength and the pile
resistance have been studied by many researchers for both clay [41, 53, 108] and sand
[71, 92, 206, 271].

Several researchers [71, 120, 206] show that the generation of excess pore pressure
during rapid load testing is a complex process with initially positive excess pore pres-
sures due to compression followed in a second stage by negative excess pore pressure
due to shearing and dilatancy. This last stage is supposed to be decisive for the bearing
capacity [199, 206, 267]. The excess pore pressure effect on the pile resistance has been
investigated by a limited number of researchers [123, 206, 258] and is proven to depend
on not only the drainage condition (represented by the drainage factor η [118]) but also
on the loading rate of the pile load test.

From many results of static and rapid pile load tests, McVay et al. [178] proposed
to use a resistance factor φ to obtain the static bearing capacity of a pile from the rapid
bearing capacity. The value ofφ for sand and clay is 0.92 and 0.53, respectively [121, 178].
The database, developed by McVay et al. [178], was extended further by Hölscher and
van Tol [121] with more case studies reported by Holeyman et al. [124, 126] and Opstal
et al. [211]. The empirical reduction factor is called R by Hölscher and van Tol [121] and
is recommended to have the values of 0.90 and 0.50 for sand and clay, respectively. It
should be noted that these two values are from case studies with a real failure during the
rapid load test (displacement of at least 5% of pile diameter).



514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi
Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017 PDF page: 19PDF page: 19PDF page: 19PDF page: 19

1.2. OBJECTIVES OF THE STUDY 3

1.1.3. INFLUENCE OF THE INSTALLATION METHODS
Based on the method of installation, piles are classified as either non-displacement or
displacement piles. For the non-displacement pile, the strength and the stiffness of the
soil are generally not altered during the installation process or the impact is limited. The
installation of the displacement pile, on the other hands, significantly changes the soil
stresses and properties such as density, strength, stiffness...

The influence of the installation method on the soil state leads to a different be-
haviour of displacement and non-displacement piles in an identical soil for both static,
rapid and dynamic loading. This phenomenon is reported by Fonseca and Santos [85]
and McVay et al. [178] when they measured the capacity of bored and driven piles during
static and rapid or dynamic loadings and also by Hölscher and van Tol [121] when they
investigated results of numerous static and rapid pile load tests. For pile load tests in the
same soil, both McVay et al. [178] and Hölscher and van Tol [121] recommended differ-
ent values of the empirical factor for the non-displacement pile and the displacement
pile.

1.2. OBJECTIVES OF THE STUDY
The general objective of this study is to quantify the load rate effects for a proper inter-
pretation of a rapid pile load test. That objective can be achieved through the following
sub-objectives:

• to quantify the constitutive rate effect on the relation between the rapid capacity
and the static capacity;

• to observe the evolution and distribution of excess pore pressure during the rapid
pile load tests conducted in the geotechnical centrifuge and therefore to quantify
the excess pore pressure effect on the relation between the rapid capacity and the
static capacity.

In short, the relationships between the empirical factor R and the loading rate and be-
tween R and the drainage factor η will be investigated.

Besides the load rates effects, the influences of three other parameters on the inter-
pretation of a rapid pile load test are also investigated in order to quantify their influence
on the static and rapid capacities and hence determine the factor R representative for
their influence. Those parameters are:

• the soil properties (sand versus silt, dense versus medium dense);
• the installation method (non-displacement versus displacement);
• the pile properties (11.3 mm-diameter versus 16 mm-diameter, open-ended ver-

sus close-ended).

The study follows two main approaches: experimental modelling in a centrifuge and
numerical modelling in the research module Plaxis-PTU of the commercial Finite El-
ement software Plaxis. By choosing a centrifuge configuration, detailed information on
the soil deformation and pore fluid pressure is justified by the proper scaling of the stress
state which is of crucial importance for a high confinement problem such as a pile load-
ing [129, 255]. In Plaxis-PTU, the dynamic calculation and the consolidation analysis are
coupled, the relative movement of the fluid with the solid is considered. Consequently,
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an evolution of excess pore pressure during the rapid pile load test can be simulated
more realistically for partially drained loading condition.

In order to complete the objectives of the study, the following work has been done:

• The literature related to the topic of the thesis is reviewed in chapter 2. The topic of
interests includes the static and rapid pile load testing methods and their interpre-
tation methods, behaviour of dry and saturated sand during penetration tests and
pile load tests, the loading rate effect on the sand strength and the pile resistance,
and the effect of excess pore pressure.

• The theoretical principles and the mechanical realisations of the experimental
program in a centrifuge configuration are investigated and are presented in chap-
ter 3. In the experimental program, the soil type, the soil density, the pile type, the
installation method, the magnitude of prescribed displacement, the configuration
of the pore-pressure transducers and the loading duration of the rapid pile load
tests are varied.

• The results of the experimental program are presented and discussed in chapter 4.
Interpretation and implications of the experimental results are given in chapter 5.

• The governing equations of the porous media and their numerical implementa-
tion in Plaxis-PTU are summarised and given in chapter 6. The applicability of
Plaxis-PTU for the simulation of the rapid pile load test is shown.

• The input of the simulation for the rapid pile load test and the simulation results
are presented in chapter 7. The numerical model does not simulate the installa-
tion process itself, but the effects of different installation processes are taking into
account by several techniques. Comparisons of the numerical bearing capacity
versus the experimental capacity and the numerical versus the experimental R are
given.

• The results of this study and the recommendations for further research are given
in chapter 8.
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2
LITERATURE REVIEW

2.1. INTRODUCTION
Granular soils consist of separate particles. Its behaviour is governed by the grain prop-
erties, the arrangement of the grains and the contact forces between the grains. The
strength and stiffness of granular soils have a non-linear dependence on stress and strain
level as well as loading history. In a process including pile installation and several stages
of pile loading, the soil experiences many complex conditions and their properties will
alter dramatically [277]. During the installation process, gross deformations occur which
changes significantly the soil state as well as properties, especially the density and thus
the related properties. In static pile loading, the soil at different locations exhibits differ-
ent loading conditions such as compression, shearing with contraction and/or dilation.
During dynamic or rapid pile loading, a soil element at one location even follows dif-
ferent paths of loading, unloading and reloading and may exhibit all three above men-
tioned loading conditions at different moments. Saturated soil behaves with even more
complexity due to the interaction between the soil and the pore fluid.

This chapter briefly describes the static and rapid pile load testing methods and their
interpretation methods. Then, in order to have insight into the physics of the pile-soil-
fluid interaction, the behaviour of dry and saturated sand during penetration and/or
loading tests are summarised based on published research. The effects of loading rate
and excess pore pressure on the strength and stiffness of sand and pile resistance are also
reviewed and discussed.

2.2. PILE LOAD TESTING METHODS
The various pile testing methods are best characterised by the duration of the applied
force and the induced strain in and/or displacement of the pile. The tests involving large
forces applied for a long period, such as static load tests, are used to assess pile bearing
capacity; while small energy and low strain tests are used to assess pile integrity. The
high strain dynamic and rapid load tests are used to assess pile bearing capacity by using
dynamic effects (i.e. generating a force or stress through the intervention of mass and
acceleration) [125]. In the high strain dynamic load tests, the force is applied over a
typical period of 5-20 ms while in the rapid load tests, a typical period of loading is about

5
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50-400 ms [125].
The wave number is defined as the ratio between the length of the applied pulse load

and the length of the pile [192] as follows:

Nw = T × c

L
(2.1)

in which T is the duration of the applied load (sec), L is the length of the tested pile
(m), and c is the velocity of stress wave propagation in a pile (m/s). According to the
Research Committee on Rapid Load Test Methods in Japan, the load testing method can
be classified based on the wave number Nw [157] as:

• Nw < 10 : a dynamic load test
• 10 ≤ Nw ≤ 1000 : a rapid load test
• Nw > 1000 : a static load test

2.2.1. STATIC PILE LOAD TEST
A conventional static pile load test includes the building of a reaction system around the
test pile and loading the pile incrementally, usually with a hydraulic jack. The reaction
system can be a system which is anchored by a number of reaction piles or a system of
reaction mass. The test load is measured with a load cell, and the pile head displacement
is measured with a levelling system (LVDT or dial gauges). For load deformation tests,
strain gauges embedded within the pile are used to determine the load distribution along
the pile length.

(a) Time requirement for execution (b) Load-movement relationships

Figure 2.1: Comparison of four static load test methods, Fellenius [74]

A properly performed static load test generally provides the most accurate bearing
capacity data because the loading method compares to service loading with respect to
the loading time. Although the results of the static test are the most reliable, the tests are
generally only used under specific requirements due to the relatively high cost and time
required for performing the test compared to dynamic load tests.

In the practice of the static pile load testing, many pile load test methods have been
reported in detail [15, 46, 61, 197, 275, 276], in which four methods can be identified
as the basic load test methods [144]: the slow maintained load test method (SM test),
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the quick maintained load test method (QM test), the constant rate of penetration test
method (CRP test) and the Swedish cyclic test method (SC test). The comparison of those
four methods is given by Fellenius [74] for a required-time in Figure 2.1(a). Fellenius
suggested that, from the time duration point of view, the more time consuming tests
such as the Slow ML and the Swedish cyclic should be clearly justified instead of the
quick tests such as the CRP and the Quick ML. Another comparison for a typical load-
movement curves on a friction pile in clay is given also by Fellenius [74] as in Figure
2.1(b). It can be seen that the curve procedured by the CRP is well defined and illustrates
clearly the pile behaviour; the Quick ML only provides indication of the pile behaviour
but it can not capture the peak value [74]. The remaining two methods, the Slow ML and
the Swedish cyclic, provide very little information and can not show the failure of the pile
[74].

2.2.2. RAPID PILE LOAD TEST
A rapid pile load test, similar to a dynamic pile load test, relies on the impact loading of a
pile. However, in a rapid pile load test, the transmitted energy is spread over 10-20 times
longer period than the typical loading duration of a conventional dynamic pile load test
[125] in order to reduce the wave propagation effects.

In practice, there are two types of load testing methods regarded as a rapid pile load
test namely the dynatest [98] or the pile load tester [241] and the statnamic test [25, 191].

(a) Rapid pile load test 8MN [188] (b) Schematic of Rapid pile load test [93]

Figure 2.2: Rapid pile load test

In the dynatest or the pile load tester, a large mass is dropped onto the pile head with
a spring placed in between. The spring is attached to the pile head in the dynatest or
to the bottom of the falling mass in the pile load tester. The spring stiffness, the mass
weight and the drop height are varied to control the magnitude and loading duration of
the applied force. The applied load on the pile head, the displacement and acceleration
of the pile head are measured during the test.

In the statnamic test, a reaction mass is accelerated in the direction opposite to the
test load direction by igniting the fuel. On completion of the upward stroke, the reaction
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mass is caught in its highest position by a gravel catching system for the larger testing
devices or a hydraulic and a mechanical catching mechanism for the smaller testing de-
vices. Since the reaction mass is accelerated at about 20 times higher than the earth
gravitational level, the weight of the reaction mass required is only 5-10% of the required
force [206]. The applied load on the pile head is measured by a load cell, the displace-
ment of the pile head is monitored using an optical device (i.e. a laser beam), and the
acceleration of the pile head is measured using an accelerometer mounted on the pile
head as shown in Figure 2.2.

The most common statnamic rigs typically have testing capacities of 3 to 4 MN and,
in practice, devices have been produced with applied loads ranging from 0.1 to 60 MN.
Moreover, because the statnamic load test depends not on the gravity but the inertia
force, it can be performed in any direction of vertical, horizontal, inclined and even a
tension test [188].

2.3. INTERPRETATION METHODS FOR PILE LOADING TESTS

For the safety and the serviceability of a foundation, the determination of the bearing
capacity and the load-displacement characteristic is crucial. In the static pile loading
tests, because of the similarity in their loading condition with the loading condition in
service of the foundation, the load-displacement relationship is immediately available
by plotting the load and displacement data. Therefore the main task of interpretation is
defining the bearing capacity. In the dynamic or rapid pile load tests, however, both the
bearing capacity as well as the load-displacement characteristic is far from those of the
foundation in service. Interpretation of results from the dynamic or rapid pile loading
tests, therefore, is deriving results of the equivalent static loading tests.

In this section, interpretation methods of the static pile load test and the rapid pile
load test from the literature are briefly described. Then the influence of installation
methods on interpretation methods of rapid pile load tests is presented.

2.3.1. INTERPRETATION OF STATIC PILE LOAD TESTS

Generally, load and settlement data are plotted together to create a load-settlement curve
which is used to determine the failure load so that an allowable pile capacity can be cal-
culated.

The ultimate failure load for a pile is defined as the load at which the pile has fully
mobilised the soil resistance, which means the settlement increases drastically under
sustained load. However, full mobilisation of the pile may require large settlements
that may exceed the acceptable range of the soil-pile system. Other failure definitions
consider arbitrary settlement limits derived from certain requirements or procedures.
Terzaghi [256] proposed a definition of the bearing capacity of piles in load tests as
the load corresponding to a pile head deformation of 10% of the pile diameter. This
method, later, is used by many other practice engineers and researchers [20, 266, 274].
In the literature, many other interpretation methods have been used to determine the
bearing capacity for different pile and soil types or testing procedures [75] such as: De
Beer and Wallays’ method [21], Butler and Hoy’s method (or the shape of curve method)
[46], Chin’s method [54], Davisson’s method (or the slope tangent method) [63], Brinch
Hansen’s criterion [109], Mansur and Kaufman’s method (or the tangent intersection)
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2.3. INTERPRETATION METHODS FOR PILE LOADING TESTS 9

[174], Mazurkiewicz’s method [177], and Veen’s method [262]. Details on those methods
are described in the corresponding references.

2.3.2. INTERPRETATION OF RAPID PILE LOAD TESTS
As mentioned above, interpretation of rapid pile loading tests is to derive the corre-
sponding results of the equivalent static loading tests such as the load-displacement
curve and the pile capacity. Since the rapid load test is also a dynamic event, the rate
effects (including the stress-wave effect, the inertial effect, the constitutive rate effect,
the excess pore pressure effect, the radiation of energy effect) may have a certain ef-
fect on the results and need to be taken into account during interpretation [191]. In
practice, many interpretation methods based directly on the rapid pile load results are
proposed which can be classified into two groups, one based on the concentrated mass
model [191] and the other on the one-dimensional stress wave model [202]. Details of
the interpretation methods can be found in the mentioned references, the evaluation of
the performance as well as the experience with the use of technical parameters of these
methods can be found in [178, 206, 212, 248]. Besides direct interpretation methods
based on the experimental rapid pile load test, numerical methods (i.e. Finite Element
method) [17, 127, 178] can also be used to analyse the rapid load test. This section briefly
describes the most important methods.

The concentrated mass model is based on the assumption that the stress-wave ef-
fect in the pile is negligible due to the long wavelength of the test which is reasonable
when the wave number Nw is larger than 12 [192]. With this assumption, Middendorp
et al. [192] assumed that the pile behaves as a rigid body during the rapid test and its
behaviour can be modelled as a single-degree-of-freedom system.

The equilibrium equation for the pile mass is [191]:

Fr ap = Fsoi l +Fi ner t i a (2.2)

in which:

• Fr ap is the applied rapid load;
• Fsoi l is the soil resistance of the pile;
• Fi ner t i a is the inertial force of the pile mass, Fi ner t i a = M × at with M is the pile

mass and at is the acceleration of the pile head.

The soil resistance consists of the static resistance Fu and the damping resistance Fv ,
Fsoi l = Fu +Fv in which:

• Fu = K ×ut with K is a spring stiffness represented the full static behaviour of the
pile reaction,

• Fv =C × vt with C is a damping coefficient and vt is the velocity of the pile head.

It should be noted that, originally, Middendorp et al. did not consider the pore pres-
sure effect in [191] or assumed that it has negligible influence or it is a part of the damp-
ing term [187] in order to simplify the analysis. Equation 2.2 can be written as:

Fr ap = Fu +Fv +Fa

= K ×ut +C × vt +M ×at
(2.3)
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Consequently, the static resistance of the pile during the rapid test can be computed as:

Fu = Fr ap −C × vt −M ×at (2.4)

In order to back calculate the static resistance from the rapid results, only the damping
coefficient C needs to be determined as the pile mass M , velocity vt and acceleration at

are known.
Among many methods based on the concentrated mass model, the unloading point

(UP) method [191] was the first published and also the most widely used method for the
rapid load testing. In the UP method, the load-displacement curve of the rapid loading
test is divided into several parts and the damping coefficient C is determined in each
part. Bielefeld and Middendorp [27] indicated that the UP method might over predict
the static capacity by as much as 20% if stress wave phenomena are present. They found
that for Nw > 12 the UP method is valid and for Nw < 12 the stress wave phenomena
needs to be accounted for. Brown [42] provided a detailed procedure for an interpreta-
tion following the UP method.

Based on the UP method, the modified unloading point (MUP) method [166] is pro-
posed for testing a short pile when Nw > 12. However, if a strong bearing layer supports
the pile tip, then the rigid body assumption is still violated [166]. Another method based
on the UP method is the segmental unloading point (SUP) method [145] which is used
for testing a long pile with Nw < 12. A drawback of the MUP and SUP method is a re-
quirement of additional instrumentation, the MUP requires other instrumentation at
the bottom of the pile shaft whereas the SUP requires several levels of instrumentation
along the pile shaft in addition with the other two at the pile top and bottom. Matsumoto
et al. [175] proposed an analytical method, based on the UP method, in which both the
damping value C and the spring stiffness K are considered as non-linear. This method
predicts a more-accurate pile head stiffness [175].

For the rapid load testing in clay, Hyde et al. [138] noted that the rate effect is highly
non-linear, therefore, in order to have an accurate estimation the relationship between
the dynamic soil resistance and the penetration rate and the damping coefficients have
to be predetermined using laboratory tests [41]. Based on a series of model pile tests in
clay at different loading rates, Brown et al. [41, 43, 44] proposed a model (known as the
Sheffield Model) to interpret the rapid pile load test in clay as following:

τd

τs
= 1+α× vt

β−α× vs
β

Fu = Fr ap −M ×at

1+α× vt
β−α× vs

β

(2.5)

in which

• τd and τs are the limiting values of the rapid and static pile shaft friction,
• vs is the lowest pile velocity used to determine the ultimate static shaft friction,
• α and β are the damping coefficient determined from the model pile tests.

This model gives a good estimation of the ultimate pile resistance [43] but under-
predicts the initial elastic stiffness [108]. Anderson et al. [12] improved the model of
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Brown by taking into account a proportional exponent of the velocity term, Equation
2.6, or a proportional multiplier of the velocity term, Equation 2.7.

Fu = Fr ap −M ×at

1+α
(

vt
vs

)β(
Fr ap

F ul t
r ap

) (2.6)

Fu = Fr ap −M ×at

1+α
(

Fr ap

F ul t
r ap

)(
vt
vs

)β (2.7)

with F ul t
r ap is the ultimate rapid load. Anderson et al. [12] proved that their model gener-

ates a good prediction of the static load-settlement curve. Examples of the interpre-
tation of the rapid pile load test by the unloading point method to obtain the load-
displacement curve of the static load test made by Brown and Powell [44] in the ground
of brown London clay and unweathered blue clay, and Anderson et al. [12] in the ground
of sandy clay, gravely clay and clay with gravel are given in Figure 2.3.

(a) Interpretation by Brown and Powell [44] (b) Interpretation by Anderson et al. [12]

Figure 2.3: Interpretation of the rapid pile load test

The one-dimensional stress-wave model is based on the Smith stress wave equation
used widely in the analysis of the dynamic pile load testing. The first attempt to anal-
yse the pile response during a rapid test and to predict the pile capacity is credited to El
Nagar and Novak [202]. In their approach, a one-dimensional model is used to repre-
sent the pile-soil system, and a signal matching analysis is used to achieve a satisfactory
match between the computed and measured responses during the rapid test. The main
soil parameters considered in the analysis are the shear modulus, the shear strength of
the soil, the soil bearing at the tip and the damping factor.

Since the soil reactions to pile movement under transient loads are rather complex,
the soil properties are adjusted iteratively during a signal matching analysis. The manual
matching process is cumbersome even for an experienced engineer, therefore, an auto-
matic matching technique is proposed by several authors [27, 84, 193, 200, 201, 230]. The
combination of the one-dimensional stress-wave model and the automatic matching
techniques represents an efficient tool to analyse the response of both rigid and flexible
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piles during the statnamic testing and calculate the pile capacity [84, 176] but critical
review of the final solution by an experienced engineer is still recommended [201].

Finite element method is also used to analyse the rapid pile load test.
Horikoshi et al. [127] modelled a rapid pile load test in a soil deposit consisting of

loam, clay and fine sand layers. The soil behaviour was assumed to be linear elastic, and
soil parameters were taken from standard soil investigation. The shear modulus of soil
was varied to find the best fit between the simulation and the rapid field test result of the
pile head response; later this derived shear modulus was used in the static simulation
to calculate the static capacity. Following this simple matching procedure, a reasonable
estimation of the initial pile stiffness was achieved, but the ultimate pile resistance was
not simulated due to the linear elastic model [127].

McVay et al. [178] simulated the static pile load test and the rapid pile load tests with
variations of the load magnitude and duration. McVay et al. indicated that dynamic
forces (i.e. damping, inertia) increase with an increase of the load magnitude or a de-
crease of the load duration due to higher particle velocities. For a load duration higher
than 240 milliseconds, there is negligible difference between the dynamic and the static
response.

Bakker et al. [17] performed a drained and undrained dynamic analysis of a rapid
pile load test and indicated that rate effects can be partially explained by undrained be-
haviour of the soils and partially by soil mass moving with the pile. Those two phenom-
ena need to be taken into account to get better agreement between numerical results
and physical/field test.

It should be noted that simulations of the rapid pile load test, mentioned above, do
not consider the rate dependency viscous behaviour of the soil. Moreover, the pore wa-
ter fluid is not explicitly taken into account as a separate material but only implicitly
through the undrained analysis.

2.3.3. INTERPRETATION WITH INFLUENCE FROM INSTALLATION METHODS
In practice, a difference in the bearing capacity and stiffness between displacement piles
and non-displacement piles is found which actually comes from the pile installation pro-
cess. In general, non-displacement piles have a lower bearing capacity as well as side
friction compared to displacement piles because the installation of non-displacement
piles weakens whereas the installation of displacement piles strengthens the surround-
ing soils [135]. Kulhawy [155] showed that the ratio of the coefficient of earth pressure
over the coefficient of earth pressure at rest is about 0.75-2 for displacement piles and
is about 0.7-1 for non-displacement piles. Fleming et al. [82] suggested that ratio for
’conventional’ bored piles is about 0.7, for continuous flight auger piles is 0.6-0.9 and for
cast-in-situ driven piles is 1.2. Numerous researches are investigating the influence of
the installation process on the performance of the pile and the underlying mechanism
of the installation process [2, 37, 67, 184, 245, 277–280, 296].

This section, however, is interested in the influence of the installation process on the
comparison between the static pile load tests and the rapid pile load tests on granular
soils. McVay et al. [178] proposed use of a resistance reduction factor φM to obtain the
static bearing capacity of a pile from the rapid bearing capacity and recommended dif-
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ferent values of φM for different soil types. Later, Hölscher and van Tol [121] realised
the important influence of the installation methods and further suggested to use differ-
ent values of R (similar to φM ) for non-displacement and displacement piles. The static
capacity is the multiplication of R with the rapid capacity. Reports on such data in the
literature are summarised.

Fonseca and Santos [85] described an international prediction event on the behaviour
of bored, CFA and driven piles field tests in the University of Porto. Soil properties at
the site consist of fine to medium sand up to the depth of 20.3 m. The bored and CFA
piles have a diameter of 60 cm, and the driven piles have a square section of 35×35 cm.
All piles have an embedded length of 6 m. The static pile load test and the high strain
dynamic pile load test are performed on three piles, one pile of a type. The bearing ca-
pacity is determined as the capacity at the displacement of 10% diameter. Results from
load tests show that the reduction factor R for the bored and CFA piles is about 0.80-0.84
and for the driven pile is about 0.86.

McVay et al. [178] presented a database of rapid and static pile load testings on
three types of piles namely drilled shafts (13-18 m length, 71-99 cm diameter), pre-
stressed concrete piles (7-53 m length, 40-91 cm diameter) and steel pipe piles (11-38
m length, 33-78 cm diameter). The static capacity of piles is determined by the Davis-
sion’s method or the projected failure envelope estimation. The piles from McVay et al.
data are founded in sand, silt, soft rock and clay; however, in this thesis only piles in sand
and silt are of interest. McVay et al. summarised the R factor for drilled shafts in silt as
0.59-0.81 and in sand as 1.12, for driven piles in silt as 0.62-1.05 and in sand as 0.68-1.27.
Examples of the interpretation of the rapid pile load test by the unloading point method
with and without the reduction factor R taking into account the installation method to
obtain the load-displacement curve of the static load test made by McVay et al. [178] in
the ground of peat overlying silt sand with silt and clayey pockets, and Anderson et al.
[12] in the ground of sandy clay, gravely clay and clay with gravel are given in Figure 2.3.

(a) Peat overlying silt sand with silt and clayey
pockets

(b) Clayey silt to silty clay glacial till

Figure 2.4: Interpretation of the rapid pile load test by McVay et al. [178] with and without the reduction factor
R

Rahman et al. [228] studied the load and resistance factors from the data from pile
driving analysers and static load tests of North Carolina Department of Transportation,
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US. Three types of piles are considered: opened-end concrete piles with diameters of 1.4
and 1.7 m and wall thickness of 0.12 and 0.15 m, closed-end concrete square piles with
the size from 0.3 to 0.5 m and steel HP piles with the size of 12×53 cm and 14×73 cm. All
piles are driven piles and founded on cohesionless soil. All of the tests are non-failure
tests, and the bearing capacity is determined by the Davission method. Data provided
by Rahman et al. indicates the value of R for concrete cylinder piles is 0.72-1.55, for
concrete square piles is 0.69-1.40 and for steel HP pile is 1.31-2.06.

Long [168] presented a database of pairs of rapid and static tests on bored piles
around Ireland. The database focuses on medium-to-large diameter piles with a diam-
eter varied between 300 mm and 900 mm. Most of the piles are constructed of con-
crete using the continuous flight auger (CFA) technique and are reinforced over their full
length. The ground conditions comprise mostly medium dense to dense glacial and flu-
vioglacial gravels. The pile load of 0.5, 1.0 and 1.5 specified working load of typical 600-
3000 kN are applied, the settlements of all tests are smaller than 10 mm. The average
ratio of the settlement in the static test over that of the rapid test ranges from 1.14-1.25.

Hölscher and van Tol [121] extended the McVay database [178] with data from the
field tests in sand reported by Holeyman and Charue [126], Middendorp [189], Opstal
and van Dalen [211]. Hölscher and van Tol indicated the R factor is 0.77-1.06 for dis-
placement piles in sand, 0.69-1.29 for drilled piles in sand.

Justin [146] reported the result of the pile load test obtained at a construction site at
Ara Damansara (Selangor, Malaysia). The site condition is formed by two types of soil:
sand in the top layer and very stiff or hard sandy silt in the next layer. The piles are con-
crete drill shaft piles with a diameter of 0.6 m and precast driven reinforced concrete
square piles with a size of 0.4×0.4 m. All piles were not tested until failure, and the ul-
timate pile load capacity is interpreted by the Davisson’s criteria. For bored pile, 2 MLT
results and 14 PDA results are obtained, the value of R varies from 1.0 to 1.1. For driven
pile, 2 MLT results and 6 PDA results are obtained, the value of R ranges from 0.68 to
0.73.

Table 2.1: Ratio of the static capacity over the rapid/dynamic capacity

Author Loading type Bored/CFA/Drilled Driven

Sand Silt Sand Silt

Fonseca and Santos [85] High strain dynamic 0.80-0.84 0.86
McVay et al. [178] Statnamic 1.12 0.59-0.81 0.68-1.27 0.62-1.05
Rahman et al. [228] Pile driving analyzer 0.72-1.55 1

0.69-1.40 2

1.31-2.06 3

Long [168] Hammering 1.14-1.25 4

Holeyman and Charue [126],
Hölscher and van Tol [121],
Middendorp [189], Opstal and
van Dalen [211]

Statnamic/Dynamic 0.69-1.29 0.77-1.06

1 opened-end, 2 closed-end, 3 HP = H-section bearing piles, 4 R for displacement

Table 2.1 summarises ranges of the R factor for displacement and non-displacement
piles in the literature. However, data from the literature is highly scattered due to a high
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variety of loading types, soil conditions.

2.4. BEHAVIOUR OF DRY SAND DURING PENETRATION

In the literature, numerous studies on the behaviour of granular soils during static pen-
etration of an object such as a pile or a CPT has been conducted. These studies indi-
cate that sand particles move differently depending on their relative location to the pen-
etrometer. From the deformation pattern, zones of different behaviour (shearing, com-
pression, dilation) around the penetrometer are located, the strain field can be identi-
fied, and the stress level can be estimated qualitatively. This section reviews some of the
studies.

2.4.1. LITERATURE

A series of model piles were installed by Berezantzev et al. [24] into layered sand without
surcharging the soil. Berezantzev et al. indicate that the pattern of soil movement is a se-
ries of slip surfaces along the pile, see Figure 2.5(a). Similar experiments were conducted
by Mikasa and Takada [194] in the 1-g test set-up and a centrifuge. At the 1-g state, the
observation is similar to that of Berezantzev et al.; however, in the centrifuge, a confined
penetration mechanism is revealed with compression around the pile tip. The confine-
ment is pointed out due to the influence of the dilatancy behaviour which is significant
under the high-stress level [129, 194].

Durgunoglu and Mitchell [70] conducted a static penetration test of a pile in dry sand
in a plain strain configuration to investigate different failure mechanism. Based on pho-
tographs taken during the penetration, Durgunoglu and Mitchell suggested that there
are many shear surfaces developed during penetration, Figure 2.5(b). The discontinu-
ous, step-wise development of the shear surfaces is due to the fact that during the grad-
ual increase of load on a soil, the shear strength is not immediately mobilised at all points
on the potential slip surface, but initially only at the points where the shear stresses are
the largest. From these points, the rupture gradually extends to other points along the
slip surface, and further penetration is required in order to develop the full shear resis-
tance of the soil along another shear surface.

Robinsky et al. [234, 235] performed a jacked installation of a pile (L/D = 16-17) in
dry silica sand with a relative density of 37% to 57% and used the X-ray method to track
the movement of the lead shot markers embedded in the soil model. From the displace-
ment vectors of the lead shot, contours of volumetric strain are deduced which indicate
compressive volumetric strain of up to 11% under the pile tip and expansive volumetric
strain along the pile shaft. A zone approximating the shape of a cone is found beneath
the pile extending downwards and outwards from the edge of the pile, Figure 2.5(c). At
the cone boundaries, vertical compression ceases, and vertical expansion begins to take
place. The process of sand displacement and compaction below a pile is followed by
sand movements adjacent to the pile shaft that decreases the sand density in the imme-
diate vicinity of the pile shaft. The sand movements along the pile shaft reduce the angle
of internal friction of a thin layer of soil in contact with the pile.
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(a) Failure mechanisms at low stress,
Berezantzev [24]

(b) Failure surfaces, Durgunoglu and
Mitchell [70]

(c) Slip lines and compaction zone,
Robinsky et al. [234, 235]

(d) Changes in density, Chong [55]

Figure 2.5: Behaviour of dry soil during penetration

Chong [55] used a penetrometer (L/D = 20) equipped with thermal probes to mea-
sure density variations around a model pile penetrated into silica sandwith a relative
density of 40% to 80% . Four general zones of behaviour are identified by Chong as
shown in Figure 2.5(d), however, this indication is not supported by quantitative mea-
surements.

Allersma [9] penetrated an embedded model pile into crushed glass under a plane
strain condition and employed a photoelastic method to observe the principal stress
directions and calculate the strain field. The crushed glass flows around the pile tip at
constant volume, with failure occurring by a wedge-type Prandtl mechanism. From the
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observed results, the author proposed that the base capacity is governed by the peak
friction angle, Figure 2.6(a).

The displacement around a pile in a plane strain model was investigated by Yasafuku
and Hyde [297] using different coloured layers of sand. They found that the deformation
zone under the pile tip resembles a spherical expansion in an infinite medium, Figure
2.6(b). Based on this observation, Yasafuku and Hyde propose that the cavity expansion
theory is a suitable analytical method to predict the end-bearing capacities of piles in
sand.

White et al. [277–280] used a novel deformation measurement system based on par-
ticle image velocimetry (PIV) and close-range photogrammetry to investigate the soil
behaviour around the penetrating pile (L/D = 20) in a dry sand bed with a relative den-
sity of 34% to 55% in a plain-strain configuration. By comparing a series of adjacent
images, the following measurements can be obtained:

1. soil displacement and strain paths,
2. streamlines of soil flow,
3. soil movement adjacent to the pile shaft.

(a) Wedge-type Prandtl mechanism,
Allersma [9]

(b) Spherical cavity expansion, Yasufuku
and Hyde [297]

(c) "Nose cone" and slip planes, White [277] (d) Soil flow, White [277]

Figure 2.6: Behaviour of dry soil during penetration

White et al. [277, 278] reported that the deformation consists primarily of downward
movement under the pile and of horizontal displacements in the far field. The displace-
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ment vectors radiate from the pile tip downwards and to the side which suggests the
penetration mechanism is more comparable to cavity expansion. The zone of down-
ward displacement is concentrated closely around the pile shaft, whereas the horizontal
displacement decays slowly with offset distance. A region of highly crushed soil (the
"nose cone" similar to one of Robinsky et al. [235]) below the pile tip is observed in both
sands of low and high crushing strength. Discrete slips of soil slides out from the nose
cone and flow around the shaft of the pile, Figure 2.6c.

White [277] indicates that the soil that flows through the nose cone forms the inter-
face layer adjacent to the pile shaft and follows streamline ABC and the soil in the near
field follows streamline DEF, Figure 2.6(d). Along streamline AB, very high stress and very
high shear strain are encountered, leading to volumetric compression and possible par-
ticle breakage. Along the streamline BC, significant volume compression continues, cre-
ating a net increase in density. High stress and high shear strains are encountered along
streamline DE, resulting in compaction and some particle breakage. On leaving the zone
of high stress, the soil is heavily over-consolidated and will dilate when it shears along
streamline EF.

2.4.2. SUMMARY
During the penetration of a penetrometer at a low-stress level, the sand behaviour is
governed by frictional strength, in which the arrangement of shear planes is influenced
by the relative density and the angle of friction.

At the in-situ stress level, however, the sand behaves much more complicated since
the influence of the dilatancy behaviour is much more significant. Under the pile tip, the
existence of the main compaction zone (a nose cone) is clear, and inside that zone, the
sand is mainly in compression. Sand particles flow around the nose cone and along the
shaft to create zones of loosening soil. Further under the pile tip, about 2-5 D , the sand
is also mainly in compaction to create a high-stress zone. On leaving this zone, the soil
will dilate.

2.5. BEHAVIOUR OF SATURATED SAND DURING PENETRATION
The behaviour of saturated sand during static penetration is expected to resemble the
behaviour of dry sand since the loading rate is so small that the pore water has enough
time to dissipate and causes no influence on the stress state or deformation of saturated
sand. However during dynamic penetration, especially when the loading duration is
faster than the consolidation duration of the soil, the interaction between sand particles
and the pore water is significant, and the excess pore pressure builds up. This section
presents some observations from the literature during dynamic penetration of an object
in saturated sand.

2.5.1. LITERATURE
Clayton and Dikran [59] performed dynamic penetration tests with a penetrometer into
saturated sands. The tests involved the driving over a distance of 100 mm of a 25 mm
diameter, 200 mm length, 60o cone-ended penetrometer by repeated blows of a 10 kg
weight falling 430 mm. Leighton Buzzard sand (fine sand with d50 = 0.11 mm) and
Woolwich Green sand (well-graded gravelly sand d50 = 1.0 mm) are used. Figure 2.7(a)
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presents a measurement of the excess pore pressure at position 1 on the penetrometer,
during one blow loading, as a function of time. In the case of fine sand (Leighton Buz-
zard), the sand is initially sheared, and the excess pore pressure dissipates from overpres-
sure (positive excess pore pressure). In the case of well-graded gravelly sand (Woolwich
Green), the sand is initially compressed then sheared, and a decay of the negative excess
pore pressure occurs at the end. Clayton and Dikran indicated that in both sands, the
dilative behaviour occurs at the end of penetrometer motion. Figure 2.7(a) also shows
that the maximum negative excess pore pressure measured during penetration also de-
pends on the position of the transducer.

Yagi et al. [290] conducted dynamic and static penetration tests of a 60o , 2.66 cm
diameter cone in loose and dense Toyoura sand (d10 = 0.12 mm). The cone is driven by
dropping a weight of 3.88 kg from 24 cm height. Figure 2.7(b) shows typical changes of
pore pressure measured at the cone base during a blow of the hammer. In the loose sand,
just after the blow, an occurrence of a positive peak suggests compressive soil behaviour
under the pile base. In contrast, in the dense sand a negative peak appears which indi-
cates the dilative behaviour of the soil under the pile base. In the loose soil, a remarkable
residual pore pressure occurs which, as Yagi et al. suggested, may be caused by repeated
compression and shear of the soil around the tip due to repeated blows and by insuffi-
cient drainage in the duration of tenths of a second.

(a) During one blow at position 1, Clayton and
Dikran [59]

(b) During one blow, Yagi et al. [290]

Figure 2.7: Behaviour of excess pore pressure during dynamic pile load tests

Hölscher and Barends [118] measured the excess pore pressure during pile driving
and pile testing of a pre-fabricated reinforced concrete pile at the testing event of the
stress wave conference 1992 in Delft, the Netherlands. The pile tip is located in a dense
sand layer at the depth of 18.2 m. The pore pressure transducer is placed 0.5 m away
and 0.2 m below the pile tip. Figure 2.8(a) shows the excess pore pressure as a function
of time of the last driving blow. It is clear that the dynamic test and the statnamic test
have a similar trend of the excess pore pressure response. As the pile is loaded, the soil is
compressed which results in positive excess pore pressure; then dilation occurs resulting
in extension of the soil which leads to negative excess pore pressure. In the statnamic
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pile load test, the time for the excess pore pressure to dissipate is about 200 ms equal to
the loading duration which indicates that the soil behaviour is partially undrained. The
maximum negative pore pressure is about 170 kPa in the dynamic test and about 90 in
the statnamic test.

(a) During pile driving and loading, Hölscher and
Barends [118]

(b) Impact loading in dense sand, Eiksund and
Nordal [71]

(c) v = 80 mm/s, Eiksund and Nordal [71] (d) v = 800 mm/s, Eiksund and Nordal [71]

Figure 2.8: Behaviour of excess pore pressure during pile load tests

Eiksund and Nordal [71] performed a series of model pile tests at 1-g state with a
measurement of the excess pore pressure close to the pile tip. The model pile is a closed
end steel tube of 107 cm length, 63.5 mm diameter. The pile is driven with penetra-
tion velocities ranging from 0.8 to 1100 mm/s in a chamber which filled with Ottawa
sand. Through measurements at different loading velocities, Eiksund and Nordal sum-
marized the general tendency of the excess pore pressure as follows: initially the excess
pore pressure increases to a peak positive value corresponding to the first compression
wave from the pile tip, then large negative pore pressure follows caused by dilating be-
haviour of sand and this excess pore pressure increases back to a stationary situation
from the under-pressure one, Figure 2.8(b-d). In some cases, when penetration stops,
the pile may rebound which leads to contractive behaviour in the sand and some pos-
itive pore pressure occurs. The largest negative excess pore pressure measured at the
highest loading velocity of 1100 mm/s is 30 kPa.

Nguyen [206] conducted a series of centrifuge model pile load test to investigate the
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effects of the loading rate and the excess pore pressure by varying the loading velocity
and the soil permeability on the rapid resistance of a pile, and deriving the static ca-
pacity from the rapid resistance at the unloading point. The model pile represents a
prototype of 12 m length and 0.45 m diameter pile. The pile is jacked to a depth of 20 D
into saturated Baskarp sand and is loaded statically and rapidly. Figure 2.9 presents the
sketch up of Nguyen’s experiment together with the measurement of the pile head dis-
placement and the excess pore pressure during rapid loading. The excess pore pressure
measurement is drawn at locations of the pore pressure transducers. A general trend is
observed at the location of the pile tip and of transducer number 2 (wsm2) with positive
excess pore pressure due to compression followed by negative excess pore pressure due
to shearing and subsequently dissipation. At the location of the transducer number 1
(wsm1) however, a totally opposite reaction is observed due to the occurrence of a shear
plane in front of the fixed transducer when soil particles slide around during the down-
ward movement of the pile. At the location of the transducer number 3, it seems that the
compression behaviour is dominant; the excess pore pressure reaches the maximum
positive value and then dissipates. The maximum negative excess pore pressure is about
50 kPa in a dense sand test and about 100 kPa in a medium dense sand test at the highest
loading velocity. Nguyen also found that the magnitude of the maximum/minimum ex-
cess pore pressure depends not only on the loading rate but also on the soil permeability.
For the higher loading rate or the lower soil permeability, the magnitude is higher.

(a) Dense sand, v = 320 mm/s (b) Medium dense sand, v = 280 mm/s

Figure 2.9: Behaviour of excess pore pressure during rapid pile load tests, Nguyen [206]

Hölscher et al. [122] reported two pile load field tests of a pre-fabricated reinforced
concrete pile at Waddinxveen, the Netherlands. The pile length is 10.50 m with a cross
section of 35×35 cm2 and the pile tip is located in a sand layer at a depth of around 10
m. The pore pressure transducers are placed one in the middle of the pile tip and one at
around 0.3 m away and 0.05 m above the pile tip. Figure 2.10 shows the measurements
of the excess pore pressure at the pile tip (with a legend of "toe") and in the soil (with a
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legend of "soil"). The measurements at the pile tip are judged not reliable by Hölscher
et al. because of two unexpected and unexplainable behaviours which are their lower
peak values in comparison with the values of the measurements in the soil and their
slow development in comparison with the loading time of the test. The measurements
of the excess pore pressure in the soil are characterised by an initial increase up to 137
kPa due to the compression of the fluid, then an under-pressure of 80 kPa is observed
apparently due to the shearing of the sand and dissipation.

(a) Applied load of 1367 kN (b) Applied load of 1562 kN

Figure 2.10: Behaviour of excess pore pressure during rapid pile load tests, Hölscher et al. [122]

2.5.2. SUMMARY
An axial force on the pile head results in a downward displacement of the pile, which
will mobilise resistance of the soil to resist pile penetration. Consequently, the soil will
be compressed and sheared. Depending on soil density, granular soils can respond with
contractive or dilative shearing behaviour. Depending on the loading time and soil prop-
erties, excess pore pressure can build up and effect soil strength.

Based on the observations in the literature, the general behaviour of the saturated
granular soil and the reaction of the excess pore pressure associated during dynamic
penetration or pile loading can be summarised. For the soil at the tip of the penetrome-
ter and/or the pile [122, 206]:

• As the pile goes down, the soil is initially compressed regardless of the soil den-
sity. Due to compression of the soil, initially pore pressure increases up to a max-
imum positive excess pore pressure. This positive excess pore pressure produces
decreased effective stresses and hence a lower strength of the soil and the lower
resistance of the penetrometer/pile.

• If the pile displacement is small enough that the pile motion stops or reverses be-
fore the shearing occurs then soil particles slowly rearrange themselves; conse-
quently, the excess pore pressure dissipates to the static equilibrium from the pos-
itive excess pore pressure. The similar phenomenon happens when the loading
duration is long enough that an arrangement of soil particles happens slower than
the fluid flow.

• If the pile displacement is large enough that the shearing and dilatancy of the soil
occurs and if the loading duration is short enough that an arrangement of soil par-
ticles happens faster than the fluid flow then the soil dilation leads to a reduction in
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pore pressure. The excess pore pressure reduces dramatically to a maximum neg-
ative excess pore pressure which leads to decreased effective stresses and hence
a higher strength of the soil and the higher resistance of the penetrometer/pile.
Finally, the negative excess pore pressure dissipates to the static equilibrium.

For the soil at the pile shaft [71], when the pile is loaded, the soil is slighly compressed
and then mainly sheared due to the dominance of the shearing and dilatancy behaviour.
Consequently, the excess pore pressure, first, increases to a low-magnitude posititve
excess pore pressure, then, reduces drasmatically to a high-magnitude negative excess
pore pressure, and finally, dissipates to the static equilibrium from under-pressure.
The behaviour of the soil under the pile tip depends strongly on the loading mode at
that location. If the soil is mainly in shearing, as in the location of P1-P3 in the exper-
iment of Eiksund and Nordal [71], then the behaviour of the soil and the behaviour of
the excess pore pressure associated are similar to those of the soil at the pile shaft. If the
soil is mainly in compression, as in the location of wsm-3 in the experiment of Nguyen
[206], then only the positive excess pore pressure is recorded and after the pile pulse, the
excess pore pressure dissipates to the static equilibrium from over-pressure. If the soil
is initially compressed and subsequently sheared, as in location of wsm-2 in the exper-
iment of Nguyen [206], then the behaviour of the soil and the behaviour of the excess
pore pressure associated are similar to those of the soil at the pile tip.

2.6. LOADING RATE EFFECT IN SAND

It is well known that when the rate of loading is increased the maximum bearing capacity
can alter [267]. Therefore, it is important to investigate the possible influence of loading
rate on bearing capacity. The loading rate here is defined by Whitman [281] as the re-
lationship between the rapidity of loading and the shearing strength of a soil. By this
definition, the loading rate effect is related to the constitutive behaviour of the soil.

In the literature, roughly two types of loading rate tests can be identified. The first
one is the standard soil tests when the dependency of the soil strength on the loading
rate is investigated by carrying out soil tests with higher loading rates. The second type
is the soil-steel interface tests and the pile-soil interaction tests which are used to study
the effect of the loading rate on the side friction and the tip resistance of a pile. This
section summaries studies in the literature on the loading rate effect in sand.

2.6.1. INFLUENCE ON SAND STRENGTH

Casagrande and Shannon [49] were among the first to study the effect of strain rate on
the shear strength of soil by performing triaxial compression tests on dry Manchester
sand at confining pressures from 30 to 90 kPa with strain rates up to 115%/s. They con-
cluded that the internal friction angle increases by 10% and the shear strength increases
by 15% while the initial modulus of deformation remains constant.

