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Abstract
Civil Engineering & Geo-sciences
Hydraulic Structures & Flood Risk

Construction Management & Engineering

Master of Science

Research into pile toe failure in Amazonehaven

by Reza NEJAD

Extreme folding damage of open-ended tubular piles could occur during piling in onshore prac-
tices. Amazonehaven unique quay wall removal gave the opportunity to study king pile’s failure
close to toe. King piles are primary piles in a combined wall system, exposed to static and dy-
namic load. It is argued that the unexpected pile toe failure have been caused by dynamic load
because of the uniaxial direction of the extreme deformations. However, research into pile toe
failure in Amazonehaven shows that hammer-induced driving stresses are significantly lower
than material’s yield stress close to pile toe, given Amazonehaven soil condition. Therefore, the
dynamic load has not been solely detrimental to the pile toe integrity. The main reasons for pile
toe failure are discussed to be (1) pile imperfection, (2) pile inclination and (3) pile inhomoge-
neous strength. Bear in mind that, pile toe failure to such extent when not limited might lead to
dysfunction of the asset during its technical lifetime. Therefore, counteractions must be taken
to assure quay wall’s safety and stability while operating. The remedies when such a piling risk
event occur could be: replacement, early maintenance, or a reduction in its designed storage
capacity. The reactive solutions will bring financial consequences of pile toe failure forward. In
other words, the client will experience a reduction in its revenues due to asset’s malfunction.
However, when proactive process-based alternatives are implemented in the current procedure
in piling industry, the probability of occurrence of the failure is to be reduced. Therefore, finan-
cial consequences of piling risk event will remain limited.

The main personal objectives creating this master thesis are to present a: Compact , compre-
hensive, consistent , reader friendly , and to the point report.
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Chapter 1

Introduction

1.1 Aim

Chapter 1 aims to introduce the main problem as well as to determine the main research ques-
tions. Furthermore, it is briefly touched on the importance of conducting this particular research.
In the end, an overview is given of the content of each chapter to guide the reader.

1.2 Background

Amazonehaven, a deep seaport quay wall, was partly demolished through 2012-2013 to widen
the harbor’s basin. The Amazonehaven, as depicted in Figure 1.1 is located in MaasVlakte
I (MVI). After removing the structure which was in itself a unique project, engineers observed
extreme folding damage to the open-ended tubular piles or king piles [6]. The dispersion of the
damage was about one to two times the diameter of the pile [37]. To investigate the stability of
the entire quay structure as well as the causes to the extreme folding damage, Municipality of
Rotterdam (SO)1 initiated series of master theses to investigate those above. In a recent study,
the stability of the quay wall given the pile toe failure was studied.

FIGURE 1.1: Amazonehaven basin, retrieved from Google maps

1.3 Research description

The pile toe failure described as extreme folding damage close to pile toe, has occurred due to
forces working in the axial direction. The loads working on the piles are both static load, caused
by permanent- and variable- load, and dynamic load. The latter, is the applied force on the piles
during installation, to bring the piles up to its designed embedded depth. The dimensioning of
the pile is based on the maximum moment due to the static load. Nevertheless, extreme defor-
mation and damage have been discovered close to pile toe.

The terminology, pile toe failure refers to the unexpected extreme deformation of the pile which
is not desirable without suggesting any succeeding structural failure. Extreme folding damage
refers to local yielding of the pile. Therefore, it could be argued that:

1Stadsontwikkeling

https://www.google.nl/maps/place/Maasvlakte,+Rotterdam/@51.9528672,3.9743564,12z/data=!3m1!4b1!4m5!3m4!1s0x47c5ab4a1a36ade9:0x6540ecc0ee434cb!8m2!3d51.962398!4d4.0567997
https://www.google.nl/maps/place/Maasvlakte,+Rotterdam/@51.9528672,3.9743564,12z/data=!3m1!4b1!4m5!3m4!1s0x47c5ab4a1a36ade9:0x6540ecc0ee434cb!8m2!3d51.962398!4d4.0567997
http://www.rotterdam.nl/stadsontwikkeling
http://www.rotterdam.nl/stadsontwikkeling
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Pile toe failure of open-ended piles, given a not so dense sandy subsoil of Ama-
zonehaven, are caused by pile driving during installation and not by the static load
applied during the asset’s technical lifetime.

It is then a logical conclusion which is introduced as the hypothesis:

Hammer-induced driving stresses are extremely high close to pile toe, exceeding
material’s yield stress which clarifies the extreme folding damage.

The pile toe failure, is depicted in Figure 1.2. If the hypothesis is true, a follow up would be
to shift from a static-based pile dimensioning to a dynamic-based pile design, which will be
studied in the technical part of the research.

FIGURE 1.2: Extreme deformation close to pile toe, retrieved from [37]

At last, the management aspects of pile toe failure plays an important role. Given the extreme
folding damage, counteractions must be taken to either diminish the consequences of pile toe
failure or to prevent the occurrence of such a failure. Both types of measurements will lead to the
financial burden. The counteractions are ought necessary to sustain the designed performance
level of the quay wall throughout its technical lifetime, when pile toe failure occurs.

1.3.1 Target group

Target groups are both SO and Allnamics, which is sponsoring this research study. The munic-
ipality, together with public and private partners, shapes and maintains the city of Rotterdam.
Allnamics is a private company that provides Geotechnical advice, carries out pile measure-
ments and produces measuring equipment.

FIGURE 1.3: Research study is made possible by above institutes

http://www.rotterdam.nl/stadsontwikkeling
http://www.allnamics.eu/
https://www.google.nl/maps/place/Rotterdam/@51.9278891,4.3503156,27072m/data=!3m1!1e3!4m5!3m4!1s0x47c5b7605f54c47d:0x5229bbac955e4b85!8m2!3d51.9244201!4d4.4777325
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1.4 Worldwide problem

The problem of extreme folding damage also appears when open-ended tubular piles are driven
into the subsoil, as a foundation or as a structure in itself, elsewhere in the world. In offshore
practices, however, Formula 1.1 has been used to calculate the minimum wall-thickness given
the diameter [1].

t = 6.35 +
D

100
[mm] (1.1)

In this formula, D is the diameter of the pile whereas t is its wall-thickness. Figure 1.4, shows
deformation at pile head or pile toe due to the dynamic load, during piling, in Bioko island as
well as in Canada. However, this study does not take into account pile head failure.

In general, to ensure pile toe integrity, it is vital to consider dynamic mold of the load. However,
in the past, dimensioning of the piles were solely based on static load; nowadays a (pile) driving
prediction prior to installation ensures the driveability of the piles while pile toe integrity during
installation is warranted by monitoring pile driving.

FIGURE 1.4: Pile head & toe failure worldwide, retrieved from [36] and [33]

1.5 Scope

The following facts determine the scope of this research: in Amazonehaven, (1) uniaxial direc-
tion of the extreme folding damage close to pile toe points out installation load to be funest to
maintaining pile toe integrity, (2) pile dimensioning was based on static load and yet pile toe fail-
ure have had occurred, (3) the design of the quay wall was strategically2 based on a static load
higher than would have happened (intended to be used), yet, pile toe failure have had occurred.
All in all, the necessity to study the dynamic mold of the load is apparent which makes the focus
to be: studying the hammer-pile-soil system of the primary pile during pile driving activity.

