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A thesis presented on the comparison between different geotechnical models for single piles, which are
loaded laterally at the top, on the basis of field measurements. The considered models are Blum, Brinch
Hansen, Broms, the Characteristic Load Method, the Nondimensional Method, the Single Pile Module of
MSheet, p-y Analysis by MPile and Finite Element Analysis by Plaxis.
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PREFACE

In this master thesis a study to the available models for the design of laterally loaded piles is
made. The research was initiated by a partnership between Arcadis and the TU Delft. The
research was executed at the TU Delft, faculty of Civil Engineering and Geosciences at the
department of Geo-engineering, and at Arcadis Rotterdam within the consulting group of
Hydraulic Engineering.

| would like to thank my supervisory committee for their support and helpful input. Special
thanks to my girlfriend Roos for her support and my parents for their support and advice
throughout the many many years of education | enjoyed. Others | would like to thank are my
friends, family, roommates and colleagues at Arcadis. Gratitude, | also owe to Said Azzouzi, for
proposing the research question at the university, arranging for me a place at the office of
Arcadis in Rotterdam and for the numerous discussions on the subject of laterally loaded piles.

PRINTING THIS REPORT

The report exists of four parts, the main report and three appendixes. All parts have their own
table of contents and can be seen as separate reports. The first appendix, appendix A, contains
detailed descriptions on the theoretical background of the used models. Appendix B contains
descriptions on a number of field measurements. And appendix C contains all executed
calculations. In the main report the findings of the appendices are summarized elaborated and
conclusions are drawn. If you wish to print the report please check which of the parts are
relevant to you. Especially consider appendix C. This appendix is 173 pages thick and merely
contains all in and output of all calculations, which have a very repetitive character. Appendix C
is therefore best to be used as reference.

This report can be printed in black and white, without losing its readability.






SUMMARY

This thesis is a comparison between different geotechnical models which can be used to design
single laterally loaded piles. The comparison is useful, because in the daily practice of
geotechnical engineering many discussions arise on which model is most suitable in which
situation. This is also mainly due to the differences in results between different models. Sharp
designs can reduce cost massively.

Of course, in literature several researches were already conducted in comparing different
models. However, these comparisons were either theoretical comparisons, or comparisons
between a single model and measurements. With today’s most used models, comparisons
between the models and measurements have not yet been made.

The objective of this thesis is therefore to compare the accuracy of the different models and
find recommendations on which model can be used best in which situation.

The problem of a single laterally loaded pile is complex due to the presence of multiple
nonlinearities. Firstly, the soil stiffness is nonlinear. For small deformations, the soil reacts
stiffer than for larger deformations. The maximum soil resistance and stiffness increase
nonlinearly with depth and depend nonlinearly on the pile diameter. Then, also the
mobilization of the soil resistance along the pile develops nonlinearly. The pile deformation at
the top is largest, if the load increases on the pile, deeper soil layers become more active.

Eight different models were chosen and compared. These are:

e Blum ¢ Nondimensional Method (NDM)
®  Brinch Hansen ® MSheet
® Broms e p-y Curves

e Characteristic Load Method (CLM) Plaxis 3DFoundation

Blum is an easy analytical design method. Its output is the length of a pile, if the maximum load
and diameter of the pile and the friction angle and volumetric weight of the soil are given.
Blum is therefore an ultimate strength model.

Brinch Hansen is, like Blum, an analytical ultimate strength model. The differences are that
cohesion and layered soils can be taken into account. To do this, the ultimate soil resistance is
determined differently and different assumptions are made in the calculation.

Broms method is in essence also an ultimate strength model. However the assumption is made
that the deformations at a load of 0,3 and 0,5 times the ultimate load increase linearly and
between these loads the deformations can be calculated. This, and the design of piles are done
with the help of a number of design graphs.

The Characteristic Load Method (CLM) is a method based on a large amount of p-y analysis.
The developers desired a quick design method which does not require the use of a computer
but does take the multiple nonlinearities of the problem into account. The result was a number
of design graphs with which a pile could be designed and deformations and moments along
the pile could be calculated.



The Nondimensional Method (NDM) is, like the CLM, a method which is based on p-y analysis.
The multiple nonlinearities are taken into account. Although the method does not require the
use of a computer, the results are not obtained quickly. This, because the procedure is
iterative and multiple values from nondimensional graphs have to be determined. The
advantage of the model is that different p-y curves can easily be implemented and compared.
In the comparative calculations, the p-y curves as recommended by Reese et al. were used.
The model can be used both for design and prediction of the deformations of the pile.

MSheet, is an often used spring model. The method can be used to design piles and to predict
deformations. The ultimate soil resistance at each depth is, in the standard settings,
determined according to Brinch Hansen and the linear modulus of subgrade reaction according
to Ménard. Equilibrium is then iteratively found between the soil springs and the load.

p-y Curves, is like MSheet a spring model. However, the spring stiffnesses are nonlinear as can
be expected from soil. The p-y analyses have been executed with the cap model of the
program MPile. The possibilities of this model are also larger than MSheet. Pile groups, for
instance, can also be designed with this program. In the comparative calculations, the p-y
curves as recommended by the APl were used.

Plaxis 3DFoundation, is a 3D finite element method. The theoretical background and
calculation method is closest to the reality with this model, since fundamental soil behavior is
implemented. The program iterates until equilibrium is reached between the load and the soil
reaction.

The comparison between the different models on accuracy and theoretical background
resulted in a multi-criteria analysis (MCA). Of the models, Broms and the CLM are least usable.
The methods are unpractical and inaccurate. The NDM is very accurate, however very
unpractical. Blum and Brinch Hansen, the ultimate strength models, cannot be compared on
the basis of measurements, since the prediction of the deformations of the pile under working
loads is not the way these models are originally supposed to be used. The three models which
require the use of a computer, MSheet, p-y analyses with MPile and Plaxis, all score high in the
MCA. The methods are approximately equally accurate, are easy to use and offer lots of
possibilities. These are the models which are recommended to be used in the case of single
pile design.

For a more substantiated choice between these three models, consider the complexity of the
situation, the design phase and the amount of time available. In very early design phases, or to
find dimensions of a pile which can be used as starting point for a design in for instance MPile,
Blum can be used. However, great care is needed if Blum is used since several variations of this
model circulate. The recommended version of the method of Blum is described in the German
codes and in the Spundwand-Handbuch by the German sheet-pile producer Hoesch.

From the research it became clear that on some subjects further research is desirable.
Additional tests would increase the reliability on the statements made on accuracy. If these
tests would reach failure, the accuracy of Blum and Brinch Hansen could also be examined. In
Plaxis accuracy could increase if the stiffnesses are more precisely determined. Development
of better correlations between strength and stiffness could also increase the accuracy of Plaxis.
Considering the good results of the NDM, the accuracy of the use of p-y curves in MPile can be
examined. Also p-y curves can be developed specially for Dutch soils, e.g. peat and sandy clays.

Finally, it can be concluded that single pile design is a tedious procedure and all models should
only be used while considering their limitations, possibilities and theoretical backgrounds.
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SAMENVATTING

Dit afstudeerwerk omvat een vergelijking tussen verschillende geotechnische modellen die
gebruikt worden om alleenstaande horizontaal belaste funderingspalen te ontwerpen. De
vergelijking is nodig, omdat in de praktijk vele discussies ontstaan over welk model het best
toepasbaar is in welke situatie. Dit komt, omdat ervaring leert welke modellen conservatief
rekenen en welke progressief. Scherpe ontwerpen kunnen de kosten enorm beperken.

In het verleden zijn al enkele onderzoeken naar dit onderwerp gedaan. Echter, deze
vergelijkingen waren of een vergelijking gebaseerd op theorie, of een vergelijking van een
enkel model met een meting. Niet eerder zijn de huidige vaak gebruikte modellen met elkaar
op basis van metingen vergeleken.

Het doel van dit afstudeerwerk is het maken van deze vergelijking en concluderen welk model
het preciest het paalgedrag voorspeld en welk model het best gebruikt kan worden in welke
situatie.

Het probleem van de horizontaal belaste paal is complex door de vele niet-lineaire verbanden.
Zo is de stijfheid van de grond niet-lineair afhankelijk van de rek. Ook nemen de maximale
weerstand en de stijfheid van de grond niet lineair toe met de diepte en ook niet met de
diameter van de paal. Ook de mobilisatie van de weerstand van de grond verloopt op een
complexe manier. De weerstand van de grond is afhankelijk van de vervorming van de paal die
nergens over de diepte gelijk is.

Acht verschillende modellen die dit probleem aanpakken zijn vergeleken. Deze zijn:

e Blum ¢ Nondimensional Method (NDM)
e Brinch Hansen ® MSheet

® Broms e p-y Curves

e Characteristic Load Method (CLM) e Plaxis 3DFoundation

Blum is een simpel analytisch ontwerpmodel. Het berekent de benodigde lengte van een paal
als de diameter, maximum belasting en grondeigenschappen gegeven zijn. Blum ontwerpt
daarom op de bezwijkgrens toestand.

Brinch Hansen is een gelijksoortig model als Blum. Het verschil is dat cohesie en een gelaagde
bodemopbouw in rekening gebracht kunnen worden. Ook wordt de grondweerstand anders
bepaald en de berekening op een andere manier uitgevoerd.

Broms rekent ook op de bezwijkgrens toestand. Maar stijfheidberekeningen zijn ook mogelijk,
omdat wordt aangenomen dat de verplaatsingen lineair toenemen bij toenemende belasting
onder normale belastingscondities. De berekening wordt uitgevoerd met ontwerpgrafieken.
De Characteristic Load Method (CLM) is gebaseerd op een groot aantal p-y analyses. De
ontwikkelaars wilden een snelle ontwerpmethode ontwerpen die de verschillende niet lineaire
verbanden in rekening zou brengen. Dit leidde tot enkele ontwerpgrafieken waarmee de
verplaatsingen en momenten langs de paal berekend kunnen worden.



De Nondimensional Method (NDM) is net als de CLM gebaseerd op p-y berekeningen. De
verschillende niet lineaire verbanden worden in rekening gebracht. Hoewel de methode geen
computer vereist is het geen snelle ontwerpmethode. Dit, omdat er verschillede iteraties
moeten plaatsvinden en uit verschillende grafieken waarden moeten worden afgelezen. Het
voordeel van de methode is dat verschillende p-y curven eenvoudig kunnen worden ingevoerd
en vergeleken. In de vergelijking van de modellen zijn de p-y curven van Reese e.a. gebruikt.
MSheet, is een veel gebruikt verenmodel. De uiterste grondweerstand wordt in de standaard
instellingen bepaald met Brinch Hansen en de lineaire bedingconstante met Ménard. Het
model zoekt evenwicht tussen de belasting en de grondveren.

p-y Curves, is net als MSheet een verenmodel. Echter, de veerstijfheden zijn niet lineair zoals
van grond kan worden verwacht. De p-y analyses zijn gedaan met het cap model van MPile. De
mogelijkheden van dit pakket zijn groter dan die van MSheet, zo kunnen bijvoorbeeld
paalgroepen in rekening worden gebracht. In de berekeningen zijn de aanbevolen p-y curves
van de API gebruikt.

Plaxis 3DFoundation, is een 3D eindige elementen methode. De theoretische achtergrond en
berekeningsmethode van dit model benaderen de werkelijkheid het dichtst van alle modellen.
Plaxis itereert totdat er evenwicht is tussen de belasting en de grondreactie.

De vergelijking tussen de verschillende modellen op precisie en theoretische onderbouwing
resulteerde in een multi-criteria analyse (MCA). Van alle modellen zijn Broms en de CLM het
minst bruikbaar. De methodes zijn niet praktisch en niet precies. De NDM is heel precies, maar
heel onpraktisch. Blum en Brinch Hansen, die in de bezwijktoestand rekenen, kunnen niet
worden vergeleken op basis van de metingen, dit, omdat de modellen niet bedoeld zijn voor
het berekenen van verplaatsingen onder normale belastingen. De drie modellen die werken
met hulp van een computer, MSheet, p-y Curves en Plaxis, scoren hoog in de MCA. De
methodes zijn ongeveer even precies, zijn eenvoudig in gebruik en zijn theoretisch goed
onderbouwd. Dit zijn de aanbevolen methodieken voor het ontwerp van palen.

Om een onderbouwde keuze tussen deze modellen te maken, beschouw dan de complexiteit
van de situatie, de ontwerpfase en de beschikbare hoeveelheid tijd. In een zeer vroeg
ontwerpstadium, of om paaldimensies te bepalen die als uitgangspunt kunnen dienen voor,
bijvoorbeeld, een MPile berekening, kan de methode Blum gebruikt worden. Deze methode
dient voorzichtig gebruikt te worden, omdat verschillende varianten in omloop zijn. De
aanbevolen variant is beschreven de Duitse normen en het Spundwand-Handbuch van de
Duitse damwandenleverancier Hoesch.

Uit het onderzoek werd duidelijk dat op sommige onderwerpen aanvullend onderzoek
wenselijk is. Extra metingen zouden de vergelijking op precisie waardevoller kunnen maken.
Als bij deze metingen palen belast zouden worden tot bezwijken, dan zouden ook Blum en
Brinch Hansen op precisie vergeleken kunnen worden. De precisie van Plaxis zou kunnen
toenemen als de stijfheden nauwkeuriger bepaald worden. Ontwikkeling van betere
correlaties tussen sterkte- en stijfheidparameters zouden de precisie van Plaxis verbeteren.
Gezien de goede resultaten van de NDM zou ook de precisie van MPile met de curven
ontwikkeld door Reese e.a. onderzocht kunnen worden. Er zijn geen uitgesproken
aanbevelingen voor curven voor veengronden, zanderige klei enz. Ontwikkeling van deze zou
de toepasbaarheid van het model in Nederland kunnen vergroten en vereenvoudigen.

Tot slot kan worden geconcludeerd dat het ontwerpen van alleenstaande horizontaal belaste
palen ingewikkeld is. De modellen zouden alleen gebruikt mogen worden als rekening wordt
gehouden met hun beperkingen, mogelijkheden en theoretische onderbouwing.
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1.1

1.2
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INTRODUCTION

PROBLEM DESCRIPTION

In geotechnical engineering a large number of models are available which engineers can use to
design at the top laterally loaded piles. Unfortunately, in practice it often appears that there is
conflict between different partners if a decision has to be made on which model to use. This is
due to the fact that there are no clear guidelines which prescribe which model to use in which
situation. Clear guidelines on this issue are necessary to avoid conflicts, to save time in the
decision making process and to make sharp designs which fulfill the safety and usability
requirements.

In the past, some comparisons were made between different models. However, this way no
comments on accuracy of the models could be made and no solution to the above problem
could be given.

Note: This research does not include models for piles loaded by laterally moving soils.

TYPES OF MODELS

In this thesis eight models are described and compared. These models range from simple
methods which do not require the use of a computer to very advanced finite element software
packages. The considered models can be divided in roughly two groups. To the first group
belong the so called ultimate state models. With this group it is only possible to design a pile
on strength, since only the load at failure is considered. The models which belong to this group
are models Blum* and Brinch Hansen*. The second group concerns all other models which are
capable of designing a pile of both strength and stiffness. These models are called: the method
Broms*, the Characteristic Load Method (CLM), the Nondimensional Method (NDM), the single
pile module by MSheet, the p-y analyses by MPile and the finite element analyses by Plaxis. Of
this last group of models the first three use a graphical-analytical approach. The last three are
models which require the use of a computer.

From this overview of models it can be seen that a wide variety of models is used. This is due
to the fact that there were no selection criteria on the theoretical background of the models.
The only criterion on which the selection was based was that a model has or had to be part of
the daily practice in geotechnical engineering.

*Note: The models are sometimes named after their developer’s. If an author is named without
the year of publication, the model is meant and not a reference work.
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OBJECTIVES OF THESIS

The main objective of the thesis is to find recommendations on which model to use in which
situation for the design of laterally loaded piles. This is to be done by comparing the results of
the different models with full scale field tests. This allows a comparison on accuracy between
models on a variety of soil profiles. With accuracy the preciseness with which a model can
predict the deformations of and moments in a pile under lateral loading is meant. The models
also have to be compared on model characteristics and usability to fulfill the main objective.
The secondary objective is to find recommendations on how Blum can best be used. This
because Blum is one of the most frequently used models in dolphin design and during the
process it appeared that different versions of Blum circulate. Also the model Blum could not be
compared on accuracy with the other models since this is an ultimate strength model.

RANGE OF THESIS

Because of the limited number of field tests which were used in the comparison, the
conclusions and recommendations of the thesis are valid within a certain range. This range is
elaborated in paragraph 3.2.2 and 3.2 of the main report. There are several ranges. The tests
were executed with piles with deferent diameters and made of different materials. There were
also different soil types and different loading conditions. The summary of the range is given in
table 1-1.

Pile Soil Loads
Diameter: 0,3m<D<1,5m | Types: Cohesive (c.), | Direction: Only Lateral
Materials: Steel tube & cohesionless | Duration: Tens of
bored piles () and seconds/
layered minutes

Table 1-1 Range of field tests used in thesis

OUTLINE OF THESIS

The thesis started with an extensive literature research. The results of the literature research
are summarized in chapter 2 and 3. In chapter 2 each of the considered models is described on
its most important features and the limitations of the model. In chapter 3 the field tests are
summarized. Not all the field tests available in literature have been used for this thesis. A
selection of the tests is made in this chapter.

With the measurement, the models can be compared on accuracy. This is done by considering
the results of the measurements as unknown and predicting the outcome of the
measurements with the model. This way the predictions can be considered as Class A
predictions. The results of these calculations are shown and discussed in chapter 4.

With the results of chapters 2 and 4, it is now possible to compare the models on accuracy and
theory. To do this adequately a Multi Criteria Analysis is used. This MCA is described in chapter
5. From Chapter 2 and 5 it appeared that it is not possible to compare Blum and Brinch Hansen
with measurements. Blum, the most frequently used model of the two is elaborated in detail
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in chapter 6. Also recommendations are given on how this method should be used, since
multiple variants of the method circulate. Chapter 7 gives the conclusions and
recommendations of the thesis. The structure of the thesis is given in table 1-2.

Finally, there are three appendices. Appendix A gives a detailed description of the models.
Here, the theoretical background is elaborated in detail, the existing validation of the model
and the method of application of the model are given and, after this, the limitations of the
models are summarized.

Appendix B gives detailed descriptions of all the field tests extracted from literature. The data
is divided in four parts: the soil information, pile information, load information, test results
and, if available, the used instrumentation on the pile.

Appendix C gives the full elaboration of all the executed calculations. Each calculation can be
considered as a Class A prediction of the accompanying results of a field test.

Main Objective Secondary Objective

1. Problem description ‘

N
Literature Study ‘
N
2. Theory of Models N Blum is frequently used. Not possible
3 Measurements 5. MCA N to compare Blum with other models
- based on measurements. Different
4. Comparison A . .
. variations of Blum circulate.
Calculations
N N
7. Conclusions and 6. Elaborate and compare the

Recommendations | & | different variations of Blum.

Table 1-2 Structure of Thesis. The numbers represent the chapter numbers.
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MODELS

In this chapter a description of each of the considered models is given. The descriptions are
relatively brief, since their purpose is only to give the basis of the theoretical background, the
possibilities and the limitations of the models. Each model is first briefly introduced followed
by the main reference(s). For more detailed references and descriptions of the models, see
appendix A. The models in this chapter are increasing in complexity and modernity.

BLUM -1932

The method developed by H. Blum is one of the most widely used methods. It is still used
today even though the model is nearly 80 years old. Its simplicity and fast results make it an
attractive alternative to the more expensive and complex computer calculations. (Blum, 1932)
For a more detailed description, see Appendix A, chapter 1.

Background

Since the method of Blum was established in a period when no calculations could easily be
executed by computers, Blum made some crude assumptions. The pile is considered to be
fixed against deflections at theoretical penetration depth, t,. The moment at this depth is
assumed to be zero, a lateral force is allowed at this point. This is allowed, if the real length of
the pile is taken to be 1,2t,. (Figure 2-1 B)

Above the fixed point, there are two forces on the pile. The first force is the lateral load which
is applied at the top of the pile. The second force is caused by the soil resistance. It is assumed
that the soil mobilizes the full passive resistance. The passive resistance is found by assuming a
soil wedge, figure 2-1 A, which is pushed upwards by a lateral deflection of the entire pile. This
soil resistance is supposed to be independent of the deformation of the pile.

To calculate displacements Blum assumes the moment and rotation to be zero at the
theoretical penetration depth. Then with mere rules of mechanics Blum calculates the
displacements in the ultimate state.
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Figure 2-1 A: The soil wedge which causes the passive resistance. B: The pile schematization with the actual pile
and the pile in the ideal loading situation. The soil resistance is depicted on the wrong side. The soil resistance
“ep” is caused by the grey part of the wedge and “ep’” by the other two parts.
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Possibilities and Limitations of method Blum

The method Blum is suitable to use for short and rigid piles in a sandy soil. For this situation, it
can well be used to obtain a quick indication of the pile length. The method does not give the
behavior of longer and more slender piles. Also the term of cohesion does not play a role in
the model. Because the method Blum is also an ultimate strength model, its purpose is not to
design a pile in the serviceability limit state. This can be done, for example, by assuming the
soil resistance to increase linearly with depth. These assumptions will not be used in this
thesis, since the model was not designed to be used in this way.

It should be noted that the model of Blum does not represent in any way the actual pile-soil
interaction behavior. The method of Blum is therefore usable only to give a quick estimate of
the final pile design.

It has been noted that in the daily practice of engineering adapted versions of Blum are used in
the form of calculation sheets. These versions include layered soils, sleeve friction and sloping
groundlines. In the case of layered soils, the engineer should ask himself if the value of 1,2t, is
still valid. The implementation of sleeve friction and sloping surfaces is examined further in
chapter 6.

BRINCH HANSEN

Brinch Hansen published his method in 1961. The method is not as widely used as Blum, but
the lateral earth pressure coefficients are used to determine the ultimate resistance of the soil
in combination with a modulus of subgrade reaction in the program MSheet which is discussed
later in this paper. (Brinch Hansen, 1961) For a detailed description, see Appendix A, chapter 3.

Background

Brinch Hansen is, like Blum, an ultimate limit state model. There are some differences. Brinch
Hansen separates the soil resistance at different depths. And Brinch Hansen allows the term of
cohesion in the calculation. The model is also suitable for layered systems with different types
of soil. On the pile behavior there is another difference. Brinch Hansen does not fix the pile at
a fixed depth, but keeps this point variable. If the load and the pile width are known, the pile
length and the location of the rotation point can be found by means of an iterative procedure.
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Figure 2-2 Schematization Brinch Hansen and lateral earth pressure coefficients
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On the soil pressures, Brinch Hansen takes into account both the active and passive earth
pressures. The earth pressures can then be visualized in a graph. This graph is shown in figure
2-2 on the right. With the earth pressure coefficients known the lateral earth pressures, shown
in figure 2-2 on the left can be calculated with the following formula:

e? = qKP + ck? eq. 2.1

The model of Brinch Hansen was validated by performing load tests on small wooden piles.
Now the ultimate lateral earth pressure is used in the much used spring model MSheet.

Possibilities and Limitations of method Brinch Hansen

The method of Brinch Hansen is suitable for all types of soil and for layered systems. It is
therefore a more complete model than Blum. The downsides are: the fact that the model is
not capable of calculating deflections at the ultimate load and the calculation takes a lot of
time because of the iterative character.

Fortunately, most of these issues can be solved with the aid of a computer. Deflections can be
calculated if one more boundary condition is assumed. Now, the only boundary condition is
that the pile does not deflect laterally at the rotation point.

BROMS

The method developed by Broms is used regularly outside of the Netherlands, especially for
cohesive soils. Initially the method was developed for short, rigid and unfixed, piles in cohesive
soils, but was expanded to long piles with fixed heads and cohesionless soils. (Broms, Lateral
resistance of piles in cohesionless soils, 1964) (Broms, Lateral resistance of piles in cohesive
soils, 1964) (Broms, 1965) For a more detailed description, see Appendix A, chapter 5.

Background

Broms introduced methods to calculate the ultimate lateral resistance. The assumption for
short piles is that the ultimate lateral resistance is governed by the passive earth pressure of
the surrounding soil. The ultimate lateral resistance for piles with large penetration depths is
governed by the ultimate or yield resistance of the pile. This is shown in figure 2-3.

Broms also separates clayey soils from sandy soils. A remarkable feature of the soil resistance
in clay, is that Broms sets the soil resistance for the first 1,5 pile diameters at zero.

Broms produced a series of nondimensional graphs with this method to quickly find the
penetration depth of the pile, if the load, diameter and soil strength are known.

It is also possible, to predict the deflections of the pile under working loads. To do this, the pile
deformations are assumed to be linear elastic where the load is approximately between 0,3
and 0,5 times the ultimate load.

The model has been validated by a large number of field tests. The conclusion was that the
calculated deflections had a large variation compared to the measured deflections. On
strength, the method is conservative if the soil is cohesionless and reasonably accurate if the
soil is cohesive.
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Figure 2-3 Soil reaction and failure mechanisms for short and long piles, according to Broms

Possibilities and Limitations of method Broms

Broms is very usable to quickly design a pile. However the model is not very reliable. It is best
to use it for homogeneous cohesive soils. Also calculation of the serviceability limit state is
possible, but not very accurate, since the pile-soil reaction is assumed to be linearly elastic and
the validation showed large differences between calculation and measurement.

NONDIMENSIONAL METHOD (NDM)

This model, developed by Matlock and Reese, 1956, is based on p-y curves and numerical
solutions that were obtained by hand-operated calculators. This model offered at the time a
desirable solution to fully design piles in both the ultimate limit state and serviceability limit
state while including nonlinear soil behavior. (Reese & Van Impe, 2001) For a more detailed
description, see Appendix A, chapter 4.

Background

The main assumption, which forms the basis of this calculation, is that the stiffness of soil
increases linearly with the depth and is zero at the ground line. Then if the p-y curves are
established, paragraph 2-7, it is possible to iteratively calculate moments and deflections along
the pile. This procedure is time consuming. The p-y curves have to be manually created, and
then at least two iterations follow. For each iteration, multiple values have to be determined
from the graphs.

Now that computers can numerically perform real p-y analyses, the nondimensional method is
not used a lot. However, the results can be used to check p-y analyses and the method gives
good insight in the nonlinearity of the problem.

Possibilities and Limitations of the NDM

With the NDM it is possible to check on real p-y analyses and good insight into the problem
can be obtained. Another major possibility is that the decision on which p-y curve to use is
completely open.

The disadvantages of the model are that the soil has to be homogeneous. The pile has to have
a constant bending stiffness over the length of the pile. And most important, the calculation
procedure is time consuming.

Note, in this research full p-y analyses have been executed with the program MPile. This
program uses p-y curves recommended by the American Petrol Institute, (APl). Therefore, the
analyses with the NDM use other p-y curves. Namely those developed by Reese and Matlock.
The p-y curves are described later in paragraph 2.7.
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CHARACTERISTIC LOAD METHOD

The characteristic load method, CLM, was developed to quickly obtain results, which
incorporate nonlinear behavior. Like the nondimensional method, the CLM is based on
nondimensional graphs that were deduced from numerous p-y analyses. (Duncan, Evans, &
Ooi, 1994) For a more detailed description, see Appendix A, chapter 6.

Background

The characteristic load method was developed by performing nonlinear p-y analysis for a wide
range of free- and fixed head piles and drilled shafts in clay and sand. The results were
presented in the form of relationships, graphs, among dimensionless variables. The method
can be used to determine ground line deflections, maximum moments and the location of the
maximum moment. The dimensionless variables are the lateral load divided by a characteristic
load and the applied moment divided by the characteristic moment. The deflections are
divided by the pile width. There are separate design graphs for cohesive soils and cohesionless
soils.

Possibilities and limitations of the CLM

The CLM has some limitations. The soil has to be modeled as a homogeneous layer. The pile
must have a constant bending stiffness over the height of the pile. The largest limitation lies in
the validation. The model overestimated the deformations in some situations.

MSHEET, SINGLE PILE MODULE

MSheet is a software application; build to design earth retaining structures like building pits.
The first version of this program was released in 1990. In 2004 the single pile module was
added to the application. (GeoDelft, 2004) For a more detailed description, see Appendix A,
chapter 7.

Background

In this module the soil is modeled as a bilinear springs. The method of Brinch Hansen is
commonly used to find the maximum possible horizontal resistance of soil against lateral
movements of the foundation. The maximum horizontal resistance can also be calculated and
introduced into the program manually by choosing the correct active, passive and neutral
horizontal earth pressures. To find the modulus of subgrade reaction of the soil, the user can
choose to use the theory of Ménard, or he can manually give the values of this modulus for
each layer. These two parameters describe the soil as a bilinear spring.
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Figure 2-4 Bilinear springs in MSheet — Single Pile Module

Possibilities and limitations of MSheet

MSheet has a lot of possibilities. The model can be used on layered soils. The bending stiffness
can vary over the length of the pile. Both ultimate state en serviceability limit state calculations
are possible.

The main disadvantage is that the soil is modeled as a bilinear spring. This is unrealistic for
soils. The stiffness is also independent of stress and strain. The independency of stress can be
taken away by generating a lot of layers in the soil model with increasing elasticity with
increasing depth. The ultimate horizontal earth pressure is usually only reached at the top of
the pile, where the deflection is largest. This strength parameter, determined by Brinch
Hansen or manually, is in contradiction to the stiffness, depending on the surrounding stress.

P-Y CURVES

The first ideas of this model, based on p-y curves, first arose halfway the previous century.
Now it has fully been adopted in computer software like MPile. (MPile, version 4.1, 3D
modelling of single piles and pile groups) (Reese & Van Impe, Single piles and pile groups under
lateral loading, 2001) For a more detailed description, see Appendix A, chapter 2.

Background

Like MSheet the method of the p-y curves is based on a mass-spring model. Except that the
springs are nonlinear and for large parts based on curves found by performing field tests.

The shapes of the curves depend on the strength parameters of the soil and the surrounding
stress level. This makes the model easy to apply, because little soil data is required.

The program MPile uses p-y curves as they are recommended by the APl in the standard
settings. MPile does offer a possibility to manually apply p-y curves, but this was too time-
consuming for this thesis. The recommendations by the API say that the soil stiffness is
modeled as a parabolic curve until an ultimate strength is reached. A typical p-y curve is given
in figure 2-5.

10
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Figure 2-5 Typical p-y curve by the APIl. MPile models the parabolic part of the curve as five linear parts. Source:
(MPile, version 4.1, 3D modelling of single piles and pile groups)

2.7.2  Possibilities and limitations of MPile

There are a lot of possibilities with the method of the p-y curves implemented in a computer
program. It is now possible to model the soil nonlinearly. The pile can consist of sections with
different bending stiffnesses. Axial loads can be applied. And calculations can be executed in
both the ultimate limit state and the serviceability limit state.

In the case of the single pile problem, with only a lateral load at the top of the pile, the p-y
method has no limitations. Everything can be modeled, even sloping surfaces. This last thing is
not a standard option, but this and many other conditions can be implemented in the program
by manually generating the p-y curves. Many guidelines and recommendations on how to
generate the p-y curves exist apart from those of the API.

2.8 PLAXIS - 3D FOUNDATION
Plaxis — 3DFoundation is a three dimensional finite element program, specifically developed to
predict soil-foundation interaction. The program was released in 2004 and the second, current
version appeared in 2007. (PLAXIS 3D Foundation, Material models manual, Version 2) For a
more detailed description, see Appendix A, chapter 8.

2.8.1 Background
Various models can be selected in Plaxis to simulate the soil behavior. The simplest model
available is a linear elastic perfectly plastic model, known as the Mohr-Coulomb (MC-) model.
Here, it is assumed that the soil resistance increases linearly with displacement, until the
failure criterion is reached. The failure criterion is determined by Mohr-Coulomb. Also more
advanced models are available. These are the hardening soil model, HS model, and the
hardening soil model which includes small strain stiffness, HSSmall model. The last model
includes the stress and strain dependency of the soil. Whereas, the HS-model only includes
stress dependency and the MC-model includes neither of the two. Because the pile has a large

11
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penetration depth and the deformations of the soil are small, except near the top of the pile,
the HSS-model is the preferred model in this situation.
The calculation method used by Plaxis is a so called finite element calculation. The calculation
method solves the problems numerically. It continues with the iteration procedure until
equilibrium is reached between load and soil reaction.

Possibilities and limitations of Plaxis

The limitations of Plaxis are very few. The program is capable of performing complex
calculation with all different types of loads. There are however several disadvantages. The use
of the model is difficult compared to the other models. Lots of input parameters have to be
determined. The time necessary to setup the model takes some time. And finally the
calculation time necessary can go up to more than a day.

EVALUATION OF MODELS

In table 2-1 the results of the literature study are summarized. By means of the table it is
possible to see which model is applicable in which situation. There are some characteristics
mentioned of the model which do not apply to the single pile problem as used in this thesis.
These characteristics does however, give a good idea of the possibilities of a model in a
broader context.

The models can roughly be divided in two types. The first type is the ultimate strength model.
Its purpose is not to design a pile in the serviceability limit state. This is important, because this
type of model can therefore not be compared on the basis of field tests which do not reach
failure. The tests did not reach failure as will be seen in the following chapter. The second type
is obviously the type which can predict deformations at service loads.

To the first type belong the models Blum and Brinch Hansen. To the second type the models
CLM, NDM, p-y analyses, MSheet and Plaxis belong. It’s not clear to which of the two types the
model of Broms belongs. Broms is in essence an ultimate strength model, but some tricks are
used to predict deformations of the pile as long as the load is between certain margins below
the ultimate limit load.

12
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. p-y MSheet

MODEL Bum | SN pioms | CLM | NDM | Analys | Single - | D-AXIS 3D

Hansen . Foundation

es Pile

GENERAL
Y 1940-
ear 1932 | 1961 1965 | 1994 | 1962 niwo 2004 2004
Validation Yes® Yes
Common practice Yes Yes Yes®
MODEL TYPE
Ultimate load Yes Yes Yes Yes Yes Yes Yes Yes
Working load
Based on tests
Based on analytics

Based on p-y

Analyses

SOIL

Clay Yes Yes Yes
Sand Yes Yes Yes
Layered Yes Yes Yes
Nonlinear soil Bilinear

Time dep.

Sloping surface

LOAD AT MUDLINE

Horizontal Yes Yes Yes Yes Yes Yes Yes Yes
Moment Yes Yes Yes Yes Yes Yes Yes Yes
Axial

Cyclict

PILE

Nonlinear pile?

Not constant EI®

Shell factor
dependent on
diameter

Table 2-1 Summary of models. Notes: 1, Cyclic loading is not part of this thesis. 2, Nonlinear pile means that the El of the pile is
dependent on moment. 3, Not constant El means that it is possible to divide the pile in different sections with different El’s. 4,
MSheet was introduced in 1990, the single pile module in 2004. 5, Broms is common practice internationally. 6, Only if the
working load is between ,3 and ,5 times the ultimate load. 7, The modulus of subgrade reaction is dependent on the pile
diameter if Ménard and/or Brinch Hansen is used. 8, Not all articles which formed the foundation of the method by Blum could
be retrieved, therefore these statements are assumptions based on Blum’s Theory (Blum, 1932). 9, Plaxis is very commonly used,
however not for the considered problem.
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MEASUREMENTS

In this chapter the field tests are presented on which the models of chapter two are to be
compared. Since the tests are obtained from literature, some minimum criteria for the field
tests had to be established to make selection of the tests possible. These criteria are described
in paragraph 3.1. This resulted in a large number of tests, which are summarized in paragraph
3.2. For the full description of the tests and references, see appendix B. The amount of tests
was too large to include all tests in the comparison because of the limited available time for
this thesis. Thus a selection had to be made. The selection and the way this selection was
made are described in paragraph 3.3. Finally, this chapter is summarized in paragraph 3.4.

CRITERIA FOR FIELD TEST SELECTION FROM LITERATURE

From the field tests found in literature it is to be preferred that all available data found during
the test is published. However, this is rarely the case. Due to practical reasons and restrains in
allowed number of pages, the soil and pile data etc. are merely summarized in most articles.
Thus, minimum criteria had to be established. Field tests have to fulfill these criteria before
they can be implemented in the comparison. These criteria are divided in four groups.

The first group concerns pile data: the pile the penetration depth, the bending stiffness, the
material, the shape (diameter!) and strength should be known. Of these parameters, the
material and the strength of the pile are least important. The material is not really important
as long as the bending stiffness, or M-k curve, is known. The strength is not really important as
long as the pile did not fail during the test. Another condition is that the pile is not allowed to
be restrained at the top.

The second group is about the soil data. The characteristics of the soil determine for a great
part the deflection of the pile under a certain load. From the soil, the material (sand, clay), the
position of the water table, the strength properties and the unit weight should be known. The
modulus of subgrade reaction is not necessary (although preferred) to be known, since this
parameter is determined by the theoretical background of most of the models or can be
deduced from correlations with the strength parameters.

Pile Soil Loading Instrumentation

Length and Classification of Point of application Arrangement for

penetration depth soil above soil surface applying load

Bending stiffness Position water Loading type (force Methods of measurir\g
table and/or moment) moments, deformation

Material Strength Magnitude

Static, dynamic or

Shape, width Unit weight long lasting load

Strength

Free headed

Installation method

Table 3-1 Overview of criteria for field test selection from literature
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MEASUREMENTS

The third group is on the loads which were applied during the test. Of this load the point of
application above the soil surface, the type of loading, moment/lateral load, and magnitude
should be known. The duration of the load is important, because it is important to be able to
determine if the soil reacted drained or undrained. The preferred loading type is static which
means that the pile is loaded within, tens of, minutes. This is a loading situation which is
frequently encountered in mooring situation in harbours.

The fourth group is about instrumentation. It is not really important to know which
instrumentation exactly was used, but it can help to understand why the results of the tests
show a certain behavior. Of the instrumentation it is most interesting to know how the loads
were applied. Were the loads applied with a pulse, or were the loads applied gradually? The
soil behavior depends on this difference. Furthermore, it is interesting to know how the
deformations and moments were measured during the test. An overview of the four groups of
requirements is given in table 3-1.

Another requirement which was not given as a separate group is that the results of the test are
clearly documented. The minimum requirement is a load-displacement curve.

FIELD TESTS

In paragraph 3.2.1, an overview of the field tests is given. Then in paragraph 3.2.2 the
limitations of these field tests are presented. This last paragraph will then automatically
present the range (in pile lengths, pile diameters, soil types and so on) for which this research
and thus the final recommendations are valid.

Overview of field tests

In this study 17 field experiments were executed on a total of 20 piles. In table 3-2, the field
tests are summarized on some of the important characteristics. These characteristics are
chosen, because they provide the information to determine which models can be applied.

Case Soil type Single | Ultimate | Piletype | Not constant | Axial
soil state E.l, over load
type reached length pile

I-cu Cohesive, unsaturated | Yes No Steel No No

ll-cu Cohesive, unsaturated | Yes No Bored No No

lll-cu Cohesive, unsaturated | Yes No Steel No No

IV-cu Cohesive, unsaturated | Yes No Steel No No

V-cs Cohesive, saturated Yes No Steel No No

VI-cs Cohesive, saturated Yes No Steel No No

Vll-cs Cohesive, saturated Yes No Steel Yes No

VlllI-cl Cohesionless Yes No Steel No No

IX-cl Cohesionless Yes No Bored No No

X-cl Cohesionless Yes No Steel No No

XI-I Layered No Yes Steel No Yes

XII-I Layered No No Bored No No

XIlI-1 Layered No No Steel Yes No

XIV-I Layered No No Steel Yes No

XV-cp c- soil No No Bored No No

XVl-ce c- soil No No Bored No No

XVll-ce c- soil No No Steel No No

Table 3-2 Summary Field Tests
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The cases are sorted on soil type. The additions to the field test number (cu, cs, cl, | and ce)
stand for the soil type in which the test was executed. Here, “cu” stands for Cohesive
Unsaturated soil, “cs” for Cohesive Saturated soil, “c/” for Cohesionless soil, “/” for layered soil
and “ce” for c-¢ soil. For full descriptions of the soil tests, please see appendix B.

It can immediately be seen that case Xl is different from the others. It is the only case where
failure immersed and also the only case where an axial load was applied. Other cases that
differed, apart from the soil type, were cases I, IX, XIl, XV and XVI, since here bored piles were
used and cases VII, Xlll and XIV, since the bending stiffness of these piles was not constant over
the length of the pile.

Limitations of field tests

Results of some of the field tests have been used as empirical input for creating the p-y curves.
This is a limitation, because the models which use p-y curves cannot be validated on those field
tests. The following cases have been used to create the recommendations for the p-y curves:
Case ll-cu, Case V-cs, Case VlI-cs and Case Vlli-cl.

Furthermore, the soil data is very limited. In most of the cases this is limited to the undrained
shear strength and/or the angle of internal friction and a volumetric weight for each soil layer.
In all cases, except for the case in Delft the soil test results are not available. This means that
the available soil data is assumed to be correct and correctly interpreted by means of thorough
soil investigations.

The number of tests is not high enough to be able to judge the models in all possible
situations. The range of the diameters of the different piles is between 0,3m and 1,5m. Thus
no large diameter piles are included in this research.

No tests on wooden piles are included and the number of concrete piles is small.

In all the field tests the piles were subjected to loads of a short duration. This means that the
load should not be considered as an impulse. It also means that the soil will react partially
drained, especially if sand is considered, and partially undrained, in the cases of a clayey soil.
This also limits the range in which this research is valid to loads of a short duration. These
types of loads can be expected in mooring situations, if a boat collides with a dolphin. Those
collisions usually last for (tens of) seconds. But the loads in the field tests lasted from tens of
seconds to tens of minutes.

The range of the field tests are summarized in table 3-3.

Pile Soil Loads
Diameter: 0,3m<D<1,5m | Types: Cohesive (c), | Direction: Only Lateral
Materials: Steel tube & cohesionless | Duration: Tens of
bored piles (), layered seconds/
and c-¢ soils minutes

Table 3-3Range of all field tests

SELECTION OF FIELD TESTS WHICH ARE TO BE USED IN THE COMPARISON

Not all measurements can be used in this research. This is due to the limited amount of time
available to perform all the calculations with all models for all measurements. The selection of
the measurements was based first on type of soil. It was decided to make for the two most
occurring soils, clayey soil and sandy soil, a comparison between the models on three cases.
This excluded the field tests in layered soils and c-¢ soils. Of the remaining cases, case Il, V, VII
and VIl are excluded since these tests were executed and used by the developers of the
method of p-y curves. The remaining tests have been used for calculation. Unfortunately, only
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two cases in sandy soil remained. Therefore case XllI-I has also been used. The soil layer in this
case is layered, but the thick top layer consisted of cohesionless soil. For the calculations in
clayey soils four cases remained. Here, case IV-cu was left out since it was executed with the
goal to examine the pile behavior in earthquake conditions. In summary, the used tests are for
cohesive soil: Case I-cu (from) Bagnolet, Ill-cu Brent Cross and VI-cs Sabine. And for
cohesionless soil: Case IX-cl Garston, X-cl Arkansas River and XllI-| Florida.

This selection of field tests also has a more narrow range than all the field tests together. The
narrowing affected the range of soil type most. The other ranges stayed similar, but it must be
taken into account that, if fewer cases are considered within the ranges, the accuracy of the
comparison and the conclusions become less accurate.

The final range is given in table 3-4.

Pile Soil Loads
Diameter: 0,3m<D<1,5m | Types: Cohesive (c.), | Direction: Only Lateral
Materials: Steel tube & cohesionless | Duration: Tens of
bored piles () and seconds/
layered minutes

Table 3-4 Range of field tests used in research

SUMMARY OF CHAPTER 3

In this chapter and in appendix B, 17 field tests with test results on 20 piles are described.
Because of the time constraint, a selection of the field tests had to be made. These field tests
would be used for comparing the geotechnical models described in chapter 2. The selection
resulted in three cases in cohesive soil and three cases in cohesionless soil. These cases are: for
cohesive soil: Case I-cu (from) Bagnolet, Ill-cu Brent Cross and VI-cs Sabine. And for
cohesionless soil: Case IX-cl Garston, X-cl Arkansas River and XllI-| Florida.

Logically and unfortunately these six cases do not cover the full spectrum of laterally loaded
piles that can be thought of. Therefore, this research is only valid within a certain range. This
range is given in table 3-4.
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COMPARISON CALCULATIONS

This chapter gives the results of all calculations performed with the models on the six cases.
Realize that the ultimate state models are not used in this comparison. The results of these
calculations give insight into the accuracy of the models. First in paragraph 4.1, the structure of
the calculations is given. In paragraph 4.2, the results of the calculations are presented and
discussed. Finally, the results are evaluated in paragraph 4.3. The actual elaborations of all
single calculations are not presented here. They are given in appendix C.

STRUCTURE OF CALCULATIONS

In appendix C, the calculations have been sorted per model. However, to compare the models
and not the measurements, the results in the following paragraph have been ordered on
measurement. All calculations are shown in table 4-1. From the table it can be seen that not all
the calculations could be, or were executed.

It was already known that comparison on ultimate state models Blum and Brinch Hansen was
not possible on the basis of measurements. This, because Blum can only calculate the
deflections at the ultimate load and Brinch Hansen cannot calculate deflections at all. But also
the CLM could not perform all calculations. This is due to two conditions of the field tests that
have to fulfill the CLM-requirements. The piles in cases Bagnolet | and Florida had a too small
length-diameter ratio. In the cases of Sabine and Garston the deformations were measured
above the ground line. Furthermore, with the CLM it is only possible to calculate the
deformations at the ground line. In the case of Florida, the calculation could not be performed
with the NDM, because in Florida the soil was layered and the pile had an inconstant bending
stiffness, two things which cannot be handled by the NDM. Calculations, which could not be
performed, are marked with an “X” in the table.

Also with the method Broms not all calculations were done. After calculating the cases
Arkansas River and Brent Cross, Broms proved to be very inaccurate and not capable of
recalculating the deflections in all loading steps. It was decided not to continue with this
model. See appendix C, chapter 4. The calculations which were not done with this model are
marked with “ND”. The remaining calculations which were performed are marked with a “V”

Model | Blum | Brinch | Broms | CLM | NDM | MSheet | MPile | Plaxis
Case Hansen 3DF
I-cu Bagnolet | X X ND X v v % %
I-cu Bagnolet Il X X ND v |74 |74 v v
I-cu Bagnolet lll X X ND v |74 |74 v v
lll-cu Brent Cross X X 74 v |74 |74 v v
VI-cs Sabine X X ND X v v % %
IX-cl Garston X X ND X v v % %
X-cl Arkansas River | X X v % v v % %
Xlll-l Florida X X ND X X v % %

Table 4-1 Overview of calculations. “X” = Calculation not possible. “ND” = Calculation Not Done. “V” = Calculation
performed.
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4.2.1.1

COMPARISON CALCULATIONS

RESULTS OF CALCULATIONS

As stated in the chapter 3 the six cases that have been evaluated, are chosen such that three
of the cases have been executed in a cohesive soil and three of the cases in a cohesionless soil.
The results are summarized per case. First, the three field tests in cohesive soil are evaluated.
For each case, the calculated displacements are plotted versus the measured displacements.
The closer a measured value is to the line x=y, the more precise the calculated value is. Then
the different models can be compared. This is first visually done. If the models are compared
visually, not only the closeness of the calculated displacement to the measured displacement
can be taken into account, but also the shape of the curve and the relative accuracy for low
and high loads. Low loads give small deflections and a miscalculation of say: 5mm can be
considered as a larger error than a miscalculation of 5mm if a higher load is applied. In
paragraph 4.3 the results are compared analytically.

Results cohesive soil

Here the three cases in cohesive soil are summarized. The first two cases, Bagnolet and Brent
Cross, have been executed in unsaturated conditions. The third case, Sabine, has been
executed in submerged conditions.

Case I-cu, Bagnolet

Graphs 4-1 to 4-3 on the following page show that in all three tests MPile predicted the
measured displacement most accurate.

For test |, after MPile, the best result was generated by MSheet. It can be argued that the
result generated by the NDM is more precise. However, MSheet generated the better results
at higher loads. The CLM was not able at all to produce results in this situation since the pile
was too short compared to its diameter.

For test Il, MSheet, NDM and MPile approximated the deformations closely, MPile almost
exactly. However, Plaxis and the CLM predicted deflections which were almost twice as large
as the measured deflections.

For the third test, again MPile makes the closest approximation of the deflections, but is
followed closely by Plaxis, NDM and MSheet. The NDM underestimated the deflections and
the CLM overestimated the deflection. MPile predicts the deformations almost exactly.

The results are summarized in table 4-2.

Model Bagnolet Test | Bagnolet Test Il | Bagnolet Test lll | Bagnolet Total
CLM NA - - -
NDM + + + +
MSheet + + + +
MPile + + + +
Plaxis - - + -

Table 4-2 Comparison models Bagnolet total, on displacements

20



MAIN REPORT — CHAPTER 4

Casel - Bagnolet Test |

__ 25
E 'S O MPile-Results
— 20
- M Msheet-Resulis
3 O fa
g 15
E 0 ﬂ__,..«-" X MDM-Results
2 10 P
! * O Plaxis-Results
-
- g ,—f/lﬁ_E‘
] 5
= fmf Linear (Measurements
3 , (e=)
3

0 3 5] 9 12 15

Measured displacements [mm]

Graph 4-1 Comparison models Bagnolet, test | — Displacements

Case |l - Bagnolet Test I

_ 25
£ O MPile-Results
E %
] o & Msheet-Results
=
E 15 . CLM-R [ts
8 O g!f esu
& e
e 10 i — * NDM-Results
= 2 g | X
E 5 ’é/! ¥ O Plaxis-Results
: B
i 0 f Linear (Measurements
3 -

0 3 6 g 12 all

Measured displacements [mm]

Graph 4-2 Comparison models Bagnolet, test Il - Displacements

Case | - Bagnolet Test Il

35
E 20 b O MPile-Results
.."..="' 25 A Msheet-Results
]
E 20 < a X CLM-Results
-g. 15
£ % | O f__ﬁ ¥ MNDM-Results

Fa —
-
£ s é &E’f A O Plaxiz-Results
3 g%
= "y
'5 0 —— Linear (Measurements
] 3 6 ] 12 {x=v]]

Measured displacements [mm]

Graph 4-3 Comparison models Bagnolet, test Ill - Displacements

21



COMPARISON CALCULATIONS

During the field test, also the maximum moments were measured. These moments have been
calculated by the different models. The results are given in the graphs 4-4 to 4-6.

From the graphs it appears that all of the models predict the maximum occurring moment
reasonably accurate. The exception is the CLM. For test |, the CLM was not able to calculate
the maximum moment and for test three the moments were significantly more inaccurate
than the other models. The results of the comparisons are given below. Plaxis was not used for
This decision is explained in paragraph 4.3.2.

calculation of the maximum moment.

Model Bagnolet Test | Bagnolet Test Il | Bagnolet Test lll | Bagnolet
CLMm NA + - -

NDM + + + +
MSheet + + +

MPile + + + +

Plaxis NA NA NA NA

Table 4-3 Comparison models Bagnolet, on maximum moments
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Case IllI-cu, Brent Cross
Graph 4-7 shows that the NDM calculation has the best fit with the measurements. This is
based on the shape of the curve and the accuracy. The NDM is followed by the MSheet and
MPile programs. The results of the Plaxis calculation overestimated the deflections, but it
seems that the curve will not deviate further from the measurements for higher loads. The
CLM was not applicable, since the pile-head deformations were measured.
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Case Vl-cs, Sabine

The models produced inconsistent results. This might be because only very little soil data was

available. (Only one strength and one volumetric weight parameter.)

It is clear from graph 4-8 that the Plaxis calculation produced the most accurate results
followed closely by MSheet. The NDM and MPile overestimated the displacements with almost
a factor two. The CLM could not produce results for the two highest loads. The deflections

became too large to be able to read them from the design graphs.
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When the maximum moments are considered, it can be concluded that the calculated
moments do not deviate much from the measured moments. The CLM is the exception, since
the maximum moment could not be calculated for the highest two loads.
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Results cohesionless soil
Here the results of the three cases in cohesionless soil are summarized.

Case IX-cl, Garston

All calculation that could be executed returned fairly good results. The CLM was not applicable,
since the pile-head deformations were measured. MSheet generated an almost perfect fit with
the measurements. Plaxis overestimated the deflections, but did show a similar shape of the
curve. MPile underestimated the deflections. The NDM results did not deviate a lot from the
measurements; however the shape of the curve was totally different.
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At Garston the maximum moments were also measured. These measurements are given in
graph 4-11. Unfortunately, the maximum moment was only given for two loads. All the models
returned similar results. The MSheet calculation was closest to the measurements. All of the
calculations gave an underestimation of the maximum moment for the higher load.
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4.2.2.2 Case X-cl, Arkansas River
From graph 4-12, it can be seen that the NDM, Plaxis and MPile calculation predicted the
deformations almost perfectly. The CLM and MSheet calculation overestimated the
deformations by almost a factor two for the highest load.

Case X - Arkansas River

35
E 20 o O MPile-Results
- 25 X
= 5 Msheet-Results
g i
g 20 S
E 15 ﬂ *  CLM-Results
g. M #_,,.ﬁ-ﬂ('
T 1w = 5 *  MNDM-R [t=s
= -Resu

3 %"HW
)
.g 1] ”/&ﬂ O Plaxis-Results

a 3 +] 9 12 15

Linear (Measurements
Measured displacements [mm] ix=y))

Graph 4-12 Comparison models Arkansas River — Displacements

4.2.2.3 Case XIlI-1, Florida
In this case it was not possible to use the CLM and the NDM because of the layering of the soil
and the changing stiffness over the length of the pile. From graph 4-13 it can be seen that the
models which were allowed to be used returned results which were not close to the
measurements. The reason for this is unclear. Because the calculation results of all previous
cases are not as far off of the measurements as in this situation, it is likely that there is an error
in the soil data or measurements.
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REMARKS ON PLAXIS

The attentive reader might have noticed that Plaxis was not used to its full capabilities. For
cohesive soils the Mohr-Coulomb model was used instead of one of the advanced models. The
maximum moments were not determined with Plaxis. This paragraph explains why these
decisions were made

Why Mohr-Coulomb for cohesive soils?

In these special cases it was decided not to use the HS or HSSmall model in Plaxis. This was due
to the fact that all cohesive layers were modeled with just an undrained shear strength and
these layers therefore had to have an angle of internal friction of zero. The loads were of short
duration, thus modeling of undrained behavior for clayey soils is recommendable.

If the angle of internal friction is chosen to be zero in the HS or HSSmall model, the soil
stiffnesses will exclude their stress-dependency. This is assumed to be the reason why this
resulted in excessive deformations at the ground line, which on their turn resulted in instability
of the iteration process. The reason for the excluding of the stress-dependency can be
explained if the following formulas are considered. In these formulas: cot(¢)=cos(¢)/sin(¢p), if
then =0, cot(¢p) becomes infinite. Thus, if =0 is entered in the formulas below, then:

Eso = ELS) and By, = Epe.

_ _ref [ 03 T ccot g, " 6.1
Eso = ESO ogref + ¢ cot @ eq. o.

o3 + c cot m eq. 6.1
Eyr = Egre'f< : P )

ol + ¢ cot @,

This problem could have been solved by modeling the soil as c-¢-soil. Correlations exist which
could have been used to model the clay with effective strength parameters based on the
undrained shear strength of the soil.

However, a more practical solution was chosen. The Mohr-Coulomb model does not have the
above described problems. The stress dependency can be approximated with the Eincrement
option in the advanced soil parameter menu. This is no real stress-dependency, but a depth-
dependency.