Seed and Lundgren [247] performed drained and undrained triaxial tests on dense
saturated sands at a confining pressure of 200 kPa with strain rates up to 1000%/s. Seed
and Lundgren found that during transient drained testing, the pore water did not have
sufficient time to drain fully, and consequently testing approached undrained condi-
tions. This resulted in compressive strength increases of 35 to 40% in which 15-20% is
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due to rate effect, and 20% may be related to the generation of negative pore pressures
resulting from a tendency of the sand to dilate.

Whitman and Healy [283] performed drained (vacuum triaxial) and undrained tests
on dense and loose sands at low confining pressures (70 kPa) and loading strain rates up
to 500%/s. Whitman and Healy indicated that the drained shear strength increased by
approximately 10% and the undrained shear strength increased 40-100% from the static
value. They also suggested that the undrained shear strength varies with strain rate only
when the excess pore pressures are time dependent. Healy [112, 113] conducted triaxial
tests on saturated silty sand to study the dependence of dilation on shear strain rate
and showed that sands expand more during rapid shear than during slow shear. This
idea is confirmed by Whitman [282], and Whitman explained the increase of friction
angle at very rapid strain rates on the basis that interlocking between particles becomes
more effective when the particles are not given sufficient time to find the easiest path to
pass one another. Whitman [282] conducted a triaxial test in loose saturated sand and
reported in increase in strength of up to 200% for the strain rate of 1100%/s which is
induced by the negative pore pressure as a consequence of dilatancy.

Schimming et al. [242] studied the loading rate effects on the shear strength of sand
in a direct shear device. Dry loose samples, dry dense samples, and dense saturated
samples were tested under three loading rates. Schimming et al. indicated that no rate
effect was found on maximum shear resistance and friction angle of the tested sand, but
the maximum shear resistance in the dynamic test on dense saturated sand was slightly
higher than that of dense dry sand. Hungr and Morgenstern [137] also used the ring
shear device to examine the behaviour of dry and wet Ottawa sand at high loading rate
(0.1 cm/s and 98 cm/s) and different normal stresses (20 kPa and 200 kPa). In the range of
test conditions, Hungr and Morgenstern also concluded that rate effects do not influence
the shear strength and friction angle.

Gibson and Coyle [96] performed drained and undrained triaxial tests on fine and
coarse saturated sands at the confining pressure of 100 kPa. Dynamic loading is pre-
sented by the falling of a dropping mass from varying heights generating different im-
pact velocities from 0.2 to 3.5 m/s. Three types of sands are used in the tests which are
Ottawa sand, Arkansas sand, and Victoria sand; they vary in grain size and angularity.
Depending on the sand type, the shear strength at the loading velocity of 0.6 m/s is 40-
100% higher than the static strength. As the loading velocity increases up to 3.5 m/s, the
shear strength increases 20-50% more.

Lee et al. [164] performed drained dry and undrained triaxial tests on sand samples
of different densities at low to moderate confining pressures (1.0 to 15 kPa) with strain
rates up to 250%/s. Lee et al. found a nearly 100% increase in initial tangent modulus
and a 7% increase in strength of loose sand at all confining pressures and of dense sand
at low confining pressure. Dense sand at high confining pressure showed a 20% increase
in strength. Lee et al. suggested that the difference in shear strength of tests in different
densities and confining pressures is indicative of a change in the mechanism of shear
strength mobilisation. The larger shear strength increases may be caused by the energy
required for particle crushing.

Jackson et al. [140] presented an uniaxial response of three dry sands subjected to
intense transient pressure loadings (10 MPa to 80 MPa) with various rise times (a few
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tenths of a millisecond to a few minutes). Jackson et al. confirmed that loading rate
had a relatively minor effect on the stress-strain response for loading times greater than
1 msec; however within the 0.1-1 msec rise time, secant modulus values at 10 MPa in-
crease by an order of magnitude. They also noticed that the overall response changes
in character as the loading rate is increased above 10 MPa/msec, the stress-strain curve
rapidly shifted from "stiffening" (concave to the stress axis) to "yielding" (concave to the
strain axis).

Akers [4] conducted uniaxial compression tests on partially saturated, poorly graded
calcite sand to study the strain rate effects on the confined modulus. Akers showed that
at the early stage of loading the static and dynamic tests have a similar stiffness; however,
from approximately 1% strain, the dynamic tests begin to exhibit a higher stiffness. At the
maximum strain rate of 50%/s, an increment of 60% is found for the dynamic modulus.

Farr [73] performed uniaxial tests on carbonate and quartz sand to investigate one-
dimensional loading rate effects. The testing device is capable of producing a loading
with a rise time from 0.0004 s up to 155 s. The soil sample cavity is 1.27 cm high and
9.65 cm in diameter. Farr showed an increase of 20 to 100% in elastic modulus with
shortening loading time. Farr also observed that about 10-15% axial strain, the influence
of rate effect on the modulus is insignificant.

Fukuoka [88] performed a high-speed high-stress ring shear tests on two types of
saturated sand to investigate the variation of the friction angle during shearing. The soil
sample has a diameter of 6 cm and a height of 6-8 cm. Available shear speed ranges be-
tween 0.001 cm/s and 150 cm/s. Fukuoka indicated that the friction angle during shear
increases 2.5o for Toyoura sand (d50 = 0.2 mm) and 1.4o for Shirakawa river sand (d50 =
1.4 mm) when the shear speed was changed from 0.01 to 100 cm/s.

Yamamuro and Lade [294] conducted drained and undrained triaxial compression
tests on dense sands at a confining pressure of 34.0 MPa with rates up to 0.74%/s. Ya-
mamuro and Lade indicated a 2% increase in shear strength under compressive loading
conditions during the drained tests and an increase of 7% during the undrained tests.
In addition, an increase in strain rate leads to increasing dilatant tendencies. More-
over, grain size analysis indicated that reduced particle crushing is the mechanism for
increased shear strength at greater strain rates. Yamamuro et al. [1, 292, 293] conducted
a series of drained triaxial compression tests in loose and medium dense sand (relative
densities of 36 and 58%) at two confining pressures of 100 and 350 kPa and strain rates
up to 1760%/sec. Yamamuro et al. found the rate effects in the sand of 30% in shear
strength, and of 100% in secant modulus. Moreover, with the increasing strain rates, the
elastoplastic stiffness increases significantly of up to 115% more than static values), the
maximum principal stress ratios increased moderately of up to 30%, and the volumetric
strains become more dilatant.

Al-Mhaidib [7] performed a direct shear tests on dry sand (d50 = 0.07 mm, a relative
density of 64%) to study the influence of shear rate on the friction angle. The shear ap-
paratus has dimensions of 100×100 mm, the sand sample is sheared at different speeds
from 0.0048 to 0.9 mm/min. The test results showed an increase of 6o for the internal
friction angle of sand (from 38.7-46.5o) when the shear rate increases from the minimum
to the maximum speed. Mhaidib also indicated an increase of about 7o for the friction
angle between sand and smooth and rough steel surfaces with the same increase of the
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shear rate.

(a) On the peak friction angle [206] (b) On the peak strength [206]

(c) On the peak friction angle [272] (d) On the residual friction angle [272]

(e) On the normalised modulus [272] (f) On the dilatancy [272]

Figure 2.11: Loading rate effect in sand

Saito et al. [238] conducted an undrained ring shear test to study the relationship
between the shear strength and the shear rate in saturated silica sand (d50 = 0.04 mm).
The soil sample is set in a doughnut-like shape with the outer and inner diameter are
175 and 125 mm respectively. The sample is sheared at different rates from 0.1 mm/s up
to 10 mm/s. During the test, the pore water pressure is measured. Saito et al. indicated
that in slow shearing stages up to 0.1 mm/s, the pore water pressure increases with the
shear displacement; however, in fast shearing stages larger than 1 mm/s, the pore water
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pressure suddenly dropped to a negative value. Saito et al. indicated that at all shear rate
stages, the friction angle of the soil sample is around 34o and thus the friction angle is
independent of the shear rate.

Nguyen [206] conducted an extensive series of triaxial tests on dry and saturated It-
terbeck sand to study the rate effect on the shear strength. The maximum loading veloc-
ity is about 0.6 m/s. Three different sand densities are tested, namely: medium dense
(relative density of 60%), dense (70%) and very dense (80%). In the dry sand, Nguyen
showed that the loading rate influences the peak friction angle (up to 3o) and the shear
strength (up to 20%) and the influence is stronger with the higher relative density of the
sample. In saturated sand, the peak strength derived from the rapid test is only 6% higher
than the static value, however, Nguyen suggested that the true increment is higher be-
cause cavitation of the pore water might have occurred in the test which may interfere
the true rate effect.

Omidvar et al. [210] performed a series of uniaxial compression and triaxial tests on
dry sand at different loading rate to investigate the behaviour of sand under high strain
rate loading. Omidvar et al. reported that when strain rate exceeds 10/s, significant
increases of up to 30% in shear strength and more than 100% in dynamic modulus are
found.

Watanabe and Kusakabe [272] performed a series of monotonically increasing triax-
ial compression tests on dry and saturated Toyoura sand to study the effects of loading
rate on sand behaviour. The strain rate is varied in the range of 0.005%/s to 250%/s.
Watanabe and Kusakabe indicated that the internal friction angle only increases about
7% for dry sand when the loading rate increases from the minimum to maximum value,
but it can increase about 25% for saturated sand. The deformation modulus increases
with increasing loading rate, for saturated sand the maximum increment is about 100%,
and for dry sand the maximum increment is about 30%.

2.6.2. INFLUENCE ON PILE/PLATE/FOUNDATION RESISTANCE

Flemming [83] conducted a series of model pile tests in saturated sand to investigate the
influence of loading rate on the skin friction of the pile. The loading velocity is varied
from 0.003 mm/min to 100 mm/min. Flemming showed that the skin friction increases
with increasing penetration rates, the maximum increment is found 20% for the tests of
100 mm/min, and the increment of 3-7% is found for the tests of 0.003 mm/min.

Vesic et al. [267] performed dynamic bearing capacity tests of a shallow foundation
on dry and saturated sands with the loading velocity varies from 25.4×10−5 to 25.4 cm/s.
The shallow foundation is a circular, rigid, rough plate having a diameter of 101.6 mm
and resting on the sand surface. It is shown that first a decrease in bearing capacity of
30% (in comparison with the static bearing capacity) as the loading velocity increases
up to 5.0× 10−3 cm/s. However, when the loading velocity further increases up to 25
cm/s the dynamic bearing capacity slightly increases. In tests with dry sand, the bearing
capacity in the fastest test is comparable with the static bearing capacity. In tests with
saturated sand, however, the increment of the bearing capacity in the test with load-
ing velocity of 1 cm/s is more than 30% higher than the static bearing capacity and is
about several times higher in the fastest test. Similar results are reported by Whitman
and Lascher [284].
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Jezequel [143] performed an electrical cone penetrometer field test in medium dense
silty sand with different loading velocities from 0.2 to 2 m/s. Jezequel showed an increase
in total cone resistance of 7% for sand above the water table, and a decrease of 20% for
submerged sand. Jezequel suggested that this is the influence of the "negative dilatancy"
of the sand.

Dayal and Allen [64] studied the penetration rate effect on the strength of sand by
constant velocity penetration tests performed with different velocities of 0.13, 1.18, 13.9
and 81.14 cm/s. The cone penetrometer has a diameter of 35.6 mm and an area of 10
cm2 for the base and 150 cm2 for the sleeve. During penetration, the cone resistance,
sleeve friction, and penetration velocity were recorded. From the experimental results,
Dayal and Allen indicated that for sands the effects of penetration velocity on the cone
resistance and the sleeve friction are insignificant.

Heerema [114] performed a shearing test of a steel plate under constant normal
stress at different velocities to study the influence of the horizontal stress and the pile
velocity on the sleeve friction of a steel pile. This test can be classified in a middle po-
sition between a classical simple shearing test and a model pile test [53]. The velocities
vary from 7×10−4 m/s to 0.6 m/s, and the horizontal stresses vary from 50 to 240 kPa.
The tests performed on sands suggested that the sleeve friction is linearly dependent on
the normal stress and independent of the loading velocity.

Kamp [147] presented results from a series of cone penetration tests with different
penetration rates by Fugro in 1976 in Leidschendam, the Netherlands. The tests are
taken to a maximum depth of 8.5m below ground level; the soil consists of medium
dense to dense fine sand to that depth. A Fugro cone with electric friction side is used.
The penetration rates applied are 0.2, 1, 10, 20 and 100 mm/s. Kamp showed that both
the cone resistance and the local side friction increase with increasing penetration rate.
In comparison between the test of 0.2 mm/s and the test of 100 mm/s, the increments
are found 15% and 38% for the cone resistance and the side friction respectively. Kamp
also reported results from other cone penetration tests by Fugro in the North Sea. A Fu-
gro cone is penetrated into the very dense fine sand at the water depth of around 165
m. Different rates of penetration of 0.033, 2, 16, 17 and 20 mm/s are applied. The cone
resistance of the test with 20 mm/s is about 15% higher than that of the test with 2 mm/s.
Similarly, the cone resistances of the tests with 16 and 17 mm/s are about 10.5 and 12.5%
higher than that of the test with 0.033 m/s.

Eiksund and Nordal [71] conducted dynamic pile load tests with loading velocities
ranging from 0.8 to 1100 mm/s on Ottawa sand in a calibration chamber. The model pile
of 107 cm length and 63.5 mm diameter is driven with different rate till the displacement
of more than 20% pile diameter. The curve of pile resistance-displacement for different
loading velocities shows no distinction for the tests with the loading velocity of 0.8 to 80
mm/s and an increase of less than 10% with a velocity of 1100 m/s.

Al-Mhaidib [6] performed static and dynamic pile load tests on a model pile in sand
in a cylindrical tank at the 1-g condition. The model pile is made of steel, having a diam-
eter of 30 mm and a length of 600 mm. The cylindrical tank has a diameter of 500 mm and
a height of 700 mm. The soil is a poorly graded sand which is prepared at three densities
as loose of 30%, medium of 55% and dense of 80% relative density. Al-Mhaidib indicated
that the bearing capacity of the model pile increases with increasing the rate of loading
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and the sand density has a strong influence on the relationship between the bearing ca-
pacity and the loading rate. The load-displacement curves for all tests indicated that as
the applied loading velocities increase from 0.01 mm/min to 1 mm/min, the total pile re-
sistance increases 80% for tests carried out in loose sand and 30% in medium and dense
sand.

(a) On the bearing capacity of the foundation
[267]

(b) On the penetration resistance [71]

(c) On the tip force (low permeability) [206] (d) On the tip force (high permeability) [206]

(e) On the normalised bearing capacity [272] (f) On the normalised bearing capacity [272]

Figure 2.12: Loading rate effect pile/plate/foundation resistance
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Bolton et al. [36] presented results from the cone penetration tests in dense Fontainebleau
sand (d50 = 0.22 mm, relative density from 81-86%) in the centrifuge from five European
centrifuge centres. The cone diameter is from 10 to 12 mm. They confirmed that small,
and generally negligible, effects are observed in dry sand when increasing the penetra-
tion rate from 2.5 mm/s to 20 mm/s. Takemura and Kouda [254] studied results from
the cone testings in dry sand in the centrifuge with the penetration rate from 0.17 to 2.7
mm/s and concluded that no apparent difference is observed.

Gennaro et al. [92] conducted a series of model pile tests in a calibration chamber to
study the effects of the loading rate on pile resistance. A moderately-loose Fontainebleau
sand is used. The instrumented pile features a diameter B of 20 mm and a height of 830
mm. The chamber is designed for the simultaneous and independent application of a
vertical and horizontal pressure at the soil sample. Isotropic consolidation stresses of
100 and 200 kPa are applied. Loading velocities of 0.0017 to 1 mm/s are applied. Two ra-
tios of embedded length L over pile diameter of 17.25 and 25 are tested. The tests results
showed that there is an increase of the tip resistance with increasing loading velocity, the
maximum increment is found to be 20-30% for a pile test with L/B = 17.25. The shaft
friction, however, decreases with increasing loading velocity, the maximum decrement
is found to be 30-40% for a pile test with L/B = 25.

Nguyen [206] presented two series of a model pile load test in a calibration chamber
by Dijkstra [66] in unsaturated sand and by Archeewa [13] in saturated sand. The cali-
bration chamber has a dimeter of 1.9 m and a height of 3.2 m. The model pile is a Dutch
standard penetration cone with a diameter of 36 mm, the point surface of 10 cm2 and the
sleeve area of 150 cm2. The penetration rate is varied from 1 to 20 mm/s. The test results
showed that the sleeve friction is independent of the penetration rate, the tip resistance
is also independent of the penetration rate for the tests in saturated sand. In unsaturated
sand, the tip resistance increases with increasing penetration rate; an increment of 20%
is found between the tests of 1 mm/s and of 20 mm/s.

Nguyen [206] performed a series of static and rapid pile load tests in a centrifuge in
drained and partially drained sand to study the effects of loading rate and excess pore
pressure. The pile diameter is 11.3 mm, the loading velocity is varied from 23.5 to 320
mm/s with a loading duration from 50 to 10 ms. The test results showed that the pile
resistance is higher during a rapid load test than during a static load test. Nguyen indi-
cated that the increment of the rapid resistance over the static resistance is due to both
rate effect and excess pore pressure effect. In general, for the tip resistance, the rate effect
is about 10%, but there is no rate effect for the shaft friction.

Watanabe and Kusakabe [271] carried out a series of model pile load tests at a cen-
trifuge acceleration field, with varying loading rate from 0.005 to 50 mm/s applied at the
pile head. The test results showed an increase of the total bearing capacity as well as the
stiffness at the pile head with increasing loading rate and the maximum increments of
50% and 80% are found for the bearing capacity and for the stiffness respectively.

2.6.3. DISCUSSION

The observations in the literature of the loading rate effect on sand strength from shear,
uniaxial and triaxial tests can be summarised as in Table 2.2. The maximum rate is calcu-
lated in term of strain rate per seconds when possible for a better comparison. It seems
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that the rate effect is more pronounced during the triaxial tests than during the shear
tests since most of the results of the shear tests show no rate effect.

It is clear from Table 2.2 that the loading rate influences the sand strength and stiff-
ness not only for saturated conditions when the interaction between sand and pore fluid
exits but also for dry condition. For dry sand and for loading rates from 4% to 250% per
seconds, the shear strength increases about 7-20%, the friction angle increases about 7-
10% and the deformation modulus increases about 30-100%. For saturated sand and
a loading rate from 0.12% to 1760% per seconds, the shear strength increases about
10-150%, the friction angle increases about 5-25%, the compressive strength increases
about 35-40% and the deformation modulus increases about 20-100%.

Table 2.2: Loading rate effect on sand strength

Author(s) Test Sand sample Max rate Effect

Casagrande and Shannon [49] triaxial dry 115%/s φ +10%, τ +15%
Seed and Lundgren [247] triaxial saturated 1000%/s Ec +35-40%
Whitman and Healy [283] triaxial saturated 500%/s τ +10-100%
Schimming et al. [242] shear dry n/a no rate effect
Hungr and Morgenstern [137] shear dry, saturated 0.98 m/s no rate effect
Gibson and Coyle [96] triaxial saturated 3.5 m/s τ +40-150%
Lee et al. [164] triaxial dry 250%/s Ee +100%, τ +7-20%
Farr [73] uniaxial saturated (155 s) Ee +20-100%
Fukuoka [88] shear saturated 2500%/s φ +1.4-2.5o

Yamamuro and Lade [294] triaxial saturated 0.12%/s τ +2-7%
Yamamuro et al. [1, 292, 293] triaxial saturated 1760%/s E50 +100%, τ +30%
Al-Mhaidib [7] shear dry 0.015%/s φ +6o

Saito et al. [238] shear saturated 0.01 m/s no rate effect
Nguyen [206] triaxial dry 4%/s φ +3o , τ +20%

saturated τ +6%
Watanabe and Kusakabe [272] triaxial dry 250%/s φ +7%, E50 +30%

saturated 250%/s φ +25%, E50 +100%

φ = friction angle, τ = shear strength
Ec = compressive strength, Ee = elastic modulus, E50 = deformation modulus

The loading rate effect on the pile resistance from five test types in the literature is
summarised in Table 2.3. The maximum rate is normalised by the diameter of the pile
for a better generalisation.

Although the loading rate has a strong influence on the sand strength, it seems that
it has a small or negligible influence on the pile resistance in dry sand. The model pile
test in dry sand of Al-Mhaidib indicating the loading rate effect is questionable because
of the large deviation from the other authors as well as the very small rate of 55.7×10−5

D/s. The field penetration test in dry sand of Jezequel indicating the loading rate is also
questionable because it is hard to have a dry layer of sand above a saturated layer, the
dry layer might actually be in unsaturated condition.

The loading rate has a significant influence on the deep and shallow foundation re-
sistance in saturated sand. In general, an increment of 10-80% is found for the total
capacity of a model pile in a calibration chamber or in a centrifuge while an increment
of several times is found for the capacity of the shallow foundation rested on the sand
surface. The rate effect on the shaft friction has no general tendency due to missing of
the literature or contradiction of the results from the literature, observations of an incre-
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ment up to 38% as well as of a decrement up to 40% are found. The rate effect on the tip
resistance is quite universal with an increment of 10% up to 30%. However, as all of the
literature is for saturated sand, it is not clear if the excess pore pressure effect is totally
excluded or not.

Table 2.3: Loading rate effect on pile resistance

Author(s) Test Sand sample Max rate Effect
(D/s) Effect

Fleming [83] A saturated 0.042 friction +3-20%
Vesic et al. [267] D dry 2.54 no rate effect

saturated capacity +40%-several times
Jezequel [143] C dry 0.556 tip +7%

saturated tip -20%
Dayal and Allen [64] C n/a 22.5 no rate effect
Heerema [114] E n/a no rate effect
Kamp [147] C saturated 2.85 tip +10-15%, side +38%
Eiksund and Nordal [71] A saturated 17.3 total +10%
Al-Mhaidib [6] A dry 55.7 ×10−5 total +30-80%
Bolton et al. [36] A dry 2.08 negligible
Takemura and Kouda [254] A dry 2.7 negligible
Gennaro et al. [92] A saturated 0.05 tip +20-30%, shaft -30-40%
Al-Mhaidib [6] E dry n/a friction angle +7o

Dijkstra [66], Nguyen [206] A unsaturated 0.55 tip +20%
Archeewa [13], Nguyen [206] A saturated 0.55 no rate effect
Nguyen [206] B saturated 28.31 tip +10%
Watanabe and Kusakabe [271] B saturated n/a capacity +50%, stiffness + 80%

A = a model pile test in a calibration chamber, B = a model pile test in a centrifuge
C = field penetration test, D = shallow foundation, E = sand-steel friction

2.7. EXCESS PORE PRESSURE EFFECT IN SAND

From the literature, it is evident that excess pore pressure is generated during a dynamic
and rapid pile load test in sand. Generally, due to the dilatancy of the sand, negative
excess pore pressure is generated, that reaches the maximum magnitude depending on
the loading rate and sand properties, and finally, dissipates in the consolidation time of
the sand. In specific cases when the compression behaviour is dominant or when the
soil still behaves elastically, only positive excess pore pressure occurs and which later
dissipates.

The effect of excess pore pressure in the dynamic resistance of a pile in sand is re-
ported widely in the literature. In general, there are two different mechanisms for the
influence of the excess pore pressure on the dynamic resistance of pile in sand. The first
mechanism is a direct one, in which the excess pore pressure under the pile tip con-
tributes directly to the tip resistance of a pile. The second mechanism is an indirect one,
in which the excess pore pressure alters the effective stress and hence the soil stiffness
and strength of the soil surrounding the pile [59, 60, 195]; consequently, the pile resis-
tance changes. Another possibility is that the change of the effective stress along the
failure surface created around the pile during pile loading also affects the pile resistance
[206]. This section describes these mechanisms.
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2.7.1. DIRECT EFFECT

During rapid pile loading in the saturated soil bed, the water under the pile tip may con-
tribute extra bearing capacity, especially in the undrained condition, since the water is
incompressible. This might be true because the pore pressure under the pile tip is not
negligible in comparison with the initial stress level at the pile tip. However, direct com-
parison of the magnitude of the excess pore pressure with the total stress under the pile
tip during rapid loading in Nguyen [206] shows that the excess pore pressure has negli-
gible influence because the magnitude of the excess pore pressure is less than 1% of the
total stress.

2.7.2. INDIRECT EFFECT

During a study that focused on factors which influence the blow count of the standard
penetration test (SPT), Mitchell et al. [195] concluded that the generation and dissipa-
tion of excess pore pressure during the SPT might have a major influence on the result-
ing blow count on two opposite ways. During driving, fine and loose sands generate
significant positive excess pore pressures. This positive excess pore pressure results in
a decrease of the effective stresses and hence the recorded blow count gives decreased
values. But dilatant soils generate negative pore pressures which results in higher effec-
tive stress levels, therefore, the blow count yield increased values. Clayton et al. [59, 60]
and Yagi et al. [290, 291] indicated the same conclusions based on their experiments of
dynamic and static penetration tests of a cone in loose and dense sand. The conclusion
that the effect of excess pore pressure on the dynamic resistance during SPT is due to
changes in the effective stress levels directly under the tip which seems to be reasonable
because their measured peak excess pore pressure is about 10-25% of the initial effective
stress levels.

The same explanation was employed by Mes and McDermott [181] to explain the
prevention of the large diameter opened-end pipe pile from further penetration into
very dense silty sand although no measurement of the excess pore pressure is available.
Morgano [199] also used that explanation for the increase of penetration resistance ob-
served through a dynamic loading test on a closed-end steel pipe piles driven in medium
loose to medium compact silty sand although no information on the excess pore pres-
sure measurement is given.

In the practice of dynamic and rapid pile load testing, there are also reports on the
influence of pore pressure changes on the resistance during loading. From the results
of Eiksund and Nordal [71], Hölscher et al. [118, 120, 121], and Nguyen [206], it is clear
that with the presence of the negative excess pore pressure, directly under or close to the
pile tip, the dynamic resistance is higher than the static resistance. The explanation is as
presented above.

Back in 1965, Vesic et al. [267] performed experiments to investigate the dynamic
bearing capacity of footings in both dry and submerged sand. Vesic et al. found that
for a footing in dry sand, there is not much difference in the bearing capacity at differ-
ent loading velocities; however, for a footing in submerged sand, the bearing capacity
increases quite significantly when the loading velocity increases from 2.54×10−4 to 25.4
cm/s. Vesic et al. claimed an increase of the bearing capacity in submerged sand due to
the negative excess pore pressure which increases the shear strength of the sand.



514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi
Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017 PDF page: 50PDF page: 50PDF page: 50PDF page: 50

34 2. LITERATURE REVIEW

Kutter [159] observed that negative pore pressures generated during shear make the
undrained resistance greater than the drained resistance during dynamic pile load tests
and plough pulling tests. As Kutter [159] stated that the observed phenomena of the
stiffening/softening behaviour during dynamic loading are pervasive, but not well un-
derstood or explained. Based on large data sets of element tests (simple shear, cyclic tri-
axial, and torsional hollow cylinder tests), dynamic pile load tests, plough pulling tests,
Kutter indicated that:

• shear-induced dilatancy of a saturated granular soil media tends to cause an in-
crease of the mean effective stress which results in increased tangent shear modu-
lus and hence increased shear resistance;

• contractive tendency results in a decrease of the mean effective stress which leads
to a decrease of the tangent shear modulus and hence a decrease of the shear re-
sistance.

SOIL STIFFNESS

In the literature, the influence of the effective stress level on the shear modulus of sands
has been investigated extensively. Janbu [142], Duncan and Chang [69], Wroth et al.
[289], Bellotti et al. [22] and Houlsby and Schnaid [130] studied the dependence of the
elastic shear modulus on the mean effective stress and the density and concluded that
the shear moduli increase with increasing mean effective stress and increasing density.

Hardin and Black [110], Lee et al. [162], Molenkamp [198] and Salgado et al. [239] per-
formed the triaxial tests and bender element tests on Ottawa sand and crushed quartz
sand to formulate a relationship between the shear modulus and the void ratio, the grain
shape, the fraction of fine and the isotropic effective stress level. They observed a strong
dependence of the shear modulus on the mean effective stress and the fine content.

Presti [221], Presti et al. [222] and Yamashita et al. [295] presented the results of
drained triaxial compression tests, resonant column tests and torsional shear tests on
three sands and connected the shear modulus and the secant Young’s modulus with the
relative density or the void ratio, the axial strain level, the stress ratio K0 and the effective
stress level. They indicated that the secant Young’s modulus is significantly dependent
on the effective stress levels and K0 and the shear modulus is significantly dependent on
the effective stress levels and the relative density or the void ratio.

Bødker [19] performed the bender element test for Baskarp and Lund sand and indi-
cated that the maximum shear modulus Gmax is primarily influenced by changes in the
mean effective stress p ′ and slightly influenced by applying shear stress.

It can be concluded from the literature that the shear modulus and the secant Young’s
modulus are strongly influenced by the effective stress level. Presence of negative excess
pore pressure increases the effective stress levels and hence apparently increases the
modulus.

PILE RESISTANCE

The bearing capacity theory is based on the plasticity approach developed by Prandtl
[220] and is developed further by many authors [182, 183, 257]. It is formulated that the
bearing capacity of a foundation is a product of the overburden pressure at the base level,
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the effects of the skin friction along the foundation shaft and the normal and tangential
components of the stress along the failure surfaces created by the passive earth area.

The theory successfully predicts the bearing capacity of shallow foundations and is
extended to deep foundation and cone penetration problems. That extension of the the-
ory requires an assumption of a failure surface. There are several proposed failure mech-
anisms for the deep penetrometer which can be briefly described as following [70, 301]:

• the failure surface ends at the base level, Terzaghi [257];
• the slip surface develops widely and back to the shaft, Meyerhof [183];
• the slip surface ends under the base level, Berezantzev et al. [24] and Vesic [264];
• the failure surface develops vertically, Hu [133]

(a) Terzaghi [257] (b) Meyerhof [183] (c) Berezantzev et al. [24]
and Vesic [264]

(d) Hu [133]

Figure 2.13: Propose failure surface for deep foundations

The influence of excess pore pressure is then not limited to the stress level at the
pile tip and shaft but also to the stress components along the failure surfaces or, more
general, in the shearing zones. As Nguyen [206] pointed out, because of the ambiguity
of the failure surfaces, it is generally impossible to provide a quantitative comparison of
the magnitude of the stress level and the magnitude of excess pore pressure along the
failure surfaces. Nguyen suggested that magnitudes of the initial stresses and the excess
pore pressure would be in the same order, therefore, any difference in the excess pore
pressure may cause the change in the stresses at the shearing zone and then the pile tip
resistance.

2.7.3. SUMMARY
From the literature, it is clear that excess pore pressure has an influence on the dynamic
and/or rapid resistance of a penetrometer by affecting on the effective stress right under
the base level of the tip or on the stiffness and the shear strength of the soil around a
penetrometer.

For the dynamic penetration problem of the SPT, the influence of the excess pore
pressure is straightforward. An increase of the dynamic resistance over the static resis-
tance can be explained directly by an increase of the effective stress right under the tip
since the excess pore pressure is about 10-25% of the initial effective stresses.

For the rapid loading of a pile, the influence of the excess pore pressure is compli-
cated. Since the excess pore pressure is less than 1% of the effective stress at the pile tip
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level during the rapid pile loading, direct comparison of the excess pore pressure and the
effective stress suggests no influence of the excess pore pressure [206]. However, there is
numerous evidence in the literature on the effect of the excess pore pressure in increas-
ing the rapid resistance over the static resistance [71, 120, 121, 206]. Explanations for this
phenomenon can either be an increase of the effective stress inducing an increase of soil
stiffness and strength [19, 59, 60, 290, 291] or an increase of the effective stress along the
failure surface around the pile contributing to the pile resistance [206].

2.8. CONCLUDING REMARKS
The static pile load test is still the most reliable method to predict the bearing capacity as
well as the load-displacement characteristic of the pile. In a case when the pile is not fully
mobilised to show a clear ultimate bearing capacity, the bearing capacity at 10% of the
pile diameter is used. The rapid pile load test is capable of predicting the static bearing
capacity when the loading rate effect and the excess pore pressure effect are considered
in a correct way.

The loading rate clearly influences the sand strength and stiffness in both dry and
saturated conditions. The effect of the loading rate on the pile resistance founded in dry
sand is negligible. For the piles founded in saturated sand, however, the effect of the
loading rate is widely agreed to be significant on both the total bearing capacity and the
tip resistance. The loading rate effect on the shaft friction, however, is not clear.

Excess pore pressure occurs during dynamic and rapid penetrations. In the dynamic
CPT or SPT, the positive excess pore pressure directly under the penetrometer tip con-
tributes to an increase of the dynamic resistance over the static resistance. In the rapid
pile load test, although the excess pore pressure is significant compared to the initial ef-
fect stress at the pile tip level, it is insignificant in direct comparison with the effective
stress during the rapid loading. However, accumulation of excess pore pressure along
the failure surfaces around the pile may be the main reason for an increase of the rapid
resistance over the static resistance. In order to gain more insight of the excess pore
pressure effect on the pile resistance, experimental and numerical investigations on the
evolution of the excess pore pressure insides the soil body and the influence of soil prop-
erties on the generation and dissipation of the excess pore pressure during the rapid pile
load test are conducted. Chapter 3, 4 and 5 presents an experimental investigation in
a centrifuge; chapter 6 and 7 present a numerical investigation using the finite element
method.

The installation method may also influence the ratio of the static capacity over the
rapid/dynamic capacity of a pile. The influence of the installation process is incorpo-
rated into the experimental and numerical studies of this thesis. Different approaches
to simulate the effect of the installation process are discussed and presented in chapter
chapter 6 and 7.
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PHYSICAL MODELLING

3.1. INTRODUCTION
This chapter discusses the physical modelling of the pile load tests in this study and
then presents details of the setup. The small-scale model pile load tests are normally
conducted using either the conventional 1-g configuration (g is the gravitational accel-
eration) or the centrifuge one, the N -g configuration. The main differences between
those two configurations are the absolute stress level at the pile tip and the stress gra-
dient along the pile shaft. The stress level at the pile tip can be easily replicated by a
surcharge loading in the 1-g configuration; however, the surrounding stress level along
the pile shaft, varying from zero at the ground surface to a few hundred kPa close to the
pile base, can only be reproduced in the centrifuge configuration. These gravity effects
are significant because the confining pressure, which is highly dependent on the stress
level [69], governs the soil behaviour [253]. Because of the advantage on the stress scal-
ing, the centrifuge configuration is employed in physical modelling of the pile load tests
in this study.

As mentioned and proven in the literature, the loading rate effects have a substantial
influence on the mobilised resistance of the pile during the rapid load test. Due to those
effects, the pile resistance in the rapid load test is significantly higher than the pile re-
sistance in the static load test. The increase of the pile resistance in the rapid load test
depends strongly on the loading rate and on the drainage condition of the soil. In or-
der to comprehend the influence of the loading rate and the behaviour and the effect of
the excess pore pressure on the pile resistance during the rapid load test, experimental
modelling of pile load tests was conducted in the geotechnical centrifuge at Deltares. In
the experimental program, series of axial rapid pile load tests and, consecutively, axial
static pile load test were performed in a saturated granular soil. Moreover, not only the
loading rate was varied to investigate the loading rate effect but also the drainage con-
dition was diversified by using different soil types and different fluid’s viscosity to study
the behaviour and the influence of the excess pore pressure.

In the experimental modelling, the first three series were conducted in 2007 and
analysed in detail by Nguyen [206]. Afterward, six series are conducted in 2009 [169] and
eight more series are performed in 2011 [205]; this thesis will present in detail the results

37
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and interpretation of these fourteen series of pile load tests together with results from
three series in 2007 of Nguyen [206]. This chapter will present the setup of the above
mentioned seventeen series of pile load test. First, scaling laws and boundary condi-
tions special for a pile-soil-fluid interaction problem are considered. Then the model
setup with mechanical and material properties is described. Finally, the experimental
program is given. The results of the physical modelling are presented in chapter 4 and
analysed in chapter 5.

3.2. CENTRIFUGE MODELLING

3.2.1. MODEL SCALING
By using a centrifuge with a certain acceleration level, soil models placed in a container
at the end of the centrifuge arm can be accelerated so that they are subjected to an iner-
tial radial acceleration field stronger than earth’s gravity. Soil held in a model container
has a free upper surface, and within the soil body, the stress increases with depth at a rate
related to the soil density and the magnitude of the acceleration field. For a centrifuge
model subjected to an inertial acceleration field of N times earth’s gravity the vertical
stress at depth hm will be identical to that in the corresponding prototype at depth hp

where hp = N ×hm [255]; N is called the scale of an experiment. This basic scaling law of
centrifuge modelling implies that the increment in vertical stress per scaled length in the
model equals the increment of stress per length in the prototype and that the stress and
the soil behaviour in a scaled model are expected to be identical to that in a prototype
[244].

The scaling rules for basic quantities in physical modelling are well derived in the
literature [91, 246, 255]; they are summarised in Table 3.1.

Table 3.1: Scaling rules for centrifuge modelling [90, 246, 255]

Parameter Model Prototype

Length/Displacement N−1 1
Velocity 1 1
Acceleration N 1
Force N−2 1
Stress 1 1
Strain 1 1
Area N−2 1
Volume N−3 1
Density 1 1
Mass N−3 1
Stiffness N−1 1
Elastic moduli 1 1
Material damping N−2 1
Permeability N 1
Time for dynamic events N−1 1
Time for consolidation events N−2 1

It can be seen from Table 3.1 that there is a difference in the time scale factors of
the dynamic event N−1 (i.e. generation of excess pore pressure) and the consolidation
process N−2 (i.e. dissipation of excess pore pressure). This inconsistency on the time
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scale means that using the same soil and pore fluid in model and prototype is not suit-
able for simultaneous similitude of dynamic and consolidation events. In order to unify
time scaling factors for dynamic and consolidation events, the consolidation process
is slowed by reducing the permeability of the model soil N times [158]. This can be
achieved by either increasing the viscosity of the fluid or by decreasing the particle size
of the soil; however only the first option is suitable for modelling the pile load test since
the second option raises issues associated with particle size effects [91, 158].

3.2.2. BOUNDARY CONDITION
This section summaries the scale effects arising from the relationship between the par-
ticle size of the soil, the diameter of the pile, the diameter of the container and the prop-
erties of the pore fluid.

RELATION OF SOIL, PILE AND CONTAINER

A further complication in geotechnical modelling is that a representative failure mech-
anism, which is represented by the width and the extent of shear and rupture bands in
cohesionless soils, depends significantly on the grain size of the soil. The grain sizes used
in the model correspond to much larger soil grains in the prototype; therefore, scaling of
sand-size particles would require usage of clay-size particles, but these have significantly
different constitutive characteristics [216]. In many cases, the same soils are used in the
model as in the prototype.

By using the same soil with the prototype and a pore fluid with high viscosity, the
requirement of scaling is satisfied. However, two other questions may arise. The first
one is the influence of the model pore fluid on the mechanical properties of the soil; this
question will be discussed in the next section. The second question is the dependency
of the failure mechanism on the grain size of the soil or, in short, the grain size effect.
In literature, many researchers examined the grain size effect on the problems of cone
penetration testing, shaft friction mobilisation of piles and pile load testing in sand in
both 1-g and centrifuge configurations.

Bolton et al. [35, 36, 103] investigated the grain size effect on the resistance of the
CPT in granular soils with different mean grain size (d50= 220, 440 and 900 µm) in a cen-
trifuge. They concluded that no effect of the grain size was found for the ratio of the
pile/cone diameter ( D) over the mean grain size of sand of larger than 30-50. Moreover,
a requirement for the ratio of the container diameter (DC ) over D is necessary in order
to avoid the wave reflection from the boundary of a container [206]. This ratio, however,
depends on the velocity of the penetration, the loading duration of interest and the rela-
tive density of the soil bed [206]. For the CPT of Bolton et al. [35, 36] with the maximum
velocity of 20 mm/s, a value of DC /Dp larger than 20 is suggested.

Garnier and König [91], Foray et al. [86] and Fioravante [80] studied the shaft friction
modelling of a model pile in dry sand in a centrifuge and concluded that a ratio of Dp /d50

> 80-100 allows the grain size effects to be minimized on a frictional interface between
the pile and the sand.

De Nicola and Randolph [208] investigated the capacity and the plugging behaviour
of a model pipe pile in silica flour (d50 = 50 µm) in a centrifuge. The model pile has the
inner diameter Di of 16 mm and the wall thickness t of 1 mm. In order to minimize the
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scale effects, they concluded that the ratios t/d50 > 9-10 and Di /d50 > 200.

RELATION OF SOIL AND FLUID

As mentioned before, if the same soil is used in a model and a prototype, the model pore
fluid must have a higher viscosity than that of the prototype pore fluid. This approach is
frequently applied in some different ways such as: using silicone oil [132, 151, 172, 302]
or using water solutions with various chemical components [8, 65, 252]. Based on an
extensive study, Allard and Schenkeveld [8] recommended the following requirements
for an ideal substitute pore fluid:

• the model pore fluid should cover a wide range of viscosity and offer a density very
close to the one of water, and the fluid must be chemically polar so it can be used
with silts and clays;

• the constitutive behaviour of the soil with the model pore fluid in the centrifuge
environment must be the same as the soil with water in the prototype, the soil-
fluid interaction and the stress-strain properties of the soil must be preserved;

• the fluid must be non-toxic and soluble in water, the fluid must be stable, and the
components should be readily available.

Although silicone oil is often used as a viscous pore fluid, there are a number of ap-
parent drawbacks: (1) silicone oil is classified as hazardous; (2) its unit weight is signif-
icantly different from that of water depending on the grade of silicone oil used, there-
fore, necessitating corrections are required; (3) at a small hydraulic gradient, clogging
of dense sand was observed with silicone oil [65, 132, 302]. On the other hand, a water
solution with hydroxypropyl methylcellulose (HPMC) powder is also used frequently as
a viscous fluid because HPMC solutions are available in a wide range of viscosity from 0-
500 cSt (water has a viscosity of 1 cSt = 10−6 m2/s). However the saturation procedure of
a sand sample with HPMC is much more time-consuming than silicone oil [132]; more-
over, HPMC solutions exhibit non-Newtonian behaviour which makes the soil-fluid in-
teraction is altered [8, 252]. Because of their disadvantages, both silicon oil and HPMC
are not chosen for the pore fluid in this thesis. The viscous fluid used in this thesis was
developed by Allard and Schenkeveld [8] and will be described in details in Section 3.3.2.

3.2.3. SUMMARY
A centrifuge configuration offers a good approach for scaling the stress field from a pro-
totype to a model. There are several requirements for a proper centrifuge modelling of a
dynamic pile-soil-fluid interaction problem.

In modelling a problem of pile-soil interaction, the scale effect and the grain size
effect are proven to be important in reproducing the pile resistance and the shaft friction,
a ratio of Dp /d50 be larger than 80-100 is required [36, 80, 86, 91]. For a problem with a
pipe pile, the following requirements t/d50 > 9-10 and Di /d50 > 200 are recommended
[208].

In modelling a problem of coupled dynamic and consolidation events, there is a con-
flict in the time scale factors of the dynamic calculation (N−1) and the consolidation
analysis (N−2). In order to unify the time scale factor, the most frequent used approach
is increasing the viscosity of the pore fluid. Allard and Schenkeveld [8] recommended
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several requirements for an ideal substitute pore fluid in which preservation of soil be-
haviour and soil-fluid interaction is of crucial.

3.3. MODEL SETUP

Details of the model piles and the model container are presented in this section. In-
formation about the properties of the soils and the pore fluid are given. The sample
preparation procedure is described.

The centrifuge modelling is conducted in the centrifuge of Deltares (formerly known
as Geo-Delft). This is a 7-m beam centrifuge with a swinging platform mounted at the
end of a horizontal beam. During the spinning up of the centrifuge, the platform moves
from the horizontal position to the vertical in-flight position. An artificial gravitational
level of maximum 300-g can be achieved at the maximum spinning speed; however, at
this high acceleration level, a vacuum should be applied in the whole chamber test to
reduce the frictional effect.

Due to the availability of the equipment, the acceleration level of 40-g is chosen for
the experimental program.

3.3.1. MECHANICAL SETUP

The mechanical setup of the centrifuge modelling consists of a model pile, an assembly
place to hoist the whole setup, a soil fill container, a loading system and other instru-
mentation and is the same as used in research in Nguyen [206]. Overview of the model
setup is given in Figure 3.1.

Figure 3.1: Mechanical setup of model tests [169]
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ASSEMBLY PLATE

The assembly plate is the steel foundation plate for the model setup with a size of 1.92
m length, 0.92 m width and 5 cm thickness. This plate provides a firm foundation for the
model setup and makes it possible to hoist the whole model setup in the centrifuge from
the ground floor in the assembly hall.

MODEL CONTAINER

The model container is circular steel with the inner and outer diameters of 589 and 600
mm respectively and the height of 793 mm. The container consists of five steel cylindri-
cal rings (one ring of 100 mm height and three rings of 231 mm height) assembled on
one another by watertight connections using O-seals. Three model piles were used, see
below. This container filled with soil is used in tests with pile A and C; in tests with pile
B, an extra ring of 50 mm height is used to make the height of the container 843 mm. In
the lowest of the three containers, watertight feeds are made for transducer cables inside
the containers.

MODEL PILES

Three model piles, made of steel, are used in the experimental program. Characteristics
of these three model piles are given in Table 3.2.

Table 3.2: Model piles used in the experiment

Parameter Units Pile A Pile B Pile C

Length mm 300 300 320
Diameter mm 11.3 16 11
Open-ended or Close-ended Close Close Open
Wall thickness (for open-ended) mm 0.5
Length in prototype m 12 12 12.8
Diameter in prototype m 0.45 0.64 0.44
Wall thickness (for open-ended) m 0.02

The container-to-pile diameter ratios are 52 for pile A/C and 37 for pile B; and the ra-
tios of the distance from the pile tip to the base boundary is 26 for pile A/C and 18 for pile
B. These two ratios are satisfied to be free from the boundary effect on the penetration
performance [36, 216].

All three piles are equipped with a load cell on the pile head to measure the applied
load. The two close-end piles have a load cell on the pile tip to measure the tip resistance
and a pore pressure transducer on the pile tip to measure the pore pressure directly be-
low the pile tip. Details of the instrumentation are given later in this section.