1.6 Research Question

Having identified the necessity to study the dynamic mold of load, the up-coming step is to
study the entire hammer-pile-soil system to address the leading causes of pile toe failure in
Amazonehaven. Moreover, the consequences of such a failure need to be discussed along with
its remedies. Therefore, the primary research questions are:

1. What are the causes of pile toe failure in Amazonehaven?

2. What are the remedies to prevent pile toe failure?
2See [40]

https://www.google.nl/maps/place/Equatoriaal-Guinea/@-1.6569719,2.2475467,2935561m/data=!3m1!1e3!4m5!3m4!1s0x10643a605fae87a7:0xc870a2a22c10de7a!8m2!3d1.650801!4d10.267895
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1.7 Research outline

The Research into Pile Toe Failure in Amazonehaven (RIPTFIA) is divided into four parts: com-
mence, main part, conclusion and complementary. The commence includes the first three gen-
eral chapters, chapters 1-3. In chapters 4-8, the general identification of the problem are scaled
down into Amazonehaven case study, the main part. The conclusion includes the last chapter,
the results and conclusions of the previous chapters are used to generalize the case-based
recommendation and suggestion for its applicability elsewhere. Finally, the complementary are
the appendices which complements its associated chapter. Figure 1.5 shows an overview of
the four main parts. In the next page, the figure is enlarged to assure readability.

FIGURE 1.5: Overview research outline
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1.7.1 Commence

Chapter 1 sketches a brief problem description of extreme folding damage of open-ended piles.
The damage occurs during pile driving activity. Furthermore, the chapter follows with introduc-
ing a hypothesis for piling and ends up with main questions of this research.

Chapter 2, the literature, gives an overview of the existing knowledge on pile driving activities;
its codes, and guidelines, the software to study two-dimensional or three-dimensional effects of
the hammer-pile-soil system as well as general information about the structure of quay walls,
the conducted research about the specific case study and the comparative research in piling
practices.

Chapter 3 handles the methodology used to conduct the research. In this chapter, a validity map
is provided which sketches the approach of the author. A validity map, as depicted in Figure
3.1, helps the reader to gain a better insight of the utilized approach in a nutshell. Furthermore,
Figure 8.13 and Figure 9.1 are complementary to the validity map in this chapter.

1.7.2 Main part

Chapter 4 presents the case study Amazonehaven. Therefore, general information such as
Amazonehaven quay wall design and its geological data as well as the observations and find-
ing, after its removal; are given in this chapter. Moreover, the records and photos are analyzed,
and failure modes and popular modes are introduced. It also introduces the stakeholders.

Chapter 5 studies the validity of research hypothesis by modeling the hammer-pile-soil sys-
tem in a Wave Equation Analysis Program (WEAP). Moreover, it studies how extremely high
hammer-induced driving stresses, exceeding the material’s yield stress, could be generated.

Chapter 6 treats clusters of three main failure sources. In this chapter, a dozen causes of pile
toe failure are studied and reduced to three leading causes of the failure in Amazonehaven.

Chapter 7 uses a Finite Element Analysis (FEA) program to conduct a sensitivity analysis to
study the three causes to pile toe failure, concluded in chapter 6, to pinpoint the main leading
cause to the failure.

Chapter 8 studies the Management Aspect (MA) of piling disease which mainly includes intro-
ducing remedies in (1) pre-piling phase and (2) post-piling phase. It also discusses the financial
consequences in a decision-model in both phases. Therefore, a 4th dimension to sources of
pile toe failure is added, regarding pre-piling phase. It also gives a nutshell of the findings in this
study, complementary to the validity map introduced in chapter 3.

1.7.3 Conclusion

Chapter 9, provides answers to questions and recommendations for future research. It also
gives a nutshell of the findings in this study, complementary to the validity map introduced in
chapter 3.

1.7.4 Complementary

Appendix A includes information about the hammer-pile-soil system as used in Pile Driving Pre-
diction (PDP). It also holds information about the failure mode analysis and other specifications
of Port of Rotterdam (POR).

Appendix B, shows a comprehensive result of PDP carried out for various scenarios, which is
complementary to chapter 5 and 6.
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Appendix C presents different features in SCIA Engineer. It also shows the detailed results of
stress development and deformation for the models in chapter 7, given Amazonehaven D/t ra-
tio. Furthermore, it includes a complementary fault tree to the existing fault tree for a relieving
platform quay wall structure. Appendix C is complementary to chapter 7.

Appendix D reveals in-depth information about the calculation of the costs and revenues for
different scenarios as discussed in chapter 8. Appendix D is complementary to chapter 8.

Appendix E gives an extensive summary of the RIPTFIA including both aspects of technical as
well as management.
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Chapter 2

Literature study

2.1 Aim

Chapter 2 studies the existing knowledge about quay walls, pile design, piling in offshore prac-
tices, hammer-pile-soil system, guidelines for pile design, cost of quay walls, etc. It also reveals
information about five papers related to this research, see section 2.10.

2.2 General information of quay wall

2.2.1 Relieving platform quay wall structure

A quay wall is an earth-retaining structure which provides berthing spots to vessels for loading
and unloading. The quay wall, separating earth and water, must withstand the lateral loads due
to soil pressure and to bear the structural loads; (permanent and variable) vertical loads such
as cranes [19]. To be able to carry and transfer these extremely high loads, the entire structure
is designed with a firm foundation to guarantee the stability. The optimum design of quay wall is
acquired by a study conducted by Municipality of Rotterdam (SO), in the past. In this quest, dif-
ferent quay walls were compared, and it is concluded that given a high retaining height, mostly
the case for deep seaports, a deep relieving platform quay wall structure is the most optimal
design [40]. A relieving platform quay wall structure is depicted in Figure 2.1.

FIGURE 2.1: Cross-section of low relieving platform quay wall structure, used SketchUp
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In general, the type of quay wall to be designed is selected based on geological conditions,
functional requirements and budget available for the project [19].

2.2.2 Foundation elements

The foundation of a quay wall, guaranteeing the stability, consists of two rows of prefabricated
concrete (compression) piles and one row of steel (tension) piles at the land side. At the water
side, the relieving platform is resting on a retaining and bearing wall; a combined wall system.
The crane track is usually located above the retaining wall to enable transferring the heavy load
via the retaining wall to the subsoil. The retaining wall, as well as the concrete bearing piles,
are inclined, which means that the structure is leaning on the ground. The inclination of the
foundation elements reduces the anchor force which is needed for the stability of the structure.
The steel (tension) piles, [Müller Verfahren] piles, carry the rest of the horizontal anchor- and
soil- forces from the superstructure. More advantages of inclined foundation elements are: (1)
a reduction in horizontal soil pressure and (2) a reduction in bending moment [40].

Super- & sub- structure

The weight of the relieving platform and the overlying soil is directly carried out by the concrete
bearing piles into deep soil layers with enough bearing capacity. Therefore, a reduction of ver-
tical loads on the combined wall system occurs. The combined wall system is a combination
of open-ended tubular king piles, also known as massive primary piles, and the intermediate
sheet piles, see Figure 2.2.