Why were the maximum moments not determined with Plaxis?

The maximum moments were not determined with Plaxis because this is a very tedious
procedure. The recommended way to find the moments in the pile is by integrating the axial
stresses. This is a time consuming procedure. The fact that the pile is not round but angular in
Plaxis makes this procedure even more complicated. The determination of the maximum
moments was because of the limited amount of time available not done.

Other ways of determining the moments are by differentiating the deformations of the pile
over its length. This procedure was also not followed, because it is time consuming.
Deformations have to be retrieved for each node around the pile for each load step. This is the
time consuming part. Differentiation with help of, for instance, an excel calculation sheet is
then an easy task.
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REMARKS ON P-Y CURVES

Also some remarks on the methods which use p-y curves should be made. It is to be expected
that all three methods, CLM, NDM and p-y analysis with MPile, generate similar accurate
results. This is clearly not the case, see paragraph 4.4.1 for explanation. It should also be
remarked that p-y analysis with the curves recommended by the API generate different results
than p-y analysis with the method of Reese et al. The results of both curves are examined in
the paragraph 4.4.2. Finally, in paragraph 4.4.3, some remarks are made on the soil types used
in this comparison and other soil types which are less commonly encountered.

Why are the results of the three methods, which use p-y curves, significantly
different?

The results of the CLM method differentiated most from the other methods and from the
measurements. This was also noted by the developers of the method (Duncan, Evans, & Ooi,
1994). The differences occurred due to the crude assumptions, appendix A chapter 6, which
had to be made. The assumptions did eliminate the use of a computer, but lots of possibilities
were lost. Losing the layering of the soil is an important example of this.

The differences between the NDM-results and the p-y analysis with MPile differ less. However,
there are differences. This is probably due to the different type of p-y curves which were used.
This is examined further in the next paragraph.

How do the results generated with API-p-y analysis differ from Reese et al.-p-y
analysis?

As this can only be examined if the two types of curves are used in the same model, some
additional calculations have to be executed. For this the NDM was chosen since
implementation of different curves is fairly simple with this method. The comparison has been
executed on a case in cohesionless soil, Case X-cl Arkansas River, and in cohesive soil, Case llI-
cs, Brent Cross. The results of these calculations are respectively presented in chapter 6.5.3
and chapter 6.2.4 of Appendix C. It can be concluded that the curves of the APl are more
optimistic than the curves by Reese in the case of sand. In cohesive soils, the results are
approximately equal.

This can be explained if the two types of p-y curves are plotted in the same graph, see figure 4-
1. In both cases, the soil reaction by the API is stiffer. However, the curves in cohesionless soils
differ a lot, whereas the curves in cohesive soils are approximately equal. The shapes of the
curves thereby clearly explain the results found in the above described NDM calculations. This
result was also found by L. Bekken (Bekken, 2009) who discovered that p-y curves by the API
were stiffer than the p-y curves from the more realistic soil model Plaxis.
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Figure 4-1 p-y Curves. The left graph represents the p-y curves in the cohesionless sand of Arkansas River on a
depth of 3,36m. The graph on the right represents the p-y curves of Brent Cross at a depth of 0,86m.

Remarks on the use of p-y curves in Dutch soils in the context of this comparison

It is important to note that the comparative calculation which have been executed were good
for the p-y curves which already exists. The soils in the cases either consisted of sand which
could well be described with an angle of internal friction, or of clay which could well be
modeled with an undrained shear strength. In practice however, it is not unlikely that soil
types are found which cannot be classified that easily. These soils are preferred to be modeled
as c-@ soils. Reese developed recommendations for these soils but assumed these soils to be
cemented sands etc and not, for instance, sandy clay (Reese & Van Impe, 2001). Also it was
found that no p-y curves for peaty soils are developed. Especially in undrained loading
conditions, peat can contribute to the soil resistance. This research shall not continue on this
subject since it is out of the scope, however, further research on this and development of new
curves may be of great additional value to the practicability of p-y models like MPile.
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Measured displacements

4.5 EVALUATION OF RESULTS
With the results of all cases, the models can now be compared on accuracy. To do this all
calculated deflections of a single model are plotted versus the measured values. This is done in
one graph for all the cases. If then the smallest square method is applied to find the best linear
fit through the origin of the graph, the slope of this best fit can be used as a measure on
accuracy of the model. In the graph however, all the cases must be equally represented. This is
accomplished by setting the maximum measured displacement of each separate case at the
value of 1,0. The calculated displacements and other measured displacements are then
recalculated to be proportional to this value of 1,0. This method produces graph 4-14.
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Graph 4-14 Accuracy of models
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CLM NDM MPile MSheet Plaxis
Cohesive 2,17 0,87 1,14 1,10 1,59
Cohesionless | 1,79 0,92 0,83 1,41 1,14

Table 4-4 Summary of slopes of accuracy graphs

The results found in the graphs are summarized in table 4-4. The closer the slope of the best fit
is to the value of 1,0, the more accurate the results of a model are. This way it can be seen that
for cohesive soils the NDM, MPile and MSheet are the most accurate models. For cohesionless
soils the NDM, MPile and Plaxis are most accurate. The CLM is the most inaccurate model for
all soil types. The results found in table 4-4 are in line with the results which were obtained
visually in paragraph 4.2.

Note, that in the graphs the results of the calculations of the case in Florida are not taken into
account. It is shown in paragraph 4.2.2.3 that it is most likely that there is an error in the soil
data or measurement in this case.

Also the model of Broms has not been compared to the other models. This is due to the fact
that the results of the two calculations by Broms were very inaccurate and it was decided not
to continue with this model. In chapter 4 of appendix C, the results of the calculations with
Broms are given.

When the maximum moments are now considered; graphs 4-4, 4-5, 4-6, 4-9 and 4-11, it can be
concluded that all the models predict the maximum moments quite accurately. Apparently,

the calculated maximum moment is not very sensitive related to of the type of model.

With the accuracy of the models known, the models can be compared in a Multi Criteria
Analysis. The Multi Criteria Analysis is presented in chapter 5.
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MULTI CRITERIA ANALYSIS

A Multi Criteria Analysis, MCA, is a simple way to compare different alternatives on different
grounds. The advantages of a MCA over informal judgment are that it is open and explicit,
which means that the results and procedure can be checked and discussed. The approach of
the MCA will be used here to compare the different models. Different criteria will be
established on which the models can earn points (0 to 1). These criteria are described in
paragraph 5.1. Then, in paragraph 5.1.4, the criteria will be given a different
weight/multiplying factor to differentiate between important and less important criteria. In
paragraph 5.2 the MCA is presented. In 5.3 the score accreditation of the models in the MCA
are explained. Finally in 5.4 the results are evaluated.
(Department_for_communities_and_local_government, 2009)

CONSIDERED CRITERIA AND WEIGHT ACCREDITATION

Different alternatives, or in this thesis; different models, are compared on different criteria. It
is important that all relevant criteria are established in such a way that the characteristics of
the models can be taken into account. These characteristics can roughly be divided in three
groups. These are: the general characteristics; practicability and common practice, the
theoretical characteristics; what are the possibilities and limitations of a certain model and the
accuracy of the model; how precise can a model predict the pile-soil behavior.

In the MCA, some criteria have been adopted even though there is not a strong relation with
the problem of laterally loaded piles. This is done to let the MCA also be a practical guideline
for engineers, if they want to select a model for their specific situation.

General Criteria

The general criteria are very important. These comprise the practicability and whether or not
the model is commonly used in today’s engineering practice. With practicability, the ease of
use is meant. Is there a lot of geotechnical knowledge and experience required to use the
model or is it a straightforward, “easy” model? The more “easy” a model is, the higher the
score in the MCA will be, since these models are on this criterion more valuable than “harder”
types of model. The other general criterion, common practice, has been taken in the MCA,
since a model which is already used a lot has a huge advantage over a model with which
nobody has real experience with.

Theoretical Criteria

There are a large number of theoretical criteria. Which situations can the model deal with?
Different criteria have been established on model type, soil behavior/type, load types and pile
types/behavior.

In model type, the design possibilities of the model are taken as criteria. Can the model design
a pile in the serviceability limit state or in the ultimate limit state? Or, both?

The soil criteria, take into account the types of soil, which can be used in the model. These are
cohesionless soil, cohesive soil and layered systems with both types of soil. But there are more
soil criteria. These are on soil behavior. Can the model take the nonlinearity of the modulus of
subgrade reaction into account? This criterion is called “nonlinear soil” in the MCA. And can
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the model deal with time dependency, i.e. creep, or can it separate between drained and
undrained behavior, or neither. The final criterion on soil is whether or not the model takes
sloping surfaces into account.

There are also different types loads on which the model can score. A model must be able to
deal with a lateral force at the top of the pile. But can it also handle a moment, an axial load,
or cyclic loads. The more loading types a model can deal with, the higher the score.

Finally there are four pile criteria. Can the model deal with nonlinear behavior of the pile, i.e. is
the model able to deal with a bending stiffness which is dependent on the rotation of the pile?
This criterion is called nonlinear “M-k”. The second criterion is whether or not the pile may
consist of different sections with a different bending stiffness. The third criterion is more a soil
criterion than a pile criterion. However, the criterion depends on the pile diameter and is
therefore mentioned among the pile criteria. The criterion is whether or not the shell factor of
the model depends on the pile diameter. The last pile criterion is whether or not the model
can be used to design pile-groups, because sometimes lateral loads have to be carried by
multiple piles.

Accuracy Criteria

The accuracy criterion is obviously the preciseness with which the models can predict the
deformations of the pile under lateral loads. The criterion is divided in accuracy in cohesive
soils and cohesionless soils. This is done since in chapter 4 this deviation is also made, and to
be able to better judge the different model compared to each other.

Weight Accreditation

Different weights have to be accredited to the different criteria. This, because some criteria
are considered to be more important than other criteria. There are 17 theoretical criteria, two
general criteria and two accuracy criteria.

All theoretical criteria are weighted with a factor of one. The more of these criteria the model
fulfills the higher the score in the MCA. There are two exceptions. These are the theoretical
criteria whether or not the model can deal with axial loads and cyclic loads. These two types of
loads are not enclosed in the research objective. However, they are important to get insight in
the possibilities of the models. The weights, these criteria are accredited with, are zero.

A model can now score a total of 15 points in the MCA on theoretical criteria. The weight
which now has to be accredited to the general and accuracy criteria must be in balance with
theoretical criteria. The weights of the general criteria add up to a total of eight points. The
same is valid for the accuracy criteria. The theoretical criteria now possess approximately half
and the general and accuracy approximately 1/4 of the total number of points.

The theoretical criteria are given twice as much weight as the other two groups of criteria,
because the theoretical background of a model determines its possibilities and limitations. This
is considered more important than accuracy, since it was also shown in chapter 4 that the
differences between the models on this criterion are small. And more important than the
general criteria which only show the possibilities the models have of being used in practice.

In summary the weight accreditation is given in table 5-1.

Criteria Groups Points Possible Percentage
General 8 26%
Theoretical 15 48%
Accuracy 8 26%

Total 31 100%

Table 5-1 Weights accredited to different criteria groups
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5.2 MCA Blum BH Broms CLM NDM MPile MSheet Plaxis | Factor [ Blum BH Broms CLM NDM MPile MSheet Plaxis
GENERAL
Common practice 1 0 1 0 0 1 1 1/2 4 4 0 4 0 0 4 4 2
Practicability 1 1 1/2  1/2 0 1 1 3/4 4 4 4 2 2 0 4 4 3
MODEL TYPE
Design pile on strength 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Design pile on stiffness 0 1 1 1 1 1 1 0 1 1 1 1 1
SOIL
Clay 0 1 1 1 1 1 1 1 0 1 1 1 1 1 1
Sand 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Layered 0 1 0 1 0 1 1 1 0 1 0 1 0 1 1
Nonlinear soil 0 0 0 1 1 1 1/2 1 1 0 0 0 1 1 1 1/2 1
Time dep. 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 1
Separates
drained/undrained 0 0 0 0 1 1 1/2 1 1 0 0 0 0 1 1 1/2 1
Sloping surface 0 0 0 0 1 1 1/2 1 1 0 0 0 0 1 1 1/2 1
LOADS
Horizontal 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Moment 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Axial 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0
Cyclic 0 0 0 0 1 1 1/2 1 0 0 0 0 0 0 0 0 0
PILE
Nonlinear M-k 0 0 0 0 1 0 0
Not constant El 0 0 0 0 1 0 0 0 0
Shell factor dependent 0 1 0 0 0 0 1 1 1 0 1 0 0 0 0 1 1
pile diameter
Pile Groups 0 0 0 0 0 1 0 1 1 0 0 0 0 0 1 0 1
ACCURACY
Cohesionless soil NA NA 0 1/4 1 3/4 1/2 1 4 NA NA 0 1 4 3 2
Cohesive soil NA NA 0 0 3/4 1 1 1/2 4 NA NA 0 0 3 4 4 2
SUM | 12 12 12 11 16 27 24,5 26
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MCA, INPUT EXPLAINED

In this paragraph the input of the MCA in paragraph 5.2 is explained. This is done to explain the
method of reasoning which was used to get to the values as they are presented in the table.
The explanations are sorted in the three main criteria groups: General criteria, Theoretical
criteria and Accuracy criteria.

General criteria

Common Practice: The models Brinch Hansen, CLM and NDM are nowadays not used in daily
practice. Therefore they get here 0,0 points on a 0,0 to 1,0 scale. On the other hand the
models Blum, Broms (internationally), MSheet and MPile are used a lot. Of these models Blum
and MSheet are commonly used in the Netherlands. These models score 1 on this criteria.
Plaxis is also used a lot in practice, however not for single laterally loaded piles. Therefore the
model scores 1/2.

Practicability: Models which can easily be used with a computer received a score of 1. To these
models belong Blum (Excel), Brinch Hansen (Excel), MPile and MSheet. The models score 1/2, if
graphs have manually to be read; Broms and CLM. The NDM received zero points, because first
p-y curves have to be established, then multiple graphs have to be read and an iterative
procedure has to be followed. Plaxis is an exception. This model is basically a computer model
and thus requires no manual calculation of the user. However the calculation time is
considerably longer that with the other models and lots of soil parameters are required. These
have to be examined with laboratory tests or estimated with correlations. Therefore Plaxis
scores 3/4.

Theoretical criteria

Design on pile strength: It is possible to perform a ultimate limit state calculation with all of the
models.

Design on pile stiffness: It is not possible to execute a serviceability limit state calculation with
the models Blum and Brinch Hansen. This is possible with all other models.

Clay: Blum was originally not designed to use the influence of cohesion in the calculation. The
other models can deal with cohesive soils.

Sand: All the models can perform pile designs in cohesionless soils.

Layered: Models which are developed only for homogeneous soils are Blum, Broms and the
NDM. These models score 0. The other models which do allow layered soils score 1.

Nonlinear soil: When deflections are considered, Blum and Brinch Hansen score 0, because
these are ultimate state models. Broms also scores 0, because it assumes a linear relation
between load and deflection between 0,3 and 0,5 times the ultimate load. MSheet scores 1/2,
because the relation is bilinear and therefore can be considered neither linear nor nonlinear.
The other models do contain nonlinear soil behavior.

Time dependency: The only model which can include time dependency, or creep, is Plaxis.
Plaxis therefore scores 1 and the other models 0.

Separates Drained/Undrained: Models which can make this difference are models which use p-
y curves, except the CLM. The ultimate load methods and Broms cannot make this difference.
The modulus of subgrade reaction and shear strength in MSheet can be altered to obtain the
undrained behavior. This is therefore no real model characteristic. MSheet scores 1/2. Plaxis
can also differentiate between drained and undrained behavior.

Sloping surface: A sloping surface can be taken into account by models where p-y curves are
used, except the CLM. The ultimate load methods and Broms cannot model this situation. The
modulus of subgrade reaction in MSheet can be altered to obtain the behavior with a sloping
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surface. This is therefore no real model characteristic. MSheet scores 1/2. Plaxis 3D can handle
this situation and scores 1.

Horizontal load: A model which cannot deal with a lateral load is not usable in this research. All
models score 1.

Moment: All models can deal with moments at the mud line. A moment is a logical
consequence if a lateral load is applied at some distance above the surface. All models score 1.
Axial load: Not all models can deal with both lateral and axial loads. Models which can deal
with this situation are MPile and Plaxis and score 1. All other models score 0.

Cyclic load: Cyclic loading behavior can be implemented in methods which use the p-y curves,
except the CLM and score 1. Furthermore it is possible in MSheet to manually alternate the
stiffnesses. This is therefore no real model characteristic. MSheet scores 1/2. Plaxis can handle
this type of loading and scores 1.

Nonlinear M-k: This extra complexity can only be implemented in Plaxis. Plaxis scores 1, the
other models 0.

Not constant El: Pile that consists of different sections with different bending stiffnesses can
only be designed with MPile, MSheet, Plaxis and Brinch Hansen. These models score 1. The
other models 0.

Shell factor dependent on diameter: In most models the shell factor is constant regardless of
the pile diameter. The exception is Plaxis, because of the finite element character. Plaxis scores
1, the other 0. The other exceptions are Ménard and Brinch Hansen. Here the ultimate soil
resistance and respectively the modulus of subgrade reaction are diameter dependent.

Pile Groups: MPile and Plaxis are the only two models which can model pile-soil-pile behavior.
These models therefore score 1, the other models score 0.

Accuracy criteria

The accuracy criteria are determined on a different way than the above criteria. Here the
results of chapter 4 are used. The more a calculation result differs from the measurements the
lower the score will be. The criteria for the score accreditation are as shown in table 5-2.

The results in table 4-4 can be seen as the percentage the results differ from the actual
measurement. The criteria are chosen in such a way that the model scores 0 if the model
predicts a deflection which is approximately twice (>180%), or half (<60%) the measured
deflection. This automatically leads to the scores described in table 5-2. The determination of
the scores can than easily been seen in table 5-3 to 5-5. First the slopes, determined by the
smallest square method, are recalculated to percentages. Then the on the basis of these
percentages, the scores are accredited. The scores of table 5-5 are then implanted in the MCA.

Score, if: | Criteria - 17 N
0 60%>5>180% | & %70 7 D
@ 0,5 -
1/4 60%<5<180% T
8 0,25 -
1/2 70%<5<160% E "
T 0 L T T - .
0, 0,
3/4 B0%<5<140% 0 50 100 150 200 250
1 90%<S<120% Accuracy, S [%]

Table 5-2 Scores on accuracy both in tabular as in graphical form. “S” is the value of accuracy as determined in
table 5-4
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MPile MSheet | CLM NDM Plaxis

cohesive 1,14 1,10 2,17 | 0,87 1,59

cohesionless | 0,83 1,41 1,79 | 0,92 1,14

Table 5-3 Accuracy of models. A value of 1,00 means a perfect fit for the average of all recalculated cases.

MPile MSheet | CLM NDM Plaxis

cohesive 114 110 217 87 159

cohesionless | 83 141 179 92 114

Table 5-4 Accuracy recalculated as percentage

MPile | MSheet | CLM NDM Plaxis

cohesive 1,0 1,0 0,0 3/4 1/2

cohesionless | 3/4 1/2 1/4 1,0 1,0

Table 5-5 Scores of models determined by combining tables 5-2 and 5-4

EVALUATION OF MCA

If the results of the MCA are considered merely on scores, it can be seen that MPile is the best
model, graph 5-1. However, the final scores of the MCA should not be considered
without the MCA itself. The MCA places the results in a context. Therefore, MPile, the
highest scoring model, is not necessarily the best model. Below, the results are discussed.

MCA Scores of Models

30 -
25
@ 20 -
g
g 15 4
Z 10
N ) )
|:| -
Blum Broms MPile  MSheet Plaxis
Maodel

Graph 5-1 Graphical presentation of MCA results

To evaluate the MCA the ultimate state models Blum and Brinch Hansen have to be considered
first. These models have been unfairly judged since they could not score points on accuracy.
Thus the scores of these two models should be considered lightly. However, it can be seen that
the model of Brinch Hansen has a considerable more complete theoretical background than
Blum, but is not used in practice. These two even out, resulting in approximately equal scores
for both models.

Now the graphical-analytical models Broms and the CLM are considered. They both have low
scores in the MCA. This is due to the limited possibilities of both models and they were both
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inaccurate in predicting the deformations. Since the CLM is based on p-y analyses it does have
a more sound theoretical background than Broms. However, the model is not frequently used
in practice. Broms has fewer possibilities, but is used in practice internationally.

The NDM is like the CLM and Broms a graphical-analytical method, but must be mentioned
separately when the MCA is considered. The results of the method were very accurate. Of
course, the basis of this method is the p-y curve and gives the NDM a good theoretical
background. The assumptions on the model however, do limit the possibilities a lot compared
to real p-y analysis. It must be remarked that the NDM in this research used p-y curves
recommended by Reese and Matlock, where the curves recommended by the API are used by
MPile. The NDM scores no points on the general criteria, since the model is time consuming
and complicated. Because of the high score on accuracy and slightly more possibilities, the
NDM scores higher than the CLM, Broms, Brinch Hansen and Blum. It must be noted that most
of the considered cases were almost “tailor made” for the NDM, since the soil profiles could
easily be modeled as homogeneous.

Finally, the three computer models are considered. The MCA scores of these three models are
much higher than the scores of the other models. The models have high scores on common
practice, practicability and accuracy. Furthermore, the theoretical background of these models
and their possibilities exceed the others. Between the three models, MPile, MSheet and Plaxis
there are some differences resulting from the MCA which have to be considered.

Plaxis scores fewer points on the general criteria than MPile and MSheet. This is due to higher
complexity of the model and the longer calculation time. However, if the theory and
possibilities of the models are elaborated, it is Plaxis which has the higher scores. With Plaxis it
is possible to contemplate complex three dimensional situations, time dependency and all
different types of loads and load combinations. The spring models MPile and MSheet basically
have the same possibilities, except that MPile is capable of analyzing the pile-soil-pile behavior
and axial loading. The main difference of MPile and MSheet is the spring. MPile uses nonlinear
springs and MSheet bilinear springs.

Looking at accuracy, MPile and MSheet are both accurate for cohesive soils. Plaxis is less
accurate for cohesive soils but most accurate for cohesionless soils. MPile is also very accurate
for cohesionless soils, but less accurate than Plaxis. MSheet is least accurate for cohesionless
soils. Note that, although one model is more precise that the other, all three models are quite
accurate and that hard statements on the most accurate model cannot be made, because of
the little amount of field tests which have been used.
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ELABORATIONS ON BLUM

The use of Blum is very simple and so is modifying the model. Therefore, it is not strange that
four different variations of the model were found in literature and engineering practice. The
results of these models differ from each other. The differences and similarities are of these
variations are therefore important to be examined.

VERSIONS OF BLUM
In this paragraph the four versions of Blum are described on the basis of several important
model characteristics, compared to the original version of Blum.

Original Blum

Original Blum is the method developed by Blum in 1932 without modifications. (Blum, 1932)
The basic structure and assumptions behind this method are stated in chapter 1 of appendix A.
The main assumptions of this method are that the soil is homogeneous and that the soil can be
described with only the total volumetric weight and angle of internal friction. The other
assumption is that the pile is fixed against lateral deflection at a certain point, to, below the
soil surface. The bending moment at this point is assumed to be zero. A lateral (point-)load is
imposed here to require balance between the horizontal load and soil resistance. Since a point
load on a soil surface cannot exists, because the stresses are infinite, Blum states that an
additional length of 20% of the penetration depth of the pile is enough to sustain the point
load.

Blum according to the former version of the Spundwand-Handbuch Berechnung

The former Spundwand-Handbuch from 1977, states that the method of Blum was found to be
on the conservative side. Therefore the method was adapted. (Lupnitz, 1977)

The adoptions were small, but did change the results. The effective volumetric weight is used
instead of the total volumetric weight. And finally, the additional length of 20% was considered
to be unnecessary as long as wall friction was not taken into account. Thus, the theoretical
penetration depth is now equal to the real penetration depth.

Blum according to the current version of the Spundwand-Handbuch Berechnung
New insights and rapid development of computers, a new variation of Blum was developed.
(Lupnitz & al., 2007)

It was desired to implement layered systems, wall friction and cohesive layers into the model.
The soil pressures by Blum remained unaltered, however passive earth pressure coefficients
are retrieved from the DIN 4085 (2002). Also the implementation of cohesive soils and the
effective volumetric weight of the soil are now used. Introducing wall friction of (2/3)¢ and
layered soils, the additional length of 20% is no longer valid. Situations are thinkable that the
soil resistance at the theoretical penetration depth is very low compared to the layers above
this point. Thus, an entirely new calculation method was developed. The soil resistance at the
theoretical penetration depth has to be determined in kN per meter of pile length. Then, to
fulfill the requirement of horizontal balance, the soil resistance has to work over a certain pile
length. The method stated that half of this resistance works above the theoretical penetration
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depth and half of it below. This method is therefore based on analytics and horizontal balance.
Finally, it is important to realize that the influence of the diameter of the pile is taken into
account.

Blum used in practice

All this recommendations leaded to several spreadsheets to ease the work of engineers. These
sheets are still widely used in practice because of the quick results/designs. One frequently
used sheet has a somewhat different approach on Blum.

The sheet is used as follows. The earth pressure coefficient is determined according to the
CUR166 and wall friction can be taken into account. The effective unit weight of the soil is
used. Layered systems are also possible, however cohesive soils have to be modeled with a
friction angle in both drained and undrained situations. Since the sheet was found to be on the
optimistic side, wall friction has to be taken into account for 50%, or (1/3)¢. After the sheet
determined the theoretical penetration depth, the real penetration depth is found by adding
an additional length of 20% to the theoretical penetration depth.

Summary of methods Blum

In table 6-1 the four methods of Blum are compared on their most important characteristics.
Since the current version of the SWHB and the version used in practice use totally different
passive earth pressure coefficients, it is difficult to say if it is justified to refer to this methods
as Blum.

; Model Original Blum | Blum SWHB 1977 | Blum SWHB 2007 | BLUM Practice

Properties

VOI.U metr:F Total Effective Effective Effective

weight soil

Passive earth

2 ) According to According to
+ +

pressure tan’(45+¢/2) | tan’(45+¢/2) DIN4085 (2002) | CUR166

coefficient
t Is found by

Penetration B _ means of analytics |

depth, t t=1,2% =t and horizontal t=1,2%
balance

Wall friction No No Yes Yes

Table 6-1 Summary of different variations of Blum on important characteristics of which they differ, SWHB stands
for Spundwand-Handbuch

CALCULATIONS

To compare Blum, a fictive subsurface is made up. In this soil a pile is placed with a fictive
diameter. The length of the pile is then calculated with all four versions of Blum for increasing
friction angle of the soil. This way, statements can be made on how conservative or
progressive each variation of Blum is compared to the others.

Situation

The soil consists of one homogeneous layer of cohesionless sand. The friction angle lies
between 25° and 35°. The volumetric weight is 20kN/m? and the wall friction is 2/3 of the
friction angle with a limit of 20°. The water table is located above the ground line and the point
of application of the lateral load of 3000kN is ten meters above the ground line. The pile has a
diameter of 1,5m.
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Calculations

To design the pile with Blum the passive earth pressure has to be determined. Blum originally
proposed for this the formula A, = tan’(45+¢/2). This gives a value of A, = 3,0, if =30°. The
version of Blum which incorporates wall friction uses formula 6.1.

cos?(¢)

sin(p — 6) sin (¢ + B) eq. 6.1
cos(—6) cos (B)

1+

This formula gives a value of K, = 5,737, if: 6=20° and K, = 3,0, if: 6=0°. Logically it can be
expected that a higher value K, will lead to shorter pile lengths. B In this formula represents
the slope of the surface. In the considered situation sloping surfaces are not considered.

The calculations are performed according to the different sources where the different
variations of Blum were found. The references are stated in paragraphs 6.1.1 to 6.1.4.

Results

The results of the calculations by Blum are presented in graph 6-1. The results are remarkable.
The former version of the Spundwand-Handbuch stated that Blum was too conservative.
However, the variation on Blum suggested by that version of the Spundwand-Handbuch is
even more conservative. The origin of this contradiction may be explained by the use of the
volumetric weight. The original Blum uses the total volumetric weight in its calculations. The
SWHB uses the effective volumetric weight. The difference in soil resistance f,, then becomes
almost a factor two. The influence of this is huge. This can clearly be seen from the soil
resistance in graph 6-2. The total soil resistance calculated according to the former version of
the SWHB is half the soil resistance of the soil resistance according to Blum.

Furthermore, it can be seen in graph 6-1 that the current version of the SWHB is the most
conservative method. This is due to the calculation method of the additional penetration
depth. It can be seen that for higher friction angles, the method becomes less conservative.
From graph 6-1 it can be seen that for sandy soils (¢>30°) all models generate results within a
margin of 10%.
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Graph 6-1 Results of Blum calculations for different angles of internal friction
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6.3

ELABORATIONS ON BLUM
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Graph 6-2 Horizontal resistance of piles depending on the theoretical penetration depth, t0, of a pile with
diameter = 1,5m, in a soil with @ = 35°, 6=2¢/3, y=20kN/m3 and y’=10kN/m3. The load is the resultant load of the
soil resistance, which works over the pile length above the rotation point.

EVALUATION ON BLUM

Many versions of Blum exist. Of these versions the method proposed by the current version of
the Spundwand-Handbuch Berechnung is most complete and theoretical just. If an engineer
wishes to use Blum, this is the method to use. The method is already used in practice, however
note that the additional length should not be determined by multiplying the theoretical
penetration depth with 1,2, but should be found by horizontal balance as suggested by the
current version of the SWHB. If another version of Blum is chosen, note that the soil must be
cohesionless and homogeneous.

Remarkable is that the former version of the SWHB proposed an alternative method of Blum,
because Blum was found to be too conservative. The alternative version turned out to be even
more conservative. From this it can be concluded that the use of the right volumetric weight is
very important. Original Blum uses the total volumetric weight, whereas the former version of
the SWHB uses the effective volumetric weight. Since the old version of the SWHB has already
been replaced, it is unlikely that this version will frequently be used.
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7.1

MAIN REPORT — CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

This chapter will consist of three parts. The first part, paragraph 7.1, will give the conclusions
of the calculations and the MCA. Paragraph 7.2 will represent the main objective of this
research, namely the recommendations on which model to use in which situation for the
design of laterally loaded piles. Paragraph 7.3 will present recommendation for further
research on this subject.

MAIN CONCLUSIONS

Geotechnical software packages, mass-spring models and finite element analyses, are more
complete and more accurate models than manual methods or graphical-analytical methods.
This can clearly be seen in the MCA. MPile, MSheet and Plaxis score much higher points on
these criteria. However, only on practicability the software packages are equaled by the
manual methods. This, because these methods have been, or can be, implemented in excel
sheets. It must be remarked that the accuracy of the three software packages lies very close to
each other. Therefore, on this number of considered cases, it is not possible to make
statements on which of the three models is most accurate.

Ultimate state models cannot be compared with other models on the basis of field tests.

This is impossible, because the ultimate state models, Blum and Brinch Hansen, cannot
calculate deformations under working loads and during the field tests the piles were not
loaded up to failure of the pile or soil. It is noted, that assumptions can be made to make it
possible to calculate deflections with both of the models. But, since this procedure is an
adaption of the model, this is not done for this comparison.

Broms and the Characteristic Load Method are not appropriate models to design laterally
loaded piles.
The methods are unpractical and inaccurate. This clearly follows from the MCA.

The nondimensional method is a good model, yet too unpractical.

The results of the NDM are accurate. However, the model is very tedious and time consuming
and therefore too unpractical. Furthermore, it must be remarked that the considered cases
were perfect for the NDM since all soil profiles could easily be modeled as single homogeneous
layers. In practice, homogeneous soils are rarely found.

Parameter selection for the Plaxis HSSmall input with correlations is allowed for cohesionless
soils.

On the basis of two field cases, it can be concluded that the used correlations (reference) were
acceptable. The deflections for both cases were slightly overestimated, thus the correlations
are on the safe side.
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7.2

7.3

CONCLUSIONS AND RECOMMENDATIONS

Blum is a quick and easy method. Because the model is simple to modify, many variations on
the model exist and great care is necessary if this model is used.

Four variations on Blum were retrieved from literature and practice. The results they produced
are similar for cohesionless and homogeneous soils. However, only the variation proposed by
the German codes includes layering of the soils and cohesive soils and is therefore the
recommended version.

RECOMMENDATIONS ON MODEL CHOICE FOR THE DESIGN OF LATERALLY LOADED
PILES

On pile design the preferred models are MPile, Plaxis and MSheet, because of the better
theory, higher amount of possibilities and the higher accuracy (Conclusion 1). The decision
between the models however must be properly considered.

Guidelines for model choice:

MSheet can be chosen, if the considered problem has a soil structure with horizontal layers.
The influence of surrounding structures and other influences may not be too high. Second
order effects of axial loads may be applied by adding an extra moment at the top of the pile.
This procedure is iterative. MSheet is convenient to make a quick design if limited soil data is
available.

MPile can be chosen, if the engineer wishes to optimize the results. The springs in the model
are depending on the surrounding stresses and the stiffness of the soil is nonlinear. Thus, the
stiffnesses are higher for low deformations and vice versa. Also the effects of external
influences and pile groups may be examined with this program.

Plaxis is a three dimensional program and therefore multiple external effects can be taken into
account. Plaxis may be used, if the situation is very complicated and enough soil data is
present. However, the results of Plaxis are equally good as those of MPile and MSheet and
therefore in most designs the use of Plaxis is not required.

The NDM, Broms and the CLM model are not to be used for pile designs. The first model is too
unpractical and the others are too inaccurate compared to the above mentioned models.

If an engineer wishes to design a pile quickly in a very early stage in the design process, he can
use the recommendations by the German codes which are described in the current version of
the Spundwand-Handbuch. The original version of Blum can only be used in homogeneous and
cohesionless sand.

RECOMMENDATION FOR FURTHER RESEARCH
The comparison calculations can be expanded with more cases. This will give better insight into
the accuracy of the models.

The models Blum and Brinch Hansen cannot be compared with the other models on accuracy.
This can be solved by checking the pile designs of Blum and Brinch Hansen with an accurate

model like MPile, or by pile tests in which the piles are loaded until failure is reached.

In Plaxis the Mohr-Coulomb model is used. Better correlations to find the stiffnesses than
Table 1 can be established to improve the results of Plaxis. This can be done by calibrating
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Plaxis on a number of field tests and find relations between the stiffness and strength
parameters. This way less or no laboratory tests are needed to determine the soil stiffness.

Examine accuracy of MPile with p-y curves recommended by Reese et al.

In MPile the p-y curves recommended by the APl were used. From the calculations with the
NDM it appeared that p-y curves recommended by Reese et al. produced good results. It is
recommendable to examine the combination of these curves and MPile. The curves can be
implemented in the manual curve input of MPile. Or, LPile can be used, a mass-spring software
package like MPile, which has these curves implemented as a basic setting.

From the literature study it appeared that p-y curves are only established for characteristic
soils, i.e. clay and sand. However in Dutch soils pure sand or pure clay are rarely found. It can
be recommended to examine if separate recommendations for p-y curves for Dutch soils (peat,
sandy clays etc.) have to be developed since they are not available.
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CHAPTER 8

DISCUSSION

The number of field tests is limited to six. To compare the different models on accuracy, larger
amounts of field tests are required to increase the preciseness of the comparison. These tests
are available and presented in the second appendix of this report. The time constraint on this
thesis was the limiting factor for not fulfilling all calculations.

| do not consider this to be a huge loss for the results. In the MCA, mainly the relative accuracy
is compared, since no hard line can be drawn on when a measurement is accurate and when a
measurement is inaccurate. If the amount of available data of the measurements is
considered, all of the models produce very accurate results. However, the differences in results
are large enough to support the main conclusion firmly. The main conclusion states that the
computer models, MPile, MSheet and Plaxis, are the most accurate and user friendly models. It
is not unexpected that the models did not predict the pile deformations as accurate as other
models can predict, for instance, the deflection of a horizontal steel beam. Accuracy of this
order can be expected never to be reached. Therefore, | reckon that the results of all of the
computer models reached a very acceptable degree of preciseness with which safe designs can
be made as long as the safety requirements are being fulfilled.

Comparisons of the models with more measurements would be put to better use, if
recommendations are found to improve the models. The model which has the best potential
for this is Plaxis, because this model requires a lot of parameters to be determined. The other
models, MSheet and MPile, have fewer possibilities for modifications in the standard settings.
But recommendations can be found for the manual input and/or for improving or adapting the
standard settings of the models.

Tests in Dutch soils are not used in the comparison. These tests should be used to make the
comparison better applicable for Dutch situations. Dutch soils are often layered with different
types of soft soils, e.g. clay, peat, sand and combinations of the three. The CLM, Blum, Broms
and the NDM would not be advisable, because they are developed for homogeneous soils.
MPile is difficult to use, if the strength of the soil consists of both a friction angle and cohesion.
No soil model is present in MPile for these types of soil. A model for peaty soils is also missing.
MSheet and Plaxis can easily be used for all types and combinations of soils which are
frequently encountered in the Netherlands. The conclusions of the thesis might therefore be
different if the comparison calculations were made on the basis of Dutch soil tests.

Finally, Plaxis has not been fairly used in comparison, compared to the other models. The other
models were used to their full capabilities. Plaxis, however, was not. Very advanced soil
models are present in the program. These were not used in the calculations, if the soil was
clayey. This is due to the available soil data, which was very limited. Results of soil testing were
not available at all.
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APPENDIX A - INTRODUCTION

INTRODUCTION

In this chapter the most conventional models are evaluated on their theoretical background,
the way they are validated and their limitations. In most cases some remarks are made on the
calculation of the models and an example calculation is presented.

The selection of a model depended on the following characteristics. The model has to be able
to design a single pile. And the soil behavior or reaction has to be taken into account. Thus, no
mere rules of thumb are considered to be valid models. Another important characteristic
should be that the model is or was frequently used in practice. This resulted in a wide variety
of models ranging from quick design methods that have already been used for many decades
to very modern and advanced finite element models.

Important note: Unless given otherwise all the information, graphs, figures and formulas in a
chapter are derived from the reference given in the introduction of each chapter.
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1.1

APPENDIX A—- CHAPTER 1

BLUM - 1932

The method developed by H. Blum (Blum, 1932) is one of the most widely known methods. It is
still used today even though the model is nearly 80 years old. Its simplicity and fast results
make it an attractive alternative to the more expensive and complex computer calculations.
Note: The figures in this chapter are drawn by J. Ruigrok.

BACKGROUND

Just like the calculation of sheet pile walls, the assumption is made for an ideal loading
situation. This is shown in figure 1-1. The first picture, “pole”, in the figure shows a side view
from the situation, together with some important points over the height of the pile. “Loading”,
shows the load P on the pile and the shear forces generated over the length of the pile. “Ideal
loading”, shows the loading situation with which Blum performs his calculations. Here the
theoretical penetration depth is considered. The soil reaction consist of two parts, £, and E,,
these will be explained later. At point C, the moment is assumed to be zero, but a horizontal
force is imposed to get horizontal balance. Note that in this picture the soil reaction forces on
the pile are drawn on the wrong side of the pile in regard to the direction of P. “Moment”,
shows the moments along the pile. The moments increase until point B where the moment
reaches its maximum. In the ideal loading situation, the moments are zero at the theoretical
penetration depth. “Deflection”, shows the deflection of the pile at the ground line, d’, and at
the top of the pile, d. Keep in mind that the calculated deflections are only to be calculated at
the ultimate load. The used symbols are listed on the next page.

FOLE LOADING IDEAL LOADING MOMENT  DEFLECTION
P P P d
- - . .
h h '
ep’ | ep
2 g 7
%_m

t0 tQ C

t B t i _ MM ax

' ./ t0
A nE :
C \
/ :

Figure 1-1 Drawings of Pile, loads, schematized loads, moment and deflection — Picture by J. Ruigrok
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The list of symbols by Blum:

P = Horizontal force at static loading [kN]

d = Deflection at top of pile [m]

d = Deflection at ground level [m]

T = Soil resistance = yA, [kN/m?]

% = Volumetric weight of soil above water table [kN/m”’]

Yo = Volumetric weight of soil below water table [kN/m?]

h = height where load P is applied [m]

b = width of the pole perpendicular to the direction of the force [m]
Xm = Location M, below surface [m]

to = Theoretical penetration depth, here in the ideal loading situation, the moments are
zero [m]

t = Real penetration depth = 1,2t,[m]

/ = Modulus of inertia in the direction of P [m”]

w = Section modulus in the direction of P [m?]

E = Modulus of elasticity [kN/m’]
M,ox = Maximum moment in ideal loading situation [kNm]

Below, the solutions to find either the maximum moment and load, or the minimum
dimensions. The derivation of the solution is stated at the bottom of this abstract. The strength
design formulas are:

24p

T = 4x2,(x, + 3b) eq. 1.1
w

And:
24P .ty + 4b

=t
fo  ° h+to

eq. 1.2

With eq. 1.2 it is possible to determine either the maximum load, if the dimensions of the pile
are known, or the minimum dimensions of the pile, if the load is known. With eq. 1.1 it is
possible to determine the location of the maximum moment. Then, with eq. 1.3, M, can be
calculated.

Mpax = %xﬁl{Bxfn + X, (4h + 8b) + 12bh} eq. 1.3

To calculate displacements at the critical load Blum found eq. 1.4 and eq. 1.5:

d_Pm+%F fwts

_ 2.5t2 + to(3h + 12b) + 15bh eq. 1.4
3E] 360E1 2-2t0 + to(3h +12b) + 15bh} q
Pht? Pt3 té  btd
g = FPhto  Plo_fw(ts | bts eq 1.5
2E1 " 3EI  EI\144 ' 30
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Derivation of the strength design formulas
Because the system is in balance there will be moment equilibrium. At point A, at the bottom
of the theoretical penetration depth: 2M, = 0. This equilibrium gives the following equation:

btd t,  t3

t t
P(h+to) =5 fu— — g fug =0 eq. 1.6

Before continuing, first the above formula will be elaborated. The second and third term are
calculated with the equilibrium of the passive earth

o Io . .
5 3 pressure and the load caused by the weight of the soil on

the pile. The volume pressing horizontally on the pile has
a wedge shape, figure 1-2.

The second term is found by first calculating the middle,
grey, part of the soil wedge. This volume weights:

to*tan{45+phif2) -~ p

T btyt, tan (45 + &
| | e
— third term is found by the rest of the weight of the soil
b volume. This is:

P\ to
(tototan (45 + 5 )2
( . 2) 2 G, [kN] eq. 1.8

If the situation is viewed from the side the equilibrium between load and soil resistance can be
visualized, figure 1-3.

Figure 1-2 Volume of soil pressing on pile

14

TR

Ep

45 + phi
2

Figure 1-3 Soil wedge pressing on pile and force equilibrium
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With the force equilibrium, shown in figure 1-3, E, can be calculated for both G; and G..

btitan2(45 +2)  pp2 2
% 0 to bt
E, =Gltan(45 +§) =y > 2z =7y,1p =wa eq. 1.9
0 titan?(45+%) 13 2 v 110
Ep,=G2tan(45+E)=y 3 =€y/1p:€fw q. 1.

To find the balance in moment at point A, the level, at which E, and E, are active, needs to be
determined. The stresses of e,; increase linearly with depth, this results that E, is active at a
level of to/3 above point A. The stresses of e,, increase quadratic with depth this results that E,
is active at a level of t,/4 above point A. The sum of all moments can now be calculated around
point A.

B to to . to  bt: t, t3
EMy=P(h+to) =5 Ep — B =P+t —Fh— —7fwe  eq 111
=0
This can be simplified to obtain eq. 1.6:
bt3 t&
SM, = P(h+ to) — fw(?% ﬁ) =0 eq. 1.6

Eq. 1.6 can be rewritten, to find the moment at every depth in the ideal load schematization:

bx3 x*
M, =P(h+x)—fw(7+ﬁ) eq. 1.12

The place of the maximum moment can be found at the location where: dM,/d, = 0:

3bx? 4x3
— eq. 1.13
6 + 24) 1

M, _ o,

From which the value of P can be derived: (Keep in mind that M, is found at x=x,,)

bx2, x3
P= fw(7m+?m) eq. 1.14

If P is substituted in eq. 1.12 then M,,,,, becomes:

bx2, x3 bx3 x}
Minax = fu {(h + ) () (T’"+§)} eq 1.15
Simplification gives the result of the derivation for M,,,, i.e. eq. 1.3.
Moy = g—:xﬁz{%%z + X (4h + 8b) + 12bh} eq. 1.3
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If the value of P is now substituted in eq. 1.6 it is found that:

bx% x3, bt3 td
fw <T+? (h+t0)_fw(?+ﬁ eq.1.16
After simplification equations 1.1 and 1.2 are obtained.
24P  ,ty+4b 2
= = 4x;,(x,, + 3b) eq.1.1&1.2

=t
fu " h+t

Derivation of the displacement design formulas

The detailed derivation will not be given here, because the background on the soil resistance is
already given in the derivation of equations 1.1, 1.2 and 1.3. To calculate the displacements,
Blum assumes the bottom of the pile at depth t, to be fixed. Thus no horizontal movement of
the pile tip and a horizontal load may be present for horizontal balance. The moment at the
fixation is zero, when the ultimate load is present. With the fixation, the load, the bending
stiffness of the pile and the earth pressure known, it is possible to calculate the deflection of
the pile at every depth. Blum only gives the solutions to calculate the displacements at ground
level and at the top of the pile, eq. 1.4 and 1.5.

CALCULATIONS

As stated in the background, the calculation can go two ways. One can either calculate the
minimum dimensions of the pile, if the load and the location of the load are known, or the
maximum load, if the dimensions of the pile are known. If the dimensions of the pile are set, or
the ultimate load is known the moments along the pile can be calculated. It is also possible to
calculate the deflections of the pile under the maximum load.

The calculations are very easy. The difficulty lies with the determination of A,. A, Can be
calculated with the theory of Rankine, (Verruijt, 1983), eq. 1.17. However, if the wall friction
and the inclination of the surface are desired of being taken into account, great care is
necessary and the user should ask himself, if all assumptions and formula’s are still valid.

K, = tan®(45 + %) eq. 1.17
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BLUM

LIMITATIONS

The limitations of Blum’s theory are:

. In general:
o Only capable to find the ultimate resistance of the soil
o No calculations possible under working loads
° On soil behavior:
o No cohesion (although it is possible by adapting the formulas)
o No layered soils (although it is possible by adapting the formulas)
o No time dependent behavior
o No nonlinear soil behavior

. On loading types:

o No cyclic loads
o No axial load (although it is possible by adapting the formulas)
. On pile behavior:

o No differences of the bending stiffness over the height of the pile (although it is
possible by adapting the formulas)
o Bending stiffness independent of moment

A note must be made on the first limitation. The model Blum can be adapted to find the
displacements of the pile for working loads. To do this, assumptions have to be made. For
instance, deflections can be assumed to increase linearly with increasing loads. These type of
assumptions however are not part of the model and will therefore not be made in this thesis.
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P-Y CURVES - 1950°S - TODAY

With the model of the p-y curves a numerical model is meant that models the soil resistance as
predefined nonlinear springs. The deflections and moments are calculated by iterations until
the load and soil resistance (depending on the deformation of the pile) are in equilibrium.
Interest in the model was first developed in the 1940’s and 1950’s when energy companies
build offshore structures that had to sustain heavy horizontal loads from waves. An exact
publication date of the model is not available since the input of the model, the p-y curves, is
still modified and improved today. The earliest recommendations on p-y behavior date from
the 1950’s by the work of Skempton and Terzaghi. In this paper the latest methods of
describing the p-y curves are elaborated, (Reese, Isenhower, & Wang, 2006).

BACKGROUND

There are two types of nonlinearity in the problem of the laterally loaded piles. The first is the
nonlinear behavior of the soil surrounding the pile. At small deflections, soil react more stiff
than soil at larger deflections. The second nonlinearity is in the behavior of the pile. The
bending stiffness of the pile decreases as the moment in the pile increases. A differential
equation is written to take into account the effect of axial loading on the bending moment.
Now the equation can also take into account the effect of buckling. Numerical methods are
developed to solve the differential equation. How to solve the equation is discussed later.

Basis for useful solutions
Detailed analysis and A B
successful  design of a
laterally loaded pile depends
principally on the predictions
of the response of soil with
appropriate  accuracy. A
computer is necessary to
solve the complex problems Pile Deflection y, [m] 4
fast. The prediction of the p-y

curves is very important and C

data acquisition at the site is
indispensable. P

Soil Resistance
o, [kdsim]

Characteristics of p-y curves (a) (e
A typical p-y curve is shown
in figure 2-1 A. The curve
simulates a short term static Y
loading on the pile. The
initial portion is a straight
line through the origin and

Figure 2-1 Typical shapes of p-y curves A: static load, B: cyclic load, C:
sustained load - Picture by J. Ruigrok
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point (a), assuming that the soil resistance, p, is linearly related to pile displacement, y, for
small strains. Analytical methods are established for this relationship.

In the second portion, from point (a) to (b), it can be seen that the soil resistance is increasing
at a decreasing rate with respect to the pile deflection. This simulates the nonlinear behavior
of the soil. The horizontal portion of the curve is the ultimate soil resistance. The soil behaves
plastically after point (b).

The shaded portion in figure 2-1 B shows the decreasing value of p, from point (c) to point (d).
This decrease reflects the effect of cyclic loading. Figure A and B are identical until point (c),
this implies that small cyclical loading has little or no effect on the soil behavior.

The possible effect of sustained loading is shown in figure 2-1 C. If the permeability of the soil
is low the increased pore water pressures will dissipate slowly. This means that initially the
stiffness of the soil is high, but reduces over time. Line (e) shows this time effect under
constant loading. The reduced value of p, indicates that as the deflection increases, the
resistance shifts to other elements of the pile.

Influence of diameter

In the analytical solutions to the problem it appears that the diameter of the pile appears to
the first power in the expressions of the p-y curves. This means that shell factor of pile is
constant with the diameter of the pile. Experimental data show that this is not true. The shell
factor becomes smaller, if the diameter of the pile increases. In the recommendations that
follow to calculate the p-y curves the diameter b appears to the first power (constant shell
factor) this does not seriously contradict any available experimental data. For large diameter
piles in over-consolidated clay below the water table further studies are recommended.

Recommendations to find p-y curves for clays

To find the initial portion of the curve, the stiffness, En., for small strains has to be
determined. This is not easy. Studies found values from E,., ranging from 40 times to 2840
times the undrained shear strength. The current best approach is to use values for the initial
slope of p-y curves from experiments. Next the ultimate resistance p, of the soil has to be
determined. For the top part of the pile the ultimate resistance can be modeled by simulating
the soil as a wedge that is pushed and up and out the soil. The wedge is shown in figure 2-2 A.
The resistance of the wedge is modeled as the friction along the three sides of the wedge and
the friction along the shaft of the pile. Taking into account the frictions along the sides of the
wedge and the weight of the wedge, the following expression for p,; can be derived:

Pu1 = Cgb[tanag + (1 + K)cot ag] + y'bH + 2¢c,H(tan ag sin a;

+ cos ay) eq. 2.1
With:
pui = ultimate resistance near ground surface per unit of length along the pile [kN/m]
Cq = average undrained shear strength over the depth [kN/m?]
o = angle of inclined plane with vertical [degree]
v = effective unit weight of soil [kN/m’]
K = reduction factor for shearing resistance along the face of the pile [k]
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Figure 2-2 A: Soil wedge, B: Approximation of expected heave in practice — Figure by J. Ruigrok
Eg. 2.1 can be simplified by assuming k to be equal to zero and a.to be equal to 45°:
Pu1 = 2¢4b + y'bH + 2.83¢c,H eq. 2.2

Of course the assumption of an exact failure of the soil over a wedge like depicted in figure 2-2
A is discussable. Measurements show that the heave around a pile is not rectangular. The
heave has a more or less oval shape, figure 2-2 B.

The second model is to calculate the ultimate soil resistance below the top part, where the
ground only moves horizontally. The resistance of the soils is modeled in four parts. The first
one is the direct resistance, sigma_6 x b, figure 2-3. Two parts are located on the sides of the
pile. These are simulating the friction between the sides of the pile and the soil. Because the
pile is round, the friction is only active over a width of half the diameter of the pile. The friction
is a function of the cohesion. And one part, sigma_1 x b, is located behind the pile. This last
part causes a negative resistance, because the soil pushes against the pile in the same
direction as the movement of the pile.

sigma_Bxb

cbi2

Figure 2-3 Soil resistance in case of horizontal movement of soil — Picture by J. Ruigrok

This leads to the following equation:
Puz = (06 — 01 + ¢)b = 11cb eq. 2.3

The simplification to 11cb, is derived from an equilibrium equation of all stresses around the
pile. The authors found that: o5 - 0;= 10c.

65



P-Y CURVES

Above, the situation was sketched for the general situation of clays. Below, some
recommendations follow for constructing the p-y curves in more specific situations.

Response of soft-clays in the presence of free-water.

The following procedure is for calculating p-y curves for short-term static loading. Cyclical
loading and sustained loading are skipped since these situations are not part of this thesis. The
experiment that was executed by Matlock (1970) served as basis for the p-y curves. The
location was Lake Austin (Reese, Isenhower, & Wang, 2006, p. 453).

1. Obtain the best possible estimate of the variation of undrained shear strength ¢ and submerged
unit weight with depth. Also, obtain the value of €5, the strain corresponding to one-half of the
maximum principal stress difference. If no stress-strain curves are available, typical values of €5,
are given in table 2-1.

Undrained shear strength €50
cu [kN/m’] [-]
<12 0,02
12-24 0,02
24-48 0,01
48-96 0,006
96-192 0,005
>192 0,004

Table 2-1 Typical values for €5, related to the undrained shear strength

2. Compute the ultimate soil resistance per unit length of the pile using the smaller of the values
given by the following equations:

Puz = [3 + r + lz] czb eq. 2.4
Cuz b
DPuz = 9¢y,b eq. 2.5
with:
Puz = Ultimate soil resistance at depth z [kN/m]
v’ = Average effective unit weight from ground surface to p-y curve [kN/m°]
z = Depth below ground surface to p-y curve [m]
Cuz = Undrained shear strength at depth z [kN/m?]
b = Diameter (width) of the pile [m]
J = Experimentally determined parameter (0,5 for soft clays, 0,25 for medium clays. the

value of 0,5 is frequently used for J [-]
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3. Compute the deflection ys, at one-half of the ultimate soil resistance from the following
equation:

Yso = 2.5&50b eq. 2.6
4. Compute the p-y curve from the following relationship:

1

P _os (L)3 eq. 2.7
Pu V5o

The value of p/p, remains constant beyond y = 8ys,, the ultimate soil resistance is reached at this
deflection.

nod

Figure 2-4 p-y Curve for soft-clays in the presence of free-water —
Picture by J. Ruigrok

67



P-Y CURVES

Response of stiff-clays in the presence of free-water.

The following procedure is for calculating p-y curves for short-term static loading. Cyclical
loading and sustained loading are skipped since these situations are not part of this thesis. The
test that served as basis for the development of this recommendation was performed by Reese
et al. in 1975 (Reese, Isenhower, & Wang, 2006, p. 456). In figure 2-6 an example curve is

given.

1. Obtain values of the undrained shear strength ¢, average soil submerged unit weight y’
above the location of the curve and pile diameter b.