LOADING SYSTEM

A loading frame is constructed to control the applied forces on the pile and is connected
to the top of the soil fill container. The pile loading system and measurement devices are
attached to the loading frame.

The loading system consists of two hydraulic actuators mounted in the loading frame.
The first-large actuator is fixed on the loading frame and is used to install the pile to the
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starting point before loading. The second-small actuator is fixed to the actuator rod of
the first one and is used to perform pile load tests. The model pile and the small actuator
are firmly connected before the spinning up of the centrifuge; they move together during
loading. This type of connection contributes to the loosening of the soil along the pile
shaft during the spinning up of the centrifuge. The fastest loading of the small actuator,
which can be achieved, has a duration of 7.5 ms and a displacement of 5 mm.

MEASUREMENT SETUP

In order to investigate the load rate effect and the excess pore pressure effect, several
quantities are monitored during pile load testing.

The loading process is displacement-controlled. During the tests, the displacement
of the actuators is controlled through the servo-control system. The displacement of the
large actuator is measured during the installation process of the pile. The displacement
of the small actuator is measured during static and rapid pile load tests. Measurement of
the displacement employs a transducer which is an integrated part of the servo-control
system.

It should be mentioned that there are three different servo-control systems used in
the rapid pile load tests in the year of 2007, 2009 and 2011; the different systems lead to
some differences in the pile response during loading which will be pointed out later.

The applied force on the pile head and the reaction force on the pile tip are measured
by two load cells, which are mounted at the pile head and are integrated into the pile tip,
respectively. The load cells are a miniature force transducer U9B made by HBM Inc. with
a calibrated working range of 0-10 kN and an accuracy of ± 0.007 kN.

(a) Scheme 1 for pile A/C, 2x4+1 PPTs (b) Scheme 2 for pile A/C, 3x3 PPTs

(c) Scheme 3 for pile A/C, 4 PPTs (d) Scheme 4 for pile B, 2x3+1 PPTs

Figure 3.2: Locations of pore pressure transducers
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The pore pressure at the pile tip is measured by an integrated pore pressure trans-
ducer (PPT) in the pile tip. Two types of PPT are used; the transducer PDCR 82 Druck
type 1000 ± 0.26 kPa is used for Pile A (the close-ended pile with a diameter of 11.3 mm)
and the transducer EBP-C1 AP.vd.Berg 1000 ± 0.25 kPa is used for Pile B (the close-ended
pile with a diameter of 16 mm).

The pore pressure in the soil model is measured by four to seven pore pressure trans-
ducers of PDCR 82 Druck type. The PPTs are placed beneath and at the flank of the pile
following four different schemes. The first scheme is used for two series in 2009, nine
PPTs are installed in two layers of four PPTs and one more at the container bed, Figure
3.2(a). The second scheme is used for one series in 2009, nine PPTs are installed in three
layers of three PPTs, Figure 3.2(b). The third scheme is used for three series in 2009, four
PPTs are installed at different locations, Figure 3.2(c). The fourth scheme is used for eight
series in 2011, seven PPTs are installed in two layers of three PPTs and one more under
the pile, Figure 3.2(d).

Figure 3.3: Locations of pore pressure transducers in Nguyen’s tests - Scheme 5, 4 PPTs

The transducers are fixed to the bottom of the container by L-shape steel frames as
shown in Figure 3.4.

In the interpretation of the experiments, the model tests of Nguyen [206] are also
taken into consideration. In those tests, Nguyen used pile A, the same load cells and
the pore pressure transducers of PDCR 82 Druck type. The installation of the PPTs in
Nguyen’s tests (scheme 5) consists of four PPTs installed at different locations, Figure
3.3. The transducers in Nguyen’s tests are fixed by vertical steel rods to the container’s
bottom.

Figure 3.4: Steel stands of PPTs in 2009 and 2011 experiments

All of the pore pressure transducers have a filter at the head; the filter is a porous
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stone disk for the PDCR 82 Druck, whereas the filter is a porous copper disk for the EBP-
C1. The pore pressure transducers in the soil bed are always kept satured with still water
at the atmospheric pressure before and after the test. The pore pressure transducers
at the pile tip is submerged in still water and subjected to a small amount of negative
pressure (about -0.01 Pa) to maintain saturation before and after the test.

3.3.2. SAMPLE SETUP

SOIL

In the centrifuge pile loading tests, two types of soil are used, namely: Baskarp sand and
silt. The grain size distribution and the classification parameters of Baskarp sand and
silt, determined in Deltares laboratory [8], are shown in Figure 3.5 and Table 3.3.

Figure 3.5: The grain size distribution of soils

Table 3.3: Parameters of soils

Parameters Dimension Baskarp sand Silt

Density grains kg /m3 2.647 2.650
d10 µm 90
d50 µm 130 58
d90 µm 200
Min. porosity % 34 42.2
Max. porosity % 46.9 53.9
Permeability at n = 34% m/s 6.5×10−5 1.5×10−5

Friction angle at n = 40% degree 41 38
Pile A: Dp /d50 86 193
Pile B: Dp /d50 123 276
Pile C: tp /d50 3.85 8.62

The pile diameter-to-mean grain size ratios are 86 in the sand sample and 193 in the
silt sample for pile A and 123 in sand and 276 in silt for pile B. These two ratios are beyond
the requirements to avoid the scale effects in modelling of the penetrometer resistance
and the shaft friction [80, 86, 91] .
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In consideration of the requirement of De Nicola et al. [208] for the ratios of the inner
diameter Di and the wall thickness of the pipe pile t over the mean grain size of the soil
d50, the silt sample just satisfies with values of 178 and 8.6, respectively; while in the sand
sample, values of those ratios are 79 and 3.9, respectively. Regarding the prototype, the
test of the pipe pile with the silt sample is a normal application of an open-ended pile in
a sea-bed sand, whereas the test with the sand sample is an extreme case in a fine gravel
layer which sometimes happens in reality.

In order to check the wave reflection problem, Nguyen [206] conducted rapid pile
load tests with pile A ( D = 11.3 mm) and Baskarp sand in the same container and mea-
sured the pore pressure reaction. Nguyen reported that with a penetration rate up to 80
mm/s there is no evidence of wave reflection. There occurs wave reflection for a pene-
tration rate up to 300 mm/s, but the tendencies of pile resistance development and pore
pressure variation are the same. Therefore, Nguyen concluded that the reflected waves
are small and can be neglected [206]. The wave reflection phenomenon will be checked
later in this thesis.

PORE FLUID

Allard and Schenkeveld [8] developed a non-toxic water-based chemical solution (a mix-
ture of water and sodium carboxymethyl cellulose). They conducted series of validation
tests on this model pore fluid in both 1-g and centrifuge environment to extensively in-
vestigate its physical properties, permeability in soil, and responses in monotonic and
cyclic triaxial loading conditions. Allard and Schenkeveld [8] concluded that:

• high accuracy, repeatability and stability are obtained in preparing the pore fluid
and saturating soil samples;

• the intrinsic permeability κ of sand sample (d50 = 130 µm) is not altered by the
model pore fluid, and there is no alteration of the sand behaviour due to the model
pore fluid;

• for temperatures range from 10oC to 30oC (the minimum and maximum expected
temperatures for a test run in the Deltares centrifuge under normal conditions),
the density of the fluid can be considered as the one of water and the kinematic vis-
cosity can vary from 1 to 300 cSt depending on weight percentage of water/chemical
components in pore fluid.

The viscous fluid developed by Allard and Schenkeveld [8] is therefore suitable for
the centrifuge pile loading tests and was used in this study.

During a rapid pile loading test in a saturated soil sample, the drainage condition
has a significant influence on the mobilised pile resistance [118, 206]. The pile resis-
tance increases when the drainage condition changes from drained to partially drained
to undrained due to the existence of the negative excess pore pressure that increases the
effective stress of the soil at the pile, tip [206]. The drainage condition is represented by
a dimensionless parameter η, known as the drainage factor, which relates to a certain
degree of consolidation during the loading period of the test [118]. The drainage factor
is defined by Hölscher and Barends [118] as the ratio between the permeability over the
critical permeability, the value which leads to 30% drainage during one hammer blow, as
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following:

η= G ×T

γ× r 2 ×k = G ×T

γ× r 2 × K × g

ν
= G ×T

ρ× r 2 × K

ν
(3.1)

in which:

• G is the sand shear modulus [N/m2];
• T is the loading duration [s];
• γ is the volumetric weight of the pore fluid [N/m3];
• r is the pile radius [m];
• k is the hydraulic conductivity of the soil [m/s];
• K is the intrinsic permeability of the soil [m2];
• g is the gravitational acceleration, g = 9.81 [m/s];
• ν is the kinematic viscosity of the fluid [m2/s];
• ρ is the mass density of the pore fluid [kg/m3].

Based on a series of centrifuge rapid pile loading tests, Nguyen [206] recommended
that a value of 5 is considered as the boundary value between the partially drained and
drained conditions; whereas the value of 0.01 is the boundary between the partially
drained and undrained conditions.

Taking a loading duration of a rapid loading test, 100 ms, as the representative load-
ing duration for the prototype rapid loading test, the loading duration of the model test
should be 2.5 ms (with the chosen scaling factor of 40). However, the shortest dura-
tion that the actuator can achieve is 7.5 ms, which may have a significant effect on the
drainage condition and consequently on the excess pore pressure effect during a model
rapid pile test. In order to still stimulate the same drainage condition in the model, the
viscosity of the pore fluid has to be increased three times which means the model pore
fluid needs to be 3×40 = 120 times more viscous than water (or 120 cSt). Nguyen [206]
argued that with the pore fluid viscosity of 120 cSt, the influence of the excess pore pres-
sure is not significant; consequently, in order to study the excess pore pressure effect, he
suggested to create a more-partially drained situation by increasing the pore fluid vis-
cosity to 300 cSt. This recommendation is applied in Nguyen’s experiment [206] and also
in the experiment of this study.

SAMPLE PREPARATION

The granular soil sample is prepared by raining the soil with the drizzle method in a water
container and compacting the soil with the shockwave compaction method; Rietdijk et
al. [233] describe these two techniques in details. The combination of these two methods
allows preparation of a high homogeneity soil bed with a relative density of 30-70% ±
0.5% depending on the type of soil. After compaction of the soil sample, the water can
be replaced by a viscous fluid with a viscosity of as high as 300 cSt. The main steps of the
preparation procedure are:

• fill the container with de-aired water;
• shower the wet sand/silt under the water surface by a pumping system;
• wait till soil particles settle down, a very loose soil sample with a relative density of

nearly 0% is created at the end of this step;
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• lower down the water level until a height of several centimetres above the soil sur-
face by gently sucking out the water from the top of the container;

• compact the whole soil package by impact - dropping the whole container from a
height of several centimetres - until the required density is reached, let the water
drain out both from the top and the bottom of the container;

• remove the top soil layer (about 10 - 15 cm) where the soil in this layer is less com-
pacted and homogeneous than the soil in deeper depths;

• (optional) pump a viscous fluid in from the top and drain the water out from the
bottom of the container, so the pore water is gradually replaced by the viscous
fluid.

3.4. EXPERIMENT PROGRAM

3.4.1. LOADING SCHEME
The pile load tests in the experiments are displacement-controlled following the pattern
shown in Figure 3.6. It should be noted that the loading pattern here is for the rapid
load test with two branches of loading and unloading; the imposed displacement u can
take different magnitude of up to 25% D ; the loading duration T of up to 50 [ms]. For
the static load test, only the loading branch is applied with the imposed displacement
u = 10%D and the loading duration T = 676.6[s]; therefore the static load test can be
considered as the constant rate penetration (CRP) test.

Figure 3.6: Displacement-controlled loading pattern in the pile load test

In all pile load test series, almost the same loading program is carried out. This load-
ing program consists of seven stages:

• (1) the installation of the pile (for the pre-embedded pile, this stage is omitted),
• (2) the first four rapid pile load tests with the same loading duration T1 [ms],
• (3) the first static pile load test,
• (4) the second four rapid pile load tests with the same loading duration T2 [ms],
• (5) the second static pile load test,
• (6) the last four rapid pile load tests with the same loading duration T3 [ms],
• (7) the last static pile load test.

The loading durations T1, T2 and T3 can be 10 ms, 20 ms or 50 ms.
In Nguyen’s experimental program [206], the above loading program is used. Four

different magnitudes of displacement are used in the rapid load tests as 1%, 2%, 5%
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and 10% D . In the experimental program in 2009, with the intention of minimum dis-
turbance for the first two rapid load tests, in the series of fast rapid load tests (loading
duration of 10 ms), only two rapid load tests with displacements of 1% and 10% D are
conducted. The average loading rates of rapid load tests vave in Nguyen [206] and in the
2009 [169] experimental program are presented in Table 3.4.

Table 3.4: Average loading rates of rapid load tests [% D/s] in Nguyen [206] and in the 2009 [169] experimental
program

Displacement [% D] 1 2 5 10
Duration [ms]

Slow-rate, vave 50 20 40 100 200
Average-rate, vave 20 50 100 250 500
Fast-rate, vave 10 100 200 500 1000

After the experimental program in 2009, consideration of the average load rate in the
rapid load test realises the similarity in the average load rate of the experimental program
of Nguyen [206] and the one in 2009 [169] as shown in Table 3.4. In that table, cells with
the same colour have comparable average load rates. In order to compare the effect of
the same load rate at different displacements, especially at the large displacement when
plastic deformation is expected, and the negative excess pore pressure is significant, the
displacement magnitudes of the experimental program in 2011 are adapted. In the slow
rapid loading series, the test of 2% D displacement is replaced by the test of 2.5% D
displacement, the test of 25% D displacement is added; and in the average loading series,
the test of 5% D displacement is replaced by the test of 4% D displacement. The loading
rates of the experimental program in 2011 are given in Table 3.5.

Table 3.5: Average loading rates of rapid load tests [% D/s] in the 2011 [205] experimental program

Displacement [% D] 1 2 2.5 4 5 10 25
Duration [ms]

Slow-rate, vave 50 20 50 100 200 500
Average-rate, vave 20 50 100 200 500
Fast-rate, vave 10 100 200 500 1000

Details of the applied velocity and loading duration of all rapid and static tests fol-
lowing the loading scheme of Nguyen’s experimental program [206], the experimental
program in 2009 [169] and the experimental program in 2011 [205] are given in Appendix
A.

3.4.2. EXPERIMENT PROCEDURE
The procedure of each centrifuge load test consists of five phases as following:

Phase 1: preparation

• assemble the soil container and pore pressure transducers,
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• assemble the soil container and pore pressure transducers,
• mount the pile and the pile-frame,
• prepare the soil sample following the drizzle method and the impact compaction

method,
• replace the water with the viscous fluid if required (tests in Baskarp sand).

Phase 2: before starting

• hoist the soil container into the centrifuge container,
• connect the electrical and hydraulic system,
• connect the plungers to the pile,
• unmount the pile-frame,
• start registration,
• record "zero-value" of all transducer.

Phase 3: spinning up

• spin up the centrifuge,
• gradually rotate the centrifuge container to the horizontal position and fix the cen-

trifuge container,
• keep the spinning velocity of 79.43 rpm (which is equivalent to the gravitational

level of 40-g ),
• check for the steady state of all transducers.

Phase 4: performing test

• install the pile to the final depth if required (with the jacked-in installation),
• unload the pile by reducing a displacement of the pile until the pile head force is

approximately 0 ± 0.01 kN,
• perform the loading scheme Appendix A.

Phase 5: spinning down

• spin down the centrifuge to 45 rpm,
• release the container fixation,
• spin down the centrifuge to halt,
• stop data acquisition,
• disconnect the electrical and hydraulic systems,
• unhoist the soil container.

3.4.3. VARIATIONS
There are several variations of the boundary condition of the experiment of Nguyen
[206], the experiment in 2009 [169] and the experiment in 2011 [205]. They are as fol-
lowing:

• two types of the pile installation method, namely jacked-in and pre-embedded;
• three types of the material combinations, namely sand and viscous fluid, silt and

water and sand and water;
• four relative densities of the soil, namely: loose 36%, medium dense 45%, medium

dense 54% and dense 65%.
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3.5. SUMMARY
This chapter presents the detail information on the setup of seventeen pile loading test
series conducted in the geotechnical centrifuge at Deltares.

Table 3.6: Properties of performed centrifuge testes

Series Year Soil type Dr [%] Fluid type Installation Pile type D [mm] PPTs installation

2 20071 Sand 54 Viscous Jacked-in Close-ended 11.3 Scheme 5
3 20071 Sand 36 Viscous Jacked-in Close-ended 11.3 Scheme 5
4 20071 Sand 65 Water Jacked-in Close-ended 11.3 Scheme 5

11b 20092 Sand 65 Viscous Pre-embedded Close-ended 11.3 Scheme 1
11j 20092 Sand 65 Viscous Jacked-in Close-ended 11.3 Scheme 1
12 20092 Silt 65 Water Jacked-in Open-ended 11.0 Scheme 3
14 20092 Silt 65 Water Jacked-in Close-ended 11.3 Scheme 3
15 20092 Sand 65 Viscous Pre-embedded Close-ended 11.3 Scheme 2
16 20092 Sand 65 Water Jacked-in Open-ended 11.3 Scheme 3

21 20113 Sand 65 Viscous Jacked-in Close-ended 16.0 Scheme 4
22 20113 Sand 65 Viscous Pre-embedded Close-ended 16.0 Scheme 4
23 20113 Sand 45 Viscous Jacked-in Close-ended 16.0 Scheme 4
24 20113 Sand 45 Viscous Pre-embedded Close-ended 16.0 Scheme 4
25 20113 Sand 65 Viscous Jacked-in Close-ended 16.0 Scheme 4
26 20113 Sand 65 Viscous Pre-embedded Close-ended 16.0 Scheme 4
27 20113 Silt 65 Water Jacked-in Close-ended 16.0 Scheme 4
28 20113 Silt 45 Water Jacked-in Close-ended 16.0 Scheme 4
1 Nguyen [206], 2 [169], 3 [205]

Among the seventeen series of pile load tests, the first three series, namely series 2, 3
and 4, were performed in Nguyen’s research [206]. The remaining series were conducted
in this study, the first six series were performed in 2009 [169] and the last eight series
were performed in 2011 [205]. All of the pile load series were executed under the gravita-
tional level of 40-g . The Baskarp sand and silt are used as a soil material. De-aired water
and the viscous fluid with the viscosity of 300 cSt are used as a fluid material. Table 3.6
summarises properties of the entire pile load series performed. The measurement data
and the details on the performance of each centrifuge test series can be found in the
corresponding factual report [169, 205]. In the series 11 to 16, the tip reaction force mea-
surement is missing. In the series 21 and 22, because of missing information of PPT-PT
and FPT during the slow loading series, the series was halted and the instrumentation
is fixed. After that the series continued with the average and fast loading series, and the
slow loading series was performed again at the end of the test.
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4
PHYSICAL MODELLING - RESULTS

4.1. INTRODUCTION
In this chapter, the experimental results from the physical modelling are presented. First,
the load-displacement relationship from the static load tests and the rapid load tests
are given in section 4.3 and 4.4. Due to the large numbers of the rapid load tests, only
typical results are presented. The full report of the static and rapid load tests can be
found in the following documents [169, 205, 206]. Then, the behaviour of the excess pore
fluid pressure corresponding to each loading velocity and each magnitude of imposed
displacements is investigated in details in section 4.5. The repeatability of the tests is
analysed in section 4.6 based on several pairs of identical tests which were conducted.
The loading patterns applied and their corresponding load-displacement responses are
discussed in section 4.7. Finally, concluding remarks on the experimental results are
given in section 4.8.

It should be mentioned here that the presented results of force, pressure, displace-
ment and time in this chapter and Chapter 5 are in the model scale which are directly
measured or derived from measured values at the acceleration level of 40 times the grav-
itational level. The values in the prototype scale can be found by scaling up with appro-
priate scaling factors from Table 3.1.

4.2. DERIVATION AND NOTATIONS
During the rapid load test, the pile can be considered as a rigid body as argued by Mid-
dendorp [191], so the applied (measured) force or the rapid pile force (Fr ap ) is equal to
the sum of the soil force and the inertia force of the pile. Therefore, the soil force can be
calculated as:

Fsoi l = Fr ap −Fi ner t i a = Fr ap −M ×a (4.1)

where M is the pile mass and a is the pile acceleration. The soil force is composed of the
static force, the damping force and the pore pressure force [191] as follows:

Fsoi l = Fst ati c +Fr ate (4.2)

The static force Fst ati c is actually the sum of the pile shaft friction and the pile tip resis-
tance. The force Fr ate considers the penetration rate effect, which actually consists of

53
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the pore pressure effect Fpw p , the constitutive rate effect Fconst , and the damping effect
Fd amp . The pore pressure effect concerns the presence of the negative and/or positive
excess pore pressure which affects the effective stress [282]; whereas the constitutive rate
effect relates to the interlocking of the soil grains, which increase the soil strength during
rapid loading [281]. The damping effect takes into account the influence of the velocity
of the pile and can be computed Fd ampi ng =C ×v in which C is a damping ratio and v is
the pile velocity. These two effects, the constitutive rate effect and the damping effect are
hardly distinguished, therefore they will be considered as one otherwise it will be stated.

In chapter 4 and 5, two values of the rapid pile force are considered which are the
maximum value, Fmax , and the value at maximum displacement or the so-called un-
loading point, Fup . The two factors Rmax and Rup are then defined [206] as the normal-
isation of the maximum force and the unloading point force, respectively, by the static
force Fst ati c at the same displacement:

Rmax = Fmax

Fst ati c
Rup = Fup

Fst ati c
(4.3)

The velocity and acceleration of the pile are calculated numerically as the first and
second derivative of the measured pile displacement as follows:

vi = ui+1 −ui

∆t
ai = ui−1 −2×ui +ui+1

∆t 2 (4.4)

with ui is the displacement at the time step i and ∆t is the time increment between two
consecutive recorded data.

In chapter 4 and 5, there are some other notations which are used in tables or figures
as:

• PLT : the pile load test series
• SLT : the static load test
• RLT : the rapid load test
• PPT : the pore pressure transducer
• F PH : the pile head applied-force which is a measured quantity minus the pile

inertial force
• F PT : the measured pile tip reaction-force
• F PS : the derived pile shaft force, F PS = F PH −F PT
• Displ, Velo, Acce : the measured displacement and derived velocity and accelera-

tion of the pile head

As mentioned in Section 3.4, in each pile load test series, there are seven stage of
loading with maximum fifteen pile load tests. The notation of those tests are given here
to assist the reader. Let’s consider the series number 2 of the close-ended pile, D = 11.3
[mm], installed by the jacked-in method in the sand and viscous fluid soil bed with the
relative density Dr = 54%, the loading stages in this series are notated as in Table 4.1/.
Table 4.2 summarises properties of all centrifuge pile load tests performed in Deltares
geo-centrifuge. All pile load tests are grouped in the order of the installation method
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(column 1), the pile type and diameter (column 2 and 3), the soil type and relative density
(column 4 and 5), the pore fluid type (column 6), the number of PPTs (column 7). Two
last columns give the number of tests and the year of performing. Of 17 tests, tests 2 to 4
were conducted by Nguyen [206] and used here as a reference and for comparison.

Table 4.1: Loading stages for the series 2: Sa 54 Vi J C 11.3

Stages Tests Remarks

1 Installation No notations

2 Rapid loading 1 Slow-rate loading
R-2-1-1% D Maximum displacement of 1% D
R-2-1-2% D Maximum displacement of 2% D
R-2-1-5% D Maximum displacement of 5% D
R-2-1-10% D Maximum displacement of 10% D

3 S-2-1 Static loading 1, displacement of 10% D

4 Rapid loading 2 Average-rate loading
R-2-2-1% D Maximum displacement of 1% D
R-2-2-2% D Maximum displacement of 2% D
R-2-2-5% D Maximum displacement of 5% D
R-2-2-10% D Maximum displacement of 10% D

5 S-2-2 Static loading 2, displacement of 10% D

6 Rapid loading 3 Fast-loading rate
R-2-3-1% D Maximum displacement of 1% D
R-2-3-2% D Maximum displacement of 2% D
R-2-3-5% D Maximum displacement of 5% D
R-2-3-10% D Maximum displacement of 10% D

7 S-2-3 Static loading 3, displacement of 10% D

Table 4.2: Properties of performed centrifuge testes

Installation Pile D Soil Dr Fluid PPTs Test Year Notation
[mm] [%]

Jacked-in Close-ended 16 Sand 65 Viscous 2 x 3 + 1 21 2011 Sa 65 Vi J C 16
16 Sand 65 Viscous 2 x 3 + 1 25 2011 Sa 65 Vi J C 16
16 Sand 45 Viscous 2 x 3 + 1 23 2011 Sa 45 Vi J C 16

11.3 Sand 65 Viscous 2 x 4 + 1 11j 2009 Sa 65 Vi J C 11.3
11.3 Sand 54 Viscous 4 2 2007 Sa 54 Vi J C 11.3
11.3 Sand 36 Viscous 4 3 2007 Sa 36 Vi J C 11.3
11.3 Sand 65 Water 4 4 2007 Sa 65 Wa J C 11.3

16 Silt 65 Water 2 x 3 + 1 27 2011 Si 65 Wa J C 16
16 Silt 45 Water 2 x 3 + 1 28 2011 Si 45 Wa J C 16
11.3 Silt 65 Water 4 14 2009 Si 65 Wa J C 11.3

Open-ended 11.3 Sand 65 Water 4 16 2009 Sa 65 Wa J O 11.3
11.3 Silt 65 Water 4 12 2009 Si 65 Wa J O 11.3

Pre-embedded Close-ended 16 Sand 65 Viscous 2 x 3 + 1 22 2011 Sa 65 Vi E C 16
16 Sand 65 Viscous 2 x 3 + 1 26 2011 Sa 65 Vi E C 16
16 Sand 45 Viscous 2 x 3 + 1 24 2011 Sa 65 Vi E C 16

11.3 Sand 65 Viscous 2 x 4 + 1 11b 2009 Sa 65 Vi E C 11.3
11.3 Sand 65 Viscous 3 x 3 15 2009 Sa 65 Vi E C 11.3
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4.3. STATIC LOAD TESTS
In this section, first, typical measurements of the pile forces and the displacement of a
SLT are given, then the measured axial forces on the pile head and the pile tip are plotted
together with the calculated shaft friction as a function of the pile head displacement.

(a) Measurement in time (b) Force - displacement

Figure 4.1: Typical results of SLT, test S-25-1

(a) Series 2: Sa 54 Vi J C 11.3 (b) Series 3: Sa 36 Vi J C 11.3

(c) Series 4: Sa 65 Wa J C 11.3

Figure 4.2: Pile displacement versus forces in SLTs of series 2, 3 and 4 in 2007 [206]

The measured head force and tip force in time from test S-25-1 (sand sample of Dr
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= 65% with viscous fluid) are given in Figure 4.1(a), and the force-displacement curves
of test S-25-1 are given in Figure 4.1(b). It can be seen that the tip force contributes
approximately 80% of the total force, the shaft friction reaches an ultimate value at a dis-
placement of approximately 5% D , whereas the tip force seems to continue increasing.

(a) Series 11: Sa 65 Vi E C 11.3 (b) Series 11: Sa 65 Vi J C 11.3

(c) Series 12: Si 65 Wa J O 11.3 (d) Series 14: Si 65 Wa J C 11.3

(e) Series 15: Sa 65 Vi E C 11.3 (f) Series 16: Sa 65 Wa J O 11.3

Figure 4.3: Pile head forces versus displacement in SLTs of tests in 2009 [169]

The force-displacement curves of all static loading tests in 2007, 2009 and 2011 are
given in Figures 4.2, 4.3 and 4.4. In each pile load testing series, there were three or
four static loading tests, as mentioned at the end of chapter 3. The SLTs were performed
before or after the rapid load testing series. In Figures 4.2 to 4.4, the force-displacement
curves of those SLTs in the same PLTs are differentiated with the number 1, 2, 3 and 4
which represents the order of the corresponding SLTs.
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(a) Series 21: Sa 65 Vi J C 16 (b) Series 22: Sa 65 Vi E C 16

(c) Series 23: Sa 45 Vi J C 16 (d) Series 24: Sa 45 Vi E C 16

(e) Series 25: Sa 65 Vi J C 16 (f) Series 26: Sa 65 Vi E C 16

(g) Series 27: Si 65 Wa J C 16 (h) Series 28: Si 45 Wa J C 16

Figure 4.4: Pile displacement versus forces in SLTs of tests in 2011 [205]
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Note: The tip reaction force measurement is missing in PLTs 11 to 16 therefore only
the head force is available. In series 11, there were actually two PLTs; one is with the pile
pre-embedded at 10 D (named as 11b) and the other is with the pile jacked-in until 20 D
(named as 11j).

It can be seen from Figures 4.2-4.4 that there is a certain scattering of the force-
displacement curves of static loading tests in each series. Generally, curves of the later
SLTs show a higher maximum force than that of the previous ones, especially for the
series with the pre-embedded pile. In particular, the difference between the maximum
static force of the first SLT and the last SLT for the jacked pile is about 14% (Figure 4.2(b)),
whereas that difference for the pre-embedded pile is up to 47% (Figure 4.3(d)). The in-
crease of the pile force can be explained from the densification of the soil around the
pile during the pile penetration process. As mentioned before, there are several RLTs
between two consecutive SLTs with a total displacement of about 18% D . As the pile
penetrated further into the soil body, the soil along the pile shaft and under the pile tip is
densified which leads to an increase in the soil strength and hence in the pile resistance
[67]. Similar observations on the increase of the pile force and actual evidence (from the
void ratio measurement) for the soil densification are reported by Dijkstra [67].

The tip force in all SLTs is about 70 to 90% of the total force and, in general, is fully
mobilised with a displacement of 10% D . On the other hand, the shaft friction is fully
mobilised from a displacement of about 5% D .

4.4. RAPID LOAD TESTS

In this section, typical measurements of the rapid loading tests with different imposed
displacements are given. For those RLTs, the following information is given: (1) the
measured tip force and the calculated head and shaft forces with time, (2) the imposed
displacement with time, (3) the derived velocity with time, and (4) the pile forces as a
function of the pile displacement. Due to the large number of the RLTs in each series,
this section only presents some typical results during RLTs with imposed pile displace-
ments of 1%, 2%, 5% and 10% D in series 21, 22 and 25 in Figures 4.5 - 4.8. The full
detail of all RLTs can be found in the following documents [169, 205, 206]. In Figures
4.5(a,c,e,g), the forces and displacement are plotted as a function of time, whereas the
force-displacement curves are plotted in Figures 4.5(b,d,f,h). The captions of the sub-
figures are the name of the corresponding RLTs.

It can be seen from Figure 4.5 that due to the small prescribed displacement of 1%
and 2% D , both the tip force and the shaft friction in tests R-21-1-1% and R-22-1-2% do
not reach the ultimate value, Figure 4.5(b,d). In tests R-22-2-5% and R-25-2-10%, as the
prescribed displacement is large enough, the shaft friction is fully mobilised with a clear
failure pattern, Figure 4.5(f,h). However, even with the prescribed displacement of 10%
D , the tip force does not achieve its ultimate value, Figure 4.5(h).

It should be mentioned that in those rapid load tests, the inertia force is less than 3%
when compared with the maximum pile head force, therefore, it can be considered as
negligible. Nevertheless, the inertia force is still calculated and subtracted from the head
force in the intepretation of the rapid load tests.
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(a) Pile force with time (b) Pile displacement with time

(c) Pile velocity with time (d) Pile displacement vs. force

Figure 4.5: Results from test R-21-1-1%: series 21, vave = 3.33 mm/s, umax = 1%D

(a) Pile force with time (b) Pile displacement with time

(c) Pile velocity with time (d) Pile displacement vs. force

Figure 4.6: Results from test R-22-1-2%: series 22, vave = 8.44 mm/s, umax = 2%D
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(a) Pile force with time (b) Pile displacement with time

(c) Pile velocity with time (d) Pile displacement vs. force

Figure 4.7: Results from test R-22-2-5%: series 22, vave = 43.24 mm/s, umax = 5%D

(a) Pile force with time (b) Pile displacement with time

(c) Pile velocity with time (d) Pile displacement vs. force

Figure 4.8: Results from test R-25-2-10%: series 25, vave = 86.49 mm/s, umax = 10%D
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4.5. PORE FLUID PRESSURE IN RAPID LOAD TESTS

4.5.1. GENERAL DESCRIPTION
In this section, the general behaviour of the excess pore pressure is described. During
the rapid loading tests, different responses of the excess pore pressure, measured by the
pore pressure transducers, occur depending on the location of the PPTs.

Figure 4.9: Response of PPTs following the second setup from test R-22-2-10%, sand Dr = 45% - viscous fluid,
vave = 86.49 mm/s

As mentioned in chapter 3, there are five schemes of PPT setup. These five schemes
can generally be classified into two types. In the first setup type, there are four PPTs
placed at different locations around the pile tip and one mounted on the pile tip; in
the second setup, there are six, eight or nine PPTs axis-symmetrically placed on two or
three layers at different depth under the pile tip and also one mounted on the pile tip.
Responses of PPTs installed as the first setup type are summarised by Nguyen [206], so
they are not repeated here. Responses of PPTs installed as the second setup type are
described in this section.

Figure 4.9 introduces an overview of pore pressure measurements together with mea-
surements of the pile tip force and the pile head displacement from the rapid load test
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R-22-2-10% in the soil sample of 45% relative density and viscous fluid. Pore pressures
measured in the soil bed of six PPTs (Figure 3.2) are presented in two lines but it should
be noted that three PPTs in each line are actually at the same distance from the pile cen-
tre but in different directions.

(a) Force and displacement in time (b) PPTs in first layer

(c) PPTs in second layer (d) Remaining PPTs

Figure 4.10: Results from test R-25-1-1%, sand Dr = 65% - viscous fluid, vave = 3.33 mm/s

The general overview of the measured signals can be described as following: (1) as
the pile goes down, the tip force increases to the maximum value corresponding to the
fact that the pile resistance increases, and when the pile bounds the tip force reduces to
the final value; (2) the PPT transducers at the pile tip (PPT-PT) and on the second layer
(PPT-4,5,6) exhibit mostly positive excess pore pressure, whereas the PPTs transducers
at the bed (PPT-BC) and on the first layer (PPT-1,2,3) experience both the positive and
negative excess pore pressure. The connection between the evolution of the excess pore
pressure and the pile/soil movement will be explained in next sections.

Figure 4.10 presents measurements of the pore pressure of PPTs in the first layer (b),
in the second layer (c) and in the pile tip and in the soil bed (d) of the rapid test R-25-
1-1% in the soil sample of 45% relative density and viscous fluid. This is an RLT with
the smallest load rate together with the smallest displacement. Figure 4.10 shows a sim-
ilar trend of all PPTs’ responses. Excess pore pressure of all PPTs gradually increases to
a maximum positive value as the pile penetrates into soil and gradually dissipates to a
static value as the pile rebounds. It seems that with such a small displacement of 1%
D, the soil under and around the pile behaves elastically and experiences compression,
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therefore, the induced excess pore pressure is only positive. The maximum value of ex-
cess pore pressure is about 250 kPa under the pile tip, about 95 kPa at a depth of 2.5 D
under the pile tip and only about 14 kPa at locations of other PPTs.

(a) Force and displacement in time (b) PPTs in first layer

(c) PPTs in second layer (d) Remaining PPTs

Figure 4.11: Results from test R-24-3-10%, sand Dr = 45% - viscous fluid, vave = 177.77 mm/s

Figure 4.11 presents results of the rapid test R-24-3-10% in the soil sample of 45%
relative density and viscous fluid. This is an RLT with the largest load rate together with
the largest displacement. In Figure 4.11, there are two opposite tendencies of excess
pore pressure evolution which can be described as following. Figure 4.11(b,d) shows
the similar tendency for pore pressure responses of the PPTs at the pile tip (PPT-PT), in
the first layer (PPT-1, 2 and 3) and at the container base (PPT-BC) as: a rapid increase
to a maximum positive value, rapid decrease to a maximum negative value and then
gradual dissipation to the static value. This trend is also observed at the location of PPT-
PT and PPT-2 in the rapid load tests with 10% D-displacement of Nguyen’s experiment
program [206] as mentioned in chapter 2. On the other hand, Figure 4.11(c) shows an
opposite tendency for a response of the PPTs in the second layer (PPT-4, 5 and 6) as: a
rapid decrease to a maximum negative value, a rapid increase to a maximum positive
value and then gradual dissipation to the static value.

The evolutions of the excess pore pressure in Figure 4.11 can then be explained as
following [71, 206]:

• At the initial stage when the pile starts moving downward, the soil right under the
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pile tip is compressed therefore the pore fluid is squeezed and hence the excess
pore pressure is positive as shown at the location of PPT-PT in Figures 4.11(d).
For the soil under the pile tip, if the soil skeleton is compressed then the excess
pore pressure is positive. This phenomenon is recorded by PPT-1, PPT-2, PPT-3
and PPT-BC as shown in Figures 4.11(b,d). However, if the soil is sheared along
the pre-existed weak surfaces then the pore volume increases, the fluid is sucked
in therefore the excess pore pressure is negative. This phenomenon is logged by
PPT-4, PPT-5, PPT-6 as shown in Figure 4.11(c).

• As the pile continues moving downward, there are three possibilities for the re-
sponse of the excess pore pressure. The soil right under the pile tip rigidly moves
with the pile therefore the excess pore pressure reaches its maximum positive value
and dissipates to a stationary value from over-pressure as the pile come to rest.
This phenomenon is recorded by PPT-PT in Figures 4.11(d). If the soil is sheared
after the initial compression then the excess pore pressure reaches its maximum
positive value before the pile bounces back, subsequently decreases to the maxi-
mum negative and finally dissipates from under-pressure, PPT-1, PPT-2, PPT-3 and
PPT-BC in Figures 4.11(b,d). On the other hand, if the soil is compressed after the
initial shearing then the excess pore pressure reaches its maximum negative value,
subsequently increases to the maximum positive value and finally dissipates from
over-pressure, PPT-4, PPT-5, PPT-6 in Figure 4.11(c).

In general, the pore pressure responses of all PPTs are consistent. The behaviour of
these PPTs can be categorised as follows:

1. gradually increase to a maximum positive value and gradually dissipate to the
static value as all PPTs in Figure 4.10 or PPT-PT in Figure 4.11;

2. rapid increase to a maximum positive value, rapid decrease to a maximum neg-
ative value and gradually dissipate to the static value as PPT-1, PPT-2, PPT-3 and
PPT-BC in Figures 4.11(b,d);

3. rapid decrease to a maximum negative value, rapid increase to a maximum posi-
tive value and gradually dissipate to the static value as PPT-4, PPT-5, PPT-6 in Fig-
ure 4.11(c).

The first behaviour is representative for a PPT in the rapid loading tests with a slow-rate
loading and a small imposed displacement, soil behaviour around a PPT is still in an
elastic regime. The second and third behaviour is representative for a PPT in the rapid
loading tests with the average- to fast-rate loading and the medium to large prescribed
displacement, the soil behaviour is in a plastic regime and exhibits both the compression
and shearing. If the PPTs are located in the soil zone where the contractive behaviour is
dominating then the second behaviour is expected; conversely, if the soil zone has the
dilative behaviour dominating then the third behaviour is expected for the response of
the PPTs.

4.5.2. RESPONSE OF PPTS WITH THE SAME AVERAGE LOADING RATE
The pore fluid pressure at the pile tip and the pile head displacement from different RLTs
in series 23 are plotted as a function of time in Figure 4.12. The pore fluid pressure mea-
sured by PPT-1 in the soil body together with the pile head displacement from different
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RLTs in series 23 are plotted as a function of time in Figure 4.13. In each sub-figures of
Figures 4.12 and 4.13, three RLTs of the same series with comparable average loading
rates but different imposed displacements are considered.

It can be seen from Figure 4.12 and 4.13 that the response of PPTs has an almost
identical start but later has a significantly different response. The same average loading
velocity can explain the identical start; while the different response is caused by a dif-
ferent behaviour of the soil due to different magnitudes of the prescribed displacement
magnitudes [123].

At loading, the pore space is initially tightened by elastic deformation leading to the
positive pore pressure measurement in the PPTs. It is clear that when the displace-
ment of the pile increases from 1% to 5% D, the maximum positive excess pore pressure
also increases, Figures 4.12(a) and 4.13(a). However when the pile displacement is large
enough, i.e. larger than 5% D, the maximum positive excess pore pressure does not in-
crease any further, Figures 4.12(b) and 4.13(b) show a comparable maximum positive
excess pore pressure for three RLTs with different maximum imposed displacements.

(a) vave ≈ 16.66 mm/s: tests R23-1-3, R23-2-2
and R23-3-1

(b) vave ≈ 83.33 mm/s: tests R23-1-5, R23-2-4
and R23-3-3

Figure 4.12: PPT-PT from RLTs with the same average loading speed

(a) vave ≈ 16.66 mm/s: tests R23-1-3, R23-2-2
and R23-3-1

(b) vave ≈ 83.33 mm/s: tests R23-1-5, R23-2-4
and R23-3-3

Figure 4.13: PPT-1 from RLTs with the same average loading speed
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Figure 4.12 shows that there is only positive pore pressure at the pile tip (PPT-PT).
Further examination of PPT-PT data of all RLTs with the 16 mm-diameter pile confirms
that the PPT-PT only shows positive pore pressure. The results from Figure 4.12 are dif-
ferent from the results of test series R-2 and R-3 as analysed by Hoelscher et al. [123].
In those tests, there are both positive and negative excess pore pressures at the pile tip
(PPT-PT). Further examination of PPT-PT data of all RLTs with the 11.3 mm-diameter pile
confirms that the PPT-PT shows both positive and negative pore pressure. The difference
on the general response of the PPT-PT of RLTs with the 16 mm-diameter pile and the 11.3
mm-diameter pile can be explained by the size of the core of the nose-cone under the
pile tip as illustrated in Figure ??. That nose-cone core normally has a width of 1/2-2/3 of
the pile diameter, and inside the nose-cone core there is only compression while outside
and around the nose cone, soil particles are sheared and create a shear band [207, 277].
With the 16 mm-diameter pile, the size of the nose-cone core is about 8-12 mm that to-
tally covers the pore pressure transducer of 5 mm-diameter hence there is only positive
pore pressure in front of the transducer. On the other hand, the nose-cone core under
the 11.3 mm-diameter pile does not totally cover the pore pressure transducer, therefore,
the soil in front of the transducer admits both compression and shearing hence there are
both positive and negative pore pressure in front of the transducer.

Figure 4.14: Relation between the width of the "nose cone" and the dimension of the PPT-PT

On the other hand, Figure 4.13 shows that an existence of the positive and negative
excess pore pressure measured by PPT-1 depends on the magnitude of the imposed dis-
placement. On test R23-3-1, Figure 4.13(a), with the imposed displacement of 1% D,
there is only positive excess pore pressure which can be explained as the pile stops and
bounces back when the soil still behave elastically, therefore, excess pore pressure dis-
sipates after reaching the maximum positive value. On other tests in Figure 4.13, there
are both the positive and negative excess pore pressure, and the test of a larger imposed
displacement has a larger maximum negative excess pore pressure. When the pile con-
tinues penetrating, the pore volume deforms plastically, contracts, squeezes out water
and leads to the rearrangement of soil particles, the soil particle dilates. Depending on
the duration and hence the magnitude of the force, the number of soil particles involv-
ing in the dilation process differs. The larger imposed displacement and the longer the
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loading duration, the more soil particles are sheared which leads to a bigger shear zone
and a higher magnitude of the negative pore pressure.

4.5.3. SYMMETRY OF PPT’S RESPONSE

Figures 4.15 and 4.16 present the response of PPTs of the first layer in test 21, at the slow
loading rate (R-21-1) and the fast loading rate (R-21-3), with different imposed displace-
ment from 1% to 10% D . These two figures give details on the behaviour of PPTs at the
same distance from the pile centre line.

(a) u = 1% D , vave = 3.33 mm/s (b) u = 2.5% D , vave = 8.44 mm/s

(c) u = 5% D , vave = 16.66 mm/s (d) u = 10% D , vave = 33.33 mm/s

Figure 4.15: Pore fluid pressure for slow-rate loading tests in series 21 (sand 65%, viscous fluid)

At 1% D displacement - Figure 4.15(a), PPT-2 and PPT-3 have almost an identical start
with PPT-1. After several milliseconds, first PPT-3 then PPT-2 and finally PPT-1 reach the
maximum values and start to dissipate back to the static values. Since there is no neg-
ative excess pore pressure development, it is expected that the applied pile force corre-
sponding to 1% D displacement causes only the elastic compression of soil pore volume
at the locations of all three PPTs.

At 2.5% D displacement - Figure 4.15(b), at 5% D displacement - Figure 4.15(c) and
at 10% D displacement - Figure 4.15(d), PPT-2 and PPT-3 still have an almost identical
start. Again, first PPT-3, then PPT-2 and finally PPT-1 reach their maximum values. After
reaching the maximum positive values, they decrease to the maximum negative values
and then dissipate. Apparently, even at the small displacement of 2-5% D, which is gen-
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erally considered as in the elastic working range of a pile in practice, the shear failure still
occurs in accordance with the presence of the negative excess pore pressure.

In Figure 4.16, all three PPTs have an almost identical start and somewhat similar
behaviour. However, the PPTs have different maximum values and reaching the maxi-
mum value at a different time. In all tests, first PPT-3 reaches the maximum value then
PPT-1 does and finally PPT-2; the magnitude of the maximum values of the positive pore
pressure of PPT-3 is the smallest one and of PPT-2 is the biggest one.

At displacements of 1 and 2.5% D - Figure 4.16(a,b), the negative excess pore pres-
sure does not occur; in these cases, it seems that when a small load is applied in a short
period, soil particles are only elastically compressed. At displacements of 5 and 10% D -
Figure 4.12(c,d), negative pore pressure occurs at all PPTs as the pile force is larger and is
maintained for longer time duration.

(a) u = 1% D , vave = 17.77 mm/s (b) u = 2.5% D , vave = 35.55 mm/s

(c) u = 5% D , vave = 88.89 mm/s (d) u = 10% D , vave = 177.77 mm/s

Figure 4.16: Pore fluid pressure for fast-rate loading tests in series 21 (sand 65%, viscous fluid)

It can be seen from Figure 4.15 and 4.16 that the PPT-2 has the largest value of the
maximum positive and/or negative pore pressure in all rapid loading tests of series 21. In
other series, there is always a certain PPT that has the largest value of the maximum pos-
itive and/or negative pore pressure in all rapid loading tests. It seems that the soil body
will continue to be sheared at the location where previously a shear failure occurred.