FIGURE 2.2: Top view cross-section of a combined wall system, used SketchUp

The distance between two primary piles is called system length. The primary king piles are
partly vibrated and partly driven up to its embedded depth. The secondary light intermediate
sheet piles are only vibrated nowadays. The vital role of king piles is to transfer vertical and
horizontal loads to soil strata capable of bearing those loads where the intermediate sheet piles
function as soil-proof elements and transfer soil pressures to primary piles by arch action. Due
to arch action, developed by the fact that rigid parts catch more load, the active earth pressure
on the secondary sheet piles reduces significantly [19]. Therefore, intermediate sheet piles are
much shorter than the primary piles.
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2.2.3 Design requirements and boundary conditions

Functional & technical requirements

A quay wall must fulfill its core functions of (1) retaining, (2) bearing, (3) navigational and (4)
safety. Retaining, as mentioned earlier, is the ability of the quay wall to withstand water and to
keep the soil. The bearing is transferring the heavy loads exercised on the quay wall to deep soil
layers with sufficient bearing capacity. A navigational feature of the design fulfills requirements
for vessels to moor; to be loaded and unloaded. Safety function refers to the security of the
entire structure against flooding as well as its safety during operation.

The technical requirements of the quay wall refer to technical design enabling the quay wall to
perform its function during its technical lifetime. The requirements include the structural loads
such as terrain loads, berthing- & bollard- loads as well as soil and water pressure, lateral loads
[19].

Nautical requirements

Nautical requirements refer to regulations about maneuvering and mooring of the inland- and
sea- vessels entering the port area. The regulations are set for both the seaport area and the
vessels. Therefore, the requirements influence the design concept from the very beginning [19].

Geo-technical & hydraulic boundary conditions

Geotechnical boundary conditions refer to the very composition of subsoil at the location of the
project. A thorough soil investigation is crucial for defining the soil composition, and the bearing
capacity which is vital for a proper design and a smooth execution work.

The hydraulic boundary conditions refer to the hydraulic environment of the location of the
project. The boundary conditions are, e.g., the exceeding frequencies for high and low wa-
ter levels used to design the height of the quay wall, the groundwater levels, and the waves in
the area used to design the irrigation system [19].

2.2.4 Loads on the combined wall

Structural loads

Structural loads on the quay wall are divided into lateral loads and horizontal & vertical loads.
Lateral loads refer to horizontal loads due to earth- and water- pressure on the combined wall
system. Horizontal & vertical loads apply to other forces acting on the superstructure as well
as on the substructure which should be taken into account when designing the combined wall
system. These loads are from crane, berthing, surcharge, terrain, bollard. Also, the weight
of the superstructure and the overlying soil layer is considered as structural loads [19]. When
dimensioning the king pile, the moment due static load is governing and determines the D/t
ratio. Where D is the diameter- and t is the wall thickness- of the pile.

Installation load

The open-ended tubular piles are installed with the aid of an impact hammer and a vibratory
driver. The vibratory hammers operate with electric power which functions on a principally
different way than the impact hammer. Impact hammers include a diverse range of hammers: a
drop hammer, steam or air hammer, diesel hammer and hydraulic hammer [60]. The dynamic
load, due to installation, is either a sinusoidal load in the case of vibratory driving or a dynamic
load for an impact hammer. When piles are dimensioned due to installation load, the governing
force will be the one due to impact hammer.
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2.3 Cost of quay wall

2.3.1 Key figures

To have an estimation of the cost of quay walls for a preliminary design; the key figures are
usually utilized. In this fashion, different designs could be compared to one another. Table 2.1
shows the costs per running meter per Retaining Height (RH) of the quay wall.

TABLE 2.1: Key figures cost of quay wall per retaining height per meter, retrieved from [18]

The retaining height is determined as the difference between the construction depth and the
ground level. The overview does not include the costs of scour protection, fencing, and dredg-
ing at the front of the quay. Furthermore, for a relieving platform quay wall structure, the following
cost division could be made as depicted in Figure 2.3.

FIGURE 2.3: Division in construction cost of a relieving platform quay wall structure, retrieved from [18]

2.3.2 Quay walls in Rotterdam

The total cost of a quay wall structure in Rotterdam, mainly have a relieving platform, is ex-
pressed in following formula [18]:

TC = 793.65 · RH1.2174 · L [AC] (2.1)

Where, RH is the retaining height of the quay wall, and L is the length of the quay wall. The
Total Cost (TC) of the quay wall is presented in Figure 2.4, for increasing retaining height per
running meter, in which the two primary formulae are compared, based on equation 2.1, Table
2.1.
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FIGURE 2.4: Cost of quay wall per retaining height per meter, retrieved from [18] and [39]

The Amazonehaven quay wall structure had a retaining height of 24 [m], which brings the red dot
if using the Formula 2.1. However, when the cost of Amazonehaven quay wall, as documented,
is used the costs are slightly lower as shown with a violet dot.

2.3.3 Net present value

The cost of building a port infrastructure depends on several components [18]. To make a
decision, additional to technical considerations, an economic evaluation of different technical
designs must be available. Then, a selection is made for the most economical design. To do so,
several methods are available. The Net Present Value (NPV) is most widely used method, to
evaluate the financial aspects of infrastructural projects. NPV discounts the costs and revenue
flow for a project based on the technical lifetime of the asset and the interest rate at the Present
Value (PV). Therefore, construction costs, maintenance costs, and demolition costs are calcu-
lated based on the initial costs (investment) [18]. When NPV > 0, profit is generated meaning
the project is worth starting, and financial feasibility is warranted. Therefore, the TC could be
expressed as:

TC = I0 +
∑

Mi + D [AC] (2.2)

Where the I0 is the initial costs to build a structure. A sum of Planning Design and Engineering
cost and construction cost. The maintenance cost,

∑
Mi are those which must be met to ensure

that the required functionality is maintained per year. The last term, D, is demolition cost which
arises at the end of the technical lifetime of the asset.

2.3.4 Costs

The amount of maintenance cost as well as demolition cost could be expressed in investment
cost by following Formula 2.3 [18]:

TC = I0 + 0.01 · I0 + 0.175 · I0 [AC] (2.3)

Whereas in terms of PV it becomes, Formula 2.4:

PV = I0 + (
0.01 · I0

r
) · (1− 1

(1 + r )t ) +
0.175 · I0
(1 + r )t [AC] (2.4)

Where r is the interest rate per year, and t is the technical lifetime of the asset.
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2.3.5 Revenues

The main revenues of the Port of Rotterdam Authority (PORA) are both leasing of the land to the
companies erecting in the vicinity of water and waterborne facilities to guarantee a safe and fast
transfer of their goods as well as sea-Port Dues (PD). The latter depends on the (1) number
of vessels, (2) their dimensions, (3) number of days staying at the harbor, and (4) the cargo
being carried. Figure 2.5 depicts the revenues per Leasing Contract (LC), PD as well as other
revenues of the Port of Rotterdam (POR) based on recent years.

FIGURE 2.5: Revenues POR in recent years, retrieved from [46]

2.4 Stakeholders

The stakeholders in POR, are defined based on the functions assigned to the quay walls. Figure
2.6 shows the storage function per area for the entire port, which are: containers, dry bulk,
refinery, wet bulk, distributions spots and other activities. The Amazonehaven quay wall is
mainly home to containers, dry bulk, and refinery. Beside Amazonehaven, a total number of 16
locations, are used to store dry bulk goods over the entire harbor [46].