2. Compute the average undrained shear strength c, over depth z. To find the resistance of
the wedge.

. Compute the ultimate soil resistance per unit length of the pile using the smaller of the

values given by the following equations:

Pu1 = 2¢4b +y'bz + 2.83¢c,z eq. 2.8
Puz = 11cb eq. 2.9
Cq = average undrained shear strength over the depth above depth ‘z’ [kN/m?]
Choose the appropriate value of A from the figure for shaping the p-y curves:
A
0
0 0.8 I.g
2 —]
& —
I
6— | ] —]
I I
| [
8— ' i —
I I
I I
10— I I —
| |
| [

Figure 2-5 Graph for finding parameter A

5.

establish the initial straight line portion of the p-y curve. Use the appropriate value of K,
from table 2-2.
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p = (Kyyz)y eq. 2.10
Average undrained shear strength c, [kPa]
50-100 200-300 300-400
K,, (static) [MN/m’] 135 270 540
K,, (cyclic) [MN/m’] 55 110 540
2-2 Initial stiffness p-y Curves
6. Compute yso:
Ys0 = Esob eq. 2.11

Determine &5 from laboratory tests, or use table 2-1.

7. Establish the first parabolic portion of the curve with:
1
p = 0.5p, (L)Z eq.2.12

V50

This equation should be used to define the portion of the p-y curve from the point of
intersection with eq. 2.10 to the point where y = Ayys.

8. Establish the second parabolic portion of the p-y curve:
1 2 5
Y \2 Y — AsYs0)\*
=0.5 (—) —0.055 (—) eq.2.13
P Pu V50 Pu Asyso

This equation defines the portion of the p-y curve from the point where y = Ays, to the point
where y = 6A,yso.

9. Establish the next straight line portion of the p-y curve:

0.0625

50

1
p = 0.5p,(64;)2 — 0.411p, — Pu(y — 645Ys50) eq. 2.14
10.Establish the final straight line portion of the p-y curve:

1
p =p, |1.225(4,)2 — 0.754, — 0.411 eq.2.15

69



Soil Resistance p, kN/m

P-Y CURVES

Static

1417
Eq 1416 4 =

Eq. 14.18

En. 1419

Eq. 14.14

Koy 2 ' .

A;}'ﬁg 5] AsyS’D 18 A‘Yﬂ

Deflection y, mm

Figure 2-6 p-y Curve for clay. Note: Eq. 14.14, 14.16-14.19 matches with
Eq. 2.10, 2.12-2.15 of this literature study

Note: This method suggests that there are intersections between all portions of the p-y curve.

This may not be the case for the part described in step5. If this portion does not intersect with
one of the other equations step 5 describes the entire p-y curve.

Response of stiff-clays with no free-water.
The way to find the response of stiff clays with no free water is exactly the same as the way to

find the response of soft clay with the presence of free water. However, there are differences.
Here, the relationship between p and vy is as follows:

1

P _ 0.5 (L)Z eq.2.16
Pu Yso0

The value of p/p, remains constant beyond y = 16y, the ultimate soil resistance is reached at

this deflection. Notice that the effective stress equals the total stress, since there is no
presence of free water.
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Response of clays according to API

According to the APl (MPile, version 4.1, 3D modelling of single piles and pile groups), the
ultimate lateral resistance depends upon the failure mechanism of the clay which differs for
shallow, p,s, and deep, p.q4, depth. They are to be determined with respectively equation 2.17
& 2.18.

Pus =3C,+V'H +]Cug eq.2.17
Pua = 9Cy eq.2.18

with:

pus = Ultimate lateral resistance at shallow depth [kN/m?]

pus = Ultimate lateral resistance at deep depth [kN/m?]

C, = Undrained shear strength [kN/m?]

v = Effective unit weight of the soil [kN/m°]

H = Depth below soil surface [m]

J = Dimensionless empirical constant. A value ranging from 0,25 to 0,5 is recommended

D = Pile diameter [m]

The p-y curve is now defined by two lines: the curve describing the nonlinear behavior and the
line describing the ultimate soil resistance.

p = {0:5Pu(J’/YS0)(1/3) fory <8ysg eq. 2.19
Pu fory =8ysg
with:
p = Lateral soil resistance at depth H [kN/m’]
by = Ultimate lateral resistance, the smaller value of p,; and p.4 [kN/m?]
y = Actual lateral deflection [m]
Yso  =2,5€5D [m]
€50 = Strain which occurs at one-half of the maximum stress on laboratory undrained

compression tests of undisturbed soil samples. An estimated value can be obtained from table
2-11[-]
D = Pile diameter [m]
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Recommendations to find p-y curves for sands

The initial stiffness of sand is a function of the confining pressure. Recommendations were
derived from experiments at Mustang Island by Cox et al. in 1974 (Reese, Isenhower, & Wang,
2006, p. 468). These recommendations for the initial stiffness are in the table below:

Relative density sand Loose Medium Dense
(¢ < 30°) (30° < ¢ < 36°) (¢ 2 36°)
K,y below water table [M N/m?] 5,4 16,3 34
K,y above water table [M N/m?] 6,8 24,4 61

Table 2-3 Recommendations for initial stiffness for sands

There are, like for clays, two models to calculate the ultimate resistance. The first model is to
calculate the ultimate resistance for the upper part of the pile. The total lateral force may be
computed by subtracting the active force F,, computed by using Rankine theory, from the
passive force F,, computed from the model where it is assumed that the Mohr-Coulomb failure
condition is satisfied on planes, ADE, BCF and AEFB. The wedge is shown in figure 2-7:

DIRECTION QF
PILE MOVEMENT

PILE OF
DIAMETER b

(c)

Figure 2-7 Soil resistance at the top part of the pile

The ultimate soil resistance near the ground surface per unit length of the pile is found by
differentiating the elaborated equation of F,; = F, — F,. This gives:
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Koz tan @ sin tan g
z tan(B — @) cosas tan(f — @)
+ Kyztanf (tan¢sinff —tanay) — Kab]

Pui =V (b + ztan S tan ay)

eq. 2.20

with:

10) = Friction angle [degrees]

Ko = Coefficient of earth pressure at rest = 1- sin ¢ [-]

K, = Minimum coefficient of active earth pressure = tan’(45 — ¢/2) [-]
B = Approximated to be 45 + /2 [degrees]

o = Ranging from /3, to /2 (The last is also used by Blum) [degrees]

The second formula is used to calculate the ultimate soil resistance at some point below the
ground surface. The pressure at the back of the pile must be equal to, or larger than, the
minimum active pressure. If not, the soil could fail by slumping. The ultimate soil resistance at
some depth below the soil surface is calculated with the same kind of equilibrium equation as
used to find the ultimate resistance for clays.

Puz = Kgbyz tan®(B — 1) + Kybyztan ¢ tan* eq. 2.21

The equations for p,; and p,,, eq. 2.20 &2.21, are approximations because of the elementary
nature of the models used in the computations. However serve a useful purpose in indicating
the form of the ultimate soil resistance.

Response of sand above and below the water table
The procedure is for short-term static loading and for cyclic loading.

1. Obtain values for the friction angle ¢, the effective soil unit weight y’ and the pile diameter b.
(note: use the buoyant unit weight for sand below the water table and total unit weight for sand
above the water table)

2. Compute the ultimate soil resistance per unit length of the pile by using the smaller of the
values given by the following equations.

Koz tan @ sin tan g (b+ztanft )
=yz ztanftana
Pu1 tan(B — @) cosas, tan(B — @) s eq. 2.22
+ Kyztanf (tan¢sinff —tanay) — Kab]
Puz = Kgbyz tan®(B — 1) + Kybyztan ¢ tan* eq. 2.23

with: a,= ¢@/2
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b /80 3b/80

Figure 2-8 Shape of p-y curves for sands

3. The p-y curves will look as in figure 2.8 above. Take y, = 3b/80. compute p, by the following
equation:

Pus = AsPu eq. 2.24

Get the value of A, from the graph, figure 2-9:

A
0 1.0 2.0
N |
A, (Cyclic) \
1.0 b 1 -
’ A, {Static)
2.0 fuee ‘ -
% 3.0 b ,' —
4.0 = —
% >5.0,A=088

5.0 b= -—

6.0 J 1

Figure 2-9 Dimensionless parameters Ac and As to find the ultimate soil resistance
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4. Takeyn,=b/60. Compute p,, by the following equation:

Pms = BsPu eq. 2.25
Get the value of B, from the graph, figure 2-10:
B
0 1.0 20
A |
\
B, {Cyclic) \ B, (Static)
7| I =
:
2.0 fus d ]
)
£ 30— B
40
% >50,B,=055
BE= G-s e
50{
l |
6.0
Figure 2-10 Dimensionless parameters Bc and Bs to find the soil resistance were y=b/60
5. Compute the initial straight line portion of the p-y curve:
p = Kpyzy eq. 2.26
Get the correct value of K, from table 2-3.
6. Establish the parabolic section of the p-y curve between point k and m.
_ oY .
p=Cy/n with; eq.2.27
— pu_pm' n= Dm : C = Pm 1/ eq. 228,
Yu=Ym mYm V" 2.29,2.30
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Determine point k as:

Cc
prz

Yie = eq. 2.31

Note: The procedure suggests that all portions intersect. This may not be the case at point k. If
this happens, the p-y curve is described by eq. 2.26, until this intersects with another branch of
the curve.

Triaxial tests are recommended for finding the internal friction angle. The procedure above can
be used for sand above the water table if appropriate adjustments are made in the unit weight
and angle of internal friction of the sand.

Response of sand above and below the water table, according to the API.

Another method for constructing the p-y curves is described in the APl RP2A (1987). The
assumption made was that the method can be used both above and below the water table.

However, the APl recommendations were developed only for submerged sand.

Obtain values for the friction angle ¢, the soil unit weight y and the pile diameter b. (note: use
the buoyant unit weight for sand below the water table and total unit weight for sand above the
water table)

There are two equations that can be used to determine the ultimate lateral resistance, p,. The
first equation is for shallow depths, the second for deep depths. The ultimate lateral resistance
is the smallest value of:

Pus = (C1z + C;b)yz eq. 2.32
Pua = C3byz eq. 2.33
Here C,, C, and C; are coefficients that have to be determined from figure 2.11.

Develop p-y curves with:

k z
p = Ap, tanh [ 2225y eq. 2.34
Apy

Where A = 0,9 for cyclic loading and (3 — 0,8(z/b)) 2 0,9 for static loading. ky, Is found in figure
2.12.
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.
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VALUES OF COEFFICIENT Cy

VALUES OF COEFFICIENTS C, AND C;

0'1rlilll‘| [T L I T N . S 0
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ANGLE OF INTERNAL FRICTION, @', DEG

Figure 2-11 Values of coefficients of C,, C, and C; versus the friction angle
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¢', angle of internal friction
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Figure 2-12 Graph to determine the initial stiffness for the p-y curve according to the API

Recommendations for p-y curves with cohesion and a friction angle

There are no available recommendations on developing p-y curves for soil with cohesion and a
friction angle that are generally accepted. The following procedure for developing p-y curves is
for short-term static loading and cyclic loading. The tests of Kuwait and Los Angeles, described
in appendix B: Case XV and XVI allowed the development of the recommendations described
below. However, it should be noted that the two field tests were not executed to examine the
soil response. To do this a fully instrumented pile would have been needed.

The ultimate soil resistance is calculated as the passive earth pressure plus the sliding
resistance on the sides of the pile minus the active soils pressure. The sliding resistance and
the active soil pressure tend the cancel each other out. The recommended equation of the
ultimate soil resistance is given in eq. 2.35.

p = o,D = Cy0,D eq. 2.35
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with:
Op = Passive pressure including three dimensional effect of wedge [kN/m?]
D = Diameter / width pile [m]
and:
oy, = yz tan? (45 + %) + 2c tan (45 + %) eq. 2.36
with:

The Rankine passive pressure for a wall with infinite length [kN/m?]

Unit weight of soil [kN/m”]

Depth at which passive resistance is considered [m]

Friction angle [degrees]

Cohesion [kN/m?]

Dimensionless modifying facto to account for the three dimensional effect of the wedge

pos NS

—
|
—_—

The factor C, can be divided in two parts. C,,, to modify the friction term of equation and C,,,
to modify the cohesion term. It is now possible to rewrite eq. 2.35:

Putt = [Cp(pyz tan? (45 + g) + Cpectan (45 + g)] D eq. 2.37

Equation 2.37 will be rewritten as:

Puit = Aspultqo + Duitc eq. 2.38

The value of A can be obtained from figure 2-9. The friction component, pu, Will be the
smaller value of equations 2.22 and 2.23. The cohesion component, py, will be the smaller
value of equations 2.4 and 2.5. Because the behavior of c-¢ soil looks more like the behavior of
cohesionless soils than the behavior of cohesive soil, the procedures described for sands by
Reese et al. will be used to develop the p-y curves. An example curve is given in figure 2-13.

i m

P

¥m

1
¥ -
3b ¥
80

]
!
|
|
I
I
|
]
I
[
1
]
_i
b
60

Figure 2-13 Characteristic shape of p-y curves for c-phi soil. (Reese & Van Impe, 2001, p. 92)
Procedure

Establish y, as 3b/80 and compute p,; with equation 2.38.
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2. Compute y,, as b/60 and compute p,, with equation 2.25. Use in this case py, for p,. The
two straight line portions beyond point m, figure 2-13, can now be established.

3. Theinitial straight line portion of the curve can be found with equations 2.39 and 2.40 and
figures 2-14 and 2-15.

p = (kpy2)y eq. 2.39
with:
kpy = ke + kg eq. 2.40
600 + .
] l |
E; 500 + H
o |
m - 1
!
300 + I
| - s '
H -~ I
200 + Jf, :
Pt i
100 : —_— ' i
—_ ""+.'— l .
o | STIFF | VERY STIFF ' . HARD _ -i
50 100 150 200 250 300 350
Undrained shear strength, ¢, (kPa)

Figure 2-14 Values of k. for cohesive soil. (Reese & Van Impe, 2001, p. 94)

01 |

ky (MN/m’)

o MEDIUM ! . —
} 1 . 1 + t t + ¥ ' T '
29° 3 Ex 35" kv e a1
Friction angle, ¢

Figure 2-15 Values of k, for cohesionless soils. (Reese & Van Impe, 2001, p. 95)
4. The parabolic part of the p-y curve is established the same way as the parabolic part in the

p-y curves for sands. Use equations 2.27 to 2.30. Determine point y, with:

c \"V@ D
Vi = < ) eq. 241
kpyz
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CALCULATIONS

Calculations with the p-y curve method are bounded to be executed on a computer. The
iterative procedure and complexity make manual calculation very hard and time-consuming.
Of course calculation with the nondimensional method, chapter 4, is an option, but not for
complex situations with layered soil and axial loads. Fortunately, several software packages are
developed that make it possible to calculate the pile-soil behavior within seconds. Examples of
such programs are LPile (LPILE Plus 5.0 for windows) and MPile (MPile, version 4.1, 3D
modelling of single piles and pile groups).

The mathematical hearth of the Cap model in MPile (Bijnagte & Luger, MPile Version 4.1, 3D
Analysis of single piles and pile groups, 2006) program will be used to describe the calculation
procedure of the p-y method.

The lateral soil resistance in MPile is modeled as a number of parallel springs, which define p-y
curves. To calculate the stiffness of the springs, the recommendations by the APl are used.
With the rules of the APIl, MPile separates p-y recommendations for five different cases: clay
under a static lateral load, clay under a cyclic lateral load, sand under a static lateral load, sand
under a cyclic lateral load and undrained sand under al lateral load. In MPile it is also possible
to apply user defined p-y curves to manually model the soil stiffness. It should therefore also
be possible to apply the curves proposed by Reese et al. into the program.

The calculation process is designed in such a way that, after several numerical iterations,
equilibrium is reached between the mobilized soil resistance, caused by the deformation of the
pile, and the load applied on the pile. To speed up the calculation MPile simplifies the p-y
curves as they are recommended by the API. Instead of a curve, MPile generates five linear
portions to approach the p-y curve before p, is reached. In figure 2-13, the p-y curve for clays
by the API is plotted together with the curve MPile uses. The values of the two curves match at
a displacement of 0,1ys,, 0,3ys0, V50, 3Vs50 and 8ysp, m. In figure 2-14, the p-y curve for sands by
the APl is plotted together with the curve of MPile. The values of the two curves match at a
displacement of 0,25y 0x, 0,5 Vimaxs Ymaxs 1.5 Ymax and 2.5 Yo M. Here y,.q is calculated with
equation 2.42.

Ymax = eq. 2.42
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Figure 2-16 Modeling of p-y curve for clay and static loading (Bijnagte & Luger, MPile Version 4.1, 3D Analysis of
single piles and pile groups, 2006)
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Figure 2-17 modeling of p-y curve for sand (Bijnagte & Luger, MPile Version 4.1, 3D Analysis of single piles and
pile groups, 2006)

Now the spring stiffness is known the differential equation can be solved. The differential
equation is formulates as stated below, eq. 2.43 (Reese, Isenhower, & Wang, 2006, pp. 382-
386).

d*y d?y
Eplpwﬁ'wa—p-FW:O €q243
with:
E,l, = Bending stiffness [kNm’]
y = lateral deflection of the pile at a point x along the length of the pile [m]
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P, = axial load on the pile [kN]
p = soil reaction per unit length = E, )y [kN/m]
w = Distributed load along the length of the pile [kN/m]

The assumption is made that a bar, figure 2-18, on an elastic foundation is subjected to
horizontal loading and to a pair of compressive forces P, acting in the center of gravity of the
end cross section of the bar. If an infinitely small unloaded element bounded by two
horizontals a distance dx apart is cut out of this bar the equilibrium of moments leads to the
following equation:

(M +dM)—-M+ P,dy —V,dx =0 eq. 2.44

Or, if written in incremental form:

dM dy _
E+ xa_vv_o eq. 2.45
¥
P
v ¥
Wy Jﬁlﬂ
cfx
- . 'II'- k1
P
X

Figure 2-18 Element from a beam column
Differentiation of eq. 2.45 with respect to x, gives:

2M  d%y  dv,
i — Y- eq. 2.46
dx? + *dx?2  dx 1

The following identities are noted:

d*m d*y
-7 = jg'plpW eq.2.47
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v,
—v = eq. 2.48
P q

p= E,y eq. 2.49

Substituting these values in eq. 2.46 gives:

d*y
Evlo G

d?y
+ P"W —E,yy=0 eq. 2.50

To allow a distributed force per unit length along the pile can be convenient for solving a
number of practical problems. If the distributed force W is added to equation 2.50, the final
differential equation, eq. 2.43 is obtained.

VALIDATION

The method of the p-y curves has been extensively validated. But remarks must be made. The
curves of Reese and the APl are based upon measurements of full-scale tests. All
recommendations both by Reese and the API are based on single field tests. (This means that
for the recommendations for p-y curves on, for instance, saturated clay depend fully on a
single field test.) To validate the model the measurements of other tests should be compared
with calculated values. To validate MPile, as a software program, it is allowed to compare the
outcome of MPile with the measurements that were the basis of creating the API
recommendations. The results of this comparison, performed by MPile (Bijnagte & Luger,
MPile Version 4.1, 3D Analysis of single piles and pile groups, 2006), are given in figure 2-19. As
expected, the calculations and measurements agree almost exactly. This validates that the
MPile software is correctly programmed.
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Figure 2-19 Measured and calculated values for displacement and moment at test pile Lake Austin

Apart from validating the software also the basis of the model, namely the p-y curve has to be
checked. A lot of comparative calculations have been made (Reese & Van Impe, 2001, pp. 259-
299). Here it is concluded that agreement between the computed maximum bending moment
and the maximum moment from experiments is “excellent”. A review of all of the curves
showing computed and experimental deflections shows that, in general, the computation
yields acceptable results. However in the cyclic loading cases in soft clays, the deflections
where highly underestimated. If deflections are the critical parameter, the engineer might wish
to execute field tests.
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2.4 LIMITATIONS

The method of the p-y curves is used in the Cap model of MPile. This software package is used
in the calculations. The possibilities and limitations of the p-y model are thereby also
influenced by the software. The limitations of the MPile software are according to the manual
(Bijnagte & Luger, MPile Version 4.1, 3D Analysis of single piles and pile groups, 2006):

* Ingeneral
o The unit weight of water cannot be changed, but is set to 9,81 kN/m?>.
o A horizontal groundwater level is assumed within each soil profile.
®  On soil behavior
o The program does not support sloping ground surface. (But can be simulated by manual
p-y curve input.)
No excess pore pressures can be applied, except by manually defining p-y curves.
K,, the coefficient of horizontal effective stress over vertical effective stress is constant
with depth within each soil layer.
® On loading types
o Loads are static, except the dynamic load in the Dynamic model.
o Loads/displacements, moments/rotations can only be applied to the top of the pile
through the pile cap.
® On pile behavior
o The pile is modeled as a linear elastic beam with compression and bending (no
shearing), but may be build-up in sections with different dimensions and stiffness’s.
o Single piles have no torsion resistance.
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The method developed by Brinch Hansen (Brinch Hansen, 1961) is in essence the same type of
model as the model developed by Blum. The method of calculating the ultimate soil resistance
is different and more expanded. It is possible to use the model on layered and cohesive soils.

BACKGROUND

With the method proposed by
Brinch Hansen the pile is assumed
to be rigid and square (B x L). The
driving depth is D,. The horizontal
force, H, is acting at a height, A,
above the ground surface. The
surface may be loaded with a
surcharge, P. The soil properties
consist of cohesion, ¢, friction
angle, @, the effective unit weight
above the groundwater table, y,
and the effective unit weight below
the groundwater table, y’. The soil
is assumed to be uniform. The

effective vertical overburden
pressure at depth D is:
qp =P +yD4 +y'Dy eq. 3.1

In eq. 3.1 Dy is the depth above the
groundwater table. D; Is the depth
below the groundwater table. It is
assumed that the rigid pile rotates
around a point that is located at
depth D,.

To calculate the resultant earth
pressures (passive minus active
earth pressures) at depth D, Brinch
Hansen has developed a set of

A
=
! 1£ ||)‘|\||||||||
¥ Dd
= O
Y Ds
¢, phi S Dr

Om

v

Figure 3-1 Schematization lateral loaded pile, according to Brinch
Hansen — Picture by J. Ruigrok

formulas. He separates the resultant earth pressure in two parts. One caused by the vertical
effective overburden pressure and the other by the cohesion of the material. The general

formula is:

e? = qKP + ck?
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e’ = Resultant horizontal pressure [kN/m?]

q = Effective vertical overburden pressure [kN/m’]

KDq = Resultant earth pressure coefficient caused by the vertical effective overburden
pressure [-]

c = Cohesion [kN/m’]

K°. = Resultant earth pressure coefficient caused by the cohesion [-]

Now Brinch Hansen considers KDq and K°, for three different depths. First, the earth pressure
coefficients at ground level are determined. Second, for moderate depths. And third, for great
depths. After this the values are elaborated and formulas that combines the three situations
are established in such a way that the coefficients can easily be found at every depth.

Pressure at ground level

At ground level, the earth pressure coefficient Koq takes both passive and active earth
pressures into account. But for the coefficient K°. only the passive earth pressure is taken into
account. This is done to be on the safe side, because this might otherwise lead to negative
earth pressures on the active side of the pile.

e® = qKg + cK? eq. 3.3

K? = e(%“p)ta“ @) cos(¢) tan (% + g)

.34
—E+(p tan (@) T ¢ eq
- e( 2 ) cos(¢p) tan (Z — E)
0 _ (E+(p)tan (@) T @
K; = [e 2 cos(¢) tan (Z + E) - 1] cot (¢) eq. 3.5

Pressure at moderate depth

For the resultant pressures at moderate depth Brinch Hansen uses the passive Rankine state. If
the pile is pushed horizontally the soil will fail over a diagonal slip surface from depth D to the
earth surface.

Pressure at great depth
At great depth slip surfaces will not go up to the ground surface, but they will go horizontally
around the pile. The following formulas are found for the earth pressure coefficients:

K = N.dZ eq. 3.6

K = KZKptan (@) eq. 3.7
— mtan(g) 2 E f —

N, [exp tan (4 + 2) 1] cot () eq. 3.8

d? = 1.58 + 4.09tan*(¢) eq. 3.9
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Pressure at arbitrary depth — combining the formulas
Two formulas are needed to find KDq and K. that must fulfill the condition for D->0, that
K°>K° and for D->e<, that K°>K”. Brinch Hansen presents the following formulas which fulfill

these criteria.
D
0 [e's)
D _ Kq + Kq O_’qF
1+ Olq F

K K, sin(¢)

Kc;o - Kc(z) sin (%+%)

aq=

KC°+K§°aC%
Kp = ——F—
¢ D

1+0_’C§

2K? T @
a; K:O_Kcosm(4 2)

With the coefficients, KDq and K%, the
horizontal stresses at every depth can be
calculated with the general formula.

VALIDATION

The validation of the model of Brinch
Hansen was performed by N.H.
Christensen (Christensen, 1961). He
performed 26 pile load tests on wooden
piles. He found that the model of Brinch
Hansen was in most of the situations a
little on the safe side. It must be noted
however that the used piles were scaled.
The cross-section of the pile was 5x5cm
and the penetration depth varied from
25 to 50cm.

CALCULATIONS

Like the calculations of Blum the
calculations of Brinch Hansen can go two
ways. One can either calculate the
maximum horizontal force on a pile, or it
is possible to calculate the minimum
penetration depth of the pile, if the
horizontal force is given.

Calculation of the maximum load H
The point of application of the load
above the soil surface, A, the width of the

eq. 3.10

eq.3.11

eq.3.12

eq.3.13

Figure 3-2 Schematization stresses on pile according to Brinch
Hansen - figure by J. Ruigrok
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pile and the driving depth D,, are given. The unknowns are the point of rotation and the
maximum horizontal force. These are determined by two equilibrium conditions. First D, is
fixed, by trial, in such a way that the two pressure areas (above and below the rotation point)
give an equal moment about the line of load H. Then the maximum force is found by horizontal
load equilibrium. Thus, the maximum horizontal load is the difference between the two
pressure areas.

Calculation of the penetration depth of the pile, Dm

The unknowns are the driving depth D,, and the rotation point D,. H and A should be known.
First, the depth D, of the maximum moment, i.e. the depth where the transversal force is zero,
is calculated. The soil pressure above this point should be equal to the horizontal force. Then
the moment M, is calculated at this point. Finally, the driving depth and the depth of the
rotation centre should be found in such a way that the two additional pressures (the area
between depth D, and D, and the area below depth D,) are numerically equal and give a
moment equal to M,. This is an iterative process.

LIMITATIONS
The limitations of Brinch Hansen’s theory are:
®* |ngeneral

Only capable to find the ultimate resistance of the soil
No calculations possible under working loads
Not possible to calculate deflection. The moments along the pile can be calculated, but
to get to deflection the moments should be integrated twice. This imposes two more
unknowns. Brinch Hansen only has one boundary condition that is that the
displacements of the rotation point are zero. Other boundary conditions are not given
by Brinch Hansen.
o The model was validated on scaled wooden piles.
®  On soil behavior
o No time dependent behavior
o No nonlinear soil behavior
® Onloading types
o No cyclic loads
o No axial load (although it is possible by adapting the formulas)
® On pile behavior
o No differences of the bending stiffness over the height of the pile (although it is possible
by adapting the formulas)
o Bending stiffness independent of moment
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ANALYSIS WITH NONDIMENSIONAL CHART - 1962

This model, developed by Matlock and Reese, (Reese, Isenhower, & Wang, 2006), is based on
p-y curves and numerical solutions were obtained by hand-operated calculators. Examination
of the analytical parameters in the numerical solutions led to the proposal of a formal
analytical procedure for E,, = k,x (Reese & Matlock, 1956) and later to the use of
nondimensional methods to develop a wide range of solutions for a pattern of variations of E,,
with depth (Matlock & Reese, 1962).

BACKGROUND
Engineers understood many years ago, that the physical nature of soils led to the argument
that E,, should be zero at the mudline and increase linearly with depth.

E

py =k

pyX

The following equations can be derived by numerical analysis for the case where stiffness of
the soil increases linearly with depth. A lateral load may be imposed at the pile head, and the
length of the pile may be considered.

PT?®  M,T? PT?  M,T M = ApP,T + BpyM
N t +By t S = AS t +BS t mit miit
Ep Ip EP 117 EP 117 EP 117

y=4

L
T T = Zmaxzf

y = Deflection [m]

S = Slope [degree]

M = Moment [kNm]

v = shear [kN]

T = Relative stiffness factor [m]

P, = Applied lateral load at pile head [kN]

M, = Applied moment at pile head [kNm]

A, B, A, B, A, Bm, A, B, = nondimensional parameters for respectively: deflection by lateral
load, deflection by moment, slope by lateral load, slope by moment, moment by lateral load,
moment by moment, shear by lateral load and shear by moment.

Nondimensional are given in figures 4-1 to 4-8 on the following pages.
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Figure 4-1 Pile deflection produced by a lateral load at the mudline
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Figure 4-2 Slope of a pile caused by a load at the mudline
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Figure 4-3 Bending moment caused by a lateral load at the mudline
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VALIDATION

The nondimensional method has been created with the use of numerical solutions. The model
is validated on those solutions, figure 4-9. The values of deflection for the top of the pile
obtained with the nondimensional method and computer calculations that use the p-y method
are in reasonable agreement. The values and location of the maximum moment agree almost
exactly. The numerical solutions on itself are checked thoroughly. This is stated in Chapter 2 —
validation.

000 10 20 30 4
0 0 1020 30 40 50 60 ¥, mm

-100 { 100 200 300
- | 400 5[_]'[} M, kN-m

e L

@ Results from computer

Figure 4-9 Computed values of deflection and maximum
bending moment for an example problem - (Reese,
Isenhower, & Wang, 2006, p410)

CALCULATIONS

Compared with the computer calculations, the nondimensional method is time consuming and
tedious. This, because the values must be estimated from curves and the nonlinearity of the
problem requires iteration. The method is valuable, because computer calculations can be
checked and the solution gives good insight into the problem.

To start the calculation a family of p-y curves has to be developed. How to do this is written in
chapter 2 of the literature and abstracts. Next, assume a value of T, Tieq. Then calculate Z,,,, to
select the curve to use in the nondimensional plots. (See plots on the bottom of this summary.)
Now, compute a trial deflection of the pile using equation for y. Now with the p-y curves
determine the corresponding p. By dividing p with y, E,, is obtained for every depth a p-y curve
is generated. Now all the values E,, are plotted versus the depth. E, =k,,x, the line through the
values should be linear and pass through the origin. The slope of the graph is k,,. With this
value and the formula for T, a new value for T, T piined, Can be calculated. If, Topigined # Ttriea, the
procedure must be repeated with another value of T,,. This is the iteration needed because
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of the nonlinearity of the soil. The iteration procedure can be speed up by finding the

intersection between the line connecting two iterations and the line, Tiieqd = Tobtained, figure 4-
10.

With T known, the correct curves for the nondimensional parameters can be selected and y
and M can be calculated.

(T_t1.7_o1)

“——Line

Tt=T o

T tried

«—T

(T_t2T_o2)

T obtained

Figure 4-10 Method of iteration for the
Nondimensional method — Picture by J.

4.4 LIMITATIONS

The limitations of the Nondimensional method are:
®* |ngeneral

o Tedious and iterative calculation procedure.
®  On soil behavior
o No layered soils
® On loading types
o No axial load
® On pile behavior
o No differences of the bending stiffness over the height of the pile
o Bending stiffness independent of moment
o Noinfluence of diameter of the pile of the pile on the soil resistance
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BROMS - 1964

The method developed by Broms (Broms, 1965) is used a lot outside of the Netherlands,
especially for cohesive soils. Initially the method was developed for short, rigid and unfixed,
piles in cohesive soils, but was expanded to long piles, fixed heads and cohesionless soils.

BACKGROUND

Broms introduces methods to calculate the ultimate lateral resistance. The assumption for
short piles is that the ultimate lateral resistance is governed by the passive earth pressure of
the surrounding soil. The ultimate lateral resistance for piles with large penetration depths is
governed by the ultimate or yield resistance of the pile.

Ultimate lateral resistance cohesive soils: The lateral earth pressure acting at failure on a
laterally loaded pile in a saturated cohesive soil is approximately 2C, at the ground surface, in
which C, is the undrained cohesive strength as measured by undrained triaxial, direct shear or
vane tests. The lateral reaction increases with depth and reach a maximum of eight to twelve
times C, at approximately three pile diameters below the ground surface. At failure, the soil
located in front of the pile down to a depth of three pile diameters will move upwards and will
cause the soil to heave in front of the pile. The soil located below three pile diameters will
move laterally. The lateral soil reactions may be assumed zero down to a depth of 1,5 pile
diameters and equal to 9C,D below this depth.

Ultimate lateral resistance cohesionless soils: The ultimate lateral earth pressure at failure can
be safely estimated as three times the passive Rankine earth pressure. It should be noted that
available test data are limited and that additional data are required to use the proposed design
method with confidence.

The ultimate lateral resistance of a laterally loaded o 1§
pile is governed by the ultimate lateral resistance of '
the surrounding soil and by the moment resistance of
the pile section. In the graphs the ultimate lateral

resistance for both cohesive and cohesionless soil is 1

shown both for free piles and restrained piles. The = -
ultimate lateral resistance of short piles was found to  wsiswear e e e
be governed by the penetration depth of the pile and 2

to be independent of the ultimate bending resistance | 1 e

of the pile section. The ultimate lateral resistance of
long piles was found to be governed by the ultimate
bending resistance of the pile section and to be - o
independent of the penetration depth.

If it is not clear whether a pile is long or short, the pile Al
should be checked on failure as being a short pile and s ok

. . (e
as being a long pile. Figure 5-1 Failure modes for free piles
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Calculation of the ultimate load, P

To find the ultimate lateral load, for given dimensions of the (short) pile, use figure 5-3, for
cohesive soils and figure 5-4, for cohesionless soils. Enter the proper graph on the x-axis by
calculating the Length-Diameter, L/D, ratio. Then select the right graph based on the fixation at
the ground line and the ratio between the eccentricity of the load and the diameter of the pile.
Then the value at the y-axis can be determined. Multiplying this value with c¢,D” for cohesive
soils and with KpD3y for cohesionless soils gives the ultimate lateral load, P,

To find the ultimate lateral load of the (long) pile corresponding to the yield moment, use
figure 5-5 for cohesive soils and figure 5-6 for cohesionless soils. Enter the proper graph on the
x-axis where: My,-e,d/cL,D3. Then select the right graph based on the fixation at the ground line
and the ratio between the eccentricity of the load and the diameter of the pile. Then the value
at the y-axis can be determined. Multiplying this value with ¢,D’ for cohesive soils and with
K,,D3y for cohesionless soils gives the ultimate lateral load, P,

Because it is sometimes difficult to determine whether a pile is long or short the ultimate
lateral load is found by taking the lesser outcome for P of the two given procedures above.
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Figure 5-3 Ultimate lateral resistance for Figure 5-4 Ultimate lateral resistance for
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Lateral deflections according to Broms

At working loads (at approximately 0,5 — 0,3 times the ultimate lateral resistance) the lateral
deflections can be estimated by assuming that the unit soil reaction, p, increases linearly with
increasing lateral deflection.

p = kpy eq. 3.1

ky = the modulus of horizontal subgrade reaction [kN/m?]
p = unit soil reaction [kN/m?]
y = lateral deflection [m]

Cohesive soil: At working loads the modulus of horizontal subgrade reaction can be assumed
to be constant with depth. The dimensionless lateral deflections at the ground surface have
been plotted in figure 9 as a function of the dimensionless length BL in which:

kyD

eq. 3.2
4E] 1

B=4

With BL it is possible enter the graph and calculate the deflections at ground level.
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Figure 5-7 Lateral deflections at ground surface for cohesive soils

Cohesionless soil: The lateral deflections of a pile in a cohesionless soil can be calculated by
assuming the modulus of subgrade reaction increases linearly with depth.

ky =— eq. 3.4

ky = the modulus of horizontal subgrade reaction [kN/m?]

z= depth below ground surface [m]

ny, = coefficient that depends on the relative density of the soil [kN/m?]
D = Diameter or side of loaded area [m]

The dimensionless lateral deflections at the ground surface have been plotted in figure 10 as a
function of the dimensionless length nL in which:

Y eq. 3.5

El

With nL it is possible enter the graph and calculate the deflections at ground level.
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Figure 5-2 Lateral deflections at ground surface for cohesionless soils

For the calculation of B and n the values of k, and n,, are difficult to determine. The suggested
way to obtain these values is by means of full scale test on site. This is not really practical since
you want to know the displacements on beforehand. Another approach, to calculate k;, is from
the vertical subgrade reaction.

0.4kyD
= — eg. 3.6
h B q
With:
K, = vertical subgrade reaction [kN/m’] for a square or circular plate with the side or diameter
B[m]

D = diameter or side of loaded pile [m]

For n, several guideline figures are given. If the groundwater table is located below the depth
of nL = 2, n, can be taken to be 7, 21 and 56 tons per cu ft for respectively a loose, medium and
dense sand. If the water is near or above the ground surface, one can take the values to be

60% of the values given before.

VALIDATION
Broms divided the validation of his model. He validated his model separately for cohesionless

and cohesive soils.

Cohesionless soils
For the lateral deflections Broms compared his calculation to actual measured deformations,

(Broms, 1964 Lateral resistance of piles in cohesionless soils). He did this for 19 cases. He
found that in nearly all cases that the calculated lateral deflection exceeded considerably the
measured lateral deflection. The observation was made for single piles, pile groups, restrained
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piles and unrestrained piles. Broms draws the conclusion that the values recommended by
Terzaghi will in general over-estimate at working loads the deflections at the ground surface,
and thus will yield results which are on the safe side, except for piles which have been placed
by jetting.

For the ultimate resistance Broms compared his calculated values with measured values. He
did this for 7 cases. The average measured ultimate lateral resistance exceeded the calculated
resistances by more than 50%. The conclusion can be drawn that the ultimate lateral
resistance of the piles is estimated conservatively by taking the ultimate lateral soil resistance
as three times the Rankine lateral earth pressure.

Cohesive soils

Broms also compared his calculations with test results for cohesive soils, (Broms, 1964 Lateral
resistance of piles in cohesive soils). For the lateral displacement he considered five separate
cases. The measured lateral deflections at the ground surface varied between 0,5 to 3,0 times
the calculated deflections. It should be noted that the calculated lateral deflections are for
short piles inversely proportional to the assumed coefficient of subgrade reaction and thus to
the measured average unconfined compressive strength of the supporting soil. Thus small
variations of the measured average unconfined compressive strength will have large variations
on the calculated lateral deflections. It should also be noted that the agreement between
measured and calculated lateral deflections improves with decreasing shearing strength of the
soil. According to Broms the test data indicate that the proposed method can be used to
calculate the lateral deflections at working loads (at loads equal to 0,5 to 0,3 times the
ultimate lateral capacity of the pile) when the unconfined compressive strength of the soil is
less than 1,0 t/f* (108 kN/m?). However if the unconfined compressive strength exceeds 1,0
t/f, the actual deflections at the soil surface can be considerably larger than the calculated
lateral deflections due to the erratic nature of the supporting soil.

Finally, the calculated ultimate bearing capacity for cohesive soils has been compared with
measurements for three separate cases. This has been done by calculation of the maximum
occurring moment in the pile. By entering the graph of figure 3-5 on the y-axis, not with Py,
but with the applied load P, the maximum moment along the pile can be found. The
agreement between calculated and measured moment is good. The main reason for this
outcome is that the bending moment is not really sensitive to small variations in the assumed
distribution of lateral soil resistance or to small variations in the measured cohesive strength of
the soil. The test data indicate that the proposed method of analysis can be used with
confidence to predict the maximum bending moment for both restrained and unrestrained
piles. However, it should be noted that the experimental verification was limited. Additional
test data are desirable.

CALCULATIONS

Unlike Blum and Brinch Hansen, Broms provides a method that is fully capable of designing a
pile on the two most important aspects. It can calculate the ultimate bearing capacity of the
load, i.e. it can perform a calculation on strength. And it can predict the deformations under
working loads, something the methods by Blum and Brinch Hansen are not capable of.

The method is used a lot internationally although the validation shows that the calculations of
the deflections are not accurate.
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54 LIMITATIONS
The limitations of Broms’s theory are:
®* |ngeneral
o Calculations of deflection are merely indicative and only if the load is between 0,3 and
0,5 times Py;.
®  On soil behavior
o No time dependent behavior
o Only homogeneous soils
o Forsands a shell factor of 3 is used. Broms found that this was already too high. Keep in
mind that for larger diameter piles the shell factor can be considerably lower
® On loading types
o No cyclic loads
o No axial load
®  On pile behavior
o No differences of the bending stiffness over the height of the pile
o Bending stiffness independent of moment
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CHARACTERISTIC LOAD METHOD - 1994

The characteristic load method, CLM, (Duncan, Evans, & Ooi, 1994) was developed to quickly
design piles, which incorporate nonlinear behavior. Like the nondimensional method the CLM
is based on nondimensional graphs which were deduced from numerous p-y analyses. The
CLM is faster than the nondimensional method since the iterative character of the procedure is
eliminated.

BACKGROUND

Deep foundations should satisfy three conditions. They must carry the imposed load. The
deflection may not be larger than a maximum. The soil may not be loaded so heavily that it
reaches its ultimate load carrying capacity.

Even though the ultimate carrying capacity of the soil is reached the soil response is nonlinear.
Doubling of the load can result in a deflection that is four times as large and a maximum
moment that is more than twice as large. This has two causes. One: The load deflection
behavior of the soil around the pile is nonlinear. Two: As the strength of the upper part of the
soil becomes mobilized, additional loads must be transferred to greater depth, where the
strength of the soil is not yet mobilized to the same degree.

The p-y method appears to be the most practical and useful procedure for the design of deep
foundations under lateral loading. The reaction of the soil is related to the deflection by means
of p-y curves. The drawback of the method is the time required to develop input and perform
the detailed computer analysis. There are situations where these detailed analysis are not
warranted or needed, but answers are desired quickly that include the nonlinear behavior.

The characteristic load method was developed by performing nonlinear p-y analysis for a wide
range of free- and fixed head piles and drilled shafts in clay and sand. The results were
presented in the form of relationships, graphs, among dimensionless variables, figures 6.1 to
6.3. The method can be used to determine ground line deflections, maximum moments and
the location of the maximum moment. The dimensionless variables are the lateral load P;
divided by a characteristic load P, the applied moment M, divided by a characteristic moment
M. and deflections are divided by the pile width D. Below the formula’s to calculate P. and M..
There are separate formulas for cohesive soils and cohesionless soils.

0.68
P.= 7.34D2(EpR,) (ES—’;) (Cohesive soils) eq. 6.1
piI
D, \ 057
P. = 1.57D2(EpR,) (Wp) (Cohesionless soils) eq. 6.2
ptI
o \046
M. = 3,86D3(E,R;) (ﬁ) (Cohesive soils) eq. 6.3
piI
3 y1Drk,\ 4 , ,
M. =1,33D (EpR,)( =R ) (Cohesionless soils) eq. 6.4
ptI
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With:

P, = Characteristic Load [kN]

M. = Characteristic Moment [kNm]

D = Diameter Pile [m]

E, = Pile or drilled shaft elasticity [kN/m?]

R, =Moment of inertia ratio = I, / Icircular [m*/m?] Leircutar = n6—T

S, = Undrained shear strength of clay [kN/m?]

y’ = Effective unit weight of soil, which is total unit weight above ground water table and
buoyant unit weight below ground water table [kN/m°]

Ky, = Rankine coefficient of passive earth pressure [-] K, = tan?(45 + %)
@’ = Effective stress friction angle of sand [degrees]

Note: The soil near the top of the pile is most important with regard to response to lateral
load. To calculate P. or M., S, and ¢’ should be averaged over a depth equal to 8D below the
ground surface.

0.045 T 0.015 T
Fixed I
= 0.030 / ~ 0.010 < Free
g 2 /
s /| 3
g 0.015 9 0.005
. (a) Clay 4 (b) Sand
0000 Lo T | e L T
0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15
Deflection Ratio - y; /D Deflection Ratio - y; / D
Figure 6-1 Load-deflection curves: (a) Clay; (b) Sand
0.03T 0.015T
3 g
= 0.02 /] = 0.010 £
! =
(=1 o L
g 0.01 / fg 0.005 | 4
s [ (@Clay | | 2 (b) Sand
UIUG L L ' i A I ' L 'l A ' O.m i A ¥ | I A Fl 1 s l A a. 4 y—
0.00 0.05 0.10 0.15 0.00 0.05 0.10 .15
Deflection Ratio - y; /D Deflection Ratio - y; /D

Figure 6-2 Moment-deflection curves: (a) Clay; (b) Sand
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Figure 6-3 Load-moment curves: (a) Clay; (b) Sand

0.005 0010 0015
Moment Ratio - My / M

ziT A, B,
(1) (2) (3)
0 0.00 1.00
0.5 0.46 0.98
1.0 0.73 0.85
1.3 0.77 0.73
1.5 0.76 0.64
2.0 0.63 .40
Table 6-1 Moment coefficients A,,, and B,, (after Matlock and Reese 1961)

Type of soil Criterion Minimum length
(1) (2) (3)
Clay E.R;/S, = 100,000 6 diameters
Clay E RS, = 300,000 10 diameters
Clay E.R;!S, = 1,000,000 14 diameters
Clay E,R,/S, = 3,000,000 18 diameters
Sand ER,/(v'D&'K,) = 10,000 8 diameters
Sand E.R;/(v'D$'K,) = 40,000 11 diameters
Sand E,R,/(y'D&'K,) = 200,000 14 diameters

Table 6-2 Minimum pile lengths for characteristic load method

VALIDATION

The CLM was derived from p-y analyses, therefore it can be expected that these two types of
analyses would agree fairly closely when used to analyze the same conditions. However
because of the simplifications in the CLM there are differences. Duncan et al. compared the
results by both methods. The results are given in table 6-3. It can be concluded that for static
loading on clay the results of the CLM approximate the p-y analysis closely, except in the case

113



CHARACTERISTIC LOAD METHOD

of stiff saturated clay where the deformations were overestimated by a factor larger than two.
For sands, the results calculated using the CLM are in fairly close agreement with the p-y
analysis results for static and cyclic loads.

The CLM was also validated by comparing the results with a field load tests. The results of this
test are given in figures 6-4 and 6-5. The first test, performed by Reese et al. (1975), was on a
641mm diameter pipe pile in stiff preconsolidated clay. In figure 6-4 it can be seen that the
calculated values of lateral deflection are about 70% larger than those measured. The
calculated values of maximum bending moment agree well with those measured. The second
test, performed by Cox et al. conducted tests on steel pipe piles in clean fine sand to silty fine
sand below water. From figure 6-5 it can be deduced that the calculated values of deflection
are about 10% higher than the measured values. The calculated values of moment agree quite
well with the measured values.

P, = 44.5 kN (10 kips)

P, = 89.0 kN {20 kips)

y: an J?; Mmax
Method mm in. kN-m  |kip-in. mm in. kN-m  (Kip-in.
(1) (@) (3) (4) (5} (6) (7) (8) (9)
(@) Piles embedded in clay with S, = 48 kPa (1,000 psf)
Characteristic load 6.1 0.24 44 390 20.6 N.81 108 960
p-y. Soft clay, static 5.1 0.20 41 365 21.8 0.86 97 860
p-y, Soft clay, 10,000 5.1 0.20 41 365 21.8 0.86 97 860
cycles
p-v, Stiff clay above 43 0.17 40 355 21.3 0.84 101 890
water, static
p-y, Stiff clay above 5.8 0.23 44 390 37.3 1.47 104 920
water, 100 cycles
p-y, Stiff clay above 6.9 0.27 47 415 53.6 2,11 105 930
water, 10,000 cycles
p-y, Stiff clay below 3.8 0.15 39 342 8.6 0.34 84 740
water, static
p-v, Stiff clay below Failure — [(Failure -— [Failure —-  (Failure —
water, 100 cycles indicated indicated indicated indicated
(b) Piles embedded in sand with ¢ = 35 degrees
Characteristic load 5.1 0.20 43 380 13.7 0.54 103 910
p-¥, Static 5.1 0.20 44 390 14.0 0.55 105 930
p-y, 100 cycles 5.3 0.21 49 430 15.0 | 0.59 116 | 1,030
p-v. 10,000 cycles 53 0.21 49 430 15.0 0.59 116 1,030

Table 6-3 Comparison of Characteristic load method and p-y analyses
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Figure 6-4 Comparison of measured and calculated deflections and moments for pipe pile in stiff clay [Measured

values from Reese et al. (1975)]: (a) deflection; (b) Moment
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Figure 6-5 Comparison of measured and calculated deflections and moments for pipe pile in sand [Measured
values from Cox et al. (1974): (a) Deflection; (b) Moment

CALCULATIONS

The CLM assumes that the dimension of the pile and the soil conditions are known. Then it is
possible to calculate the deflections at the ground line and the (maximum) bending moments.
How to do this for different types of loads is stated below.

Calculate deflections due to loads applied at ground line.

Step 1: Calculate P, and P,/P..
Step 2: Use the load-deflection curves to find y,/D
Step 3: Multiply y¢/D by D to find the deflection of the pile at ground level.

(The chart can also be used to find the load corresponding to a certain deflection.)
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Calculate deflections due to moments applied at ground line.

Step 1: Calculate M. and M/M..
Step 2: Use the moment-deflection curves to find y;/D
Step 3: Multiply y¢/D by D to find the deflection of the pile at ground level.

(The chart can also be used to find the moment corresponding to a certain deflection.)

Calculate deflections due to a load applied above the ground line.

Loads applied above the ground line induce both a load, P,, and a moment, M,, at the ground
line. Because the behavior is nonlinear, it is not sufficient to merely add the deflections caused
by the load and the moment. The nonlinear effect should be taken into account by using a
nonlinear superposition procedure.

Step 1: Calculate deflections, y,, as would occur by the load, Py, alone.

Step 2: Calculate deflections, y,,, as would occur by the moment, My, alone.

Step 3: Determine the load, P;, that would have caused the same defections as the
moment, My, would cause alone as calculated in step 2.

Step 4: Determine the moment, M, that would have caused the same defections as the
load, Py, would cause alone as calculated in step 1.

Step 5: Calculate the ground line deflection, y,n, which would be caused by the real
load plus the equivalent load (P + P4).

Step 6: Calculate the ground line deflection, ym, which would be caused by the real
moment plus the equivalent moment (Mg + M,).

Step 7: Calculate the ground line deflection by taking the average of y,, and ym,.

By taking both moment and load the nonlinear effect of load and moment is averaged.

Calculate maximum moment — Fixed head piles

In fixed head piles the maximum moment occurs at the top of the pile. The calculations are
only necessary for a load at the ground line. In the case of a moment at the ground line, M.,
equals M, and is located at the top of the pile.

Step 1: Calculate P.and M..

Step 2: Calculate P/P..

Step 3: Use the Load-Moment curve to find the value of M/M..

Step 4: Multiply this value by M. to find the maximum moment in the pile M.

Calculate maximum moment — Free headed piles

The maximum moment of free headed piles under a certain load occur at some depth below
the ground surface. The magnitude and location of the maximum moment can be estimated
with the theory for soil modulus increases linearly with depth.

Step 1: Calculate the “characteristic length”, T, of the pile. The value of T is found by
solving formula 6.5.

2.43pP .,  162M, ,
Ycombined = E,l, E,l, T eq. 6.5
Yeombined = estimated ground line deflection due to both load and moment [m]
T = Characteristic Length of pile [m]
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Step 2: When T is determined the bending moments in the upper part of the pile can be
calculated with the following equation.

M, = AP, T + BpM, eq. 6.6

with:
M, =Moment at depth z [kNm]

z = Depth below ground line [m]
A = Dimensionless moment coefficient
B, = Dimensionless moment coefficient

Values of A,, and B,, are given in table 6-1. The maximum moment for a load at the ground line,
P,, occurs at a depth of z=1.3T, where A,, is maximum. The maximum moment for a moment,
M,, occurs at the ground line, where B,, is maximum. When both a moment and a load are
present at the ground line, the maximum moment occurs at depth between z=0 and z=1.3T.

The CLM is only applicable at piles that are long. This means that their behavior is not
significantly influenced by their lengths. If the length of the pile is less than listed in table 6.2,
the CLM method is no longer valid. Shorter piles deform more and bending moments will be
smaller. CML is based on uniform soil. To calculate P. and M., the soil properties S, and ¢’
should be averaged over the first 8D of the earth below the ground line.

LIMITATIONS
The limitations of the characteristic load method are:
* Ingeneral
o The CLM was generated by lots of p-y analyses therefore the limitations of the CLM are
nearly the same as the limitations of the p-y curves. However for the CLM crude
assumptions had to be made. Therefore, the results can differ from the p-y analyses.
®  On soil behavior
o No time dependent behavior
o No sloping ground
® Onloading types
o Not usable for cyclic loads in stiff clays
o No axial load
® On pile behavior
o No differences of the bending stiffness over the height of the pile
o Noinfluence of pile diameter on soil reaction
o Bending stiffness independent of moment
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MSHEET, SINGLE PILE MODULE - 2004

MSheet is a software application; build to design earth retaining structures like building pits.
The first version of this program was released in 1990. In 2004 the single pile module was
added to the application. In this module the soil is modeled as a bilinear springs. (GeoDelft,
2004)

BACKGROUND

In the manual of MSheet (GeoDelft, 2004) the mathematical motor of the single pile module of
MSheet is described. In this module, the method of Brinch Hansen, Appendix A, chapter 3, is
commonly used to find the maximum possible horizontal resistance of soil against lateral
movements of the foundation. The maximum horizontal resistance can also be calculated and
introduced into the program manually by choosing the correct active, passive and neutral
horizontal earth pressures. To find the modulus of subgrade reaction of the soil, the user can
choose to use the theory of Ménard, or he can manually give the values of this modulus for
each layer. These two parameters describe the soil as a bilinear spring.

[ MSHEET - MANUAL INPUT |

[ MSHEET - BRINCH HANSEN|

ul
o
E,:r') FASSNWE EARTH PRESSURE
ﬂ F=g_q+ck_c [kNm2]
Ly
% % FASSINVE - ACTIVE
T % EARTHPRESSURE
T o
i o
- o
= T
= =
= g
o k <
= w k
[ _
=] =
T 1 =
8 1
MELUTRAL EARTH PRESSURE o
?
ACTIVE EARTH PRESSSURE
DISPLACEMENT PILE
DISPLACEMENT FILE

Figure 7-1 Bilinear spring curves that can be used as input in the single pile module in MSheet — Picture by J.
Ruigrok
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THEORY OF MENARD
To understand the principles of the modulus of subgrade reaction, by Ménard, a brief
description of the Ménard pressure meter test and underlying theory are described (Roctest).

A B

07 ’ X

Deformation

mip
Prassure

N
%

H/
u

Cylindrical
probe

&K
Figure 7-2 Ménard pressure meter test (Roctest) A: An

impression of the cylindrical probe in the soil. B: A typical
graph that is obtained with the test.

In figure 7-2 the basic principle of the Ménard pressure meter test is shown. A cylindrical probe
is penetrated into the soil and by pressing gas or fluid into the probe it expands laterally. If
then the volume is plotted versus the pressure in the probe the graph, figure 7-2 B is obtained.
This relation between deformation and stresses can be analyzed, if several assumptions are
made. The instrument exerts a radial and uniform field of stresses on a given length of the
probe. The deformation of the soil or rock comprises a pseudo-elastic and a plastic phase.
When the determination is done by a volumetric mean the medium is considered to be
isotropic in the test zone.