Further examination of all RLTs in the test series 11, 15 and 21 to 28 confirms that re-
sponses of PPTs installed axis-symmetrically are asymmetrical in both elastic and plastic
working ranges. The axis-symmetrically installed PPTs start to response almost at the
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same time and have the same tendency, but they have a delay in reaching the maximum
value (0.5 to 10 ms) and show a difference in the magnitude of the maximum values
(several to 60 kPa or up to ±30% of the average value). It should be noted that, as these
PPTs are positioned axis-symmetrically around the pile centre line with an angle of 90o

or 120o , if the pile penetrates perfectly vertically into the soil bed the reaction of PPTs are
expected to be identical.

However, there are three reasons that may make the response of PPTs asymmetrical.
The first reason is the exact location of PPTs; a measurement of PPTs’ position before
and after loading tests normally reveals 1-2 mm movement out of position, which may
be caused by the sample preparation process. The second reason is the eccentricity of
the loading plunger that has the maximum variation of 0.5 mm. The third reason is the
heterogeneity of the soil bed; according to Allard and Schenkeveld [8], the porosity mea-
sured in different locations has a maximum variation of ±0.5% at the same depth within
the soil sample. In the next paragraphs, discussions and explanations on the asymmet-
rical measurements of PPTs are given in relation to those above-mentioned technical
reasons.

Within a rapid pile load test, the maximum value of excess pore pressure at differ-
ent PPTs’ location depends on the magnitude of the applied load, the distance from the
pile and the pore volume compressibility at that location. When a force is applied into
a pile, pore pressure occurs under the pile tip and its magnitude depends on the mag-
nitude of the applied force. By using the cavity expansion theory, excess pore pressure
around a penetrating cone is found to decrease logarithmically in the horizontal direc-
tion and linearly in the vertical direction in accordance with the distance from the cone
body in undrained and partially drained situations [50, 265]. As mentioned in Chapter
3, the rapid loading tests in this thesis with sand and viscous fluid or with silt and wa-
ter as pore fluid can be considered as partially drained, therefore following a cylindrical
cavity expansion induced by the pile penetration, the distribution of pore pressure can
reasonably be assumed as [50, 106, 186]:

p(r∗) = A×
( r

r∗
)2

(4.5)

in which p(r∗) the excess pore pressure at the distance r∗ from the pile center (r∗ = 1.5
D for the location of PPT-1 to PPT-3), A the parameter takes into account the strength of
the soil and the excess pore pressure at the pile tip, r the pile radius. By using this type
of equation with r = 8 mm and r∗ = 24 mm, ±2.5 mm difference in r∗ may lead to about
15% different in p(r∗).

A difference in the soil porosity (the third reason) will have a certain effect on the
value of soil properties such as the shear modulus and the friction angle [19, 110, 221,
222, 295] and consequently on the soil compressibility factor which can be calculated as
[162, 221, 298]:

ζ= exp

(
3.07sinφ× log(2Ir )

1+ sinφ

)
−3.8tanφ (4.6)

in which, Ir the rigidity index of the soil which is given by [239]:

Ir = G50

σ′
v tanφ

(4.7)
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with G50 the secant shear modulus at 50% the ultimate shear stress, φ the friction an-
gle and σ′

v the effective vertical stress. The difference of ±0.5% porosity can lead to 2%
difference in the friction angle [34, 243] and 5% difference in the shear modulus [222]
hence about 7% difference in the soil compressibility following Equation 4.6 and 4.7. If
the relationship between the soil compressibility and the magnitude of pore pressure
generation is assumed to be linear, then the difference of ±0.5% porosity can lead to the
difference of 7% excess pore pressure.

The relative density of the soil can also be linked to the cone penetration resistance
in an exponent relationship [18] as:

qc =C0 ×exp(Dr ×C2)×
√

pa

σ′
v

(4.8)

where C0 and C2 are soil constants and pa is the atmospheric pressure; or in a simpler
formulation [156] as:

qc = 305×Q ×D2
r ×

√
pa

σ′
v

(4.9)

with Q is a factor considering the strength, the compressibility and the over-consolidation
of the soil. Following either Equation 4.8 or 4.9, the difference of ±0.5% porosity can lead
to the difference of 5% or 10% of the cone penetration resistance, respectively. Again, if
the relationship between the soil compressibility and the magnitude of pore pressure
generation is assumed to be linear, then the difference of 15% excess pore pressure can
be found.

From the above arguments, certain discrepancies on the value of the maximum ex-
cess pore pressure are expected. Although, it is not an easy task to find a concrete quanti-
tative explanation, a sum of 30% difference in the excess pore pressure can be explained
by the difference in the location of the PPTs and the difference in the local porosity.
Moreover, a difference in the soil compressibility factor may lead to the difference of the
compression and/or dilation zone created during pile loading; therefore, it can explain
the time for pore pressure generation.

CONCLUSION

Three general behaviours of the pore pressure response are measured by the PPTs in this
study. They can be briefly described as following: (1) gradually increase to a maximum
positive value and gradually dissipate to the static value as all PPTs; (2) rapid increase to
a maximum positive value, rapid decrease to a maximum negative value and gradually
dissipate to the static value; and (3) rapid decrease to a maximum negative value, rapid
increase to a maximum positive value and then gradual dissipate to the static value.

Although having the same tendency of evolution, the pore pressure responses of PPTs
in the same layer in the soil and at the same distance from the pile centre show a differ-
ence in the magnitude of the maximum value and a delay in reaching the maximum
value. There are several causes for this asymmetric response of those PPTs; they can be
the heterogeneity of the soil bed, the difference in distance of each PPTs from the pile
centre line and the alignment of the pile during loading. These reasons are capable of
explaining the difference of up 30% on the value of the maximum excess pore pressure
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measured by symmetrically located PPTs. It is a high possibility that the failure surface
under the pile tip is not symmetric; however this assumption is not supported in this the-
sis because there is not enough detailed view of soil deformation under the pile during
the test. Only advanced experimental technique such as X-ray tomography can provide
such an observation. On the other hand, a three-dimensional DEM simulation with the
radius of the soil particles following the grain distribution curve may provide a feasible
alternative to provide more insight into the asymmetric response of the PPTs.

4.6. RELIABILITY OF TESTS

Reliability of the tests performed is of great importance. The performance, range and
accuracy of measurement devices are given in Section 3.3.1. This section will compare
the force, the displacement and pore pressure measurements for pairs identical tests to
examine the repeatability of tests. The following two tests are selected: series 21 and 25
of the jacked-in pile in sand of 65% relative density with viscous fluid, and series 22 and
26 of the pre-embedded pile in sand of 65% relative density with viscous fluid.

4.6.1. REPEATABILITY OF STATIC AND RAPID FORCE MEASUREMENTS

(a) Static loading 2 (b) Static loading 3

(c) vave = 86.49 mm/s (d) vave = 177.77 mm/s

Figure 4.17: Repeatability of tip force with time, series 21 & 25: jacked-in, series 22 & 26: pre-embedded



514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi
Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017 PDF page: 89PDF page: 89PDF page: 89PDF page: 89

4.6. RELIABILITY OF TESTS 73

(a) Static loading 3 (b) vave = 177.77 mm/s

Figure 4.18: Repeatability of tip force-displacement, series 21 & 25: jacked-in, series 22 & 26: pre-embedded

The tip force measurements with time of the second and the third static loading tests
are given in Figure 4.17(a,b) and of the average- and fast-rapid loading tests with the
pile displacement of 10% D are presented in Figure 4.17(c,d). The pile displacement as
a function of the tip force is plotted in Figure 4.18(a) for the static loading tests and in
Figure 4.18(b) for the rapid loading tests.

In the static loading, the series of the jacked-in pile show a high repeatability with an
identical evolution of the pile tip force and an identical force-displacement relationship,
Figures 4.17(a,b) and 4.18(a). The series of the pre-embedded pile, on the other hand,
show a lower repeatability, Figures 4.17(a,b) and 4.18(a). A scattering of up to 30% can
be found in the first static loading; however, the scattering reduces to 15% in the second
loading and less than 5% in the third loading.

The repeatability of the rapid load tests is high with a scattering in force of less than
5% at any comparable moment for both the jacked-in pile and the pre-embedded piles,
Figure 4.17(c,d). The force-displacement relationship also shows a high repeatability
with small differences at the end, Figure 4.18(b).

4.6.2. REPEATABILITY OF RATIO OF RAPID FORCE OVER STATIC FORCE

For the interpretation purpose, the absolute values of the rapid force are important, but
the ratio of the rapid force over the static force is of greater concern. Although there is
a difference in each of the static force of every PLT, the analysis of the rapid force is not
affected because the comparisons are made between every rapid load tests with their
closest static load tests in the same sequence of loading as pointed out by Nguyen [206].
Table 4.3 and 4.4 presents the ratio of the rapid force over the static force at the maximum
load and at the unloading point load to illustrate the repeatability of the experiment pro-
gram.

Table 4.3 and 4.4 show that, for series 21 and 25 of the jacked piles, the maximum dif-
ference of the ratio of the maximum force over the static force between two comparable
loadings is 10% for the tip force at the slow-rapid loading and for the shaft force at the
average-rapid loading. For the other comparable loadings, the difference is less than 5%.
The difference of the ratio of the unloading point force over the static force follows the
same trend. This is a reasonable percentage of difference since the repeatability of the
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static force and the rapid force of the jacked-pile tests shows less than 5% difference.

Table 4.3: Repeatability of Rmax , series 21 & 25: jacked-in, series 22 & 26: pre-embedded

Series Head Tip Shaft
Loading rate Loading rate Loading rate

Slow Average Fast Slow Average Fast Slow Average Fast

21 1.21 1.22 1.27 1.27 1.23 1.25 1.15 1.30 1.55
1.18 1.20 1.17

25 1.15 1.25 1.29 1.15 1.22 1.25 1.21 1.44 1.65
22 1.15 1.53 1.46 1.13 1.42 1.33 1.59 2.36 2.82
26 1.09 1.35 1.42 0.96 1.28 1.3 1.83 2.14 2.33

For series 22 and 26 of the pre-embedded piles, the maximum difference of the ratio
of the maximum force over the static force between two comparable loadings is 15% for
the tip force at the slow loading and 17% for the shaft force at the fast loading. For the
other comparable loadings, the difference is about 5-10%. The difference of the ratio of
the unloading point force over the static force for the tip force and the head force is lower
than 10%; but for the shaft force, it can be up to 30% at the slow loading and 15% for the
average and fast loading. This is also a reasonable percentage of difference because the
repeatability of the static forces of the pre-embedded pile reveals the difference of up to
15-30%.

Table 4.4: Repeatability of Rup , series 21 & 25: jacked-in, series 22 & 26: pre-embedded

Series Head Tip Shaft
Loading rate Loading rate Loading rate

Slow Average Fast Slow Average Fast Slow Average Fast

21 1.10 1.14 1.16 1.18 1.16 1.15 0.86 1.05 1.19
1.09 1.12 0.95

25 1.05 1.16 1.18 1.08 1.15 1.16 0.96 1.19 1.24
22 1.04 1.36 1.31 1.06 1.32 1.23 0.88 1.54 1.84
26 0.98 1.22 1.26 0.91 1.20 1.21 1.24 1.31 1.55

4.6.3. REPEATABILITY OF PORE PRESSURE MEASUREMENT

The pore pressure measurement of PPT-1 and PPT-2 are presented in Figure 4.19. In Fig-
ure 4.19(a), the response of PPT-1 during the slow loading tests is given; in Figure 4.19(b),
the response of PPT-2 during the average loading tests is given. There is no pore pressure
measurement of the pile tip in those four tests to be compared. It can be seen that, with
the same loading condition, the pore pressure measurements at the same location have
the same general behaviour but the magnitude of peak values can vary by a factor of 2 or
more and the moment of the peak value can be shifted up to 50 ms.
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(a) Response of PPT-1, vave = 33.33 mm/s (b) Response of PPT-2, vave = 86.49 mm/s

Figure 4.19: Repeatability on pore pressure, series 21 & 25: jacked-in, series 22 & 26: pre-embedded

4.6.4. CONCLUSION

From the repeatability examination, it can be concluded that the pile force measure-
ments are reliable and that the pore pressure measurements in the soil body only give a
qualitative indication on the phenomenon but not a quantitative.

The static and rapid forces of the jacked piles show a high repeatability with a scat-
tering of less than 5%. The ratio between the rapid force and the static force shows re-
peatability with a scattering of less than 10%.

The rapid force of the pre-embedded piles shows a high repeatability with a differ-
ence of less than 5%. However, the static force shows a low repeatability with a scattering
of up to 30%. The ratio between the rapid force and the static force therefore shows a low
repeatability with a scattering that can be up to 10% for the head and tip forces and 15%
for the shaft force (in an extreme case of the slow loading, a difference of 30% for the
shaft force is recorded).

4.7. LOADING PATTERNS AND LOAD-DISPLACEMENT RESPONSES

In this section, the loading patterns and the load-displacement responses produced by
three servo-control systems mentioned in chapter 3 are evaluated. Figure 4.20 presents
the typical measurements and calculated data from three fast-rate rapid load tests of
three series 2, 11 and 21 (the loading duration of 10 [ms], the maximum displacement
of 10% D) to represent the typical results obtained from the three servo-control systems
used in this study. The loading pattern and the load-displacement response from the
rapid pile load test from the first test in Waddinxveen [122] are also presented to have a
rough comparison on the modelling of the centrifuge tests. It should be noted that the
rapid loading in the field test is the force-controlled whereas in the experiment the rapid
loading is displacement-controlled.

It can be seen from Figure 4.20(a) that the imposition of the displacement pattern of
10% D downward then 1% D upward was imposed well in series 21-28, reasonably well
in series 02-04 although that imposition is fairly steep in comparison with that of the
series 21-28 or with that of the field test. The imposed pattern was poor in series 11-16
with considerable rebounds. Consequently, the head force was unstable for a significant
duration (about two times of the intended loading duration), Figure 4.20(b). Moreover,
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the loading rate in series 11-16 was an increase to the maximum value then an imme-
diate decrease and a rebound, Figure 4.20(c,d). This is opposite to the loading rate in
series 02-04 and 21-28, which had a duration of maintaining the high loading rate that
helped the pile was in a pushing-down state for a certain period, Figure 4.20(c,d). This is
a typical feature of the rapid pile load test [190].

(a) Normalised displacement in time (b) Normalised head force in time

(c) Normalised velocity in time (d) Normalised acceleration in time

(e) Normalised force-displacement (f) Force-displacement rapid and static

Figure 4.20: Loading patterns from three servo-control systems

The poorly imposed loading pattern of series 11-16 led to a very stiff response in the
load-displacement curve, Figure 4.20(e); moreover, it made the pile head force at the un-
loading point significantly lower than the static pile head force. These two shortcomings
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did not occur with the imposed loading pattern in series 02-04 and 21-28. As reminded
by McVay et al. [178] and Paikowsky [212], the response of series 11-16 may result in
a poor prediction of the unloading point method during the interpretation of the rapid
pile load test. From this point of view, the analysis on the ratio of the rapid pile force
at the unloading point over the static pile force will have a limited practical meaning,
therefore, it will not be carried out.

In comparison with the field test in Waddinxveen [122], the imposition of the dis-
placement pattern in series 21-28 has a good agreement with the displacement pattern
in the field test, in Figure 4.20(a); the displacement patterns in other series are either too
steep (in series 2-4) or too much rebounded. The force patterns and the velocity patterns
in the experiment are much steeper than those of the field test, in Figure 4.20(b-d) which
results in the much stiffer force-displacement curve as in Figure 4.20(e).

4.8. CONCLUSIONS

In this chapter, presentation and discussion on the results of the centrifuge pile load
testing series are given. The centrifuge tests analysed in this study were conducted in
the manner that the stress wave numbers in the pile, the loading patterns and the pile
behaviour are similar with those of the prototype tests. Consequently, the remarks de-
rived from the centrifuge scale are applicable to the prototype scale.

For a series of static load tests, there is an increase of the pile force from the first
static test to the last one due to the densification of soil around the pile associated with
pile penetration. The increase of the pile force is more significant for tests with the pre-
embedded pile than for tests with the jacked pile. In the static load test, the tip force is
about 70-90% of the total force which is a typical tip-dominant case. In general, the tip
resistance is not fully mobilised within a displacement of 10% D . On the other hand, the
shaft friction shows a clear failure from a displacement of 5% D . The repeatability of the
static load tests with the pre-embedded pile increases from the first to the last one as the
scattering reduces from 30% to 5%. The static load tests with the jacked pile have a high
repeatability with the scattering of 5% only.

For the rapid load test, the tip resistance is about 60-80% of the total force and is
not fully mobilised for a displacement of smaller or equal to 10% D . The shaft friction,
however, is fully mobilised from the displacement of 5% D . The repeatability of the rapid
load tests is high with the scattering of less than 5%. The values of Rmax and Rup have a
good repeatability with the scattering of 5-15%.

The typical behaviour of the pore pressure response is closely related to the magni-
tude and duration of the loading force. It is characterised by two or three phases: (1)
an increase to a maximum positive excess pore pressure due to elastic compression of
soil; (2) a decrease to a maximum negative excess pore pressure thanks to delative be-
haviour of soil particles (in case the loading force is sufficient to cause plastic shearing
deformations in soil); and (3) a dissipation to the static value due to consolidation of soil.
An occurrence of the positive and negative excess pore pressure in the rapid load test, in
general, depends on the magnitude of the imposed displacement and the loading du-
ration. The repeatability of the pore pressure measurements is not high; the responses
have the same general behaviour, but the magnitude of the peak values can vary by a
factor of 2.
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In an attempt to examine the symmetry of the pore pressure response during the pile
loading process, it is found that the responses of PPTs placed at the same depth and the
same distance from the pile centre are not symmetrical. They have the same tendency
of evolution but different maximum positive and/or negative values (difference of up to
30%) and a delay in reaching the maxima. Several causes can result in this asymmetric
response which are the homogeneity of the soil bed (the material cause) and the differ-
ence in distance from the pile to the PPTs (the geometrical cause).

The loading patterns and the load-displacement responses of the three servo-control
systems employed in this study are evaluated. It is seen that the system used in series 11-
16 gave a poorly imposed loading pattern, a very stiff response in the load-displacement
curve and a very low unloading point force in comparison to the static pile force. The last
shortcoming may result in the poor interpretation of the unloading point method for the
rapid load tests of series 11-16, therefore, the analysis of the ratio of the unloading-point
rapid force over the static force will not be carried out for series 11-16.
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5
PHYSICAL MODELLING - INTERPRETATION

5.1. INTRODUCTION
The experimental results presented in Chapter 4 are further investigated in this chapter
to answer the research questions of this study which are assessments of the load rate ef-
fect and the excess pore pressure effect on the relationship between the rapid capacity
and the static capacity. On top of that, the influence of the soil properties, the installa-
tion method and the pile type on the rapid and static capacities are also evaluated. As
mentioned in Chapter 4, the values of all measurements in this chapter are in the model
scale.

The influence of the penetration rate including the constitutive rate effect and the
excess pore pressure effect on the increase of the rapid capacity over the static capacity
are investigated in section 5.2 based on two basic parameters namely the loading rate
and the drainage factor. The observations and explanations of these effects are given
in detail. Furthermore, the relationship between the drainage condition η, proposed by
Hölscher and Barends [118], and the normalised pile resistance R, initiated by Nguyen
[206], is further extended.

Besides the two generic parameters (the loading rate and the drainage factor), other
parameters such as soil and pore fluid types, soil density, pile type, pile installation
method also have a certain influence on the penetration rate effect. Moreover, these
latter parameters are also practically important to give an on-site indication of the pen-
etration rate effect. Therefore in section 5.3 to 5.6, the influence of the differences in soil
and pore fluid types, initial soil density, pile installation method and pile type are exam-
ined, first on the static resistance of the pile and, second on the penetration rate effect
(in particular on Rmax and Rup ). Each parameter is investigated through four groups of
test series (from now on, only "series" are referred to as a test series for short), in which
each series is different from the other by the studied parameter.

5.2. INFLUENCE OF PENETRATION RATE
Based on the relationship between the ratios of the rapid forces over the static forces and
the loading rate/the drainage factor, this section examines the effect of penetration rates
on the increment of the rapid forces over the static force. As mentioned at the beginning

79



514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi
Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017 PDF page: 96PDF page: 96PDF page: 96PDF page: 96

80 5. PHYSICAL MODELLING - INTERPRETATION

of Chapter 4, the rapid force comprises of the static force, the inertia force and the forces
related to the loading rate and the pore pressure. By excluding the inertia force, the dif-
ference of the rapid force over the static force is the forces related to the loading rate and
the pore pressure and are often referred to together as the penetration rate effect. The
force related to the pore pressure can be considered as the excess pore pressure effect; it
depends not only on the drainage condition of the pile test but also on the loading rate
of the test. The forces related to the loading rate, excluding the pore pressure force, can
be considered as the rate effect, which relates strongly to the intrinsic behaviour of soil
material. Those forces can be the constitutive term and the viscous term, their contri-
butions depend strongly on a soil type, a magnitude of imposed displacements and they
are hard to clearly distinguish.

In this section, first, an overview of the influence of the drainage factor and the load-
ing rate on the increase of the rapid forces over the static one is given. Then this influence
is analysed in more detail, and finally, the quantitative suggestions of those influences
are given.

5.2.1. OVERVIEW
For the overview of the effect of loading rate from the results of the physical modelling,
Figure 5.2 shows the relationship between the ratios of the maximum and the unload-
ing point rapid tip force over the static tip force against the penetration rate. The similar
figure is first built by Nguyen [206], and data from that source are presented by diamond-
symbol points, the results from the centrifuge experiments in 2009-2011 are presented
by points with square-symbol. As suggested by Nguyen [206], the relationship between
the penetration rate and the ratio of the rapid over the static force can be roughly esti-
mated by the power-law relationship. In Figure 5.1, the upper bound and lower bound
estimation of the relationship between the penetration rate and the ratio of the rapid
over the static pile force with a power-law form are also presented. These upper and
lower bounds are produced by making the least-square fitting of the highest and lowest
data points corresponding to each value of the drainage factor, respectively.

(a) Rmax vs. penetration rate v (b) Rup vs. penetration rate v

Figure 5.1: Influence on the ratio of maximum and unloading-point tip force over static tip force

Besides the effect of the loading rate, the excess pore pressure also has a significant
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influence on the mobilised pile resistance. The significance of the excess pore pressure
is not only controlled by the loading rate but also by the drainage condition of the pile
loading test. Hölscher et al. [118, 119] pointed out that during dynamic loading on a
pile, the drainage condition has a significant influence on a mobilised pile resistance
and proposed to use the drainage factor η, Equation 3.1, to represent the drainage con-
dition. Nguyen [206] later proved the importance of the drainage condition by plotting
the relationship between the drainage factor and the ratio between the rapid over the
static pile force and clearly showed that the ratio increases when η decreases. Figures
5.2 is an upgraded version of Nguyen’s figure [206] in which Nguyen’s data (cross-symbol
points) shows the relationship for the range of the drainage factor smaller than 2.48 and
larger than 142 and data from the centrifuge experiments in 2009-2011 (square-symbol
points) add more information for the range of the drainage factor smaller than 110.

Representative backbone curves for the relationship between the ratio of the rapid
force over the static force R and the drainage factor η of all data points in Figure 5.1 can
be formulated by the following equation:

R = â + b̂

1+ ĉ ×ηd̂
(5.1)

This equation is employed by numerous authors, such as Finnie and Randolph [79],
House et al. [131], Chung et al [57] and Oliveira et al. [209], when they constructed the re-
lationship between Normalised resistance of T-bar or cone against the non-dimensional
velocity V , which can roughly be considered as the inverse of η, with â, b̂, ĉ and d̂ are
constants used to fit the curve with the available data points. Table 5.1 represents six
sets of (â, b̂, ĉ, d̂) to create six curves on Figure 5.2 in which there are two main backbone
curves and corresponding to each main curve, there are two upper bound and lower
bound curves. As mentioned previously, the main backbone curve is produced by mak-
ing the least-square fitting of all data points; whereas the upper and lower bounds are
elaborated by making the least-square fitting of the highest and lowest data points cor-
responding to each value of the drainage factor, respectively.

(a) Rmax vs. drainage factor η (b) Rup vs. drainage factor η

Figure 5.2: Influence of the loading rate on the ratio of maximum and unloading-point tip force over static tip
force
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It is worth to mention that the data points in Figure 5.2 and 5.1 are rather scattered.
The data points with the same penetration rate or the same drainage factor are not sim-
ilar because other governing parameters of the pile load tests are different; those pa-
rameters can be the soil type (sand or silt), the fluid type (water or viscous fluid), the pile
installation method (pre-embedded or jacked), the pile type (open- or close-ended). Fig-
ure 5.2 and 5.1, therefore, serve as the general description of the influence of the penetra-
tion rate and the drainage factor on the normalized pile resistance. Later, other figures
in Section 5.3 to 5.6 will isolate each parameters for a better presentation and indication.

Since both the constitutive rate effect and the excess pore pressure effect dependent
on the loading rate of the test, it is not easy to distinguish these two components. Fortu-
nately, there are two phenomena that assist one to separate the two effects. The first phe-
nomenon is the existence of the unloading point [191] on the load-displacement curve of
a rapid pile loading test at which the downward movement of the pile ceases, and the pile
starts bouncing back. As the velocity of the pile is zero at the unloading point, the loading
rate effect vanishes [191] and therefore only the excess pore pressure effect exits at that
moment [206]. Based on the existence of the unloading point, the well-known unloading
point method was proposed [27, 191] to extract the static pile load-displacement curve
from the rapid pile load-displacement curve. The second phenomenon is the strong in-
fluence of the drainage condition of the pile loading test on the excess pore pressure
effect as mentioned by Hölscher et al. [120]. Nguyen [206] noticed that if the drainage
factor is larger than a certain value (142) then, even in a test of high loading rates (up
to 125 mm/s), there is a negligible excess pore pressure effect. Based on this realisation,
Nguyen classified his tests according to the drainage condition to distinguish the consti-
tutive rate effect and the excess pore pressure effect. In particular, the series of sand and
water (series 4, η = 142 - 714) was considered having a fully drained condition and used
to investigate the constitutive rate effect solely. On the other hand, the series of sand and
viscous fluid (series 2 and 3, η = 0.30 - 2.48) was considered as "partially drained" series.
These series were employed to analyse the excess pore pressure effect.

Table 5.1: Summary of the rate effect and the pore pressure effect

Backbone for Maximum/Static Backbone for UP/Static

Lower Main Upper Lower Main Upper

â 1.04 1.08 1.12 0.96 1.00 1.04
b̂ 0.25 0.50 0.75 0.25 0.50 0.75
ĉ 2.00 2.00 2.00 2.00 2.00 2.00
d̂ 1.80 1.40 1.00 1.80 1.40 1.00

Following the unloading point method [191] and Nguyen’s classification [206], the in-
fluence of the constitutive rate effect and the excess pore pressure effect are investigated
in this section by considering three groups of different drainage conditions: fully drained
(series of sand and water, η = 142 - 714), partially drained (series of silt and water, η = 8
- 55) and nearly undrained (series of sand and viscous fluid, η = 0.19 - 2.48). It is worth
to mention that "fully drained", "partially drained" and "nearly undrained" are relative
terms which imply that tests with sand and viscous fluid have a lower permeability (de-
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termined from material properties) than tests with silt and water, and these tests have
lower permeability than tests with sand and water. It will be pointed out later that in the
"partially drained" and "nearly undrained" series, the excess pore pressure effect is dif-
ferent whilst the constitutive rate effect is similar. The findings of Nguyen [206] on those
effects are revisited and supplemented; besides, more detail and possible explanations
for those finding are given.

5.2.2. CONSTITUTIVE RATE EFFECT
As mentioned previously, the series in sand and water are chosen to investigate the con-
stitutive rate effect. There are two pile loading test series in sand and water, which are
series 4 and series 16. Since there is no information on the tip force and hence the shaft
force in series 16, series 4 is the only available series to investigate the rate effect.

EXPERIMENTAL EVIDENCE

Series 4 was performed and analysed in detail by Nguyen [206], Nguyen concluded that
there is no pore pressure effect on the loading series in sand and water due to that fact
that the ratio of the rapid force at the unloading point, at which the influence of the
loading rate vanished, over the static force is about unity. Moreover, Nguyen [206] also
pointed out that the influence of the rate effect on the increase of the maximum rapid
force over the static force is reasonably constant in the conducted loading rates, see Fig-
ure 5.3(a). Therefore, Nguyen [206] suggested that there is no damping effect. Conse-
quently, the increase of the maximum force over the static force in this series is solely
due to the constitutive rate effect. For the maximum tip force, this increment is found to
be 10% [206], Figure 5.3.

(a) R vs. penetration rate v (b) R vs. drainage factor η

Figure 5.3: Normalised rapid tip forces in drained tests

POSSIBLE EXPLANATION

As Whitman [281] pointed out, the strain rate effect can lead to an increase of about
10 to 15% of the friction angle of sandy soil and even only 10% increase in the friction
angle can lead to a large increase in bearing capacity of a pile. The mechanism of the
increase of the friction angle with increasing strain rate can be explained by the fact that
the interlocking between particles becomes more significant when the particles are not
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given sufficient time to find the easiest path to past one another during loading [242,
281, 283].

5.2.3. EXCESS PORE PRESSURE EFFECT
In the previous section, the analysis of the fully drained pile load testing series [206] sug-
gested that the constitutive rate effect is a cause of about 10% increase of the rapid pile
force over the static pile force and there is no pore pressure effect on those fully drained
pile load tests. In this section, the partially drained pile load testing series (with silt and
water) and the nearly undrained pile load testing series (with sand and viscous fluid) will
be analysed to quantitatively determine the excess pore pressure effect and re-examine
the constitutive rate effect. It should be mentioned that Nguyen [206] investigated the
nearly undrained pile load tests and concluded that the rapid pile load force is about
40% higher than the static pile load force thanks to the excess pore pressure effect only.
Nguyen’s finding will be examined later in this section.

EXPERIMENTAL EVIDENCE

The dependency of the ratios of the rapid forces over the static force on the loading rate
and on the drainage factor are presented in Figure 5.4 for the partially drained tests (tests
with silt + water) and in Figure 5.5 for the nearly undrained tests (tests with sand + vis-
cous fluid).

(a) R vs. penetration rate v (b) R vs. drainage factor η

Figure 5.4: Normalised rapid tip forces in partially drained (silt + water) tests

There is a clear increase of the rapid forces over the static force, Figure 5.4. Without
the constitutive rate effect, the excess pore pressure effect creates an increase about 0 to
10% of the unloading force over the static force. The excess pore pressure effect and the
constitutive rate effect together makes an increase of about 10 to 20% of the maximum
force over the static force which means the constitutive rate effect causes an increase of
0-10% of the maximum force. It then can be concluded that for the pile load testing series
in a partially drained condition, the constitutive rate effect makes an increase of about
0-10% of the maximum tip force that is similar to the constitutive rate effect for the fully
drained pile load testing series. And, the excess pore pressure effect causes an increase of
about 0-10% of both the maximum tip force and the unloading point force. The increase
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of the pile force rises nonlinearly with the increase of the loading rate between 23-177
mm/s and with the decrease of the drainage factor from 55 to 8.

Similar to Figure 5.4, Figure 5.5 also shows a clear nonlinear increase of the rapid
forces over the static force with the increase of the loading rate between 23-177 mm/s
and with the decrease of the drainage factor from 2.48 to 0.19. In particular, the excess
pore pressure effect increases about 6 to 47% of the unloading force over the static force.
The excess pore pressure effect and the constitutive rate effect together increase about
13 to 57% of the maximum force over the static force. Consequently, the constitutive rate
effect again causes an increase of 7-10% of the maximum force. It can be concluded that,
for the pile load testing series in a nearly undrained condition, the constitutive rate ef-
fect increases about 7-10% of the maximum tip force and the excess pore pressure effect
increases about 6-47% of both the maximum tip force and the unloading point force.

(a) Rmax vs. drainage factor η (b) Rup vs. drainage factor η

(c) Rmax vs. penetration rate v (d) Rup vs. penetration rate v

Figure 5.5: Normalised rapid tip forces in nearly undrained (sand + viscous fluid) tests

POSSIBLE EXPLANATION

In order to further investigate the mechanism of the excess pore pressure effect, one can
use several different theories such as the bearing capacity formula API [139], the classical
bearing capacity theory [182, 220, 256, 257] or the cavity expansion theory [96, 104, 266,
297, 300].

Following the bearing capacity formula suggested by API [139], the ultimate bearing
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capacity of the pile can be determined as:

Q =Qc +Qp = f × A f +q × Ap (5.2a)

f = K0 ×σ′
v × tanδ (5.2b)

q = Nq ×σ′
v (5.2c)

σ′
v =σ′

v −p (5.2d)

in which Q f and Qp are skin friction resistance and total end bearing, A f and Ap are side
surface area and gross end area of a pile, f is the unit skin friction capacity, q is the unit
end bearing capacity, K0 is the coefficient of lateral earth pressure (ratio of horizontal to
vertical normal effective stress), δ is the friction angle between the soil and pile wall, Nq

is the dimensionless bearing capacity factor, σ′
v is the effective overburden pressure, p is

the hydrostatic pore pressure and σv is the overburden pressure at the point of interest.

(a) Test R2-2-10% (b) Test R3-1-10%

(c) Test R23-1-10% (d) Test R24-2-10%

Figure 5.6: Tip forces and pore pressure with time

Since the unit end bearing capacity relates directly to the effective stress level at pile
tip, a negative pore pressure will increase the effective stress and thus will increase the
unit end bearing capacity of a higher rapid force than a static force. This argument seems
to be reasonable in some tests, such as R-3-1-10% as shown by Nguyen [206] in Figure
5.6(b). At the pile tip, p is 128 kPa for the 16-mm pile and 89.6 kPa for the 11.3-mm
pile; and σv is 333.67 kPa for the 16-mm pile and 233.58 kPa for the 11.3-mm pile. Figure
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5.6(a) implies that when the negative pore pressure occurs, the increase of the rapid force
over the static force occurs also and this increase disappears when there is no more neg-
ative excess pore pressure. The maximum negative excess pore pressure (about 50 kPa),
following Equation 5.2, will then have a significant contribution to the bearing capacity
of the pile as the value of Nq is about 82 corresponding to the value of the peak friction
angle φ of about 41o .

(a) Gibson and Coyle [96] (b) Vesic [266]

(c) Yasufuku and Hyde [297] (d) Gui and Jeng [104]

Figure 5.7: Cone resistance and cavity limit pressure [105]

The above argument, however, is not applicable for many other tests because there
is not a qualitative relationship between the excess pore pressure and the increment of
the rapid force over the static force. The negative pore pressure occurs after the rapid
force reaches the maximum value (Figure 5.6(b), test R-2-2-10%) or there is no negative
pore pressure at all (Figure 5.6(c) and 5.6(d) of tests R-23-1-10% and R-24-2-10%, respec-
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tively). On the other hand, the gradients of the excess pore pressure close to the pile tip
are very large, and the increase of the tip capacity will be correlated with an average ef-
fective stress; which is difficult to assess on only a few measured values. It then comes to
the same conclusion of Nguyen [206] that although there is a pore pressure effect, there
is no direct relationship, both qualitative and quantitative, between the value of excess
pore pressure at the pile tip and the increment of the rapid force over the static force.

Another explanation for the pore pressure effect can be based on the cavity expan-
sion theory, and the existence of shear failure surfaces around the pile tip as suggested
by Nguyen [206]. The cavity expansion theory was proposed by Gibson and Coyle [96]
and then was developed further by many researchers as Vesic [266], Ladanyi and John-
son [160], Lee et al. [163], Carter et al. [48], Gui and Jeng [104] and Yasufuku and Hyde
[297]. Figure 5.7 presents the assumed relationships between cone resistance and cavity
limit pressure proposed by several researchers. Following the cavity expansion theory,
the end bearing pressure, qb or qc , is related to the cavity limit pressure, and the cavity
limit pressure is related to the effective vertical and horizontal stress along the plastic
expansion zone. Apparently, during the shearing failure of the soil, the negative pore
pressure that occurs in the plastic expansion zone, increases the effective stress along
the plastic expansion zone, and consequently increases the end bearing pressure of the
pile.

Although there is no quantitative information about the exact location as well as the
area of the shear failure surface, based on Figure 5.8, the area of the shear failure surface
is expected to be much larger than the tip area and can be up to 5 to 10 times of the pile
diameter. Since the PPT-1 to PPT-3 are placed closely to the zone of high shear strain
generalized by Robinsky and Morrison [234], White and Bolton [277, 279] and Nguyen
[207], the negative pore pressure on the shear failure surface may be in the same order
as the negative pore pressure measured at those locations. The maximum negative pore
pressure at the shear failure surface is, therefore, about 2 to 4 times smaller than the
maximum negative pore pressure at the pile tip.

(a) White and Bolton [277, 279] - a slip plane
of high shear strain

(b) Nguyen [206] - a dashed-zone of high
shear strain

Figure 5.8: Expected zone of high shear strain under the pile tip

Summing up the increase of the effective stress due to the negative pore pressure all
along the failure surface around the pile tip can make a reasonable contribution to the
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increase of the rapid force due to the pore press over the static force [206]. Figure 5.9,
based on the concept of the failure surfaces from the pile tip [182, 183, 220, 257], the
concept of the "nose cone" under the pile tip [207, 277, 279] and the concept of nega-
tive excess pore pressure contribution in the high shear zone [206], illustrates the high
shear strain zone around the pile and the direction of the fluid flow. Along the nose cone
and the pile shaft, as the soil is mainly sheared, the soil volume tends to increase and
hence the negative excess pore pressure occurs so that the fluid can flow in. Similar phe-
nomenon also occurs along the failure surfaces which start from the "nose cone" tip and
develops through the locations of the head of the pore pressure transducers in the first
layer. This assumption seems to be reasonable since the negative excess pore pressure
was recorded at the locations of the pore pressure transducers in the first layer (PPT-1 to
PPT-3) as shown in Figures 4.11 and 4.13 to 4.16 during the rapid load tests.

Figure 5.9: Expected zone of high shear strain and negative excess pore pressure, adapted from Nguyen [206,
207]. Notation: (A) the pile; (B) the "nose cone" under the pile tip where the soil is mainly compressed -
this assumption was observed in [279] and will be confirmed numerically in Figure 7.12; (C) the soil zone
along the pile shaft with high shear strain & dilatancy and negative excess pore pressure - this assumption
was observed in [71, 279] and will be confirmed numerically in Figure 7.11; (D) the soil zone along the "nose
cone" which has high shear strain and negative excess pore pressure - this assumption was observed in [279]
and in [206] regarding the shear strain and the negative excess pore pressure, respectively; this assumption
will be confirmed numerically in Figure 7.17; (E) the soil zone which starts from the nose cone and passes
through the PPTs inside the soil body, this soil zone has high shear strain and negative excess pore pressure -
this assumption (regarding the negative excess pore pressure) was proposed by Nguyen [206] and observed at
the locations of PPT-1 to PPT-6 in this study; (F) the PPTs, in this figure, there are four PPTs in the soil body
corresponding to PPTs in the first layers (PPT-1 to PPT-3)and PPTs in the second layers (PPT-4-PPT-6) and one
in the pile tip (PPT-PT).

In an attemp to explain the excess pore pressure effect, test R-23-2-10% is analysed
with several assumptions and facts such as (1) the failure surface area following Yasu-
fuku’s assumption [297] is about 5 times larger than the tip area - about 1000 mm2; (2)
the increase of the rapid resistance over the static resistance 0.397 kN divided along the
failure surface is about 397 kPa; (3) the maximum negative excess pore pressure at PPT-1
is about 50 kPa and is considered equal to the negative pore pressure on the failure sur-
face. Then the increase in the effective stress is 50 kPa or 13% of the increment of the
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rapid resistance over the static resistance. It should be noted that the above arguments
on the pore pressure effect are qualitatively only with a "weak" numerical example. They
are not a full explanation for the pore pressure effect. It is more reasonable to check the
pore pressure effect and the above explanations with a numerical tool. This work is per-
formed in Chapter 7.

5.2.4. SUMMARY ON THE PENETRATION RATE EFFECT
It can be concluded from this section that both the constitutive rate effect and the excess
pore pressure effect increase the maximum tip force and the unloading tip force of the
rapid pile load tests. Whilst the constitutive rate effect depends strongly on the loading
rate, the excess pore pressure effect depends both on the drainage factor of the tests and
on the loading rate. In general, a lower drainage factor or a higher loading rate leads to
a higher ratio of the maximum or unloading point force over the static force (Rmax and
Rup ) [121, 206]. This generality leads to two general trends which will be shown in more
detail in the next section:

• for rapid pile load tests of the same set of materials, the loading tests with a higher
loading rate (a lower drainage factor) will have a higher value of Rmax and Rup ;

• for rapid pile load tests of the same loading rate, the loading tests with a higher
drainage factor (determined directly from material properties) will have a lower
value of Rmax and Rup .

Table 5.2: Summary of the rate effect and the pore pressure effect

Test types Drainage factor Constitutive rate effect Pore pressure effect
maximum % of increase maximum % of increase

Fully drained 142 - 714 10 0
Partially drained 8 -55 0-10 0-10

Nearly undrained 0.19 - 2.48 7-10 6-47

Through numerous centrifuge rapid pile loading test series conducted by Nguyen
[206] and performed in this thesis, it is recommended that the value of the drainage fac-
tor of approximately between 55 and 142 can be used as an indicator to take into account
the excess pore pressure effect. In particular, the excess pore pressure is negligible in the
pile load test with the value of η larger than 142, and it is significant in the test with η

smaller than 55. Although there is no experimental evidence in the range between 55
and 142 of η, the trend-lines curves in Figure 5.2 suggest the existence of the pore pres-
sure effect. Table 5.2 summarises the influence factors of the true rate effect and the pore
pressure effect representing by the maximum increment of the rapid force over the static
force regarding percentage.

5.3. INFLUENCE OF SOIL AND PORE FLUID TYPES
In this section and the next three sections, the influence of differences in the soil and
pore fluid types, the initial soil density, the pile installation and the pile type will be ex-
amined within the context of not only a general behavior but also the static resistance
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and the ratio of the rapid over the static resistances. Each parameter is investigated
through four groups of tests, in which each test is different from the other by the studied
parameters. Among four parameters, the soil and fluid types and the initial soil densi-
ties have the most influence on the drainage condition since they directly control the
permeability, therefore, they will be considered first in section 5.3 and 5.4, respectively;
then pile installation methods and pile types follow in section 5.5 and 5.6, respectively.

It should be mentioned here that the power-law in the form of R = â×v b̂ is employed
to generalise the relationship between the factor R and the loading velocity of the pile
in Figure 5.2, this power-law form will also be used in Sections 5.3 to 5.6 to illustrate
the influence of the soil and pore fluid types, the initial soil density, the pile installation

and the pile type. On the other hand, although the form R = â + b̂
1+ĉ×ηd̂

is appointed to

generalise the relationship between the factor R and the drainage factor η in Figure 5.1,
it will not be used in Sections 5.3 to 5.6 to illustrate the influence of the soil and pore fluid
types, the initial soil density, the pile installation and the pile type since the range of the
drainge factor in each group of series considered in Sections 5.3 to 5.6 is relatively rather
and the number of data points is relatively low (less than 5 for each relation) to generate

a non-trivial fitting law. Instead, for the illustration purpose, the form of R = â × v b̂ is
again employed for the relationship between R and η.

The influence of material types is studied, in this section, by three types of combined
materials, which are sand and viscous fluid, silt and water, and sand and water. Of the
three types, the mixture of sand and viscous fluid has the lowest permeability, as silt with
viscous fluid was not tested due to the complex preparation procedure, therefore the
lowest value of the drainage factor whereas sand and water has the highest permeability
hence the highest value of drainage factor. The drainage factor is not important in the
static load test because the loading time is long enough for pore fluid to flow out of pore
space before it can build up any excess pore pressure and alters the static force. However,
during the rapid load test, the loading time is far shorter than the dissipation time of the
excess pore pressure, and then the drainage factor becomes an important factor to assess
the influence of penetration rate and excess pore pressure on pile resistance [119, 121,
206].

5.3.1. STATIC RESISTANCE

Soil and pore fluid type have a big influence on the static force, but there is not a general
trend for all groups and/or all tests. Table 5.3 summarises the maximum and scatter of
the static head force and a contributing percentage of the tip resistance to the head force
in each test series in each group (recall that each series has three static pile load tests).

Within group 1 of OEP, the test series of sand and water have a much higher head
force (0.96 kN) than that of the silt and water series (0.61 kN). Without the influence of
loading rate and excess pore pressure, this significant difference can only come from the
difference in either the grain size or the friction angle of the soil or both. If the OEP is
plugging and behaves as the CEP, then Equation 5.2 can be used to determine the unit
end bearing and the shaft friction of a pile in cohesionless soils. As the friction angle of
Baskarp sand is 2o higher than the friction angle of silt (40o compares to 38o), the value
of Nq of series 16 is significantly larger than that of series 12 [184, 203] and the value of
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the friction angle between the pile shaft and the soil of series 16 is slightly higher than
that of series 12. Consequently, series 16 has 30-50% higher tip bearing and 10% higher
shaft friction at the same level of effective stress than series 12. On the other hand, if the
OEP is not plugging then the difference in grain sizes can explain the difference in the
head force. The mean grain size d50 of the sand is 2.5 times larger than that of the silt
that makes the ratio of the pile wall thickness over the grain size, t/d50, is 3.9 for the sand
and 8.6 for the silt. In prototype terms, the OEP series with silt is closer to the normal use
of open-end piles in coarse grain sand; while the OEP series with sand is an extreme case
in gravels or pebbles. As suggested by Burland and Burbidge [45] and Kara and Gunduz
[148], the CPT resistances in gravel can be 30-50% higher than that in coarse grain sand.