FIGURE 2.6: Functions of quay walls in Rotterdam harbor, retrieved from [46]

2.5 General information design codes and guidelines quay
walls

The design of quay wall must be based on requirements and conditions determined in Eu-
rocode. Since the introduction of Eurocode, this guideline is mandatory in the Netherlands.
However, other guidelines are also applied, e.g., quay wall manual, Empfehlungen des Arbeit-
saussschusses Ufereinfassungen (EAU), CUR166.
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2.5.1 Design codes

In EN 1993-5 (2007) (English) Eurocode 3: Design of steel structures - Part 5; Piling, principles
and implementation rules for the structural design of bearing piles and intermediate sheet piles
are provided. It also includes some examples of detailed foundation and retaining structures in
onshore practices.

2.5.2 Guidelines

In CUR166 various types of steel sheet piling structures with anchoring systems are covered. It
also examines other alternative structures including a diaphragm wall. Handbooks 1 & 2 of sheet
piling structures include all information needed for design, implementation and management of
those structures [7]. CUR 211, new edition of quay walls, outlines essential knowledge for
planning, design, execution, and maintenance of quay walls, as well as general information
about historical developments and lessons learned from the observations of ports in various
countries [8]. In EAU the so-called waterfront structures are handled such as: scour protection,
sheet pile walls, anchors, pile foundations, embankments and mooring piles [34]. In this design
guideline, load combinations of frequently appeared loads and circumstances of extreme loads
are defined. EAU is a extensively experienced-based guideline which is still frequently used in
The Netherlands.

2.5.3 Other manuals

American Petroleum Institute (API) has introduced design codes for pile dimensioning and as-
sociated installation activities for offshore practices, based on many research in America, which
is now used as a guideline worldwide [1].

Basics of foundation design presents a background to current foundation analysis and de-
sign. It is a compendium of the contents of courses in foundation design given by Fellenius as
well as a document to the software UniSoft Ltd. The latter is an application for the analysis of
piles and pile groups according to various design methods. It considers bearing capacity, pile
group settlement, negative skin friction, and drag load.

Roark’s formulas for stress & strain presents a summary of methods, facts, and principles
regarding the strength of materials [63].

2.6 General information hammer characteristics

2.6.1 Hammers in general

In general impact hammers and vibratory drivers are used as a tool to bring foundation elements
into its prefixed penetration level. The main differences between these two type of hammers are
[27]:

1. a high peak force and a low frequency for the impact hammers, whereas vibratory drivers
have a low peak force with a high frequency. Therefore, a respectively short, milliseconds,
load duration and a long load duration is to be expected.

2. a constant energy supply for the vibratory hammer, whereas for the impact hammer the
energy supply varies depending on the soil reaction and drop height. The intensity of the
force is respectively expressed in [kN] and [MPa].

3. a soil over-stressing phenomenon occurs due to the transfer of a high-level stress wave
into the pile by impact hammer, while Soil stress relief phenomenon happens due to the
transfer of permanent energy pulses to the soil by vibratory hammers.

4. the weight of the pile plays a minor role for pile driving by an impact hammer, whereas
for pile penetration by a vibratory hammer, the weight of the hammer and the pile are the
main factors contributing to penetration.

http://www.fellenius.net/
https://www.unisoftgs.com/
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Furthermore, the pile driveability is a function of the cross-section, length, shape and (steel)
quality of the pile as well as the applied load on the pile, the duration of the applied load, the
implemented installation method and the soil properties [23]. However, there are guidelines
available for hammer selection based on the minimum and maximum hammer energy (1) to
not damage the pile nor the hammer and (2) to bring the pile to its required depth. Canadian
Foundation Engineering Manual (CFEM), API and CRAPPS are guidelines commonly used.

2.6.2 Driving hammer

Moreover, a driving cap is used for impact hammers to transmit the blow directly to the pile
while protecting the hammer and the pile head. Also, cushions are used which is fitted into the
driving cap. It absorbs the blow partially and prevents damage to both the hammer and the cap.
Cushions are built with plastic or wooden components, with a combination of steel cables and
steel plates that ensure a reasonable life expectancy and also helps to dissipate the generated
heat quickly. When hard driving is experienced, the cushion has to be replaced more often than
under normal conditions [38].

2.6.3 Soil reaction

During vibration, the soil strength temporarily changes to a lower level, which means a consider-
ably less resistance to penetrating the pile into the ground compared to another sort of hammer
or a static load applied on the pile. However, the reduction of soil resistance depends on the:
frequency of the vibratory hammer, its operating amplitude, the soil characteristics, the degree
of soil saturation, etc. [27]. After which, impact driving, ensures the deeper penetration of the
pile into the subsoil to be able to reach the required bearing capacity. Therefore, a combination
of vibratory driver and impact hammer is utilized in piling industry.

2.7 General information steel properties

2.7.1 Mechanical properties

The stress-strain diagram shows the mechanical properties of steel, differentiated in four main
stages: elastic, plastic, condensation and congestion, as depicted in Figure 2.7.

FIGURE 2.7: Stress-strain diagram of steel, retrieved from [59]

In other words, the magnitude of the material’s extension given an applied stress is shown. In
the first stage (A) the material deforms elastically, whereas in the last three stages it deforms
plastically, a continuous deformation. In the last stage (D), the material collapses.
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In the first stage (A), the ut tensio, sic vis rule of Hooke applies, which means that the strain is
proportional to the applied stress. Equation 2.5 shows the linear relationship, where E is the
modulus of elasticity [MPa], ε and σ are respectively the strain and the stress. An increase in
stress above the elasticity limit will lead to a take-off of material’s plastic journey. The specific
stress at that point is called material’s yield stress, σy [N/mm2] [59].

σ = E · ε (2.5)

Where ε = ∆L/L0.

A description of some mechanical properties of steel is given below:

Elasticity

Elasticity refers to material’s ability to jump back to its original state when the applied load is
taken away. Therefore, in an elastic trace, the deformation is temporary. When the nature of the
deformation is not anymore elastic, it then shows plastic behavior. The material could behave
soft or stiff based on their elasticity. The soft material extends very fast where a stiff material
does not [59].

Tensile strength

Another mechanical property, tensile strength, is where the maximum load could have been
applied into the element. When the tensile strength is reached, soon the two other stages of
condensation and congestion will follow. A strong material can bear more load than a weak one
[59].

Toughness versus brittleness

Toughness and brittleness refer to the behavior of the material regarding collapsing, while the
tensile strength of the material has reached. A brittle material, such as glass, collapses imme-
diately after it has reached its tensile strength. Contrary to a brittle behavior, a robust behavior
shows congestion before collapsing [59].

2.8 General information soil characteristics

2.8.1 Soil particle

The soil is classified into various types with distinct mechanical properties [61]. The general
subdivision of soil is based on the grain size of the particles. A coarse granular material is
called gravel, and finer material is called sand. The grading is shown in Table 2.2.

TABLE 2.2: Grain sizes, retrieved from [61]

The mechanical behavior of various types of soil is somewhat different. Clay is usually much
less permeable for water than sand, but it is also much softer. Peat is very light (sometimes
hardly heavier than water), and actively non-isotropic because of the presence of fibers of the
organic material. Peat is also very compressible. Sand is slightly permeable and stiff, especially
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after a certain pre-loading has taken place [61].

2.8.2 Soil analysis

To have a proper soil analysis, accurate identification of soil properties, a soil investigation must
be carried out. Therefore, either an in-situ operation, e.g., Cone Penetration Test (CPT) or a
laboratory soil investigation is carried out (or both). In-situ soil investigation is executed with
a simple method: by pushing a steel rod into the soil, then, measuring the force during the
advancement of the rod as a function of depth. The (counter) force is the soil reaction at the
toe, also known as cone resistance, as well as the friction along the circumference of the rod
[61]. Nowadays an electrical penetration test measures cone resistance and local friction as
well as pore pressure.