Figure 7-3 shows a typical pressure meter curve. It shows the injected volumes in the probe
versus the pressures. The normalized test must comprise of ten equal increments of pressure.
This procedure therefore requires a previous estimation of the limit pressure. The readings of
the deformation are made at each step of pressure at 10, 30 and 60 seconds after reaching
each pressure level. The pressures versus volumes curve, crosses in 7-3, present three phases:
The recompression phase, the pseudo-elastic phase and the plastic phase. The creep curve,
dots in 7-3, is obtained by drawing the deformations between 30 and 60 seconds versus the
pressures. It presents also three phases.

From the graph basically three parameters can be obtained. Namely, the limit pressure, P, the
pressure meter modulus, E, and the creep pressure P:. In MSheet the only required parameter
is E. The pressure meter modulus is based on the Lame equation giving the radial increment of
a radial cavity in function of the pressure in an elastic medium. The formula which gives the
shear modulus G is G = Vi (0P/0V), where V is the volume of the cavity and P the pressure in
the cavity. dP/0V Is the slope of the pressure meter curve in its linear pseudo-elastic part,
taken for the volume Vy, located in the middle of the segment Vy - V. Vo is the volume
corresponding to the pressure of recompression of the walls on the borehole, which is more or
less the “at rest” pressure of the soil. Vi corresponds to the creep pressure. In an elastic
medium the relations between the shear modulus G and the Young’s modulus E is: E = 2G(1+v)
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where v is the poisons ratio. In the case of the pressure meter modulus Ey,, the Poissons ratio
is equal to 0,33. If V¢ is the “at rest” volume of the probe, Ey, can be calculated with:

apP

eq. 6.5

Because pressure meter tests are rare in the Netherlands in comparison to Cone Penetration
Tests, CPT, relations were established between the point resistance of a CPT and the pressure
meter modulus, table 7-1. With the pressure meter modulus known, the modulus of subgrade

reaction is then calculated with the following formula (GeoDelft, 2004):

k_lh = % [1,3R0(2,65%)“ + aR] (for:R = Ry) eq. 6.5
1 2R4(2,65)* + 3«
k_h = ET (fOT: R = RO) eq. 6.5
with:
Env = pressiometric modulus [kN/m?]
Ro =0,3 meter
R =half diameter of pile [m]
o = rheological coefficient [-]
kn = modulus of horizontal subgrade reaction [kN/m?]
Soil Em [kPa] Soil Peat | Clay | Loam | Sand | Gravel
Peat (3-4)*qc Over consolidated - 1 2/3 1/2 1/3
Clay (2-3)*qc Normally consolidated 1 2/3 1/2 1/3 1/4
Loam (1-2)*qc Decomposed ,weathered - 1/2 1/2 1/3 1/4
Sand (0,7-1)*qc Table 7-2 Rheological coefficients for different types of soil
Gravel (0,5*0,7)*qc

Table 7-1 Relation cone
resistance and pressure meter
modulus for different types of

soil
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Figure 7-3 Typical result normalized Ménard pressure meter test

For more background information on Ménard, see literature: Ménard, L et al; Méthode
générale de calcul d’un rideau ou d’un pieu sollicité horizontalement en fonction des resultats
pressiométriques, Solssoils 22-23 VI, 1971

VALIDATION

The unique combination of Ménard and Brinch Hansen in a program is not validated with field
load tests. The code of the program, however, is validated by a number of benchmarks. These
benchmarks have not (yet) been published.

CALCULATION

Calculation of a single pile in the MSheet program is executed in a similar way as in the MPile
program. The program tries to establish equilibrium between the loads and soil resistance.
Details on the program can be found in the manual (GeoDelft, 2004). The result of the
calculation is a series of graphs giving the moments, stresses and displacements at every
height of the pile.
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7.5 LIMITATIONS
The limitations of the MSheet single pile module are:
® Ingeneral

o The MSheet program weakest link is the modeling of bilinear springs. The stiffness of
the soil should decrease with increasing deformation. Also, the stiffness of the soil
should increase with depth. In MSheet however this is not the case. Within one soil
layer the stiffness is the same at every depth, if Ménard is used. To simulate depth
depended soil stiffness multiple layers should be defined. There is a second reason why
the stiffness should increase more depth. The deformations of the pile are large near
the mud line and become smaller at deeper sections of the ground. If the user is not
adapting the input of the model (soil layers and modulus of subgrade reaction) it is
expected that the results will be on the conservative side.

Note that it is possible to implement depth dependent stiffness, if the manual input is
used.
®  On soil behavior

o No nonlinear soil. The soil is modeled as bilinear soils

o No sloping ground

o Only horizontal layers

® On loading types
o No cyclic loads
o No axial load
®  On pile behavior
o No differences of the bending stiffness over the height of the pile
o Pile stiffness not dependent on moment
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PLAXIS - 3D FOUNDATION - 2004

Plaxis — 3D Foundation is a three dimensional finite element program, specifically developed to
predict soil-foundation interaction. The program was released in 2004 and the second, current
version appeared in 2007. (PLAXIS 3D Foundation, Material models manual, Version 2), (Plaxis
3D Foundation, Validation manual, version 2)

BACKGROUND

Various models can be selected in Plaxis to simulate the soil behavior. The simplest model
available is a linear elastic perfectly plastic model, known as the Mohr-Coulomb model. Here it
is assumed that the soil resistance increases linearly with displacement, until the failure
criterion is reached. The failure criterion is determined by Mohr-Coulomb. Also more advanced
models are available. These are the hardening soil model, HS model, and the hardening soil
model which includes small strain stiffness, HSSmall model. The models include the nonlinear
behavior of the soil, which means that the stiffness of the soil depends on the strains. In Plaxis
3DFoundation also a creep module is implemented. This model is not used since the loads on
the piles in this research are only occurring for very short times. For the problem of laterally
loaded piles the HSSmall is preferred to be used. This model seems to be the most appropriate
model, because over the length of the pile both very small deformations at greater depths and
large deformations at the top occur. A more detailed description of this model is given below.

THE HS MODEL

This part is written on the basis of an article provided by Plaxis on their website. (Schanz,
Vermeer, & Bonnier, 1999) The origin of the HSSmall model is the HS model. The HS model
involves two types of hardening, namely shear hardening and compression hardening. Shear
hardening is used to model irreversible strains due to primary deviatoric loading. Compression
hardening is used to model irreversible strains due to primary compression in oedometer
loading and isotropic loading.

The basic idea of the formulation of the HS model is the hyperbolic curve that is obtained from
triaxial testing. Because a triaxial test is described it is assumed that, o, = 03 and oj is the
effective major compressive stress. The yield curve of standard triaxial test can be described by
the following relation.

_ 9a (01 - 0'3)
2Esy qq — (04 — 03)

& forq <gqy eq. 8.1

Here, q,, is the deviatoric stress which describes the maximum stress that the hyperbole will
approach asymptotically. This maximum will not be reached in real loading situations.
Therefore there is a cut-off on the hyperbola which is described by q¢. g5 Is found by the
Mohr-Coulomb failure criterion, which involves cohesion, ¢, and friction angle, ¢, The relation
between q, and gy is given by failure ratio Ry. Furthermore, the parameter E5, is the stiffness
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modulus at a stress where 50% of the maximum shear strength, gy, is mobilized. The
formula’s to determine gy, q, and E5, are given in equations 8-2 to 8-4.

LG My 8.2
U =3 " m o (p + cot ) eq. 8.
_%
Qa = R_f eq. 8.3
m
_ ref [ 93T ccot g,
Eso = Eg <O.ref + ¢ cot @, eq. 8.4

re . .
Esof Is a reference stiffness modulus, corresponding to the reference stress, "¢ . The actual

stiffness depends on the minor principal stress, o3, which is the confining pressure in a triaxial
test. The amount of stress dependency is given by the power, m. With this stress dependent
stiffness modulus the stiffness of the soil increases automatically with depth in the model.

For unloading and reloading another stress dependent stiffness is used. The relation between
the two is given in the following relation.

=g o3 + c cot @, " 85
ur — Hur O'ref + ¢ cot (pp eq. o.

Although the unloading and reloading stiffness is stress dependent, it is not strain dependent.
The elastic strains can be described with the following formulas, where v, is the constant
Poisson’s ratio for un- and reloading.

e

81= ¢

s ¢

q —e—, 1
Eu,- - 83 = Vur Eu,- eq. 8.6

The soil’s stress-strain behavior for triaxial loading can now be simulated. See graph 8-1.
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Asymptote
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Un- and reloading, Ey:

&

Graph 8-1 Hyperbolic stress-strain relation for a standard drained triaxial test. Figure by J. Ruigrok

On the previous pages the stress strain behavior was described. Now a further elaboration is
given on the yield surface, the failure condition and the hardening law. In a triaxial test two
yield surfaces can be found, f;, and f;3. They are defined by equation 8.7 and 8.8.

=& (01— 02) _2(01—02)_
ESO qa — (0_1 - 02) Eur

fi2 yP eq. 8.7

=& (01— 03) _2(01—03)_
ESO qa — (0_1 - 03) Eur

fi3 148 eq. 8.8

yP Is the measure of plastic shear strain. It is determined by equation 8.9 and is used as
parameter for the frictional hardening. yP Can be found by using the following definition.

yP =el — el — el =26l — &l ~ 26P eq. 8.9

If the combination of stresses stays below the yield criterion, the soil behaves still elastically,
E,-. However, as soon as the stresses reach the failure criterion the soil starts to behave also
plastically, Esg, until it reaches the strength criterion. The yield surface moves along with the

imposed stresses. If the soil is unloaded after some plastic deformations, the plastic
deformations are not reversed.

Now, the plastic shear strain is known, also the plastic volumetric strain has to be determined.
The relation between the two types of strains, s',’,’ and yP, is linear and is called a flow rule.

&P = yP sinyy, eq. 8.10

) sin @,,, — sin @,
= . 8.11
Sin Y 1 —sin¢,, sin @, ¢
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01703 eq.8.12
gy, + 03 — 2c cot ¢,

sin ¢, =

In these equations 1, is the mobilized dilatancy angle, ¢, is the critical value for the friction
angle and ¢, is the mobilized friction angle.

In the HS model a second hardening rule is present. The first hardening rule, described above,
showed the hardening that occurs during shear loading. It did not explain the plastic volume
strain which occurs during isotropic loading. Therefore a second yield surface in principal stress

space is introduced, which is governed by ETS

veqs Instead of E;gf. The yield surface of the cap,
fe, is determined by the following relations.

=2
q eq.8.13
fe=77+®@+a)? - + a)?
M
Where:
a=ccotgp eq. 8.14
Gg=o01+(a—1)o, —ao; eq. 8.15
3+sing eq. 8.16
a=—
3 —sing
p = (01 +0,+03)/3 eq.8.17

The value of M is a model parameter and will be discussed later. To find the volumetric strain,
if the stress path reaches the yield cap, another flow rule has to be established. The formula to
determine the volumetric strain is as follows.
o H ( Pc )m+1 eq. 8.18
Y m+1\gref

This second hardening law relates to the pre-consolidation stress p.. m And "¢l have already
been discussed. H is a model constant. M and H are cap parameters, but they are not input

paramaters. The values of M and H are related to Kévc and E;:g. These parameters are used

as input for the model and are therefore input parameters in Plaxis.

Finally the HS model has the possibility to include a dilatancy cut-off. The volume strains
cannot continue forever. In order to model this behavior the initial void ratio, ey, and maximal
void ratio, e.,, are entered. As soon as the maximum void ratio is reached, the dilatancy angle
is immediately set to zero. The mobilized dilatancy angle can be determined by the following
two relations.

Sin ¢, — sin @, eq. 8.19
1 — sin ¢, sin @,

fore<e, siny, =
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fore=ze., Y,=0 eq. 8.20

The void ratio is related to the volumetric strain, €, by the relation.

e e =ln(1+e) eq. 8.21
vo v 1+e,
THE HSSMALL MODEL (PLAXIS 3D Foundation, Material models manual, Version 2)
But how is the hardening soil model with small strain stiffness different from the hardening soil
model? The HS model assumes linear elastic behavior in reloading and unloading phases. This
is of course not a very realistic assumption. With increasing strain amplitude (unloading-
loading), the soil stiffness decays nonlinearly. Two additional parameters are necessary to
describe this behavior. G, is the initial, or very small shear strain modulus. And, y, 7, is the
strain level at which the initial shear modulus is reduced to 72,2% of its original value,
Gs = 0,722G,.
In this research to laterally loaded piles, the focus is not on cyclic loading. Therefore the use of
the small strain stiffness overlay on the HS model is mainly important for the initial soil
stiffness in the model. The value of y, ;, is therefore not that important since it is used to
calculate the stiffness in the un- and reloading phases. The relation between the small strains
and the shear stiffness is given below.

Gy 1
Go 140385 (VL)

0,7

eq. 822

In graphical form the relation looks as show in figure 8-2. The stiffness reduction curve reaches
into the plastic domain. In the HSSmall model the small strain stiffness is bounded by a lower
limit. This is done because the hardening rule says that stiffness degradation due to plastic
straining is simulated with strain hardening.

The cut-off value can be calculated with the following formulas.

Eyr eq. 8.23

Gyr = ————
O 2(1 4 vyy)

1 Go 1 eq. 8.24
ycut—off_m G_ur_ Yo,7

Keep in mind that the there is a difference in stiffness degradation for virgin loading and
reloading. Degradation for virgin loading happens twice as fast. Therefore, if is reloading is
considered, y, 7 should be taken twice the original value: o 7 reioading = 2Y0,7-
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Graph 8-2 Small strain degradation curve as used in the HSSmall model (PLAXIS 3D Foundation, Material models
manual, Version 2)

Finally, if a triaxial test is considered the HSSmall will simulate the result as shown in graph 8-3.

= 01-G3

() »  axial strain &

Graph 8-3 Stiffness parameters Eso, E,,, and E of the HSSmall model in a triaxial test (PLAXIS 3D Foundation,
Material models manual, Version 2)

VALIDATION

Plaxis has been tested by a number of benchmarks. The material models that have been used
have proved their use. With the software it is also possible to simulate soil tests. This way the
model can be validated if the output of the virtual soil test is approaching the input of the
model.

CALCULATIONS

The calculation method used by Plaxis is a so called finite element calculation. The calculation
method solves the problems numerically. It continues with the iteration procedure until
equilibrium is reached between load and soil reaction. To do this 3D meshes have to be
generated, and the material model has to be rewritten to incremental form.
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The selection of the correct model and the values of the parameters are very important. In the
case of a laterally loaded pile large and small deformations occur over the height of the pile.
The model that involves this behavior is the HSSmall model. The determination of the values of
the parameters is different for every case, since it depends on the soil and available soil data.
Therefore this will not be discussed here.

LIMITATIONS

The limitations of Plaxis are very few. The application is capable of performing complex
calculation with all different types of loads. There are however several disadvantages. The
model is difficult compared to the other models. The amount of input parameters is largest for
this model. The time necessary to setup the model and so on takes a lot of time. And finally the
calculation time necessary can go up to more than a day.
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In the table the results of the literature study are summarized. By means of the table it is

possible to see which model is applicable in which situation.

Discussion and elaboration of the table are given in chapters 2, 5, 6 and 7 of the main report.

MODEL Bum | 2N | Broms | cim | NDM Py MSheet | PLAXIS 3D
Hansen Analysis Single - Pile | Foundation

GENERAL
Year 1932 1961 1965 | 1994 | 1962 1940-now 2004" 2004
Validation Yes yes Yes Yes Yes Yes
Common practice Yes Yes Yes
MODEL TYPE
Ultimate load Yes Yes Yes Yes Yes Yes Yes Yes
Working load

Based on tests

Based on analytics

Based on p-y Analyses

SOIL

Clay

Sand

Layered

Nonlinear soil

Time dep.

Sloping surface

Yes Yes Yes

Yes Yes Yes

Yes Yes Yes
Bilinear

LOAD AT MUDLINE

Horizontal Yes Yes Yes Yes Yes Yes Yes Yes
Moment Yes Yes Yes Yes Yes Yes Yes Yes
Axial Yes
Cyclict Yes
PILE
Nonlinear pile® Yes
Not constant EI® Yes
Shell factor d -

ell factor depen Ves

dent on diameter

Table 7-9-1 Summary of models. Notes: 1, Cyclic loading is not part of this thesis. 2, Nonlinear pile means that the El of the
pile is dependent on moment. 3, Not constant El means that it is possible to divide the pile in different sections with different
El's. 4, MSheet was introduced in 1990, the single pile module in 2004. 5, Broms is common practice internationally. 6, Only if
the working load is between ,3 and ,5 times the ultimate load. 7, The modulus of subgrade reaction is dependent on the pile
diameter if Ménard and/or Brinch Hansen is used. 8, Not all articles which formed the foundation of the method by Blum
could be retrieved, therefore these statements are assumptions based on Blum’s Theory (Blum, 1932). 9, Plaxis is very
commonly used, however not for the considered problem.
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INTRODUCTION

This overview of field test data is meant to give insight into the reliability of the tests and their
capabilities to serve as a test on which the different models can be compared. The models that
will be compared are described in Appendix A.

The data of the field tests are divided in five groups: the pile properties, the soil properties, the
load properties, the test and measurement instrumentation and the results. With the
information of the first four groups, table I-1, it is possible to determine which of the models is
applicable in the separate field tests. This depends mostly on the soil properties. Nearly all the
models can deal with homogenous soil, but as soon as the soil consists of two or more layers
some models can no longer be applied. This is mostly the case for the models that do not make
use of a computer. Computer software can more easily deal with large amounts of data and
make iterative calculations.

Each chapter in this literature study represents a separate case. Within the chapter the case is
first introduced. Then data belonging to the five groups is presented as detailed as there is
data available. And finally, the chapter is concluded with a list of models that can be used to
reproduce the results of the measurements.

Pile Soil Loading Instrumentation

Length and Classification of Point of application Arrangement for

penetration depth soil above soil surface applying load

Bending stiffness Position water Loading type (force Methods of measuri.ng
table and/or moment) moments, deformation

Material Strength Magnitude

Static, dynamic or

Shape, width Unit weight long lasting load

Strength

Free headed

Installation method

Table I-0-1 Required pile, soil and loading information for laterally pile analysis. Instrumentation information is
desirable, not required.
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FIELD TESTS IN COHESIVE SOILS - NO FREE WATER

This series of cases involve only researches to laterally loaded piles in cohesive soils where the
groundwater table lies below the penetration depth of the piles. Descriptions of the tests can
be found in: (Reese & Van Impe, 2001, pp. 260-269).

CASEI - BAGNOLET, FRANCE (1965)

In 1965, Kerisel reported results of three short-term static laterally load tests. All the tests
were performed on the same pile which was recovered and reinstalled after each test. The
penetration depth and point of application varied between each test. The pile head was free to
rotate in each test.

Pile

The test pile was constructed by connecting two steel sheet piles. This gave a difficulty in
determining the width of the pile, since it has not been given. Reese and Van Impe
determined, after an examination of the shape of the cross-section of the pile, that a width of
0,43m is appropriate. It is assumed that this width is appropriate for all calculations with the
different models. However, the exact shape of the pile remains unknown. The bending
stiffness, E,l,, was given as 25.500 kNm?.

Soil

The tests were performed near Paris in a fairly uniform deposit of medium stiff clay. The
properties of the soil are shown in table 1-1. The properties were obtained by unconfined
compression tests and cone tests. The water table was below the tips of the piles. The
saturation grade was 90%.

Loading

As stated before, the loading consisted of a short-term lateral static load, applied at a certain
distance above the ground line.

Instrumentation

Unfortunately, very little is known about the used instrumentation. Maximum moment,
Ground line deflection and the magnitude of the lateral load were measured. The method of
measuring however was not.

Depth [m -gl] Water content [%] Undrained shear Total unit weight
strength c, [kPa] [kN/m’]

0 - 100 17,9

3,96 31,5 125 17,9

4,69 29,0 130 17,9

Table 1-1 Reported soil properties at Bagnolet
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Test 1 Test 2 Test 32
Ft
Pt 7]
Pt o
» 1.0m
07m 0.9m
PN, (R R S Pt (RPN T PO A (AR 7 P
265m
415 m
- - 51m

Figure 1-1 Pile penetration depth and point of application for the three cases.

Results

The results of all three tests consist of two graphs. The first graph is the lateral load, P,, versus
the ground line deflection, y,. The second graph is the load, P;, versus the maximum bending
moment, M,,,,, in the pile. The test data is presented both in tabular form, table 1-2, and

graphically, graphs 1-1 to 1-6.

Testl Test 2 Test 3
Pt ygl Mmax Pt ygl Mmax Pt ygl IVImax
[KN] [mm] | [kNm] | [KkN] m] | [kNm] | [kN] [m] | [kNm]
29 2,2 38 15 1,0 16 34 2,4 46
49 3,8 58 39 3,6 54 46 4,9 70
59 9,5 70 59 6,8 73 59 6,7 84
79 14,5 93 83 10,4 97 79 11,9 123

Table 1-2 Numerical presentation of the test results at Bagnolet
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Graph 1-1 Ground line deflection vs. load test 1 Bagnolet
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Graph 1-3 Ground line deflection vs. load test 2 Bagnolet
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Graph 1-5 Ground line deflection vs. load test 3 Bagnolet
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CASE Il - HOUSTON, TEXAS USA (1975)

This test was used to develop the recommendations of the p-y curves. Therefore it is not
allowed to use this case to compare the models based on the p-y curves. These are MPile, the
nondimensional method and the characteristic load method. However, the other models can
be compared on this case.

Pile

In 1975 Reese and Welch reported the results from a test on a bored pile with a diameter of
0,762 m and a penetration of 12,8 m. A steel pile was placed within the middle of the pile for
the measuring equipment. The diameter of this pile was 0,26 m and the wall thickness 6,35
mm. Around the instrument pile a rebar case was placed consisting of 20 bars with a diameter
of 44,5 mm and placed in a circle with a diameter of 0,61 m, figure 1-2.

The bending stiffness of the pile was not calculated but measured during the test with strain
gauges on the opposites of the steel instrument pipe. The researchers found an E,l, of 4,0 x 10°
kNm?. The bending moment at which a plastic hinge would occur was computed to be 2030
kNm.

Concrete bored pile

Fipe with instruments

Febar cage

Figure 1-2 Cross-section bored pile Houston

Soil

The soil was overconsolidated clay. The water table was located at 5,5 m below the soil
surface. The soil properties were determined by laboratory tests on samples. The soil
properties as far as they have been determined are shown in table 1-3.

Depth [m] Water Content [%)] Undrained shear Total unit weight
strength [kPa] [kN/m?]

0 18 76 19,4

0,4 18 76 19,4

1,04 22 105 18,8

6,1 20 105 19,1

12,8 15 163 19,9

Table 1-3 Soil properties Houston

Loads
The lateral loads were applied at 0,076 m above the ground line.
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Instrumentation

As stated before the instruments were applied in a steel tube within the bored pile. In this pile
strain gauges were placed to measure the strain, differential strain on both sides of the pipe
and the occurring moment.

Results

The measurements resulted in three graphs: P;, versus the pile head deflection, y;, P; versus
the maximum bending moment, and the bending moment, M, for every depth at a load of 445
kN, which was the maximum applied static lateral load. The results are presented in tabular
form, table 1-4, and graphical form, graphs 1-7 to 1-9.

P, [kN] yn [mm] Mo [KNM] Depth [m] M [kNm]
87 0,4 62 0,5 198
178 2,1 148 1,0 379
269 6,2 264 1,5 495
355 14,4 429 2,0 569
445 289 619 2,5 610
3,0 619
3,5 602
4,0 569
5,0 478
6,0 326
7,0 181
8,0 78
9,0 12

Table 1-4 Numerical test date Houston graphs 1 to 3.
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Graph 1-9 Bending moment along the pile, where P, = 445kN, Houston
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CASE III - BRENT CROSS, LONDON UK (1981)

The results of this experiment were reported by Price and Wardle. The test results were also
used for further study by Gabr et al. in 1994.

Pile

The test pile was a steel pipe with a diameter of 0,406 m and its penetration depth was 16,5
m. The moment of inertia, /,, was reported to be 2,448 x 10* m*. The bending stiffness, Epl,,
was 5,14 x 10* kNm?2 The bending moment at which the extreme fibers would suffer the first
yield was computed to be 301 kNm. A plastic hinge would occur at a bending moment of 392
kNm.

Soil

The properties of the London clay were determined by laboratory tests and are shown in table
1-5. The location of the water table was not reported, but was presumably at some depth
below the soil surface.

Depth [m] Undrained shear strength [kPa]
0 44,1

4,6 85,2

6,2 80,6

19,0 133,3

Table 1-5 Soil properties Brent Cross

Loads

The lateral load was applied at a distance of 1,0 m above the soil surface. Before the static
lateral load test commenced, a test was executed for cyclical lateral loads. The loads however
were small and it can be assumed that the cyclic loading test had no influence on the static
loading test.

Instrumentation
As far as Reese and Van Impe (2001) are concerned, no data is reported on the
instrumentation used on this test.

Results

As in the cases above the results are presented in tabular-, table 1-6, and graphical form, graph
1-10. However, only data on the pile-head deflection, y;, is known. Keep in mind that the pile
head is located on meter above the ground line.

P [kN] yn [mm]
20 2,2

40 5,5

60 11,7
100 32,8

Table 1-6 Numerical presentation of test results Brent Cross
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CASEIV - JAPAN (1965)
In 1965 a Japanese committee was established to examine the influences of earthquakes on
piles. To do this, they performed a full scale lateral load test.

Pile

The steel pipe pile had an outside diameter of 305 mm, a wall thickness of 3,18 mm and a
penetration depth of 5,18 m. The moment of inertia, /,, was 3,43x10° m*, the bending
stiffness, E,l,, was 6868 kNm?. The bending moment at which yielding of the extreme fibers
would occur was computed to be 55,9 kNm and the ultimate bending moment was computed
to be 71,8 kNm.

Soil
The soil at the site was a soft, medium to highly plastic, silty clay. The soil parameters were
obtained from laboratory tests. The results are shown in table 1-7.

Depth [m] Undrained shear strength [kPa] Submerged unit weight [kN/m’]
0 27,3 4,9
5,18 43,1 4,9

Table 1-7 Reported properties of soil at Japan

Load
The static loading was applied at a height of 0,201 m above the ground line.

Instruments
There is very little known on the methods the researchers used for the experiment. Load,
displacement of the pile head and the maximum bending moment were measured.

Results
Results are displayed in tabular form, table 1-8, and graphical form, graphs 1-11 and 1-12.

Pt [kN] Yh [mm] IVlmax [kNm]
3,2 0,96 4,1

8,1 2,55 5,7

14,2 4,83 17,3

Table 1-8 Results test Japan
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FIELD TESTS IN COHESIVE SOILS, WATER TABLE ABOVE SOIL SURFACE

Since the recommendations on p-y curves separate cohesive soils below the water table from
cohesive soils above the ground water table, the same separation have been made in this
paper between the cases. This is done since three of the models are depending on the p-y
curves and the initial number of cases is large enough to make the separation. (Reese & Van
Impe, 2001, pp. 269-276)

CASEV - LAKE AUSTIN, TEXAS USA (1970)
In 1970, Matlock presented results of a test on a steel pipe pile. The test, executed around the
year 1956 was visited by Terzaghi, who, before then, did not believe that it was possible to
examine the soil behavior by using strain gauges. This test has been used to produce the p-y
curves in the presence of free water and the results can therefore not be used to compare the
method of the p-y curves with the other methods.

Pile

The steel pipe pile used at Lake Austin had a diameter of 0,319 m, a wall thickness of 12,7 mm
and a penetration depth of 12,8 m. The E,l,, was 31280 kNm’. The bending moment at which
yielding of the extreme fibers would occur was computed to be 231 kNm and the ultimate
bending moment was computed to be 304 kNm.

Soil

The pile was driven into slightly overconsolidated clay near Lake Austin. The undrained shear
strength was measured with field vane tests and was found to be almost constant with depth.
The undrained shear strength c,y.ne averaged 38,3 kPa. The vane strengths were then modified
to obtain the undrained shear strength of clay. The submerged unit weight of the clay had an
average value of 10,0 kN/m?. The results of the soil investigation are shown in table 2.1. Water
was kept above the ground surface at all times during testing.

Depth [m] Water content [%] Undrained shear strength [kPa]
0 29,0 30,2
1,14 33,5 32,2
1,14 33,5 42,3
3,39 50,1 17,5
3,70 49,6 30,1
4,30 48,3 23,4
5,69 46,1 51,8
7,25 54,5 29,8
9,47 55,5 32,6
15,0 - 32,6

Table 2-1 Properties of soil at Lake Austin
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Load
The load was static and was applied at 0,0635 m above the ground line.

Instruments

The pile was instrumented internally with electrical resistance strain gauges for the
measurement of bending moment. Each load increment had to be maintained long enough to
read the strain gauges. because of creep of the clay the pressure in the hydraulic ram that
controlled the load had to be adjusted to maintain a constant load.

Results
The test results are shown in tabular form, table 2-2, and as graphs, graphs 2-1 to 2-3.

P.[kN] |y, [mm] | M,,ox [kKNmM] Depth [m] |M [kNm],
where P, =
81 kN
10 2,1 12 0,3 24
21 6,2 27 0,6 43
33 11,4 44 0,9 61
46 16,1 58 1,2 75
58 21,8 73 1,5 87
69 27,5 88 1,8 96
81 34,8 106 2,2 100
93 43,1 123 2,5 103
105 56,1 150 2,7 106
3,1 102
3,4 97
3,7 88
4,0 76
4,5 58
5,1 32
5,4 21
6,1 8
6,6 0

Table 2-2 Numerical results test Lake Austin
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CASE VI - SABINE, TEXAs USA (1979)
The pile was removed from Lake Austin and reinstalled at Sabine to perform another test on
the already instrumented pile. The results were analyzed by Meyer in 1979.

Pile
The pile is similar to the pile used in Lake Austin, Case V.

Soil
The soil was considered to be soft clay. The clay was a slightly overconsolidated marine deposit
and had a shear strength of 14,4 kN/m?, and a submerged unit weight of 5,5 kN/m?.

Load
The lateral loads were applied at a 0,305 m above the ground line. Also cyclic loads were
applied, but after the static loading test had been applied.

Instrumentation
The instrumentation was similar to the instrumentation used at Lake Austin.

Results
The test results are shown as tabular form, table 2-3, and as graphs, graphs 2-4 and 2-5.

Pt [kN] Yh [mm] Iv'max [kNm]
18 5,0 23

35 16,6 54

53 33,1 88

71 56,4 131

80 69,6 155

Table 2-3 Numerical results Lake Austin
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CASE VII - MANOR, TEXAS USA (1979)
In 1975 Reese et al. described an test at Manor. The difference from the other tests was that
the bending stiffness of the pile was not constant over the length of the pile.

Pile
The steel pipe pile was composed of two sections with different bending stiffness. The
mechanical properties of the pile are shown in table 2-4.

Section [m] I, [m’] E,l, [kNm’] Myieia [kKNm] M, [kNm]
Top0-7,01 0,002335 493.700 1.757 2.322
Bottom 7,01 — 15,24 - 168.400 - -

Table 2-4 Pile properties, Manor

Soil

The clay at the site was strongly overconsolidated. The undrained shear test was found by
performing laboratory tests on soil samples. The site was excavated to a depth of one meter
and water was kept above the surface of the site for several weeks prior to obtaining data on
soil properties. The soil properties are displayed in table 2-5.

Depth [m] Water content [%] Undrained shear Total unit weight
strength [kPa] [kN/m?3]

0,00 - 25 -

0,90 37 70 18,1

1,52 27 163 19,4

4,11 22 333 20,3

6,55 22 333 20,3

9,14 19 1100 20,8

20,00 - 1100 -

Table 2-5 Soil properties Manor

Load
The static load was increased with increments. The point of application of the load was at
0,305 m above the ground line.

Instrumentation

The pile was instrumented with electrical resistance strain gauges for measurement of the
bending moment.
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The test results are shown in tabular form, table 2-6, and in graphical form, graphs 2-6 and 2-7.

Lateral load, P, [kN] | Deflection ground line, y [mm] | Maximum bending moment, M., [kKNm]
38 0,1 38
64 0,4 77

102 1,4 154
127 1,9 183
178 3,1 260
229 3,8 346
267 5,0 442
318 6,9 529
356 8,1 615
395 9,6 712
445 12,3 913
484 13,8 1058
535 17,7 1173
566 19,2 1212
598 21,5 1269

Table 2-6 Raw data test results Manor
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FIELD TESTS IN COHESIONLESS SOILS

In contradiction to cohesive soils there are cohesionless soils. There are three cases described
here. Two of them were executed in the US and the third was executed in the United Kingdom.
(Reese & Van Impe, 2001, pp. 276-283)

CASE VIII - MUSTANG ISLAND, TEXAS USA (1974)

In 1974 the results of a lateral load test were described by Cox et al. The test was performed
near Corpur Christi, Texas. The results of this test were used by Reese et al. to develop their
recommendations on the p-y curves.

Pile

The steel pipe pile had a length of 21 m and was 610 mm wide. The other properties of the pile
were: |, = 8,0845 x 10 m*, E,l, = 163.000 kNm?, M, = 640 kNm and M, = 828 kNm. The pile
was placed open-ended. Change of the soil might have been less than if a closed-ended pile
was used.

Soil

The soil was uniformly graded fine sand with a friction angle of 39 degrees. the submerged unit
weight was 10,4 kN/m?>. The water surface was maintained at 150 mm above the ground line
during the entire test.

Load
The pile was subjected to static loading. The load was applied at 0,305 m above the ground
line.

Instruments

The pile was instrumented on the inside with strain gauges for the measurement of the
bending moment.
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Results
The results are presented in tabular form, table 3-1, and graphical form, graphs 3-1 to 3-3.

P, [kN] Yo [mm] M 0x Depth[m] | M [kNm)],
[kNm] where P; =
210 kN
22 0,6 22 0,6 121
33 0,8 39 1,2 230
44 1,7 56 1,9 315
52 2,2 72 2,5 362
78 3,9 111 3,0 337
100 6,1 150 3,6 290
122 8,3 189 4,3 236
144 11,1 233 4,9 184
167 14,4 278 5,5 126
207 21,1 361 6,1 74
241 26,1 428
267 30,0 478
Table 3-1 Results test Mustang Island
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CASE IX - GARSTON, LIVERPOOL UK (1987)

In 1987, Price and Wardle reported the results of a lateral-load test of a bored pile.

Pile

The bored pile had an diameter of 1,5 m and was 12,5 m long. The reinforcement consisted of
36 bars round bars with a diameter of 50 mm in a circle of 1,3 m in diameter. The yield
strength of the steel was 425 N/mm? The cube strength of the concrete was 49,75 N/mm?>.
M., was calculated to be 15900 kNm.

Soil
The soil properties are shown in table 3-2.
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Depth [m] Description Nspr Unit weight Friction angle
[kN/m?3] [degrees]
0-0,36 Fill 18 - -
0,36-3,5 Dense sandy =65 21,5 43
gravel
3,5-6,5 Course sand and | 30 9,7 37
gravel
6,5-9,5 Weakly =61 11,7 43
cemented
sandstone
9,5- Highly =140 - -
weathered
sandstone

Table 3-2 Soil properties, Garston

Load
The lateral load was applied at 0,9 m above the ground line. Each load held until the lateral
movement was less than 0,05 mm in 30 minutes

Instrumentation

Very little is reported on the instrumentation along the length of the pile. All that is known, is
that highly precise measuring equipment was installed and the bending moment could be
determined reasonably accurate. However, the results on bending moment were not reported
by Reese and Van Impe.

Results
The results of the test at Garston are displayed in tabular form, table 3-3, and graphical form,
graph 3-4 and 3-5.

Pt [kN] yg [mm] Mmax [kNm]

234 0,5
374 2,6
607 4,5 1463
794 7,1
981 10,5

1215 15,8

1402 20,3

1589 25,9

1776 32,3

2009 37,9

2150 45,8

2383 51,4 8325

Table 3-3 Results test data Garston
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CASE X - ARKANSAS RIVER, USA (1970)

In 1970 Mansur & Hunter and Alizadeh & Davisson reported the results of lateral load tests for
a number of piles in connection with a navigation project. One of the tests is used here. The
data of the other tests were not retrieved.

Pile

The steel pipe pile had a length of 15 m, diameter of 406 mm and a wall thickness of 8,153
mm. To apply the measuring equipment four steel bars were welded to the sides of the pile.
This is shown in figure 3-1. The additional steel bars influenced the bending stiffness and width
of the pile. The effective width of the pile was 480,3 mm, the moment of inertia, I, was
3,494x10™ m* and the bending stiffness was 69900 kNm?. Estimating the yield strength of the
steel to be 248x10° kPa, M, becomes 361 kNm.

il > + o1 6mm

| |
| 480 3mm |

Figure 3-1 Schematization cross-section pile Arkansas River

Soil

Several borings were made to determine the soil parameters. They showed a considerable
variation of soil properties around the site. The soil in the top 5,5 m was a poorly graded sand
with some gravel and little to no fines. The deeper soils were fine sands with some organic silt.
The water table was at a depth of 0,3 m. The total unit weight above the water table was 20
kN/m* and below it was 10,2 kN/m?>. Data from the site showed that the site had been
preconsolidated by an overburden of 6 meters that was removed prior to testing. The reported
soil data is given in table 3-2.
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Depth [m] o, [Mpa] Nspr q.[Mpa] | o./q. @ [degree] Es [Mpa] N

0 0 12 5,0 - - 15,0 4,0
0,6 0,012 12 5,0 417 45 15,0 4,0
2,4 0,039 14 55 183 42 15,0 4,0
4,0 0,056 20 10,0 179 42 22,5 3,0
4,6 0,062 17 8,0 129 41 19,5 3,0
5,0 0,071 25 13,0 183 42 27,0 3,0
7,0 0,086 28 14,0 163 42 28,5 3,0
8,5 0,102 18 12,0 118 40 19,5 3,0
10,0 0,117 27 15,0 128 41 30,0 2,5
11,6 0,133 29 15,0 113 40 30,0 2,5
20,0 0,219 29 15,0 68 36 30,0 2,5

Figure 3-2 Soil data Arkansas River. ng is a multiplier of E,, based on the degree of overconsolidation

Loads

The loading was static and was applied at the ground line.

Instrumentation

As stated before, the instrumentation of the pile was installed in steel bars that were
connected to the pile. This indicated that the occurring moment along the pile was measured.
Unfortunately, the obtained data of these measurements were not reported by Reese and Van
Impe. The pile head deflection, y;, was measured.

Results

Very little results have been published by Reese and Van Impe. However the results that were
published are useful. The results are given in tabular form, table 3-4 and in graphical form,

graph 3-6.
P [kN] ys[mm]
46 1,9
92 4,2
140 7,0
191 10,2
248 14,1

Table 3-4 Results test, Arkansas River
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FIELD TESTS IN LAYERED SOILS

In the cases described above, it is possible to schematize the soil as homogeneous layers.
However, in practice the soil is often layered. These field tests have been added to determine
the accuracy of the models in case of layered soils. (Reese & Van Impe, 2001, pp. 283-290)

CASE XI - BOGALUSA, LOUISIANA USA (1984)

In 1984, Gooding et al. published tests for the Louisiana Power and Light Company. Here a
steel pipe pile was tested at Bogalusa to measure the behavior of the foundation for a
transmission tower. An interesting part of this research was that the loading continued until
failure.

Pile

The pile had an outside diameter of 0,9144 m, a wall thickness of 9,525 mm and a penetration
depth of 4,27 m. The moment of Inertia, I,, was 0,002772 m* the bending stiffness, Eplp, was
554400 kNm?, the bending moment of first yield, M,, was 1516 kNm and the ultimate bending
moment, M, was 1950 kNm.

Soil

The soil can be schematized as two layers. The first layer was classified as stiff sandy clay. The
shear strength was found by unconfined compression tests. The second layer was classified as
a dense fine sand where the uncorrected values of N from the standard penetration test
averaged 71. The friction angle was determined from this value together with the overburden
pressure. This resulted in a friction angle, ¢, of 50°. The soil data is summarized in table 4-1.

Depth [m] Water content Total unit Undrained shear | Friction angle
[%] weight [kN/m?] | strength [kPa] [degrees]

0 17,3 18,7 59,2 -

1,83 17,3 18,7 59,2 -

1,83 21,6 20,1 - 50

6,0 21,6 20,1 - 50

Table 4-1 Soil properties, Talisheek

Load

The load that was applied consisted of three parts: a lateral load, which was applied at a point
10,36 m above the soil surface, an axial load, which was applied by an weight on the pile, and a
moment, which was produced by placing the load eccentrically. A schematization of the
situation is shown in figure 4-1. The loads that were applied are given in table 4-2.
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& 10m Load | Lateral | Bending Axial Deflection
| ' I Nr. Load P; | Moment Load y: [mm]
— | [kN] M, [kNm] | P, [kN]
|1 44,1 456,8 4,5 9,1
2 66,1 685,0 8,9 16,8
3 79,4 822,3 8,9 22,9
4 88,2 913,6 13,3 27,4
10,36m weit 12 97,0 1004,9 13,3 30,5
16 0 328,1 107,2 15,2
7 0 641,3 211,9 19,8
8 0 939,5 309,8 25,9
9 13,2 1076,4 314,3 25,9
10 26,4 1213,3 314,3 30,5
NSNS 11 | 396 | 13502 | 3187 | 351
12 52,8 1487,1 318,7 42,7
427m diameter pile= 13 66,1 1624,1 323,1 | 488
914 4mm 14 79,3 1761,0 323,1 | 56,4
15 88,1 1852,2 323,1 -
- 16 92,5 1897,9 327,6 -
Figure 4-1 Loading of test pile at Talisheek 17 96,9 1943,5 327,6 -
18 103,5 2012,2 327,6 73,2

Instrumentation
The only reported measurements are the deflections at the ground line, y..

Results

Table 4-2 Set of loads applied at Talisheek

The results have been given in table 4-2. A graphical presentation of the of the results is also
given, graph 4-1.
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CASE XII - ALCACER DO SOL, PORTUGAL (1993)

In 1993, Portugal and Séco e Pinto described the testing of a bored pile at the site of a bridge
at Alcdcer do Sol. They did this at the second international seminar on deep foundations on
bored and auger piles in Ghent, Belgium.

Pile

The pile was a 40 m long bored pile with a diameter of 1,2 m. The reinforcement consisted of
35 bars with a diameter of 25mm. The strengths of the concrete and the steel were reported
to be 33,5 and 400 MPa respectively. The cover of the reinforcement was 50 mm. The bending
stiffness, Eyl,, was computed to be 3,29x10° kNm? and the ultimate bending moment was
computed to be 3370 kNm.

Soil

The soil could be divided in four separate layers. The soil properties were found form SPT, CPT
and vane tests. The found values are shown in table 4-3. The position of the water table was
not reported, but it was assumed that it was located close below the ground line.

Depth Water content [%] | Total unit weight Undrained shear Friction angle
[m] [kN/m?] strength [kN/m?] | [degrees]

0 62,5 16 20 -

3,50 62,5 16 20 -

3,50 28,6 19 - 30

8,50 28,6 19 - 30

8,50 62,5 16 32 -

23,0 62,5 16 32 -

23,0 28,6 19 - 35

40,0 28,6 19 - 35

Table 4-3 Soil properties, Alcacer do Sol

Load
The lateral load was applied 0,2 meters above the ground line. The load was static.

Instrumentation
The moments were measured along the length of the pile, but the applied techniques are not

reported.

Results
The test results are displayed in table 4-4 and graphs 4-2 and 4-3.
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Lateral Load | Deflection | Bending Moment
P.[kN] Yo [mm] | M, [kNm]
0 0 0
101 1,7 265
202 4,5 582
300 8,0 1010

Table 4-4 Results test, Alcacer do Sol
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CASE XIII - FLORIDA USA (1977)
In 1977 Davis described the testing of a steel pipe pile, but it was Meyer in 1979 who analyzed
the results.

Pile

The pile was a steel pipe pile. The pile had a diameter of 1,42 m and a penetration depth of
7,92 m. The pile was filled with concrete until a depth of 1,22 m below the ground line. The
bending stiffness and ultimate moment are therefore not constant over the height of the pile.
The bending stiffness and ultimate moment for the top 1,22 m of the pile are 5.079.000 kN/m?
and 6280 kNm respectively and 2.525.000 kN/m? and 4410 kNm for the bottom part.

Soil

The soil consisted of two layers. The top layer of 3,96 m consisted of sand with a volumetric
weight of 19,2 kN/m? and a friction angle of 38 degrees. Below this layer there was a saturated
clay layer with a submerged volumetric weight of 9,4 kN/m? and an undrained shear strength
of 120 kPa. The water table was located at 0,61 m below the ground line.

Load
The load was static and was applied at 15,54 m above the soil line.

Instrumentation
Very little is known about the methods measurements were taken. The only measurements
that are reported are the pile head deflections at different loads.

Results
The results are presented in tabular form, table 4-5, and graphical form, figure 4-4.

Lateral Load Deflection
P; [kN] y: [mm]
46 1,4
67 3,1
87 5,0
113 7,6
133 10,1
157 11,1
180 14,9
226 19,3

Table 4-5 Results test, Florida
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CASE XIV - APAPA, NIGERIA (1972)
In 1968 and 1972, Coleman and Coleman & Hancock describe the testing of Raymond piles
near Apapa. The results were analyzed by Meyer in 1979.

Pile

Two Raymond piles were installed. A Raymond pile is a step-tapered pile. The diameter of the
pile is small at the tip of the pile and large at the top. As the piles are installed the pile heads
were capped with concrete blocks. The properties of the pile are given in table 4-6.

Depth [m] Diameter [m] E.l, kN/m?
0-2,44 0,442 22.400
2,44 -6,10 0,417 20.100
6,10-15,3 0,391 18.700

Table 4-6 Pile properties, Apapa

Soil

The soil consisted of two layers. The first layer consisted of a dense sand with a friction angle
of 41 degrees and a volumetric weight of 18,9 kN/m?. The friction angle was found by means
of triaxial tests. Below this layer there was a thick layer of soft organic clay with a submerged
unit weight of 4,9 kN/m3, and the shear strength, found by means of an in situ vane test, was
found to be 23,9 kPa.

Load
The static load was applied at 0,61 meters above the ground line.

Instrumentation

The pile deflection was measured at the point of application of the load. The load was applied
by means of a hydraulic jack that was placed between the two piles. Therefore two tests were
conducted at the same time.

Results
The results are given in tabular form, table 4-7, and graphical form, graph 4-5.
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Lateral Load, P, [kN] | Pile head deflection, Pile 1 | Pile head deflection, Pile 2
Yia [mm] Yiz [mm]

8 1,5 1,3
18 3,1 3,1
26 4,4 5,2
35 5,7 6,8
44 7,4 8,8
53 9,6 12,9
63 11,8 18,6
71 18,2 24,7
81 22,8 -
89 27,2 -

Table 4-7Results test, Apapa
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FIELD TESTS IN C - & SOILS

In some situations, soil can have both cohesion and a friction angle. This is possible for
cemented sands, sandy clays etc. In this chapter tests are performed in cemented sands

CASE XV - KuwaAiTt (1990)

In Kuwait, Ismael reported the results on a laterally loaded pile in 1990.

Pile

The pile was a bored pile with a diameter of 0,3 m and five meter long. The reinforcement was
composed of six 22 mm bars in a 0,25 m diameter. A 36 mm diameter bar was placed in the
middle of the pile. The bending stiffness was calculated from the initial slope of the moment-
curvature curves to be 20,2 MNm?Z. This value is significantly higher than the bending stiffness
that was calculated, but it was decided that the measured bending stiffness was considered to
be the valid value.

Soil

In the subsurface two layers could be separated. The first layer was a medium dense cemented
silty sand, with a thickness of about 3,5 m. The cohesion and friction angle were found, by
drained triaxial compression tests, to be 20 kPa and 35° respectively. The unit weight averaged
17,9 kN/m?>. This top layer was underlain by a medium dense to very dense silty sand with
cemented lumps. This layer has been found to have a cohesion of zero and is thus no ¢ — ¢ soil.
The friction angle was 43° and the unit weight was 19,1 kN/m?.

Load
The point of application of the load was not reported in the summary of Reese and Van Impe.
Therefore it is assumed that the load was applied at ground line.

Instrumentation

The test piles were instrumented with electrical-resistance strain gauges. After the test the soil
around the pile was removed until a depth of 2 m. With the gauges exposed the pile was
reloaded and the curvature was found from readings of strain.
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Results

The results are given in tabular form, table 5-1, and graphical form, graph 5-1.

Lateral load, Pt [kN] Pile head deflection, y;, [mm]
0 0
24 0,3
49 1,3
75 3,0
100 6,2
124 9,4
150 19,6
155 22,9
Table 5-1 Results test, Kuwait
200
150
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Graph 5-1 Pile head deflection vs. load, Kuwait

176




5.2

APPENDIX B — CHAPTER 5

CASE XVI -L0S ANGELES, CALIFORNIA USA (1986)
This field test was conducted in 1986 by Caltrans, The Californian Department of Transport, in
Los Angeles.

Pile

The bored pile was 1,22 m in diameter and had a penetration depth of 15,85 m. The pile was
reinforced 24 bars with an total area of 0,001065 m?. The distance between the outside of the
reinforcement and the wall of the pile was 76,2 mm. The compressive strength of the concrete
was 24.800 kPa and the tensile strength of the steel was 413.700 kPa.

Soil

The soil was schematized as five separate layers. For which the top and bottom layer are
considered to be cohesive and the other layers to be c-¢ soils. The properties of the soil layers
are given in table 5-2.

Depth [m] Soil type Cohesion [kPa] | Friction angle Unit weight
[degrees] [kN/m?3]
0-1,5 Plastic clay 179 - 19,2
1,5-7,4 Sand and 4,8 30 19,8
some clay
7,4 -10,5 Sandy clay 19,2 35 19,8
10,5-13,4 Sandy silt 19,2 21 18,9
13,4-20 Plastic clay 110 - 18,4

Table 5-2 Soil properties, Los Angeles

Load
The static load was applied at 0,61 m above the ground line. The loads were applied in
increments.

Instrumentation
The pile was instrumented with strain gauges and Carlson cells for measurements on bending
moment. Information on the calibration however, was not given.

Results

The results of the test at Los Angeles are given in tabular form, table 5-3, and graphical form,
graphs 5-2 and 5-3.
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Lateral load Pt, Pile head deflection, y, Maximum bending moment,
[kN] [mm] Mmax [kNm]
0 0 0
673 14,8 1420
891 26,5 2222
1089 38,9 2963
1307 52,5 3704
1703 98,1 5741

Table 5-3 Results test, Los Angeles
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Graph 5-2 Pile head deflection vs. load, Los Angeles
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Graph 5-3 Maximum bending moment vs. load, Los Angeles
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CASE XVII -DELFT, NETHERLANDS (1991)

This field test was conducted to find the accuracy of several finite element models. (Bijnagte,
Van den Berg, Zorn, & Dieterman, 1991) It is the only full scale test that was found that was
not already used by (Reese & Van Impe, 2001) as an example case. In figure 5-1, an overview
of the test setup is given.

pack

fixed /  pressure ceil

flange

am
ZVZZWL_MH Ef'

LEGEND
EEEd  clay
E==d  =and
B peo (¥ 1 R
=8 sill [
0 humus U
E=3 organic mawrial 1

Figure 5-1 Test setup, soil layers and cross-section pile, Delft

Pile

The steel pipe pile had a diameter of 0,61 m, a wall thickness of 8,8 mm and a length of 12,5
m. To protect the measuring equipment, steel U-profiles, 100x50x6mm, were welded on four
sides of the pile, figure 5-1.

Soil

The soil parameters were determined very precisely with field tests and laboratory tests. First
of all a three CPT’s were made which showed good correlation. The results of CPT 1A, figure 5-
2, were presumed to be representative. Apart from the CPT also borings were made. This was
done with the Delft continuous sampler. With the samples the soil was classified and soil
properties were determined, tables 5-4, 5-5 and 5-6. The sand lump that was used to bear the
horizontal load was placed at a distance of more than 10D. It is assumed that this weight had
no influence on the test results. Around the pile the soil was excavated 1,5 m below the
surface in a square of 2,6x2,6 m.
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—CONE RESISTANCE MPa FRICTION RATIO {*)
0 5 ] 5 10
—| PORE WATER 020
PRESSURE

OEPTH Cm )

Figure 5-2 CPT 01A, representative CPT Delft

Depth [m] Soil type Unit weight [ton/m’]

0-0,15 Pavement -

0,15 - 0,66 Sand/clay, silty 1,88

0,66 - 2,68 Clay, silty, humus, peat 1,52

2,68 -4,70 Peat/clay, silty 1,22

4,70 - 8,77 Clay, silty 1,54

8,77 - 13,85 Sand with silt/clay layers 1,73

Table 5-4 (Simplified) soil classification and wet densities

Sample | Depth sample | Soil type Liquid limit | Plastic limit Plasticity index

nr. in m -ground [%] [%] [%]

line

2 1,16-1,26 Clay silty 77,2 22,3 54,9

3 2,07-2,17 Clay silty with 71,8 23,5 48,3
humus

4 2,98-3,08 Peat 631,0 234,4 396,6

5 4,39-4,49 Clay silty 43,0 18,1 24,9

6 5,30-5,40 Clay silty 59,2 18,7 40,5

7A 6,20-6,30 Clay silty with 121,1 28,0 93,1
humus

Table 5-5 Results of Atterberg limits tests for clay and peat samples
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Sample Depth Soil type Wet density | Water Undrained
nr. sample inm - [ton/m?] content shear strength
ground line [weight %] cu [kN/m?]

2 1,16-1,20 Clay silty 1,53 72,5 36,2

3 2,07-2,11 Clay silty with | 1,62 58,9 17,2
humus

4 2,98-3,02 Peat 1,02 522,0 34,8

5 4,39-4,43 Clay silty 1,70 48,3 9,9

6 5,27-5,31 Clay silty 1,58 62,0 16,8

7A 6,21-6,25 Clay silty with | 1,40 109,6 26,9
humus

7B 6,51-6,56 Clay with peat | 1,19 210,9 -

8A 7,10-7,15 Peat withclay | 1,13 251,6 -

8B 7,48-7,52 Clay with | 1,52 73,7 21,0
humus

9 8,25-8,29 Clay- and sand | 1,65 54,5 6,8
layers

Table 5-6 Results of water content determinations and laboratory vane tests

Loads

The loading scheme can be divided in a quasi static and a cyclic part. First a quasi static, sine
shaped load with an amplitude of 235kN was applied in 20 seconds. After that three series of
alternating loads were applied. In this study, only the static part will be examined.