Table 5.3: Influence of soil and pore fluid types on static force

Group Series Properties Max. head Scatter Tip
[kN] [%] [%]

Group 1 12 Si 65 Wa, J 0 11.3 0.61 6
16 Sa 65 Wa, J 0 11.3 0.96 3

Group 2 4 Sa 65 Wa, J C 11.3 1.40 6 85-86
11j Sa 65 Vi, J C 11.3 0.73 1-3
14 Si 65 Wa, J C 11.3 0.66 1

Group 3 21 Sa 65 Vi, J C 16 3.56 1-3 78-80
25 Sa 65 Vi, J C 16 3.63 1-3 80-82
27 Si 65 Wa, J C 16 3.70 4 80-82

Group 4 23 Sa 45 Vi, J C 16 2.07 2 80-81
28 Si 45 Wa, J C 16 1.62 3 73-74

Within group 2 of CEP with the 11.3 mm diameter pile, the head force of the series 4
with sand and water (1.40 kN) is almost twice that of the series 11j with sand and viscous
fluid (0.73 kN). And the head force of series 11j is 11% higher than that of series 14 with
silt and water (0.66 kN). The small difference of the head force of the series 11j and the
series 14 can again be explained by the difference in the grain size and the friction angle
of silt and sand. However, the significant difference between the series 4 and the other
series is not yet clear. Among these three series, differences can be pointed out as the soil
types, the fluid types and the loading and servo control system (the system used for the
series 11j and 14 is different from the system used for the series 4 as mentioned in section
4.7). As discussed above, the difference in soil types can only lead to 50% increase of the
force. The difference in fluid types does not play an important role as limited literature
[34, 36] observe only a negligible change in shaft friction as the viscous fluid acts as a
lubricant for sand sliding against steel interface. Moreover, without the influence of ex-
cess pore pressure, the big difference of the static resistance should probably come from
the difference in the loading and servo control system, and it is hard to quantitatively
explain for this.

Within group 3 of the CEP series with the 16 mm diameter pile in the soil bed with
the relative density of 65%, the pile head force in sand and viscous fluid is comparable
with that in silt and water; the difference is less than 5%. However, within group 4 of
the CEP series with the 16 mm diameter pile in the soil bed with the relative density of
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45%, the head force of the series in sand and viscous fluid are higher 28% than that of
the series in silt and water. The big difference between group 2 and 3 is still not clear. It
may be possible that with a lower degree of densification (a lower relative density), the
difference in the friction angle between sand and silt are larger which leads to a larger
difference in the maximum static force.

5.3.2. RATIO OF RAPID FORCES OVER STATIC FORCES
In this section, the relationship of the soil and fluid types with the ratio of the rapid force
over the static force is given. In consideration of the drainage condition, the series of
sand and water (series 4 and 16) have the highest values of the drainage factor with η

ranging from 142.85 to 714.24. The series of silt and water (series 12, 14, 27 and 28) have
the second highest values of η ranging from 8.27 to 110.30; and the series of sand and
viscous fluid (series 11j, 21, 23 and 25) have the lowest values of η ranging from 0.19 to
2.38.

The two general trends mentioned in section 5.2.4 1 hold for head force, tip resis-
tance and shaft friction in almost all loadings, some exceptional cases will be pointed
out. Within a series of the same loading rate, the general trends are more pronounced
for the shaft, then for the head and the tip in the sense that the ranges of Rmax and Rup

are largest for the shaft and smallest for the tip. Brown [41] showned similar trend of rate
effects in the tip resistance and the shaft resistance in which both of them were directly
measured. However, it should be noted that in this thesis the tip resistance is directly
measured, and thus more reliable than the values of the shaft resistance. The head force
is derived from the measured head force and the calculated inertia force, which is again
derived from the measured displacement. The shaft friction is derived from the head
force and the tip resistance, and it is about 8 to 10 times smaller than the other forces. In
other words, the tip resistance is the least susceptible to any possible inaccuracy of the
measurement system, compared to the head force and the shaft friction. Besides, the
tip resistance is widely used in the practical situation of a pile foundation, Nguyen [206],
therefore only Rmax and Rup of the tip resistance will be considered whenever they are
available otherwise Rmax and Rup of the head force will be taken into consideration.

Tables 5.4 summarizes the ratios of the maximum of the head, tip and shaft rapid
forces over the corresponding static forces at the same displacement of 10% D (Rmax );
and Table 5.5 summarizes the ratios of the unloading point head, tip and shaft forces
over the static forces at the same displacement of 10% D (Rup ). In addition, the drainage
factors for each series are given.

1A lower drainage factor or a higher loading rate leads to a higher value of Rmax and Rup and vice versa.
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GROUP 1 OF JACKED 11.3 MM DIAMETER OEP IN SOIL BED OF 65% RELATIVE DENSITY

Figure 5.10 presents the dependence of Rmax of the head force on the penetration rate
and the drainage factor, respectively, in the series in silt and water (series 12) and the
series in sand and water (series 16). The trend-lines, representing those relationships
with the power law as suggested by Nguyen [206], are also plotted in Figure 5.10.

(a) Rmax vs. drainage factor η (b) Rmax vs. penetration rate v

Figure 5.10: Influence of material type in group 1

The series of silt and water has a higher value of Rmax of the head force than the series
of sand and water at any conducted pile loading rate, Figure 5.10(a). This agrees well
with the general trend since the drainage factor of the series of silt and water are lower
than that of the series of sand and water, Figure 5.10(b). The maximum force increase
for the series of silt and water is 20%; and for the series of sand and water, the increase
is insignificant. The negligible increase of the maximum rapid force over the static force
in the series of sand and water implies the absence of both the rate effect and the excess
pore pressure effect in this series. The triviality of the excess pore pressure effect and
possible missing of the damping effect in the series of sand and water is already found
by Nguyen [206]. However, the absence of the constitutive rate effect is strange because
Nguyen [206] reported the constitutive rate effect in both his triaxial tests and centrifuge
pile loading series 3 and 4.

In the series 12 and 16 of group 1 of OEP and the series 11j and 14 of group 4 of CEP,
the values of Rup decrease with a decrease of the drainage factor, Table 5.5 , which is
unexpected. The reason for this strange behaviour was discussed in Section 4.7; and as
stated, the analysis on the Rup values of the test series 11 to 16 is not carried out anymore.

GROUP 2 OF JACKED 11.3 MM DIAMETER CEP IN SOIL BED OF 65% RELATIVE DENSITY

Figure 5.11 shows the dependency of the ratios of the rapid tip resistance over the static
tip resistance on the drainage factor and the loading rate for the series 4 in sand and
water. It can be seen that the maximum resistance has a constant increase of 5-10% over
the static resistance, Figure 5.11(a,b), and the unloading point resistance has the same
value as the static resistance, Figure 5.11(c,d). As Nguyen [206] pointed out, since the
changes of the drainage factor and the loading rate do not affect the increase of the rapid
resistance over the static resistance (at the unloading point), it is apparent that the excess
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pore pressure does not influence this increase and the increase of 10% of the maximum
resistance is purely due to the constitutive rate effect.

(a) Rmax vs. drainage factor η (b) Rup vs. drainage factor η

(c) Rmax vs. penetration rate v (d) Rup vs. penetration rate v

Figure 5.11: Influence of material type in group 2

GROUP 3 OF JACKED 16 MM DIAMETER CEP IN SOIL BED OF 65% RELATIVE DENSITY

Figure 5.12 shows the relationship between Rmax - subfigures (a,b) and Rup - subfigures
(c,d) with the loading rate and the drainage factor for the series in sand and viscous fluid
(series 21 and 25) and the series in silt and water (series 27). The best-fit trend lines
following the power relationship between Rmax and Rup with the loading rate and the
drainage factor are included.

The values of Rmax and Rup of the tip force in the series of sand and viscous fluid are
higher than those of the series of silt and water at all conducted pile loading rates, Figure
5.12(a,c). This corresponds well with the fact that the drainage condition of the series
of silt and water is much better than that of the series of sand and viscous fluid, Figure
5.12(b,d). Moreover, it can be seen that the distance between two trend lines in Figure
5.12(a) is quite similar to that in Figure 5.12(c) which suggests that the rate effect of series
in sand and viscous fluid is similar to that of series in silt and water. Consequently, the
higher increase of Rmax and Rup of series in sand and viscous fluid in comparison with
those of series in silt and water comes mainly from the excess pore pressure effect.
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(a) Rmax vs. drainage factor η (b) Rup vs. drainage factor η

(c) Rmax vs. penetration rate v (d) Rup vs. penetration rate v

Figure 5.12: Influence of material type in group 3

In the series in sand and viscous fluid, the increase of the rapid resistance over the
static resistance is about 15% to 27% at the maximum value and about 8% to 18% at the
unloading value. In the series in silt and water, Rmax has a range from 5% to 12% and
Rup has a range from 0% to 5%.

GROUP 4 OF JACKED 16 MM DIAMETER CEP IN SOIL BED OF 45% RELATIVE DENSITY

Figure 5.13 illustrates the relationship between the ratio of the rapid forces over the static
force with the drainage factor for the series in sand and viscous fluid (series 23) and the
series in silt and water (series 28). This figure with the added trend lines clearly confirms
the general trends of Rmax and Rup : a higher increase of the rapid force over the static
force is found for a test with a lower value of the drainage factor at any performed loading
rates. Besides, the estimated power-law suggests a similar dependence of Rmax and Rup

on the penetration rate and the drainage factor of series 23 and 28. Similarly to group
3: (1) the rate effects in two series of group 4 are similar; (2) the higher increase of Rmax

and Rup of series 23 in comparison with those of series 28 comes mainly from the excess
pore pressure effect.
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(a) Rmax vs. drainage factor η (b) Rup vs. drainage factor η

(c) Rmax vs. penetration rate v (d) Rup vs. penetration rate v

Figure 5.13: Influence of material type in group 4

The increase of the maximum rapid force over the static force for the series of sand
and viscous fluid is 17%-29% and for the series of silt and water is 9% to 21%. At the
unloading point, the increase of the rapid force over the static force for the series of sand
and viscous fluid is 8%-20% and for the series of silt and water is 1% to 11%.

5.3.3. SUMMARY
Table 5.6 summarises the influence of the soil and fluid types on the static force and
the ratios of the rapid force over the static force; as mentioned at the beginning of this
section, only the tip force is considered. The construction of Table 5.6 follows:

• In the second column, the static tip forces of the pile load test series in sand and
viscous fluid are considered as a reference (100%); hence the static forces of the
series in silt and water and sand and water are compared with the static force of
the series in sand and viscous fluid in term of percentage.

• In the third and fourth columns, the influence of the soil and fluid types are illus-
trated by the increase of the maximum force and the unloading point force over
the static force (at the same displacement) in term of a percentage of increase.
Since the influence of the material types also depends on the loading rate, the val-
ues in Table 5.6 are presented with the upper and lower bounds corresponding to
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the highest and lowest conducted loading rates respectively.

Table 5.6: Influence of soil and pore fluid types

Soil and fluid types F_static F_max/F_static F_up/F_static
% % of increase % of increase

Sand and viscous fluid 100 17 - 29 8 - 20
Silt and water 53 - 102 5 - 21 1 - 11

Sand and water n/a 10 0

The soil and fluid types have a certain influence on the static force in which the tip
resistance in the series with sand and viscous fluid can range from similar to double
that of the series in silt and water. The difference of the tip resistances is found to be
insignificant when the soil is initially dense; whereas with the loose initial density, that
difference can be up to two times. Considering the suggestion of Meyerhof [184] and
NAVFAC [203] on the relationship between the increase of the soil friction angle and the
increase of the unit bearing capacity, the static tip resistance of the series in silt and water
should be in the range of 66 - 77% of that of the series in sand and viscous fluid. The wider
range observed in Table 5.6 implies a further influence from the material properties.

The soil and fluid types have a significant influence on the ratios of the rapid forces
over the static force through the rate effect and the excess pore pressure effect which
contributes to the increase of the rapid force over the static force. As the rate effect
comes mainly from the soil properties, the excess pore pressure effect is determined by
the properties of both soil and fluid.

From the Table 5.6, it can be seen that the material types, the main determinants
for the drainage condition of a rapid pile load test [119, 121, 206], strongly affect the
excess pore pressure effect and hence the increase of the rapid force over the static force.
Of the three material combinations (10 test series) considered in this section, the test
series in sand and water have the smallest increase of the rapid force over the static force
corresponding to the fact that their drainage factor is the highest one. And, the test series
in sand and viscous fluid have the highest increase corresponding to the lowest drainage
factor. In particular, the excess pore pressure effect is negligible in series of sand and
water, up to 11% in series of silt and water and up to 20% in series of sand and viscous
fluid. On the other hand, the constitutive rate effect is found to cause 10% increase of the
rapid force over the static force in series of sand and water in which the damping effect is
missing. In other series, it is hard to state whether the damping effect is missing or not.
Nevertheless, the constitutive rate effect and the damping effect causes an increase of 4
to 10 % in series of silt and water and about 9% in series of sand and viscous fluid.

5.4. INFLUENCE OF INITIAL RELATIVE DENSITY OF SOIL
The influence of initial relative density of soil is considered in this section through 11
test series of four initial relative densities of 36, 45, 54 and 65%. Those 11 test series form
4 groups, within each group all properties except the initial relative density are kept the
same. It is expected that the initial relative density has a certain effect on the static force
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through the influence on the soil friction angle, as well as the increase of the rapid force
over the static force due to the influence on the shear modulus and the dilatancy of the
soil materials.

5.4.1. STATIC RESISTANCE

Table 5.7 summarises the maximum and scattering of the static head force and a contri-
bution percentage of the tip force to the head force in each test series.

Table 5.7: Influence of relative density of soil on static force

Group Series Properties Max. head Scatter Tip
[kN] [%] [%]

Group 1 21 Sa 65 Vi, J C 16 3.56 1-3 78-80
25 Sa 65 Vi, J C 16 3.63 1-3 80-82
23 Sa 45 Vi, J C 16 2.07 2 80-81

Group 2 27 Si 65 Wa, J C 16 3.70 4 80-82
28 Si 45 Wa, J C 16 1.62 3 73-74

Group 3 22 Sa 65 Vi, E C 16 1.88 22-30 85-89
26 Sa 65 Vi, E C 16 2.02 27-33 84-87
24 Sa 45 Vi, E C 16 1.36 19 71-77

Group 4 3 Sa 36 Vi, J C 11.3 0.62 14 72-76
2 Sa 54 Vi, J C 11.3 0.84 2 81-82
11j Sa 65 Vi, J C 11.3 0.73 1-3

It is clear from Table 5.7 that the initial relative soil density has a significant influ-
ence on the maximum static force. The general trend is that a decrease of the initial
soil density leads to a decrease of the maximum head force (in all groups) and the con-
tribution of tip force (in groups 2, 3 and 4). The main explanation for this trend is the
relationship between the relative density and the cone resistance (and thus the pile ca-
pacity) as an increase of the relative density results in an increase of the cone resistance
as recommended by numerous authors [170, 171, 243] for granular materials. As Lunne
and Christoffersen [170] or Schmertmann [243] suggested, when the relative density
increases from 36% to 65%, the cone resistance can increase up to 300%. The differ-
ences of the head force in all groups stay within the suggested range in the literature
[170, 171, 243].

In group 1 of the series in sand and viscous fluid, the difference in the maximum
head force between the soil beds of 65% and 45% relative density is 75%; this difference
is even bigger, 128%, in group 2 for the series in silt and water. This suggests that the cone
resistance of the silt bed is more sensitive to the change of the initial relative density than
that of the sand bed. The difference in the maximum head force is only 48% in group 3
in which the pile was pre-embedded. The influence of the installation method will be
discussed later. Finally, in group 4 the difference is 35% between the soil bed of 54%
relative density and 36% relative density.
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5.4.2. RATIO OF RAPID FORCES OVER STATIC FORCES
Tables 5.8 summarizes the ratios of the maximum of the head, tip and shaft rapid forces
over the corresponding static forces at the same displacement of 10% D (Rmax ); and
Table 5.9 summarizes the ratios of the unloading point head, tip and shaft forces over
the static forces at the same displacement (Rup ). The dynamic drainage factors for each
test are also given. In general, a soil bed of a lower relative density has a lower value of
the shear modulus and therefore a lower value of the drainage factor. Consequently, test
series in the soil bed with a lower relative density have a higher increase of the rapid force
over the static force following the general trends mentioned in section 5.2.4.

GROUP 1 OF JACKED 16 MM DIAMETER CEP IN SAND AND VISCOUS FLUID

Figure 5.14 shows the dependency of the ratio of the rapid forces over the static force on
the drainage factor and the loading rate for series in sand and viscous fluid with different
initial relative densities of 65% (series 21 and 25) and 45% (series 23).

(a) Rmax vs. drainage factor η (b) Rup vs. drainage factor η

(c) Rmax vs. penetration rate v (d) Rup vs. penetration rate v

Figure 5.14: Influence of initial density in group 1
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It can be seen from Figure 5.14 that the data points follow almost the same trend,
which suggests that the difference between these series is minor and therefore, in group
1, the initial relative density has little influence on the increase of the rapid force over the
static force. It is worth mentioning that, although the two trend lines in each subfigure
of Figure 5.14 have different gradients, it does not imply different trends. In fact, the
difference of the gradients comes from the extra loadings in series 21 which is performed
at the end of the loading process. Without these extra loadings, the data points are better
concentrated.

Except for the slow loading tests in series 21, the increase of the rapid tip force over
the static tip force slightly increases (a few percent) with a decrease of the relative density.
The highest increase of the maximum force over the static force is 29%, and the highest
increase of the unloading force over the static force is 20%. These two highest increases
appear in series 23 in the 45% relative density soil bed.

GROUP 2 OF JACKED 16 MM DIAMETER CEP IN SILT AND WATER

(a) Rmax vs. drainage factor η (b) Rup vs. drainage factor η

(c) Rmax vs. penetration rate v (d) Rup vs. penetration rate v

Figure 5.15: Influence of initial density in group 2

Figure 5.15 shows the dependency of the ratios of the rapid forces over the static force
on the drainage factor and the loading rate for series in silt and water with different
initial relative densities of 65% (series 27) and 45% (series 28). The two general trends
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104 5. PHYSICAL MODELLING - INTERPRETATION

mentioned in section 5.2.4 hold for head force, tip resistance and shaft friction in most
of loadings. At any given loading rates, the values of both Rmax and Rup of series 28
are slightly higher than those of series 27, Figure 5.15(a,c), due to the fact that at the
same loading rate the drainage factor of series 28 is lower than that of series 27, Figure
5.15(b,d). The gradients of the trend lines in Figure 5.15 imply that the differences in
the values of Rmax and Rup between series 27 and 28 are more profound at the higher
loading rate and/or at the lower drainage factor.

The maximum increases of the maximum and unloading rapid force over the static
force in series 27 are 12% and 5% respectively; while those values in series 28 are 21%
and 11%.

GROUP 3 OF PRE-EMBEDDED 16 MM DIAMETER CEP IN SAND AND VISCOUS FLUID

(a) Rmax vs. drainage factor η (b) Rup vs. drainage factor η

(c) Rmax vs. penetration rate v (d) Rup vs. penetration rate v

Figure 5.16: Influence of initial density in group 3

Figure 5.16 shows the dependency of the ratios of the rapid forces over the static force
on the drainage factor and the loading rate for series in sand and viscous fluid with dif-
ferent initial relative densities of 65% (series 22 and 26) and 45% (series 24). At any given
loading rates, the values of both Rmax and Rup of series 24 are significantly higher than
those of series 22 and 26. The differences in the values of Rmax and Rup between series
in the soil bed of 45% and 65% initial relative density are slightly more profound at the



514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi
Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017 PDF page: 121PDF page: 121PDF page: 121PDF page: 121

5.4. INFLUENCE OF INITIAL RELATIVE DENSITY OF SOIL 105

higher loading rate and/or at the lower drainage factor, Figure 5.16. It should be noted
that in three series 22, 24 and 26, the highest values of Rmax and Rup are normally found
in the loadings with average penetration rate and/or drainage factor. The reason for this
phenomenon is still unclear.

The maximum increases of the maximum and unloading rapid force over the static
force in series in the soil bed of 45% are 57% and 47% respectively; while those values in
series 28 are 42% and 32%.

GROUP 4 OF JACKED 11.3 MM DIAMETER CEP IN SAND AND VISCOUS FLUID

(a) Rmax vs. drainage factor η (b) Rup vs. drainage factor η

(c) Rmax vs. penetration rate v (d) Rup vs. penetration rate v

Figure 5.17: Influence of initial density in group 4

Figure 5.17 shows the dependency of the ratios of the rapid forces over the static force on
the drainage factor and the loading rate for series in sand and viscous fluid with different
initial relative densities of 54% (series 2) and 36% (series 3). It can be seen that the trend
lines in Figure 5.17 are very close to each other with almost the same gradient which in-
dicates that the difference in the increase of the rapid force over the static force between
the two series in 36% and 54% relative density is minor. Consequently, the influence of
the relative density in group 4 is insignificant. This observation is similar to the one in
group 1 of jacked CEP in sand and viscous fluid which may imply the domination of the
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installation method over the initial relative density on the influence on Rmax and Rup .
Nevertheless, the installation method is considered in the later section.

5.4.3. SUMMARY
Table 5.10, which is created in a similar way as Table 5.6, summarises the influence of
the relative density on the static force and on the ratio of the rapid force over the static
force. In the second column of Table 5.10, the static force of series in the 36% relative
density soil bed is compared with that of series in the 45%, 54% and 65% relative density
soil bed. In the third and fourth column of Table 5.10, the influence of the initial relative
density is related to the increase of the maximum force and the unloading point force
over the static force in term of a percentage of increase.

Table 5.10: Influence of initial relative densities

Initial relative densities F_static F_max/F_static F_up/F_static
% % of increase % of increase

Sand 36% 100 23 - 51 11 - 36
Sand 45% 107 - 164 17 - 50 8 - 47
Sand 54% 135 23 - 43 13 - 30
Sand 65% 118 - 287 13 - 42 6 - 32

Silt 45% 100 9 - 21 1 - 11
Silt 65% 228 6 - 12 0 - 5

It is clear from Table 5.10 that the initial relative density has a strong influence on
the static tip resistance. An increase of the initial relative density from 36% to 65% can
result in an increase of up to 187% of the head force. Two agents which can explain this
increase. The main factor is the increase of the relative density leads to the increase of
the cone resistance [23, 141, 170, 243]. Another factor is the increase of the soil friction
angle associated with the increase of the initial relative density, which could lead to the
increase of the shaft friction [23, 34, 141, 196].

The initial relative density has a certain influence on the increase of the rapid force
over the static force, as the initial relative density decreases the values of Rmax and Rup

increase. However, it might be possible that the influence of the relative density is not
significant since Table 5.10 showed the overlap of the range of Rmax and Rup , or Figure
5.14 and 5.17 illustrated a similar trend of the relationship Rmax −η and Rup −η in the
comparison of series 21 & 25 (Dr = 65%) versus series 23 (Dr = 45%) and the comparison
of series 2 (Dr = 54%) versus series 3 (Dr = 36%), respectively. Nevertheless, the values of
Rmax and Rup in the last two rows in Table 5.10 suggested that the decrease of the initial
relative density leads to the minor increasing influence of both the excess pore pressure
effect (Rup ) and the rate effect (Rmax -Rup ) in the test series in silt and water. In particu-
lar, when the initial relative density of the sand bed reduces from 65% to 36%, the excess
pore pressure effect contributes to 4% increase more, and the rate effect contributes to
5% increase more or when the initial relative density of the silt bed reduces from 65% to
45%, the excess pore pressure effect contributes to 6% increase more, and the rate effect
contributes to 3% increase more.
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The additional influence of the excess pore pressure as the relative density decreases
is rather unexpected in the normal sense. In general, it is expected that, in loose sand,
there might be a positive excess pore pressure due to compaction during shearing; whereas,
in dense sand, there might be a negative excess pore pressure due to dilatancy during
shearing. Consequently, it is supposed that the increase of the rapid resistance over the
static resistance due to the excess pore pressure effect is more for dense sand than for
loose sand. However, Table 5.10 suggested the opposite. On the other hand, following
Equation 3.1, it is logical that as the initial relative density decreases, the soil shear stiff-
ness reduces which leads to a reduction of the drainage condition. Because of this, the
excess pore pressure effect is more for loose sand than for dense sand which is now in
agreement with the observation from the experiments.

The mechanism for the additional influence of the rate effect is unclear. It is expected
that when the initial relative density reduces, the friction angle or the interlocking of soil
grains should reduce and consequently the constitutive rate effect hence the rate effect
should decrease. This behaviour in sand and viscous fluid is not as obvious as in silt and
water.

5.5. INFLUENCE OF PILE INSTALLATION METHODS

The pile in this study was installed either by static pushing (jacked) into the soil from
the depth of 10 D to the depth of 20 D or by directly placing it at the depth of 20 D .
This variation is considered to investigate two typical types of pile installation methods,
which are the jacked being similar for a displacement pile and the pre-embedded being
similar to a bored pile. The installation method has a significant influence on the static
tip resistance as reported by numerous papers [67, 217, 225, 250]. For the rapid pile load
test, although the test with the jacked pile and the test with the pre-embedded pile, in
principle, have the same drainage factor, it turns out that the increase of the maximum or
unloading point force over the static force are not the same. The installation method has
a considerable influence on the increase of the rapid forces over the static force which
will be discussed in more detail later. In this section, 10 test series with a close-ended
pile in sand and viscous fluid are investigated to study the influence of the installation
method.

5.5.1. STATIC RESISTANCE

Table 5.11 summarises the maximum and scattering of the static head force and a con-
tribution of the tip force to the head force in each test series. It clearly shows the signif-
icant influence of the installation method on the maximum static force. The maximum
head force of the jacked pile is always higher than that of the pre-embedded pile. The
scattering of measured maximum force in the jacked-pile test is also much smaller than
that in the pre-embedded pile test. The strong influence of the installation method on
the maximum pile force is expected because the jacked installation process significantly
changes the state of the surrounding soil of a pile. In particular, the soil along the shaft is
loosen thus the lateral earth pressure increases and the shaft friction is improved greatly;
on the other hand, the soil under the pile tip is densified, therefore the internal friction
angle as well as the stress of the soil increases and the tip resistance is enhanced signif-
icantly [67, 217]. The static head force of the jacked pile can be higher than that of the
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pre-embedded pile about 18% (group 4) to 52% (group 2) and even up 93% (group 1). In
group 3 of a pile pre-embedded at the depth 10 D (test 11b) and a pile pre-embedded at
the depth 20 D (test 15), the maximum head force of test 15 is 93% higher than that of
test 11b. This big difference originates from the twofold difference in the stress level at
the pile tip of these two tests.

Table 5.11: Influence of installation methods on static force

Group Series Properties Max. head Scatter Tip
[kN] [%] [%]

Group 1 21 Sa 65 Vi, J C 16 3.56 1-3 78-80
25 Sa 65 Vi, J C 16 3.63 1-3 80-82
22 Sa 65 Vi, E C 16 1.88 22-30 85-89
26 Sa 65 Vi, E C 16 2.02 27-33 84-87

Group 2 23 Sa 45 Vi, J C 16 2.07 2 80-81
24 Sa 45 Vi, E C 16 1.36 19 71-77

Group 3 11b Sa 65 Vi, E C 11.3 0.32 40-47
15 Sa 65 Vi, E C 11.3 0.62 42-46

Group 4 11j Sa 65 Vi, J C 11.3 0.73 1-3
15 Sa 65 Vi, E C 11.3 0.62 42-46

5.5.2. RATIO OF RAPID FORCES OVER STATIC FORCES
Tables 5.12 summarises the ratios of the maximum of the head, tip and shaft rapid forces
over the corresponding static forces at the same displacement of 10% D (Rmax ); and Ta-
ble 5.13 summarises the ratios of the unloading point head, tip and shaft forces over the
static forces at the same displacement (Rup ). The drainage factors for each test are given.
In Table 5.12 and 5.13, the drainage factors of test series in each group are identical since
they are determined from the equal initial shear modulus of the soil bed together with
other exact parameters, Equation 3.1. However, there is a difference in the increase of
the rapid force over the static force between two series with the jacked pile and series
with the pre-embedded pile. In general, series with the jacked pile have a lower increase
of the rapid force over the static force than series with the pre-embedded pile. The dif-
ference in the increase of the rapid force over the static between those two types of test
series also depends on pile diameter and relative density of a soil bed.



514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi
Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017 PDF page: 125PDF page: 125PDF page: 125PDF page: 125

5.5. INFLUENCE OF PILE INSTALLATION METHODS 109
Ta

b
le

5.
12

:I
n

fl
u

en
ce

o
fi

n
st

al
la

ti
o

n
m

et
h

o
d

o
n

R
m

a
x

G
ro

u
p

Se
ri

es
P

ro
p

er
ti

es
D

ra
in

ag
e

fa
ct

o
r

H
ea

d
T

ip
Sh

af
t

Sl
ow

A
ve

ra
ge

Fa
st

Sl
ow

A
ve

ra
ge

Fa
st

Sl
ow

A
ve

ra
ge

Fa
st

Sl
ow

A
ve

ra
ge

Fa
st

G
ro

u
p

1
21

Sa
65

V
i,

J
C

16
1.

19
0.

45
0.

24
1.

21
1.

22
1.

27
1.

27
1.

23
1.

25
1.

15
1.

30
1.

55
1.

18
1.

20
1.

17
25

Sa
65

V
i,

J
C

16
1.

19
0.

45
0.

24
1.

15
1.

25
1.

29
1.

15
1.

22
1.

25
1.

21
1.

44
1.

65
22

Sa
65

V
i,

E
C

16
1.

19
0.

45
0.

24
1.

15
1.

53
1.

46
1.

13
1.

42
1.

33
1.

59
2.

36
2.

82
26

Sa
65

V
i,

E
C

16
1.

19
0.

45
0.

24
1.

09
1.

35
1.

42
0.

96
1.

28
1.

3
1.

83
2.

14
2.

33

G
ro

u
p

2
23

Sa
45

V
i,

J
C

16
0.

94
0.

38
0.

19
1.

16
1.

33
1.

40
1.

17
1.

25
1.

29
1.

28
1.

94
2.

10
24

Sa
45

V
i,

E
C

16
0.

94
0.

38
0.

19
1.

35
1.

66
1.

67
1.

18
1.

57
1.

50
2.

03
2.

26
2.

52

G
ro

u
p

3
11

b
Sa

65
V

i,
E

C
11

.3
2.

38
0.

95
0.

45
1.

98
2.

53
2.

34
15

Sa
65

V
i,

E
C

11
.3

2.
38

0.
95

0.
45

1.
54

1.
83

1.
78

G
ro

u
p

4
11

j
Sa

65
V

i,
J

C
11

.3
2.

38
0.

95
0.

45
1.

46
1.

63
1.

61
15

Sa
65

V
i,

E
C

11
.3

2.
38

0.
95

0.
45

1.
54

1.
83

1.
78

Ta
b

le
5.

13
:I

n
fl

u
en

ce
o

fi
n

st
al

la
ti

o
n

m
et

h
o

d
o

n
R

u
p

G
ro

u
p

Se
ri

es
P

ro
p

er
ti

es
D

ra
in

ag
e

fa
ct

o
r

H
ea

d
T

ip
Sh

af
t

Sl
ow

A
ve

ra
ge

Fa
st

Sl
ow

A
ve

ra
ge

Fa
st

Sl
ow

A
ve

ra
ge

Fa
st

Sl
ow

A
ve

ra
ge

Fa
st

G
ro

u
p

1
21

Sa
65

V
i,

J
C

16
1.

19
0.

45
0.

24
1.

10
1.

14
1.

16
1.

18
1.

16
1.

15
0.

86
1.

05
1.

19
1.

09
1.

12
0.

95
25

Sa
65

V
i,

J
C

16
1.

19
0.

45
0.

24
1.

05
1.

16
1.

18
1.

08
1.

15
1.

16
0.

96
1.

19
1.

24
22

Sa
65

V
i,

E
C

16
1.

19
0.

45
0.

24
1.

04
1.

36
1.

31
1.

06
1.

32
1.

23
0.

88
1.

54
1.

84
26

Sa
65

V
i,

E
C

16
1.

19
0.

45
0.

24
0.

98
1.

22
1.

26
0.

91
1.

20
1.

21
1.

24
1.

31
1.

55

G
ro

u
p

2
23

Sa
45

V
i,

J
C

16
0.

94
0.

38
0.

19
1.

04
1.

18
1.

24
1.

08
1.

18
1.

20
0.

86
1.

21
1.

42
24

Sa
45

V
i,

E
C

16
0.

94
0.

38
0.

19
1.

14
1.

50
1.

49
1.

11
1.

47
1.

39
1.

23
1.

58
1.

85

G
ro

u
p

3
11

b
Sa

65
V

i,
E

C
11

.3
2.

38
0.

95
0.

45
1.

88
1.

30
0.

45
15

Sa
65

V
i,

E
C

11
.3

2.
38

0.
95

0.
45

1.
46

1.
12

0.
38

G
ro

u
p

4
11

j
Sa

65
V

i,
J

C
11

.3
2.

38
0.

95
0.

45
1.

26
0.

90
0.

45
15

Sa
65

V
i,

E
C

11
.3

2.
38

0.
95

0.
45

1.
46

1.
12

0.
38



514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi
Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017 PDF page: 126PDF page: 126PDF page: 126PDF page: 126

110 5. PHYSICAL MODELLING - INTERPRETATION

GROUP 1 WITH THE 16 MM DIAMETER CEP IN 65% RELATIVE DENSITY SOIL BED

Figure 5.18 shows the dependence of the ratios of the rapid forces over the static force
on the drainage factor and the loading rate for series in sand and viscous fluid of 65%
relative density with the jacked pile (series 21 and 25) and with the pre-embedded pile
(series 22 and 26). In the first rapid loading cycle in the slow loading rate, the values
of Rmax and Rup of the series with the pre-embedded pile are lower than the values of
Rmax and Rup of the series with the jacked pile. On the other hand, the loading cycles
with average and fast loading rates show that the series with the pre-embedded pile have
the higher values of Rmax and Rup than those of the series with the jacked pile.

The highest increases of the maximum and unloading rapid forces over the static
force are 27% and 18% in the series with the jacked pile, which are found at the slow
loading rate. In the series with the pre-embedded pile, those values are 42% and 32%,
which occur at the average loading rate.

(a) Rmax vs. drainage factor η (b) Rup vs. drainage factor η

(c) Rmax vs. penetration rate v (d) Rup vs. penetration rate v

Figure 5.18: Influence of installation method in group 1

GROUP 2 WITH THE 16 MM DIAMETER CEP IN 45% RELATIVE DENSITY SOIL BED

Figure 5.19 shows the dependence of the ratios of the rapid forces over the static force
on the drainage factor and the loading rate for series in sand and viscous fluid of 45%
relative density with the jacked pile (series 23) and with the pre-embedded pile (series
24). The values of Rmax and Rup in series with the pre-embedded pile are always higher
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than the values of Rmax and Rup in series with the jacked pile at any equal penetration
rate or drainage factor. This difference is more significant when the drainage factor re-
duces or when the penetration rate increases, Figure 5.19. It is therefore reasonable to
conclude that the influence of the installation method on the values of Rmax and Rup in
series with the 45% relative density soil bed is significant.

The highest increases of the maximum and unloading rapid forces over the static
force are 29% and 20% in the series with the jacked pile, which are found at the fast
loading rate. In the series with the pre-embedded pile, those values are 57% and 47%,
which occur at the average loading rate.

(a) Rmax vs. drainage factor η (b) Rup vs. drainage factor η

(c) Rmax vs. penetration rate v (d) Rup vs. penetration rate v

Figure 5.19: Influence of installation method in group 2

GROUP 3 AND 4 WITH THE 11.3 MM DIAMETER CEP IN 65% RELATIVE DENSITY SOIL BED

Figure 5.20 shows the dependence of the ratios of the rapid forces over the static force
on the drainage factor and the loading rate for series in sand and viscous fluid of 65%
relative density with the jacked pile pre-embedded in the depth of 10 D (series 11b) and
in the depth of 20 D (series 15) - group 3. Figure 5.21 shows the dependence of the ratios
of the rapid forces over the static force on the drainage factor and the loading rate for
series in sand and viscous fluid of 65% relative density with the jacked pile (series 11j)
and with the pre-embedded pile (series 15) - group 4. Because of the problem with the
control servo system, the tip measurement was missing in those three series. Moreover,
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because of the loading pattern, the ratio of the unloading point force over the static force
decreases with a decrease of the drainage factor, and it is far smaller than unity.

(a) Rmax vs. drainage factor η (b) Rmax vs. penetration rate v

Figure 5.20: Influence of installation method in group 3

(a) Rmax vs. drainage factor η (b) Rmax vs. penetration rate v

Figure 5.21: Influence of installation method in group 4

5.5.3. SUMMARY
Table 5.14, which is created similarly to Table 5.6, summarises the influence of the instal-
lation method on the static force and the ratios of the rapid forces over the static force.

The installation method has a strong influence on the static force with the static force
of the jacked pile is 52 to 93% higher than that of the pre-embedded pile. This is under-
standable from the fact that the stress state of the surrounding soil of the pile in the
jacked pile test and the pre-embedded pile test is significantly different due to the in-
stallation process occurs when the pile was jacked into the designed level of 20 D .

Table 5.14 clearly shows a strong influence of the installation method on the increase
of the rapid force over the static force. The increase of the rapid force over the static force
in the series with the pre-embedded pile also varies in a wider range than the increase in
the series with the jacked pile. With the pre-embedded pile, Rmax and Rup vary from -4
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up to 57% and from -9 up to 47%, respectively; whereas with the jacked pile, Rmax and
Rup vary from 15 to 29% and from 8 to 20%, respectively.

Table 5.14: Influence of the installation method

Installation methods F_static F_max/F_static F_up/F_static
% % of increase % of increase

Pre-embedded pile 100 -4 - 57 -9 - 47
Jacked pile 152 - 193 15 - 29 8 - 20

It is interesting to see that the rate effect contributes similar portion (about 10%) of
the increase of the rapid force over the static force in the two series. However, the excess
pore pressure effect accounts for only 20% of the increase of the rapid force over the
static force in series with the jacked pile, but it contributes up to 47% of the increase in
series with the pre-embedded pile. It seems that the excess pore pressure effect is much
more significant in the pile load test with the pre-embedded pile.

During the installation process, the soil along the pile shaft is loosen whereas the soil
under the pile is densified [67, 277]. Accordingly, the horizontal stress long the pile shaft
and under the pile tip significantly increases [67, 217]. As the confinement of the soil in-
creases, there are two possibilities. The first one is the increasing confinement reduces
the mobility, or the capacity of shear deformation, of soil grains. As a consequence, the
failure surfaces, which occur during the rapid pile load test and account for the excess
pore pressure effect [206], may be limited in size and time or even cannot be created.
This possibility agrees well with Equation 3.1 which implies that as the shear modulus
increases, the drainage factor increases. Moreover, it can explain the higher influence of
the excess pore pressure effect on Rmax and Rup . On the other hand, the second pos-
sibility is that as the behaviour of the soil under the pile tip changes from significantly
compressive inside the "nose cone" to considerably dilative up to the distance of 2 D
under the pile tip and 2 D from the pile shaft [207, 279] during the installation process,
the negative excess pore pressure occurs more in the pile load test with the jacked pile.
In that case, it is expected that the excess pore pressure effect is more significant in the
pile load test with the jacked pile which contrasts with what is observed here. While the
second possibility is reasonable in relationship to the contractive/dilative behaviour of
granular soils, the first possibility can actually explain the results on Table 5.14.

The results from this section pointed out that the installation method has a strong in-
fluence on the increase of the rapid force over the static force by changing the drainage
condition. However, it is clearly not an easy task to quantify the influence of the instal-
lation method in this study. Firstly, the measurements in the pre-embedded pile test are
not as repeatable as the measurements in the jacked pile test. Secondly, it is still impos-
sible to make a detail quantitative measurement of the change of relative density (and
the shear modulus) of the soil around the pile during installation or on the creation of
the failure surface during the rapid load test.
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5.6. INFLUENCE OF PILE TYPES
Three pile types are used in this study namely open-ended pile (OEP) with the diameter
of 11.3 mm, close-ended pile (CEP) with the diameter of 11.3 mm and CEP with the di-
ameter of 16 mm. In this section, 10 test series are investigated to study the influence of
the pile types.

It should be noted that the stress levels at the pile tip of the 11.3 mm-diameter pile
and of the 16 mm-diameter pile are quite different since the tip is at a different depth
(20 D). Consequently, A pile load test with the 11.3 mm diameter CEP and a pile load
test with 16 mm diameter pile CEP clearly have different maximum static force as well as
different increase of the rapid forces over the static force.

A static pile load test with CEP and a static pile load test with OEP may have identi-
cal, similar or different maximum force, which depends on the plugging mode and the
length of the plug of the OEP. If the OEP is fully plugging and the plug length is equal to
the penetration depth, then the response and the force of the OEP are identical to those
of the CEP. In general, the plug length is shorter than the penetration depth [208]; there-
fore the force of the OEP is smaller to that of the CEP due to less densification of the
surrounding soil. In a rapid pile load test, although the CEP and the OEP have the same
drainage factor calculated following Equation 3.1, it turns out that the increases of the
rapid force over the static force in those tests are quite different.

5.6.1. STATIC RESISTANCE
Table 5.15 summarises the maximum and scattering of the static head force and a con-
tribution percentage of the tip force to the head force in each test series.

Table 5.15: Influence of pile types on static force

Group Series Properties Max. head Scatter Tip
[kN] [%] [%]

Group 1 11j Sa 65 Vi, J C 11.3 0.73 1-3
21 Sa 65 Vi, J C 16 3.56 1-3 78-80
25 Sa 65 Vi, J C 16 3.63 1-3 80-82

Group 2 15 Sa 65 Vi, E C 11.3 0.62 42-46
22 Sa 65 Vi, E C 16 1.88 22-30 85-89
26 Sa 65 Vi, E C 16 2.02 27-33 84-87

Group 3 12 Si 65 Wa, J O 11.3 0.61 6
14 Si 65 Wa, J C 11.3 0.66 1

Group 4 4 Sa 65 Wa, J C 11.3 1.40 6
16 Sa 65 Wa, J O 11.3 0.96 3

Group 1 and 2 show the comparison of the maximum static head forces between the
series with the 11.3 mm diameter pile (series 11j and series 15) and the series of the 16
mm diameter pile (series 21+25 and 22+26) with two pile installation methods, jacked
(group 1) and pre-embedded (group 2). It is as expected that the series with a larger
pile have much larger head force. In group 1 with the jacked piles, the difference in the
maximum static unit force of the series 11j (11.3 mm diameter pile) and that of the series
21+ 25 (16 mm diameter pile) is about 2.44 times. In group 2 with the pre-embedded
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piles, this difference is about 1.59 times. The difference between the small pile (11.3 mm
diameter) and the large pile (16 mm diameter) comes directly from the different stress
level at the pile tip as mentioned above. Further different between group 1 and 2 may
come from the influence of the installation method, group 1 is the jacked pile whereas
group 2 is the pre-embedded pile.

Group 3 and 4 show the comparison between the series of CEP (series 14 and 4) and
the series of OEP (series 12 and 16) in two different sets of materials, namely: silt and
water (group 3) and sand and water (group 4). In group 3 of the series in silt and water,
the maximum head force of CEP (0.66 kN) and OEP (0.61 kN) is less than 10% different.
However, in group 2 of the series in sand and water, the maximum head force of CEP
(1.40 kN) is 45% higher than that of OEP (0.96kN). This big difference in two sets of ma-
terials may suggest that the OEP in silt was plugging and its behaviour or, more precisely,
the maximum force is similar to that of the CEP. On the contrary, the OEP in sand was
probably unplugged, the sand plug inside the OEP was continuously pushed further as
more sand comes inside the pile and therefore its capacity is significantly lower than the
capacity of the CEP.

5.6.2. RATIO OF RAPID FORCES OVER STATIC FORCES
Tables 5.16 summarizes the ratios of the maximum of the head, tip and shaft rapid forces
over the corresponding static forces at the same displacement of 10% D (Rmax ); and Ta-
ble 5.17 summarizes the ratios of the unloading point head, tip and shaft forces over the
static forces at the same displacement of 10% D (Rup ). In addition, the drainage factors
for each series are given. It should be noted that, as mentioned before, there was a prob-
lem with the servo control system and there was no information for tip measurements
in the series from 11 to 16. Because series 11-16 have a decrease of the increase of the
unloading point force over the static force with a decrease of the drainage factor whilst
other series, which is used to compare with series 11-16, have an opposite trend, com-
parison between series 11-16 and the other series on Rup is not reasonable and has no
practical meaning.

In group 1 and 2, the drainage factor of the series with the smaller pile (series 11j and
series 15) is higher than that of the series with the bigger pile (series 21+25 and 22+26)
hence the general trends mentioned in section 5.2.4 are supposed. However, the in-
creases of the maximum head force over the static head force in the series 11j and 15
are significantly larger than the increases in the series 21+25 and 22+26, respectively.
This is contradictory to what expected. One possible explanation is the dependency of
the shear modulus on the stress level which is reported in the literature [130, 222] but
is not taken into account here. The shear modulus used to calculate the drainage factor
in the series 11-15, 21-22 and 25-28 are the same. Another uncertainty is a loading and
servo control system: the series 11-16 were conducted with a different loading and servo
control system, which created a very high acceleration and a strange loading pattern.
Because of this, the increase of the rapid force over the static force in the series 11-16 is
questionable.
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5.6. INFLUENCE OF PILE TYPES 117

In groups 3 and 4 of the series with the CEP and the series with the OEP, although
having the same drainage factor as defined in Equation 3.1, the series with the CEP have
a higher increase of the maximum force over the static force than that of the series with
the OEP regardless of the soil types. The possible explanation for this difference is the
drainage condition. In the series with the OEP, the pore water can be drained not only
under the pile tip and along the outer pile shaft as in the series with the CEP but also
along the inner pile shaft and on the free surface of the soil plug. As the drainage ability
of the series with the OEP is higher than that in the series with CEP, the influence of
excess pore pressure is expected to be less significant, and therefore the increase of the
maximum force over the static force is less.