2.8.3 Soil features

Soil sensitivity & set-up

Soil sensitivity and soil set-up are essential soil characteristics when determining the penetra-
tion rate of the pile. The set-up is predominantly associated with an increase in soil resistance
acting in the sides (shaft) of a pile. The majority of set-up is related to (1) dissipation of excess
pore water pressure (phase I) and (2) remolding and re-consolidation (aging) of the soil (phase
2) [28]. The duration of set-up in phase I depends on (a) permeability of the soil and (b) volume
of the displaced soil by the pile. It is evident that the more impermeable the soil and the larger
the pile, the longer the set-up period will become. In Research into Pile Toe Failure in Amazone-
haven (RIPTFIA), soil set-up refers to the first reason, dissipation of excess pore water pressure
(during driving).

In case set-up is present, cohesive soil like clay, the soil resistance during driving becomes
lesser than the long-term capacity of the pile [30]. Therefore, set-up due phase I might appear
after several weeks, several months or even years. In case of sand, permeable soil, there is
almost no set-up (max. several hours) and therefore immediately after driving, the driving resis-
tance would be more or less the same as the long-term capacity of the pile1. In mixed soils2,
however, the set-up due to phase I will appear in several days or several weeks [28].

A set-up factor, determined during driving test piles, is usually used in the calculations [30]. An
advantage of taking soil set-up into account is a reduction in the size of driving equipment (both
hammers and cranes) leading to cost savings [28].

The soil sensitivity determines the speed at which the soil start to regain its original strength.
Thus, soil sensitivity would accelerate the time soil needs to set-up3. The importance of soil
sensitivity becomes apparent in case of a halt in piling. Usually after a delay in piling, about 15
days, the soil resistance becomes higher and reaches the long-term capacity of the pile [30].
Re-driving after a delay could be troublesome regarding a decrease in penetration rate and an
increase in blow count. Therefore, it is highly recommended to have a continuous pile driving
activity.

Soil quake

A parameter of substantial importance for the drive-ability of the pile is quake, which is the
movement between pile and soil required to mobilize full plastic resistance [15]. In other words,
quake is the displacement at which the initial (elastic) static soil model achieves its ultimate load
and goes plastic [31].

1phase I: driving-induced excess pore-water pressure dissipates relatively rapidly
2a mixture of fine-grained granular and clay soils
3reaching its full capacity
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The value of quake is usually small, about 2 [mm] to 3 [mm], along with the shaft. The value de-
pends on the soil type and is independent of the pile dimension. In contrast to the shaft, quake
is a function of pile diameter at pile toe with a value of about 1% of the diameter. However,
the range of values can be as broad as 10% of the pile’s diameter [15]. Therefore, the ultimate
capacity in which a hammer reaches its refusal driving might be reduced due to quake value
(a larger hammer is needed). In this case, a capacity reduction by a factor of three is easily
obtained: as the quake increases, the capacity reduction becomes larger.

Thus, given a maximum toe displacement, a pile with a normal quake will have a much larger
permanent set (lower blow count) than a pile with a large soil quake. Conversely, to obtain the
same blow count, a pile with a large soil quake will require a more substantial displacement.
Therefore, more energy is required to mobilize the full resistance for high quake soils [31]. The
more significant quake value, the more energy is required to move the pile which means less
energy is available to overcome the static soil resistance.

In plugging research, the importance of quake values, in piling is discussed. In this paper, the
observed high quake values are argued to be caused by excess pore water pressure, caused
by displacement piles driven into poorly drained soils [31].

Plugging

Plugging is determined as open-ended pile responding nearly the same as a close-ended pile.
In a plugged response, the pile has to over-win more soil resistance to sustain its advancement.
In this fashion, the toe resistance acts not only on the pile’s wall-thickness, but it seizes the
entire diameter of the pile. Therefore, assuming a warranted pile toe integrity, plugging could
occur in case of a small pile dimension or a cohesive soil or both [23].

During driving, when pile toe integrity is warranted, the open-ended pile toe shovels the same
amount of soil inside and outside the pile. However, in case of any (initial) toe damage; more
soil is shoveled outside the pile than it is inside. Therefore, a clamped soil just outside; together
with an absence of soil inside ensures a lateral soil pressure acting inwards. The pile toe grad-
ually deforms inwards, during piling, which leads to a semi close-ended pile response [32].

The moment plugging is gradually developed during installation, depending on the soil type, is
when the shear stresses inside the pile are equal to the resistance of the subsoil. In plugging
research4, this static equilibrium is calculate to estimate the moment the plugging commences
during installation, and is expressed in plug length per different subsoil [13]:

• Clay: h = 6.25 · Di [m]

• Sandy clay or clay-containing sand: h = 16.67 · Di [m]

• Sand: h = 18.75 · Di [m]

where Di is the inside diameter of the pile. Therefore, the plug length is shorter for clay, plugging
starts earlier, or piles with a smaller diameter. Moreover, the plug length is larger for sand,
plugging begins later, or piles with a larger diameter.

2.9 General information software

2.9.1 Wave Equation Program

A Wave Equation Analysis Program (WEAP) enables studying the entire hammer-pile-soil sys-
tem by considering the whole pile driving system, such as wave propagation characteristics,
particle-velocity dependent aspects (damping), soil deformation characteristics, soil resistance,
hammer behavior, and hammer cushion & pile cushion parameters [15].

4See [13]
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Nowadays, the full power of a WEAP is realized by combining the study program with a mon-
itoring system of pile driving. The monitoring system consists of recording and analyzing the
hammer-induced strain and acceleration in a pile by attaching sensors close to pile head [15].

GRLWEAP

GRLWEAP is indicated as a one-dimensional WEAP that simulates the pile response to pile
driving equipment [41]. GRLWEAP predicts driving stresses, hammer performance as well as
the relation between pile bearing capacity and (net) set per blow. It also estimates the total
driving time. Therefore, the designer could select a hammer which is most likely sufficient and
economical for an absolute pile and soil condition before moving the installation equipment to
the site [41].

AllWave programs

AllWave Pile Driving Prediction (PDP) is based on the Method of characteristics for one-dimensional
stress waves. PDP enables studying the stresses due to driving load along the pile. Also, other
relevant parameters such as Soil Resistance to (pile) Driving (SRD), blow count, driving time,
soil fatigue [10]. However, a complementary Pile Driving Analysis (PDA) (Allnamics-PDADLT),
monitoring system, is needed to make measurements of force and acceleration close to pile
head during driving. PDA enables processing the registered data to determine the soil param-
eters more accurately to adjust default values in PDP which occurs by signal matching. In this
way, the static soil resistance acting on the pile is more accurate. Also, PDA warrants pile toe
integrity during (pile) installation.

2.9.2 Finite Element Analysis Program

Finite Element Analysis (FEA) program is a computerized method for predicting the reaction
of a product to real-world forces, vibration, heat, fluid flow, and other physical effects. FEA
shows whether product breaks, wear out, or works the way it was designed for [2]. There is a
range of different software that could be employed such as PLAXIS, ABAQUS, ANSYS, DIANA,
SICA Engineer. FEA works by breaking down a real object into a large number (thousands to
hundreds of thousands) of finite elements, such as little squares. Mathematical equations help
the behavior of each element; all the individual responses are added to predict the behavior of
the actual object [2].