Instrumentation

The following data were recorded during the test with an interval of five measurements per
second:

-The load at the pile top

-The horizontal displacement of the pile top

-The horizontal displacement of the pile 1 m below the pile top

-The bending moment by means of 34 strain gauges

Results

The results of the test comprise two plots that are of interest for this research. First of all there
is the load displacement curve of the quasi-static loading. Secondly, there are the moment
curves measured from the strain gauges while the quasi-static load was applied. The results
are reported here in both tabular form, tables 5-7 and 5-8, and in graphical form, graphs 5-4 to
5-6.
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Maximum bending moment,
Lateral load, Pt [kN] Pile head deflection, y [mm] Mmax [kNm]
25 3,0 0
50 8,0 54
75 14,0 114
100 21,0 175
125 30,1 242
150 41,1 316
175 52,1 403
200 66,1 490
225 82,1 584
238 100,0 786
Table 5-7 Results test, pile head deflection and maximum bending moment, Delft
Depth
[m=gl] | Bending moment over the length of the pile [kNm], where:
P: =| P =| P =| P =| P =| P =| P =| P =| P =
25kN 50kN 75kN 100kN | 125kN | 150kN | 175kN | 200kN | 238kN
-0,5 0 0 0 0 0 0 0 0 0
0,0 20 32 44 55 67 79 91 102 118
1,2 40 74 114 154 195 228 269 302 369
2,4 54 114 175 242 309 376 450 531 658
3,6 47 101 168 235 316 403 490 584 752
4,8 34 81 134 195 269 356 443 544 786
6,0 20 47 81 128 188 255 322 403 604
7,2 7 13 34 60 87 134 175 228 396
8,4 0 0 0 7 20 40 60 87 121
9,6 -7 -4 0 0 0 1 7 13 54
10,8 -9 -5 0 0 0 0 0 0 0
12,0 0 0 0 0 0 0 0 0 0

Table 5-8 Results test, bending moment, Delft
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Graph 5-6 Bending moments as a function of depth for a lateral load of 25, 50, 75, 100, 125, 150,
175, 200 and 238 kN, Delft
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6 EVALUATION

In this study 17 field experiments were executed on a total of 20 piles. Below, in table 6-1, the
field tests are summarized on some of the important characteristics. These characteristics are
chosen, because they together provide the information whether or not a certain model
(Appendix A) is valid for the situation of that particular case.

Case Soil Homogeneous | Ultimate Pile type | Not constant | Axial load
stat reached Eol, over
length pile

I-cu Cohesive, unsaturated | Yes No Steel No No
ll-cu Cohesive, unsaturated | Yes No Bored No No
Il-cu Cohesive, unsaturated | Yes No Steel No No
IV-cu Cohesive, unsaturated | Yes No Steel No No
V-cs Cohesive, saturated Yes No Steel No No
VI-cs Cohesive, saturated Yes No Steel No No
Vll-cs Cohesive, saturated Yes No Steel Yes No
Vill-cl Cohesionless Yes No Steel No No
IX-cl Cohesionless Yes No Bored No No
X-cl Cohesionless Yes No Steel No No
XI-I Layered No Yes Steel No Yes
Xl Layered No No Bored No No
Xl Layered No No Steel Yes No
XIV-| Layered No No Steel Yes No
XV-ce | c-o soil No No Bored No No
XVl-cp | c-¢ soil No No Bored No No
XVll-cep | c-¢ soil No No Steel No No

Table 6-1 Summary Field tests

It can immediately be seen that case Xl is different from the others. It is the only case where
failure immersed and also the only case where an axial load was applied. Other cases that
differed, apart from the soil type, were cases Il, IX, XIl, XV and XVI, since here bored piles were
used and cases VII, XIll and XIV, since the bending stiffness of these piles was not constant over
the length of the pile.

Limitations of the available field tests

Some of the field tests have been used as empirical input for creating the p-y curves. This is a
limitation, because the models which use p-y curves cannot be validated on those field tests.
The following cases have been used to create the recommendations for the p-y curves: Case II-
cu, Case V-cs, Case Vll-cs and Case VllI-cl.
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Furthermore, the soil data is very limited. In most of the cases this is limited to the undrained
shear strength and/or the angle of internal friction and a volumetric weight for each soil layer.
In all cases, except for the case in Delft the soil test results are not available. This means that
the available soil data is assumed to be correct and correctly determined by means of
thorough soil investigations.

The number of tests is not high enough to be able to judge the models in all possible
situations. The range of the diameters of the different piles is between 0,3m and 1,5m. Thus
no large diameter piles are included in this research.

No tests on wooden piles are included and the number of concrete piles is small.

In all the field tests the piles were subjected to loads of a short duration. This means that the
load should not be considered as an impulse. It also means that the soil will react partially
drained, especially if sand is considered, and partially undrained, in the cases of a clayey soil.
This also limits the range in which this research is valid to loads of a short duration. These
types of loads can be expected in mooring situations, if a boat collides with a dolphin. These
types of collisions usually last for (tens of) seconds.

186



APPENDIX C

Comparison Calculations

187



188



CONTENTS

N 1214 Yo 13Tt 4 Lo Y s TSRS 193
D - 1 11T s TP RON 195
N 14 13 ol o T o = T T =Y o 197
L - 7 o1 4 1Y 199
O R O =0 ol I X o & [ 1= I 21 V7= 199
2 0 N 1 T'o Y U 199

L A @ Lol U | - | Lo [ 199
0 T 1o U 200

Ly O LY = 1 | BT o U TR 2 =T o} 01 o 1PN 201
0 A 1 oYU 201
Ny R 6 | Lol U | - | To ] [ 201
2. T 11 o1 U ) 202

5 Characteristic Load Method .......cccciiieiiiiiiiiiiiiiicirccreic e creeesrnneseneserensesensesensessnsssssasensnsanes 203
TN R O 1Y I R ol U N = =T s To | [ PR 203
Lot S 0= ol U1 = T Y o USSP 203

Lo 00 00 A O ¥ T 1 Nt 206

I A O 1 I | B ol U = 1 =Y o O o 11PN 209
LI R 0= ol U= oY o USSR 209

5.3 €A VI-CS, SADING ..o ———— 210
LT 0t A 0= ol U1 =1 oY o U USSPRS 210

Lo 707 A O ¥ T 1 Nt 211

A 0 TN ) ol M C -1 £ o] o I 213
LR R -] (ol U F=1 d o T [ SRS 213

5.5 €ase X-Cl, ArKansas RIVEI ......ccooiviiiiiiiiiiiii e ettt 214
LT TR A -] (ol U] F=1 i o T [PPSR 214
LT T A © 1V o1 | OO ORPRPRPRPRPRORt 215

S R O T ol I o (o ] o - P 216
LRSI A -] (ol U] F=1 i o T ISP 216

6  Nondimensional Method ...........coee ittt rrere e s s e ne e s s enasssseenssasseenssssseennns 217
T A 0= 1Y N B ol U = 7= o ] =Y SRR 217
6.1.1 Determing the P-y CUIVES. ....ccii ettt ettt e et e e e stae e e e ette e e e e e e bae e e eenbaeesenteeeenasenas 217
6.1.2 Calculation of Maximum MOMENTS........ccccciiieiiiiieecciiee e eeeree e eere e e eree e e e e eraee s esabeeeeeneeas 230

L T T 2 =T UL TP 236

0.2 CASE H1-CU, BIrENT CrOSS cuvuniiiiieeiiiiiieiiiieeeteieeeeetiieeeretteeeerttieeessstseesasanestsnseesssnnsersssneeessssnsessssnneereses 238
L R S G 1Y = PSP 238
6.2.2 P-Y REESE BL Al .uuiiiiiieiiieeceee ettt et et e e e e e e e e e e e abe e e e bte e e e araeeeennres 243
6.2.3 From ground line deflection to pile head deflection.........ccccooveeiiiiciiiicce e, 248
B.2.4 RESUILS ..veeiiieiiie ettt ettt e e e e et e e e et e e e e st ta e e e e bb e e e e e abaeeeaataeeeanrteeeeanbreeeenraeeeanntes 250

6.3 €aSE VI-CS, SADING .o ——— 251



(ST T R 0= [o{ U] =1 4 o ] o NSO 251

6.3.2 Calculation of Maximum MOMENTS............uiiiiiiiei et errrre e e e e e e e e esrrreeeeaeeeas 257

Lo T T (=T U] SRR USURRS 259
6.4 CaSe IX-ClLLGarSTON ..cccoi i —————— 260
Lot R 0= ol U1 = oY o U USURRS 260
6.4.2 Calculation of Maximum MOMENTS........ccccciiieiiiiiee et cciee et erre e e eree e e e e ebee e s esabaeeeeaneeas 265
Lo T £ T UL PSP 267
6.5 €ase X-Cl, ArKansas RIVET .......cooiiiiiiiiiiiii et ettt 268
6.5.1 CalCUIGTIONS, P-Y AP ..eeeeiiriiiiiiiiiiiiii e aabaaebababababababababarararess i asasssssssssssssnsnssssssasnsssanes 268
6.5.2 Calculation, P-Y REESE €1 @l....uuuuuuuuuuiiiiiiieiiiiiiiiairibaravevararareras s sssasssnsassssasasasssanes 273
Lo TR T 2 (=T UL (TP 278
(R O T 11 B R = (o T o I~ T 279
7  MSheet — Single Pile Module...........coiereiiiiieciirereeerereeeereneeesrenesesrenesssssenassssensssssenssssssennns 281
2 R O 1Yl Bt ol = 7=V s o ] =Y SRR 281
2% 0 R 1T T L SRS ORPRPRPRPPPRORt 281
% 0 A 1= o PSP 283
% T T 1= o 1 PSP 284
% T S 11 1| USSP 285
% T T 2 =T UL RSP 285
7.2 CaSE HI-CU, BIrENT CrOSS cuvuniiiiiiieiiiiiiieiiiieeeteieeeeetiieeeretteeeertrieeersttseesssnnsssnsessssnnsessssneeessssnsessssnneereses 288
20 20 R 1T o1 L SRS ORPSPRPRPPPRORt 288
7.2.2 RESUILS eteeeiiiiie ettt ettt e e et e e e et e e et tb e e e e baee e e e abaeeeaateeeeaateeeeaabreeeearaeeeennres 291
7.3 CaS@ VI-CS, SADING c.cccooiiiiiiiiieeeeeeee e ——— 292
728 700 R 1T T Nt 292
8 N (=T U] SRR USURRS 295
VA A O TN ) ol B C -1 £ o] o I 296
720 0 R 1T T Nt 296
A (=T U] SRR USURRS 300
7.5 €ase X-Cl, ArKansas RIVEL ......ccooiiiiiiiiiii ettt 301
728 700 R 1T T Nt 301
8 T (=T U] USSP 304
A O Y= 11 B R o (o T g o - I 305
728 700 R 1T T Nt 305
AT A £ =T UL SRS 308

T (| =T 309
0 R 0= Y ol U R = 7= = o T [ USSR 309
< 00 0 N 1o T T Nt 309
00 0 A 1= Nt 310

= 00 G T I =T o | PPN 311

= 0 S I T o | PPN 311

S T 2 T UL SRS 312
8.2 CASE H-CU, BIrent CrOSS .uuuiiieieiiiiiiieiiiiie et ettt et et e e eeete e e seabeeesetb e saansessanaeeresnnseesssansersssnnsereses 315
270700 R 1T o T L OO SRORORPRPRPRPRPPORt 315
8.2.2 RESUILS ..iteiiitiiie ettt et e e e e e et e e e st tbe e e e bt e e e e e abaeeeaateeeeaateeeeanbreeeenaraeeeanres 317
T T 0 =R VA B Y= o 11 (=IO 318
S0 700 N 1T o T L SRS ORORPRPRPRPPPPORt 318

S T A £ =T UL (USSP 320



R - =N ), Clol I CF- ] 4] o o WP 321

S 0 N 1o T T Nt 321
S (=T U] U USURRS 324
R O =D ol N & 1 1= I 21 V7= 325
S0 00 N 1T T Nt 325
S T A £ =T UL (SRR 328
I O T =0, 11 B R =l [ T T - 329
S0 700 R 1T o T L OO SORORPRPRPRPPPPORt 329
T A £ =T UL (PSP 331
o L POt 333
9.1 General rules for PIaXis INPUL ......ceei e rree e ee e e e e e e era e e e e e e e e e sannraaeeaae s 333
9.1.1 General Rules for Geometry, Mesh and Pile INpUL.........coooiiiiiiiiiiee e 333
9.1.2 General Rules for Soil Parameter Selection. ... 334
oI A O 1 I o U 2 - V= o T 1 SRR 335
15 200 R 1T o T | OO PRORPOPRPRPPPRORt 335
9.2.2 RESUILS .uttieiiiiiee ettt e et e e et e e e et e e e e st tbe e e e bt e e e e eabaeeeaaataeeeaabteeeeanbreeeentaeeeannres 336
R I O LY Sl 1 Yol U I 21 =T o} o O o 1 PSRRI 337
15 2R 701 R 1T o T L OO ORORPOPRPRPPPPORt 337
S T A £ T UL PSP 338
Lo I O T =RV B Y= o1 (=IO 339
15 2R T R 1T o T L OO SORORPRPRPRPPPRORt 339
9.4.2 RESUILS ..ueeiiiiiiie ettt ettt e et e e et e e e e ab e e e e e atbe e e e abaee e e esbaeeeaaabaeeeaaateeeeanbaeeeearaeeeannres 339
L R O TN ), Clel I T | £} o ] o W 340
15 2R 00 N 1o T T Nt 340
S BRI (=T U] SRR SRR 340
N I O =0, Gl ol N & T 1= I 21 V7= o 341
15 8 T N 1o T T Nt 341
S B (=T U] U SRRRNS 342
L A O 1Y {1 B R =l [ T T - TP 343
15 0 0 N 1o T T Nt 343
S (=T U] SRR SURRS 343

191



192



APPENDIX C - CHAPTER 1

INTRODUCTION

In this appendix the models are compared on accuracy. This means that the models are
compared on how accurate they can predict the deflections of the pile. This is an important
parameter on the decision on which model is the best in a specified situations. The models
that are used here are described in detail in appendix A and the field tests in appendix B. This
appendix is divided in ten chapters. Apart from the introduction, each chapter contains all the
calculations which have been executed with the model stated in the chapter title. Each
paragraph of the chapters is a calculation. The results are given on the end of each paragraph.
In the evaluation in chapter four of the main report, the results are summarized. In those
graphs, the accuracy of the different models can be compared.

Notes:

Not all the models have been used for all the cases. The models Blum and Brinch Hansen could
not be used to evaluate field tests. The model of Broms produced results that were very
different from the reality. In addition to that, it appeared that it is not possible to use Broms in
all loading situations. Therefore, Broms is only used in two cases. The Nondimensional
Method, with p-y curves according to the APl is also used in only two cases. After calculating
the two cases, the MPile program became available to the author, and this program also uses
p-y curves according to the API. In addition to that, the Nondimensional Method returned
better results for the two cases if the p-y curves where generated according to Reese et al.
Because of these reasons and the fact that using the Nondimensional Method is very time
intensive, it was decided to not continue with this method with p-y curves according to the
API.

In addition to that not all measurements have been used either. This was due limited amount
of time available to perform all the calculations with all models for all measurements. The
selection of the measurements was based first on type of soil. It was decided to make for the
two most occurring soils, clayey soil and sandy soil, a comparison between the models on
three cases. This excluded the field tests in layered soils and c-¢ soils. Of the remaining cases,
case I, V, VIl and VIII are excluded since these tests were executed en used by the developers
of the method of p-y curves. The remaining tests have been used for calculation.
Unfortunately, only two cases in sandy soil remained. Therefore case XllI-l has also been used.
The soil layer in this case is layered, but the thick top layer consisted of cohesionless soil. For
the calculation in clayey soil four cases remained. Here case IV-cu was left out since it was
executed with the goal to examine the pile behavior in earthquake conditions. In summary the
used tests are for cohesive soil: Case I-cu, lll-cu and VI-cs. And for cohesionless soil: Case IX-cl,
X-cl and XIII-1.
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BLUM

The method to design laterally loaded piles that was developed by H. Blum is not suitable to be
compared with other models. This is due to the fact that loading of the test piles did not go all
the way up to failure. Although the method does allow the user to calculate the displacement
of the pile, unfortunately the only displacement that can be calculated is the displacement at
failure. Therefore no calculations have been performed with Blum.
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BRINCH HANSEN

The method of Brinch Hansen has the same limitation as the method proposed by Blum. This
model is also designed to calculate only the ultimate load on the pile. Since the pile is modeled
with only one boundary condition, one rotation point at a certain depth below the soil surface,
it is not possible at all to calculate deflections with this model. For this reasons the results of
the field tests cannot be recalculated with this model.
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4 BROMS

The method Broms only gives an estimate for deflections if the imposed load is between
approximately 0,3 and 0,5 times the ultimate load. Thus to calculate the deflections for these
loads first the ultimate load has to be found. The method has been applied on two cases,
Arkansas River and Brent Cross. The first is field test in cohesionless soil, the second in a
cohesive soil.

4.1 CASE X-CL, ARKANSAS RIVER

4.1.1 Input

The input necessary to enter the design graphs for long piles in cohesionless soil consists of the
following parameters:

Yield moment: Mye1q = 361 kNm

Pile diameter: D=048m

Volumetric weight:
¥y = 14,4 kN /m3(see calculation Arkansas River by CLM, chapter x.x)

Friction angle: @ = 42,8° (see calculation Arkansas River by CLM, chapter x.x)

Passive horizontal earth pressure coefficient:

K, = tan? (45 + %) = 5,23

Point of application: e=0m
Modulus of horizontal subgrade reaction:

n, = 56 tons per cu ft = 1794 kN /m?3
Bending stiffness pile: EI = 69900 kNm?

4.1.2 Calculation
For a long pile in cohesionless soil, figure 5-6 of chapter 5 in the literature study has to be

used.

Myie1q _ 361 _ 90
D4pr 0,48* x 14,4 x 5,23

e 0 —0

D 048

If these parameters are used in the figure, the value “8” is found. This gives:

— Pult
K,D3y

— Py = 8K,D3y = 8 x 5,4 x 0.48% x 20 = 93kN

Deformations can now be calculated for:
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0,3x93<P<05%x93— 28kN <P <47kN

Since Broms stated that the deformations can be calculated for loads between the
approximate values of 0,3 and 0,5 times the ultimate load, the deformation can only be
determined for the load of 46 kN. For this calculation figure 5-3 of chapter five of appendix A
has to be used. The input for this graph is:

0,2
5 My ( 1794 ) ! 1
- /— - =048
El - \69900 aem

nL =048+15=7,2

If these parameters are used in the figure, the value “0,33” is found. This gives the following
displacements:

_ 0,33PL _ 0,33 x 46 x 15 x (1000)
Yn,92kN = (EI)°'6n2'4 T 6990006 x 179404

= 14,1 mm

Output

The maximum load prescribed by Broms is lower than the loads that have been applied during
the field test. Broms predicts the ultimate load to be 93kN, however 248kN has been applied
without failure of the pile. The calculated deformation deferred a lot from the measurements.
Also Broms was not able to calculate the deflections at all of the imposed loads during the test.
In graph 4-1 the results are given in graphical form.

300

250 /;;

200
//QV
150 ol

/®" —&— Measurements
-~ O Broms -results
100 /é’/"
50 A o
o @
a 3 & 9 12 15

Graph 4-1 In this graph the lateral load [kN] is plotted on the y-axis versus the deformations [mm] on the x-axis.
The graph visualizes the result obtained with Broms compared to the measurement in the case of Arkansas River.
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4.2.1

4.2.2

APPENDIX C - CHAPTER 4

CASE III-cu, BRENT CROSS

Input
The input necessary to enter the design graphs for long piles consists of the following
parameters:

Yield moment: Myie1q = 392 kNm
Pile diameter: D =0406m
Undrained shear strength: ¢y = 44,1kPa
Point of application: e=1m

Modulus of horizontal subgrade reaction:
k;, = 8300 kN /m3

Bending stiffness pile: El = 5,14 x 10* kNm?
Length pile: L=165m
Calculation

For a long pile in cohesive soil, figure 5-6 of chapter 5 in appendix A has to be used.

M.,; 301

yield — =102
D3c, 0,4063 x 44,1
e__1 _ 2,46
D 0406

If these parameters are used in the figure, the value “20” is found. This gives:

Pult

20 =
¢, D?

— Py = 20c,D? = 20 x 44,1 X 0,406% = 145kN

Deformations can now be calculated for:
0,3x145<P <0,5%x 145 — 43kN <P < 73kN

Since Broms stated that the deformations can be calculated for loads between the
approximate values of 0,3 and 0,5 times the ultimate load, the deformations will be
determined for the loads of 40kN and 60kN. For this calculation figure 5-7 of chapter five of
appendix A has to be used. The input for this graph is:

_4th_(8300><0,406)°'25_036 .
F= laer=axsiaxios) =0%m

BL =0,36 16,5 = 5,94

If these parameters are used in the figure, the value “14,4” is found. This gives the following
displacements:

_ 144P 14,4 x 40
Yhaokn = LDk, 16,5 x 0,406 x 8300

=104 mm
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_ 144P 14,4 X 60
Yh60kN = LDk, — 16,5 x 0,406 x 8300

=155mm

4.2.3  Output
The results found by Broms differ from the measured values. The calculated deflections are
higher than the measured deflections. An overview the results is given in graphical form in
graph 4.2.

Fat
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i

Graph 4-2 In this graph the lateral load [kN] is plotted on the y-axis versus the deformations [mm] on the x-axis.
The graph visualizes the result obtained with Broms compared to the measurement in the case of Brent Cross.
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CHARACTERISTIC LOAD METHOD

The Characteristic Load Method, CLM, is developed for homogeneous soil. The developers
proposed to average the soil parameters over the first eight pile diameters of the soil, because
the properties of the top layers are most important. Six field tests have been considered. Of
these field test, three have been executed in cohesive soils, the others in cohesionless soil.

CASE I-cu, BAGNOLET

Calculation
Determine if the deflections are measured at the ground line.

Yes, the ground line deformation has been measured. Also the maximum occurring moment
has been measured.

Determine the average soil parameters over the first eight diameters of the pile

The diameter of the pile is determined to be 0,43m. Because the soil data describes a top layer
of 3,96m thick, the soil parameters are as follows:

¢y = 100kPa
y' = 17,9kN/m3

Determine if the pile is long enough to perform a CLM-calculation.

25.500 \ /(7 X 0,43*
8 )
E,R, 21x107x (2,1 X 108)/( 64 )

This can be determined by table 6-2 of Appendix A.

= 151.949

Cy 100

The minimum length is, if the values of the table are linearly interpolated, seven pile
diameters.

The lengths of the three piles in the three tests performed at Bagnolet are:

Test 1: L/D = 2,65/0,43 = 6,16 X D
Test2:L/D = 4,15/0,43 = 9,65 X D
Test3:L/D =5,10/0,43 = 11,86 X D
This means that the CLM-calculation can only be performed for Test 2 and 3.

Determine the Characteristic load, P.,, and moment, M..

° ( 25.500 )/ T X 0,434 794 % 103
= = ><
I'=\2,1x 108 64 ’

100 0,68
=734%0,43%2%x (2,1 x108 x 72,4 % 1073 x( ) = 6.
P.=734% 0,432 x (2,1 X 108 X 72,4 X 1073) TR 107 X722 X 103 6.177 kN
100 0,46
= 3,86 X 0,433 x (2,1 X 108 x 72,4 x 1073 x( )
M, = 3,86 % 0,433 X (2,1 X 108 x 72,4 x 1073) TN 107X 722 X 10

= 19.280 kNm
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CALCULATIONS CHARACTERISTIC LOAD METHOD

Determine P, /P, to find y/D and subsequently ground line deformation, Vp-

The ground line deformations caused only by the lateral load for Test 2 are:
Py/P. =15/6177 = 0,00243 - y,/D = 0,001 - y, 15ky = 0,43 mm
Py/P. =39/6177 = 0,00631 - y,/D = 0,005 - y, 30ky = 2,15 mm
Py/P. =59/6177 = 0,00955 - y,,/D = 0,011 - Yy, sqky = 4,73 mm
Py/P. =83/6177 = 0,01344 > y,,/D = 0,019 - y,, g3,y = 8,17 mm

The ground line deformations caused only by the lateral load for Test 3 are:
Py/P. =34/6177 = 0,00550 — y,/D = 0,004 > y, 344y = 1,72 mm
Py/P. = 46/6177 = 0,00745 > y,/D = 0,008 > y, 46xn = 3,44 mm
Py/P. =59/6177 = 0,00955 - y,/D = 0,011 > y, 59 kv = 4,76 mm
Py/P. =79/6177 = 0,01279 > y,,/D = 0,018 = Y, 794y = 7,74 mm

Determine M, /M, to find y /D and subsequently ground line deformation, y,,.

The ground line deformations caused only by the moment at the groundline for Test 2 are:
My/M, =15x%0,9/19280 = 0,0007 = y,,/D = 0,0014 - y,, 344y = 0,60 mm
My/M, =39 x%0,9/19280 = 0,0018 - y,,/D = 0,0036 - ¥, 39,y = 1,55 mm
My/M. =59 %0,9/19280 = 0,0028 - y,,/D = 0,0056 = yp, 59y = 2,41 mm
My/M, =83 x0,9/19280 = 0,0039 - y,,/D = 0,0078 - yy, g3y = 3,35 mm
The ground line deformations caused only by the moment at the groundline for Test 3 are:
My/M. =34 x1,0/19280 = 0,0018 - y,,/D = 0,0036 - Y, 34xy = 1,55 mm
My/M. =46 x 1,0/19280 = 0,0024 - y,,/D = 0,0048 - y,, 46xn = 2,06 mm
My/M, =59 x1,0/19280 = 0,0031 - y,,/D = 0,0062 - ¥, s9ky = 2,67 mm
My/M. =79 x1,0/19280 = 0,0041 - y,,/D = 0,0082 - y,;, 795y = 3,57 mm

Determine load, P;, that would have caused the same deflections as moment, M.

This is determined first for Test 2:
Ymaskn/D = 0,0014 - Py.i5,n/P: = 0,0017 — Py.q5,y = 10,5 kN
Ym3okn/D = 0,0036 = Py.30kn/P: = 0,0042 > Py 36,y = 25,9 kN
Ymsokn/D = 0,0056 — Py.5orn/P. = 0,0067 = Py.sopy = 41,4 kN
Ymg3kn/D = 0,0078 — Py.g3in/P: = 0,0094 - P g3,y = 58,1 kN
And for Test 3:
Ym,34kn/D = 0,0036 = Py.345n/Pe = 0,0043 = Py.345y = 26,6 kKN
Ymaskn/D = 0,0048 = Py.461n/P: = 0,0058 — P; 461y = 35,8 kN
Ymsokn/D = 0,0062 = Py.sorn/P: = 0,0074 > P59,y = 45,7 kN
Ym.79kn/D = 0,0082 = Py.79xn/P: = 0,0098 — Py.79,y = 60,5 kN

Determine moment, M,, that would have caused the same deflections as load, P,.

This is determined first for Test 2:
Ypaskn/D = 0,001 > My 35,y /Mc = 0,0005 > My,q50y = 9,6 kNm
yp’ggkN/D = 0,005 » My.395v/M; = 0,0025 - My.36,y = 48,2 kNm
yp’sgkN/D = 0,011 - My.59,n/M; = 0,0055 = M;.59;,y = 106,0 kNm
Yp,s3kn/D = 0,019 > My g3,y /M. = 0,0095 > My g3,y = 183,2 kNm
And for Test 3:
Yp3akn/D = 0,004 > My .34,/ M = 0,0020 - My34y = 38,6 kNm
yp’%k,\,/D = 0,008 » My 46xn/M: = 0,0040 > My 466y = 77,1 kKNm
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yp’sgkN/D = 0,011 d M1;59kN/MC = 0,0055 d M1;59kN = 106 kNm
yp,79kN/D = 0,018 d M1;79kN/MC = 0,0090 d M1;79kN = 173,5 kNm

Now calculate the displacements that are caused by the combined load of P, and P;.

For Test 2:
Py + Py.qs5ky = 15+ 10,5 = 25,5 kN
Py + Py.39ky = 39 + 25,9 = 64,9 kN
Py + Pi.sopy = 59 + 41,4 = 100,4 kN
Py + Py.g3xy = 83 + 58,1 = 141,1 kN

Pyy1/P. = 25,5/6177 = 0,00413 — ypm/b = 0,004 - ypm 158y = 1,72 mm

Poy1/P. = 64,9/6177 = 0,01051 - y,,, /b = 0,012 = ¥, 394y = 5,16 mm

Poy1/P; = 100,4/6177 = 0,01625 = Yy /b = 0,027 > ypm sy = 11,6 mm

Poy1/P. = 141,1/6177 = 0,02284 - y,,, /b = 0,050 - Y, g3y = 21,5 mm
For Test 3:

Py + Py.34kny = 34+ 26,6 = 60,6 kN

Py + Py.46xny = 46 + 35,8 = 81,8 kN

Py + Pi.sopy = 59 + 45,7 = 104,7 kN

Py + Pi.7oky = 79 + 60,5 = 139,5 kN

Po41/P, = 60,6/6177 = 0,00981 = y, /b = 0,032 = Yy sapy = 13,8 mm
Po41/P, = 81,8/6177 = 0,01324 = ypp /b = 0,043 = Y, 46y = 18,5 mm
Py41/P. = 104,7/6177 = 0,01695 = Y, /b = 0,065 = Yy sorn = 28,0 mm
Py41/P. = 139,5/6177 = 0,02258 = Ypn /b = 0,099 = Yy 7oy = 42,6 mm

Now calculate the displacements that are caused by the combined moments M, and M;.

For Test 2:
My + My.45,y = 15X 0,9+ 9,6 = 23,1 kNm
My + My .39,y =39 X 0,9 +48,2 =833 kNm
My + My .59y = 59 X 0,9 + 106 = 159,1 kNm
My + My.g3,y = 83 X 0,9 + 183,2 = 257,9 kNm

Myy1/M, = 23,1/19280 = 0,00120 - ypm/b =0,0024 > yyp 15kv = 1,03mm

Myy1/M, =83,3/19280 = 0,00432 - ypm/b = 0,0086 = Yyp 309kn = 3,7 mm

Moy41/M, = 159,1/19280 = 0,00825 - y,,, /b = 0,022 = Yy 50ky = 9,5 mm

Myy1/M, = 257,9/19280 = 0,01338 - y,,, /b = 0,047 = ypp g3y = 20,2 mm
For Test 3:

My + My 345y =34 % 1,0+ 9,6 = 43,6 kNm

My + My 46,y = 46 X 1,0 + 48,2 = 94,2kNm

My + My.59ky = 59 X 1,0 + 106 = 165 kNm

My + My .79y =79 X 1,0 + 183,2 = 262,2 kNm

Moy1/M, = 43,6/19280 = 0,00226 — Ypm/b = 0,0045 = Y, 340y = 1,9 mm
Moy1/M, = 94,2/19280 = 0,00489 — y,,/b = 0,0098 = Y,y 4erny = 4,2 mm
Mo41/M, = 165/19280 = 0,00856 = Yy /b = 0,022 = Y sy = 9,5 mm

Moy1/M, = 262,2/19280 = 0,01360 = /b = 0,047 = Yy 7oy = 20,2 mm
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Calculate the groundline deflections by taking the average between y,,, and yp,,.

For Test 2:
Yisknv = (1,72 +1,03)/2 = 1,4 mm
Y39kN = (5,16 + 3,7)/2 =4,4mm
Y5okN = (11,6 + 9,5)/2 =10,6 mm
Ya3rn = (21,54 20,2)/2 = 20,9 mm
For Test 3:
YVaarny = (13,84+1,9)/2 =7,9mm
Y4a6kN = (185+4,2)/2=11,4mm
Vsorny = (28,0 +9,5)/2 = 18,8 mm
YVoorn = (42,6 +20,2)/2 = 31,4 mm

Calculate the maximum moments
This calculation is best executed in excel to speed up the iterative process. In excel the
calculations have been executed according to Chapter 6 in Appendix A.
For Test 2:

Mpax1skeny = 20,5 kNm

Mpmax39kn = 55,2 kNm

Mpaxsokn = 91,0 KNm

Mmax,83kN = 104, 3 kNm
For Test 3:

Mnax3akn = 57,6 KNm

Mnaxa6kn = 78,9 KNm

Mmax,59kN = 106, 3 kNm

Mppax79kn = 148,8 KNm

Output

At Bagnolet three tests were performed. Two of them were allowed to be calculated with the
CLM. In the first test the pile length was too short compared to the pile diameter. The result of
the calculations on test two and three is a set of four graphs, two load-displacement graphs
and two load-maximum moment graphs. These graphs are given below. It can be seen that the
maximum moment were calculated reasonably accurate. Displacements however differed
more. The lateral deflection of the pile was calculated to be approximately two times as large
as the measured deflection for test Il and three times as large as the measured deflection for
testlll.
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5.2 CASE III-cu, BRENT CROSS

5.2.1 Calculation
Determine if the deflections are measured at the ground line.

No, the pile head deformation has been measured. Therefore, it is not possible to calculate
these displacements with the CLM.
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CASE VI-CS, SABINE

Calculation
Determine if the deflections are measured at the ground line.

No, the pile-head deformation has been measured. Also the maximum occurring moment has
been measured. The pile head deformations can be assumed to be equal to the groundline
deformations, since the pile head is located close to the ground line. A slight underestimation
of the deflections can be expected.

Determine the average soil parameters over the first eight diameters of the pile

The soil data describe a homogeneous subsurface with the following soil parameters.
¢y = 14,4kPa
y' = 5,5kN/m3

Determine if the pile is long enough to perform a CLM-calculation.

The length of the pile is 12,8m. This length equals 12,8/0,319=40 pile diameters, which is
longer than the maximum required minimum length.

Determine the Characteristic load, P.,, and moment, M..

31.280 \ /{m % 0,319% X
R,=( )/ =293 x 10~

2,1 x 108 64
14,4 0,68
=7,34%0,3192 x (2,1 X 108 x x 1073 ><( ' ) =1.
P. = 7,34 % 0,3192 x (2,1 x 108 x 293 x 1073) P TX 107 X 293 X 1073 1.424 kN
14,4 0,46
= 3,86 x 0,3193 x (2,1 x 108 x x 1073 x( ‘ )
M, = 3,86 X 0,3193 x (2,1 x 108 x 293 x 1073) X107 X 293 X 1073

= 6.870 kNm

Determine P, /P, to find y/D and subsequently ground line deformation, Vp-

Py/P. =18/1424 = 0,0126 > y,/D = 0,018 - y,, 154y = 5,74 mm

Py/P. = 35/1424 = 0,0246 - y,/D = 0,055 = yp, 350y = 17,55 mm

Py/P. = 53/1424 = 0,0372 > y,/D = 0,131 - y, 53,y = 41,79 mm

Py/P. =71/1424 = 0,0499 - y,/D = NA - y, 71,y = NA

Py/P. =80/1424 = 0,0562 - y,/D = NA = ypgokn = NA
The values of P,/P,, for the loads of 71 and 80kN exceed the range of the design graphs of the
CLM. Therefore the calculation continues without these measurements.

Determine M,/ M_ to find y/D and subsequently ground line deformation, y,,.

My/M, = 18 x 0,305/6870 = 0,00080 = y,,/D = 0,0016 = Y, 1g¢x = 0,51 mm
Mo/M, = 35 x 0,305/6870 = 0,00155 = y,,/D = 0,0031 = y, 350x = 0,99 mm
My/M, = 53 x 0,305/6870 = 0,00235 = y,,/D = 0,0047 = y, s3cx = 1,50 mm
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Determine load, P;, that would have caused the same deflections as moment, M.

}’m,lskN/D =0,0016 - P1;18kN/Pc = 0,0022 > Py;1gxy = 3,1 kN
Ym3sin/D = 0,0031 = Py 35y /P = 0,0042 > P35y = 6,0 kN
Ym,s3kn/D = 0,0047 = P53y /P = 0,0064 > P53,y = 9,1 kN

Determine moment, M,, that would have caused the same deflections as load, P,.
Ypaskn/D = 0,018 > My 165y /M = 0,004 > My,1g,y = 27,5 kNm
yp’gskN/D = 0,055 = Mj.35,n/M. = 0,015 - My.35,y = 103,0 kNm
yp,53kN/D = 0,131 > My 53,n /M. = 0,028 > My.53,y = 188,9 kNm

Now calculate the displacements that are caused by the combined load of Py and P;.
Py + Py.igeny = 18+ 3,1 = 21,1 kN
Py + Py.3spny = 35+ 6,0 = 41,0 kN
Py + Py.s3py = 53+ 9,1 =62,1kN

P0+1/PC - 21,1/14’24’ - 0,015 - ypm/D == 0,023 - ypm,lSkN == 7,3 mm
Pos1/P, = 41,0/1424 = 0,029 = Y /D = 0,080 = Y 356w = 25,5 mm
Pyy1/P. = 62,1/1424 = 0,044 - ypm/D = NA - Ypms3ew = NA

Now calculate the displacements that are caused by the combined moments M, and M;.
My + My.q1g,y = 18 X 0,305 + 27,5 = 33,0 kNm
My + My.q1g,y = 18 X 0,305 + 103,0 = 113,7 kNm
My + My.1gxny = 18 X 0,305 + 188,9 = 205,1 kNm

Mos1/M, = 33,0/6870 = 0,0048 = /D = 0,011 = Yy 11y = 3,5 mm
Mos1/M, = 113,7/6870 = 0,0165 = Yy /D = 0,063 = Yy 185y = 20,1 mm
Moy1/M, = 205,1/6870 = 0,0299 = Yo /D = 0,150 = Yy, 160w = 47,9 mm

Calculate the groundline deflections by taking the average between yy,,, and Y.

Y18kN — (7,3 + 3,5)/2 = 5,4‘ mm

yaskn = (25,5 + 20,1)/2 = 22,8 mm

Y53y = (NA+47,9)/2 = 47,9 mm (Low estimate, since the deflections of Py, are higher
for the loads of 18 and 35 kN than the deflections of My, ;.

Calculate the maximum moments

This calculation is best executed in excel to speed up the iterative process. In excel the
calculations have been executed according to Chapter 6 in Appendix A.

Mnax 18k = 24,9 KNm

Mpax3s5kny = 60,8 kNm

Moy 538 = 101,6 kNm

5.3.2  Output
The CLM was not capable of calculating the deflections for all the loads. At some point the
design graphs were not sufficiently expanded to read all the values. Therefore only three
measurements can be compared with the calculation. The results are given below in graphical
form.
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CASE IX-CL, GARSTON

In contradiction to the above CLM-calculation, this, and the following field tests have been
executed with a sandy soil.

Calculation
Determine if the deflections are measured at the ground line.

Yes, the pile head deformations have been measured at 0,9m above the groundline. This
makes it impossible to correctly compare the measurements with the groundline deformation.
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CASE X-CL, ARKANSAS RIVER

Calculation
Determine if the deflections are measured at the ground line.

Yes, the ground line deformation has been measured, therefore the calculation can
legitimately be used to predict the measurements.

Determine the average soil parameters over the first eight diameters of the pile

The diameter of the pile is determined to be 0,48m. This means that the soil properties have to
be averaged over the first 8x0,48=3,84m below the soil surface. It is assumed that the soil
properties of the fill are equal to the soil properties of the soil layer below the fill.

24X 45+ (3,84 — 2,4) x 42

= 43,9°
¢ 3,84
1,5x 20+ (3,84 —1,5) x 10,2
y' = 384 = 14,03 kN/m3

Determine if the pile is long enough to perform a CLM-calculation.

The pile is 15/0,48=31 diameters long. This length is sufficient to perform a CLM-calculation
according to table 6-2 of appendix A.

Determine the Characteristic load, P..

g [T % 0,48* s
R, = (3,494 x107%)/ —r )= 134 x 10
P.=1,57 x 0,482 x (2,0 x 108 x 134 x 1073)
<14,03 X 0,48 X 43,9 x tan?(45 + 43,9/2)
X

2,0x 108 x 134 x 1073

0,57
> = 38.369 kN

Determine P, /P, to find y/D and subsequently ground line deformation, Vp-

Py/P. = 46/38369 = 0,00120 — y,/D = 0,005 = Y, 46eny = 2,4 mm
Py/P. = 92/38369 = 0,00240 = y,/D = 0,012 = ¥, 51y = 58 mm
Py/P. = 140/38369 = 0,00365 — ,,/D = 0,022 = ¥, 1405y = 10,6 mm
Py/P. = 191/38369 = 0,00498 - y,,/D = 0,038 = ¥, 191,y = 18,2 mm
Py/P. = 248/38369 = 0,00646 — y,/D = 0,056 = y,, 5451y = 26,9 mm
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Output

The CLM method is easy to use if the loads are applied at the groundline. The results of the
calculation were deflections for all the applied loads. The calculated deflections were
approximately twice as large as the measured deflections. This result is shown in the graph

below.
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- o
)
3
F 100 5 —— Measurements
E A/} O CLM-Results
50
0
a 5 10 15 20 25 30
Deflection, y [mm]

Graph 5-7 Lateral load vs. deflection, Arkansas River
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5.6

5.6.1

CALCULATIONS CHARACTERISTIC LOAD METHOD

CASE X-CL, FLORIDA

Calculation
Determine if the deflections are measured at the ground line.

Yes, the ground line deformation has been measured; therefore the calculation can
legitimately be used to predict the measurements.

Determine if the pile is long enough to perform a CLM-calculation.

The pile is 7,62/1,42=5,4 diameters long. This length is insufficient to perform a CLM-
calculation according to table 6-2 of Appendix A. The minimum length of the pile must be
higher than 8 to 14 times the diameter of the pile, depending on the soil and pile parameters.
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APPENDIX C— CHAPTER 6

6 NONDIMENSIONAL METHOD

The Nondimensional Method, NDM, is developed by performing lots and lots of p-y
calculations and placing the results in nondimensional graphs. With this manual method
computer calculations can be checked and the user can easily choose the type of p-y curve he
likes. The six field tests that have considered with the CLM method are also used here. Of
these field test, three have been executed in cohesive soils, the others in cohesionless soil.

6.1 CASE I-cu, BAGNOLET

6.1.1 Determine the p-y Curves.
Because the NDM method can only deal with a homogeneous soil, the soil parameters are
averaged over the first eight pile diameters. This is the same approach as for the CLM.

y = 17,9 kN/m3

8 x 0,43
€y =—5g¢— x (125~ 100) + 100 = 121,72 kPa

The P-Y curves are determined as suggested by Reese et al. The method is described in
Appendix A, chapter 2. The P-Y curves are shown in figure 6-1.

400
—©—1z=1D
—A—1z=2D
— —
£ —¥—z=3D — /E/E/
S 300 | 4 ,p Fe— o—6-6-
= —6—2=5D E/El/ 50— [ T —+— T
: —El—z=6D/e/e//I/'/—/M‘ NN
g 200 — ’I"/F/M/ M———A_A—A—
‘»
g
= 100
]
wv
0
0 0,02 0,04 0,06 0,08 0,1
Lateral deflection, y [mm]

Figure 6-1 P-Y curves Bagnolet according to Reese et al.
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6.1.1.1

CALCULATIONS NONDIMENSIONAL METHOD

TEST1

Calculate the displacements at the ground line for a load of 29kN.

Take Tiieq=1,33m
Then Zmax=L1/Tiied = 2,65/1,33=2,0

z[m] |z Ay By Ya[mm] | P[kN/m] | E,, [kPa]
0,430 | 0,32 3,45 | 2,55 12,82 115,89 9038
0,860 | 0,65 2,52 1,5 8,85 122,34 13817
1,290 | 0,97 1,45 0,75 4,94 120,14 24341
1,720 | 1,29 | 0,45 0 1,20 94,57 78549
2,150 | 1,62 | -0,55 -0,7 -2,46 #NUM! #NUM!
2,580 | 1,94 -1,4| -1,4 -5,72 #NUM! | #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.

K,, = 1/(25,9*10°°) = 38610kN/m’

Take Tiieq=0,88m Then Zyg=L/Tyieq=2,65/0,88 = 3,0

z[m] [z Ay By Ya[mm] | P[kN/m] [ E,, [kPa]
0,430 | 0,49 1,8 1 2,01 72,93 36259
0,860 | 098 | 1,15| 0,45 1,17 73,74 63098
1,290 | 1,47 0,5 0,2 0,51 68,14 133402
1,720 1,95 0,15 -0,1 0,05 43,64 799277
2,150 | 2,44 | -02| -02 -0,28 #NUM! [ #NUM!
2,580 | 2,93 -0,5 -0,3 -0,57 #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(10,5%10°) = 95238 KN/M’ Toptainea = (25500/95238) = 0,77m Toptainea > Teriea

Plot the values of Tyieq Versus the values of Topined. This plot is shown graph 6-1. Calculate the

value of T, where Tyieq = Tobtained- SUbSequently calculate y,g.
0,3333T+0,4767 =T, T=0,4767/0,6667 =0,72m
Vaon = (1000)*2,75%29*0,72°/25500+(1000) *1,75*20,3*0,72°/25500= 1,9mm

Tobtained = (25500/38610)(1/5) = 0,92m

Tobtained < Ttried
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1,00

z[m]

0,30

0,00

¥=0,0250x *
* | |
& u
y=10,0105x
Y }/
0 30 &0 o0 120 150
Epy [Mpa]

1

0,95

0,85

Tobtained [m]

0,8

0,75

a7

0.5 1 ¥=0,3333x+ 04767 | o~
// 1,33:092
./,
0,88;0,77
08 1 12 14
Ttried [m]

Graph 6-1 Graphs for iterative procedure of NDM, Bagnolet, Reese, 29kN
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APPENDIX C— CHAPTER 6

Calculate the displacements at the ground line for a load of 49kN.

Take Tiieq=1,33m
Then Zpmex=L1/Tiied =2,65/1,33=2,0

z[m] Z Ay By Ya[mm] | P[kN/m] | E,, [kPa]
0,430 | 0,32 3,45 2,55 21,66 132,12 6099
0,860 | 0,65 2,52 1,5 14,96 139,48 9323
1,290 | 0,97 1,45 0,75 8,34 136,97 16425
1,720 | 1,29 0,45 0 2,03 107,82 53002
2,150 | 1,62 | -055| -0,7 415 | #NUM!| #NUM!
2,580 1,94 -1,4 -1,4 -9,66 #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(38,4*10°) = 26042kN/m’  Toptaines = (25500/26042)" = 1,00m  Toptainea < Turea
Take Tiieq=0,88m Then  Z,u=L/Tyieq = 2,65/0,88 = 3,0

z[m] Z Ay By Ya[mm] | P[kN/m] | E,, [kPa]
0,430 | 0,49 1,8 1 3,40 83,15 24466
0,80| 098 1,15 0,45 1,97 84,07 42576
1,290 | 1,47 0,5 0,2 0,86 77,69 90015
1,720 1,95| 0,15 -0,1 0,09 49,76 539323
2,150 | 2,44 -0,2 -0,2 -0,47 #NUM! #NUM!
2,580 | 2,93 -0,5 -0,3 -0,97 #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(15,5%10°) = 64516kN/m’ Toptainea = (25500/64516)™” = 0,83M Topainea > Teriea

Plot the values of Tyieq Versus the values of Topined. This plot is shown graph 6-2. Calculate the
value of T, where Tyied = Toptained- SUbsequently calculate y,gn.

0,3778T +0,4976 =T, T = 0,4976/0,6222 = 0,80m

Vaoin = (1000)*2,75%49%0,80°/25500+(1000)*1,75*34,3*0,80°/25500= 4,22mm

2,00 | 11
v=0,0384x * 1,05
1,50
—_ 1 r 3
¢ £
_ = y=0,3778x+0,4976 1,33;1
E 100 £ o035
L] * - - o]
w=0,0155x 56
L = 0® /
0,50
' @
}’/ 0.85 //
0,00 0.8 0,88;0,83
0 20 40 60 80 08 1 1.2 14
Epy [Mpa] Ttried [m]

Graph 6-2 Graphs for iterative procedure of NDM, Bagnolet, Reese, 49kN

219



CALCULATIONS NONDIMENSIONAL METHOD

Calculate the displacements at the ground line for a load of 59kN.

Take Tiieq=1,33m
Then Zpmex=L1/Tiied =2,65/1,33=2,0

z[m] z Ay By Ya [mm] | P [kN/m] | E,, [kPa]
0,430 0,32 3,45 2,55 26,09 138,40 5306
0,860 0,65 2,52 1,5 18,01 146,11 8111
1,290 0,97 1,45 0,75 | 10,04 143,48 14289
1,720 1,29 0,45 0 2,45 112,95 46110
2,150 1,62 -0,55 0,7 5,00 #NUM! | #NUM!
2,580 1,94 -1,4 -1,4 -11,63 #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(44,1%10°) = 22676kN/m’  Toptaines = (25500/22676)" = 1,02m  Toptainea < Turea
Take Tiieq=0,88m Then  Z,u=L/Tyieq = 2,65/0,88 = 3,0

z[m] z Ay By Ya[mm] | P [kN/m] | E,, [kPa]
0,430 0,49 1,8 1 4,09 87,11 21285
0,860 0,98 1,15 0,45 2,38 88,07 37040
1,290 1,47 0,5 0,2 1,04 81,38 78311
1,720 1,95 0,15 0,1 0,11 52,12 | 469199
2,150 2,44 0,2 0,2 0,57 | #NUM! | #NUM!
2,580 2,93 -0,5 -0,3 -1,16 #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.
Ky = 1/(17,8*10°) = 56180kN/m’ Toptaineq = (25500/56180) = 0,85m Toptained > Tiriea

Plot the values of Tyieq Versus the values of Topined. This plot is shown graph 6-3. Calculate the
value of T, where Tyied = Toptained- SUbsequently calculate ysg.

0,3778T+0,5176 =T, T=0,5176/0,6222 = 0,83m

Vsan = (1000)*2,75%59%0,83°/25500+(1000) *1,75*41,3*0,83°/25500= 5,59 mm

2,00 ‘ 11
¥=0,0441x . 1,05
1,50
‘ / T 17 y=0,3778x+0,5176 | _433:102 |
— -
E 100 g oos ~
n . n g /
(=]
v=0,0178x = 05 -
0,50 /
’ .
/!/ 0,85 »
0,88;0,85
0,00 08 ;
0 20 40 &0 80 0,38 1 12 1,4

Epy [Mpa] Ttried [m]

Graph 6-3 Graphs for iterative procedure of NDM, Bagnolet, Reese, 59kN
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Calculate the displacements at the ground line for a load of 79kN.
Take Tiieq=1,33m
Then Zyox=L/Tyied=2,65/1,33=2,0

z[m] z Ay By Ya [mm] | P [kN/m] | E,, [kPa]
0,430 0,32 3,45 2,55 34,93 148,88 4263
0,860 0,65 2,52 1,5 24,12 157,18 6516
1,290 0,97 1,45 0,75 | 13,45 154,35 11479
1,720 1,29 0,45 0 3,28 121,50 37044
2,150 1,62 -0,55 0,7 6,69 | #NUM! | #NUM!
2,580 1,94 -1,4 -1,4 -15,57 #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(54,9%10°) = 18215kN/m’  Toptaines = (25500/18215)" = 1,07m  Toptainea < Turea
Take Tiieq=0,88m Then  Z,u=L/Tyieq = 2,65/0,88 = 3,0

z[m] z Ay By Ya[mm] | P [kN/m] | E,, [kPa]
0,430 0,49 1,8 1 5,48 93,70 17100
0,860 0,98 1,15 0,45 3,18 94,74 29757
1,290 1,47 0,5 0,2 1,39 87,54 62913
1,720 1,95 0,15 0,1 0,15 56,07 | 376943
2,150 2,44 0,2 0,2 0,76 | #NUM! | #NUM!
2,580 2,93 -0,5 -0,3 -1,56 #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(22,2*10°) = 45045kN/m’ Toptainea = (25500/45045)"” = 0,89m Toptainea > Teriea

Plot the values of Tyieq Versus the values of Topineg. This plot is shown graph 6-4. Calculate the
value of T, where Tyied = Toptained- SUbsequently calculate yg.

0,4T +0,538=T, T=0,538/0,6 = 0,90m

Von = (1000)*2,75%79%0,9°/25500+(1000)*1,75*55,3*0,9°/25500= 8,2mm

2,00 ‘ 1,1 ‘
_ * 4 /
¥=0.0545x / 1.08 y=0,4%+ 0,538 /
1,50
o / B
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: :
= 1,00 'E 0,85 L
* ] £ /
o
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Graph 6-4 Graphs for iterative procedure of NDM, Bagnolet, Reese, 79kN
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6.1.1.2 TESTII
Calculate the displacements at the ground line for a load of 15kN.

Take Tiieq=1,04m
Then Zpe = L/Ttried =4, 15/1104= 4,0

z[m] z Ay By Ya [mm] | P [kN/m] | E,, [kPa]
0,430 0,41 1,88 0,99 1,81 71,03 39249
0,860 0,83 1,21 0,50 1,08 72,34 66845
1,290 1,24 0,71 0,23 0,60 71,00 117940
1,720 1,65 0,36 0,00 0,24 62,95 266372
2,150 2,07 0,13 -0,07 0,05 47,23 948076

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(7,5%10°) = 133333kN/m’>  Tobtained = (25500/133333)"” = 0,72m  Toptainea < Tiriea
Take Tiieq=0,5m Then Zyox=L1/Tieqa=4,15/0,5=8,3

z[m] z Ay By Ya [mm] | P [kN/m] | E,, [kPa]
0,430 0,86 1,79 0,99 0,26 43,85 166824
0,860 1,72 1,16 0,50 0,15 44,22 292606
1,290 2,58 0,67 0,23 0,08 42,75 540213
1,720 3,44 0,36 0,00 0,03 36,34 1383984
2,150 4,30 0,13 -0,07 0,00 17,21 | 19598706
2,580 5,16 0,00 -0,09 -0,01 | #NUM! #NUM!
If the stiffness is plotted versus the depth, K, can be calculated.
Ky, = 1/(1,5*10°) = 666667 kN/M’ Toptainea = (25500/666667) = 0,52m Tobtained > Teried

Plot the values of Tyieq Versus the values of Typiined- This plot is shown graph 6-5. Calculate the
value of T, where Tyieq = Tobtained- SUbSequently calculate ys.

0,3704T + 0,3348=T, T = 0,3348/0,6296= 0,53m

Visiv = (1000)*2,4*15%0,53°/25500+(1000)*1,70*13,5*0,53%/25500= 0,46mm
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Graph 6-5 Graphs for iterative procedure of NDM, Bagnolet, Reese, 15kN
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Calculate the displacements at the ground line for a load of 39kN.

Take Tiieq=1,33m
Then Zpe = L/Ttried =4, 15/1104 =4,0

z[m] z Ay By Ya [mm] | P [kN/m] | E,, [kPa]
0,430 0,41 1,88 0,99 4,71 90,21 19161
0,860 0,83 1,21 0,5 2,83 91,96 32539
1,290 1,24 0,71 0,23 1,56 90,14 57636
1,720 1,65 0,36 0 0,62 80,09 129319
2,150 2,07 0,13 -0,07 0,12 58,77 492036
2,580 2,48 0,00 -0,09 -0,13 #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.
K,, = 1/(15,5*10°°) = 64516kN/m’

Tobtained = (25500/64516)(1/5) =0,83m

Take Tiieq=0,5m Then Zyox=L1/Tiieqa=4,15/0,5=8,3

z[m] z Ay By Ya [mm] | P [kN/m] | E,, [kPa]
0,430 0,86 1,79 0,99 0,68 55,67 81525
0,860 1,72 1,16 0,5 0,39 56,18 142662
1,290 2,58 0,67 0,23 0,21 54,38 262424
1,720 3,44 0,36 0 0,07 46,24 671902
2,150 4,30 0,13 -0,07 0,00 16,62 | 21738148
2,580 5,16 0 -0,09 -0,03 #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.
Ky, = 1/(3,0¥10°®) = 333333kN/m’ Toptained = (25500/333333) = 0,60m

Plot the values of Tyieq Versus the values of Typiined- This plot is shown graph 6-6. Calculate the

value of T, where Tyieq = Tobtained- SUbSEquently calculate yzo.
0,4259T +0,3870=T, T=0,3870/0,5741 = 0,67m
V3o = (1000)*2,4*%39%0,67°/25500+(1000)*1,7*35,1*0,67°/25500= 2,2mm

Tobtained < Ttried

Tobtained > Ttried
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Graph 6-6 Graphs for iterative procedure of NDM, Bagnolet, Reese, 39kN
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CALCULATIONS NONDIMENSIONAL METHOD

Calculate the displacements at the ground line for a load of 59kN.