GROUP 1 AND 2 OF THE JACKED PILE IN SAND AND VISCOUS FLUID

(a) Rmax vs. drainage factor η (b) Rmax vs. penetration rate v

Figure 5.22: Influence of pile tip level in group 1

(a) Rmax vs. drainage factor η (b) Rmax vs. penetration rate v

Figure 5.23: Influence of pile tip level in group 2

Figure 5.22 shows the relations between the increase of the maximum head force over the
static head force with the loading rate (a) and the drainage factor (b) for the series with
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118 5. PHYSICAL MODELLING - INTERPRETATION

the 11.3 mm pile (series 11j) and the series with the 16 mm pile (series 21+25). The pile
was jacked in the soil bed of sand and viscous fluid. The trend lines following the power
relationship between Rmax and the loading rate/the drainage factor are included. Sim-
ilarly, Figure 5.23 shows the relations between Rmax and the loading rate/the drainage
factor for the series with the 11.3 mm pile (series 15) and the series with the 16 mm pile
(series 22+26). The pile mentioned in Figure 5.23 was pre-embedded.

In each individual series, it is obvious that the test with the higher penetration rate
or, the lower drainage factor has the higher increase of the maximum head force over
the static head force. The only exception is in the series 11j and the series 15 where the
average loadings with the medium drainage factor have a slightly higher value of Rmax

than the Rmax value of the series 21+25 and 22+26, respectively. Both Figure 5.22 and
5.23 clearly show that the series with a smaller pile has a higher increase of the maximum
head force over the static head force than that of the series with a bigger pile.

The difference in the increase of the head force can be up to more than 40% (an
increase of 63% for series 11j versus 22% for series 21 and an increase of 83% for series
15 versus 35% for series 26).

GROUP 3 IN SILT AND WATER AND GROUP 4 IN SAND AND WATER

Figure 5.24 shows the relations between the increase of the maximum head force over
the static head force with the loading rate (a) and the drainage factor (b) for the series
with the OEP (series 12) and the series with the CEP (series 14) in silt and water. Figure
5.25 shows the relations between Rmax of the head force with the loading rate (a) and
the drainage factor (b) for the series with the OEP (series 16) and the series with the CEP
(series 4) in sand and water.

(a) Rmax vs. drainage factor η (b) Rmax vs. penetration rate v

Figure 5.24: Influence of pile types in group 3

The series with the CEP always has a higher increase of the maximum head force
over the static force than the series with the OEP does; the difference is more evident
when the loading rate increases or the drainage factor decreases. The difference in the
increase of the head force between the series with the CEP and the series with the OEP is
up to 12% for the series in silt and water and up to 41% for the series in sand and water.
It is noticed that in series 16 of the OEP in sand and water, there is almost no increase
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5.6. INFLUENCE OF PILE TYPES 119

of the rapid maximum head force over the static head force which suggests a negligible
influence of both the rate effect and the excess pore pressure effect in this series.

(a) Rmax vs. drainage factor η (b) Rmax vs. penetration rate v

Figure 5.25: Influence of pile types in group 4

5.6.3. SUMMARY
Table 5.18 summarises the influence of the pile type on the static force. Table 5.18 is
created in a similar way with Table 5.6 but for the static head force only due to the limited
data and a question on the validity of the measurement on the tests 11 to 16.

Table 5.18: Influence of the pile type

Pile types F_static F_max/F_static
(head force) % %

Open-ended pile 100 -3 - 20
Close-ended pile 152 - 193 -3 - 41

D = 11.3 mm 100 46 - 83
D = 16 mm 148 - 243 9 - 53

The pile type and the pile diameter strongly influence the static pile head force. The
difference in the static pile head force of the close ended pile and the open-ended pile is
from 10 to 50%. This difference depends on the plugging mode of the open-ended pile. If
the OEP is plugged then its capacity is comparable to the capacity of the CEP; otherwise,
if the OEP is unplugged, its capacity is significantly lower than the capacity of the CEP
since the sand continuously moves into the hollow pile.

The static head force of the series with the 16 mm diameter pile is a factor 3-5 larger
than that of the series with the 11.3 mm diameter pile. There are three geometry char-
acteristics, which contribute to the difference in the maximum static forces of the series
with 11.3 mm pile and of the series of 16 mm pile. They are (for the 16 mm pile se-
ries): the stress level along the pile shaft and at the pile base that is 1.43 times higher,
the area of the shaft friction that is 2.05 times higher and the tip area that is 2.05 times
higher. These geometry characteristics may account for the factor 3 of the difference in
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120 5. PHYSICAL MODELLING - INTERPRETATION

the maximum static forces of the series with the pre-embedded pile. But they do not fully
explain the factor 5 of the force difference in the series with the jacked pile. Again, the
jacked installation process can be considered as an explanation since this process sig-
nificantly enhances the bearing capacity of the pile. However, it is ambiguous without
quantitative reasoning.

The pile type and the pile diameter have a strong influence on the increase of the
rapid head force over the static head force. The rapid test with the CEP has a higher
value of the normalised head force than the rapid test with the OEP does which may be
due to the fact that the OEP has an extra drainage path inside the hollow pile. The rapid
test with the small pile has a higher value of the normalised head force than the rapid
test with the large pile does; this observation has not yet been explained in this study.

5.7. CONCLUSIONS

In this chapter, analysis on the results of the centrifuge pile load testing series is given.
The influence of the constitutive rate effect and the excess pore pressure effect are stud-
ied by variations of the loading rate and the drainage condition of the soil. Moreover, the
influence of the soil and fluid type, the initial relative density, the installation method
and the pile type are also considered. The following conclusions are deduced from the
interpretation of the experimental results of the centrifuge pile load series from Nguyen
[206] and this study [169, 205].

For an interpretation of a rapid load test, it is well-known that the resistance during
rapid loading is considerably higher than the corresponding static resistance, which is
due to the penetration rate effect. After excluding the inertia term, the penetration rate
effect can be divided into the excess pore pressure effect and the rate effect. The excess
pore pressure effect comes from the increase of the effective stress due to the negative
pore pressure which strongly depends on the drainage condition of the test. The rate
effect can include the constitutive term relating to the interlocking of soil particles and
the damping term. Those terms, in general, can not be separated. The generalisation
of the penetration rate effect is: (1) within the same material, a rapid loading test with a
higher loading rate corresponding to a lower drainage factor has a higher increase of the
rapid force over the static force (factor Rmax and Rup ); and (2) for rapid loading tests of
the same loading rate, a test with a smaller drainage factor has a higher value for Rmax

and Rup . Dependencies of Rmax and Rup on the loading rate and the drainage factor can
be found in Figure 5.1 and 5.2.

In the fully drained soil bed, there is no pore pressure effect for the rapid pile test.
The excess pore pressure effect increases up to 10% of the tip resistance for the pile test
in the partially drained soil bed, and about 6 to 47% for the pile test in a nearly undrained
soil bed. The magnitude of the increase depends on the loading rate.

The constitutive rate effect increases about 10% of the maximum tip resistance for
the rapid pile test in the fully drained soil (series 4). It should be noted that in series 4,
it is likely that other rate effects rather than the constitutive rate effect are missing since
the rate effect observed in Figure 5.3 is constant for the loading rate between 5-125.6
mm/s. For the rapid pile test in a partially drained and nearly undrained soil bed, the
rate effect increases about 5 to 15% of the tip resistance depending on the loading rate
between 5-125.6 mm/s. In comparison with the fully drained soil (series 4), it is likely
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that not only the constitutive rate effect influences the value of Rmax .
The material (soil and fluid) type has a significant influence on both the static resis-

tance and the increase of the rapid resistance over the static resistance. In general, the
static resistance of the pile test in sand and viscous fluid is the highest, then the one in
sand and water is the second and the one in silt and water is the lowest. The main rea-
son for the difference in the static resistance is the difference in the friction angle of the
soil and the ratio of the pile diameter/thickness over the mean soil grain size. In a rapid
load test, the increase of the rapid resistance over the static resistance is the highest in
the sand and viscous fluid, the second in the silt and water and the lowest in the sand
and water. This order relates directly to the magnitude of the drainage factor for each
material types.

The initial relative density strongly influences the tip resistance of the static pile load
test, an increase of about 20% in the initial relative density can lead to an improvement
of 35 to 74% of the tip resistance. The initial relative density has a certain influence on
the increase of the rapid tip resistance over the static tip resistance, as the initial relative
density reduces the increase is more apparent. Limited data from the centrifuge series
suggests that the decrease of the initial relative density leads to the increasing influence
of the excess pore pressure effect because when the relative density reduces, the shear
modulus decreases and consequently the drainage condition reduces.

The installation method has a strong influence on the static tip resistance, the tip re-
sistance of the jacked pile is 52 to 93% higher than that of the pre-embedded pile. The in-
stallation method has a considerable influence on the increase of the rapid tip resistance
over the static resistance; the maximum increase is only about 29% for the jacked pile,
but it is about 57% for the pre-embedded pile. Besides, it seems that the higher increase
observed for in the rapid pile load test with the pre-embedded pile mainly originates
from the higher contribution of the excess pore pressure effect. This can be explained
from the increasing confinement associated with the installation process which causes
the increase of the shear modulus and hence the drainage condition increases in the soil
around the jacked pile.

The pile type strongly influences the static head force; the head force of a close-ended
pile test is about 10 to 50% higher than that of an open-ended pile test depending on the
plugging mode of the open-ended pile. The pile type also has a strong influence on the
increase of the rapid head force over the static head force. In general, the rapid test with
the CEP has a higher value of the normalised head force than the rapid test with the OEP
does; the rapid test with the small pile has a higher value of the normalised head force
than the rapid test with the large pile does.
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6
NUMERICAL MODELLING

6.1. INTRODUCTION
As mentioned in Chapter 1, numerical modelling of the static and rapid pile load tests in
the saturated granular soil bed is performed in this thesis. In order to assess the excess
pore pressure effect in the rapid pile load test, it is required that the numerical model
can simulate the interaction between the soil skeleton and the fluid insides the pores of
the soil skeleton. In other words, the numerical model can couple the dynamic analysis
and the consolidation analysis. For this purpose, the Finite Element software Plaxis with
the module Plaxis-PTU is employed.

This chapter, first, presents a brief review of the mechanics of porous media in sec-
tion 6.2. Then the formulation and discretisation techniques in the Plaxis-PTU are shortly
described in section 6.3. Finally, section 6.4 presents several preliminary calculations to
verify and validate the module Plaxis-PTU.

6.2. BRIEF REVIEW OF MECHANICS OF POROUS MEDIA
The mechanics of porous media, in particularly saturated soils, is complicated because
of the coupled responses of their individual components, the soil skeleton (the solid
phase) and the fluid insides the pores of the soil skeleton (the fluid phase). Two mecha-
nisms play an essential role in the interaction between the fluid and the soil skeleton if
the fluid does not have enough time to escape the pore network. The first mechanism is
an increase of pore pressure induced by a compression of the soil skeleton; the second
mechanism is a decrease of pore pressure caused by a dilation of the soil skeleton. When
the permeability is high, and the load is slowly applied, the coupling may be negligible
since the overall behaviour is close to a drained one. However, the coupling can be signif-
icantly strong in the case of low permeability and fast transient loading (partially drained
to undrained cases). Accurate prediction of the behaviour of porous media, therefore,
requires taking into account this coupling in the analysis.

The study of porous media can be dated back to the original work of Woltman [287]
who introduced the concept of volume fraction for describing multiphase media. Darcy
[62] studied the motion of a water flow through sands and introduced the notation of
permeability. Fillunger investigated the uplift problem in a liquid-saturated porous me-

123
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dia and pioneered the porous media theory by introducing the concept of mixture the-
ory [78], the friction force caused by the fluid flow on the porous solid [76] and the ef-
fect of effective stresses [77]. Terzaghi studied the non-viscous fluid flow through a de-
formable porous solid and published the well-known consolidation theory [268], later
he introduced the capillary force in porous media [269] and formulated the effective
stress for unsaturated soils which is widely used in modern soil mechanics [270]. Ren-
dulic [231] generalised the Terzaghi one-dimensional consolidation theory to the three-
dimensional one. Biot extended Terzaghi’s concept to the consolidation theory for linear
elastic and viscoelastic anisotropic porous solid [28, 29] by introducing the concepts of
mass and viscous coupling in the fluid-solid interaction. The same theory has been re-
formulated by Biot [30–32] based on the concepts of partial solid stress and partial fluid
pressure; finally, the fully coupled fluid-solid formulation for quasi-static and dynamic
analysis of a saturated porous medium was developed [30, 31]. This formulation is de-
rived from the momentum balance equation of the mixture, the momentum balance
equation of the fluid and the mass conservation of the fluid flow. The solution provided
by Biot consists of two dilatational waves and one rotational wave propagating in the
porous medium with frequency dependent damping factors. The theory of poroelastic-
ity is also formulated by Verruijt [263] in a specific version for soil mechanics, and Rice
and Cleary [232] emphasises the two limiting behaviours, drained and undrained, of a
fluid-filled porous material.

Zienkiewicz et al. [51, 167, 303–305, 305, 306] was the first to implement the Biot’s
two-phase mixture theory in the Finite Element Method (FEM) to account for inelastic
behaviour and large deformation. Various finite element implementations of the Biot
theory have also been carried out by Ghaboussi and Dikman [94] and Pervost [223, 224]
with different primary variables and different arrangement of the variables. Zienkiewicz
et al. [304] summarised three simplified formulations for the implementation of the Biot
governing equations namely: u−p, u−w−p and u−U (with u is the solid displacement,
p is the pore pressure, U is the fluid displacement, and w is the relative fluid displace-
ment). In the u −p formulation, inertial effects associated with the relative fluid motion
are negligible therefore this formulation is suitable for low frequency loading in porous
media (such as landslides, earthquakes or liquefaction phenomena) or quasi-static anal-
ysis. In the u−w or u−w−p formulations, all inertial effects are included therefore they
are applicable for high-frequency phenomena such as blast loading or dynamic/rapid
pile loading in porous media. In the case when the material response is incompressible
then only the full u −w −p formulation is capable of obtaining solutions [304].

Although the three formulations u−p, u−w−p and u−U are well-known and widely
used, they are slightly different from that used in the earlier presentations of Biot [30, 31]
which is easier to follow as it explores the physical meaning of each term [304]. Other fi-
nite element implementations of Ye et al. [299] and Al-Khoury et al. [5] are based directly
on the original u−U formulation of the Biot’s fully coupled equations [30, 31]. These im-
plementations are incorporated in research modules of commercial codes (Abaqus [299]
and Plaxis [5], respectively). The Al-Khoury et al. implementation was included in the re-
search module Plaxis-PTU and was applied successfully in the DC-COB project [179, 180]
to simulate relatively high-frequency impacts (blast loading) on underground structures
in porous media [5] with relatively coarse meshes. The implementation of Al-Khoury et
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al. [5] is briefly described in the next section.

6.3. GOVERNING EQUATIONS AND FE FORMULATION
This section briefly summarised the governing equations of porous media described by
Biot [30, 31] and their FE formulations implemented by Al-Khoury et al. [5] in the com-
mercial code Plaxis.

6.3.1. GOVERNING EQUATIONS
Before proceeding with the general equations, some general notations are introduced
for clarity:

• σs : the partial solid stress vector which is the average force supported by the solid
portion of an infinitesimal cubic face;

• σw : the fluid stress;
• us , uw : the displacement of the solid skeleton and the fluid phase, respectively;
• p : the pore fluid pressure;
• n : the porosity;
• ρ,ρs ,ρw : the densities of the mixture, the solid phase and the fluid phase respec-

tively; they are connected by a relation: ρ = (1−n)ρs +nρw .

The most fundamental principle in porous media might be the effective stress prin-
ciple which is first formulated by Terzaghi [257]. This principle states that the fluid pres-
sure causes only a uniform, volumetric strain by compressing the grains and that the
major deformation of the porous skeleton is governed by the effective stress:

σs =σ′
s −αIp (6.1)

where α is a compressibility parameter and I is equal to unity for the normal stress com-
ponents and zero for the shear stress components. For most of the geotechnical applica-
tion, α is set to 1.0 [180]; consequently, the familiar relationship between the total stress,
the effective stress and the pore pressure is found σs =σ′

s −αIp. In this thesis, the value
of 1.0 is assigned to α.

The original Biot formulation, which incorporates the mass and viscous coupling ef-
fects in the stress equilibrium for both the solid skeleton and fluid phases, can be written
as:

∇·σs −ρ11üs −ρ12üw −b (üs − üw ) = 0 (6.2a)

∇σw −ρ21üs −ρ22üw +b (üs − üw ) = 0 (6.2b)

It is noted that the viscous damping and inertial effects are explicitly incorporated
into Equations 6.2 through the viscous coefficient b and the mass densities ρ...

Inertial effect The inertial effect includes induced mass coupling effects arising from
relative motion between the two phases: ρ11 = ρ+nρw (ã − 2) and ρ22 = ãnρw can be
considered as the intrinsic density coefficients; ρ12 = ρ21 = nρw (1− ã) can be regarded
as a measure of the coupled inertial effect that is reflected by the additional inertial cou-
pling induced by the relative motion between the solid and fluid phases. Parameter ã
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is the Biot tortuosity parameter which takes into account the fact that the water flow in
the granular soil follows a twisting path through the pores. In the implementation of
Plaxis-PTU, ã is calculated as a function of the porosity: ã = 0.5× (

1+ 1
n

)
[180].

Viscous damping effect The viscous coefficient b represents the viscous drag imposed
to each constituent per unit volume when the fluid flows by the walls of the pores due
to external loading which controls the relative motion between fluid and solid. It can be
calculated as:

b = γ

kn2 (6.3)

with γ is the fluid unit weight and k is the hydraulic permeability. The hydraulic per-
meability is a combination of properties of the fluid (the viscosity) and the solid (the
intrinsic permeability).

The stress of the fluid is related to the volumetric strain of fluid and the volumetric
strain of solid skeleton, as follows:

σw =−np = Q̃m∇T us + R̃∇T uw (6.4)

with Q̃ = M̃n(β̃−n) and R̃ = M̃n2 in which M̃ is the Biot coefficient of compressibil-
ity of the two-phase material, and β̃ is the Biot coefficient for the fluid flow. Details of
parameters β̃ and M̃ can be found in the paper of Biot and Willis [33]. As mentioned
by Meijers [180], most granular soils consists of stiff particles with a high compression
modulus therefore M̃ can be simplified as M̃ = Kw

n and, subsequently, β̃ becomes unity.

6.3.2. SPATIAL DISCRETISATION

The governing equations are rewritten as:

∇·
[
σ′

s +
α

n
m

(
Q̃m∇T us + R̃∇T uw

)]−ρ11üs −ρ12üw −b (üs − üw ) = 0 (6.5a)

∇(
Q̃m∇T us + R̃∇T uw

)−ρ21üs −ρ22üw +b (üs − üw ) = 0 (6.5b)

The associated boundary conditions are the natural boundary condition for stresses
with t̂ = n ·σ and t̂p = np are external traction forces on Γt and Γp , respectively; and the
essential boundary conditions with ûs and ûw are prescribed displacements in solid and
water on Γs and Γw , respectively. n is a unit normal vector.

By applying the Finite Element techniques and using the Galerkin’s method [307], the
matrix form of Equations 6.5 is obtained as following:

[
Mss Msw

Mw s Mw w

]{ ¨̄us
¨̄uw

}
+

[
Css Csw

Cw s Cw w

]{ ˙̄us
˙̄uw

}
+

[
Kss Ksw

Kw s Kw w

]{
ūs

ūw

}
=

{
F̄s

F̄w

}
(6.6)
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where the various matrices/vectors are defined as:

Mss =
∫
Ω

NT
uρ11NudΩ Css =

∫
Ω

NT
u bNudΩ Kss =

∫
Ω

BT
u DBudΩ+

∫
Ω

BT
u
α

n
Q̃BudΩ

Msw =
∫
Ω

NT
uρ12Np dΩ Csw =

∫
Ω

NT
u bNp dΩ Ksw =

∫
Ω

BT
u
α

n
R̃Bp dΩ

Mw s =
∫
Ω

NT
pρ21NudΩ Cw s =

∫
Ω

NT
p bNudΩ Kw s =

∫
Ω

BT
p Q̃BudΩ

Mw w =
∫
Ω

NT
pρ22Np dΩ Cw w =

∫
Ω

NT
p bNp dΩ Kw w =

∫
Ω

BT
p R̃Bp dΩ

F̄s =
∫
Γt

Nu npdΓ F̄w =
∫
Γp

Np nnpdΓ

in which ūs and ūw are the nodal displacements of the solid skeleton and the pore fluid,
Nu and Np are the shape functions for the solid and fluid parts and D is a fourth order
tensor defining a constitutive law for the solid skeleton.

6.3.3. TIME DISCRETIZATION: PARTITION OF TIME UNITY SCHEME
The explicit time integration schemes are commonly used to solve Equation 6.6 as done
by [299] or the similar u −U form of the Biot equation as done by [52, 304]. These algo-
rithms are conditionally stable and the time step is restricted by a critical value which
is related to the constitutive law as well as the spatial discretization. For the practical
geotechnical application of a soil-pile problem with a high-nonlinear soil material and
a very fine mesh in the soil-pile interaction zones, using the explicit time integration
scheme leads to a huge number of time steps which is not practical. It is therefore im-
portant to use an implicit time integration scheme that is suitable for high-frequency
wave propagation.

In the literature, there are many implicit time integration schemes which are un-
conditionally stable and second order accurate. Argyris and Mlejnek [14], Gladwell and
Thomas [97], Hardy [111], Hughes [136] and Kontoe [153] performed numerical tests
in structural problems and the spectral stability analysis for several schemes and sum-
marised that:

• the Houbolt method [128], the Park multistep method [214] are unconditionally
stable and second order accurate, but they require a special starting procedure
and do not allow parametric control of the amount of numerical dissipation;

• the Newmark method [204] is the most commonly used family of algorithms with
unconditionally stable and numerical damping possession for a proper choice of
parameters;

• the Wilson-θ method [285] is also unconditionally stable with a suitable value for
θ, however this method not favourable due to its characteristic to overshoot;

• the α-method (HHT method) of Hilber, Hughes and Taylor [116] and the WBZ
method of Wood, Bossak and Zienkiewicz [288] are a generalization of the New-
mark method to achieve controllable algorithmic dissipation of the high-frequency
modes or, in other words, offers a selective filtering of the inaccurate high fre-
quency modes;
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• the generalized α-method (CH method) of Chung and Hulbert [56] combines fea-
tures of the HHT and WBZ algorithms therefore with proper choice of parameters
it is unconditionally stable, second order accurate and can achieve optimal high-
frequency dissipation with minimal low-frequency impact;

• the general Single Step method SSpj of Zienkiewicz et al. [308] and the generalized
Newmark method (GNpj) of Katona and Zienkiewicz [150] employ higher order
polynomials to maximise accuracy and still maintain the unconditionally stable.

Al-Khoury et al. [5] pointed out that in wave propagation problems, the velocity and
stress fields exhibit a jump at the wavefront and this discontinuity results in spurious
oscillations if the Newmark, HHT, WBZ or CH methods are used. Therefore, in order to
reduce this spurious oscillation, Al-Khoury et al. proposed the partition of time unity
(PTU) method to describe the velocity discontinuity. This method bases on enhancing
the shape function such that a field discontinuity can be introduced within the element.
Details of this method can be found in the paper of Al-Khoury et al. [5], this section only
summarises the main features of the method.

The second-order equation 6.6 is decomposed into two first-order equations as:

M ˙̄v+Cv̄+Kū−F = 0 (6.8a)
˙̄u− v̄ = 0 (6.8b)

with v̄ = [v̄s v̄w ]T and ū = [ūs ūw ]T are the nodal velocity and displacement. The displace-
ment field can be described as:

ū(t ) =λn ūn +λn+1ūn+1 (6.9)

where λn = 1− τ
∆t , λn+1 = τ

∆t , τ= t − tn and ∆t = tn+1 − tn . The velocity exhibits a jump
at [5] Γ and this discontinuity is introduced using the partition of unity method as:

v̄(t ) = v̄c + v̄e (6.10a)

v̄c =λn v̄c
n +λn+1v̄c

n+1 (6.10b)

v̄e =λn H(Γ)v̄e
n+1 (6.10c)

where c and e represent the conventional and enhanced finite elements and H is a Heav-
iside function. The time derivatives of ū(t ) and v̄(t ) are:

˙̄u =− 1

∆t
ūn + 1

∆t
ūn+1 (6.11a)

˙̄v(t ) = ˙̄vc + ˙̄ve (6.11b)

˙̄vc =− 1

∆t
v̄c

n + 1

∆t
v̄c

n+1 (6.11c)

˙̄ve =− 1

∆t
H(Γ)v̄e

n+1 (6.11d)
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On the basis of the partition of unity method, and by using the weighted residual
method, Equation 6.8 can be descritised in time as:[

M+θc C+ (θc )2K −θce M+ (∆tθce −θcet )C+θc (∆tθce −θcet )K
M+θe C+θeθc K −M+ (∆t −θe )C+θe (∆tθce −θcet )K

]{
v̄c

n+1
v̄e

n+1

}
=

[
M− (∆t −θc )C−θc (∆t −θc )K −∆tK
M− (∆t −θe )C−θe (∆t −θc )K −∆tK

]{
v̄c

n
ūn

}
−

{
(−∆t +θc )Fn −θc Fn+1

(−∆t +θe )Fn −θe Fn+1

}
(6.12a)

ūn+1 = ūn + (∆t −θc )v̄c
n +θc v̄c

n+1 + (∆tθce −θcet )v̄e
n+1 (6.12b)

with θ... are algorithmic parameters which can be given as:

θc = Γ θce = Γ

∆t
θcet = Γ2

∆t
θe = Γ (6.13)

in which Γ is taken as a varying fraction of∆t . The time-like parameter Γ has no physical
meaning but provides the means for partitioning the time step according to the required
amount of numerical dissipation. Al-Khoury et al. [5] proved that Γ can efficiently con-
trol the numerical dissipation in the high frequency range; they recommended using a
large value of Γ in the high-frequency range and a low value in the low-frequency range.
In this thesis, the value of 0.95 is assigned for Γ as recommended by Meijers [180].

Finally, Equation 6.12a is used to solve v̄c
n+1 and v̄e

n+1 and Equation 6.12b is employed
to solve ūn+1.

6.4. PERFORMANCE OF PLAXIS-PTU
Al-Khoury et al. [5] implemented the Partition of Time Unity algorithm into the com-
mercial software Plaxis under the research module Plaxis-PTU version 9.02. This section
gives the results from several calculations made to verify and validate the Plaxis-PTU.
The problems under consideration are one-dimensional single-phase, one-dimensional
two-phase and two-dimensional two-phase problem.

6.4.1. ONE-DIMENSIONAL BAR TEST
In order to illustrate the solution of the wave propagation problem in a uniform steel
bar with the length of 20 meters and the width of 0.5 meters. The material properties
and loading history are given in Table 6.1. This problem is a typical wave propagation
problem in one-dimensional space, the exact solution for this problem is well defined.
The bar is initially at rest and is subjected to an instantaneous tip loading. Plaxis-PTU
simulation uses 6-node triangle element to discretize the problem with the right end
fixed, the top and bottom ends vertically fixed, Figure 6.1(a).

Table 6.1: Characteristics of the problem

Material properties Loading history

Young modulus E 30 ·106 kN/m2 Magnitude at 0 ms 100 kN
Density ρ 7.4 ·10−4 kg/m3 Magnitude at 2 ms 100 kN
Poisson ratio ν 0 Time step ∆t 1.6 ·10−5 ms



514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi
Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017 PDF page: 146PDF page: 146PDF page: 146PDF page: 146

130 6. NUMERICAL MODELLING

(a) Space-discretization in PLAXIS

(b) Solutions

Figure 6.1: The wave propagation problem in one-dimensional space

The stress evolution in time at location x = 8.0, 10.0 12.0 m for a model of the 20-
m bar simulated in Plaxis are presented in Figure 6.1(b). It can be seen that the Plaxis-
PTU show smooth and practically non-oscillatory solution. In comparison with the exact
solution, the Plaxis-PTU solution is in good agreement on the magnitude of the origin
and reflected stresses and the propagation of the stress wave from the loaded tip to the
bar midpoint. However, the Plaxis-PTU solution exhibits an excessive smoothness at the
sharp edges. This phenomenon, as pointed out by Al-Khoury et al. [5], also occurs in
most practical time discretization schemes. The over smoothening can be originated
from the facts that some of the physical frequencies are eliminated in the computational
process; and therefore, frequencies generated from the rise of the load, in the numerical
calculation, are never as high as those arising from the theoretical step load.

6.4.2. SATURATED SANDSTONE SAMPLE TEST OF GRINTEN

Van der Grinten et al. [100, 100–102] performed the shock-tube experiments to qualita-
tively measure the stress wave propagation in a porous medium. The shock-tube con-
sists of a high-pressure air chamber above a low-pressure air chamber with a saturated
sandstone sample inside. When the separation sheet between two chambers was re-
moved suddenly, a pressure wave was generated, propagated into the water in the low-
pressure chamber and loads the sample. During the test, the pore water pressure and
effective stress were measured. Smeulders [251] provided the analytical solution based
on Fourier transform of the problem and Hölscher [117] presented the numerical solu-
tion based on u−p formulation of the Biot equation. The experimental setup of Grinten
and the geometrical description of Hölscher are given in Figure 6.2. The Plaxis-PTU sim-



514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi
Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017 PDF page: 147PDF page: 147PDF page: 147PDF page: 147

6.4. PERFORMANCE OF PLAXIS-PTU 131

ulation uses the same geometrical of Hölscher and discretises the problem with 6-node
triangle elements. The material properties used by Hölscher [117] are given in Table 6.2.

(a) Experimental setup of Grinten (b) Geometrical description of Hölscher

Figure 6.2: Shock-tube test of Grinten

Table 6.2: Characteristics of simulations of Grinten experiment

Material properties Loading history

Bulk modulus solid Ks 2790 MPa Magnitude at 0 µs 1000 kPa
Shear modulus solid Gs 1286 MPa Magnitude at 40 µs 1000 kPa
Young modulus solid E 3345 MPa Magnitude at 400 µs 1000 kPa
Porpsity n 0.3 Time step ∆t 1.6 ·10−5 ms
Permeability k 0.55 ·10−3 m/s
Bulk modulus fluid K f 2000 MPa

Volumetric mass solid ρs 2600 kg/m3

Volumetric mass fluid ρ f 1000 kg/m3

The calculated pore pressure and the effective stress from Plaxis-PTU simulations at
two points, x = 0.125 and x = 0.225 m, are given in Figures 6.3(a) and (b). It is clear from
Figure 6.3 that the pore pressure first increases to 40% (400 kN), maintains this value
for a while, and then decreases to less than 10% (100 kN) of the applied load (1000 kN);
simultaneously, the effective stress first increases to 60% of the applied load, maintains
this value and then increases to more than 90% of the applied load. The sum of the pore
pressure and the effective stress is equal to the applied load.
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(a) At point x = 0.125 (b) At point x = 0.225

Figure 6.3: Simulations of Grinten’s experiment [100, 117]

The calculated pore pressure and the effective stress from simulations of Hölscher
are also given in Figure 6.3. The development and magnitude of the pore pressure and
the effective stress in Plaxis-PTU simulations agrees well with the results from Hölscher’s
simulations.

6.4.3. SHALLOW FOUNDATION TEST OF HOANG AND ZIENKEWICKZ

Huang and Zienkiewicz [134] proposed new time-stepping algorithms for coupled soil-
pore fluid dynamic problems and demonstrated the stability and accuracy of these schemes
for some problems in one- and two-dimension. The example of a foundation on an elas-
tic soil subjected to a surface step loading is taken out to verify the Plaxis-PTU. Descrip-
tion of the problem, locations of three monitored points at three depths of 15 m (point
C), 18 m (point B) and 24 m (point A) are given in Figure 6.4. The material properties
used by Huang and Zienkiewics [134] and the applied load profiles are given in Table 6.3.

Figure 6.4: An elastic soil foundation subjected to a surface step loading [134]
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Table 6.3: Characteristics of simulations of Huang and Zienkiewics

Material properties Loading history

Young modulus solid E 30 ·106 N/m2 Magnitude at 0 s 0 kPa
Poisson ratio ν 0.2 Magnitude at 0.1 s 100 kPa
Porosity n 0.3 Magnitude at 1 s 100 kPa
Permeability k 10−4 m/s Time step ∆t 1.6 ·10−5 ms
Volumetric mass solid ρs 2000 kg/m3

Volumetric mass fluid ρ f 1000 kg/m3

Bulk modulus fluid K f 2.1 ·109 N/m2

(a) Simulation of Huang and Zienkiewicz (b) Simulation of PLAXIS-PTU

Figure 6.5: Solutions for Huang and Zienkiewicz problem

The simulation results of Huang and Zienkiewicz are presented in Figure 6.5(a) with
significant spurious oscillations at the beginning time when the load rises from 0 to 100
kPa in 0.1 seconds. The simulation results from Plaxis-PTU are presented in Figure 6.5(b)
without any oscillation. At point A, there is an agreement between two results. The pore
pressure reaches a maximum value of 120 kN around the 5th seconds then gradually
dissipates to 40 kN at the 50th seconds. At point B and point C, Huang and Zienkiewicz’s
result shows pore pressures of 25 kPa and 50 kPa respectively. It should be noted that the
calculated pore pressure of point B (located between point A and point C) is smaller than
those of point A and point C from the initial time till the 35th second. It is not reasonable
as pointed out by Meijers [180]; therefore, there might be a mistake in presenting the data
in Huang and Zienkiewicz paper [180]. Plaxis-PTU result shows pore pressures at point
B and C of 70 and 60 kPa respectively (at peak), and the pore pressure of B is somewhere
between those of A and C, which is reasonable.

6.4.4. PLAXIS-PTU WITH INTERFACE ELEMENTS
In this section, the performance of PLAXIS-PTU in a numerical simulation with the vir-
tual thickness interface element is examined since the interface element is required in
modelling the problem including the inter-facial behaviour at the pile-soil interface pre-
sented in the next chapter. The interface element in this numerical test is located be-
tween the permeable medium (the sandstone sample) and the impermeable medium
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(the solid block).

Figure 6.6: Problems of a soil column test with an interface element

Figure 6.6 presents the discretisation of two problems. In the first problem, Figure
6.6(a), the mesh boundary is horizontally fixed, the applied load is placed vertically on
the solid block. In this slender configuration, the compression behaviour is dominant
which is similar to what happens at the pile tip. In the second problem, Figure 6.6(b),
the mesh boundary is vertically fixed, the applied load is placed horizontally on the solid
block. It is expected that the shear behaviour is dominant in this problem which resem-
bles what happens along the pile shaft. For each problem, two simulations with and
without the interface elements are performed.

The material properties for the sandstone sample are similar to those of the Grinten
test. The interface elements have the same properties as the sandstone sample. The
solid block is impermeable in which the stiffness of the solid block is 1000 times higher
than that of the sandstone sample.
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The solutions of the effective stress and the excess pore pressure for a point located
0.25 m from the top obtained by Plaxis-PTU for those two problems are given in Figure
6.7. It is clear that the solutions of the case with the interface element and those of the
case without interface element are identical. Consequently, it can be concluded that the
virtual thickness interface element can normally work within the Plaxis-PTU without any
influence on the transmission of loading stress from the block to the soil medium.

(a) Dominance of compression behavior (b) Dominance of shear behavior

Figure 6.7: Solutions for a soil column test with an interface element

6.5. CONCLUSIONS
Al-Khoury et al. [5] proposed the Partition of Time Unity scheme to solve the u −U for-
mulation of the Biot dynamic consolidation problem. As proven by Al-Khoury et al., the
PTU algorithm is unconditionally stable and second order accurate; it can eliminate the
spurious oscillation in numerical results. Later, PTU algorithm was implemented in the
Finite Element software Plaxis as the research module Plaxis-PTU [5] and is applied to
the DC-COB project at Deltares [179, 180].

Through some numerical tests in this chapter, it is demonstrated that Plaxis-PTU
gives a qualitatively and quantitatively good agreement with experimental results, ana-
lytical and numerical solutions for the single-phase problem and the two-phase prob-
lems. Plaxis-PTU works well when the interface element is placed between the per-
meable and impermeable media which is a big advantage in a simulation of a typical
soil-structure interaction problem in geotechnical applications. Therefore, Plaxis-PTU
is suitable for the simulation of the pile load test in porous media and will be used in the
next chapter.



514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi
Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017 PDF page: 152PDF page: 152PDF page: 152PDF page: 152



514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi
Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017 PDF page: 153PDF page: 153PDF page: 153PDF page: 153

7
NUMERICAL MODELLING - RESULTS

7.1. INTRODUCTION
As mentioned in the previous chapters, the Finite Element software Plaxis is used for
the numerical modelling of the pile load test in which the module Plaxis-PTU [5] is used
specifically for the rapid load test. The main ideas of the numerical modelling are: (1) to
calculate the ratio R of the static pile force over the rapid pile force at the same displace-
ment and (2) to investigate the behaviour of the excess pore pressure and its influence
on the value of R. It should be noted that the term "rapid" is used instead of "dynamic" in
reference to the non-static pile load test in order to be consistent with the experiments
and to correspond with the relative long loading duration of 50-400 ms of the prototype
rapid tests, which is longer than that of a typical dynamic pile load test.

Although the physical modelling counterparts are available, a comprehensive com-
parison between the simulation results and the experimental results is not the direct
interest of this thesis because the pile load tests in the experiment are strongly influ-
enced by the processes prior to the load tests such as sample preparation, centrifuge
spinning up, and especially installation process. Consequently, a direct comparison be-
tween numerical results and experimental tests is dominated by the difficulties to sim-
ulate the pile behaviour with numerical methods realistically due to the difficulties to
cope properly with the installation effects of the jacked pile tests [39, 68]. The focus of
the comparison here is rather on the general features such as the total pile capacity, the
distribution of the tip resistance and the shaft friction and the general trend of the excess
pore pressure as well as its influence on the rapid pile capacity. Therefore, instead of us-
ing complicated numerical methods and techniques, this thesis uses a robust schemes
(similar to ones proposed by Broere and van Tol [39]) for the simulation of the initial
condition in order to partially incorporate the effects of the preparation processes on
the pile capacity. These schemes, as well as their background theory, will be described in
section 7.2. Other features of numerical simulations such as modelling cases, constitu-
tive model, calculation phases are also presented in section 7.2. The simulation results of
the static and rapid pile load tests are given in sections 7.3 and 7.4, respectively; compar-
ison between simulations and the experiments are presented and discussed in section
7.5.

137
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7.2. PROBLEM DESCRIPTION

7.2.1. MODELLING CASES
The simulations are based on the geometry of the Deltares geotechnical centrifuge pile
load test series which is described in Chapter 3. In the series, a prototype of a 0.64 m
diameter pile in a fully saturated sand bed was modelled by a 16 mm model scale pile at
an acceleration of 40-g . In the numerical modelling, the geometry and results are scaled
to prototype scale and used in simulations instead of applying an artificial acceleration
field of 40-g .

There are two series centrifuge pile tests which are used for the simulations in this
chapter. They are series 23 of the pre-embedded pile in saturated sand with a relative
density of 45% and series 24 of the jacked pile in saturated sand with the same relative
density. In order to judge the quality of the simulations, several comparisons between
the simulations and the centrifuge results are made:

• the total load capacity of the pile at 10% D vertical displacement of the pile head;
• the distributions of the tip capacity and the shaft friction to the total load capacity

of the pile at 10% D displacement, which is roughly 80% and 20% respectively.

It should be noted that the tip force and thus the capacity in the simulations are calcu-
lated from the average stress of all integration stress points inside the pile and closed to
the pile tip times the area of the pile tip.

7.2.2. CALCULATION GEOMETRY
An axisymmetric configuration is used for the calculation. The radius and height of the
domain are 25 and 40 m, respectively. The pile with a length of 12 m and a radius of
0.32 m is located on the symmetry axis. The left and right boundaries of the domain
are horizontally fixed while the bottom boundary is entirely fixed; all boundaries are
impermeable.

A basic mesh with 2308 6-node triangular elements is used for simulations; each ele-
ment contains 3 integration points. The pile is modelled as a cluster of elements having
the dimensions and the location of the prototype pile. The soil around and below the
pile is also modelled as a cluster of elements. At the interface between the pile cluster
and the soil cluster, there will be either special interface elements or prescribed displace-
ments which are clearly defined and announced when used. On top of the pile, a pre-
scribed displacement is optionally imposed to model the initial conditions required and
a prescribed load is applied to model the loading condition similar to the experiment. A
mesh sensitivity analysis was performed and, finally, the mesh is refined in the zone of
the distance D from the pile center and D under the pile tip; within this zone, there are
8 and 6 elements per the distance of D in the horizontal and vertical directions, respec-
tively. This density of mesh is reasonable to provide enough details on the stress/strain
information around the pile area and yet not time-consuming. The calculation mesh is
illustrated in Figure 7.1.

7.2.3. CONSTITUTIVE MODEL
The Hardening Soil model is considered as an advanced constitutive model for soil since
the model recognises the stiffness dependency on the stress level as well as the loading
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path. The model has a hyperbolic stress-strain relationship in virgin loading, and a lin-
ear unloading-reloading behaviour; more detail of the model can be found in Brinkgreve
et al. [38]. The stiffness-dependency feature is important not only for the proper sim-
ulation of the static pile load test as shown by Wehnert and Vermeer [273] but also for
the dynamic simulation when loading and unloading are expected. Therefore the soil
behaviour in this thesis is modelled by the Hardening Soil model.

Figure 7.1: Calculation mesh with refinement under the pile tip

Table 7.1: Parameters of soil and pile for simulations

Parameter Symbol Unit Sand Pile

Material model Hardening-Soil Linear-Elasticity
Behavior Drained Non-porous
Type Loose Medium Dense -
Unsaturated unit weight γunsat kN/m3 16 16 16 24
Saturated unit weight γsat kN/m3 20 20 20 -
Young modulus Er e f kN/m2 36*103 45*103 54*103 2*107

Oedometer modulus Eoed kN/m2 = Er e f -

Unloading/Reloading modulus Eur kN/m2 = 3*Er e f -
Power m 0.5 -
Poisson ratio ν 0.3 0.0
Cohesion c kN/m2 0.1 -
Friction angle φ o 37.0 42.5 42.5 -
Dilation angle ψ o 7.5 10 11.0 -
Permeability k m/s 8.9*10−5 -
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The Baskarp sand, used in the centrifuge test that will be simulated, is reported to
have a total unit weight of 20 kN/m3, a stainless steel-soil interface friction angle is about
30o . The triaxial test of a 41.9% relative density sample of Baskarp sand is performed at
Deltares [8], the test results indicate a loading stiffness E50 of 45 MPa, a friction angle
of 40-42.5o , a dilation angle of approximately 9-12o . The pile, which is a hollowed steel
instrumented, is assumed to have a unit weight of 24 kN/m3 and a Poisson’s ratio of
0. The pile is modelled as a linear elastic material. Further soil and pile properties are
estimated as listed in Table 7.1. It should be mentioned that, later, the permeability is
varied to investigate the influence of the drainage condition on the increase of the rapid
force over the static force.

7.2.4. SOIL-PILE INTERFACE

The load-deformation of the soil-structure system is significantly affected by the be-
haviour of the soil-structure interface and its stress-displacement relationship. This is
especially true for the axially loaded pile-soil system, where the shaft resistance is given
by frictional resistance between the pile and the soil. Much experimental evidence [10,
80, 86, 165, 185, 286] shows that this frictional resistance is developed in a thin layer,
called the soil-structure interface, formed by soil grains with a thickness of about 8-15
times the mean grain size of the soil [185, 286]. During loading, the soil grains rotate
and slide and make the interface undergo large strain resulting in less confining stress
and hence smaller friction is achieved along the shaft. Using continuum elements in the
boundary between the pile and the soil fails to capture this relative movement because
the nodal compatibility of the finite element method constrains the adjacent elements
to move together.

In the literature, many methods have been used to model the discontinuous be-
haviour at the soil-structure interface: use of thin continuum elements with standard
constitutive laws [99, 213], use of springs to connect opposite nodes of adjacent ele-
ments [87], employment of interface elements with virtual thickness [26, 95], and hybrid
methods where the soil and structure are modelled separately and linked through con-
straint equations to maintain compatibility at the interface [149, 237]. The method of
using interface elements with a virtual thickness is probably the most popular method
of all due to its simplicity as well as flexibility on regulating the interaction behaviour
through the strength reduction factor which is the ratio between the strength of the soil
and the strength of the interface [38] or the soil-structure normalised roughness which
is the ratio of the maximum asperities of the pile surface and the soil mean grain size
[218, 260, 261]. By using the interface element with virtual thickness, Langen and Ver-
meer [161] indicated that unrealistic high-stress concentration around a sharp corner
could be avoided, Wehnert and Vermeer [273] showed that the mesh dependency of the
shaft resistance in the pile-soil interaction simulation is removed, and Aguiar et al. [3]
pointed out that the soil-pile interface behaviour observed experimentally are well re-
produced.

As mentioned that the distribution of the tip and shaft capacity in the experiments
is roughly 80% and 20%, respectively, of the total load capacity, two possibilities of mod-
elling the interface behaviour are investigated to achieve a similar proportion in the sim-
ulations. Those two approaches are: (1) using an elastic thin layer with different stiffness
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ranging from 0.05% to 50% E50 of the soil, and (2) using virtual-thickness interface ele-
ments with different strength reduction factors ranging from 0.5 (half-strength) to 1.0 (no
strength reduction). Several trial simulations of the static and rapid pile load tests follow-
ing these two approaches were performed to evaluate their influence on the proportion
of the tip and shaft capacities. Results of the static and rapid simulations following the
two approaches mentioned are given in detail in Appendix B.1.

Figure 7.2 presents the force-displacement curves in two static simulations with the
interface elements in Figure 7.2(a) and with the elastic elements in Figure 7.2(b). The
proportion of 80% tip resistance and 20% shaft friction can be achieved if the strength
reduction factor of 0.5 is assigned for the interface elements, or if the stiffness of 0.05%
E50 is assigned for the thin elastic elements.

(a) Strength reduction factor of 0.5 for the inter-
face

(b) E = 0.05% E50 for the elastic thin elements

Figure 7.2: Influence of interface types in the static pile load test simulation

Further investigation, Appendix B.1, suggested that using the interface elements re-
distributes the shear stress along the pile shaft and in the simulation of the rapid load
test and the proportion of 80% tip - 20% shaft can be achieved easily. On the other hand,
when using the thin elastic elements with a very small stiffness assigned to those thin
elements, the enormous difference between the stiffness of the pile, the soil and the
thin elements leads to the numerical problem of ill-conditioning in the rapid simula-
tion. Consequently, this approach is not suitable for the rapid simulation. It is therefore
decided to use the virtual thickness interface elements to model the interface behaviour
in both the static and rapid pile load test simulations.