SCIA Engineer 2D/3D

SCIA Engineer is an integrated, multi-material structural analysis and design software for vari-
ous types of structures. It is widely used in various construction types: office buildings, indus-
trial plants, bridges, hydraulic structures [49]. In addition to a mesh generator and finite element
solver, it features integrated tools to check or optimize the structure to a variety of building codes
[49].

DIANA 3D

DIsplacement ANAlyzer (DIANA) is a multi-purpose finite element software package that is used
to model a wide range of structures in civil engineering [11].

PLAXIS 2D/3D

PLAXIS is another FEA package intended for analysis of deformation and stability in Geotech-
nical engineering and rock mechanics. Its application ranges from excavations, embankment,
and foundations to tunneling, mining and reservoir Geo-mechanics [42].
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2.10 State of the art

To study the extreme folding damage within a hammer-pile-soil system, information about the
hammer-characteristics, pile-properties, and soil-features are of importance. Therefore, five
related articles are briefly touched on in this section. In the end, a statement is given about the
significant findings which are utilized in RIPTFIA.

2.10.1 Stability analysis quay structure at the Amazonehaven port of Rot-
terdam

In the stability research, the focus is on the stability of the Amazonehaven deep seaport quay
wall, given the pile toe failure. In this fashion, following questions are answered [37]:

• What is the structural stability of the deep-sea quay structure throughout its functional
service lifetime, specifically the combined wall?

• How (un)safe was the quay-structure if it had been exposed to the full surcharge (design
load)?

In stability research, the pile toe failure is modeled as shorter king piles and compared to the
calibration model5. The model includes one section of 45 [m]. It shows that regardless the
reduction of safety factor due to pile toe failure, the stability of the section is warranted. In any
case, the impact of pile toe failure on the stability of the quay wall is apparent due to the large
displacement of soil as well as an increase at the moment and a decrease in anchor force [37].
It concludes:

The total displacements for model 2B are three times larger than the calibra-
tion model. This indicates that the opening in the combined wall will influence the
displacement of the soil. Besides, the moment will increase by almost 1.8 times mo-
ment of the calibration model. Because of the increase at the moment, the anchor
force will decrease by 0.4 times the anchor force of the calibration model.

Where model 2B is described as a model most similar to the reality whereas the calibration
model is the same as the original design of Amazonehaven quay wall. The stability research is
conducted using PLAXIS, a FEA program.

A threesome of reasons could have contributed to maintaining of the stability of the quay wall
structure:(1) the designed capacity of the quay wall has not been reached during its technical
lifetime, (2) the soil in front of the combined wall was not excavated up to the designed construc-
tion depth, (3) the design of the quay wall was strategically based on storing a heavier material
than it was intended to be used for and (4) the design of the quay wall was based on a determin-
istic approach. Also, the stability research has been based on the deterministic6 design which
is a conservative design.

2.10.2 Onshore and offshore pile installation in dense soils

Three cases in piling in dense soil, both onshore and offshore cases, are presented. The main
reasons of extreme folding damage during piling are: inappropriate hammer, insufficient cush-
ion, misalignment between hammer and pile, heavy driving, the presence of stiff soil layers and
concentrated soil resistance (inhomogeneous layer) [25].

In installation in dense soil paper, it is concluded that when piling in a very dense soil com-
prising cobbles or boulders: (1) the maximum driving stress at the pile head and toe must
remain below 0.5 · Fy where Fy is the specified material’s yield strength, (2) the pile diameter to
thickness ratio, D/t , should not exceed 32 providing that the rated hammer energy is less than

5The design of quay wall
6EAU
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3000 [kJ] times the pile cross-sectional area, (3) a thorough soil investigation must be carried
out beforehand piling to identify any stiff layers or composition of boulders in the subsoil. It ar-
gues that when the recommendation mentioned above is taken into account, the piling disease
as extreme folding damage is to be reduced, though not eliminated entirely [36].

2.10.3 A study of pile fatigue during driving and in-service and of pile tip
integrity

In the second section of pile toe integrity report, mechanisms of pile toe buckling are pin-
pointed in some formulas, which are taken from classical mechanics and published work on
pipeline buckling [32]. It argues that due to lack of methodology in public domain for examining
the possibility of pile toe failure, the classic mechanic’s formula is used. It argues that during
pile installation following pile toe failure might be postulated [32]:

• pile toe local buckling due to high stresses close to toe

• classical ring or shell buckling under lateral pressure

• ovalization of the initially imperfect tubular pile under lateral pressure

• enlargement of the initially dented pile, under the action of lateral soil pressure

2.10.4 Development of a screening tool for impact hammer selection for
installation, testing and damage mitigation of steel pile and H-
piles

The screening tool paper brings forward the importance of a sufficient hammer selection re-
garding pile installation. It compares the recommended hammer energy, momentum and ram
weight limits regarding various guidelines. The most used guideline is the API which introduce
a maximum limit for ram energy given a specific D/t ratio. In this guideline a minimum wall-
thickness t of:

D
100

+ 6.35 [mm] (2.6)

is suggested for a sustained hard driving given a design set criteria of 250 blows per 300
milimeters [1]. However, screening tool paper recommends to use API energy threshold and
wall-thickness criteria regarding hammer selection; though, to be cautious to use the termination
resistance criteria7 suggested by API [55].

2.10.5 Stability of spiral welded tubes in quay walls

In welded tubes paper the focus is on the experimental local buckling of spiral welded open-
ended tubular piles, after partial yielding of the cross-section has occurred. It argues that a
strain-based design gives a better insight into strength as well as the deformation capacity of
the pile [24]. The conventional stress-based design for king piles, regarding local buckling, lead
to uneconomical design [24].

Furthermore, it discusses the existence of a regular pattern of imperfections due to cold forming
with roller during the production of the tubular piles. It also discusses the existence of residual
stresses due to production. However, welded tubes paper concludes that the local buckling has
not been occurred at those imperfection spots in a spiral welded tubular pile [24].

7Design set criteria
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2.10.6 Statement

A brief description of findings of the research mentioned above was discussed, relevant to this
study. The principal matters are: (1) The importance of pile toe failure in reducing the capacity
of the quay wall and probably endangerment of the asset’s stability8, though not an immediate
collapse, as discussed in stability research. (2) The importance of a thorough soil investigation
beforehand piling due to the existence of concentrated soil resistance which would endanger
maintaining pile toe integrity during piling, as discussed in installation in dense soil paper.
(3) The importance of considering (a) local buckling due to high stresses, (b) shell buckling
and ovalization due to lateral pressure and (c) enlargement of the initially dented pile due to
lateral pressure; during piling as discussed in pile toe integrity report. (4) The importance of
hammer-selection to drive the piles into the required embedded depth as highlighted in screen-
ing tool paper. (5) The importance of any effects of the residual stresses and the manufacturing
imperfections in a pile; on the capacity of the pile as discussed in welded tubes paper.