Take Tiieq=1,04m

Then Zyax = L/Tyied = 4,15/1,04 = 4,0

z[m] z Ay By Yo [mm] | P [kN/m] | E,, [kPa]
0,430 0,41 1,88 0,99 7,12 100,05 14046
0,860 0,83 1,21 0,5 4,28 101,98 23854
1,290 1,24 0,71 0,23 2,37 99,97 42253
1,720 1,65 0,36 0 0,94 88,83 94803
2,150 2,07 0,13 -0,07 0,18 65,17 360709
2,580 2,48 0 -0,09 -0,20 HNUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.

Ky, = 1/(21,2*10°°) = 47170kN/m’

Tobtained = (25500/471 70)(1/5) = 0,88m

Take Tiieq=0,5m Then Zyox=L1/Tieqa=4,15/0,5=8,3

z[m] z Ay By Ya [mm] | P [kN/m] | E,, [kPa]
0,430 0,86 1,79 0,99 1,03 61,74 59765
0,860 1,72 1,16 0,5 0,60 62,31 104585
1,290 2,58 0,67 0,23 0,31 60,31 192381
1,720 3,44 0,36 0 0,10 51,28 492567
2,150 4,30 0,13 -0,07 0,00 18,44 | 15936098
2,580 5,16 0 -0,09 0,05 | #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.
Ko, = 1/(4,1*10°) = 243902kN/m’ Toptaineq = (25500/243902)" = 0,64m

Plot the values of Tyieq Versus the values of Topineg. This plot is shown graph 6-7. Calculate the

value of T, where Tyied = Toptained- SUbsequently calculate ysg.
0,4444T + 0,4178 =T, T = 0,4178/0,5556 = 0,75m

Vsorn = (1000)*2,4*59*0,75°/25500+(1000)*1,70*41,3*0,75°/25500= 3,91 mm

Tobtained < Ttried

Tobtained > Ttried
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Graph 6-7 Graphs for iterative procedure of NDM, Bagnolet, Reese, 59kN
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Calculate the displacements at the ground line for a load of 83kN.

Take Tiieq=1,04m

Then Zyax = L/Tyied = 4,15/1,04 = 4,0

z[m] z Ay By Yo [mm] | P [kN/m] | E,, [kPa]
0,430 0,41 1,88 0,99 10,02 108,96 10874
0,860 0,83 1,21 0,5 6,01 111,07 18467
1,290 1,24 0,71 0,23 3,33 108,87 32710
1,720 1,65 0,36 0 1,32 96,74 73393
2,150 2,07 0,13 -0,07 0,25 70,98 279246
2,580 2,48 0 -0,09 -0,29 HNUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.

K,, = 1/(27,3*10°°) = 36630kN/m’

Tobtained = (25500/3 6630)(1/5) = 0, 93m

Take Tiieq=0,5m Then Zyox=L1/Tieqa=4,15/0,5=8,3

z[m] z Ay By Ya [mm] | P [kN/m] | E,, [kPa]
0,430 0,86 1,79 0,99 1,45 67,24 46268
0,860 1,72 1,16 0,5 0,84 67,86 80965
1,290 2,58 0,67 0,23 0,44 65,69 148934
1,720 3,44 0,36 0 0,15 55,85 381325
2,150 4,30 0,13 -0,07 0,00 20,08 | 12337081
2,580 5,16 0 -0,09 0,07 | #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(5,3*10°) = 188679N/M’ Toptainea = (25500/188679)*% = 0,67m Toprained > Trried

Tobtained < Ttried

Plot the values of Tyieq Versus the values of Topineg. This plot is shown graph 6-8. Calculate the
value of T, where Tyied = Toptained- SUbsequently calculate ygzn.
0,4815T +0,4293 =T, T =0,4293/0,5185 = 0,83m
Vssn = (1000)*2,4*83%0,83°/25500+(1000)*1,70*74,7%0,83°/25500= 7,90mm
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Graph 6-8 Graphs for iterative procedure of NDM, Bagnolet, Reese, 83kN
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6.1.1.3

CALCULATIONS NONDIMENSIONAL METHOD

TEST 111
Calculate the displacements at the ground line for a load of 34kN.

Take Tiieq=1,02m

Then Zpmex = L/Tied = 5,1/1,02= 5,0

z[m] z Ay By Ya [mm] | P[kN/m] | E,, [kPa]
0,430 0,42 1,79 0,99 3,91 86,10 22042
0,860 0,84 1,16 0,5 2,33 87,67 37547
1,290 1,26 0,67 0,23 1,27 85,52 67492
1,720 1,69 0,36 0 0,51 76,27 149736
2,150 2,11 0,13 -0,07 0,09 54,27 624897
2,580 2,53 0 -0,09 -0,12 #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.
Ky, = 1/(13,4*10°) = 74627kN/m’

Tobtained = (25500/74627)(1/5) = 0,81m

Take Tiieq=0,5m Then  Zyax=L/Twieqa=5,1/0,5 = 10,2

z[m] z Ay By Ya [mm] | P [kN/m] | E,, [kPa]
0,430 0,86 1,79 0,99 0,63 54,53 86778
0,860 1,72 1,16 0,5 0,36 54,94 152601
1,290 2,58 0,67 0,23 0,19 53,10 281940
1,720 3,44 0,36 0 0,06 44,68 744723
2,150 4,30 0,13 -0,07 0,00 #NUM! #NUM!
2,580 5,16 0 -0,09 -0,03 #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.

Ko, = 1/(2,7*10°®) = 370370 kN/m’ T optainea = (25500/370370)" = 0,59m

Plot the values of Tyieq Versus the values of Topined. This plot is shown graph 6-9. Calculate the

value of T, where Tyied = Toptained- SUbsequently calculate yzg .
0,4231T +0,3785=T, T =0,3785/0,5769= 0,66m
Vsan = (1000)*2,4*%34%0,66°/25500+(1000)*1,70*34*0,66°/25500= 1,91mm

Tobtained < Ttried

Tobtained > Ttried

3,00

2,50

2,00

1,50

z[m]
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Graph 6-9 Graphs for iterative procedure of NDM, Bagnolet, Reese, 34kN
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Calculate the displacements at the ground line for a load of 46kN.

Take Tiieq=1,02m

Then Zmox = L/Tiied = 5,1/1,02 = 5,0

z[m] z Ay By Yo [mm] | P [kN/m] | E,, [kPa]
0,430 0,42 1,79 0,99 5,28 92,85 17571
0,860 0,84 1,16 0,5 3,16 94,55 29931
1,290 1,26 0,67 0,23 1,71 92,23 53801
1,720 1,69 0,36 0 0,69 82,26 119362
2,150 2,11 0,13 -0,07 0,12 58,53 498137
2,580 2,53 0 -0,09 0,17 | #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.

K,, = 1/(16,8*10°) = 59524N/m’

Tobtained = (25500/59524) ) = 0,84m

Take Tiieq=0,5m Then Zyo=1/Tieqa=5,1/0,5=10,2

z[m] z Ay By Ya [mm] | P [kN/m] | E,, [kPa]
0,430 0,86 1,79 0,99 0,85 58,81 69175
0,860 1,72 1,16 0,5 0,49 59,25 121646
1,290 2,58 0,67 0,23 0,25 57,27 224749
1,720 3,44 0,36 0 0,08 48,19 593657
2,150 4,30 0,13 -0,07 0,00 #NUM! #NUM!
2,580 5,16 0 -0,09 0,04 | #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.

Ky, = 1/(3,4*10°) = 294118kN/m’ T optainea = (25500/294118) = 0,61m

Tobtained < Ttried

Tobtained > Ttried

Plot the values of Tyeq versus the values of Typiineg- This plot is shown graph 6-10. Calculate the
value of T, where Tyieq = Tobtained- SUbSequently calculate y gn-
0,4423T +0,3888 =T, T=0,3888/0,5577 = 0,70m
Vasin = (1000)*2,4*46*0,70°/25500+(1000)*1,7*46*0,70°/25500= 2,98mm
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Graph 6-10 Graphs for iterative procedure of NDM, Bagnolet, Reese, 46kN
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Calculate the displacements at the ground line for a load of 59kN.

Take Tiieq=1,02m
Then Zmex=1/Tiyiea=5,1/1,02=5,0

z[m] z Ay By Ya [mm] | P [kN/m] | E,, [kPa]
0,430 0,42 1,79 0,99 6,78 98,82 14579
0,860 0,84 1,16 0,5 4,05 100,62 24834
1,290 1,26 0,67 0,23 2,20 98,15 44640
1,720 1,69 0,36 0 0,88 87,54 99037
2,150 2,11 0,13 -0,07 0,15 62,28 413312
2,580 2,53 0 -0,09 -0,22 #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(20,2*10°) = 49505kN/m’  Toptaines = (25500/49505)" = 0,88m  Toptainea < Turea
Take Tiieq=0,5m Then Zyo=1/Tieqa=5,1/0,5=10,2

z[m] z Ay By Ya [mm] | P [kN/m] | E,, [kPa]
0,430 0,86 1,79 0,99 1,09 62,58 57396
0,860 1,72 1,16 0,5 0,62 63,05 100932
1,290 2,58 0,67 0,23 0,33 60,94 186477
1,720 3,44 0,36 0 0,10 51,28 492567
2,150 4,30 0,13 -0,07 0,00 #NUM! #NUM!
2,580 5,16 0 -0,09 -0,05 #NUM! #NUM!
If the stiffness is plotted versus the depth, K, can be calculated.
Ko, = 1/(4,1*10°°) = 243902kN/m’ T pptainea = (25500/243902)" = 0,64m Tobtained > Teried

Plot the values of Tyeq versus the values of Toprained. This plot is shown graph 6-11. Calculate the

value of T, where Tyied = Toptained- SUbsequently calculate ysg.
0,4615T +0,4092 =T, T = 0,4092/0,5385 = 0,76m
Vsan = (1000)*2,4*59%0,76°/25500+(1000)*1,70*59*0,76°/25500= 4,71mm
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Graph 6-11 Graphs for iterative procedure of NDM, Bagnolet, Reese, 59kN
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Calculate the displacements at the ground line for a load of 79kN.

Take Tiieq=1,02m

Then Zmox = L/Tiied = 5,1/1,02 = 5,0

z[m] z Ay By Yo [mm] | P [kN/m] | E,, [kPa]
0,430 0,42 1,79 0,99 9,08 106,30 11712
0,860 0,84 1,16 0,5 5,43 108,24 19951
1,290 1,26 0,67 0,23 2,94 105,58 35862
1,720 1,69 0,36 0 1,18 94,17 79564
2,150 2,11 0,13 -0,07 0,20 67,00 332045
2,580 2,53 0 -0,09 -0,29 HNUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.

K,, = 1/(25,2*10°°) = 39683kN/m’

Tobtained = (25500/39683)(1/5) = 0,92m

Take Tiieq=0,5m Then Zyo=1/Tieqa=5,1/0,5=10,2

z[m] z Ay By Ya [mm] | P [kN/m] | E,, [kPa]
0,430 0,86 1,79 0,99 1,46 67,32 46110
0,860 1,72 1,16 0,5 0,84 67,83 81086
1,290 2,58 0,67 0,23 0,44 65,56 149811
1,720 3,44 0,36 0 0,14 55,17 395716
2,150 4,30 0,13 -0,07 0,00 #NUM! #NUM!
2,580 5,16 0 -0,09 0,07 | #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(5,1%10°) = 196078N/M’ Toptainea = (25500/196078)™ = 0,67m Toprained > Trried

Plot the values of Tyeq Versus the values of Toptained- This plot is shown graph 6-12. Calculate the

value of T, where Tyied = Toptained- SUbsequently calculate ygy.
0,4808T +0,4296 =T, T = 0,4296/0,5192 = 0,83m
Vron = (1000)*2,4*79%0,83°/25500+(1000)*1,70*79*0,83°/25500= 7,88mm

Tobtained < Ttried
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Graph 6-12 Graphs for iterative procedure of NDM, Bagnolet, Reese, 79kN
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6.1.2

6.1.2.1

CALCULATIONS NONDIMENSIONAL METHOD

Calculation of Maximum moments

TEST I
Calculate the maximum moment for Load = 29kN

First the Nondimensional graphs have to be chosen to find the values of A,, and B,,. This can be

found by calculating Z,,,.y.

L 2,95 =410

T 072 11
Choose the graph where Z,,,, = 4. Since the maximum value of A,, can be found at a depth of
1,33T, the maximum moment must be located between 0,0T and 1,33T. Now the moments
between these points are determined.

M = A, P:T + B,M,
Take T=0,72m, P,= 29kN and M, = 20,3kNm

max =

Depth Am Bm M [kNm]
Coefficient, z
0 0 1 20,3
0,3 0,36 0,98 27,4
0,6 0,55 0,95 30,8
0,9 0,71 0,87 32,5
1,1 0,75 0,83 32,5
1,33 0,78 0,74 31,3

Mmax,29kN = 33kNm

Calculate the maximum moment for Load = 49kN

First the Nondimensional graphs have to be chosen to find the values of A, and B,,. This can be
found by calculating Z,,,ay.

L 295
T 0,80
Choose the graph where Z.x = 4. Since the maximum value of A, can be found at a depth of
1,33T, the maximum moment must be located between 0,0T and 1,33T. Now the moments

= 3,68

Zmax =

between these points are determined.
M == AmPtT + Bth

Take T =0,80m, P,=49kN and M; = 34,3kNm

Depth Am Bm M [kNm]
Coefficient, z
0 0 1 34,3
0,3 0,36 0,98 47,7
0,6 0,55 0,95 54,1
0,9 0,71 0,87 57,7
1,1 0,75 0,83 57,9
1,33 0,78 0,74 56,0

Mmax,49kN = 58kNm
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Calculate the maximum moment for Load = 59kN

First the Nondimensional graphs have to be chosen to find the values of A, and B,,. This can be
found by calculating Z,,,.y.

L 295

T = @ = 3,55
Choose the graph where Z,,, = 4. Since the maximum value of A,, can be found at a depth of
1,33T, the maximum moment must be located between 0,0T and 1,33T. Now the moments

Zmax =

between these points are determined.
M == AmPtT + Bth

Take T =0,83m, P,= 59kN and M, = 41,3kNm

Depth Am Bm M [kNm]
Coefficient, z

0 0 1 41,3

0,3 0,36 0,98 57,5

0,6 0,55 0,95 65,2

0,9 0,71 0,87 69,4

1,1 0,75 0,83 69,7
1,33 0,78 0,74 67,4

Mmax,59kN = 70kNm

Calculate the maximum moment for Load = 79kN

First the Nondimensional graphs have to be chosen to find the values of A,, and B,,,. This can be
found by calculating Z,,.y.

L 295
T 0,90

Zmax =

Choose the graph where Z,,, = 3. Since the maximum value of A,, can be found at a depth of
1,33T, the maximum moment must be located between 0,0T and 1,33T. Now the moments

= 3,28

between these points are determined.

M =A,P,T+ B,
Take T =0,90m, P,= 79kN and M, = 55,3kNm

M,

Depth Am Bm M [kNm]
Coefficient, z
0 0 1 55,3
0,3 0,36 0,97 79,2
0,6 0,55 0,94 91,1
0,9 0,67 0,85 94,6
1,1 0,7 0,8 94,0
1,33 0,69 0,7 87,8

Mmax,79kN = 95kNm
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6.1.2.2 TESTII
Calculate the maximum moment for Load = 15kN
First the Nondimensional graphs have to be chosen to find the values of A, and B,,. This can be
found by calculating Z,,,ay.
L 4,15
T 053
Choose the graph where Z,.x = 5. Since the maximum value of A, can be found at a depth of
1,33T, the maximum moment must be located between 0,0T and 1,33T. Now the moments

= 7,83

Zmax =

between these points are determined.
M == AmPtT + Bth

Take T =0,53m, P,= 15kN and M, = 13,5kNm

Depth Am Bm M [kNm]
Coefficient, z
0 0 1 13,5
0,3 0,36 0,98 16,1
0,6 0,55 0,93 16,9
0,9 0,71 0,85 17,1
1,1 0,74 0,8 16,7
1,33 0,77 0,71 15,7

Mmax,lSkN = 17kNm

Calculate the maximum moment for Load = 39kN

First the Nondimensional graphs have to be chosen to find the values of A, and B,,. This can be
found by calculating Z,,,ay.

L 295

Zmax =

T 067
Choose the graph where Z,.x = 5. Since the maximum value of A,, can be found at a depth of
1,33T, the maximum moment must be located between 0,0T and 1,33T. Now the moments

= 6,19

between these points are determined.
M == AmPtT + Bth

Take T =0,67m, P.= 39kN and M; = 34,3kNm

Depth Am Bm M [kNm]
Coefficient, z
0 0 1 35,1
0,3 0,36 0,98 43,8
0,6 0,55 0,93 47,0
0,9 0,71 0,85 48,4
1,1 0,74 0,8 47,4
1,33 0,77 0,71 45,0

Mmax,39kN = 48kNm
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Calculate the maximum moment for Load = 59kN

First the Nondimensional graphs have to be chosen to find the values of A, and B,,. This can be

found by calculating Z,,,.y.

LS

T 075 '
Choose the graph where Z,,, = 5. Since the maximum value of A,, can be found at a depth of
1,33T, the maximum moment must be located between 0,0T and 1,33T. Now the moments
between these points are determined.

M = A, P;T + B,,M;
Take T =0,75m, P,= 59kN and M, = 53,1kNm

Zmax =

Depth Am Bm M [kNm]
Coefficient, z
0 0 1 53,1
0,3 0,36 0,98 68,0
0,6 0,55 0,93 73,7
0,9 0,71 0,85 76,6
1,1 0,74 0,8 75,2
1,33 0,77 0,71 71,8

Mmax,59kN = 77kNm

Calculate the maximum moment for Load = 83kN

First the Nondimensional graphs have to be chosen to find the values of A,, and B,,. This can be
found by calculating Z,,.y.
LMooy
T 083 '
Choose the graph where Z,,, = 5. Since the maximum value of A,, can be found at a depth of
1,33T, the maximum moment must be located between 0,0T and 1,33T. Now the moments

Zmax =

between these points are determined.
M = A, P:T + B,,M,

Take T =0,83m, P,= 83kN and M, = 74,7kNm

Depth Am Bm M [kNm]
Coefficient, z
0 0 1 74,7
0,3 0,36 0,98 98,0
0,6 0,55 0,93 107,4
0,9 0,71 0,85 112,4
1,1 0,74 0,8 110,7
1,33 0,77 0,71 106,1

Mmax,83kN == 112kNm
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6.1.2.3 TESTIII
Calculate the maximum moment for Load = 34kN
First the Nondimensional graphs have to be chosen to find the values of A, and B,,. This can be
found by calculating Z,,,ay.
L 51
T 066
Choose the graph where Z,.x = 5. Since the maximum value of A, can be found at a depth of
1,33T, the maximum moment must be located between 0,0T and 1,33T. Now the moments
between these points are determined.
M = A, P;T + B,,M;
Take T =0,66m, P,= 34kN and M, = 34kNm

=773

Zmax =

Depth Am Bm M [kNm]
Coefficient, z
0 0 1 34,0
0,3 0,36 0,98 41,4
0,6 0,55 0,93 44,0
0,9 0,71 0,85 44,8
1,1 0,74 0,8 43,8
1,33 0,77 0,71 41,4

Mmax,34kN = 45kNm

Calculate the maximum moment for Load = 46kN

First the Nondimensional graphs have to be chosen to find the values of A, and B,,. This can be

found by calculating Z,,,ay.

L 51

T 0,70
Choose the graph where Z,.x = 5. Since the maximum value of A,, can be found at a depth of
1,33T, the maximum moment must be located between 0,0T and 1,33T. Now the moments
between these points are determined.

M = A, P;T + B,,M;
Take T =0,70m, P,= 46kN and M, = 46kNm

=729

Zmax =

Depth Am Bm M [kNm]
Coefficient, z
0 0 1 49,0
0,3 0,36 0,98 60,4
0,6 0,55 0,93 64,4
0,9 0,71 0,85 66,0
1,1 0,74 0,8 64,6
1,33 0,77 0,71 61,2

Mmax,46kN = 66kNm
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Calculate the maximum moment for Load = 59kN

First the Nondimensional graphs have to be chosen to find the values of A, and B,,. This can be

found by calculating Z,,,.y.

L 51

T 0,76
Choose the graph where Z,,, = 5. Since the maximum value of A,, can be found at a depth of
1,33T, the maximum moment must be located between 0,0T and 1,33T. Now the moments
between these points are determined.

M = A, P;T + B,,M;
Take T =0,76m, P,= 59kN and M, = 59kNm

=6,71

Zmax =

Depth Am Bm M [kNm]
Coefficient, z
0 0 1 59,0
0,3 0,36 0,98 74,0
0,6 0,55 0,93 79,5
0,9 0,71 0,85 82,0
1,1 0,74 0,8 80,4
1,33 0,77 0,71 76,4

Mmax,59kN = 82kNm

Calculate the maximum moment for Load = 79kN

First the Nondimensional graphs have to be chosen to find the values of A,, and B,,. This can be
found by calculating Z,,.y.

L 51

T 0,83
Choose the graph where Z,,, = 5. Since the maximum value of A,, can be found at a depth of
1,33T, the maximum moment must be located between 0,0T and 1,33T. Now the moments
between these points are determined.

= 6,14

Zmax =

M =A,PT+ B,M,
Take T =0,83m, P,= 79kN and M, = 79kNm

Depth Am Bm M [kNm]
Coefficient, z
0 0 1 79,0
0,3 0,36 0,98 101,0
0,6 0,55 0,93 109,5
0,9 0,71 0,85 113,7
1,1 0,74 0,8 111,7
1,33 0,77 0,71 106,6

Mmax,79kN == 114kNm
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6.1.3  Results
The result of this NDM calculation results in the same set of graphs for the CLM-method. From
the graphs below it can be seen that the NDM method overestimates the deflections of the
pile in all three of the cases. The maximum moments however have been predicted reasonably

accurate.
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6.2 CASE III-cu, BRENT CROSS

In the case of Brent Cross the P-Y method has been applied with both the recommendations
made by the APl and by Reese et al.

6.2.1 P-YAPI

Determine the p-y Curves.

Because the NDM method can only deal with a homogeneous soil, the soil parameters are
averaged over the first eight pile diameters. This is the same approach as for the CLM.

vV =17 kN/m’
Cu =(((8 x0,406) / 4,6) x (85,2-44,1)) / 2 + 44,1 = 58,6 kPa
200
——1z=1D
—A—12=2D
E —%—2=3D =T
$ 150 H 4 o =55
Z /e/U \
E s R,
g kKX
S 100 T KT A
g e N
g o—
5 50
(7]
0 B
0 0,01 0,02 0,03 0,04 0,05 0,06
Lateral deflection, y [m]

Table 6-1 P-Y curves Brent Cross according to API.
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Calculate the displacements at the ground line for a load of 20kN.

Take Tiieq=1,0m
Then Zmex=L1/Tiiea = 16,5/1,0 = 16,5

z[m] V4 Ay By | Ya[mm]| P[kN/m] | E,, [kPa]
0,406 | 0,41 | 1,79 0,94 1,06 24,03 22674
0,812 | 0,81| 0,98 0,49 0,57 22,92 39983
1,218 | 1,22 | 0,74 0,18 0,36 22,41 62928
1,624 | 1,62 | 0,38| -0,02 0,14 18,46 132839
2,030 | 2,03| 0,13 | -0,07

2,436 | 2,44 | 0,00 -0,09

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(14,1%10°) = 70922 kKN/m’  Toptaines = (51400/70922)"" = 0,94 M Toptainea < Turea
Take Tyieq=1,5m  Then Zye=L/Tyieqd=16,5/1,5=11m

z [m] Z Ay By | Yalmm]| P[kN/m] | E,, [kPa]
0,406 | 0,27 | 2,05| 1,16 3,71 36,49 9828
0,812| 054 | 1,56| 0,80 2,76 38,68 14038
1,218 | 0,81 | 1,23 | 0,49 2,04 40,11 19641
1,624 | 1,08 | 0,92 | 0,29 1,46 40,39 27745
2030| 1,35| 065 0,13 0,97 39,23 40552
2436 | 1,62 | 0,38 0,01 0,51 34,86 68612
If the stiffness is plotted versus the depth, K, can be calculated.
Ky, = 1/(42,8*10°) = 23364 kN/M’ Toptaines = (51400/23364)™* = 1,17 m Tobtained < Teried

Plot the values of Tyeq versus the values of Toptained- This plot is shown graph 6-13. Calculate the
value of T, where Tyied = Toptained- SUbsequently calculate y,gn.

0,46T+0,48=T, T=0,48/0,54=0,89 m

Vaoun = (1000)*(2,4*20%0,89°/51400 + 1,7*20%0,89°/51400) = 1,18 mm

2,50 - 1,2
=0,0428 /
2,00 Y . 11 _—~
©
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TL__J,,5o s 1 ,/
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EP \ 3 v [y=o0a6x+04s]
' 0,9
* y = 0,0141x
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Graph 6-19 Graphs for iterative procedure of NDM, Case lli-cu, Brent Cross, 20kN, p-y according to API
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CALCULATIONS NONDIMENSIONAL METHOD

Calculate the displacements at the ground line for a load of 40kN.

Take Tiieq=1,0m
Then Zmex=L1/Tiiea = 16,5/1,0 = 16,5

z[m] |z Ay By Ya[mm] | P[kN/m] | E,, [kPa]
0,406 | 0,41 | 1,79 0,94 2,12 30,30 14260
0,812 | 0,81| 0,98 0,49 1,14 28,86 25225
1,218 | 1,22 | 0,74 0,18 0,72 28,28 39504
1,624 | 1,62 | 0,38| -0,02 0,28 23,32 83240
2,030 | 2,03| 0,13 | -0,07
2,436 | 2,44 0| -0,09

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(22,5%10°) = 44444 kKN/m’  Toptaines = (51400/44444)" = 1,03 M Toptainea < Turea
Take Tyieq=1,5m  Then Zye=L/Tyied=16,5/1,5=11m

z[m] |2 Ay By Ya[mm] | P[kN/m] | E,, [kPa]
0,406 | 0,27 | 2,05 1,16 2,50 31,98 12801
0,812 | 0,54 | 1,56 0,8 1,84 33,79 18398
1,218 | 0,81 1,23 | 0,49 1,34 34,84 26030
1,624 1,08 | 0,92 | 0,29 0,94 34,93 37097
2,030 1,35| 0,65| 0,13 0,61 33,58 55326
2,436 1,62 | 0,38 | 0,01 0,30 29,36 96736

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(67,9%10°) = 14728kN/m’  Toptaines = (51400/14728)" = 1,28 M Toptainea < Turea

Plot the values of Tyeq versus the values of Toptained- This plot is shown graph 6-14. Calculate the
value of T, where Tyied = Toptained- SUbsequently calculate y,on.
0,5T+0,53=T,T=0,53/0,5=1,06 m

Vaoun = (1000)*(2,4*40%1,06°/51400 + 1,7*40*1,06°/51400) = 3,71 mm

2,50 1,4

2,00 y =0,0679x - 13

Lso | . B ly=05x+0,53] Pl
.g ’ ‘S /
> 1,00 o /

L 2 = -
y = 0,0225x 1,1 -
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0,00 1

0 20 40 60 80 100 1 L1213 14 15
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Graph 6-20 Graphs for iterative procedure of NDM, Case llI-cu, Brent Cross, 40kN, p-y according to API
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Calculate the displacements at the ground line for a load of 60kN.

Take Tiieq=1,0m
Then Zmex=L1/Tiiea = 16,5/1,0 = 16,5

z[m] |z Ay By Ya[mm] | P[kN/m] | E,, [kPa]
0,406 | 0,41 | 1,79 0,94 3,19 34,68 10883
0,812 | 0,81| 0,98 0,49 1,72 33,03 19250
1,218 | 1,22 | 0,74 0,18 1,07 32,38 30147
1,624 | 1,62 | 0,38| -0,02 0,42 26,69 63524
2,030 | 2,03| 0,13 | -0,07
2,436 | 2,44 0| -0,09

If the stiffness is plotted versus the depth, K, can be calculated.
Kyy = 1/(29,4*10°) = 34014 kN/m’ Toptainea = (51400/34014)™ = 1,09 m Toptained > Tirea
Take Tyieq=1,5m  Then Zye=L/Tyied=16,5/1,5=11m

z[m] |Z Ay By Ya[mm] | P[kN/m] | E,, [kPa]
0,406 | 0,27 | 2,05 1,16 11,12 52,61 4729
0,812 | 0,54 | 1,56 0,8 8,25 55,74 6759
1,218 | 0,81 1,23 | 0,49 6,13 57,87 9436
1,624 | 1,08| 0,92 | 0,29 4,39 58,34 13301
2,030 1,35 0,65| 0,13 2,90 56,58 19494
2,436 | 1,62 0,38 | 0,01 1,52 50,27 32999
If the stiffness is plotted versus the depth, K, can be calculated.
K,, = 1/(89*10°) = 11236 kN/m’ Tobtained = (51400/11236)™” = 1,36 M Toptained > Trried

Plot the values of Tyeq versus the values of Toptained. This plot is shown graph 6-15. Calculate the
value of T, where Tyied = Toptained- SUbsequently calculate yson-

0,54T+0,55=T, T=0,55/0,46 = 1,20 m

Veoun = (1000)*(2,4*60%1,20°/51400 + 1,7*60*1,20°/51400) = 7,70 mm

2,50 u 1,4

2,00 - y = 0,089x | 1,3 =0,54x + 0,55 | /
| s 4|Y pRaX +U,00 /

50 [ * 2
= s 12
"_i' - M 2 P
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. y=0,0294x| 11 ¢
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0,00 1 11 12 1,3 14 15
0 25 50 75 100 Ttried
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Graph 6-21 Graphs for iterative procedure of NDM, Case lli-cu, Brent Cross, 60kN, p-y according to API
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Calculate the displacements at the ground line for a load of 100kN.

Take Tiieq=1,0m
Then Zmex=L1/Tiiea = 16,5/1,0 = 16,5

z[m] |Z Ay By Ya[mm] | P[kN/m] | E,, [kPa]
0,406 | 0,41| 1,79 | 0,94 5,31 41,12 7742
0,812 | 0,81| 0,98 0,49 2,86 39,16 13694
1,218 | 1,22 | 0,74 0,18 1,79 38,39 21446
1,624 | 1,62 | 0,38 | -0,02 0,70 31,65 45190
2,030 | 2,03| 0,13 | -0,07
2,436 | 2,44 0| -0,09

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(41,4*10°) = 24155 KN/m’  Toptaineg = (51400/24155)" = 1,16 M Toptained > Tarea
Take Tyieq=1,5m  Then Zye=L/Tyied=16,5/1,5=11m

z[m] |Z Ay By Ya[mm] | P[kN/m] | E,, [kPa]
0,406 | 0,27 | 2,05| 1,16 18,54 62,37 3364
0,812 | 0,54 | 1,56 0,8 13,75 66,09 4808
1,218 | 0,81 1,23 | 0,49 10,22 68,61 6713
1,624 | 1,08 | 0,92 | 0,29 7,31 69,17 9462
2,030| 1,35| 0,65| 0,13 4,84 67,08 13868
2436 | 1,62 | 0,38| 0,01 2,54 59,60 23475
If the stiffness is plotted versus the depth, K, can be calculated.
K,, = 1/(125*10°) = 8000 kN/m’ Tobtained = (51400/8000)™” = 1,45 m  Toptained < Trrie

Plot the values of Tyeq versus the values of Toptained. This plot is shown graph 6-16. Calculate the
value of T, where Tyied = Toptained- SUbsequently calculate y;oon-
0,58T+0,58=T,T=0,58/0,42=1,38m

Viookn = (1000)*(2,4*100%1,38°/51400 + 1,7*100*1,38°/51400) = 18,57 mm
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— | & 2 12 o~
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Graph 6-22 Graphs for iterative procedure of NDM, Case lli-cu, Brent Cross, 60kN, p-y according to API
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6.2.2 P-Y Reese et al.

The ultimate stresses on the pile according to Reese are exactly the same as the ultimate
stresses by the API. The difference lies therein that the parabolic part of the two p-y curves is
different. The recommendations by Reese propose a different curve for saturated clay and
unsaturated clay whereas the recommendations of the APl do not. The construction of the p-y
curves according to Reese can be found in chapter 2 in appendix A.

The p-y curves are given in graph 6-17.
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Graph 6-23 p-y Curves according to Reese, Case Ill-cu, Brent Cross
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Calculate the displacements at the ground line for a load of 20kN.

Take Tiieq=1,0m
Then Zmex=L1/Tiiea = 16,5/1,0 = 16,5

z[m] |Z Ay By Ya[mm] | P[kN/m] | E,, [kPa]
0,406 | 0,41 | 1,79 0,94 1,06 27,81 26182
0,812 | 0,81| 0,98 0,49 0,57 27,89 48765
1,218 | 1,22 | 0,74 0,18 0,36 28,43 79413
1,624 | 1,62 | 0,38 | -0,02 0,14 25,35 180942
2,030 | 2,03| 0,13 | -0,07
2,436 | 2,44 0| -0,09

If the stiffness is plotted versus the depth, K, can be calculated.

Ko, = 1/(10,5%10°) = 95238 kN/m’>  Toptainea = (51400/95238) = 0,88 m  Toptained < Tiriea

Take Tyieq=1,5m  Then Zye=L/Tyieqd=16,5/1,5=11m

z[m] |Z Ay By Ya[mm] | P[kN/m] | E,, [kPa]
0,406 | 0,27 | 2,05 1,16 3,71 38,02 10253
0,812 | 0,54 1,56 0,8 2,75 41,30 15023
1,218 | 0,81 1,23 | 0,49 2,04 43,95 21497
1,624 | 1,08| 0,92 | 0,29 1,46 45,56 31160
2,030 1,35 0,65| 0,13 0,97 45,73 47268
2,436 1,62 0,38 | 0,01 0,51 34,85 68640

If the stiffness is plotted versus the depth, K, can be calculated.

Ko, = 1/(40,9%10°°) = 24450 kN/m’ T pptainea = (51400/24450) = 1,16 m Tobtained < Tiried

Plot the values of Tyeq versus the values of Toptained- This plot is shown graph 6-18. Calculate the

value of T, where Tyied = Toptained- SUbsequently calculate y,gn.
0,56T+0,32=T,T=0,32/0,44=0,73 m
Vaoun = (1000)*(2,4*20%0,73°/51400 + 1,7*20*0,73%/51400) = 0,71 mm
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Graph 6-24 Graphs for iterative procedure of NDM, Case lli-cu, Brent Cross, 20kN, p-y according to API
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Calculate the displacements at the ground line for a load of 40kN.

APPENDIX C— CHAPTER 6

Take Tiieq=1,0m
Then Zmex=L1/Tiiea = 16,5/1,0 = 16,5

z[m] |Z Ay By Ya[mm] | P[kN/m] | E,, [kPa]
0,406 | 0,41 | 1,79 0,94 2,12 33,07 15568
0,812 | 0,81| 0,98 0,49 1,14 33,17 28996
1,218 | 1,22 | 0,74 0,18 0,72 33,81 47219
1,624 | 1,62 | 0,38 | -0,02 0,28 30,14 107589
2,030 | 2,03| 0,13 | -0,07
2,436 | 2,44 0| -0,09

If the stiffness is plotted versus the depth, K, can be calculated.

K,, =1/(17,6*10°) = 56818 kN/m’

Tobtained = (51400/56818)(1/5) =0,98 m

Take Tyieq=1,5m  Then Zye=L/Tyied=16,5/1,5=11m

z[m] |Z Ay By Ya[mm] | P[kN/m] | E,, [kPa]
0,406 | 0,27 | 2,05 1,16 7,42 45,21 6097
0,812 | 0,54 1,56 0,8 5,50 49,11 8933
1,218 | 0,81 1,23 | 0,49 4,09 52,26 12782
1,624 | 1,08| 0,92 | 0,29 2,92 54,18 18528
2,030 1,35 0,65| 0,13 1,93 54,38 28106
2,436 1,62 0,38 | 0,01 1,02 43,91 43241

If the stiffness is plotted versus the depth, K, can be calculated.

K,, = 1/(59,7*10°°) = 16750kN/m’

Tobtained = (51400/16750)(1/5) =1,25m

Tobtained < Ttried

Tobtained < Ttried

Plot the values of Tyeq versus the values of Toptained. This plot is shown graph 6-19. Calculate the
value of T, where Tyied = Toptained- SUbsequently calculate y,on.
0,54T +0,44 =T, T=0,44/0,46 = 0,96 m
Vaoun = (1000)*(2,4*40%0,96°/51400 + 1,7*40%0,96°/51400) = 2,87 mm
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Graph 6-25 Graphs for iterative procedure of NDM, Case lli-cu, Brent Cross, 40kN, p-y according to API
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CALCULATIONS NONDIMENSIONAL METHOD

Calculate the displacements at the ground line for a load of 60kN.

Take Tiieq=1,0m
Then Zmex=L1/Tiiea = 16,5/1,0 = 16,5

z[m] Z Ay By | Yalmm] | P[kN/m] | E,, [kPa]
0,406 | 0,41 | 1,79 0,94 3,19 36,60 11486
0,812 | 0,81| 0,98 0,49 1,72 36,71 21393
1,218 | 1,22 | 0,74 0,18 1,07 37,41 34838
1,624 | 1,62 | 0,38 | -0,02 0,42 33,36 79378
2,030 | 2,03| 0,13 | -0,07

2,436 | 2,44 0| -0,09

If the stiffness is plotted versus the depth, K, can be calculated.
Kpy = 1/(23,9*10°) = 41841 kN/m’ Toptainea = (51400/41841)™ = 1,04 m Toptained > Tiriea
Take Tyieq=1,5m  Then Zye=L/Tyied=16,5/1,5=11m

z [m] Z Ay By | Yalmm]| P[kN/m] | E,, [kPa]
0,406 | 0,27 | 2,05 1,16 11,12 50,03 4498
0,812 | 0,54 1,56 0,8 8,25 54,35 6591
1,218 | 0,81 1,23 | 0,49 6,13 57,84 9431
1,624 | 1,08| 0,92 | 0,29 4,39 59,96 13669
2,030 1,35 0,65| 0,13 2,90 60,18 20736
2,436 1,62 0,38 | 0,01 1,52 56,42 37038

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(80,9%10°) = 12361 KN/’ Toptaines = (51400/12361)" = 1,33 M Toptained > Turea

Plot the values of Tyeq versus the values of Toptained. This plot is shown graph 6-20. Calculate the
value of T, where Tyied = Toptained- SUbsequently calculate yson-

0,58T+0,46 =T, T=0,46/0,42=1,10m

Veoun = (1000)*(2,4*60%1,10°/51400 + 1,7*60*1,10°/51400) = 6,13 mm
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Graph 6-26 Graphs for iterative procedure of NDM, Case llI-cu, Brent Cross, 60kN, p-y according to API
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Calculate the displacements at the ground line for a load of 100kN.

Take Tiieq=1,0m
Then Zmex=L1/Tiiea = 16,5/1,0 = 16,5

z[m] Z Ay By | Yalmm] | P[kN/m] | E,, [kPa]
0,406 | 0,41 | 1,79 0,94 5,31 41,59 7830
0,812 | 0,81| 0,98 0,49 2,86 41,71 14584
1,218 | 1,22 | 0,74 0,18 1,79 42,51 23750
1,624 | 1,62 | 0,38 | -0,02 0,70 37,90 54114
2,030 | 2,03| 0,13 | -0,07
2,436 | 2,44 0| -0,09
If the stiffness is plotted versus the depth, K, can be calculated.
K,, = 1/(35*10°) = 28571 kN/m’ Tobtained = (51400/28571)™” = 1,12 m  Toptained > Trried
Take Tyieq=1,5m  Then Zye=L/Tyied=16,5/1,5=11m
z [m] Z Ay By | Yalmm]| P[kN/m] | E,, [kPa]
0,406 | 0,27 | 2,05| 1,16 18,54 56,85 3066
0,812 | 0,54 | 1,56 0,8 13,75 61,76 4493
1,218 | 0,81 | 1,23 | 0,49 10,22 65,71 6429
1,624 | 1,08| 092 | 0,29 7,31 68,12 9319
2,030 1,35| 0,65| 0,13 4,84 68,38 14137
2,436 | 1,62 | 0,38| 0,01 2,54 64,11 25250
If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(119*10°°) = 8432kN/m’ Tostained = (51400/8432)"7 = 1,44 m  Toptained < Turiea

Plot the values of Tyeq versus the values of Toprained- This plot is shown graph 6-21. Calculate the
value of T, where Tyied = Toptained- SUbsequently calculate y;oon-

0,64T+0,48=T,T=0,48/0,36 =1,33 m

Viookn = (1000)*(2,4*100%1,33°/51400 + 1,7*100*1,33%/51400) = 16,84 mm
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Graph 6-27 Graphs for iterative procedure of NDM, Case llI-cu, Brent Cross, 100kN, p-y according to Reese et al.

247




6.2.3

CALCULATIONS NONDIMENSIONAL METHOD

From ground line deflection to pile head deflection

The result of the nondimensional calculation was the deflection of the pile at the ground-line
under a certain load. The next step is to calculate the deflection at the pile head (One meter
above the ground line), which was measured during the field test. This is done by taking the
sum of the deformation at the ground line, y,, the deformation caused by the rotation of the
pile at the ground line, y5, and the deformation caused by the bending of that part of the pile
that is situated above the ground line, y,q.

Deformations cause by rotation of the pile at the ground line, ys.

The rotation of the pile at the ground line can be calculated with the nondimensional method.
The formula is given below:

G- 4 P, T? N M,T
o Eply ’ Epl,
Where:
S = Slope [degree]
T = Relative stiffness factor [m]
P; = Applied lateral load at pile head [kN]

M; = Applied moment at pile head [kNm]
A, B; = nondimensional parameters for respectively: slope by lateral load and slope by
moment. These parameters have to be deduced from the nondimensional charts.

AP/

Pt[kN] | Mt[kNm] | T[m] | Znu[-]1| As[-]| Bs[-]| S[degree] ys [mm]
20 20 0,89 18,5 1,62 1,72 0,00109 1,09
40 40 1,06 15,6 1,62 1,72 0,00284 2,84
60 60 1,20 13,8 1,62 1,72 0,00513 5,13
100 100 1,38 12,0 1,62 1,72 0,01062 10,62

Reese
Pt[kN] | Mt[kNm] | T[m]| Z.a[-1| As[-]| Bs[-]| S|[degree] ys [mm]
20 20 0,73 22,6 1,62 1,72 0,00082 0,82
40 40 0,96 17,2 1,62 1,72 0,00245 2,45
60 60 1,1 15,0 1,62 1,72 0,00450 4,50
100 100 1,33 12,4 1,62 1,72 0,01003 10,03
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Deformations of the pile by bending of the pile above the ground line.
To calculate this part the pile is fixed at the ground line. Now, y,, can be calculated with the
following formula:

P12
Yaglt = m
This part of the deformation is independent on whether the recommendations by the APl or by
Reese were used for constructing the p-y curves.

APl & Reese

Pt [kN] Yagl [mm]
20 0,13

40 0,26

60 0,39

100 0,65

Total deformation

The total, pile head deformation is finally found by adding the deformation of the pile above
the soil surface to the deformation of the pile at the ground line.

API

ys [mm] +Yag [mm] +yg [mm] =y» [mm]
1,09 0,13 1,18 2,40

2,84 0,26 3,71 6,81
5,13 0,39 7,70 13,22
10,62 0,65 18,57 29,84
Reese

ys [mm] +Yag [mm] +yg [mm] =y» [mm]
0,82 0,13 0,71 1,66

2,45 0,26 2,87 5,58

4,50 0,39 6,13 11,02
10,03 0,65 16,84 27,52
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6.2.4 Results
The graphs below show that, indifferent of whether the p-y curves have been established
according to API or according to Reese et al., the NDM predicts the deflections very accurate.
At higher loads however, the deflection is underestimated and this underestimation is
probably going to increase for higher loads.
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Graph 6-28 NDM Results, Pile head deflection vs. lateral load with P-Y according to API
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Graph 6-29 NDM Results, Pile head deflection vs. lateral load with P-Y according to Reese et al.
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6.3

6.3.1

APPENDIX C— CHAPTER 6

CASE VI-CS, SABINE
Calculation

Determine the p-y Curves.

Because the NDM method can only deal with a homogeneous soil, the soil parameters are
averaged over the first eight pile diameters. This is the same approach as for the CLM.

¥ =5,5kN/m3
¢y = 14,4kN /m?
40 -
—©—1z=1D
—A—1z=2D
E 30 —%—2=3D i B e B
~~ -4 1 1
2 —+—2z=4D ’E/E—/D oO—6O0—6&
=~ _ o
c 20 K f/n wyn Y
2 M/—A”ﬁ
= 10
o
wv
0
0 0,05 0,1 0,15 0,2 0,25 0,3
Lateral deflection, y [mm]

Table 6-2 P-Y curves Sabine according to Reese et al.

Calculate the displacements at the ground line for a load of 18kN.
Take Tiieq=1,50m
Then Zyox=L/Tyieqa=12,8/1,5=853m

z[m] z Ay By Yo [mm] | P [kN/m] | E,, [kPa]
0,319 0,21 2,01 1,31 4,42 6,04 1366
0,638 0,43 1,70 0,95 3,67 6,75 1840
0,957 0,64 1,43 0,70 3,05 7,39 2422
1,276 0,85 1,12 0,47 2,35 7,81 3318
1,595 1,06 0,85 0,32 1,77 8,10 4571
1,914 1,28 0,65 0,16 1,32 8,29 6283

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(333,1%10°) = 3002kN/m’  Toptaines = (31280/3002)" = 1,60m  Toptained > Turea
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Take Tiieq=2,0m Then Zyox=L1/Tiieq=12,8/2,0= 6,4m

z[m] z Ay By Yo [mm] | P [kN/m] | E,, [kPa]
0,319 0,16 2,01 1,31 | 10,17 7,43 731
0,638 0,32 1,70 0,95 8,48 8,32 982
0,957 0,48 1,43 0,70 7,07 9,12 1290
1,276 0,64 1,12 0,47 5,47 9,65 1763
1,595 0,80 0,85 0,32 4,13 10,01 2425
1,914 0,96 0,65 0,16 3,09 10,26 3318

If the stiffness is plotted versus the depth, K, can be calculated.
Kyy = 1/(628,8*10°) = 1590 kN/m’ Toptainea = (31280/1590) = 1,81m  Toprained < Teried

Plot the values of Tyeq versus the values of Typiineg- This plot is shown graph 6-22. Calculate the
value of T, where Tyied = Toptained- SUbsequently calculate ysg.

0,42T+0,97=T,T=0,97/0,58 = 1,67 m

Visiv = (1000)*2,4*18*1,67°/31280+(1000)*1,70*5,49%1,67°/31280 = 7,26mm
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Graph 6-30 Graphs for iterative procedure of NDM, Sabine, Reese, 18kN

To go from groundline deflection to Pile head deflection, two additional displacements have to
be added to the groundline deflection.

Calculate the pile-head deflection due to rotation at the groundline.

The rotation S is:

Seorn = (1000)*1,7*18*1,67°/31280+(1000)*1,75*5,49*1,67/31280 = 3,24mm/m
Ys.607en = 3,24%0,305 = 0,99mm

Calculate the pile head deflection due to bending of the pile above the ground line.
V607 = 18%0,305°/(3*%31280) = 5,44*10° mm.

Calculate the pile head deflection at load 18kN
Yn = 7,26+0,99+0,0054=8,3mm
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Calculate the displacements at the ground line for a load of 35kN.

APPENDIX C— CHAPTER 6

Take Tiieq=1,50m
Then Zmox=1/Tiiea=12,8/1,5=8,53 m

z[m] Z Ay By Ya[mm] | P[kN/m] | E,, [kPa]
0,319 ( 0,21 2,01 1,31 8,60 7,13 829
0,638 0,43 1,7 | 0,95 7,15 7,98 1116
0,957 0,64 | 1,43 0,7 5,94 8,73 1470
1,276 | 0,85 1,12 | 0,47 4,59 9,23 2011
1,595 1,06 | 0,85 | 0,32 3,46 9,57 2770
1,914 1,28 | 0,65 | 0,16 2,58 9,80 3803

If the stiffness is plotted versus the depth, K, can be calculated.

K,, = 1/(549,9*10°) = 1819kN/m’

Tobtained = (31280/1819)* = 1,77m

Take Tijeq=2,0m Then  Zyox=L/Tiiea = 12,8/2,0= 6,4m

z[m] Z Ay By Ya[mm] | P[kN/m] E,y [kPa]
0,319 0,16 | 2,01 1,31 19,78 8,78 444
0,638 ( 0,32 1,7 | 0,95 16,51 9,83 595
0,957 0,48 | 1,43 0,7 13,76 10,77 783
1,276 | 0,64 | 1,12 0,47 10,67 11,40 1068
1,595 0,80| 0,85 | 0,32 8,05 11,83 1470
1,914 096 | 0,65 0,16 6,04 12,13 2009

If the stiffness is plotted versus the depth, K, can be calculated.
Ko, = 1/(1,038*10°) = 964 kN/M? Toptaines = (31280/964) = 2,01m

Take T =

2,0m

Tobtained > Ttried

Tobtained > Ttried

Vs = (1000)*2,4*35%2,0°/31280+(1000)*1,70*10,68*2,0°/31280 = 23,80mm
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2,00

z[m]

150
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0,50

v=1,0378x
n *
1
- * ¥=0,5499x
/A
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Graph 6-31 Graphs for iterative procedure of NDM, Sabine, Reese, 35kN
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To go from groundline deflection to Pile head deflection, two additional displacements have to
be added to the groundline deflection.
Calculate the pile-head deflection due to rotation at the groundline.

The rotation S is:
Seo7n = (1000)*1,7*35 *2,02/31280+( 1000)*1,75*%10,68*2,0/31280 = 8,81mm/m
Ys607kn = 8,81%0,305 = 2,69mm

Calculate the pile head deflection due to bending of the pile above the ground line.

V,607n = 35%0,305°/(3*%31280) = 10,6*10° mm.

Calculate the pile head deflection at load 35kN

yn =23,80+2,69+0,0106=26,5mm

Calculate the displacements at the ground line for a load of 53kN.

Take Tiieq=2M
Then Zpox=L/Tiiea = 12,8/2 = 6,4m

z[m] Z Ay By Ya[mm] | P[kN/m] | E,, [kPa]
0,319 0,16 2,01 1,31 29,95 9,74 325
0,638 0,32 1,7 0,95 25,01 10,91 436
0,957 0,48 1,43 0,7 20,83 11,95 574
1,276 | 064 | 1,12| 0,47 16,15 12,64 783
1,595 0,80 0,85 0,32 12,18 13,12 1077
1,914 | 096 | 0,65| 0,16 9,14 13,45 1471

If the stiffness is plotted versus the depth, K, can be calculated.

K,, = 1/(1,4168*107°) = 706kN/m’ Tobtained = (31280/706)% = 2,13m Tobtained > Teried

Take Tiieq=2,56m Then Zyo=L/Tyieq=12,8/2,56=5,0m

z[m] Z Ay By Y, [mm] P [kN/m] Eoy [kPa]
0,319 0,12 2,01 1,31 61,57 11,66 189
0,638 0,25 1,7 0,95 51,54 13,07 254
0,957 0,37 1,43 0,7 43,02 14,32 333
1,276 0,50 1,12 0,47 33,43 15,16 454
1,595 0,62 0,85 0,32 25,25 15,74 623
1,914 0,75 0,65 0,16 19,02 16,16 849

If the stiffness is plotted versus the depth, K, can be calculated.
Kyy = 1/(2,4499*10°) = 408 kN/M’ Toptaineq = (31280/408)™" = 2,38m  Toprained < Tiried

Plot the values of Tyeq versus the values of Toptained- This plot is shown graph 6-24. Calculate the
value of T, where Tyied = Toptained- SUbsequently calculate ysg.

0,4464T +1,2371=T,T=1,2371/0,5536 = 2,23 m

Visiv = (1000)*2,4*53%2,23°/31280+(1000)*1,70*16,17*2,23°/31280 =49,47mm
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Graph 6-32 Graphs for iterative procedure of NDM, Sabine, Reese, 53kN

To go from groundline deflection to Pile head deflection, two additional displacements have to
be added to the groundline deflection.

Calculate the pile-head deflection due to rotation at the groundline.

The rotation S is:
Seorkn = (1000)*1,7*53*2,23%/31280+(1000)*1,75*16,17*2,23/31280 = 16,34mm/m
Ys.607kn = 16,340,305 = 4,98mm

Calculate the pile head deflection due to bending of the pile above the ground line.

Ve607v = 53*0,305°/(3%31280) = 16,0*10° mm.

Calculate the pile head deflection at load 53kN

Vh = 49,47+4,98+0,0160=54,47mm

Calculate the displacements at the ground line for a load of 80kN.

Take Tiieq=2,56m
Then Zmax=L1/Tiyiea=12,8/2,56 =5,0

z[m] Z Ay By Y, [mm] P [kN/m] Eoy [kPa]
0,319 0,12 2,01 1,31 92,94 12,92 139
0,638 0,25 1,7 0,95 77,80 14,49 186
0,957 0,37 1,43 0,7 64,94 15,87 244
1,276 0,50 1,12 0,47 50,46 16,81 333
1,595 0,62 0,85 0,32 38,11 17,45 458
1,914 0,75 0,65 0,16 28,71 17,91 624
If the stiffness is plotted versus the depth, K, can be calculated.
K,, = 1/(3,3354*10°) = 300kN/m’ Tobtained = (31280/300) = 2,53m Tobtained < Teried
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Take Tiieq=2,4m Then Zyox=L/Tiieq=12,8/2,4=5,3m

z[m] Z Ay By Y, [mm] P [kN/m] Eoy [kPa]
0,319 0,13 2,01 1,31 76,95 12,33 160
0,638 0,27 1,7 0,95 64,37 13,82 215
0,957 0,40 1,43 0,7 53,70 15,14 282
1,276 0,53 1,12 0,47 41,71 16,03 384
1,595 0,66 0,85 0,32 31,49 16,63 528
1,914 0,80 0,65 0,16 23,70 17,07 720

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(2,8908*107) = 346 KN/M’ Toptainea = (31280/346)™% = 2,46m  Toptainea > Teriea

Plot the values of Tyeq versus the values of Toptained- This plot is shown graph 6-25. Calculate the
value of T, where Tyied = Toptained- SUbsequently calculate ygon.
0,4375T+1,41=T,T=1,41/0,5625=2,51 m

Visinv = (1000)*2,4*80%2,51°/31280+(1000)*1,70*24,4*2,51°/31280 =105,41mm
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Graph 6-33 Graphs for iterative procedure of NDM, Sabine, Reese, 80kN
To go from groundline deflection to Pile head deflection, two additional displacements have to
be added to the groundline deflection.

Calculate the pile-head deflection due to rotation at the groundline.

The rotation S is:

Seoray = (1000)*1,7%80%2,51°/31280+(1000)*1,75%24,4*2,51/31280 = 30,82mm/m
Ys607kn = 30,82%0,305 = 9,40mm

Calculate the pile head deflection due to bending of the pile above the ground line.
Ve.607v = 80%0,305°/(3%31280) = 24,2*10° mm.