7.2.5. INITIAL CONDITIONS
In order to have a proper simulation of the pile capacity, a proper initial state prior to
loading is very important [240]. Without any influence from the presence of the pile, the
soil state can be reasonably assumed to follow the K0 procedure. This is apparently not
the case for the centrifuge pile load tests of the jacked-in pile since the soil density and
stress state are strongly altering during the installation process [67]. It is also not the
case even for the centrifuge pile load tests of the pre-embedded pile as the spinning up
process of the centrifuge, and several earlier conducted tests had also changed the soil
state [67]. The importance of the initial state will be discussed in this section.
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INFLUENCE OF THE PREPARATION PROCESS AND INSTALLATION PROCESS

During spinning up of the centrifuge, an increase in the gradient of the confining stress
occurs and which can create a non-uniform density in an initially uniform density model
[47, 215]. The amount of stress densification depends on the amount of stress gradient
change, sand type and initial relative density which could be significant for a relatively
loose soil sample and high centrifugal gravity [47]; Park and Byrne [215] found an in-
crease from 50% relative density up to 57% to 60% relative density depending on the
sand type. Dijkstra [67] performed a centrifugal pile installation test in Baskarp sand in a
three-dimensional configuration and used an electrical analogue to measure the change
in electrical resistance and therefore determined the density change of the soil around
the pile. Dijkstra [67] showed that a density increase of the soil occurs near the pile dur-
ing spin-up of the centrifuge for both loose and dense soil sample; for the dense soil
sample of 69% relative density, Dijkstra reported a densification of 4% to 6% along the
pile shaft and at the pile base during the spinning up of the centrifuge and the initial
unloading prior to pile load tests.

It is widely accepted that a difference in bearing capacity between pre-embedded
piles and jacked piles exists thank to the installation process. More precisely, the instal-
lation process alters the density and stress of the soil surrounding the pile, hence modi-
fies the strength and stiffness of the soil and, consequently changes the bearing capacity
of the pile.

Robinsky et al. [234, 235] were the first authors to investigate the soil behaviour
around a jacked pile in dry sand with a relative density of 37% to 57% during the installa-
tion process in the three-dimensional configuration. By using the X-ray method with ra-
diographic equipment, they showed that during installation the soil below the pile base
compacted while the soil along the pile shaft loosened for both dense and loose tests.
The influence zone of the installation process extends up to 5.5 pile diameters from the
pile shaft and 4.5 pile diameters under the pile base. Kobayashi and Fukagawa [152] used
X-ray technique and image technique to characterise soil displacements during pene-
tration of a CPT in dry sand and suggested that the soil below the pile base loosened
and the soil along the pile shaft densified for both dense and loose tests. Observation of
Kobayashi and Fukagawa contradicts with that of Robinsky et al. due to the difference in
failure mechanism. The CPT in Kobayashi and Fukagawa tests is short and stiff with the
ratio of the length over the diameter (L/D) is only 6, therefore, the failure mechanism
is similar to shallow foundation; while this ratio is about 16 in Robinsky et al. and the
failure mechanism is similar to that of the deep foundation. Chong [55] and Shublaq
[250] used thermal conductivity measurement to investigate the density evolution dur-
ing the pile/CPT penetration in dry sand (L/D = 20) with a relative density of 40% to 80%.
The soil under the pile tip is loosened for initial dense sand (dilative behaviour), but it is
densified for initial loose sand (compacted behaviour); the soil around the pile shaft is
reported to be loosening regardless of the initial density. Dijkstra [67] used an electrical
analogue to measure the porosity of the soil with a relative density of 35% to 76% around
the pile (L/D = 30) during the centrifuge modelling of pile penetration. Dijkstra showed
that during the pile installation phase the soil near the pile shaft loosens in the medium
dense and dense tests; and during the pile load test, the soil porosity does not change
significantly but the initial unloading after installation prior to any pile load tests always
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leads to densification. Dijkstra reported a loosening of 8% at the pile base during the
installation phase for the dense soil sample of 69% relative density.

In a plane-strain configuration, White et al. [277–280], gave very detailed informa-
tion on soil displacements during the installation of a jacked pile (L/D = 22) in dry sand
with a relative density of 34% to 55% by using the Particle Image Velocimetry technique.
White et al. observed densification in the pile-soil interface with a clear nose cone un-
der the pile base. This volume reduction is explained by redistribution and crushing of
the grains. The calculated soil strains suggested that compressive volumetric strains are
found under and around the pile base whereas expansive volumetric strains are found
along the pile shaft. Dijkstra [67] experimentally investigated the pile installation in
granular medium with the photoelasticity technique to observe the stress evolution of
broken glass and with the Digital Image Correlation technique to examine the strain evo-
lution of coarse sand during pile penetration. From the tests in broken glass, it is indi-
cated that about 70% of the pile head force is transmitted to the pile base, the stresses at
the pile base at the steady state increase several times relative to the initial stress.

Besides experimental approaches, numerical methods are widely employed to study
the pile/cone penetration problem since they can provide great detail and, at the same
time, various loading and boundary conditions can be easily imposed. Henke and Grabe
[115] used the Finite Element Method with the kinematic contact formulation to model
the pile penetration into the Karlsruhe soil continuum in a three-dimensional space.
Henke and Grabe indicated a dilation zone along the pile shaft up to a distance of ap-
proximately 0.5 - 1.0 times the diameter of the pile and a zone of compaction close to the
tip for medium dense soil with a relative density of 45%. High radial stresses are observed
around the pile toe with an increase relative to the initial radial stress of approximately
10 times for the dense case (relative density of 80%). The maximum vertical stress as
well as the highest radial stress are found at the bottom of the pile which leads to a com-
paction of the surrounding soil directly at the pile toe. Mahutka et al. [173] employed
the adaptive meshing technique to model the pile driving process on the axisymmetric
finite element mesh. In the case of the jacked pile in dense Karlsruhe sand simulations,
an increase in the void ratio close to the shaft is observed, very high stresses are seen
at the pile toe and do not dissipate after the jacking process is terminated. The zone of
high stresses can extend up to 5 pile diameters from the pile toe. Qiu et al. [226] applied
the Coupled Eulerian-Lagrangian method to simulate the jacking of a pile into dry Mai-
Liao sand in the three-dimensional configuration. Qiu et al. found that the void ratio
directly at the pile shaft increases due to dilatancy and that the stresses increase signifi-
cantly around the pile toe which is in good accordance with [115, 173]. Dijkstra et al. [68]
modelled the centrifugal pile jacking in saturated sand by using both full Eulerian and
Arbitrary Lagrangian-Eulerian schemes on an axisymmetric finite element mesh. The
simulation results following both schemes showed a loosening of the soil near the shaft
and a slight densification below the pile base. Dijkstra et al. indicated that although the
results are qualitatively good, they are not good quantitatively because of the limitation
in the determination of the constitutive model parameters at the very high stress, strain
levels and gradients.
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INCLUDING THE EFFECTS OF THE PREPARATION PROCESS AND INSTALLATION PROCESS

From the above section, it is clear that the preparation and installation phases strongly
affect the state (the density and the stress) of the soil surrounding the pile. Therefore, it
is necessary to numerically incorporate the effects of those processes in order to have a
realistic simulation of the pile load test behaviour. It is apparent that the most proper
way to simulate the influence of the installation process is modelling the installation
process itself by advanced methods such as Arbitrary Lagrangian-Eulerian method [16,
68, 259], contact mechanics and Finite Element Method [81, 249], Coupled Eulerian-
Lagrangian method [107, 225, 227], Material Point Method [217]. However, simulation
of the installation process is also a complicated topic and requires significant work. An
alternative option is incorporating the effects of preparation and installation phases by
making a modification of the material parameters based on the change of the density
or the stress level and/or pre-stressing the soil surrounding the pile. The section below
discusses those two possibilities.

There are many experimental proofs for the dependency of the strength of the sandy
soil on the stress level as well as on the relative density. Scheme 3 is proposed based on
the related literature. Lee et al. [164] presented triaxial data from dense Ottawa sand
and dense Sacramento River sand and showed that there is a decrease in friction angle
associated with an increase in confining pressure. This observation is in agreement with
the observation of Gan et al. [89] on Monterey sand and Danish Normal sand. Bolton
[34] collected data from triaxial and plane strain shear tests for 17 types of sand and pro-
posed simple equations for triaxial and plane strain tests which correlate the maximum
mobilised friction angle with the relative density at different mean stress levels. In gen-
eral, the friction angle reduces about 2o to 4o when the relative density reduces 10% from
65 to 55% depending on the confining stress level. Similarly, Schmertman [243] implied
that the friction angle decreases from 43o to 38o when the relative density falls from 65
to 55% for fine sand with d50 = 75 - 420 µm. Clark [58] indicated that both the peak fric-
tion angle and the critical state friction angle decrease with the stress level, i.e. when
the confining pressure increases from 25 to 2500 kPa, the peak angle decreases from 49o

to 39o while the critical state angle changes from 40o to 34o . Andersen and Schjetne
[11] provided a comprehensive database of the strength parameters and consolidations
characteristics of sand, silt and clay based on the Norwegian Geotechnical Institute files
and published literature. For sands of d50 = 126 - 135 µm, Andersen and Schjetne re-
ported that the dilation angle decreases from 12 to 8o and the friction angle decreases
from 40o to 35o when the relative density falls from 65 to 55%. The observations from
the experimental studies mentioned above will be employed later in this study.

In the simulations of the pile-soil interaction problem using the small-strain Finite
Element framework, several techniques have been proposed to initiate an appropriate
initial condition for the soil. Russo [236] used the back-analysed K -value from a field
test as a K0-value to initialise the appropriate stress field around the pile. However, by
using this method, the horizontal stress is increased in the entire soil which does not rep-
resent a cavity expansion due to pile penetration. Satibi [240] employed the K0-pressure
method in which stress-controlled expansion of a cylindrical cavity is imposed to the
interface between the pile shaft and the soil with the value of K0 is taken from back-
calculation of measured load-settlement curves. The K0-pressure method provides a
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load-settlement curve which is in good agreement with one from the pile load test in Wi-
jchen [115]. However, it should be noticed that this is a shaft-dominant case where the
shaft friction is about 90% of the total bearing capacity. Broere and van Tol [39] proposed
two schemes to incorporate the installation effect in modelling the bearing capacity of
displacement piles. In the first scheme, a certain amount of volumetric strain is imposed
in the area representing the pile; and in the second scheme, displacement-controlled ex-
pansion is applied on the interface between either the pile shaft or the pile tip and the
soil. The estimated total capacity following the first scheme is close to the observed value
from the results of a centrifuge test that was used for calibration. However, the shaft fric-
tion is too high whereas the tip resistance is too low. On the other hand, the calculated
total capacity as well as the distribution of the total load over shaft friction and tip resis-
tance is more satisfactory following the second scheme.

Several trial simulations of the static pile load tests following two schemes proposed
by Broere and van Tol [39] were performed to further evaluate their effectiveness to
achieve a required total load capacity with a certain proportion of the tip and shaft resis-
tances. Results of the static simulations following the two schemes are given in detail in
Appendix B.2. It is confirmed that the techniques of prescribing volumetric expansion
and prescribing horizontal displacements have much stronger influence on the shaft
friction than on the tip resistance. When applying one of these two techniques, the tip
resistance actually reduces due to the stress relaxing under the pile tip while the shaft
friction increases; consequently, when the tip resistance reaches the value required, the
shaft contributes to the total capacity in a much higher proportion than that of the tip.
The technique of prescribing vertical displacement improves the tip resistance signifi-
cantly while it increases the shaft friction slightly, i.e. prescribed displacement of 1 D
increases the tip resistance 300% and the shaft friction 75%. It is however not desirable
to apply a large prescribed vertical displacement, i.e. larger than 1.5 D ; otherwise, the
elements under the pile tip area are so severely distorted that the Jacobian of the defor-
mation matrix becomes negative. However, with a rather small prescribed displacement,
a required total capacity can be achieved with a good proportion of the shaft friction and
the tip resistance. Therefore, the technique of prescribing vertical displacement will be
used in this study.

7.2.6. SIMULATION SCHEMES AND CALCULATION PHASES

Based on the literature review and trial simulation tests from the previous section, four
simulation schemes are employed in this study to model the pile load test.

Scheme 1 is the most basic one in which the pile and the soil are modelled as two
nearby clusters without any specific treatment in the boundary between them; the soil
elements are rigidly connected to the pile, and they move together with the pile. There-
fore, the pile shaft is subjected to large normal stress and a high shaft capacity is ex-
pected.

Scheme 2 uses the virtual thickness interface elements to properly model the inter-
facial behaviour which is the essential importance of the pile-soil interaction problem.
The strength reduction factor of the interface elements is derived from the friction angle
of the soil and the friction angle between the soil and the pile surface as formulated in
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the Plaxis manual [38]:

Ri nter = tanφi nter

tanφ
(7.1)

in which φ is the friction angle of the soil and φi nter is the friction angle between the soil
and the pile surface.

(a) Scheme 3 with parameter modifi-
cation

(b) Scheme 4 with pre-stressing tech-
nique

Figure 7.3: Illustration of simulation scheme 3 and 4

Scheme 3 utilises the virtual-thickness interface elements and an adaption for the
material properties to take into account the influence of the preparation phase. This
scheme aims to model the pile load test with the pre-embedded pile. Following the in-
dication of Grabe et al. [115, 173, 226] and Dijkstra et al. [67, 68] on the change of void
ratio and stress state around the pile and the indication of Bolton [34], Clark [58] and An-
dersen and Schjetne [11] on the change of stiffness and strength parameters of soil due
to the change of void ratio and stress state, modification of soil parameters are proposed
for scheme 3: the soil is considered to be looser in a slice of the width of R along the pile
shaft, and the soil is adapted to be denser in a square of 3D ×3D right under the pile tip.
The corresponding parameters of the soil in these two zones are given in Table 7.1. Zone
of modified parameters is illustrated in Figure 7.3(a).

Scheme 4 utilises the virtual thickness interface elements, an adaption for the mate-
rial properties and the technique of prescribing vertical displacement to take into con-
sideration the influence of the preparation and installation phases. This scheme aims to
model the pile load test with the jacked-in pile. As indicated by Grabe et al. [115, 173,
226] and Dijkstra et al. [67, 68] the zone of high stress under the pile tip after the instal-
lation process can extend 3-5 D from the pile tip. Several trial simulations indicated that
applying the prescribed vertical displacement as recommended by Broere and van Tol
[39] on this zone, smaller displacement is required and the problem of severe distortion
can be avoided. The pre-stressing technique used in scheme 4 is the prescribing of 12.5%
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D along the line up to 3 D under the pile tip. Illustration of the pre-stressing method is
shown in Figure 7.3(b).

With the basis that the pile and the soil are modelled as the two separate clusters of
elements without any specific treatment, summary of the four calculation schemes can
be briefly described as follows:

• Scheme 1: the basis;
• Scheme 2: scheme 1 with the virtual thickness interface elements are used along

the interface between the pile and the soil clusters;
• Scheme 3: scheme 2 with the adaption for the material properties along the pile

shaft and under the pile tip;
• Scheme 4: scheme 3 with the pre-stressing under the pile tip.

Details of all calculation phases for each simulation scheme can be found in Appendix
C. Twenty four simulations in total are performed including: 1) four static simulations
following scheme 1 to 4; 2) two rapid simulations following scheme 1 and 2; 3) nine rapid
simulations following scheme 3 with different permeability of 8.9×10−8 to 8.9×10−2 m/s;
and 4) nine rapid simulations following scheme 4 with different permeability of 8.9×10−8

to 8.9×10−2 m/s.

7.3. SIMULATION OF STATIC PILE LOAD TESTS
In the static simulations, the displacement of 20% D (0.12 mm) was imposed in about
30 up to 120 calculation steps, the difference in the number of the calculation step due
to the fact that the are-length controlled is used in Plaxis to automatically determine the
step size for the best performance. The results of four static simulations following four
schemes listed in the previous section are presented in this section. The comparison
between the simulation results with the results of static tests of centrifuge test series
23 and 24 is also given in term of the total pile capacity and the distribution of the tip
resistance and the shaft friction.

7.3.1. PILE CAPACITY AT 10% D
The static load-displacement relations of four simulation schemes are plotted in Figure
7.4 together with the measurements from the centrifuge tests. The results showed in Fig-
ure 7.4 indicate a significant influence of the interface element as well as the preparation
and installation processes.

In scheme 1 (without using the interface elements), the total capacity is much higher
than those of other schemes (using the interface elements) in which the main contri-
bution comes from the enormous shaft friction. As the shaft friction contributes more
than 80% of the total capacity, the pile in scheme 1 is similar to the shaft-dominance
pile foundation. Moreover, there is no clear failure of the shaft friction even up to the
displacement of 10% D which is due to the high dilation of the soil. By modelling the
interfacial behaviour between the pile shaft and the soil in schemes 2, 3 and 4, there is a
clear failure of the shaft friction as expected. The shaft friction is fully mobilised at the
very small displacement, of less than 1% D , which is because the dilation of the inter-
face element is implicitly neglected. At the displacement of 10% D , the shaft friction of
scheme 2 is equal to 40-50% of those of the centrifuge tests, in scheme 3 the shaft friction
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is 10% higher than the shaft friction of the pre-embedded pile test and in scheme 4 the
shaft friction is almost equal to that of the driven pile test.

Although the interface element helps to improve the tip resistance by redistribut-
ing the stress field close to the pile tip, only using the interface element is not enough
to achieve a higher tip resistance since both scheme 1 and 2 underestimate the tip re-
sistance in comparison with the experiments. On the other hand, the modification of
soil parameters in scheme 3 and the combination of the modification of soil parameters
and the pre-stressing techniques in scheme 4 solve this problem. At the displacement
of 10% D , the tip resistances of scheme 3 and 4 are slightly higher than those of the
pre-embedded pile tests and the driven pile tests, respectively. It is noted that without
the modification of soil parameters, the pre-stressing technique is enough to increase
the pile tip resistance; however the shaft friction also increases significantly due to pre-
stressing, as shown in Appendix B.2, and therefore the distribution of the tip resistance
and the shaft friction in numerical simulations is not similar to the distribution in exper-
iments anymore.

(a) Total load (b) Tip resistance

(c) Shaft friction (d) Shaft friction-zoomed in

Figure 7.4: Load-Displacement curves of static tests

A clear shortcoming of all four schemes is the underestimation of the initial stiffness
of the load-displacement results; even if the unloading/reloading stiffness of the soil is
employed, the stiffness of the pile response only increases slightly within less than 0.5%
D displacement. Another shortcoming is that the clear failure of the pile, or more pre-
cisely of the tip resistance, in the experiment is not represented. The overprediction of
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the volumetric expansion may be the main reason for this as the strength parameters are
kept constant (with the dilatancy cutoff option) and a suitable constitutive model with
the strength parameters dependent on the stress/strain state may overcome this prob-
lem. Advanced numerical methods and techniques [68, 217, 227, 249] may solve above
shortcoming, but they are not the main interest of this study. Nevertheless, schemes 3
and 4 provide satisfactory results when comparing with the experimental results in term
of the pile capacity at the pile displacement of 10% D and the high contribution of the
end bearing capacity to the total capacity which is about 70-80% (a typical end-bearing
pile).

7.3.2. STRESS STATE
The mean effective stress and the deviatoric stress of the four schemes are plotted for the
situation before static loading in Figures 7.5 and 7.6 and for the moment at a displace-
ment of 10% D in Figures 7.7 and 7.7. Apparently, different simulation schemes result in
significant different stress states.

(a) Scheme 1 (b) Scheme 2 (c) Scheme 3 (d) Scheme 4

Figure 7.5: Mean effective stress before static loading

(a) Scheme 1 (b) Scheme 2 (c) Scheme 3 (d) Scheme 4

Figure 7.6: Deviatoric stress before static loading
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Before static loading, the stress states of three scheme 1, 2 and 3 are quite similar; the
slight difference is the presence of the interface element during the gravity loading of the
pile. In scheme 4 with the vertical pre-stressing, both the mean effective stress and the
deviatoric stress are larger in magnitude and spatial distribution about 2-3 times (taking
into account the difference of the scale) than those of the other schemes.

For the situation at a displacement of 10% D , there is a big difference between the
stress state among four schemes. In scheme 1, the stress state (the mean and deviatoric
stresses) increases about three times under the pile tip and about ten times along the
pile shaft (in comparison with the initial stress state). In scheme 2, with the presence
of the interface element, the shaft friction decreases significantly hence the stress state
under the pile tip builds up to a level that is about three times higher than that of scheme
1. In scheme 3 and 4, with the parameter modification and the pre-stressing, the stress
is about five times and eight times higher, respectively, than the stress achieved with
scheme 1. With such a higher stress level, the tip resistance is significantly improved
with scheme 3 and 4.

(a) Scheme 1 (b) Scheme 2 (c) Scheme 3 (d) Scheme 4

Figure 7.7: Mean effective stress at displacement of 10% D

(a) Scheme 1 (b) Scheme 2 (c) Scheme 3 (d) Scheme 4

Figure 7.8: Deviatoric stress at displacement of 10% D



514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi
Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017 PDF page: 167PDF page: 167PDF page: 167PDF page: 167

7.4. SIMULATION OF RAPID PILE LOAD TESTS 151

7.3.3. SUMMARY
In order to achieve a proper prediction of the total pile load and a similar distribution
of the tip resistance and the shaft friction in comparison with those of the experiment
(at the displacement of 10%D), a special treatment is required. The interface elements
are necessary to model the interfacial behaviour. A modification of the soil parameters
is appropriate to take into account the influence of the preparation process and hence
successfully model the pre-embedded pile. The pre-stressing technique can significantly
improve the stress under the pile to achieve a high tip resistance and a reasonable shaft
friction; consequently, the jacked piles can be simulated. It is worth to mentioning that
judgement on the quality of the simulations is based on the total load capacity and the
distribution of the tip resistance and the shaft friction at the displacement of 10%D.

7.4. SIMULATION OF RAPID PILE LOAD TESTS

(a) Pile displacement (b) Pile head force

(c) Pile velocity (d) Pile acceleration

Figure 7.9: Loading pulse

In this section, the results of the simulations of the rapid load tests following four schemes
are given and compared with the experiment in terms of the load capacity and the tip
resistance-the shaft friction proportion. It will be shown in Section 7.4.1 that, regarding
the load capacity and the contribution of the tip reistance or the shaft friction to the to-
tal pile capacity, scheme 3 and scheme 4 can simulate well the pre-embedded pile and
the jacked-in pile, respectively. Then, the detail results on the strains and pore pres-
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sures field from the test simulation following scheme 4 with the default permeability
of 8.9× 10−5 m/s are shown and compared with the results of a rapid test of the cen-
trifuge test series 24 in Section 7.4.2. The reason for the choice of the simulation follow-
ing scheme 4 is that the results of simulations following scheme 3 and 4 are of the same
trend.

The applied load on the pile head and the displacement, velocity and acceleration as
a function of time are plotted in Figure 7.9 for the simulations following Scheme 1 to 4
and for the experimental rapid load test with the pre-embedded pile and the jacked-in
pile. It can be seen from Figure 7.9 that although the maximum displacement is com-
parable, the applied force in Scheme 1 and Scheme 4 are much different than the re-
maining two schemes and the two experiments which shows the strong influence of the
modelling techniques as mentioned in Section 7.3. The velocity profiles in the experi-
ments are much stiffer than those in the simulations; similarly, the acceleration profiles
in the experiments are much higher than those in the simulations. The differences in the
velocity profile and the acceleration profile can result in the difference in the stiffness of
the load-displacement response between the experiments and the simulations.

7.4.1. PILE CAPACITY AT 10% D
The rapid load-displacement relationships of four simulation schemes are plotted in Fig-
ure 7.10 together with the measurements from the centrifuge tests.

(a) Total load (b) Tip resistance

(c) Shaft friction (d) Shaft friction-zoomed in

Figure 7.10: Load-Displacement curves of dynamic tests
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Scheme 1 overestimates the pile capacity, in particular, the shaft friction is several
times higher than the tip resistance; moreover, the shaft friction, as well as the tip re-
sistance, are not fully mobilised. With the presence of the interface elements, the shaft
friction following scheme 2, 3 and 4 are fully mobilised after the pile has been displaced
by about 2%D. The shaft friction of scheme 2 is lower while the shaft friction of scheme
3 and 4 are comparable with those of the centrifuge tests. Scheme 1 and 2 significantly
underestimate the tip resistance whereas scheme 3 and scheme 4 predict well the tip re-
sistance of the pre-embedded pile test and the driven pile test, respectively. However,
the tip resistance in all schemes is still not fully mobilised at a displacement of 10% D
because of the high dilation angle.

7.4.2. STRAIN AND PORE PRESSURE

As the results of the pile capacity in the simulations following scheme 1 and 2 are far
from those of the experiment, their results are not investigated further. As the results
of simulations following scheme 3 and 4 are of the same trend, in this section, only the
results from the simulation following scheme 4 are presented.

The changes of the volumetric strain, the deviatoric strain and the pore pressure
along the pile shaft are plotted in Figure 7.11; the changes of the volumetric strain, the
deviatoric strain and the pore pressure at three different depths under the pile tip, i.e.
R/2, R and 2R, are plotted in Figure 7.12. Different lines present the values of the volu-
metric strain or the pore pressure at different times from 0.02 seconds to 0.3 seconds.

(a) Volumetric strain (b) Excess pore pressure (c) Deviatoric strain

(d) Legend of the plots above

Figure 7.11: Volumetric strain and pore pressure along the shaft at different times

Figure 7.11 clearly suggests that along the pile shaft the soil only experience exten-
sion with positive volumetric strain, the shearing behaviour is also dominant in this zone
and the respective excess pore pressure is negative most of the time.

It can be seen from Figure 7.12 that the soil directly under the pile tip (with the dis-
tance from the pile centre smaller than r = 0.32 m) is mainly in compression with nega-
tive volumetric strain and positive excess pore pressure. Moreover, the closer the soil is
to the pile centre, the more compression the soil sustains; the maximum compression is
achieved at around 0.1 seconds. On the other hand, the soil on the pile shoulder (with
the distance from the pile centre smaller than r = 0.32 m) is mainly in extension with
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positive volumetric strain and negative excess pore pressure. The maximum extension
is achieved at around 0.1 seconds when the loading reaches its maximum value.

(a) Volumetric strain, R/2 (b) Excess pore pressure, R/2 (c) Deviatoric strain, R/2

(d) Volumetric strain, R (e) Excess pore pressure, R (f) Deviatoric strain, R

(g) Volumetric strain, 2R (h) Excess pore pressure, 2R (i) Deviatoric strain, 2R

(j) Legend of the plots above

Figure 7.12: Volumetric strain and pore pressure at different depths under the pile tip at different time

Based on the horizontal and vertical distributions of the volumetric strain, the exis-
tence of the nose cone under the pile tip, as observed by Robinsky et al. [234] and White
[278], is confirmed; the nose cone is presented in Figure 7.13 by the bold line. The pres-
ence of the nose cone under the pile tip can be seen clearly in the plot of the volumetric
strain at three different times in Figure 7.14. In Figure 7.13, there are seven points of in-
terest which locate in or next to the locations of PPTs in the experiments. The evolution
of the pore pressure with time at those locations is presented in Figure 7.15.

The soil inside the nose cone is compressed during pile penetration to the maxi-
mum negative volumetric strain and unloaded, Figure 7.12(a). The correlated excess
pore pressure inside the nose cone first increases to the maximum positive then reduces
to maximum negative (even before the applied load reaches the maximum value) and
dissipates as shown in both Figures 7.12(b, e and h) and 7.15(a). This behaviour of the
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excess pore pressure is similar to the observations of Nguyen [206] in his centrifuge test
and the field test measurement of Hölscher et al. [122].

Figure 7.13: Pile corner with the soil-cone. Points 4-5 are the locations of the PPT-1 and PPT-2, respectively, in
the experiments.

(a) At t=0.04 [s] (b) At t=0.08 [s] (c) At t=0.12 [s]

Figure 7.14: Volumetric strain under the pile tip
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(a) At the tip (b) Inside the soil body

Figure 7.15: Pore pressure under the pile tip and inside the soil body

Along the edge of the nose cone, as pointed out by Robinsky and Morrison [235] and
White [278], the soil particles slides as a flow and the shear behaviour is dominant over
the compression behaviour. This is confirmed in Figure 7.12 by the fact that the mag-
nitude of the deviatoric strain is about 5-10 times higher than the magnitude of the vol-
umetric strain. Because of the dominance of the shear behaviour along the edge of the
nose cone, the excess pore pressure in this zone is negative during most of the loading
duration as shown in Figure 7.12.

At point 4 inside the soil body, Figure 7.13, which is located at 1 D from the pile shaft
and 0.5 D under the pile tip, the excess pore pressure first increases to maximum positive
pore pressure then decreases to maximum negative pore pressure and then dissipates
which is indicated that the soil at that point is first compressed and then sheared, Figure
7.15(b). Deeper under the pile tip, at point 5, 6 and 7 in Figure 7.13, the excess pore
pressure is mainly positive which suggests that the soil is mainly in compression, Figure
7.15(b).

7.4.3. INFLUENCE OF PORE PRESSURE ON RAPID CAPACITY

(a) Total load (b) Tip resistance (c) Shaft friction

Figure 7.16: Reaction forces of simulations following scheme 4

The measured data in Chapter 4 indicates that the pile capacity at a certain displace-
ment in the dynamic test is higher than that in the static test. This phenomenon is also
observed as shown in Figure 7.16 in which both the tip resistance and the shaft friction of



514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi
Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017 PDF page: 173PDF page: 173PDF page: 173PDF page: 173

7.4. SIMULATION OF RAPID PILE LOAD TESTS 157

the rapid load test simulation are higher than those of the static simulation, respectively,
at any given displacement level.

(a) Along the edge of the cone (b) Along the pile shaft

Figure 7.17: Excess pore pressure as a function of pile displacement

(a) At u = 5%D , static (b) At u = 5%D , rapid (c) At u = 10%D , static (d) At u = 10%D , rapid

Figure 7.18: Effective isotropic stress, p [kPa]

Figure 7.16 indicates that not only the maximum pile capacity but also the pile capac-
ity at the unloading point (the point at which the displacement is highest) of the rapid
simulation is higher than the pile capacity of the static simulation. This agrees well with
the experiment and implies an important influence of the excess pore pressure since, at
the unloading point, the other rate effect is supposed to be trivial since the pile velocity is
zero. Although the increase of the rapid pile capacity over the static pile capacity is due
to the rate effect and the effect of negative excess pore pressure around the pile [206],
this section focuses mainly on the effect of excess pore pressure.

The excess pore pressures at different locations as a function of the pile head dis-
placement are plotted in Figure 7.17(a) for four points 8 to 11 along the edge of the cone;
and Figure 7.17(b) for five points 12 to 16 along the shaft. Locations of point 8 to 16 are
marked in Figure 7.13. At the tip shoulder (point 7) and along the pile shaft, the excess
pore pressure is always negative. At point 8 and 9 along the nose cone, the excess pore



514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi
Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017 PDF page: 174PDF page: 174PDF page: 174PDF page: 174

158 7. NUMERICAL MODELLING - RESULTS

pressure is also negative after the displacement of 10% D and 20% D , respective. The
dominant presence of the negative excess pore pressure during the downward move-
ment of the pile in Figure 7.17 confirms the dominance of the shear behaviour along the
pile shaft and along the edge of the cone during the rapid pile loading test. Because the
negative excess pore pressure is generated, the effective stress in the rapid load test is
higher than that in the static load test, Figure 7.18 which increases the strength of the
soil and, consequently, both the tip resistance and the shaft friction increase.

7.4.4. SUMMARY

In terms of the total pile capacity and the distribution of the tip resistance and the shaft
friction in a rapid pile load test, scheme 3 and scheme 4 are appropriate for the simula-
tions of the pre-embedded pile and the jacked pile, respectively.

During a rapid pile load test, multiple zones around a pile which experience different
behaviour are confirmed. Furthermore, by using the Plaxis-PTU, the response of the ex-
cess pore pressure in those zones is clarified. The soil along the pile shaft is sheared and
expanded resulting in the negative excess pore pressure during most of the loading pulse.
Right under the pile tip, the soil is compacted with a high compressive strain and there-
fore the excess pore pressure is positive. A nose cone of compacted soil is confirmed to
exist under the pile tip. Along the boundary of this nose cone, the soil is sheared leading
to high negative excess pore pressure. Further away from the pile, the soil zone under
the influence of the P-wave experiences mainly compression and has the positive excess
pore pressure. The soil under the influence of the shear wave or both body and shear
waves experiences both the compression and shearing which results in the presence of
both the positive and negative excess pore pressure.

The occurrence of the negative excess pore pressure in the shearing zone around the
pile may associate with the increase of the pile capacity in the rapid load test in com-
parison with the pile capacity in the static load test as the negative excess pore pres-
sure results in an increase of the effective stress and consequently an increase in the soil
strength.

7.5. COMPARISON WITH EXPERIMENTS

This section presents a further comparison between the simulated rapid pile load tests
and the experimental ones. As mentioned previously, there is a significant discrepancy
in the stiffness of the load-displacement response between the calculations and the ex-
periments due to the simple modelling technique. However, because of the similarity
on the load capacity and therefore the stress level at and around the pile tip area, it is
feasible and reasonable to make a comparison of the excess pore pressure response and
on the ratio of the rapid capacity over the static capacity.

7.5.1. EVOLUTION OF THE EXCESS PORE PRESSURE

GENERAL BEHAVIOUR

Right under the pile tip, the excess pore pressure behaves differently in the experiment
and the simulation.
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Figure 7.19: Comparison of the excess pore pressure at the pile tip

(a) Volumetric strain (b) Deviatoric strain

Figure 7.20: Volumetric and deviatoric strains at the pile tip from the numerical simulation

In the experimental observation of series 23 and 24, the excess pore pressure re-
sponse consists of two phases of (1) an increase to the peak positive value and (2) a dis-
sipation to the stationary value, Figure 7.19. On the other hand, the excess pore pressure
response in the simulation consists of three phases of (1) an increase to the peak positive
value due to compression, (2) a decrease to the peak negative value due to shear and (3)
dissipation due to consolidation, Figure 7.19. The response of the excess pore pressure
in the simulation corresponds well with the change of volumetric and deviatoric strains
at the pile tip, Figure 7.20. The explanation for this difference, as mentioned in Chapter
4, is geometrical as the size of the sand cone under the pile tip in series 23 and 24 is al-
most two times the diameter of the pore pressure transducer, therefore, the PPT shows
only the positive excess pore pressure due to the compaction in the sand cone.

Figure 7.21 presents the excess pore pressure responses in the experiment and in the
simulation at the location 0.5 D below the pile tip and 1.5 D from the pile centre which
is also named as level 1 in Chapter 4. The excess pore pressure responses in the experi-
ment and the simulation show the same general trend of (1) increasing to the peak pos-
itive value, (2) decreasing to the peak negative value and (3) dissipating. The difference
between the peak values of the excess pore pressure in the experiment and the simula-
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tion is inevitable since the measurements at three axisymmetric locations are different
as well as discussed in Chapter 4. It is also noticed from Figure 7.21 that, the duration of
the compression phase in the experiment is comparable to that in the simulation.

(a) PPT at level 1 - pre-embedded pile (b) PPT at level 1 - jacked pile

Figure 7.21: Comparison of the excess pore pressure at the location of PPT-1 to PPT-3

(a) PPT at level 2 - pre-embedded pile (b) PPT at level 2 - jacked pile

Figure 7.22: Comparison of the excess pore pressure at the location of PPT-4 to PPT-6

Figure 7.22 presents the excess pore pressure responses in the experiment and the
simulation at the location 1.5 D below the pile tip and 1.5 D from the pile centre named
as level 2 in Chapter 4. The excess pore pressure responses in the experiment and the
simulation follow different trends. In the simulation, the same general trend as de-
scribed in the previous paragraph is observed. However, the excess pore pressure re-
sponse in the experiment features by (1) a (slight) decrease to a maximum negative value,
(2) an increase to a maximum positive value and (3) dissipation. It means that at this lo-
cation in the simulation there is compression first then shearing follows, whereas in the
experiment there is shearing first then compression follows. It is not strange that a small
difference in the stress and strain field might be the reason for this difference in the ex-
cess pore pressure response.
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VARIATION OF PERMEABILITY

(a) PPT Tip - pre-embedded pile (b) PPT Tip - Jacked pile

(c) PPT at level 1 - pre-embedded pile (d) PPT at level 1 - Jacked pile

(e) PPT at level 2 - pre-embedded pile (f) PPT at level 2 - Jacked pile

Figure 7.23: Influence of permeability on excess pore pressure responses

In this section, the influence of the permeability on the response of the excess pore pres-
sure is investigated. Simulations of the rapid pile load test with three different perme-
ability’s of 8.9×10−6, 8.9×10−5 and 8.9×10−4 are conducted; the excess pore pressure
responses at the pile tip, at the location of PPT-1 and the location of PPT-4 are presented
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in Figure 7.23.
The permeability has no influence on the general trend of the excess pore pressure

response in all locations in the simulations. Regardless of the permeability, the trend of
the excess pore pressure response in all figures in Figure 7.23 features by three phases as
described previously as (1) an increase to the peak positive value due to compression,
(2) a decrease to the peak negative value due to shear and (3) dissipation due to consoli-
dation.

On the other hand, the permeability has a certain effect on the magnitude of the
maximum positive/negative excess pore pressure as well as the time of the peak values.
This influence is more significant closer to the pile. At the pile tip, as the permeability
reduces, the magnitude of the maximum positive and/or negative excess pore pressure
increases drastically, the time of the peak values also lags slightly, and both the duration
of the shearing phase and the dissipation time are lengthened. Further away from the
pile, the difference of the excess pore pressure response between the simulation with the
permeability of 8.9×10−4 and the simulation with the permeability of 8.9×10−5 is still
significant, especially for the maximum positive/negative excess pore pressure values.
However, the difference of the excess pore pressure response between the simulation
with the permeability of 8.9×10−5 and the simulation with the permeability of 8.9×10−6

is mainly for the duration of the shearing phase and the dissipation time.
The significant influence of the permeability on the response of the excess pore pres-

sure is expected since the permeability directly governs the drainage condition of the
pore water. As the drainage condition, i.e. the permeability, reduces, the dissipation of
the pore water will reduce during soil deformation but not the generation of the pore
pressure. Consequently, the excess pore pressure inside the pores will build up higher
during compression as it dissipates slower during shearing.

Figure 7.24: Influence of permeability on stress distribution

(a) t = 0.05 [s], k = 8.9e−4

[m/s]
(b) t = 0.05 [s], k = 8.9e−6

[m/s]
(c) t = 0.10 [s], k = 8.9e−4

[m/s]
(d) t = 0.10 [s], k = 8.9e−6

[m/s]

7.5.2. INFLUENCE OF THE DRAINAGE CONDITION ON THE RATIO OF RAPID

OVER STATIC PILE FORCES
It is clear from the previous sections that the negative excess pore pressure contributes
to the increase of the rapid pile force over the static pile force (section 7.4.3) and the
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permeability or, more generally, the drainage condition significantly affects the building
up and dissipation of the excess pore pressure (section 7.5.1). Therefore, by varying the
permeability of the soil, different drainage conditions can be achieved and hence the
influence of the excess pore pressure on the increase of the rapid pile force over the static
pile force can be investigated.

Figure 7.251 presents the relationship between the drainage factor η and the ratio of
the maximum/unloading rapid tip force over the static tip force at the same displace-
ment (Rmax and Rup ) in the pre-embedded simulation and in the jacked simulation. It
can be seen from Figure 7.25(a) that there is no clear difference between the value of
Rmax between the pre-embedded simulation and those with the jacked pile when the
drainage condition is partially drained (η ≥ 80). However, when the drainage condi-
tion changes closer to undrained, values of Rmax of the pre-embedded simulation are
higher than Rmax of the jacked simulation. This observation from the simulation re-
sults agrees well with the observation from the experiment results in Chapter 5 - Section
5.5, Figures 5.18 to 5.21. The higher influence of the excess pore pressure on Rmax in
the pre-embedded simulation than in the jacked simulation is understandable since the
difference in the excess pore pressure at and around the pile tip in the pre-embedded
simulation and the jacked simulation is much smaller than the difference in the stress
state. Figure 7.25(b) suggests that there is no difference on the influence of the drainage
condition to the values of Rup in the pre-embedded simulation and the jacked simula-
tion.

(e) Drainage factor η vs. Rmax (f) Drainage factor η vs. Rup

Figure 7.25: Relationship of drainage factor and normalised forces from simulations

Figure 7.26 presents the relationship between the drainage factor η and Rmax and
Rup for all experiments and simulations in this study; the backbone curves of the exper-
imental results are also included for more convenient comparison between the experi-
mental results and the simulated one. Figure 7.26 shows the similar trend for both the
simulation and the experiment which is as expected since the underlying mechanisms of
generating and dissipating of the excess pore pressure in the experiment, and therefore,
the influences of the excess pore pressure in the rapid pile load test are well reproduced
in the simulation thanks to the Hardening-Soil constitutive model.

1In Figure 7.25, the points are simulated results, and the curves are trend-lines fitting of the points.



514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi
Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017 PDF page: 180PDF page: 180PDF page: 180PDF page: 180

164 7. NUMERICAL MODELLING - RESULTS

It is shown in Figure 7.26 that at the same drainage condition, the ratio R in the sim-
ulation is higher than R in the experiment, which might be due to the difference of the
dilative behaviour. In the simulations, in order to have a load capacity at the displace-
ment of 10% D comparable to that in the experiment, the soil right under the pile tip
is modelled denser by increasing a strength parameter which is the dilation angle (an
increase of 1o). Consequently, the influence of the excess pore pressure is slightly exag-
gerated in the simulation.

In Figure 7.26(b), it can be seen that at the unloading point in the fully drained con-
dition, the simulations still show some influence of the excess pore pressure (Rup = 1.1)
whereas the experiments suggests no excess pore pressure effect (Rup = 1.0). In fact, it
is expected that when the velocity of the pile is zero, and the permeability of the soil is
very high, the load rate effect should vanish, and therefore, the unloading tip resistance
should equal the static tip resistance. This is observed in the experiment but not in the
simulation.

(a) Drainage factor η vs. Rmax (b) Drainage factor η vs. Rup

Figure 7.26: Relationship of drainage factor and normalised forces

7.6. CONCLUSIONS
Focusing on the pile capacity at a certain displacement and the overall behaviour of the
excess pore pressure, the static and rapid pile load test in saturated sand can be reason-
ably modelled in the numerical FEM software Plaxis which is capable of modelling the
coupled dynamic-consolidation phenomenon with robust techniques.

Four simulation schemes are examined in an attempt to simply incorporate the ef-
fects of prior loading activities such as sample preparation, centrifuge spinning up, pile
installation in order to achieve comparable pile tip and shaft capacities in both the static
and rapid simulations to the tip and shaft capacities of the corresponding experiments.
It is shown that scheme 3 (using interface elements, adaption of soil parameters) and
scheme 4 (using interface elements, adaption of soil parameters and pre-stressing in the
soil zone under the pile tip) are suitable for the simulation of the pile load test with the
pre-embedded pile and for the pile load test with the jacked pile, respectively. On the
other hand, the simulations underestimate the initial stiffness of the load-displacement
results and do not show a clear failure of the pile. The stiffness of the load-displacement
response, on the other hand, cannot be captured with conventional techniques used in
scheme 3 and 4 and the Hardening-soil constitutive model.
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By using the Hardening-soil model and the Plaxis-PTU scheme, the contractive and/or
dilative behaviour of the soil during the rapid pile load test and the corresponding excess
pore pressure response can be realistically simulated. During a rapid pile load test, mul-
tiple zones along the pile shaft and under the pile tip are confirmed to undergo different
compression and shearing. Consequently, positive and negative excess pore pressures
develop in those zones and influence the rapid pile capacity. In particular, the dominant
presence of the negative excess pore pressure during the downward movement of the
pile increases the effective stress of the soil and hence the strength of the soil and the
pile capacity increases.

The evolution of the excess pore pressure in the simulation has a similar trend to that
of the experiment. There are, however, some minor discrepancies on the values of the
maximum positive and/or negative excess pore pressure, the duration of the shearing
phase and the duration of the dissipation phase. In some specific zones, i.e. at the dis-
tance of PPT-4, there are also some differences in the general trend of the excess pore
pressure response. The permeability has a significant influence on the response of the
excess pore pressure during the rapid pile load test since it governs the drainage condi-
tion of the pore water. Closer to the pile, the influence is more significant.

The simulations and the experiments have the same general trend of the influence
of the drainage condition on the ratio of the rapid pile capacity over the static pile ca-
pacity. However, the ratio of the rapid pile capacity over the static pile capacity of the
simulation is higher than that of the experiment at the same drainage conditions. The
reason is the higher dilatancy angle is used in the simulation than the dilatancy angle in
the experiment in order to partially incorporate the prior loading effect and have a com-
parable stress state at the pile tip in the simulation to the stress level in the experiment;
consequently, the influence of the excess pore pressure is exaggerated in the simulation.
A more sophisticated technique or numerical method to fully take into account the prior
loading and installation effect may solve this problem.
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8
CONCLUSIONS

8.1. CONCLUSIONS
This thesis presents experimental and numerical modelling of pile load tests in saturated
granular soils in order to assess the rate effect and the excess pore pressure effect on the
interpretation of a rapid pile load test. Based on this research, the following conclusions
are drawn.

8.1.1. RESPONSES OF EXCESS PORE FLUID PRESSURE
The evolution of excess pore pressure is firmly related to the soil behaviour during the
rapid load test. The results of the measurement of excess pore pressure in Section 4.5
confirm and clarify the responses generally observed in the literature. Briefly speaking,
three most common responses can be distinguished: (1) a gradual increase to a maxi-
mum positive value and a gentle dissipation to a stationary value; (2) a rapid increase to
a maximum positive value, a rapid decrease to a maximum negative value and a gradual
dissipation; and (3) a rapid decrease to a maximum negative value, a rapid increase to a
maximum positive value and a gradual dissipation. The first behaviour is representative
for the soil right under the pile tip center (inside the "nose cone") regardless of the load-
ing duration or the imposed displacement magnitude or for the soil under the pile tip, in
general, when the rapid load test has a slow-rate loading (larger than 50 ms) and a small
(not larger than 2.5% D) imposed displacement. The other two responses are common
for the soil under the pile tip which experiences both compression and shearing during
the rapid loading tests with an average- to fast-rate loading (no larger than 20 ms) and
a medium to large (from 5% D) prescribed displacement. It is likely that the second be-
haviour occurs in the soil zone where the contractive behaviour dominates, whereas the
third behaviour happens in the soil zone where the dilative behaviour prevails.