8if no actions are taken
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Chapter 3

Methodology

3.1 Aim

Chapter 3 presents the methodology used in Research into Pile Toe Failure in Amazonehaven
(RIPTFIA). The problematic of pile toe failure is studied in an integrated approach including
two disciplines of Hydraulic Structures and Flood Risk (HSFR) and Construction Management
and Engineering (CME). The first covers the technical part of the problem whereas the latter
studies the Management Aspect (MA) of the problem. Each discipline is divided into steps which
lead to the contrived sub-questions, to be answered. When the sub-questions are answered,
a sufficient answer could be given to the main research questions. At the end of this chapter,
a validity map shows the steps taken and gives the opportunity to the experts to discuss the
applied approach for pile toe failure investigation.

3.2 First level

In the first level, the problem is outlined as extreme folding damage, which seems logical due
to extreme deformation as observed close to pile toe. Furthermore, extreme folding damage is
argued to have been caused due to dynamic load at the pile, during installation. The technical
part of the research will provide answers with this regard.

The management part of the pile toe failure aims a different problem description. In this part,
the pile toe failure is described as a piling risk event and a piling disease to be treated. The
risk event could either be prevented or its consequences could be reduced, though it will have
financial consequences for the client. Therefore, solutions need to be outlined in pre-piling or
post-piling phase. Furthermore, a decision-model based on Net Present Value (NPV) will help
the client to select the economical solution. It is believed that process-based alternative as
introduced if implemented in pre-piling phase, would diminish the probability of occurrence of
the failure with minimum financial consequences.

3.3 Second level

In the second level, the study of pile toe failure is pursued by looking into (1) observations, (2)
static load and (3) dynamic load. In observations, a recent research about the stability of Ama-
zonehaven’s quay wall is central. The collected information in the stability research is used and
analyzed carefully.

Stability analysis quay structure at the Amazonehaven port of Rotterdam, studied the static load
applied on the quay wall, given the pile toe failure. Therefore, the static load was central. How-
ever, RIPTFIA focuses on the dynamic load applied on the king pile during its installation. The
stress development due impact hammer is studied, taking into account the hammer-pile-soil
interaction.

Sub-questions which arise in this level consider causes and observations:
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Technical questions

What are the finding & observations of pile toe failure in Amazonehaven? - See chapter
4.

What are the causes of pile toe failure in general? - See chapter 6.

3.4 Third level

In third level, the dynamic load applied on the pile is analyzed. By using Pile Driving Prediction
(PDP), the hypothesis in chapter 1 is validated:

Hammer-induced driving stresses are extremely high close to pile toe, exceeding
material’s yield stress which clarifies the extreme folding damage (in Amazonhaven).

Furthermore, it studies, (1) the stress development due impact hammer in the pile (PDP), (2) the
classification of the reasons to pile toe failure (3) a sensitivity analysis given the main reasons
of pile toe failure (SCIA) and (4) the management aspect of pile toe failure. In the management
part the piling risk event is introduced.

3.5 Fourth level

In the fourth level, a detailed bifurcation of the second level is included. The reasons for pile toe
failure are classified and categorized. Furthermore, remedies are studied to diminish piling risk
event, in pre-piling phase, or to counteract its consequences during asset’s technical lifetime.

Sub-questions which arise in this level consider both design and management aspect:

Technical questions

How harmful has the pile toe failure been for the Amazonehaven asset? - See chapter 2.

Should the dimensioning of primary king piles be based on a dynamic mold of load? - See
chapter 5.

What would be suggested for pile’s D/t ratio based on the dynamic load? - See chapter
5.

Management aspect (of pile toe failure)

How could the process be improved to reduce or avoid the pile toe failure? - See chapter
8.

What are the costs of extra measures, in design- and construction- phase, to improve the
process? - See chapter 8.

How much are the Loss of Earnings (LOE) for Amazonehaven, due increasing Percentage
Problematic Section (PPS)? - See chapter 8.

Who are the stakeholders of Amazonehaven? - See chapter 4.

Who is the responsible party to bear the cost for the pile toe failure? - See chapter 4.

What are the wake-up calls of Amazonehaven pile toe failure worth introducing into piling
industry? - See chapter 9.
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3.6 Validity map

Figure 3.1 shows a validity map depicting the above mentioned levels in a nutshell. Furthermore,
Figure 8.13 and Figure 9.1 are complementary to the validity map as presented below. In the
next page, the figure is enlarged to assure readability.

FIGURE 3.1: Validity map, used Visio
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Chapter 4

Case study

4.1 Aim

Chapter 4 aims to study the Amazonehaven case study narrowly. Therefore, studying its design
and technicality as well as its process of the construction phase, in 1990. Furthermore, the
collected data of pile toe damage are analyzed in this chapter.

4.2 Design of the Amazonehaven quay wall

The deep seaport quay wall structure in Amazonehaven has a low relieving platform. A low
relieving platform is proved to be the optimum design for quay walls with a high retaining height
[40]. At the waterside, the relieving platform is constructed on a combined wall system consisting
of primary king piles and secondary intermediate sheet piles which function together as bearing
and retaining foundation elements. At the land side, the relieving platform is resting on two
rows of prefab concrete piles, with slightly different slope and different length. The inclination
of the combined wall and other foundation elements is necessary to reduce the anchor forces.
Furthermore, a row of M.V. piles warrants the stability of the entire quay wall, encountering the
horizontal forces [19]. The king piles in Amazonehaven were segmented into three parts with
D/t ratios of 71 to 83 to save material and therefore money. D refers to the diameter of the pile
where t is its wall thickness. Figure 4.1 depicts the cross-section of Amazonehaven quay wall.

FIGURE 4.1: Cross-section Amazonehaven quay wall, used SketchUp
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4.2.1 Geo-technical aspects

Amazonehaven is a human-made land. The soil layer consists of mostly loose sand at the
surface, seabed ground composition and in deep layers stiff sand. The Municipality of Rot-
terdam (SO) had carried out Cone Penetration Test (CPT) in this area to determine the soil
structure, in 1998. The digitized version of the CPT, also called Geotechnical Exchange Format
(GEF)1, are accessible at the GIS-web of the Municipality. In appendix A, the soil composition
as used in this study is depicted.

4.2.2 Hydraulic boundary conditions

Hydraulic boundary conditions are determined by the environment in which Amazonehaven is
located. MaasVlakte I (MVI) is an extension of Port of Rotterdam (POR). The normative water
levels are determined with the data that SO has received from the operational monitoring system
of Port of Rotterdam Authority (PORA). The boundary conditions are important for the design
process of the quay wall, for example, to determine its retaining height [19].

4.2.3 Execution aspects

The primary piles were partly vibrated and partly driven with an inclination of 5:1 (11.3◦) [48].
It is common to vibrate up to the Pleistocene layer, and afterward to drive the piles up to its
required depth. A combination of vibratory drivers and impact hammer driving was used which
is more practical, saves time and effort and enables obtaining an adequate soil bearing capacity
[20]. The vibration of the piles occurred with an RBH 160 vibrator, 1600 [kN]. The driving, more
or less the last 10 [m], occurred with a diesel hammer D62 in commence and later with a more
massive diesel hammer, D100 [47]. The hammer change happened after carrying out a (pile)
driving analysis, in 1990. Figure 4.2 depicts, the number of blows per 25 [cm] per hammer type.
The (pile) driving analysis showed that a D/t ratio2 of 93, is driveable with a diesel hammer
D100 as well as D82, given Amazonehaven soil condition.