Calculate the pile head deflection at load 80kN
yn=105,41+9,40+0,0242=114,83mm
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6.3.2 Calculation of Maximum moments

Calculate the maximum moment for Load = 18kN

First the Nondimensional graphs have to be chosen to find the values of A, and B,,. This can be
found by calculating Z,,,ay.
L 12,8
T = m = 7,7
Choose the graph where Z,.x = 5. Since the maximum value of A,, can be found at a depth of
1,33T, the maximum moment must be located between 0,0T and 1,33T. Now the moments
between these points are determined.
M = A, P;T + B,,M;
Take T=1,67m, P,= 18kN and M, = 5,49kNm

Zmax =

Depth Am Bm M
Coefficient, z [kNm]
0 0 1 5,5
0,3 0,36 0,98 16,2
0,6 0,55 0,93 21,6
0,9 0,71 0,85 26,0
1,1 0,74 0,8 26,6
1,33 0,77 0,71 27,0

Mmax,lSkN = 27kNm

Calculate the maximum moment for Load = 35kN

First the Nondimensional graphs have to be chosen to find the values of A, and B,,. This can be

found by calculating Z,,,ay.

L 12,8

T = 2’—0 = 6,4
Choose the graph where Z,.x = 5. Since the maximum value of A, can be found at a depth of
1,33T, the maximum moment must be located between 0,0T and 1,33T. Now the moments
between these points are determined.

M = A, P;T + B,,M;
Take T =2,0m, P,= 35kN and M, = 10,68kNm

max =

Depth Am Bm M
Coefficient, z [kNm]
0 0 1 10,7
0,3 0,36 0,98 35,7
0,6 0,55 0,93 48,4
0,9 0,71 0,85 58,8
1,1 0,74 0,8 60,3
1,33 0,77 0,71 61,5

Mmax,35kN = 62kNm
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Calculate the maximum moment for Load = 53kN

First the Nondimensional graphs have to be chosen to find the values of A, and B,,. This can be
found by calculating Z,,,.y.
_L_128_

ZMX—T_ZZS_'
Choose the graph where Z.x = 5. Since the maximum value of A, can be found at a depth of
1,33T, the maximum moment must be located between 0,0T and 1,33T. Now the moments
between these points are determined.

M = A, P;T + B,,M;
Take T =2,23m, P,=53kN and M; =16,17kNm

Depth Am Bm M
Coefficient, z [kNm]
0 0 1 16,2
0,3 0,36 0,98 58,4
0,6 0,55 0,93 80,0
0,9 0,71 0,85 97,7
1,1 0,74 0,8 100,4
1,33 0,77 0,71 102,5

Minax,607kn = 103kNm

Calculate the maximum moment for Load = 80kN

First the Nondimensional graphs have to be chosen to find the values of A, and B,,. This can be
found by calculating Z,,,ay.
_L_128_

ZMX—T_251_'
Choose the graph where Z.x = 5. Since the maximum value of A, can be found at a depth of
1,33T, the maximum moment must be located between 0,0T and 1,33T. Now the moments
between these points are determined.

M = A, P;T + B,,M;
Take T =2,51m, P,= 80kN and M, = 24,4kNm

Depth Am Bm M
Coefficient, z [kNm]
0 0 1 24,4
0,3 0,36 0,98 96,2
0,6 0,55 0,93 133,1
0,9 0,71 0,85 163,3
1,1 0,74 0,8 168,1
1,33 0,77 0,71 171,9

Mmax,SOkN = 172kNm
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6.3.3 Results

The results show that the deflections are overestimated by almost a factor of two. The
maximum moments on the other hand are approximated quite closely. This can be seen in the
two graphs below.
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Graph 6-35 Lateral Load vs. Maximum Moment, Sabine
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6.4

6.4.1

CALCULATIONS NONDIMENSIONAL METHOD

CASE IX-CL,GARSTON

Calculation

Since one NDM-calculation requires a lot of time, only three of the twelve measurements have
been recalculated. This is done, because with three points and the origin in a graph the non-
linear character of a load displacement curve can be seen.

Determine the p-y Curves.

Because the NDM method can only deal with a homogeneous soil, the soil parameters are
averaged over the first eight pile diameters. This is the same approach as for the CLM.

_ 3,5x215+3,0%x9,7+5,5x%x11,7

% B = 14,06 kN /m3
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Table 6-3 P-Y curves Garston according to Reese et al.

Calculate the displacements at the ground line for a load of 607kN.
Take Tiuieq=4,17m
Then Zpox=L/Tuiea=12,5/4,17=3,0m

z[m] V4 Ay By Ya [mm] P [kN/m] E,, [kPa]
1,50 0,36 2,16 1,16 9,06 372,08 41058
3,00 0,72 1,56 0,71 6,44 599,57 93103
4,50 1,08 1,07 0,40 4,34 645,72 148622
6,00 1,44 0,65 0,13 2,54 517,51 204000
7,50 1,80 0,31 -0,02 1,15 294,33 255000
9,00 2,16 0,04 -0,11 0,08 23,60 306000

10,50 2,52 -0,20 -0,20 -0,92 #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.
K,, = 1/(29,8*10°°) = 33557kN/m’ Tobtained = (11698000/33557)™) = 3,22m Topsained < Teried
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Take Tyiea=25m  Then Zyog=L/Tyieq=12,5/2,5=5m
z[m] V4 Ay By Ya [mm] P [kN/m] E,, [kPa]
1,50 0,60 1,51 0,71 1,43 131,29 91500
3,00 1,20 0,56 0,20 0,51 93,25 183000
4,50 1,80 0,29 -0,04 0,22 33,90 153000
6,00 2,40 0,04 -0,09 0,01 2,06 204000
7,50 3,00 -0,04 -0,09 -0,06 #NUM! #NUM!
9,00 3,60 -0,07 -0,04 -0,07 #NUM! #NUM!
10,50 4,20 -0,04 0,00 -0,04 #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.

Ky, = 1/(16,4*10°) = 60976 kN/M’ Toptaines = (11698000/60976) = 2,86m  Toptained > Teriea
Plot the values of Tyeq versus the values of Toptained- This plot is shown graph 6-26. Calculate the
value of T, where Tyied = Toptained- SUbsequently calculate ysg.

0,2156T +2,3211=T,T=2,3211/0,7844,92 = 2,96 m

Veorkn = (1000)*2,5*607*2,96°/11698000+(1000)*1,65*546,3*2,96°/11698000 = 4,04 mm
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Graph 6-36 Graphs for iterative procedure of NDM, Arkansas, Reese, 607kN

To go from groundline deflection to Pile head deflection, two additional displacements have to
be added to the groundline deflection.

Calculate the pile-head deflection due to rotation at the groundline.

The rotation S is:
Seo7n = (1000)*1,7*%607 *2,962/11698000+(1000) *1,75%546,3*%2,96/11698000 = 1,01mm/m
Ys607env = 1,0%0,9 = 0,9mm

Calculate the pile head deflection due to bending of the pile above the ground line.

Ve,607n = 607*%0,9°/(3*11698000) = 12*10° m.

Calculate the pile head deflection at load 607kN

yn =4,04+1,01+0,01=5,1mm

Calculate the displacements at the ground line for a load of 1402kN.

Take Tihieq=4,17m
Then Zmex=L1/Tyiea=12,5/4,17 = 3,0 m Also use the reduced bending stiffness of the pile.
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z[m] V4 Ay By Ya [mm] P [kN/m] E,, [kPa]
1,50 0,36 2,16 1,16 51,68 606,71 11740
3,00 0,72 1,56 0,71 36,73 1094,84 29807
4,50 1,08 1,07 0,4 24,79 1309,08 52803
6,00 1,44 0,65 0,13 14,54 1298,42 89316
7,50 1,80 0,31 -0,02 6,55 1061,11 161907
9,00 2,16 0,04 -0,11 0,35 106,67 306000

10,50 2,52 -0,2 -0,2 -5,21 #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.
K,, = 1/(36,8*10°) = 27174kN/m’

Tobtained = (4741700/30030)™ = 2,81m  Toptained < Trried

Take Tyieg=25m  Then Zyog=L/Tyieq=12,5/2,5=5m
z[m] Z Ay By Y [mm] P [kN/m] E,y [kPa]
1,50 0,36 1,51 0,71 35,66 530,15 14867
3,00 0,72 0,56 0,2 12,93 757,84 58603
4,50 1,08 0,29 -0,04 6,03 737,71 122289
6,00 1,44 0,04 -0,09 0,44 89,99 204000
7,50 1,80 -0,04 -0,09 -1,27 #NUM! #NUM!
9,00 2,16 -0,07 -0,04 -1,69 #NUM! #NUM!
10,50 2,52 -0,04 0 -0,86 #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.

Ky, = 1/(32,8*10°) = 30489kN/M’ Toptainea = (4741700/30489)* = 2,74m

Tobtained > Ttried

Plot the values of Tyeq versus the values of Toptained- This plot is shown graph 6-27. Calculate the
value of T, where Tyied = Toptained- SUbsequently calculate ysg.
0,0419T +2,6352 =T, T=2,6352/0,9581 = 2,75m
Vaaoaey = (1000)*2,5%1402*2,75°/4741700+(1000)*1,65*1261,8*2,75°/4741700 = 18,69mm
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Graph 6-37 Graphs for iterative procedure of NDM, Arkansas, Reese, 1402kN

Calculate the pile-head deflection due to rotation at the groundline.

The rotation S is:
Seo7n = (1000)*1,7*1402%*2, 75%/4741 700+(1000)*1,75*1261,8*2,75/4741700 =5,08 mm/m
Vs 140268 = 4,08%0,9 = 4,57mm

Calculate the pile head deflection due to bending of the pile above the ground line.

Vs, 14026n = 1402%0,9°/(3*11698000) = 29*10° m.
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Calculate the pile head deflection at load 1402kN

yn =18,69+4,57+0,03=23,3mm

Note: in this NDM-calculation reduced pile stiffness was used. This is used because in a
concrete pile the concrete strength reduces as moments in the pile increase. However, the
moments in the part of the pile above the groundline where sufficiently low that it was
allowed to use the full bending stiffness of the pile in the calculation of the bending of the pile
above the groundline. The same reduced bending stiffness is also used in the following NDM-
calculation.

Calculate the displacements at the ground line for a load of 2383kN.

Take Tiuieq=4,17m
Then Zmox=1/Tiiea=12,5/4,17 =3,0m

z[m] Z Ay By Ya [mm] P [kN/m] E,y [kPa]
1,50 0,36 2,16 1,16 87,84 628,57 7156
3,00 0,72 1,56 0,71 62,43 1342,93 21510
4,50 1,08 1,07 0,4 42,14 1678,95 39843
6,00 1,44 0,65 0,13 24,71 1709,51 69184
7,50 1,80 0,31 -0,02 11,14 1464,97 131510
9,00 2,16 0,04 -0,11 0,59 181,31 306000

10,50 2,52 -0,2 -0,2 -8,86 #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(37,4*10°) = 26738kN/m®  Toptainea = (4741700/26738)™% = 2,82 Toptained < Tried

Take Tyiea=25m  Then Zyg=L/Tyied=12,5/2,5=5m
z[m] V4 Ay By Ya [mm] P [kN/m] E,, [kPa]
1,50 0,60 1,51 0,71 13,86 413,69 29838
3,00 1,20 0,56 0,2 4,96 549,32 110687
4,50 1,80 0,29 -0,04 2,16 331,12 153000
6,00 2,40 0,04 -0,09 0,06 12,17 204000
7,50 3,00 -0,04 -0,09 -0,57 #NUM! #NUM!
9,00 3,60 -0,07 -0,04 -0,66 #NUM! #NUM!
10,50 4,20 -0,04 0 -0,31 #NUM! #NUM!

If the stiffness is plotted versus the depth, K, can be calculated.

Ky, = 1/(29,3*10°) = 34130 kN/M’ Toptaines = (4741700/34130)™ = 2,68m Tobtained > Teried
Plot the values of Tyeq versus the values of Toprained. This plot is shown graph 6-28. Calculate the
value of T, where Tyied = Toptained- SUbsequently calculate ysg.

0,0838T +2,4704 =T, T = 2,4704/0,9162 = 2,70m

Vass3kn = (1000)*2,5%2383*2,70°/4741700+(1000)*1,65*2144,7*2,70°/4741700 = 30,17 mm
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12,00 35
3,3
5,00
=0,0374 E
¥ *b E oz
—_ -
E 500 + E ¥=0,0838x +2,4704
N ~
* 'Ié 2,9
300 ¥=0,0293x [, ’
27 m— 4,17;2,82
*
2,5:2,68
0,00 25 t
a 100 200 300 400 2,5 3 3,5 4 45
Epy [Mpa] Ttried [m]

Graph 6-38 Graphs for iterative procedure of NDM, Arkansas, Reese, 2383kN
Calculate the pile-head deflection due to rotation at the groundline.

The rotation S is:
Seo7en = (1000)*1,7*2383*2,70°/4741700+(1000)*1,75*2144,7*2,70/4741700= 8,37mm/m
Yse07kn = 8,37%0,9 = 7,53mm

Calculate the pile head deflection due to bending of the pile above the ground line.

Vs,607kn = 2383%0,9°/(3*4741700) = 0,18mm.

Calculate the pile head deflection at load 2383kN

yn=30,17+7,53+0,18=37,9mm
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6.4.2

APPENDIX C - CHAPTER 6

Calculation of Maximum moments

Calculate the maximum moment for Load = 607kN

First the Nondimensional graphs have to be chosen to find the values of A, and B,,. This can be

found by calculating Z,,,ay.
L _ 12,5

Zmax =7 = 5g¢ = 422

2,96
Choose the graph where Z.x = 4. Since the maximum value of A,, can be found at a depth of
1,33T, the maximum moment must be located between 0,0T and 1,33T. Now the moments
between these points are determined.
M = A, P;T + B,,M;
Take T =2,96m, P,= 607kN and M, = 546kNm

Depth Coefficient, z Am Bm M [kNm]
0,0 0 1 546

0,3 0,36 0,98 1182

0,6 0,55 0,95 1507

0,9 0,71 0,87 1750

1,1 0,75 0,83 1800

1,33 0,78 0,74 1805

Z = —=
max- 1 270

Mmax,607kN = 1805kNm

Calculate the maximum moment for Load = 2383kN

First the Nondimensional graphs have to be chosen to find the values of A,, and B,,. This can be

found by calculating Z,,.y.
L 125
= 4,63

Choose the graph where Z,,, = 5. Since the maximum value of A,, can be found at a depth of
1,33T, the maximum moment must be located between 0,0T and 1,33T. Now the moments
between these points are determined.

M = A, P.T + By,M,

Take T =2,70m, P,= 2383kN and M, = 2145 kNm
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CALCULATIONS NONDIMENSIONAL METHOD

Depth Coefficient, z Am Bm M [kNm]
0 0 1 2145

0,3 0,36 0,98 4418

0,6 0,55 0,93 5533

0,9 0,71 0,85 6391

1,1 0,74 0,8 6477

1,33 0,77 0,71 6477

My ax,2383kn = 6477kNm
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6.4.3

APPENDIX C— CHAPTER 6

Results

The lateral deflection and maximum moment are calculated reasonably well for the lower
loads of 607 and 1402kN. For the maximum applied load of 2483kN the lateral deflection and
maximum moment are underestimated. It must be noted that the bending stiffness of the pile
in this case is more uncertain than in the other cases since a reinforced concrete pile has been
used. With such a pile the bending stiffness reduces as the moments in the pile become larger.

2500

o/fa
2000
z e
o 1500 /
) 0
)
S
T 1000 —&— Measurements
[T
E @/ 2 MNDM-Results
500
|:| A

a 10 20 30 44 50 &0

Displacement, y [mm]

Graph 6-39 Load vs. displacement, Garston

2500

2000 /
1500 /
7

1000 // —&— Measurements
O MDM-Results

500 ﬁﬁ

Lateral Load, P [kM]

a 2000 4000 60O00 EOQOO 10000

Maximum Moment, Mmax [kNm]

Graph 6-40 Load vs. Maximum Moment, Garston
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CALCULATIONS NONDIMENSIONAL METHOD

6.5 CASE X-CL, ARKANSAS RIVER

In the case of Arkansas River the P-Y method has been applied with both the
recommendations made by the APl and by Reese et al.

6.5.1 Calculations, P-Y API

Determine the p-y Curves.

Because the NDM method can only deal with a homogeneous soil, the soil parameters are
averaged over the first eight pile diameters. This is the same approach as for the CLM.

y’ =(1,5*20 + (8*0,48-1,5)*10,2)/(8*0,48) = 14,03 kN/m3
@’ =(1,0*45 + (8*0,48-1,0)*42)/(8*0,48) =42,8 degree
1000 —=
——z=
—_ —6—12=6D M%/MF
E 800 71 2=5p s
=z —
= —%—12=4D /,/ >—6—=0
2 600 H{ A z=3D /9/6’_9#‘€
g —B-2=2D /9/ ’
.§ v |0 z=10 K A MWH
K % % %
& 200 AN A A A A A
G——F——F—F—F—F—F—8—-~:
0
0,000 0,002 0,004 0,006 0,008 0,010 0,012
Lateral displacement, y [m]

Table 6-4 P-Y curves Arkansas River according to API.
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Calculate the displacements at the ground line for a load of 46kN.

APPENDIX C— CHAPTER 6

Take Tiieq=1,0m

Then Zmox = L/Tuieq = 15/1,0=15m

z[m] Z Ay | Ya[mm]| P[kN/m] | E,, [kPa]
0,48 | 048 | 1,65 1,18 34,59 29305
0,96 | 0,96 1 0,72 65,59 91700
1,44 | 1,44 0,5 0,36 51,53 144071
1,92 | 1,92 | 0,25 0,18 35,05 196025
2,40 | 2,40 | 0,05 0,04 4,40 122985
2,88 | 2,88 -0,1 -0,07 -10,56 147574
3,36 | 3,36 -0,2 -0,14 -24,63 172143

If the stiffness is plotted versus the depth, K,, can be calculated. The points where z =>2,4 m

are not taken into account, since the calculated stiffness reduces from that point.

K,, = 1/(9,79*10°°) = 102096 kN/m’

Tobtained = (69900/102096)(1/5) =0,93

Take Tiieq=0,75m Then  Zmex=L/Tied =15/0,75=20m

z [m] Z Ay | Ya[mm]| P[kN/m] | E,, [kPa]
0,48 | 0,64 1,45 0,44 20,97 47924
0,96 1,28 0,6 0,18 17,73 97926
1,44 1,92 | 0,25 0,08 11,12 147425
1,92 | 2,56 0 0,00 0,00 -
2,40 | 3,20 -0,1 -0,03 -3,71 122986
2,88 | 3,84 -0,1 -0,03 -4,45 147584
3,36 | 4,48 0 0,00 0,00 -

Tobtained < Ttried

If the stiffness is plotted versus the depth, K, can be calculated. The points where z=>1,92 m
are not taken into account, since the calculated stiffness reduces from that point.

K,, = 1/(9,77*10°°) = 102378 kN/m’
Tobtained = (69900/102378)" = 0,93 Toprainea > Tiried

Plot the values of Tyeq versus the values of Topuineg- This plot is shown in graph 6-29. Calculate
the value of T, where Tyieq = Tobtained- IN this case it can directly been seen that T = 0,93m. The

deflection of the pile at the ground line, at a load of 46kN is: ynw =
(1000)*2,4*46*0,93°/69900 = 1,3mm
2,00 1
V:D,Dlx/
1,50 0,95
= B Tiried=1,00m 'E v=093
< Lo + Tiried=0,75m £ °®
y=10,0098x ]
Linear (Ttried=1,00m) =
050 = Linear (Ttried=0,75m) 0.3
0,00 08
0 50 100 150 200 075 08 085 09 0,95 1
Epy [MN/m2] Ttried

Graph 6-41Graphs for iterative procedure of NDM. The first depicts the stiffness versus depth. The
second depicts the graph with which the final value of T can be calculated, Arkansas, API, 46kN.
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CALCULATIONS NONDIMENSIONAL METHOD

Calculate the displacements at the ground line for a load of 92kN.

Take Tiieq=1,0m
Then Zmex=1/Tiiea=15/1,0=15m

z[m] Z Ay | Ya[mm]| P[kN/m] | E,, [kPa]
0,48 | 048 | 1,65 2,36 34,59 14653
0,96 | 0,96 1 1,43 106,67 74564
1,44 | 1,44 0,5 0,72 96,30 134634
1,92 | 1,92 | 0,25 0,36 69,31 193798
2,40 | 2,40 | 0,05 0,07 8,80 122975
2,88 | 2,88 -0,1 -0,14 -21,11 147540
3,36 | 3,36 -0,2 -0,29 -49,22 172021

If the stiffness is plotted versus the depth, K,, can be calculated. The points where z =>2,4 m
are not taken into account, since the calculated stiffness reduces from that point.

K,, = 1/(11,4*10°) = 87719 kN/m’

Tobtained = (69900/87719)(1/5) =096

Take Tiieq=0,75m Then  Zmex=L/Tied =15/0,75=20m

z [m] Z Ay | Ya[mm]| P[kN/m] | E,, [kPa]
0,48 | 0,64 1,45 0,44 20,97 47924
0,96 1,28 0,6 0,18 17,73 97926
1,44 1,92 | 0,25 0,08 11,12 147425
1,92 | 2,56 0 0,00 0,00 -
2,40 | 3,20 -0,1 -0,03 -3,71 122986
2,88 | 3,84 -0,1 -0,03 -4,45 147584
3,36 | 4,48 0 0,00 0,00 -

Tobtained < Ttried

If the stiffness is plotted versus the depth, K, can be calculated. The points where z=>1,92 m
are not taken into account, since the calculated stiffness reduces from that point.

K,, = 1/(10,2*10°°) = 98039 kN/m’
Tobtained = (69900/98039)™* = 0,93

Tobtained > Ttried

Plot the values of Tyeq versus the values of Topuineg- This plot is shown in graph 6-30. Calculate
the value of T, where Tiied = Tobtained-
0,12T+0,84 =T, T=0,84/0,88 = 0,95m

The deflection of the pile at the ground line, at a load of 92kN is:

Voren = (1000)*2,4*92%0,95°/69900 = 2,7 mm

2,00 1
y+0,0114x
v=0,12x+ 0,84 .
1,50 0.95
- Afp—
B Tiried=1,00m g
E y=0,0102x £
— Loo & Ttried=0,75m £ 0°
o
Linear (Ttried=0,75m) =
0350 e Linear (Teried=1,00m) 0.85
0,00 0,8
0 50 100 150 200 075 08 085 09 085 1
Epy [MN/m2] Ttried

Graph 6-42 Graphs for iterative procedure of NDM, Arkansas, API, 92kN.
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Calculate the displacements at the ground line for a load of 140kN.

APPENDIX C— CHAPTER 6

Take Tiieq=1,0m
Then Zmex=1/Tiiea=15/1,0=15m

z[m] Z Ay | Ya[mm]| P[kN/m] | E,, [kPa]
0,48 | 048 | 1,65 3,54 34,59 9768
0,96 | 0,96 1 2,15 106,67 49710
1,44 | 1,44 0,5 1,07 130,71 121821
1,92 | 1,92 | 0,25 0,54 102,05 190218
2,40 | 2,40 | 0,05 0,11 13,19 122959
2,88 | 2,88 -0,1 -0,21 -31,65 147483
3,36 | 3,36 -0,2 -0,43 -73,74 171819

If the stiffness is plotted versus the depth, K,, can be calculated. The points where z =>2,4 m

are not taken into account, since the calculated stiffness reduces from that point.

K,, = 1/(13,1*10°) = 76336 kN/m’

Tobtained = (69900/76336)(1/5) =098

Take Tiieq=0,75m Then  Zmex=L/Tied =15/0,75=20m

z [m] Z Ay | Ya[mm]| P[kN/m] | E,, [kPa]
0,48 | 0,64 1,45 0,44 20,97 47924
0,96 1,28 0,6 0,18 17,73 97926
1,44 1,92 | 0,25 0,08 11,12 147425
1,92 | 2,56 0 0,00 0,00 -
2,40 | 3,20 -0,1 -0,03 -3,71 122986
2,88 | 3,84 -0,1 -0,03 -4,45 147584
3,36 | 4,48 0 0,00 0,00 -

If the stiffness is plotted versus the depth, K, can be calculated. The points where z=>1,92 m

Tobtained < Ttried

are not taken into account, since the calculated stiffness reduces from that point.
K,, = 1/(10,1*10°°) = 99010 kN/m’

Tobtained = (69900/99010)(1/5) =093

Plot the values of Tyeq versus the values of Tgopuined- This plot is shown in the right graph in

Tobtained < Ttried

graph 6-31. Calculate the value of T, where Tyieq = Tobtained-
0,2T+0,78=T,T=0,78/0,80 = 0,98m

The deflection of the pile at the ground line, at a load of 140kN is:
Y140an = (1000)*2,4*140%0,98°/69900 = 4,6 mm

2,00

1,50

% [m]

1,00

0,50 -
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y¥=

D.Dl?(

/
y=0,0101x

*

o 50

100

Epy [MN/m2]

150

200

Ttried=1,00m
Ttried=0,75m
Linear (Ttried=0,75m)

Linear (Ttried=1,00m)

0,85

y=0,2x

+ 0,78

09

Tobtained

0,85

08
0,75

0.8 a,

85

Ttried

09 0,55 1

Graph 6-43 Graphs for iterative procedure of NDM, Arkansas, API, 140kN.
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Calculate the displacements at the ground line for a load of 248kN.

Take Tiieq=1,0m
Then Zmex=1/Tiiea=15/1,0=15m

z[m] Z Ay | Ya[mm]| P[kN/m] | E,, [kPa]
0,48 | 048 | 1,65 3,54 34,59 9768
0,96 | 0,96 1 2,15 106,67 49710
1,44 | 1,44 0,5 1,07 130,71 121821
1,92 | 1,92 | 0,25 0,54 102,05 190218
2,40 | 2,40 | 0,05 0,11 13,19 122959
2,88 | 2,88 -0,1 -0,21 -31,65 147483
3,36 | 3,36 -0,2 -0,43 -73,74 171819
If the stiffness is plotted versus the depth, K, can be calculated.
Ko, = 1/(14,5*10°°) = 58966kN/m’ Tobtained = (69900/69866) ™ = 1,00 Tobtained = Ttried

No iteration is needed here, since T was guessed correctly immediately. The deflection of the
pile at the ground line, at a load of 248kN is:
Vaasen = (1000)*2,4*248%1,0°/69900 = 8,6 mm
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6.5.2 Calculation, P-Y Reese et al.

Determination of the p-y curves with the method presented by L.C. Reese et al. is more time
consuming than with the method recommended by the API. The difference is that the Reese p-
y curves consist of four parts versus two parts of an APl p-y curve.

A detailed derivation for the p-y curves for sands is given in appendix A, chapter 2. The results
are given in figure 6-2. The input to obtain the graphs was the same as the input for obtaining
API p-y curves.

1000
z=7D
.................. 7=6D
800 - z=5D
————— z=4D
————— z=3D| | | -
600 + __ _ . 7=2D / ’

400

Soil Resistance, p [kN/m]

200

0 0,005 0,01 0,015 0,02 0,025 0,03

Lateral deflection, y [m]

Figure 6-2 p-y curves Arkansas River according to L.C. Reese
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Calculate the displacements at the ground line for a load of 46kN.

Take Tiieq=1,0m
Then Zmex=1/Tiiea=15/1,0=15m

z[m] Z Ay | Ya[mm]| P[kN/m] | E,, [kPa]
0,48 | 048 | 1,65 1,18 33,21 28140
0,96 | 0,96 1 0,72 41,89 58560
1,44 | 1,44 0,5 0,36 17,51 48960
1,92 | 1,92 | 0,25 0,18 11,67 65280
2,40 | 2,40 | 0,05 0,04 2,92 81600
2,88 | 2,88 -0,1 -0,07 - -
3,36 | 3,36 -0,2 -0,14 - -

If the stiffness is plotted versus the depth, K,
K,, = 1/(26,3*10°°) = 38023 kN/m’

can be calculated.
Tobtained = (69900/38023)(1/5) =1,13m

Take Thieq=1,5m  Then Zyex=L/Tyied=15/1,5=10m
z [m] Z Ay | Ya[mm]| P[kN/m] | E,, [kPa]
0,48 | 0,32 1,95 4,71 46,89 9961
0,96 | 0,64 1,50 3,62 89,33 24669
1,44 | 0,96 1,05 2,53 89,81 35428
1,92 1,28 | 0,70 1,69 72,73 43035
2,40 1,60 | 0,40 0,97 75,00 77667
2,88 1,92 | 0,15 0,36 35,46 97920
3,36 | 2,24 | 0,05 0,12 13,79 114240

If the stiffness is plotted versus the depth, K, can be calculated.

K,, = 1/(31,2*10°°) = 32051 kN/m’
Tobtained = (69900/32051) = 1,17 M Toptained < Trried

Plot the values of Tyeq Versus the values of Toptained. This plot is shown graph 6-32. Calculate the

value of T, where Tyied = Toptained- SUbsequently calculate ysg.

0,08T+1,05=T, T=1,05/0,92=1,14 m
Vasinv = (1000)*2,4*46*1,14°/69900 = 2,34 mm

Tobtained > Ttried
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Graph 6-44 Graphs for iterative procedure of NDM, Arkansas, Reese, 46kN
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Calculate the displacements at the ground line for a load of 92kN.
Take Tiieq=1,0m
Then Znox=L/Tuiea=15/1,0=15m

z[m] Z Ay | Ya[mm] | P[kN/m] | E,, [kPa]
0,48 | 0,32 1,65 7,97 56,40 7080
0,96 | 0,64 1,00 4,83 102,20 21166
1,44 | 0,96 0,50 2,41 92,80 38439
1,92 | 1,28 0,25 1,21 62,78 52006
2,40 | 1,60 0,05 0,24 19,70 81600
2,88 | 1,92 | -0,10 -0,48 - -
3,36 | 2,24 | -0,20 -0,97 - -

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(33,1%10°) = 30211 KN/’ Toptaines = (69900/30211)" = 1,18 M Toptaine > Turea
Take Thieq=1,5m  Then Zyex=L/Tyied=15/1,5=10m

z [m] Z Ay | Ya[mm]| P[kN/m] | E,, [kPa]
0,48 | 0,32 1,95 4,71 49,47 10508
0,96 | 0,64 1,50 3,62 94,24 26023
1,44 | 0,96 1,05 2,53 94,74 37373
1,92 1,28 | 0,70 1,69 76,72 45397
2,40 1,60 | 0,40 0,97 78,80 81600
2,88 1,92 | 0,15 0,36 35,46 97920
3,36 | 2,24 | 0,05 0,12 13,79 114240

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(30,8*10°) = 32468 KN/mM’  Toptaines = (69900/32468)" = 1,17 M Toptainea < Turea

Plot the values of Tyeq versus the values of Toptained. This plot is shown graph 6-33. Calculate the
value of T, where Tyied = Toptained- SUbsequently calculate y;oon-

-0,02T+1,2=T,T=1,2/1,02=1,18m
Yiookw = (1000)*2,4*92%1,18°/69900 = 5,18 mm

4,00 1,22
3,00 y =0,0308x é T
/{ 5
T °
£ 200
~ By 8 y=-0,02x+1,2
3 1,18 '
1,00 - y=0,0331x R ‘71'?'\\
’ |l N
0,00 1,16 | 1,5; —
0 30 60 90 120 1 1,1 1,2 1,3 33 15
Epy [Mpa] Ttried [m]

Graph 6-45 Graphs for iterative procedure of NDM, Arkansas, Reese, 92kN
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Calculate the displacements at the ground line for a load of 140kN.

Take Tiieq=1,0m
Then Zmex=1/Tiiea=15/1,0=15m

z[m] V4 Ay | Ya[mm]| P[kN/m] | E,, [kPa]
0,48 | 0,48 1,65 3,54 46,08 13013
0,96 | 0,96 1,00 2,15 81,31 37892
1,44 | 1,44 0,50 1,07 52,53 48960
1,92 | 1,92 0,25 0,54 35,02 65280
2,40 | 2,40 0,05 0,11 8,76 81600
2,88 | 2,88 -0,10 -0,21 - -
3,36 | 3,36 -0,20 -0,43 - -

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(29,1%10°) = 34364 KN/m’  Toptaines = (69900/34364)" = 1,15 M Toptained > Turea
Take Thieq=1,5m  Then Zyex=L/Tyied=15/1,5=10m

z[m] Z Ay | Ya[mm] | P[kN/m] | E,, [kPa]
0,48 | 0,32 1,95 14,12 67,23 4761
0,96 | 0,64 1,5 10,86 129,72 11941
1,44 | 0,96 1,05 7,60 150,86 19839
1,92 1,28 0,7 5,07 147,67 29128
2,40 1,60 0,4 2,90 154,30 53261
2,88 1,92 | 0,15 1,09 106,38 97920
3,36 | 2,24 | 0,05 0,36 41,37 114240

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(33,2*10°) = 30120 KN/m’  Toptaines = (69900/30120)"" = 1,18 M Toptainea < Turea

Plot the values of Tyeq versus the values of Topuineg- This plot is shown in graph 6-34. Calculate
the value of T, where Tyieq = Tobtained- SUbsequently calculate yisow.

0,06T+1,09=T,T=1,09/0,94=1,16 m
Y1aon = (1000)*2,4*140%1,16°/69900 = 7,50 mm

4,00

T
) 1,5:1,18
y=0,0332x / 118 y=0,06x+ 1,09
3,00 /,/ ' —
E ___,..,.-—""""-—-
] = 116 ——
E 200 e £ —
~ 4 3
B2 114 +1:115
] ¥y=0,0291x ]
100 . ¥ 112
l//
0,00 11
0 20 60 a0 120 1 11 1,2 1,3 14 1,5
Epy [Mpa] Ttried [m]

Graph 6-46Graphs for iterative procedure of NDM, Arkansas, Reese, 140kN
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Calculate the displacements at the ground line for a load of 248kN.
Take Tiieq=1,0m
Then Znox=L/Tuiea=15/1,0=15m

z[m] V4 Ay | Ya[mm] | P[kN/m] | E,, [kPa]
0,48 | 0,48 | 1,65 5,90 49,61 8407
0,96 | 0,96 1 3,58 89,02 24890
1,44 | 1,44 0,5 1,79 77,47 43321
1,92 | 192 | 0,25 0,89 49,76 55654
240 | 2,40 | 0,05 0,18 14,59 81600
2,88 | 2,88 -0,1 -0,36 - -
3,36 | 3,36 -0,2 -0,72 - -

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(31,9%10°) = 31348 KN/m’  Toptaines = (69900/31348)" = 1,17 M Toptained > Turea
Take Thieq=1,5m  Then Zyex=L/Tyied=15/1,5=10m

z[m] Z Ay | Ya[mm] | P[kN/m] | E,, [kPa]
0,48 | 0,32 1,95 23,54 70,20 2983
0,9 | 0,64 | 1,50 18,11 151,06 8343
1,44 | 0,96 1,05 12,67 182,28 14382
1,92 1,28 | 0,70 8,45 189,88 22472
2,40 1,60 | 0,40 4,83 199,54 41327
2,88 1,92 | 0,15 1,81 154,31 85223
3,36 | 2,24 | 0,05 0,60 68,95 114240

If the stiffness is plotted versus the depth, K, can be calculated.
Koy = 1/(35,1%10°) = 28490 KN/’ Toptaines = (69900/28490)"" = 1,20 M Toptainea < Turea

Plot the values of Tyeq versus the values of Topuineg- This plot is shown in graph 6-35. Calculate
the value of T, where Tyieq = Tobrained- SUbsequently calculate yso.

0,06T+1,11=T,T=1,11/0,94=1,18 m
Vaasin = (1000)*2,4*248*1,18°/69900 = 14,0 mm

4,00 122
¥=0,0351% u
3,00
T 12 ¥=0,06x+ 1,11
| * =
T g /
E 200 - £ 15:1.2
¥=0,0319x 5 /
| 2 118 //
100 +m /
4
e 1:117
0,00 116
0 20 0 %0 120 1 11 12 13 14 15
Epy [Mpal Ttried [m]

Graph 6-47 Graphs for iterative procedure of NDM, Arkansas, Reese, 248kN

277



CALCULATIONS NONDIMENSIONAL METHOD

6.5.3  Results
The results of the NDM calculation show a very good fit with the measurements if the p-y

curves are generated according to Reese et al. The deflections are underestimated if the p-y
curves are used that are established according to the API.
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Graph 6-48 Load Displacement API
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Graph 6-49 Load Displacement, Reese
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6.6

APPENDIX C - CHAPTER 6

CASE XIII-L, FLORIDA

It is not possible to perform a NDM-calculation in this case for two reasons. The soil consists of
a clay and a sand layer and the NDM requires a homogeneous soil. (This limitation can be
overcome by averaging the soil parameters over a depth of eight pile diameters, but is not
preferable in this situation, since the two layers consist of a totally different material.) The
second reason is that the pile consists of two sections with both a different stiffness. In the
NDM the pile is assumed to have the same stiffness over the entire length of the pile. For this
reasons the NDM-calculation cannot be performed.
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7.1

7.1.1

APPENDIX C - CHAPTER 7

MSHEET - SINGLE PILE MODULE

The single pile module of MSheet is a software program that simulates the soil as a series of
bilinear springs along the pile. This calculation cannot be reported in this thesis, since it was
automatically executed by a computer. The input and output of the program are given in this
chapter for the six cases. First the three field tests that have been executed with clayey soil are
given, followed by the three cases in sandy soil.

The software produces a detailed report after the calculation has been finished. In this report
comprises both input and output of the calculation. Parts of these reports are left out of this
appendix to prevent that information is given more than one time.

CASE I-cU, BAGNOLET

Input

For all three tests executed at Bagnolet the soil profile is the same. The profile and
accompanying data is given below. The soil profile shown is given for Test I. The pile properties
and the results are different for each test. They are given separately.

Outline

488 Clwy 396409 ﬂ—-i"“ i

g
]

Figure 7-1 Soil Profile, Bagnolet
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3.5 Water Level

Water level: -5,00 [m]

3.6 Surface

Surface level: 0,00 [m]

3.7 Soil Material Properties

Layer Level Unit weight Cohesion | Friction angle Brinch
name Unsat Sat phi Hansen
[m] [KN/m?] [kN/m#] [KMN/M?] [deq] used
Clay 0-3,96 0,00 17,90 17,90 100,00 0,00 | Yes
Clay 3,96-4,69 -3,96 17,90 17,90 125,00 0,00 | Yes
Clay 4 69-10 -4 69 17.90 17.90 135,00 0,00 | Yes
Layer Level Earth pressure coefficients Additional pore pressure
name Active Neutral Passive Top Boftom
[m] [ H I [KN/m?] [KMN/m®]
Clay 0-3,96 0,00 0,00 0,00 0,01 0,00 0,00
Clay 3,96-4,69 -3,96 0,00 0,00 0,01 0,00 0,00
Clay 4 69-10 -4 69 0,00 0,00 0,01 0,00 0,00
3.8 Soil Material Properties calculated using Brinch Hansen
Layer Level Fictive
name cohesion
[m] [KN/m?]
Clay 0-3,96 0,00 4695 98
Clay 3,96-4,69 -3,96 6414,12
Clay 4,65-10 -4 69 859014
3.9 Modulus of Subgrade Reaction
Layer Level Menard E-Mod Soil type Branch 1
name used Menard Menard Top Bottom
[m] [KN/m=] [kN/m?] [kMN/m#]
Clay 0-3,96 0,00 | Yes 6000,00 | Clay 26000,52 26000,52
Clay 3 96-4 69 -3,96 | Yes 7000,00 | Clay 3033394 3033394
Clay 4,69-10 -469 | Yes 8000,00 | Clay 34667 36 34667 36

Figure 7-2 Soil Parameters Bagnolet
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7.1.2 Testl
Here the pile properties and test results for all loads that were applied in test |. Note: During
the field test the deformations were measured at the ground line.

1.2 Pile Properties
Length 335 m
Level top side 0,70 m
Number of sections 1
Section From To Stiffness Diameter Maxtimum
name El maoment
[nn] [rn] [Mm3 [rm] [kim]
PFile -2, 66 0,70 | 25500E+04 043 1000,00
Section From Teo Red. factor Red. factor Hote to
name El max. moment reduction factor
[n] [mm] [ [
Pile -2.65 0,70 1,00 1,00
Section From To Comected Corrected
name stiffness El max. moment
[mn] [rm] [EhNm3] [lkMim]
Pile- -2, 65 0,70 | 2 5500E+04 1000, 00

Figure 7-3 Pile Properties Bagnolet Test |
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Figure 7-4 Output Bagnolet Test I, Load = 79kN
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CALCULATIONS MSHEET — SINGLE PILE MODULE

Test Il

3.2 Pile Properties

Length 2,056m
Level top side 0,90 m
Number of sections 1
Section From To Stiffness Diameter Maximum
name El moment
[m] [m] [KNm?] [m] [KNm]
Pile -4 15 0,90 | 2 5500E+04 0,43 1000,00
Section From To Red. factor Red. factor Mote to
name El max. moment reduction factor
[m] [m] 8| 8
Pile -4 15 0,90 1,00 1,00
Section From To Comected Corrected
name stiffness EI | max. moment
[m] [m] [KPm?] [kKNm]
Pile -4.15 0,90 | 2,5500E+04 1000,00

Figure 7-5 Pile Properties Bagnolet Test Il
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Figure 7-6 Output Bagnolet Test I, Load = 83kN
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7.1.5

APPENDIX C - CHAPTER 7

Test I
4.2 Pile Properties
Length 6,10 m
Level top side 1,00 m
Mumber of sections 1
Section From To Stiffness Diameter IMaximum
name El moment
[m] [m] [KNm=] [kiNm]
Pile -5,10 1,00 | 2,5500E+04 043 1000,00
Section From To Red. factor Red. factor Mote to
name El max. moment reduction factor
[m] [m] [
Pile 5,10 1,00 1,00 1,00
Section From To Caorrected Caorrected
name stiffness El | max. moment
[m] [m] [kNm=] [kMm]
Pile -5,10 1,00 | 2,5500E+04 1000.,00

Figure 7-7 Pile Properties Bagnolet Test Il
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Results
When the calculated and measured deflections and maximum moments are plotted versus the
lateral load, it can be seen that the deflections are overestimated for all three tests. The
calculated maximum moments are approximated quite accurately.

Figure 7-8 Output Bagnolet Test I, Load = 79kN
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7.2 CASE III-cu, BRENT CROSS

7.2.1 Input

Qutline

Figure 7-9 Soil Profile Brent Cross
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3.5 Water Level

Water level: -16,00 [m]

3.6 Surface

Surface level: 0,00 [m]

3.7 Soil Material Properties

Layer Level Unit weight Cohesion Friction angle Brinch
name Unsat Sat phi Hansen
[m] [kN/m?) [kN/m?] [kN/m?] [deq] used
Clay0-1 0,00 17,00 19.00 48,60 0,00 | Yes
Clay1-2 -1,00 17,00 19,00 57,50 0,00 | Yes
Clay2-3 -2,00 17,00 19.00 66,50 0,00 | Yes
Clay3-4 -3,00 17,00 19,00 75,40 0,00 | Yes
Clay4-4.6 -4,00 17,00 19.00 82,50 0,00 | Yes
Clay4 6-6,2 -4,60 17,00 19,00 8290 0,00 | Yes
Clay6,2-10 -6,20 17,00 19.00 88,40 0,00 | Yes
Clay6,2-19 -10,00 17,00 19,00 114,80 0,00 | Yes
Layer Level Earth pressure coefficients Additional pore pressure
name Active Neutral Passive Top Bottom
[m] [ [l H [KN/m?] [kN/m?]
Clay0-1 0,00 0,00 0,00 0,01 0,00 0,00
Clayi-2 -1,00 0,00 0,00 0,01 0,00 0,00
Clay2-3 -2.,00 0,00 0.00 0.01 0,00 0.00
Clay3-4 -3,00 0,00 0,00 0,01 0,00 0,00
Clay4-4.6 -4,00 0,00 0.00 0.01 0.00 0.00
Clay4.6-56,2 -4,60 0,00 0,00 0,01 0,00 0,00
Clays,2-10 -6,20 0,00 0,00 0,01 0.00 0,00
Clay6,2-19 -10,00 0,00 0,00 0,01 0,00 0,00
3.8 Soil Material Properties calculated using Brinch Hansen
Layer Level Fictive
name cohesion
[m] [kN/m™]
Clay0-1 0,00 1708,57
Clay1-2 -1,00 260067
Clay2-3 -2,00 3245,15
Clay3-4 -3,00 381485
Clay4-4.6 -4,00 424712
Clay4.6-6,2 -4, 60 4334 31
Clay6,2-10 -6,20 4711,53
Clays,2-19 -10,00 618878
3.9 Modulus of Subgrade Reaction
Layer Level Menard E-Mod Soil type Branch 1
name used Menard Menard Top Bottom
[m] [kN/m?] [kN/m?) [kN/m?]
Clay0-1 0,00 | Yes 2916,00 | Clay 13252 66 13252 66
Clay1-2 -1,00 | Yes 3450,00 [ Clay 15679,58 15679,58
Clay2-3 -2.00 | Yes 3990,00 | Clay 18133,78 18133.78
Clay3-4 -3,00 | Yes 4524,00 | Clay 20560,70 20560,70
Clay4-4.6 -4.00 | Yes 4950,00 | Clay 22496,79 22496,79
Clay4.6-6,2 -4.60 | Yes 4974,00 | Clay 2260587 22605,87
Clay6,2-10 -6,20 | Yes 5304,00 | Clay 2410565 24105,65
Clay6,2-19 -10,00 | Yes 6864,00 | Clay 31195,55 31195,55

Figure 7-10 Soil Parameters Brent Cross
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3.2 Pile Properties
Length 335 m
Lewvel top side 0,70 m
Number of sections 1
Section From Te Stiffness Diameter Maximum
name El maoment
[mn] [m] [eNm [m] [kMm] |
Pile -2.65 0,70 | 2,5500E+04 0.43 1000,00
Section From To Red. factor Redl. factor MNote to
name El max. moment reduction factor
[n] [rn] [] [
Pile -2.65 0.70 1,00 1.00
Section From To Comected Corrected
name stiffness El | max. moment
[n] [rn] [Mm=] [kMrn]
Pile -2 65 0,70 | 2 5500E+04 1000,00

Figure 7-11 Pile Properties Brent Cross
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Figure 7-12 Output Brent Cross , Load = 100kN
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Results

When the calculated and measured deflections are plotted versus the lateral load, it can be
seen that the deflections are overestimated for the three lower loads. The deflection at the
load of 100kN was calculated quite accurately. Looking at the shape of the graphs, it is to be
expected that for higher loads the displacements will be underestimated.
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Graph 7-7 Lateral load vs. displacement, Brent Cross
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7.3.1

CALCULATIONS MSHEET — SINGLE PILE MODULE

CASE VI-CS, SABINE

Input
Outline
nag Laadi® 000
-100 m e -1.00
- v
=0 Zabine Clay 1-2 =2
20 i
Fila
Sabine Clay 2-

Figure 7-13 Soil Profile Sabine
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3.5 Water Level

Water level: 0,00 [m]

3.6 Surface

Surface level: 0,00 [m]

3.7 Soil Material Properties

Layer Level Unit weight Cohesion | Friction angle Brinch
name Unsat Sat phi Hansen
[m] [kN/m?] [kN/m?] [kN/m?] [deg] used
Sabine Clay 0-1 0,00 15,50 15,50 14,40 0,00 | Yes
Sabine Clay 1-2 -1,00 15,50 15,50 14,40 0,00 | Yes
Sabine Clay 2- -2,00 15,50 15,50 14,40 0,00 | Yes
Layer Level Earth pressure coefficients Additional pore pressure
name Active Neutral Passive Top Bottom
[m] [ [ [ [kN/m?] [kN/m™]
Sabine Clay 0-1 0,00 0,00 0,00 0,01 0,00 0,00
Sabine Clay 1-2 -1,00 0,00 0,00 0,01 0,00 0,00
Sabine Clay 2- -2,00 0,00 0,00 0,01 0,00 0,00
3.8 Soil Material Properties calculated using Brinch Hansen
Layer Level Fictive
name cohesion
[m] [kN/m]
Sabine Clay 0-1 0,00 540,60
Sabine Clay 1-2 -1,00 678,04
Sabine Clay 2- -2,00 771,29
3.9 Modulus of Subgrade Reaction
Layer Level Menard E-Mod Soil type Branch 1
name used Menard Menard Top Bottom
[m] [kN/m?] [kN/m?] [kN/m?]
Sabine Clay 0-1 0,00 | Yes 3000,00 | Clay 17469,10 17469,10
Sabine Clay 1-2 -1,00 | Yes 6000,00 | Clay 34938,20 34938,20
Sabine Clay 2- -2,00 | Yes 8000,00 | Clay 46584,26 46584,26

Figure 7-14 Soil Parameters Sabine
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4.2 Pile Properties

Length 13.11m
Level top side 031 m
MNumber of sections 1

Section From To Stiffness Diameter Maximum
name El moment
[m] [m] [KNmA] [m] [KNm]
Pile -12.,80 0,31 3,1280E+04 0,32 1000.00
Section From To Red. factor Red. factor Note to
name El miax. moment reduction factor
[m] [m] H H
File -12,80 0,31 1,00 1,00
Section From To Corrected Comected
name stiffness El max. moment
[m] [m] [kNm?] [KNm]
Pile -12,80 0,31 3,1280E+04 1000,00

Figure 7-15 Pile Properties Sabine
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7.3.2 Results
When the calculated and measured deflections are plotted versus the lateral load, it can be
seen that the MSheet calculation underestimates the displacements. the shapes of the two
curves however are similar. The calculated moments approach the measurements quite well.
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7.4 CASE IX-CL, GARSTON

74.1 Input

Qutline

Figure 7-17 Soil Profile Garston
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3.5 Water Level

Water level: -3,50 [m]

3.6 Surface

Surface level: 0,00 [m]

3.7 Soil Material Properties

Layer Level Unit weight Cohesion Friction angle Brinch
name Unsat Sat phi Hansen
[m] [KMN/mM®] [kN/m?] [KN/m?] [deq] used
Fill 0.00 17.00 17.00 0,00 0,00 [ Yes
Dense sandy gr... -0.36 21,50 21,50 0,00 43,00 | Yes
Course sand a... -3,50 19,70 19,70 0,00 37,00 | Yes
Weakly cement... -6,50 21,70 21,70 0,00 43,00 | Yes
Highly weather__. -9.50 20.00 20,00 0,00 40,00 | Yes
Layer Level Earth pressure coefiicients Additional pore pressure
name Active MNeutral Passive Top Bottom
[m] [ [ H [kM/m?] [kN/m™]
Fill 0,00 0,00 0,00 0,01 0,00 0,00
Dense sandy gr.. -0.36 0.00 0.00 1877 0,00 0,00
Course sand a__. -3,50 0,00 0,00 14,57 0,00 0,00
Weakly cement... -6,50 0,00 0,00 30,56 0,00 0,00
Highly weather... -9.50 0,00 0,00 26,54 0,00 0,00

3.8 Soil Material Properties calculated using Brinch Hansen

Layer Level Fictive
name cohesion
[m] [KN/m?]
Fill 0,00 0,00
Dense sandy qr... 0,36 0.00
Course sand a... 3,50 0,00
Weakly cement... 6,50 0,00
Highly weather... 9,50 0,00

3.9 Modulus of Subgrade Reaction

Layer Level Menard E-Mod Soil type Branch 1
name used Menard Menard Top Bottom
[m] [KN/m*] [KN/m?] [kN/m®]
Fill 0,00 | Yes 10000,00 | Gravel 3689163 36891,63
Dense sandy gr... -0,.36 | Yes 10000,00 | Gravel 3689163 36891,63
Course sand a... -3,50 | Yes 15000,00 | Sand 45802 66 45802 66
Weakly cement... -6,90 | Yes 15000,00 | Sand 45802 66 45802,66
Highly weather... -9.90 | Yes 25000,00 | Sand 7633776 76337,76

Figure 7-18 Soil Parameters Garston
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3.2 Pile Properties
Length 13,40 m
Level top side 0,90 m
Number of sections 3
Section From To Stiffness Diameter Maximum
name El moment
[m] [m] [kNm?] [m] [kNm]
MNew element 0,00 0,90 | 1,1698E+07 1,60 15900,00
MNew element (1) -8.79 0,00 | 47417E+DE 1,50 15900,00
New element (2) -12.50 -8,79 | 1,1698E+07 1,50 15900,00
Section From To Red. factor Red. factor Note to
name El max. moment reduction factor
[m] [m] [ [l
MNew element 0,00 0,90 1,00 1,00
New element (1) -8,79 0,00 1,00 1,00
MNew element (2} -12.50 -8,.79 1,00 1,00
Section From To Corrected Corrected
name stiffness EI | max. moment
[m] [m] [KNm?] [KNm]
MNew element 0,00 0,90 | 1,1690E+07 15900,00
MNew element (1) -8.79 0,00 | 47420E+06 15900,00
New element (2) -12.50 -8,79 | 1,1690E+07 15900,00

Figure 7-19 Pile Properties Garston, Load=2383kN

Note: The concrete of the pile at Garston cracks at a moment of 2060kNm. Therefore a
reduced bending stiffness has to be used at the parts of the pile where this is the case. The pile
has been separated in three parts. The bending moment in the middle part is higher than
2060kNm. The depths at which the bending moment is higher than 2060kNm are determined
by applying the actual load on the pile that has been used for the previous calculation with the
lower load. Then the calculation is repeated, but with a reduced bending stiffness between the
two points where the moment was equal to the 2060kNm. The pile section heights are given in

the table below:

Load | Top Section One [m +gl] Top Section Two [m —gl] Top Section Three [m —gl]
234 0,90 12,50 12,50
374 0,90 12,50 12,50
607 0,90 12,50 12,50
794 0,90 12,50 12,50
981 0,90 1,62 5,66

1215 0,90 1,24 6,25
1402 0,90 0,80 6,86
1589 0,90 0,54 7,39
1776 0,90 0,40 7,71
2009 0,90 0,29 8,19
2150 0,90 0,17 8,32
2383 0,90 0,00 8,79

Table 7-1 Pile sections pile Garston under different loads
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Moments/Forces/Displacements

Bending Moments [xhm] Shear Forces [kN) Displacements [mm]

&

Cepth [m]
&

Cepth [m]

-10

-1

-12

W0 6A00 40 G000 0 WD) AND GO SN0 0 00 0 0 w0 Ww 40w 0 om0 &
M 0.0 - Min: - 70288 Max: 11695 - Min: -2383,0 Ma: 48,0

Figure 7-20 Output Garston, Load = 2383kN
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7.4.2 Results

When the calculated and measured deflections are plotted versus the lateral load, it can be
seen that the calculated displacement predicted the measurements almost exactly. This is also
the case for the calculation of the maximum moment.
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Graph 7-10 Lateral load vs. Displacement Garston
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7.5

7.5.1
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CASE X-CL, ARKANSAS RIVER

Input

Outline

Figure 7-21 Soil Profile Arkansas River

3.5 Water Level

Water level: -0,30 [m]
3.6 Surface

surface level: 0,00 [m]

4.7 Soil Material Properties

Layer Level Unit weight Cohesion | Frictionangle |  Brinch
name Unsat Sat phi Hansen
[m] [kN/m?] [kN/me] [kN/m?] [deg] used

Sand 0-0,6 0,00 20,00 20,20 0,00 45.00 | Yes
Sand 0,6-2.4 0,60 20,00 20,20 0,00 42,00 | Yes
Sand 24-4,0 2,40 20,00 20,20 0,00 42,00 | Yes
Sand 4,04.6 4,00 20,00 20,20 0,00 41,00 | Yes
Sand 4,6-5,0 4,60 20,00 20.20 0,00 42,00 | Yes
Sand 5,0-7.0 5,00 20,00 20,20 0,00 42,00 | Yes
Sand 7,0-8.5 7.00 20,00 20,20 0,00 40,00 | Yes
Sand 8,5-10,0 8,50 20,00 20,20 0,00 41,00 | Yes
Sand 10.0-11,6 -10,00 20,00 20.20 0,00 40,00 | Yes
Sand 11,6-20,0 11,60 20,00 20,20 0,00 36,00 | Yes
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Layer Level Earth pressure coefficients Additional pore pressure

name Active Neutral Passive Top Bottom

[m] [ [l H [kN/m?] [KN/m?]
Sand 0-0.6 0,00 0,00 0,00 20,35 0,00 0,00
Sand 0,6-24 -0,60 0,00 0,00 2222 0,00 0,00
Sand 24-40 -2.40 0,00 0,00 30,81 0,00 0,00
Sand 4,0-4,6 -4,00 0,00 0,00 32,18 0,00 0,00
Sand 4,6-50 -4.60 0,00 0,00 37,61 0,00 0,00
Sand 5,0-7,0 -5,00 0,00 0,00 42,05 0,00 0,00
Sand 7,0-8,5 -7.00 0,00 0,00 38,11 0,00 0,00
Sand 8,5-10,0 -8,50 0,00 0,00 46,23 0,00 0,00
Sand 10,0-11.6 -10.00 0,00 0,00 4383 0,00 0,00
Sand 11,6-20,0 -11,60 0,00 0,00 28,84 0,00 0,00

3.8 Soil Material Properties calculated using Brinch Hansen

Layer Level Fictive
name cohesion
[m] [kN/m*]

Sand 0-0,6 0,00 0,00
sand 0,6-2.4 -0.60 0.00
Sand 24-4,0 -2,40 0,00
sand 4046 -4.00 0.00
Sand 4,6-5,0 -4,60 0,00
sand 5,0-7.0 -5,00 0.00
Sand 7,0-8,5 -7,00 0,00
sand 8,5-10.0 -8,50 0.00
Sand 10,0-11,6 -10,00 0,00
sand 11.6-20.0 -11.60 0.00

3.9 Modulus of Subgrade Reaction

Layer Level Menard £-hod Soii type Branch i
name used Menard Menard Top Bottom
[m] [N/ [KN/MS] [KNMY]
Sand 0-0,6 0,00 | Yes 5000,00 | Sand 286590,30 28690,30
Sand 0,6-2.4 0,60 | Yes 5500,00 | Sand 31559,33 31559,33
Sand24-40 240 | Yes 10000,00 | Sand 5738060 5738060
Sand 4,0-46 100 | Yes 8000,00 | Sand 45904 48 4590448
Sand 4,6-5,0 4,60 | Yes 13000,00 | Sand 74594,78 7459478
Sand 5,0-7,0 5,00 | Yes 14000,00 | Sand 8033284 30332,84
Sand 7,0-8,5 -7,.00 | Yes 12000,00 | Sand 68856,72 68856,72
Sand 8,5-10,0 -8,50 | Yes 15000,00 | Sand 86070,90 86070,90
Sdand 10.0-11,5 -10,00 | Yes 15000,00 | Sand 86070,90 86070,90
Sand 11,6-20,0 -11,60 | Yes 15000,00 | Sand 86070,90 86070,90

Figure 7-22 Soil Parameters Arkansas River
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3.2 Pile Properties

Length 15,00 m
Level top side 0,00 m
Number of sections 1
Section From Ta Stiffness Diameter Maximum
name El moment
[m] [m] [kNmM?] [m] [kNm]
New element -15,00 0,00 | 6,9900E+04 0,48 100000,00
Section From Ta Red. factor Red. factor Note to
name El max. moment reduction factor
[m] [m] H [
New element -15,00 0,00 1,00 1.00
Section From To Corrected Corrected
name stiffness El | max. moment
[m] [m] [kNm#] [kNm]
New element -15,00 0,00 | 6,9900E+04 100000,00

Figure 7-23 Pile Properties Arkansas River

Moments/Forces/Displacements
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Figure 7-24 Output Arkansas River, Load = 248kN
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7.5.2 Results
When the calculated and measured deflections are plotted versus the lateral load, it can be
seen that the calculated displacements are overestimated by almost a factor two.
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Graph 7-12 Lateral load vs. Displacement Arkansas River
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7.6 CASE XIII-L, FLORIDA

7.6.1 Input

Outline

LU_G'V op sechon VD-IE
v, %_Vé}_?/k i

Zand (380

Figure 7-25 Soil Profile Florida
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3.5 Water Level

Water level: -0,61 [m]
3.6 Surface

Surface level: 0,00 [m]

3.7 Soil Material Properties

Layer Level Unit weight Cohesion | Friction angle Brinch
name Unsat Sat phi Hansen
[m] [KN/m?] [kN/m?] [KN/m?] [deq] used
Sand 0-3,96 0,00 17,00 19,20 0,00 38,00 | Yes
Clay 3,96 - -3,96 19,40 19,40 120,00 0,00 | Yes
Layer Level Earth pressure coefficients Additional pore pressure
name Active Neutral Passive Top Bottom
[m] [ [] £ [KN/mY?] [KN/m?]
Sand 0-3,96 0,00 0,00 0,00 12,18 0,00 0,00
Clay 3,96 - -3,96 0,00 0,00 0,01 0,00 0,00
3.8 Soil Material Properties calculated using Brinch Hansen
Layer Level Fictive
name cohesion
[m] [kN/m?]
Sand 0-3,96 0,00 0,00
Clay 3,96 - -3,96 5551,31
3.9 Modulus of Subgrade Reaction
Layer Level Menard E-Mod Soil type Branch 1
name used Menard Menard Top Bottom
[m] [kN/me] [KN/m?] [kN/m?]
Sand 0-3,96 0,00 | Yes 7000,00 | Sand 21969,24 21969,24
Clay 3,96 - -3,96 | Yes 6000,00 | Clay 10001,84 10001,84

Figure 7-26 Soil Parameters Florida
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3.2 Pile Properties

Length 9
Level top side 1
Number of sections 2

J1m
J9m

Section From To Stiffness Diameter Maximum
name El moment
[m] [m] [kNm?] [m] [kNm]
Top section -1,22 1,79 | 50790E+05 142 6280,00
Bottom section -7.92 -1,22 | 2.5250E+05 142 4410,00
Section From To Red. factor Red. factor Note to
name El max. moment reduction factor
[m] [m] [ [
Top section -1,22 1,79 1,00 1,00
Bottom section -7.92 -1.22 1.00 1.00
Section From To Corrected Corrected
name stiffness EI | max. moment
[m] [m] [kNm?] [kNm]
Top section -1,22 1,79 | 50790E+05 6280,00
Bottom section -7.92 -1,22 | 2.5250E+05 4410.,00

Figure 7-27 Pile Properties Florida
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Figure 7-28 Output Florida, Load = 226kN
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7.6.2  Results
When the calculated and measured deflections are plotted versus the lateral load, it can be
seen that the calculated displacement at the lowest load predicted the displacement almost
exactly. However, if the load increased the deflections where underestimated increasingly up
to almost three times the measured displacement.