In the experimental modelling, axisymmetric installation of PPTs around the pene-
trated pile reveals the asymmetry of the responses of excess pore pressure. The excess
pore pressure response exhibits an initial elastic symmetric behaviour followed by asym-
metric behaviour. The asymmetry of the excess pore pressure responses can be caused
by physical reasons, e.g. (1) the asymmetry of failure or, more precisely, of the failure
surfaces induced by pile penetration; and (2) the heterogeneity of the soil bed. But it can

167
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also have an experimental reason, e.g. when it is caused by the difference of distances of
each PPT from the pile centre line and/or the misalignment of the pile during loading.
This may cause considerable deviations of the magnitude of the maximum value due to
the high gradient (with distance) of the excess pore pressure during rapid loading.

The response of the excess pore pressure in the soil surrounding the pile during rapid
pile loading is also researched with numerical modelling. From the numerical simula-
tions, it appears that along the pile shaft, the soil is sheared and expands resulting in
negative excess pore pressure. Under the pile tip, a nose cone of compacted soil occurs.
Along the boundary of this nose cone, the soil is sheared leading to high negative excess
pore pressure.

It is confirmed that the permeability has no influence on the general trend of the
excess pore pressure response, but it has a significant effect on the magnitude of the
maximum positive/negative excess pore pressure as well as the time that the peak values
are reached.

8.1.2. RATE EFFECT
During the rapid pile load test, important effects related to the loading velocity of the
pile occur namely: (1) damping effect, (2) constitutive-rate effect, and (3) excess pore
pressure effect. The first part of this section focus on the first two effects. These effects
are derived from fully drained tests (in sand/water) in which the excess pore pressure
effect does not play a role. The excess pore pressure effect is presented in more detail
in the second part of this section. It should be noted that the rate effect is evaluated
from the experimental modelling. The constitutive rate effect is not incorporated in the
numerical modelling.

CONSTITUTIVE RATE EFFECT AND INFLUENCE OF DAMPING

Analysis of the fully drained experimental results (in sand/water tests) shows that the
damping effect is insignificant. In the unloading point (to assess the equivalent static
capacity), the influence of the constitutive rate effect on tip resistance is negligible. An
increase of 10% for the maximum pile tip resistance in the rapid test over the static value
is solely due to the constitutive-rate effect. These conclusions are in agreement with the
results of Nguyen [206].

In the partially drained tests (in sand/viscous fluid or silt/water), the ratio of the
maximum rapid pile tip resistance over the static pile tip resistance increases with an
increase of the loading velocity, which suggests that the damping effect coexists with
the constitutive rate effect. The constitutive rate effect together with the damping effect
increase with the loading velocity and have a maximum value of about 10%.

EXCESS PORE PRESSURE EFFECT

The main mechanism of the excess pore pressure effect is the presence of negative pore
pressure due to the shear-induced dilatancy of the soil which increases the effective
stress in the soil, hence, the soil strength and, therefore, the pile resistance. The excess
pore pressure effect depends on the drainage factor which can be determined from the
soil properties, the pile radius and the loading duration or the loading velocity of the test.

In the experimental modelling, increases of up to 47% for the unloading point tip re-
sistance and up to 57% for the maximum tip resistance in the rapid test over the static
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value are indicated. The relationship between the drainage factor η and the normalised
tip resistance R (the ratio between the rapid resistance over the static resistance), initi-
ated by Nguyen [206], are extended experimentally for partially drained conditions us-
ing a silt water mixture. These measurements confirm the curve initiated by Nguyen
[206]. This curve can be formulated by a trend-line following an equation of the form

R = â + b̂
1+ĉ×ηd̂

with â, b̂, ĉ and d̂ are constants.

A relationship between the drainage factor and the normalised tip resistance from
the numerical modelling is found to have the same trend with that relationship from the
experimental modelling. An increase of up to 52% for the unloading point tip resistance
and up to 62% for the maximum tip resistance at the displacement of 10% D is found.
The excess pore pressure effect is slightly exaggerated in the numerical modelling, prob-
ably because of the high and constant value of the dilatancy angle which is used to model
the installation effect.

8.1.3. OTHER EFFECTS
Variations of soil/fluid type, soil relative density, installation method and pile type allow
assessment of the influence of those variations on the normalised tip resistance. In gen-
eral, the normalised tip resistances of both the maximum and unloading resistance are
higher than one, i.e. the rapid pile load test gives a higher resistance than the static pile
load test.

EFFECTS OF THE TYPE AND PERMEABILITY OF THE SOIL

The influence of soil permeability can be described by the drainage factor. This factor
must be considered in the interpretation of the rapid pile load test results. The nor-
malised tip resistance increases with a decrease of the soil permeability. The soil perme-
ability has a strong influence on the normalised tip resistance.

EFFECTS OF THE RELATIVE DENSITY OF THE SOIL

The normalised tip resistance increase with initial relative density due to a decrease of
the soil shear strength and hence the drainage factor. However, the soil relative density
has a limited influence on the normalised tip resistance.

EFFECTS OF THE INSTALLATION METHOD

The normalised tip resistance of the pre-embedded pile tests is significantly higher than
that of the jacked pile tests due to the higher shear modulus of the soil and therefore the
higher drainage factor of the jacked pile tests than that of the pre-embedded pile tests.
The installation method has a strong influence on the normalised tip resistance.

In the numerical modelling, not the installation process itself but the influence of
the installation process on the stress around the pile is simulated. Consequently, only
the bearing capacity of the pile at the displacement of 10% D and the tip-dominance
pile is simulated. The pre-embedded pile can be modelled by adapting the soil parame-
ters in an R-width slice along the pile shaft (looser) and a 3D ×3D-block under the pile
tip (denser). The jacked pile can be simulated by prescribing a displacement of 12.5%
D along the line up to 3 D under the pile tip. The simulations also suggest the strong
influence of the installation method is similar to what is observed in the experiments.
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EFFECTS OF THE TYPE OF THE PILE

The pile properties have a limited influence on the normalised head resistance. Regard-
ing the pile type, the normalised head resistance of the close-ended pile is higher than
that of the open-ended pile. Regarding the pile diameter, the normalised head resistance
of the small pile is higher than that of the large pile.

PLAXIS-PTU MODEL

Plaxis-PTU model is capable of modelling the coupled dynamic-consolidation phenomenon
by solving the Biot two-phase equations with robust techniques. The static and rapid
pile load tests in granular soil are modelled reasonably well with Plaxis-PTU. The cal-
culated trend of the excess pore pressure response is in reasonable agreement with the
experimental trend. At some locations, there is a difference in the excess pore pressure
response which may be due to the difference in the stress and strain fields.

The relationships between the drainage factor and the normalised tip resistance of
the simulation and the experiment have the same tendency. However, the simulated
normalised tip resistance is slightly higher than the experimental one due to the higher
influence of the excess pore pressure. The probable reason is that a higher dilatancy
angle is used in the simulation than the dilatancy angle in the experiment in order to
partially incorporate the installation effect.

8.1.4. THE UNLOADING POINT METHOD
The original unloading point method assumes that at the unloading point, the rapid
force minus the inertia force equals the equivalent static soil force at that point. This
assumption makes the unloading point method directly applicable to the drained test
without any influence from the excess pore pressure. A value of the drainage factor equal
to 55 is recommended (from the experimental modelling) to distinguish between the
drained (higher than 55) and partially drained pile load tests. In the partially drained
tests, the excess pore pressure effect should be taken into account following the drainage
factor of the tests. The backbone curve in Figure 5.2, which is experimentally derived,
gives an indication of the correction factor of the static pile tip resistance from the rapid
pile tip resistance.

8.2. RECOMMENDATIONS
As the generation/dissipation of the excess pore pressure is closely related to the creation
of the failure surfaces, it is recommended to investigate this phenomenon more inten-
sively. There are two possible numerical approaches to study the symmetry of the failure
surfaces. The first approach is using the Discrete Element Method in three-dimensional
configuration in which the particle size follows a realistic grain size distribution; this ap-
proach can well reproduce the particle nature of the granular soil. The second method
is using the Finite Element Method in a three-dimensional configuration incorporating
the variation of ±0.5% relative density, i.e. with random fields.

In this thesis, not the installation process but the installation effect is included; there-
fore the numerical simulation only has a comparable total pile capacity and a similar
distribution of the tip resistance and the shaft friction to those in the experimental mod-
elling. It is, however, possible to simulate the influence of the installation process by
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modelling the installation process itself and then mapping the stress and strain fields
as well as the state parameters into a simulation in Plaxis, an example of such mapping
was done by Engin [72]. A full simulation of the installation process or a comprehensive
mapping procedure as mentioned above is recommended to improve the simulation of
this thesis, especially the stiffness of the load-displacement behaviour and the stress and
strain states of the soil around the pile.

An advanced soil model in which soil behaviour, especially the dilative behaviour,
is dependent on the stress/strain state is highly recommended. By incorporating such
property, the dilatancy behaviour can better be modelled which may improve the pre-
diction of the excess pore pressure effect which is slightly exaggerated in the simulation
of this thesis.
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A
LOADING SCHEMES

This section presents the loading schemes in three pile loading test programs in 2007
[206], 2009 [169] and 2011 [205].

Table A.1: Loading scheme for the experiment in 2007

Loading program

Steps Phases Remarks

1 Installation Final embedded depth of 20 D
• Jacked-in pile Place at 10 D, push in more 10 D
• Pre-embedded pile Place at 20 D

2 Rapid loading 1 Slow-rate (loading duration for each disp. level is 0.048 sec)
• 1%D Disp. ↓ 1%D = 0.113 mm with v = 2.35 [mm/s]

Disp. ↑ 0.5%D = 0.0565 mm with v = 2.35 [mm/s]
Unloading of the pile to approx. 0 kN

• 2%D Disp. ↓ 2%D = 0.226 mm with v = 4.70 [mm/s]
Disp. ↑ 1%D = 0.113 mm with v = 4.70 [mm/s]
Unloading of the pile to approx. 0 kN

• 5%D Disp. ↓ 5%D = 0.565 mm with v = 11.77 [mm/s]
Disp. ↑ 1%D = 0.113 mm with v = 11.77 [mm/s]
Unloading of the pile to approx. 0 kN

• 10%D Disp. ↓ 10%D = 1.13 mm with v = 23.5 [mm/s]
Disp. ↑ 1%D = 0.113 mm with v = 23.5 [mm/s]
Unloading of the pile to approx. 0 kN

3 Static loading 1 Disp. 10%D = 1.13 mm in 676.6 sec (v = 0.00167 [mm/s])
Unloading of the pile to approx. 0 kN

4 Rapid loading 2 Average-rate (loading duration for each disp. level is 0.0185 sec)
• 1%D Disp. ↓ 1%D = 0.113 mm with v = 6.10 [mm/s]

Disp. ↑ 0.5%D = 0.0565 mm with v = 6.10 [mm/s]
Unloading of the pile to approx. 0 kN

• 2%D Disp. ↓ 2%D = 0.226 mm with v = 12.2 [mm/s]
Disp. ↑ 1%D = 0.113 mm with v = 12.2 [mm/s]
Unloading of the pile to approx. 0 kN

• 5%D Disp. ↓ 5%D = 0.565 mm with v = 30.5 [mm/s]
Disp. ↑ 1%D = 0.113 mm with v = 30.5 [mm/s]
Unloading of the pile to approx. 0 kN

• 10%D Disp. ↓ 10%D = 1.13 mm with v = 61.1 [mm/s]
Disp. ↑ 1%D = 0.113 mm with v = 61.1 [mm/s]
Unloading of the pile to approx. 0 kN

5 Static loading 2 Disp. 10%D = 1.13 mm in 676.6 sec (v = 0.00167 [mm/s])

continued on the next page
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Loading program (. . . continued)

Steps Phases Remarks

Unloading of the pile to approx. 0 kN

6 Rapid loading 3 Fast-rate (loading duration for each disp. level is 0.009 sec)
• 1%D Disp. ↓ 1%D = 0.113 mm with v = 12.55 [mm/s]

Disp. ↑ 0.5%D = 0.0565 mm with v = 12.55 [mm/s]
Unloading of the pile to approx. 0 kN

• 2%D Disp. ↓ 2%D = 0.226 mm with v = 12.2 [mm/s]
Disp. ↑ 1%D = 0.113 mm with v = 12.2 [mm/s]
Unloading of the pile to approx. 0 kN

• 5%D Disp. ↓ 5%D = 0.565 mm with v = 30.5 [mm/s]
Disp. ↑ 1%D = 0.113 mm with v = 30.5 [mm/s]
Unloading of the pile to approx. 0 kN

• 10%D Disp. ↓ 10%D = 1.13 mm with v = 125.6 [mm/s]
Disp. ↑ 1%D = 0.113 mm with v = 125.6 [mm/s]
Unloading of the pile to approx. 0 kN

7 Static loading 3 Disp. 10%D = 1.13 mm in 676.6 sec (v = 0.00167 [mm/s])
Unloading of the pile to approx. 0 kN

The end

Table A.2: Loading scheme for the experiment in 2009

Loading program

Steps Phases Remarks

1 Installation Final embedded depth of 20 D
• Jacked-in pile Place at 10 D, push in more 10 D
• Pre-embedded pile Place at 20 D

2 Rapid loading 1 Fast-rate (loading duration for each disp. level is 0.009 sec)
• 1%D Disp. ↓ 1%D = 0.113 mm with v = 12.55 [mm/s]

Disp. ↑ 0.5%D = 0.0565 mm with v = 12.55 [mm/s]
Unloading of the pile to approx. 0 kN

• 10%D Disp. ↓ 10%D = 1.13 mm with v = 125.6 [mm/s]
Disp. ↑ 1%D = 0.113 mm with v = 125.6 [mm/s]
Unloading of the pile to approx. 0 kN

3 Static loading 1 Disp. 10%D = 1.13 mm in 676.6 sec (v = 0.00167 [mm/s])
Unloading of the pile to approx. 0 kN

4 Rapid loading 2 Average-rate (loading duration for each disp. level is 0.0185 sec)
• 1%D Disp. ↓ 1%D = 0.113 mm with v = 6.10 [mm/s]

Disp. ↑ 0.5%D = 0.0565 mm with v = 6.10 [mm/s]
Unloading of the pile to approx. 0 kN

• 2%D Disp. ↓ 2%D = 0.226 mm with v = 12.2 [mm/s]
Disp. ↑ 1%D = 0.113 mm with v = 12.2 [mm/s]
Unloading of the pile to approx. 0 kN

• 5%D Disp. ↓ 5%D = 0.565 mm with v = 30.5 [mm/s]
Disp. ↑ 1%D = 0.113 mm with v = 30.5 [mm/s]
Unloading of the pile to approx. 0 kN

• 10%D Disp. ↓ 10%D = 1.13 mm with v = 61.1 [mm/s]
Disp. ↑ 1%D = 0.113 mm with v = 61.1 [mm/s]
Unloading of the pile to approx. 0 kN

5 Static loading 2 Disp. 10%D = 1.13 mm in 676.6 sec (v = 0.00167 [mm/s])
Unloading of the pile to approx. 0 kN

6 Rapid loading 3 Slow-rate (loading duration for each disp. level is 0.048 sec)
• 1%D Disp. ↓ 1%D = 0.113 mm with v = 2.35 [mm/s]

Disp. ↑ 0.5%D = 0.0565 mm with v = 2.35 [mm/s]
Unloading of the pile to approx. 0 kN

• 2%D Disp. ↓ 2%D = 0.226 mm with v = 4.70 [mm/s]

continued on the next page
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Loading program (. . . continued)

Steps Phases Remarks

Disp. ↑ 1%D = 0.113 mm with v = 4.70 [mm/s]
Unloading of the pile to approx. 0 kN

• 5%D Disp. ↓ 5%D = 0.565 mm with v = 11.77 [mm/s]
Disp. ↑ 1%D = 0.113 mm with v = 11.77 [mm/s]
Unloading of the pile to approx. 0 kN

• 10%D Disp. ↓ 10%D = 1.13 mm with v = 23.5 [mm/s]
Disp. ↑ 1%D = 0.113 mm with v = 23.5 [mm/s]
Unloading of the pile to approx. 0 kN

7 Static loading 3 Disp. 10%D = 1.13 mm in 676.6 sec (v = 0.00167 [mm/s])
Unloading of the pile to approx. 0 kN

The end

Table A.3: Loading scheme for the experiment in 2011

Loading program

Steps Phases Remarks

1 Installation Final embedded depth of 20 D
• Jacked-in pile Place at 10 D, push in more 10 D
• Pre-embedded pile Place at 20 D

2 Rapid loading 1 Slow-rate (loading duration for each disp. level is 0.048 sec)
• 1%D Disp. ↓ 1%D = 0.16 mm with v = 3.33 [mm/s]

Disp. ↑ 0.5%D = 0.08 mm with v = 3.33 [mm/s]
Unloading of the pile to approx. 0 kN

• 2.5%D Disp. ↓ 2%D = 0.40 mm with v = 8.44 [mm/s]
Disp. ↑ 1%D = 0.16 mm with v = 8.44 [mm/s]
Unloading of the pile to approx. 0 kN

• 5%D Disp. ↓ 5%D = 0.80 mm with v = 16.66 [mm/s]
Disp. ↑ 1%D = 0.16 mm with v = 16.66 [mm/s]
Unloading of the pile to approx. 0 kN

• 10%D Disp. ↓ 10%D = 1.6 mm with v = 33.33 [mm/s]
Disp. ↑ 1%D = 0.16 mm with v = 33.33 [mm/s]
Unloading of the pile to approx. 0 kN

• 25%D Disp. ↓ 25%D = 4.0 mm with v = 83.33 [mm/s]
Disp. ↑ 1%D = 0.16 mm with v = 83.33 [mm/s]
Unloading of the pile to approx. 0 kN

3 Static loading 1 Disp. 10%D = 1.6 mm in 676.6 sec (v = 0.00236 [mm/s])
Unloading of the pile to approx. 0 kN

4 Rapid loading 2 Average-rate (loading duration for each disp. level is 0.0185 sec)
• 1%D Disp. ↓ 1%D = 0.16 mm with v = 8.65 [mm/s]

Disp. ↑ 0.5%D = 0.08 mm with v = 8.65 [mm/s]
Unloading of the pile to approx. 0 kN

• 2%D Disp. ↓ 2%D = 0.32 mm with v = 17.29 [mm/s]
Disp. ↑ 1%D = 0.16 mm with v = 17.29 [mm/s]
Unloading of the pile to approx. 0 kN

• 5%D Disp. ↓ 5%D = 0.80 mm with v = 43.24 [mm/s]
Disp. ↑ 1%D = 0.16 mm with v = 43.24 [mm/s]
Unloading of the pile to approx. 0 kN

• 10%D Disp. ↓ 10%D = 1.6 mm with v = 86.49 [mm/s]
Disp. ↑ 1%D = 0.16 mm with v = 86.49 [mm/s]
Unloading of the pile to approx. 0 kN

5 Static loading 2 Disp. 10%D = 1.6 mm in 676.6 sec (v = 0.00236 [mm/s])
Unloading of the pile to approx. 0 kN

6 Rapid loading 3 Fast-rate (loading duration for each disp. level is 0.009 sec)
• 1%D Disp. ↓ 1%D = 0.16 mm with v = 17.77 [mm/s]

continued on the next page



514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi
Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017 PDF page: 192PDF page: 192PDF page: 192PDF page: 192

176 A. LOADING SCHEMES

Loading program (. . . continued)

Steps Phases Remarks

Disp. ↑ 0.5%D = 0.08 mm with v = 17.77 [mm/s]
Unloading of the pile to approx. 0 kN

• 2%D Disp. ↓ 2%D = 0.32 mm with v = 35.55 [mm/s]
Disp. ↑ 1%D = 0.16 mm with v = 35.55 [mm/s]
Unloading of the pile to approx. 0 kN

• 5%D Disp. ↓ 5%D = 0.80 mm with v = 88.89 [mm/s]
Disp. ↑ 1%D = 0.16 mm with v = 88.89 [mm/s]
Unloading of the pile to approx. 0 kN

• 10%D Disp. ↓ 10%D = 1.6 mm with v = 177.77 [mm/s]
Disp. ↑ 1%D = 0.16 mm with v = 177.77 [mm/s]
Unloading of the pile to approx. 0 kN

7 Static loading 3 Disp. 10%D = 1.6 mm in 676.6 sec (v = 0.00236 mm/s)
Unloading of the pile to approx. 0 kN

The end
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B
PRELIMINARY SIMULATIONS

B.1. INFLUENCE OF INTERFACE

A series of calculation is performed to examine the performance of two possibilities of
modelling the interface behaviour. The first possibility is using the virtual-thickness
interface elements with different strength reduction factors (Ri nter ) which allows the
nodes belong to the pile and those belong to the soil move independently. The second
option is using an elastic layer with a thickness of 0.04 m (6.25% D) along the pile shaft
with different stiffness to represent the strength reduction.

All calculations in this part consists of six phases 1, 2, 3, 5, 6 and 7 or 8 (without taking
into account the influence of pre-loading processes). The prescribed vertical displace-
ment of 1 D is applied at the interface between the pile cluster and the soil cluster to
increase the tip capacity.

The results of this section indicates that using the virtual thickness interface is much
more efficient than using the elastic thin layer in term of reducing the shaft friction, re-
distributing the stress along the shaft and avoiding numerical difficulty due to the ill-
conditioning.

B.1.1. ON STATIC SIMULATIONS

The pile loads as a function of the pile head displacement are plotted for different simu-
lations in Figure B.1. It should be noted that all simulations have the prescribed vertical
displacement of 0.64 m at the pile tip-soil interface to increase the tip capacity and the
interface or the thin layer of elastic material is activated after the prescribing vertical
displacement phase and before the loading phase to avoid numerical difficulties.
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178 B. PRELIMINARY SIMULATIONS

(a) Ri nter = 1 (b) Ri nter = 0.75 (c) Ri nter = 0.5

(d) E = 50%E50,ν= 0.2 (e) E = 0.5%E50,ν= 0.2 (f) E = 0.05%E50,ν= 0.2

Figure B.1: Influence of interface types on static simulation

From Figure B.1, it is clear that using the interface elements in PLAXIS greatly re-
duces the shaft friction and keeps the tip resistance remained (or with only small re-
duction) and using the elastic thin layer along the pile shaft reduces the shaft friction
and increases the tip resistance. Using the interface element, the shaft friction is fully
mobilized at less than 0.5% Ddisplacement and reduces to a stationary value. Using
the thin layer of elastic material, the shaft friction is mostly mobilized at less than 0.5%
Ddisplacement and gradually increases to a fully mobilized value at between 5 and 10%
Ddisplacements. Further investigation on the usage of the interface elements reveals
that using the reduction factor of Ri nter = 0.5 the contribution of the tip capacity is 75-
80% of the total capacity and the total capacity reduces about 20% without using the
interface elements. On the usage of the elastic thin layer, with the stiffness as low as
E = 0.05%E50, the contribution of the tip capacity rises to 70% of the total capacity and
the total capacity reduces only 10% without using the elastic thin layer.

One of the big drawback when using the elastic thin layer with the stiffness as small
as E = 0.05%E50 is a numerical problem of ill-conditioning due to the high magnitude
difference of the stiffness between the pile, the soil and the elastic material. Therefore
this method is not of interest anymore.

B.1.2. ON DYNAMIC SIMULATIONS

Several calculations are performed to investigate the influence of the interface elements
on the dynamic simulation. The pile load-displacement curves from those calculations
are plotted in Figure B.2.
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(a) Without interface elements (b) Ri nter = 1 (c) Ri nter = 0.5

Figure B.2: Influence of interface types on dynamic simulation

(a) Without interface elements (b) Ri nter = 1 (c) Ri nter = 0.5

Figure B.3: Shear stress along the pile shaft

The influence of the interface elements on the contribution of the tip resistance and
the shaft friction to the total capacity in the dynamic simulation is similar to that in
the static simulation: without the interface the tip resistance is equal or smaller than
the shaft friction, with the rigid interface the tip resistance is about 10-20% higher than
the shaft friction and with the interface elements of Ri nter = 0.5 the tip resistance con-
tributes 80-90% for the total capacity. Similar to the static simulation, using of the inter-
face elements of 50% strength reduction reduces the total capacity.

The shear stresses along the interface of three simulations are plotted in Figure B.3.
It can be clearly seen that the interface elements greatly reduces as well as redistributes



514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi
Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017 PDF page: 196PDF page: 196PDF page: 196PDF page: 196

180 B. PRELIMINARY SIMULATIONS

the shear stress along the shaft.

B.2. INFLUENCE OF PRE-STRESSING

In this section, following the work of Broere and vanTol [39], three possibilities of pre-
stressing to increase the pile capacity are examine, including: prescribing volumetric ex-
pansion, prescribing horizontal displacements and prescribing vertical displacements.
Several series of calculation are performed. In the first series different amounts of volu-
metric strain is prescribed, in the second series different magnitudes of vertical displace-
ment is applied and in the third series different magnitudes of horizontal displacement
is applied whilst a vertical displacement is also prescribed.

The results of this section indicate that the techniques of prescribing volumetric ex-
pansion and prescribing horizontal displacement have a much stronger influence on the
shaft friction than on the tip resistance which means the shaft friction increases rapidly
whilst the tip resistance increases slowly or even decreases. The technique of prescribing
vertical displacement improves the tip resistance significantly and has a little effect on
the shaft friction. However this technique is also limited on the magnitude of the applied
vertical displacement to avoid severe distortion under the pile tip.

B.2.1. PRESCRIBING VOLUMETRIC EXPANSION

This method is used by prescribing a volumetric strain in the area representing the pile.
The calculation phases of the calculation following this method are the initial stresses
are 1, 2, 3, 5 and 7. In phase 2, the soil cluster at the pile location is expanded with the
predefined amount of volumetric strain.

(a) Pile load-displacement curves for different simu-
lation

(b) Degrees of volumetric expansion against total
pile capacity at 10% D

Figure B.4: Influence of the prescribing volumetric expansion technique

A series of calculation was performed to investigate the influence of the degree of
prescribing volumetric expansion on the pile capacity. The load-displacement curves of
simulation with different degrees of volumetric expansion ranging from 4% to 100% are
presented in Figure B.4(a) and the relation curve between different degrees of volumetric



514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi514390-L-bw-chi
Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017Processed on: 10-10-2017 PDF page: 197PDF page: 197PDF page: 197PDF page: 197

B.2. INFLUENCE OF PRE-STRESSING 181

expansion and total pile capacity at 10% D is shown in Figure B.4(b). The distributions
of the tip capacity and the shaft friction in all tests are quite similar and only the distri-
butions taken from the simulations of 4% and 65% volumetric expansion are shown in
Figure B.5.

(a) Volumetric expansion of 4% (b) Volumetric expansion of 65%

Figure B.5: Distribution of the tip resistance and shaft friction

It is clear from Figure B.4 that with a predefined degree of volumetric expansion ap-
plied to the soil cluster at the pile location, the total capacity ranging from 2500 kN up to
6800 kN can be achieved. Figure B.5 indicates that actually the improvement of the total
capacity mainly comes from the shaft friction and the higher the degree of volumetric
expansion, the larger the contribution percentage of the shaft friction for the total ca-
pacity. For example, in the simulation of 4% volumetric expansion the shaft friction is
about 80% of the total capacity and in the simulation of 65% volumetric expansion the
shaft friction is about 84% of the total capacity at the displacement of 10% D . It is clear
that the shaft friction is much more sensitive to the volumetric expansion than the tip
resistance and applying the volumetric expansion technique is only suitable for cases of
the shaft-dominance pile.

B.2.2. PRESCRIBING VERTICAL DISPLACEMENTS

In this series, only vertical displacement (∆uy ) was applied on the interface between the
pile cluster and the soil cluster under the pile tip. The pile load-displacement curves for
three simulation with a vertical displacement of 0.5 D , D and 1.5 D are shown in Figure
B.6.

It can be seen from Figure B.6 that by applying ∆uy at the pile tip-soil interface, both
the shaft friction and the tip capacity improves. However, as the tip capacity continues
to increase with the increase of ∆uy (roundly 500 kN per 0.5 D), the shaft friction does
not increase anymore when ∆uy is higher than 1 D . However, a big draw back of this
method is that the prescribed vertical displacement can not be too large, for example
larger than 1.5 D , otherwise the elements under the pile tip area are severely distorted
which may lead to divergence during nonlinear calculation.
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(a) Vertical displacement of 0.5 D (b) Vertical displacement of 1 D (c) Vertical displacement of 1.5 D

Figure B.6: Pile loads as a function of pile displacement

B.2.3. PRESCRIBING HORIZONTAL DISPLACEMENTS
In this series, several calculations are performed, each calculation has a vertical displace-
ment of∆uy = D applied at the pile tip-soil interface and a certain amount of prescribed
horizontal displacement (∆ux ) applied at the pile shaft-soil interface. The pile load-
displacement curves for three simulation with a horizontal displacement of 6.25, 12.5
and 25% D are shown in Figure B.7.

(a) Horizontal displacement of
6.25% D

(b) Horizontal displacement of
12.5% D

(c) Horizontal displacement of
25% D

Figure B.7: Pile loads as a function of pile displacement

It can be seen from Figure B.7 that the shaft friction is very sensitive with the hori-
zontal prescribed displacement, increase of more than 1200 kN per 6.25% D , while the
influence of ∆ux on the tip capacity is small and in a negative direction. The tip capac-
ity decreases with the increase of ∆ux due to the stress relaxing under the pile tip. The
shaft friction hence is far higher than the tip capacity. Besides, the shaft friction is fully
mobilized at much higher displacement level (5% D) in comparison with the simulation
of prescribed ∆ux (less than 2% D).
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C
CALCULATION PHASES IN FOUR

SIMULATION SCHEMES

The calculation process in PLAXIS is composed of several construction phases. The full
list of all construction phases is defined as follows:

1. Initially the material of the whole calculation domain is soil. The vertical soil stress
is calculated from the self-weight with the phreatic level is assumed to be at the
ground surface. The horizontal soil stress is generated by K0-procedure which is
based on the Jaky’s formula K0 = 1− sinφ. The hydrostatic pore pressure is gener-
ated in the whole geometry according to the phreatic line.

2. (This is an optional phase) The interface between the soil cluster and the soil clus-
ter at the pile location is applied prescribed displacement. After the equilibrium at
the end of this phase, the stress state in the soil is tended to take into account the
influence of the pre-loading processes.

3. The pile is located by changing the material properties of the soil cluster at the
pile location from soil to pile which will change the state of stress around the pile.
During this phase, the stress state of the soil cluster is recalculated to reach new
equilibrium state.

4. (This is an optional phase) The material properties of the soil cluster inside a slice
of R along the shaft is changed from normal soil to looser soil. The material prop-
erties of the soil cluster inside a square of 3Dx3D right under the pile tip is changed
from normal soil to denser soil.

5. All displacements are set to zero while keeping the stress state as obtained from
the previous steps. If the prescribed displacements are used to pre-stressing the
soil, a relaxation of the stress around the pile occurs.

6. (This is an optional phase) The interface elements along the pile shaft are acti-
vated. By activating the interface elements after all the pre-stressing steps, numer-
ical difficulties are avoided [38, 39].

7. (This phase is used only as the final phase of the static test simulation) A downward
prescribed displacement is applied at the pile head.
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184 C. CALCULATION PHASES IN FOUR SIMULATION SCHEMES

8. (This phase is used only as the final phase of the dynamic test simulation) A down-
ward force is applied at the pile head.

Each simulation scheme then consists of several construction phases:

• Scheme 1 : construction phases number 1, 3, 5 and 7 or 8.
• Scheme 2 : construction phases number 1, 3, 5, 6 and 7 or 8.
• Scheme 3 : construction phases number 1, 3, 4, 5, 6 and 7 or 8.
• Scheme 4 : construction phases number 1, 2, 3, 4, 5, 6 and 7 or 8.
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LIST OF NOTATIONS

The following list briefly describes acronyms and symbols that are used within the body
of the thesis. All of the acronyms and symbols in this list are already defined in the text.

Acronyms

Acce The derived acceleration of the pile head. (Chapter 4)

C, CEP The close-ended pile. (Chapter 4)

CFA Continuous Flight Auger pile. (Chapter 2)

CPT The cone penetration or cone penetrometer test. (Chapter 2)

Displ The measured displacement of the pile head. (Chapter 4)

E The pre-embedded installation method. (Chapter 4)

FPH The pile head applied-force. (Chapter 4)

FPS The derived pile shaft force. (Chapter 4)

FPT The measured pile tip reaction-force. (Chapter 4)

HP The H-section bearing piles. (Chapter 2)

J The jacked-in installation method. (Chapter 4)

LVDT The linear variable displacement transducer used for measuring position. (Chap-
ter 2)

O, OEP The open-ended pile. (Chapter 4)

PIV The particle image velocimetry method. (Chapter 2)

PLT The pile load test series. (Chapter 4)

PPT The pore pressure transducer. (Chapter 3)

PPT-1 The pore pressure transducer 1 at the depth of 0.5 D . (Chapter 4)

PPT-2 The pore pressure transducer 2 at the depth of 0.5 D . (Chapter 4)

PPT-3 The pore pressure transducer 3 at the depth of 0.5 D . (Chapter 4)

PPT-4 The pore pressure transducer 4 at the depth of 1.5 D . (Chapter 4)

PPT-5 The pore pressure transducer 5 at the depth of 1.5 D . (Chapter 4)
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186 C. CALCULATION PHASES IN FOUR SIMULATION SCHEMES

PPT-6 The pore pressure transducer 6 at the depth of 1.5 D . (Chapter 4)

PPT-BC The pore pressure transducer at the bed container. (Chapter 4)

PPT-PT The pore pressure transducer at the pile tip. (Chapter 4)

PTU The partition of time unity method for time-integartion. (Chapter 6)

RLT, R The rapid load test. (Chapter 4)

Sa Sand - the pile load test with sandy soil. (Chapter 4)

Si Silt - the pile load test with silty soil. (Chapter 4)

SLT, S The static load test. (Chapter 4)

SPT The standard penetration test. (Chapter 2)

Velo The derived velocity of the pile head. (Chapter 4)

Vi Viscous fluid - the pile load test with viscous fluid. (Chapter 4)

Wa Water - the pile load test with stilled water. (Chapter 4)

Greek letters

α The compressibility parameter, Equation 6.1. (Chapter 6)

α The damping coefficient determined from the model pile tests, Equation 2.5.
(Chapter 2)

β The damping coefficient determined from the model pile tests, Equation 2.5.
(Chapter 2)

σs The partial solid stress vector. (Chapter 6)

δ The friction angle between the soil and pile wall. (Chapter 5)

η The drainage factor. (Chapter 1)

Γ The time-like parameter controlling the numerical dissipation in the PTU scheme.
(Chapter 6)

γ The volumetric weight of the pore fluid. (Chapter 3)

γsat The saturated unit weight. (Chapter 7)

γunsat The unsaturated unit weight. (Chapter 7)

ν The Poisson ratio. (Chapter 7)

ν The kinematic viscosity of the fluid. (Chapter 3)

φ The soil friction angle (Chapter 2). In this thesis φ is, generally, the peak friction
angle.
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φM The resistance factor to obtain the static bearing capacity from the rapid bearing
capacity. (Chapter 1)

φi nter The friction angle between the soil and the pile surface. (Chapter 7)

ψ The dilation angle of soil. (Chapter 7)

ρ The densities of the mixture. (Chapter 6)

ρ The mass density of the pore fluid. (Chapter 3)

ρs The densities of the solid phase. (Chapter 6)

ρw The densities of the fluid phase. (Chapter 6)

ρ.. The mass densities, Equation 6.2. (Chapter 6)

σ′
v The effective vertical stress. (Chapter 4)

σv The overburden pressure at the point of interest. (Chapter 5)

σw The fluid stress scalar. (Chapter 6)

τ The soil shear strength. (Chapter 2)

τd The limiting values of the rapid pile shaft friction, Equation 2.5. (Chapter 2)

τs The limiting values of the static pile shaft friction, Equation 2.5. (Chapter 2)

β̃ The Biot coefficient for the fluid flow. (Chapter 6)

ζ The soil compressibility factor, Equation 4.6. (Chapter 4)

Latin letters

D The diameter of the pile. (Chapter 3)

ū The nodal displacement. (Chapter 6)

v̄ The nodal velocity. (Chapter 6)

∆t The time increment between two consecutive recorded data. Chapter 4.

â, b̂, ĉ, d̂ The constants for the relationship between R and η, Equation 5.1. (Chapter 5)

ūs The nodal displacements of the solid skeleton. (Chapter 6)

ūw The nodal displacements of the pore fluid. (Chapter 6)

D The fourth order tensor defining a constitutive law for the solid skeleton. (Chap-
ter 6)

I The identity vector, Equation 6.1. (Chapter 6)

Np The shape functions for the fluid. (Chapter 6)
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Nu The shape functions for the solid. (Chapter 6)

us The displacement of the solid skeleton. (Chapter 6)

uw The displacement of the fluid phase. (Chapter 6)

ã The Biot tortuosity parameter. (Chapter 6)

M̃ The Biot coefficient of compressibility of the two-phase material. (Chapter 6)

A The parameter takes into account the strength of the soil and the excess pore
pressure at the pile tip, Equation 4.5. (Chapter 4)

a, at The acceleration of the pile. (Chapter 2)

A f The side surface area of a pile. (Chapter 5)

ai The pile acceleration at the time step i . Chapter 4.

Ap The gross end area of a pile. (Chapter 5)

b Theviscous coefficient, Equation 6.2. (Chapter 6)

C The damping coefficient. (Chapter 2)

c The cohesion of soil. (Chapter 7)

c The velocity of stress wave propagation in a pile. (Chapter 2)

C0, C2 The soil constants, Equation 4.8. (Chapter 4)

DC The container diameter. (Chapter 3)

Di The inner diameter of a pipe pile. (Chapter 3)

Dr The relative density of a soil sample. (Chapter 4)

d10 The diameter at which 10% of the sample’s mass is comprised of particles with a
diameter less than this value. (Chapter 2)

d50 The diameter at which 50% of the sample’s mass is comprised of particles with a
diameter less than this value. (Chapter 2)

d90 The diameter at which 90% of the sample’s mass is comprised of particles with a
diameter less than this value. (Chapter 3)

Ec The soil compressive strength. (Chapter 2)

Ee The soil elastic modulus. (Chapter 2)

E50 The soil secant modulus corresponding to 50% of the ultimate shear stress. (Chap-
ter 2)

Eoed The oedometer modulus. (Chapter 7)
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Er e f The Young modulus. (Chapter 7)

Eur The unloading/Reloading modulus. (Chapter 7)

f The unit skin friction capacity of a pile. (Chapter 5)

Fconst The pile force related to the constitutive rate effect. Chapter 4.

Fd amp The pile force related to the damping effect. Chapter 4.

Fi ner t i a The inertial force of the pile mass. (Chapter 2)

Fmax The maximum rapid pile force. Chapter 4.

Fpw p The pile force related to the pore pressure effect. Chapter 4.

Fr ap The applied rapid load. (Chapter 2)

F ul t
r ap The ultimate rapid load, Equation 2.6 and 2.7. (Chapter 2)

Fr ate The pile force related to the penetration rate effect. Chapter 4.

Fsoi l The soil resistance of the pile. (Chapter 2)

Fst ati c The static pile force. Chapter 3.

Fup The rapid pile force at the value of the maximum displacement or the so-called
unloading point. Chapter 4.

Fu The static resistance. (Chapter 2)

Fv The damping resistance. (Chapter 2)

G The soil shear modulus. (Chapter 3)

g The gravitational acceleration. (Chapter 3)

G50 The secant shear modulus at 50% the ultimate shear stress. (Chapter 4)

Gmax The maximum shear modulus. (Chapter 2)

H The Heaviside function. (Chapter 6)

hm , hp The depth in the model and the corresponding depth in the prototype. (Chapter
3)

Ir The rigidity index of the soil. (Chapter 4)

K The spring stiffness represented the full static behaviour of the pile reaction.
(Chapter 2). The intrinsic permeability of the soil. (Chapter 3)

k The hydraulic conductivity of the soil. (Chapter 3)
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K0 The coefficient of lateral earth pressure (the ratio of horizontal to vertical normal
effective stress). (Chapter 2)

Kw The stiffness of the fluid phase. (Chapter 6)

L The length of the tested pile. (Chapter 2)

M The pile mass. (Chapter 2)

m The power parameter in the Hardening-Soil model. (Chapter 7)

N The ratio of the centrifugal acceleration level over the gravitational acceleration.
(Chapter 3)

n The porosity of the soil. (Chapter 3)

Nq The dimensionless bearing capacity factor. (Chapter 5)

Nw The wave number of a pile load test. (Chapter 2)

p The hydrostatic pore pressure. (Chapter 5)

p The pore pressure in Biot’s equation u −p. (Chapter 6)

p ′ The mean effective stress. (Chapter 2)

p(r∗) The excess pore pressure at the distance r∗ from the pile center. (Chapter 4)

pa The atmospheric pressure. (Chapter 4)

pr e f The reference stress. (Chapter 7)

Q The factor considering the compressibility and the over-consolidation of the
soil, Equation 4.9. (Chapter 4)

q The unit end bearing capacity of a pile. (Chapter 5)

qc The cone penetration resistance, Equation 4.8. (Chapter 4)

Q f The skin friction resistance of a pile. (Chapter 5)

Qp The total end bearing of a pile. (Chapter 5)

R The empirical reduction factor. (Chapter 1)

R The normalised pile force which is the ratio of the rapid force over the static
force. (Chapter 5)

r The pile radius. (Chapter 3)

r∗ The distance from the pile center. (Chapter 4)

Rmax The normalisation of the maximum pile force. Chapter 4.
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Rup The normalisation of the unloading point pile force. Chapter 4.

T The duration of the applied load. (Chapter 2). The loading duration of a pulse.
(Chapter 3)

t The wall thickness of a pipe pile. (Chapter 3)

U The fluid displacement in Biot’s equation u −U . (Chapter 6)

u The solid displacement in Biot’s equation u −p. (Chapter 6)

ui The pile displacement at the time step i . Chapter 4.

v , vt The velocity of the pile head. (Chapter 2)

vi The pile velocity at the time step i . Chapter 4.

vs The lowest pile velocity used to determine the ultimate static shaft friction, Equa-
tion 2.5. (Chapter 2)

vave The average load rate of a rapid loading test. (Chapter 3)

w The relative fluid displacement in Biot’s equation u −w −p. (Chapter 6)
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Propositions

accompanying the dissertation

MODELLING OF PILE LOAD TESTS IN GRANULAR SOILS

by

Chi THANH NGUYEN

1. The asymmetric response of pore pressures transducers that are symmetri-
cally installed around a pile, demonstrates that the failure in the soil during
a rapid load test is asymmetric.

2. The influence of the excess pore pressure on the increase of the rapid re-
sistance over the static resistance is stronger for a pile in a loosely packed
granular soil bed than for a densely packed bed.

3. The influence of the excess pore pressure on the increase of the rapid resis-
tance over the static resistance is stronger for the embedded pile than for
the jacked pile.

4. In research of granular soils, continuum is a convenient definition but not
a good one because it can scarcely give an insight into the real behaviour of
granular soils.

5. For the analysis of pile-soil interaction, numerical modelling must be sup-
ported with intensive calibrations.

6. Before doing an experiment, one should know the general outcomes; sur-
prising results, which are assumed to be correct, are an extra gift.

7. Silence is only a relative definition for a living being.

8. It seems that conflicts and warfare are generated by the discussion about
borders and countries, but religion and, in a broader view, behavioural stan-
dards of people are more important.

9. In football, a good team is based on responsibility, but the best team is based
on blind faith and a bit of luck.

10. A doctoral title is a certificate to start a research career; however, only by
continuously doing research a person can keep on holding that title.

These propositions are regarded as opposable and defendable, and have been
approved as such by the promotor prof. ir. A.F. van Tol and the copromotor Dr. P.

Hölscher.
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Stellingen

behorende bij het proefschrift

MODELLEREN VAN PROEFBELASTINGEN OP PALEN IN GRANULAIR
MATERIAAL

door

Chi THANH NGUYEN

1. De asymmetrische respons van waterspanningsopnemers die symme-trisch rondom
een paal zijn geïnstalleerd, toont aan dat het bezwijken in de bodem tijdens een
snelle proefbelasting asymmetrisch is.

2. De invloed van de wateroverspanningen op de toename van de weerstand tijdens
een snelle proefbelasting ten opzichte van de weerstand tijdens een statische proef-
belasting is groter voor een paal in een losgepakt granulaire materiaal dan voor een
dichtgepakte materiaal.

3. De invloed van de wateroverspanningen op de toename van de weerstand tijdens
een snelle proefbelasting ten opzichte van de weerstand tijdens een statische proef-
belasting is groter voor een in de grond gevormde paal dan voor een geprefabri-
ceerde paal.

4. Bij het onderzoek van granulaire grond is continuüm een handige beschrijving,
maar niet een goede, omdat het nauwelijks inzicht kan geven in het echte gedrag
van granulaire grond.

5. Numerieke analyse van paal-grond interactie moet worden ondersteund met in-
tensieve kalibraties.

6. Voorafgaand aan de uitvoering van een experiment, moet men de algemene uit-
komsten kennen ; verrassende resultaten, die verondersteld worden juist te zijn,
zijn een extra cadeau.

7. Stilte is slechts een relatieve definitie voor een levend wezen.

8. Het lijkt dat conflicten en oorlogsvoering ontstaan ten gevolge van discussie over
grenzen en landen, maar religies en, in een bredere opvatting, gedragsstandaarden
van mensen zijn veel belangrijker.

9. Bij voetbal is een goed team gebaseerd op verantwoordelijkheid, maar het beste
team is gebaseerd op blind vertrouwen en een beetje geluk.

10. Een doctors titel is een certificaat om een onderzoeksloopbaan te starten; Alleen
door voortdurend onderzoek te doen kan een persoon die titel blijven behouden.

Deze stellingen worden beschouwd als opponeerbaar en verdedigbaar geacht en zijn
als zodanig goedgekeurd door de promotor prof. ir. A.F. van Tol en de co-promotor Dr.

P. Hölscher.
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