250

200 ° /0

& 150
E y /g'
T 100 o ),f —%— Measurements
ﬁ Cf@/‘ 2 Msheet-Results
50 o
|:| 2
a 5 10 15 20

Displacement, y [mm]

Graph 7-13 Lateral load vs. Displacement Florida
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8.1.1
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MPILE

MPile is a software program that simulates the soil as a series of non-linear springs. These
springs are called the P-Y Curves. The shapes of the curves are parabolic until the ultimate soil
resistance is reached as they are determined according to the rules of the API. Thus the
program works almost exactly as the MSheet Single Pile Module, but the soil springs are
modeled differently.

The calculations are here presented as the input of the MPile program. The output is not
presented. The results are presented in the usual way.

CASE I-cu, BAGNOLET

Input

For all three tests executed at Bagnolet the soil profile and pile type is the same. The profile
and accompanying data is given below. The pile- and cap properties and the results are
different for each test. They are given separately.

calculation method @ cap
Cap madel : Rigid Cap

SOIL LAYER DATA

soil Tayername: Clay Top with soil type: STIFF CLAY
Lateral and axial rule: API and API

Unit weight dry [kHAm3] 17.90 17.90
Unit weight wet [knAm3] 17.90 17.90
Undrained shearstength Cu [knAm2 ] 100,00 125.00
Empirical constant J [-] 0. 5000
strain at 50% fTailure Toad [-] 0.00500
dz [m] 0.00

2011 layername: Clay mMiddle with soil1 type: STIFF CLAY
Lateral and axial rule: aAPI and API

unit weight dry [knAm2] 17.90 17.90
Unit weight wet [kMAm32] 17.90 17.90
Undrained shearstength Cu [kMAm2 ] 125.00 130.00
Empirical constant J [-] 0. 5000
strain at 50% failure Toad [-] 0.00500
dz [m] 0. 00

soi1 layername: Clay Bottom with s0i1 Type: STIFF CLAY
Lateral and axial rule: arPI and aPI

unit weight driy [kt ma] 17.90 17.90
Unit weight wet [k m3] 17.90 17.90
Undrained shearstength Cu [knMsm2] 130.00 130.00
Empirical constant 3 [-] 0. 5000
strain at 50% failure Toad [-] 0.00500
dz [m] 0. 00
SOIL PROFILE DATA
waterlevel: -6.00 [m]
Location: x = 0.00 [m] = 0.00 [m]
Tayer | v[m] | 5011 layer name | 5211 type
———————— o e
1 | 0.00 | clay Top | STIFF CLav
| -3.956 | cClay middle | STIFF CLav
3| -4.69 | Clay Bottom | STIFF CLay

Figure 8-1 Soil Profile MPile, Bagnolet
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FILE TIP CURWVES

Rt [%] | Zt [m]
0. 000 | 0,000
100,000 | 0. 002

Pile| Pile Type Pile properties YDungI;
Type| Mame Length Mass Diam. Thickn. EI EA moduTus
nr [m [kal [m] [m] [kn/mz2] [kmn] [kr/m2]

|
1| Pile Test 1 3.35 0.0 0.45 0,01 2.5530E+04 1.129E+06 1.692E+08
2 | Pile Test 2 5.05 0.0 0.43 0,01 2.55%0E+04  1.129E+06 1.6%2E+08
3 | Pile Test 3 6.10 0.0 0.43 0,01 2.55%0E+04 1.129e+06 1.692E+08

Figure 8-2 Pile tip curve and Pile Type

8.1.2 Test 1

Here the pile properties and test results for all loads that were applied in test |. Note: During
the field test the deformations were measured at the ground line.

FILE DATA
Pile| Pile Type | Pile coordinates [m] |angle | skew- |End Bearing| Top
nr name | b Y z | [deg]l | ness | [kn] | cond.
o | = |--=-=- I D
1 pile Test 1 | 0. 00 Q.70 Q.o | 0.00] .00 1000.00 | free
nr soil profile | Pile type name |  Pile tip curve
| __ e A
1 1 | Pile Test 1 | 1
CAP DATA
| w-direction vy-direction Z-direction
_________________________ [ s
centre of gravity [m] | 0.00 0.70 0. 00
_________________________ [ o
LOAD DATA
Index | Loadstep | Force [kwn] | - | -
| rnumber | = - direction | ¥ - direction | 2z - direction
——————— T I e ] e
1 | 1 | 29,000 | - | -
2 | 2| 49,000 | - | -
3| 3 55, 000 [ - | _
4 | 4 | 79.000 | - | -

Figure 8-3 Pile Properties, Cap data and Load Data Bagnolet Test |
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8.14
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Test 1l
FPILE DATA
Pile| Pile Type | Pile coordinates [m] |angle | skew- |End Bearing| Top
nr name | ® ¥ z | [deg]l | ness | [kn] | cond.
e |~ |- e
1| Ppile Test 2| 0.00 0.90 0.00 | ©0.00] o.00] 1lo00.00 | free

nr soil profile | Pile type name |  Pile tip curve
1 1 | Pile Test 2 | 1
CAP DATA

#-direction vy-direction

Z-direction

LOAD DATA
Index | Loadstep | Force [kw] | -
| number | = - direction | ¥ - direction
——————— T D
1| 1] 15.000 | -
2| 2| 39,000 | -
3| 3 | 59, 000 | -
4 4 | 83. 000 | -

Figure 8-4 Pile Properties, Cap data and Load Data Bagnolet Test Il

Test II1
FILE DATA
Pile| Pile Type | Pile coordinates [m] |angle | skew- |End Bearing| Top
nr name I by Y z I[deg] I ness | [kn] cond.
1 pile Test 3 | 0. 00 1.00 0.00 | 0.00] 0.00] 1000.00 | free

nr goil profile | Pile type name |  Pile tip curve
1 1 | Pile Test 3 | 1
CAR DATA

Y-direction

LOAD DATA
__EHQEZ_T Loadstep | Force [kn] | -
| number | = - direction | ¥ - direction

——————— e I e o R I

1 | 1 | 34,000 | -

R | 46, 000 | -

3| 3| 59, 000 | -

4 | 4 | 79,000 I -

Z-direction

Figure 8-5 Pile Properties Bagnolet Test Il
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8.1.5 Results
When the calculated and measured deflections and maximum moments are plotted versus the
lateral load, it can be seen that for all three tests the MPile calculation was very accurate. The
curves in all graphs match each other almost perfectly.
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8.2 CASE III-cu, BRENT CROSS

8.2.1 Input

Calculation method : Cap
Cap mode] : Rigid Cap

SOIL LAYER DATA

Soil Tayername: Layer 1 0-4,6 with soi] Type: STIFF CLAY
Lateral and axial rule: API and API

Unit weight dry [knsmz] | 17.00 | 17.00
Unit weight wet [knsmz] | 17.00 | 17.00
Undrained shearstength Cu [knsmz2] | 44 .10 | B85.20
Empirical constant J -1 | 0.5000 |
strain at 0% falilure load (-1 | 0. 00700 |
oz [m] | 0,00 |

Soil Tayername: Layer 3 4,6-6,2m with soil type: STIFF CLAY
Lateral and axial rule: aAPI and API

Unit weight dry [knsm3] | 17.00 | 17.00
Unit weight wet [knsms] | 17.00 | 17.00
Undrained shearstength Cu [knsmz2] | 35.20 | 50,80
Empirical constant 1 -1 0. 5000 |
Strain at 0% failure load [-] | 0.00700 |
oz [m] | 0,00 |

soil Tayername: Layer 4 6,2-1% with soil type: STIFF CLAY
Lateral and axial rule: API and API

Unit weight dry [knsmz] | 17.00 | 17.00
Unit weight wet [knsm3] | 17.00 | 17.00
Undrained shearstength Cu [knsmz2] | 30,60 | 133.30
Empirical constant 1 -1 0. 5000 |
Strain at 0% failure load [-] | 0.00500 |
dz [m] | 0.00 |
SOIL PROFILE DATA
waterlevel: -19.00 [m]
Location: x = .00 [m] =z = 0.00 [m]
Tayer | Y[m]l | soil lawer name | s0il1 type
———————— ] ] I e
1 | 1.00 | Mo sof1 | MO S0IL
2 0.00 | Layer 1 0-4,86 | STIFF CLAY
3 -4.60 | Layer 3 4,6-6,2m | STIFF cCLay
4 | -56.20 | Layer 4 6,2-19 | STIFF CLAY

Figure 8-6 Soil Profile Brent Cross
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FILE TIF CURVES

rt [%] | 2t [m]
0,000 | 0. 000
100, 000 | 0,010

Pile| Pile Type Pile properties

Yuun?
moduTus

I I
Type| Mame |LEﬂ?th Mazs Diam. Thickn. | EI E4A
nr I I [m [kl [m] [m] I [kn/mz] [km] Ckmmz ]
1| Pile | 17.50 0.0 0.41 0,01] 5.140E+04 2,621E+06 2.106E+08

Figure 8-7 Pile tip curve and Pile Type Brent Cross

PILE DATA

File| Pile Type | Pile coordinates [m] |angle | Skew- |End Bearding| Top
als name | H Y z | [deg] | ness | [kn] | cond.

el e | = = e
1| Pile | Q.00 1.00 .00 | 0.00]  0.00] 301.00 | free
nr soil profile | Pile type name |  PiTe tip curve
1)1 | Pile | 1

CAP DATA

®-direction vY-direction zZ-direction

Centre of gravity [m] 0. 00 1.00 0. 00
LOAD DATA
Index | Loadstep | Force [kN] | - | -
| number | = - direction | ¥ - direction | Z - direction
——————— R Dot ] SRR EUE P ————
1] 10 | 100. ano | - | -

Figure 8-8 Pile Properties, Cap data and Load Data Brent Cross
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8.2.2 Results
When the calculated and measured displacements are plotted in the same graph it can be seen
that MPile calculates the displacement fairly accurate. However, as the load increases MPile
underestimates the deflections more and more.
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Graph 8-7 Lateral load vs. displacement Brent Cross
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8.3

8.3.1

CALCULATIONS P-Y CURVES, MPILE

CASE VI-CS, SABINE

Input

SOIL LAYER DATA

soil layername: Clay with soil type: SOFT CLAY
Lateral and axial rule: API and API
Unit welight dry [knsm3] | 15.50 | 15.50
Unit welight wet [krMsm3] | 15.50 | 15.50
Undrained shearstength Cu [krnsm2] | 14.40 | 14.40
Empirical constant 3 -1 | 0. 5000 |
Strain at 0% failure Toad [-1 | 0.02000 |
oz (m] | 0.00 |
SOIL PROFILE DATA
wWaterlevel: 0,00 [m]
Location: x = o.00 m] =z = 0,00 [m]
Tayer | ¥[m] | so11 layer name | S0 type
1 | 0.00 | Clay | soFT CLay
Figure 8-9 Soil Profile Sabine
LOAD DATA
“5555;7 Loadstep | Force [ki] | - | -
| numher | = - direction | ¥ - direction | Z - direction
——————— R it Il
1] 1] 18.000 | - | _
2 | 2| 35,000 | - | -
3| 3| 53,000 | - | _
4 | 4 | 71.000 | - | _
5| 5 80. 000 | - | -

Figure 8-10 Load Data, Sabine
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FILE TIP CURVES

Rt [%] | zt [m]
0. 000 | 0. 000
100, 000 | 0. 002

File| Pile Type | File properties | YDungI;
Typel Mame |Length Mass  Diam. Thickn.| EI EAf moduTus
nr | I [m [kog]l [m] [m] I [krsmz2] [kn] [krsmz2]
1| Pile | 12.80 0.0 0.32 0.01] 3.128E+04 2.663E+06 2.179E+08
PILE DATA
Pile| Pile Type | Pile coordinates [m] |angle | skew- |End Bearing| Top
nr name | b4 Y z | [deg] | ness | [kmM] | cond.
D | = | ---=- R D
1 Pile | 0.00 0.31 Q.00 | .00 0,00 100000 | free
nr soil profile | Pile type name | Pile tip curve
111 | Pile | 1
CAP DATA,

W-direction Y-direction

Z-direction

Figure 8-11 Pile Properties Sabine
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Results

When the calculated and measured deflections are plotted versus the lateral load, it can be
seen that the MPile calculation overestimates the deflection by almost a factor two. The
maximum moments are calculated quite accurately.

8.3.2
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Graph 8-8 Lateral load vs. Displacement Sabine
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Graph 8-9 Lateral load vs. Maximum moment Sabine
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8.4 CASE IX-CL, GARSTON

8.4.1 Input
Calculation method : Cap
Cap model ! Rigid Cap

SOIL LAYER DATA

soil layername: Fi11 with soi] type: SAND
Lateral and axial rule: API and API

Unit weight dry [kMsm3] | 21,50 | 21.50
Unit weight wet [knsm3] | 21.50 | 21.50
angle of dinternal friction [deg] | 43,00 | 43,00
Cone resistance gc [knsm2] | 10000, 00 | 10000, 00
Ko [-1 | 0.32 |

dz at 100 % [m] | 0,002 |

Friction hetween pilessoil [deg] | 20,00 | 20,00
soil layername: Dense sandy gravel with soil type: sSanD
Lateral and axial rule: APTI and API

Unit weight dry [knsm3] | 21,50 | 21.50
Unit weight wet [knsm3] | 21.50 | 21.50
angle of dinternal friction [deg] | 43,00 | 43,00
Cone resistance qc (kM m2] | 10000, 00 | 10000, 00
Ko [-1 | 0.32 |

dz at 100 % [m] | 0,002 |

Friction hetween pilessoil [deg] | 20,00 | 20,00

soil layername: Course sand and gravel with soil type: SAND
Lateral and axial rule: API and API

Unit weight dry [knsm3] | G, 70 | o, 70
Unit weight wet [knsm3] | G, 70 | o, 70
angle of dinternal friction [deg] | 37.00 | 37.00
Cone resistance oo [kMm2] | 15000, 00 | 15000, 00
Ko [-1 | 0.40 |

dz at 100 % ml] | 0,002 |

Friction between pilessoil [deqg] | 20,00 | 20.00

soil layername: weakly cemented sandstone with =01 tType: SAND
Lateral and axial rule: API and API

Unit weight dry [knsm3] | 11.70 | 11.70
Unit weight wet [knsm3] | 11.70 | 11.70
angle of dinternal frictiaon [deg] | 43,00 | 43,00
Cone resistance Qo [knsm2] | 25000, 00 | 25000, 00
Ko [-1 | 0.32 |

dz at 100 % ml] | 0,002 |

Friction hetween pilessoil [dea] | 20.00 | 20,00

soil layername: Highly weathered sandston with =01 Type: SaAND
Lateral and axial rule: API and API

Unit weight dry [knsm3] | 11.70 | 11.70
Unit weight wet [knsm3] | 11.70 | 11.70
angle of dinternal friction [deg] | 43,00 | 43.00
Cone resistance Qo [knsm2] | 25000, 00 | 25000, 00
Ko [-1 | 0.32 |

dz at 100 % ml] | 0,002 |

Friction hetween pilessoil [deg] | 20.00 | 20,00

Figure 8-12 Soil Layer data Garston
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S0IL PROFILE DATA

waterlevel: -3.50 [m]
Location: x = 0.00 [m] =z = 0.00 [m]
Tayer I ¥ [m] I soil Tayer name I soil type

1 | 0,00 | Fi11 | saMD
2 -0.36 | Dense sandy gravel | SanD
3 -3.50 | Course sand and.. | SAND
4 | -6.50 | weakly cemented.. | SAND
5 -5.50 | Highly weathered.. | SaND

Figure 8-13 Soil Profile Garston
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PILE TIP CURWES
Rt [%] | zt [m]
0. 000 | 0. 000
100,000 | 0. 002
PILE TYPE DATA
File| Pile Type File properties Youn
Type| Mame Length M™ass Diam. Thickn. EI EA moduTus
nr I [m [kg] [m] [m] [krsm2] [kr] [knysm2]
1%| Pile Load 2..| 13.40 0.0 1.50 .00 1.170E+07  Z.100E4+08 O, 000E+00
2%| Pile Load 2..| 13.40 0.0 1.50 0.00| 1.170E4+07 2.100E+08 0. 000E+00
3 Pile Load 6..| 13.40 0.0 1.350 0,00 1.170E407 2. 100E4+08 O, 000E400
4%| pile Load 7..| 13.40 0.0 1.50 0,00 1.170E+07 2. 100E4+08 O, 000E+00
5% Pile Load %.. 2,52 0.0 1.50 0,00 1.170E+07  Z.100E4+08 O, 000E+4+00
4,04 0.0 1.50 0.00| 4.742E+06 2.100E+08 0. 000E+00
5. 84 0.0 1.350 0,00 1.170E407 2. 100E4+08 O, 000E400
6%| Pile Load 1 2.14 0.0 1.50 0,00 1.170E+07 2. 100E4+08 O, 000E+00
.01 0.0 1.50 0,00 4.742E+06  Z.100E4+08 O, 000E+4+00
6,27 0.0 1.50 0.00| 1.170E4+07 2.100E+08 0. 000E+00
7% Pile Load 1.. 1.70 0.0 1.350 0,00 1.170E+07 2. 100E4+08 O, 000E+00
5.06 0.0 1.50 .00 4.742E+06  Z.100E4+08 O, 000E+4+00
5.864 0.0 1.50 0,00 1.170E+07  Z.100E4+08 O, 000E+4+00
g%| pPile Load 1.. 1.44 0.0 1.50 0.00| 1.170E4+07 2.100E+08 0. 000E+00
5. 85 0.0 1.350 0,00 4.742E+06 2. 100E4+08 O, 000E+4+00
.11 0.0 1.50 0,00 1.170E+07 2. 100E4+08 O, 000E+00
g% pile Load 1.. 1.30 0.0 1.50 0,00 1.170E+07  Z.100E4+08 0. 000E+00
7,31 0.0 1.50 0.00| 4.742E+06 2.100E+08 0. 000E+00
4,79 0.0 1.50] 0,00 1.170E+07 2. 100E4+08 O, 000E+00
10%| Pile Load 2.. 1.1% 0.0 1.50 0,00 1.170E+07 2. 100E4+08 O, 000E+00
7,00 0.0 1.50 0,00 4.742E+06  Z.100E4+08 0. 000E+4+00
4,31 0.0 1.50 0.00| 1.170E4+07 2.100E+08 0. 000E+00
11%| Pile Load 2.. 1.07 0.0 1.50 0,00 1.170E+07 2. 100E4+08 O, 000E+4+00
B.15 0.0 1.50 .00 4.742E+06  Z.100E4+08 O, 000E+4+00
4,18 0.0 1.50 0,00 1.170E+07  Z.100E4+08 0. 000E+00
12%| Pile Load 2.. 0. 50 0.0 1.50 0.00| 1.170E4+07 2.100E+08 0. 000E+00
5,70 0.0 1.50 0,00 4.742E+06 2. 100E4+08 O, 000E+4+00
3.71 0.0 1.50 .00 1.170E+07  Z.100E4+08 O, 000E+00
Marked piletypes (%) are not used
PILE DATA
File| Pile Type | Pile coordinates [m] |angle | skew- |End Bearding| Top
nr | name | ® ¥ z | [deg]l | ness | [kn] cond.
e B e | —-=2=- ] I
1| Pile Load &..| 0,00 0,90 0.00 | 0.00] 0.00] 10000.00 | free
nro| soil profile | Pile type name |  Pile tip curve
1] 1 | Pile Load &60FkN.. | 1
Figure 8-14
Pile Properties Garston, Load=2383kN
CAP DATA
| ®-direction v-direction Z-direction
_________________________ | mmm
Centre of gravity [m] | 0,00 0,90 0. 00
_________________________ | mmmm e~
LoAD DATA
Index | Loadstep | Force [kW] | -, . -
| number | = - direction | v - direction | =Z - direction
_______ e e e
1 | 1 | Aoy . 000 | - | -

Figure 8-15 Output Garston, Load = 2383kN
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8.4.2 Results
When the calculated and measured deflections are plotted versus the lateral load, it can be
seen that the calculated displacement predicted the measurements almost exactly for the
smaller loads. For higher loads the calculated displacements increasingly underestimate the
measured values. This is also the case for the calculation of the maximum moment.
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Graph 8-10 Lateral load vs. Displacement Garston
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Graph 8-11 Lateral load vs. Maximum Moment Garston
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8.5 CASE X-CL, ARKANSAS RIVER

8.5.1 Input

Calculation method @ Cap

Cap mode] : Rigid cCap

SOIL LAYER DATA
soil layername: 0-0.61 with soil type: SAND
Lateral and axial rule: API and API
Unit weight dry [knsmz] | 20,00 | 20,00
Unit weight wet [knsmz] | 20,00 | 20,00
angle of dinternal friction [deqg] | 45.00 | 45,00
Cone resistance Qo [knsm2] | 500000 | 000,00
Ko [-1 | 0.30 |
dz at 100 % m] | O.020 |
Friction bhetween pilessoil [dedg] | 1.00 | 1.00
soil Tayername: 0.61-2.4 with soil tType: SAND
Lateral and axial rule: aAPI and API
Unit weight dry [knsm3] | 20,00 | 20,00
Unit weight wet [knAsmz] | 20,00 | 20,00
angle of dinternal frictiaon [deg] | 45.00 | 42.00
Cone resistance gc [kusm2] | 5000.00 | 5500, 00
Ko [-1 | 0.33 |
dz at 100 % m] | 0.020 |
Friction between pilessoil [deg] | 1.00 | 1.00
soil Tayername: 2.4-4 with soi1 type: SAND
Lateral and axial rule: aAPI and API
Unit weight dry [knAsm3] | 20,00 | 20,00
Unit weight wet [knsm3] | 20,00 | 20,00
angle of dnternal friction [deg] | 42,00 | 42,00
Cone resistance gc [knsm2] | 500,00 | 10000, 00
Ko [-1 | 0.33 |
dz at 100 % [m] | 0,020 |
Friction hetween pilessoil [deg] | 1.00 | 1.00
soil Tayername: 4-4.6 with so0i1 type: SAND
Lateral and axial rule: aAPI and API
Unit weight dry [krnsm3] | 20,00 | 20,00
Unit weight wet [knm3] | 20,00 | 20,00
angle of dnternal friction [deg] | 42.00 | 41.00
Cone resistance gc [knsm2] | 10000, 00 | s000. 00
Ko [-1 | 0.33 |
dz at 100 % m] | 0,020 |
Friction between pilessoil [dedg] | 1.00 | 1.00
soi1 Tayername: 4.6-5 with so0i1 type: SAND
Lateral and axial rule: aPI and aPI
Unit weight dry [knsm3] | 20,00 | 20,00
Unit weight wet [knms] | 20,00 | 20,00
angle of dnternal friction [deg] | 41.00 | 42.00
Cone resistance gc [knsm2] | s000.00 | 1300000
Ko [-1 | 0.33 |
dz at 100 % m] | 0,020 |
Friction hetween pilessoil [deg] | 1.00 | 1.00
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soil Tayername: 5-7 with soil type: SAND

Lateral and axial rule: apPI and aPI

Unit weight dry [krMm3] | 20,00 | 20,00
Unit weight wet [knsm3] | 20,00 | 20,00
angle of dinternal friction [deg] | 4z2.00 | 42.00
Cone resistance gc [kMAma] | 13000, 00 | 14000, 00
Ko [-1 | 0.33 |

dz at 100 % [m] | 0,020 |

Friction bhetween pilessoil [deg] | 1.00 | 1.00
soil Tayername: 7-8.5 with so0i1 type: SAND

Lateral and axial rule: aPI and aAPI

Unit weight dry [knm3] | 20,00 | 20,00
Unit weight wet [knsm3] | 20,00 | 20,00
angle of dnternal friction [deg] | 42,00 | 40.00
Cone resistance gc [krnsm2] | 14 000,00 | 12000, 00
Ko -1 | 0.35 |

dz at 100 % m] | 0.020 |

Friction between pilessoil [deg] | 1.00 | 1.00
soil Tayername: B.5-10 with soil type: SAND

Lateral and axial rule: arPI and aAPI

Unit weight dry [knsm3] | 20,00 | 20,00
Unit weight wet [knsm3] | 20,00 | 20,00
angle of dnternal friction [deg] | 40.00 | 41,00
Cone resistance qc [krnsm2] | 12000.00 | 15000, 00
Ko -1 | 0.35 |

dz at 100 % m] | 0.020 |

Friction between pilessoil [deg] | 1.00 | 1.00
soil Tayername: 10-11.6 with soil Type: SAND

Lateral and axial rule: aPI and API

Unit welight dry [knsm3] | 20,00 | 20,00
Unit weight wet [krnAsm3] | 20,00 | 20,00
angle of dinternal friction [deg] | 41.00 | 40.00
Cone resistance qc [krnsm2] | 15000.00 | 15000, 00
Ko [-1 | 0.35 |

dz at 100 % [m] | 0,020 |

Friction between pilessoil [deg] | 1.00 | 1.00
soil layername: 11.6-20 with soil type: SAND

Lateral and axial rule: API and API

Unit welight dry [knsm3] | 20,00 | 20,00
Unit weight wet [krMm3] | 20,00 | 20,00
angle of dnternal friction [deg] | 40,00 | 36,00
Cone resistance qc [krnsm2] | 15000.00 | 15000, 00
Ko [-1 | 0.35 |

dz at 100 % [m] | 0,020 |

Friction between pilessoil [deq] | 1.00 | 1.00

Figure 8-16 Soil Layer data Arkansas River
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SOIL PROFILE DATA

waterlevel:

Location: x

WO = T B e

10 -11

-1.50 [m]
0.00 [m] =z = 0,00 [m]
¥ [m] soil Tayer name soil type

LO0 | 0-0.81 SAND
.61 | 0.8l1-2.4 SAND
.40 2.4-4 SAMND
.00 4-4.6 SAMND
.60 4.6-5 SAMND
oo | 5-F SAND
.00 F-B.5 SAMND
.50 8.5-10 SAMND
.00 1o0-11.6 SAMND
.60 11.6-20 SAMND

Figure 8-17 Soil Profile Arkansas River

FILE TIF CURVEZ

0.000 |

Pile| Pile Type
Type Mame
nr

nr name

| Pile coordinates [m] |angle | skew— |End Bearing| Top
| by b z | [deg] | ness | [kn] | cond.
| = = I
| 0. 00 0. 00 0.00 | 0.00] 0. 00| 500.00 | free
| PiTe type name | Pile tip curve
| Pile | 1

Pile properties Yuun?
Length Mass  Diam. Thickn. EA moduTus

| |

| [ EI

I [m [ka]l (m] (m] I [kh/m2] [kw] [kns/m2]
[ [

6.991E+04  2.510E+406 2.116E+08

Figure 8-18 Pile Properties Arkansas River
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CAP DATA
| #-direction v-direction Z-direction
_________________________ |
Centre of gravity [m] | 0, 0o 0,00 0,00
_________________________ |
LoaD DATA
Index | Loadstep | Force [kN] | - | -
| number | = - direction | ¥ - direction | Z - direction
——————— T I B e
1 | 1 | 45,000 | - | -
2 | 2 | G2, 000 | - | -
3 3 140,000 | - | -
4 4 | 191. 000 | - | -
5 5 248,000 | - | -

Figure 8-19 Cap- and load data Arkansas River, Load = 248kN

Results

When the calculated and measured deflections are plotted versus the lateral load, it can be
seen that the calculated displacements almost exactly match the measured values. However, if
the shapes of the curves are extrapolated, it is likely that MPile will increasingly overestimate
the lateral deflections.
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Graph 8-12 Lateral load vs. Displacement Arkansas River

328



APPENDIX C - CHAPTER 8

8.6 CASE XIII-L, FLORIDA

8.6.1 Input
Calculation method : Cap
Cap mode] : Rigid Cap
SOIL LAYER DATA
soil layername: Sand with soil type: SanD
Lateral and axial rule: API and API
Unit weight dry [knsm3] | 19.20 | 19.20
Unit weight wet [knsm3] | 1920 | 19,20
angle of dnternal frictian [deg] | 38.00 | 38.00
Cone resistance gc [knsm2] | 10000, 00 | 15000, 00
Ko -1 | 0.38 |
dz at 100 % m] | 0,002 |
Friction between pilefsoil [deg] | 15.00 | 15.00
soil Tayername: Clay with soil type: STIFF CLAY
Lateral and axial rule: aAPI and API
Unit weight dry [knsm3] | 19.40 | 19.40
Unit weight wet [knm3] | 19,40 | 19.40
Undrained shearstength Cu [kn/mz2] | 120,00 | 120,00
Empirical constant 1 -1 0. 5000 |
Strain at 50% failure load [-] | 0. 00500 |
oz [m] | 0,00 |
Figure 8-20 Soil layer data Florida
SOIL PROFILE DATA
wWaterlewvel: -0.61 [m]
Location: x = 0,00 [m] =z = 0,00 [m]
Tayer | ¥y[m] | so11 layer name | s011 type
———————— el I e
1 | 0.00 | =and | =AMD
2| -2.06 | Clay | STIFF cCLav

Figure 8-21 Soil Profile Florida

329



CALCULATIONS P-Y CURVES, MPILE

FPILE TIF CURVES

Rt [3%] | Zt [m]
0, 000 | 0. 000
100,000 | 0,002

Pile| Pile Type | Pile properties | YDUH?

Type| Mame ILen?th Mass Diam. Thickn.| EI E& moduTus
s | I [m [kgl [m] [m] I [knm2] [kn] [knym2]
1| Pile | 3.01 0.0 1.42 0.00] 5.072e+06  2.000E+08 0Q.000E+00

| &.70 0.0 1.42 0.00] 2.525E+06  1.000E+08 0.000E+00

FILE DATA

Pile| Pile Type | Pile coordinates [m] |angle | skew- |End Bearing| Top
nr name | by Y z | [deg] | ness | [kM] | cond.

e | oo |---==- I D
1 pile | 0.00 1.75 0.00 | 0.00] 0.00] 1000.00 | free
aly soil profile | Pile type name | Pile tip curve
1]1 | Pile | 1

Figure 8-22 Pile Properties Florida

CAP DATA
|  =-direction vY-direction Z-direction
_________________________ |
Centre of gravity [m] | 0. 00 1.79 0,00
_________________________ [
LoAD DATA
Inde:x Loadstep Force [kn] - -
number ®* - direction ¥ — direction Z - direction
1 1 da, 000 - -
2 2 By . Qoo - -
3 3 87,000 - -
4 4 113,000 - -
5 5 133,000 - -
4] 3] 157,000 - -
7 7 180,000 - -
2] B 226,000 - -

Figure 8-23 Cap- and load data Florida, Load = 226kN
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8.6.2 Results
When the calculated and measured deflections are plotted versus the lateral load, it can be
seen that the calculated displacement at the lowest load predicted the displacement almost
exactly. However, if the load increased the deflections where underestimated increasingly up
to almost three times the measured displacement.
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Graph 8-13 Lateral load vs. Displacement Florida
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9.1.1
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PLAXIS

Plaxis is a finite element program. For the single pile calculation, the 3D Foundation version is
used.

GENERAL RULES FOR PLAXIS INPUT

To make sure that all Plaxis calculations are executed in a similar manner. A few simple rules
have been applied to each of the cases. These rules apply to the geometry of the input, the
mesh generation and the application of the load on the pile.

General Rules for Geometry, Mesh and Pile Input

The 3D geometry of the model is a square box. The width, in x-direction, and length, in z-
direction, are 30 diameters or 2 pile lengths long, depending on which of the two values is
largest. The height, in y-direction, of the model is always at least 1,5 times the length of the
pile.

Because the width and length of the pile and the dimensions of the geometry are different for
each of the cases, it is impossible to generate the same mesh for each of the cases. Therefore
the mesh is generated as follows. First, a cluster is defined closely around the pile. The
dimensions cluster are either 6x6 diameters or 0,2x0,2 pile lengths, depending of which of the
two values is largest. Within this cluster a more refined mesh is chosen, since most of the
deformations will occur within the cluster. After the cluster is defined, the overall mesh is
globally refined. (Use once: refine global.) Then, the cluster is refined twice. (Select the cluster
and use twice: refine cluster.) Finally, the vertical element distribution should be set on “fine”.
This should generate a mesh which has an aspect ratio of the elements in the clusters of
approximately one.

In many of the cases it is rarely known how the load was applied on the pile. Therefore it is
desirable to distribute the load at the top of the pile to prevent high peaks of stresses in the
pile. To do this, a floor element is placed at the top of the pile. The floor is very stiff and
weightless. The thickness of the floor is modeled to be 10cm and the modulus of elasticity
similar to that of steel, 2,1x10® kN/m?% Be aware that, despite a floor-thickness of 10cm is
entered, the floor will still be 0,0cm thick in the model. Therefore, the floor has no influence
on the rotation of the cap, but will only distribute the load around the pile.

Finally, all the piles are modeled as circular tube piles

with interfaces on the in- and outside of the pile. The y Cluster
“shell” option in the piles-menu is checked. The Z: Global
thickness of the pile is zero. This means that the pile " Pile

has no volume in the model. In the material set of the P ; = /

pile, the thickness has been taken into account, as is i

the stiffness. The material is set to be isotropic and ! u/
linearly elastic. This is the case for all field tests, [

including those with concrete piles. By adapting the b --—
elasticity and thickness the right bending stiffness of -
the pile is accomplished.
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CALCULATIONS PLAXIS

General Rules for Soil Parameter Selection.

In the cases where the soil consisted mainly out of clayey soil, the Mohr-Coulomb model is

used. During the process it became clear that the HS and the HSS model in Plaxis did not

perform that well if a friction angle of zero was used together with undrained shear strength.

This decision was made together with Plaxis bv.

The required parameters for the Mohr Coulomb model have been acquired either from the

available soil data or by available correlations. Below follows a summary of al used parameters.
Model Type - Drained: However, the clay will react undrained. The loads are applied in short

time intervals of several minutes. The stiffness parameters will be multiplied with a factor 2, to
obtain the undrained values. The reason for this decision was caused by the iteration problems
encountered when the undrained model type was used.

Unit weight - From soil data: In all of the cases the dry and saturated unit weights are known.
Stiffness E,f - From table 1: The stiffnesses of the clays are not known. Therefore, these values
are obtained from table one. Since the stiffness, Eqiqo, is not stress dependent for clays, the
values do not have to be adjusted for this reason. However, the stiffness do has to be adjusted
to model the undrained behavior. The value of E,q is multiplied by a factor 2 to model this
behavior. The value of Ejy is obtained from table 1, NEN 6740:2006. The table is entered
through the undrained shear strength and then the values of E;y are found by means of linear
interpolation or extrapolation.

Poisson’s Ratio: The Poisson’s ratio is assumed 0,3 for unsaturated clays and 0,4 for saturated
clays.

Cohesion — Undrained shear strength from soil data: In all of the field tests undrained shear
strengths are given.

Friction angle — Zero: The friction angle has to be zero, since the shear strength is undrained.

At rest lateral earth pressure — 0,5: This value is unknown in all cases. 0,5 Is a characteristic
value.

In the case where the soil consisted out of sand, the Hardening Soil model with Small strain
stiffness (HSSmall) is used. This decision was made, since the model behaved logically and the
strain- and stress dependency of this model are desirable. This decision is also made together
with Plaxis bv.
Also for sand the material parameters are found by means of correlations and the available soil
data. For some parameters just generally accepted values for sand are used.

Model type — Drained: It is assumed that sand will behave drained since the application of the

load lasts for several minutes.

Unit weight — From soil data: In all of the cases the dry and saturated unit weights are known.
Stiffnesses Esy, Eqeq and E,, — From correlation: In agreement with Plaxis bv. a correlation table
for sandy soils is used based on the grain size distribution of the sand. The relation between the
three parameters is as follows: 3Esq = 3E.cq = E,r. As is the standard setting in Plaxis.

Stress dependency, m —value = 0,5: Because the material purely consists of sand.

Cohesion — value = 1kPa: Because of the formulas used in the HSSmall model, the cohesion may
not be equal to zero. Therefore a small value must be entered here.
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Angle of internal friction — From soil data: In all of the cases the angle of internal friction is
known.

Dilatancy angle — value = 5°: This value has been used in all cases. The dilatancy angle does not
have a large influence on the results. Therefore a value of 5° is chosen in each of the cases.

Yo7 = 1,0x10™*: This value is a characteristic value for sand.

Go,ref = Eur: This is an approximation of Gg rer.

Reference stress level = 100kPa: For the reference stress level the standard value of 100kPa is
used since this is also the value on which the correlation table is based. This correlation table
was used to find the stiffness of the soil.

CASE I-cU, BAGNOLET

Input

In the case of Bagnolet the following input is used for all three of the tests. The differences
between the tests are the penetration depth, the point of application of the load and the
magnitude of the loads. These values can be found in Appendix B, paragraph 1.1.

The case in Bagnolet is the first considered test in clayey soil. The soil can generally be
described as unsaturated clay.

As can be seen from the soil input, the parameters are chosen in such a way that the stiffness
and undrained shear strength of the soil increases continuously. This is shown graphically in
graph 9-1 on the following page.

Parameter Symbol | Top layer Middle Bottom Unit
layer Layer

Model Mohr- Mohr- Mohr- -
Coulomb Coulomb Coulomb

Type Drained Drained Drained -

Volumetric weight Yunsat 17,9 17,9 17,9 kN/m?

Saturated volumetric weight | Vst 17,9 17,9 17,9 kN/m?

Elasticity soil E e 8000 11000 11600 kN/m?

Elasticity increment Einer 821,2 890,5 812,5 kN/m?

Reference depth for | Yres 0 -3,96 -4,69 m

increments

Poisson’s ratio v 0,3 0,3 0,3 -

Undrained shear strength Cref 100 125 130 kN/m?

Undrained shear strength | Cir 6,31 6,85 5 kN/m?

increment

Angle of internal friction [0) 0 0 0 °

Dilatancy angle Y 0 0 0 °

Table 9-1 Model parameters Plaxis, Bagnolet
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Soil parameters Bagnolet clay
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Graph 9-1 Soil parameters Bagnolet clay

9.2.2 Results
When the Plaxis results are considered for all three tests, it can be seen that the deflections
are overestimated. This can be due to several reasons.
The first reason is the chosen model. Small strains occur a lot around the pile. If it was possible
to use the hardening soil model with small strain stiffnesses, the deformations would be
reduced.
Another cause might be found in the pile description. It might be argued that the 0,43m is less
than the total width of the pile. This argument is invalidated in the following case. Here, the
soil is similar and the overestimation approximately the same. Because here the pile
dimensions were known exactly, 0,43m is an adequate value for the pile width.
Thus the results might improve, if another soil model is used or/and the soil stiffnesses were
determined accurately by means of borings and laboratory tests.

100
2 0
= 75 /
=
= (o}
'U-' ﬂf’ﬁ
5 I
_E —&— MWeasurements
[T
E 05 O O Plaxis-Results
I:I .
a 5 10 15 20 25
Displacement, y [mm]

Graph 9-2 Lateral Load vs. displacements, Bagnolet Test |
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Graph 9-4 Lateral load vs. displacement, Bagnolet Test Il

CASE III-cu, BRENT CROSS

Input

The input of the soil parameters is chosen such that the stiffnesses and undrained shear
strengths are continuously increasing (or in one layer: decreasing) over the profile. The
parameters of the bottom layer are chosen such that the stiffness and undrained shear
strength of the soil are equal to the parameters given for a depth of 19 m —groundline.

All other input is according to the general rules and de test data from Appendix B, chapter 1.3.
The soil is here mainly unsaturated clay as was the case in the previous case in Bagnolet.
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Parameter Symbol Top layer | Middle Bottom Unit
layer layer
Model Mohr- Mohr- Mohr- -
Coulomb | Coulomb | Coulomb
Type Drained Drained Drained -
Volumetric weight Vunsat 17,0 17,0 17,0 kN/m?
Saturated volumetric weight Vsat 17,0 17,0 17,0 kN/m?
Stiffness soil Erer 3528 6816 6448 kN/m”’
Stiffness increment Eincr 688,5 -221,5 417 kN/m?
Reference depth for increments Yref 0 -4,6 -6,2 m
Poisson’s ratio Y 0,3 0,3 0,3 -
Undrained shear strength Cref 44,1 85,2 80,6 kN/m?
Undrained shear strength increment Cincr 8,93 -2,875 4,11 kN/m?
Angle of internal friction [0) 0 0 0 °
Dilatancy angle 1] 0 0 0 °

9.3.2

Table 9-2 Model parameters Plaxis, Brent Cross

Results

Considering the results of Brent Cross, it can be seen that the deflections are overestimated.
This is the same result as was obtained from the previous case in Bagnolet. The reasons for this
can be also the same. The MC-model reacts less stiff than the HSS-model and the soil
stiffnesses were not determined by means of laboratory tests, but by means of correlations

with the strength parameters.
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Graph 9-5 Lateral load vs. displacement, Brent Cross
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9.4 CASE VI-CS, SABINE

9.4.1 Input
This is the final case in a clayey soil. The difference is the level of the ground water table. In
this case the soil was completely saturated in contradiction to the previous two cases. Another
difference was that the soil data was much more limited. No layers could be separated. The
soil data was assumed to be valid for the first meter. Stiffness and strength increments were
assumed to be present and small compared to the two unsaturated cases. An overview of the
data is given below in the table.
Parameter Symbol Unit
Model Mohr- -
Coulomb
Type Drained -
Volumetric weight Vunsat 5,5 kN/m?
Saturated volumetric weight Vsat 15,3 kN/m?
Stiffness soil Eres 1152 kN/m?
Stiffness increment Einer 258,5 kN/m?
Reference depth for increments Vret 0 m
Poisson’s ratio v 0,4 -
Undrained shear strength Cref 14,4 kN/m?
Undrained shear strength increment Cincr 3 kN/m?
Angle of internal friction 0] 0 ©
Dilatancy angle Y 0 ©
Table 9-3 Model parameters Plaxis, Sabine
9.4.2 Results

The results are remarkably accurate compared to the results in the two field tests in
unsaturated clay. These results are presented in graph 9-6. The reason for this accuracy is hard
to determine since the soil data was very limited in this case and a lot of assumptions had to
be made. The results might still improve if the HSS model was used.
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Graph 9-6 Lateral load vs. Displacement, Sabine
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9.5 CASE IX-CL, GARSTON

9.5.1 Input
This is the first case in sandy soil. The pile was a bored pile, reinforced with steel bars. This
resulted in the possibility to apply very high loads. The parameters were determined as stated
in the general rules at the beginning of this chapter. An overview of the soil parameters is
given below in the table.

Parameter Symbol | Fill, dense Sand and | Sandstone | Weathered | Unit
sandy gravel gravel Sandstone
Model HSSmall HSSmall HSSmall HSSmall -
Type Drained Drained Drained Drained -
Volumetric weight Yunsat 21,5 19,7 21,7 21,7 kN/m?
Saturated volumetric | Veat 21,5 19,7 21,7 21,7 kN/m?
weight
Stiffness soil E e 60000 60000 60000 60000 kN/m?
Oedometer stiffness Eoed 59650 60000 59650 59650 kN/m?
Unloading/reloading Eur 180000 180000 180000 180000 kN/m?
stiffness
Power (stress dependency) | m 0,5 0,5 0,5 0,5 -
Poisson’s ratio Vur 0,2 0,2 0,2 0,2 -
Undrained shear strength Cref 1 1 1 1 kN/m?
Angle of internal friction 0] 43 37 43 43 ©
Lateral earth pressure Ko 0,322 0,398 0,322 0,322 -
Dilatancy angle Y 5 5 5 5 ©
Small strain Vo,7 1,0x10™ 1,0x10* | 1,0x10™ 1,0x10™ -
Small strain G, 1,8 x10° 1,8x10° | 1,8x10° 1,8 x10° kN/m?

Table 9-4 Model parameters Plaxis, Garston

9.5.2 Results

The obtained results in this case are reasonably good. This is despite the fact that some crude
assumptions had to be made.
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Graph 9-7 Lateral load vs. Displacement, Garston
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CASE X-CL, ARKANSAS RIVER

Input

The input in this case is very special. In Plaxis it is possible to include a pre- overburden
pressure. This is the case in Arkansas. An overburden of 6 meter of sand used to be present. If
the sand is assumed to be loosely packed, the volumetric weight can be assumed to be
16kN/m?. This leads to a overburden pressure of 96kN/m?. This effect is examined with both
the HS-model and the HSS model. It is not possible with the HSS-model to include a POP. The
effect was examined by performing the calculation with and without a POP in the HS model
and by performing the calculation with and without a fill over the entire surface of the soil
model in the initial phase in the HSS model. If the effect of the POP in HS-model turns out to be
large compared to the effect of the fill in the HSS model, the POP is preferred to be used,
because this method was developed for this purpose. However it is also thought that the fill is
also a good approach. The advantage of the fill is that the HSS-model can now be used.

The soil parameters are in all calculations basically the same. The difference lies therein, that
the HS model does not include the small strain parameters and one of the HS calculations does

and the other does not include the POP.

Together with Plaxis bv. it was determined to simulate the soil as a single layer.

Parameter Symbol | Sand Unit
Model HSSmall | -

Type Drained | -
Volumetric weight Vunsat 20,0 kN/m?
Saturated volumetric weight Vsat 20,0 kN/m?
Stiffness soil Erer 60000 kN/m”’
Oedometer stiffness Eoed 60000 kN/m?
Unloading/reloading stiffness Eur 180000 kN/m?
Power (stress dependency) m 0,5 -
Poisson’s ratio Vur 0,2 -
Undrained shear strength Cref 1 kN/m?
Angle of internal friction [0) 42 °
Lateral earth pressure Ko 0,35 -
Dilatancy angle 1] 5 °
Small strain (Not in HS-model) | v, 1,0x10* | -
Small strain (Not in HS model) | G, 1,8 x10° | kN/m?
Pre Overburden Pressure POP 96,0 kN/m?

Table 9-5 Model parameters Plaxis, Arkansas River
The fill in the HSS model is modeled as a stiff layer (high stiffness, and strength) with a

volumetric weight of 16kN/m> and a thickness of 6 meters. These last two parameters are the
most important one, since the fill is removed prior to the pile installation.
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Results

When the deflections are plotted versus the lateral load for all four calculations, it can be seen
that there is a large influence of the fill. The deformations of the top of the pile are reduced
with approximately 1/3. The effect is a little larger for the HSS-model than for the HS model.
Considering the results of these calculations, the HSS-model with a fill is the best approach.
This because the fill effect is similar to the effect of the POP and the HSS-model is also strain
dependent.

If the results of the HSS calculation with the fill are plotted besides the measurements, it can
be seen that they are approximately the same.

250 Y A+

200
— A+ g
E. A Plaxis, HSS
o

150
= A+ | At
E A Plaxis, H55 with fill in
- initial phase
T 100 . ni
E +Plaxis, HS without POP

50 s
+ Plaxis, HS with POP
a
a 5 10 15 20 25 30
Displacement, y [mm)]

Graph 9-8 Calculated displacements Arkansas River with different soil models in Plaxis.
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9.7 CASE XIII-L, FLORIDA

9.7.1 Input
This case is special for two reasons. The soil consists of two layers with a different material and
the pile’s bending stiffness is not constant over the height of the pile. The parameters of the
clay layer and the sand layer are given below.

Parameter Symbol | Sand Clay Unit
Model - HSSmall | Mohr-Coulomb | -

Type - Drained | Drained -
Volumetric weight Vunsat 20,0 19,2 kN/m?
Saturated volumetric weight Vsat 20,0 19,2 kN/m?
Stiffness soil Eres 60000 10400 kN/m’
Oedometer stiffness Eoed 60000 - kN/m?
Unloading/reloading stiffness Eur 180000 - kN/m?
Power (stress dependency) m 0,5 - -
Poisson’s ratio Vur 0,2 0,4 -
Undrained shear strength Cref 1 120 kN/m?
Angle of internal friction 0] 42 0 °
Lateral earth pressure Ko 0,35 0,5 -
Dilatancy angle Y 5 0 °
Small strain (Not in HS-model) | v, 1,0x10* | - -
Small strain (Not in HS model) | G, 1,8x10° | - kN/m?
Cohesion increment Cincrement | - 3 kN/m?/m
Reference level of Cincrement Vref - -5,94 m

Table 9-6 Model parameters Plaxis, Florida

9.7.2  Results
When the calculated and measured deflections are plotted versus the lateral load, it is clear
that the deflections are severely underestimated.
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