FIGURE 4.2: Driving analysis for Amazonehaven, given a D/t of 93, retrieved from [21]

The inevitable hammer change reduced blows up to 400 per 25 centimeters to below the thresh-
old value of 300 per 25 [cm]. The refusal threshold is set to minimize damage to both hammer
and pile. The associated driving time when D62 was used, was about 8 hours. After using a
D100 diesel hammer, driving time reduced to 1 to 2 hours and blow counts remained between
70 to 120 strikes per 25 [cm] [20]. The drawback of hammer alternation during execution work
was a halt in execution work for nearly two weeks which probably had led to the occurrence of
soil set-up [40]. Soil set-up refers to soil reaching its full capacity which makes redriving trou-
blesome [31].

1an easy to transfer soil data
21420 [mm] x 15 [mm]

https://publicwiki.deltares.nl/display/STREAM/GEF-CPT
https://www.portofrotterdam.com/en
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Furthermore, a pile is pulled out after an extremely heavy driving3. In that specific event, the pile
had a complete harmonica shape close to pile toe [J. de Gijt, personal communication]. Also,
due to pressure to realize the project as fast as possible, miscommunication did occur [J. de
Gijt, personal communication and [40]]. Other than the above mentioned, no driving difficulties
were reported during pile installation.

After installation of open-ended tubular piles, the intermediate sheet piles with 24 [m] length
were installed. Installation was as follow: first vibrating with an RBH 60 vibrator, then vibrating
with water jetting. In the end, driving of the intermediate sheet piles with a diesel hammer D46, if
necessary [20]. A drawback of sheet pile driving has been many interlocks openings discovered
and repaired by the drivers back then. Therefore, it was concluded that driving is detrimental
for intermediate sheet piles, due its low stiffness. Nowadays, intermediate sheet piles are not
driven anymore.

Moreover, during installation, a heavy guiding frame was used to secure the positioning and
inclination angle of the piles [20]. Therefore, a firmly distributed dynamic load at pile head was
ensured next to a manageable transferred energy.

4.2.4 Major events

Two main events have taken place during the short technical lifetime of the Amazonehaven
asset. First, immediately after construction interlock openings did occur. Second, due to over-
loading of one section, a settlement of about 50 [mm] had occurred [37] and [39].

4.3 Widening of Amazonehaven

Amazonehaven in Rotterdam, is partly demolished to widen the port entrance. The decision to
widen the harbor was an inevitable decision to (1) continue facilitation for Ultra Large Container
Ships according to (2) new safety requirements imposed by PORA [4]. Therefore, to improve
sailing conditions the PORA invested AC 200 million to widen the basin [5].

4.3.1 Observations

After removal of open-ended tubular piles and the intermediate sheet piles, a mysterious obser-
vation was recorded by the staff. Both primary and secondary piles were significantly damaged
at a location close to pile toe. The damages are determined as (1) extreme folding of pile toe,
(2) completely closed pile toe, (3) ovalisation at pile toe, as depicted in Figure 4.3.

FIGURE 4.3: Pile toe failure in Amazonehaven, retrieved from [37]

3an impossible to troublesome driving

https://www.linkedin.com/in/jarit-de-gijt-647ba243/
https://www.linkedin.com/in/jarit-de-gijt-647ba243/
https://www.linkedin.com/in/jarit-de-gijt-647ba243/
https://www.google.nl/maps/place/Rotterdam/@51.9278891,4.3503156,27072m/data=!3m1!1e3!4m5!3m4!1s0x47c5b7605f54c47d:0x5229bbac955e4b85!8m2!3d51.9244201!4d4.4777325
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It is estimated that about 15% to 20% of a total number of primary piles were damaged in the
axial direction. For secondary sheet piles, this number is as high as 50% [4]. Furthermore,
scorched sand at pile toe was observed which reveals the occurrence of a Locally Extremely
High Temperature (LEHT) of about 400◦-500◦ [4]. The heat is generated by high friction between
soil and pile which has happened during (pile) driving activity.

4.3.2 Stability of the quay wall

4.4 Old quay wall

In June 1990 the Amazonehaven deep sea quay wall structure was delivered [39]. The entire
project cost the SO around f 200 million4 divided into three parts: (1) a docking port, (2) a deep
sea quay wall, (3) a processing & transitional quay. The deep seaport is depicted in sub-Figure
(a) 4.4 as a red-line.

FIGURE 4.4: (a) Amazonehaven and (b) its functions: ECT, EKOM, Gasunie, retrieved from Google maps

Sub-Figure (b) 4.4 shows the main companies established in Amazonehaven. It was, therefore,
necessary to take these companies in any decision making process regarding construction. Two
major companies of EKOM and ECT had the desires, regarding the old quay wall, to respectively
expand and exploit the docking port in the future. The design of the old quay wall structure was
strategically based on storage of iron ore, while it was intended to be used for coal storage
[39]. The deficit which was approved by municipality council of Rotterdam made the project
financially feasible given that the project is economic. After which, the client PORA set the
project into an open tender in which the SO acted as the PORA’s advisor. The deep seaport
and the transitional quay had an apart procurement due to its significance. The deep seaport
was tendered to the lowest bid, Hollandse Beton en Groep, for an amount of f 42.4 million5.
The construction of the deep seaport was carried out in 6 month due to pressure to realize the
project as fast as possible [40].

4.5 Stakeholders

The primary stakeholders in Amazonehaven area briefly introduced below:

• PORA (Client/Employer): Port authority’s objective is to enhance the port’s competitive
position as a logistics hub and world-class industrial complex. Therefore, the core tasks
of the authority are to develop, manage and exploit the port in a sustainable way and to
render speedy and safe services for shipping [45].

• Dutch state: Dutch State might be involved with mega projects in its decision-making
process. Nowadays, the Dutch State is a shareholder with no less than 40% in the POR’s
profits [45].

4Gulden, Dutch currency
5now: AC 72 million
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• Europees Maasgoed Overslagbedrijf (EMO) or Erts en Kolen Overslagbedrijf Maasvlakte
(EKOM): EKOM is the largest bulk terminal in Europe, mainly handling in iron ore and coal,
is established in MaasVlakte (area) (MV) since 1973. It has a yearly transshipment of 20
million ton coal and 13 million ton of iron ore.

• Europe Container Terminal (ECT): ECT is located at the north side of the basin. ECT is
the Europe’s largest container terminal which handles a vast majority of all the containers
passing through the port [12].

• SO (Engineering Division of Rotterdam Public Works6) (Advisor/Supervisor): Munici-
pality is the designer and advisor of the (old) quay wall [48]. Nowadays, the SO is a
shareholder with no less than 60% in the POR’s profits [45].

• Gasunie: Gasunie is a European gas infrastructure company. It provides the transport of
natural gas and green gas in the Netherlands and the Northern part of Germany [17].

• Hollandsche Beton Groep (Contractor): HBG has won the tender and has carried out the
execution work either on its workforce and knowledge or by outsourcing it to a third party,
in 1990 [40].

The parties mentioned above must have been involved in the decision-making process to build
the (old) quay wall. A power-interest grid, as depicted in Figure 4.5, helps to create an overview
of the roles each party is playing and the importance to be engaged in negotiations, based on
two aspects of their power and their interest in the project. However, it should be mentioned
that the power and interest of the parties could shift from respectively bottom to top and left to
right or vice versa. It is also possible that one party loses its interest and leaves the scene when
another might enter the negotiations in decision making.

FIGURE 4.5: Amazonehaven’s power-interest grid

In this fashion, from the viewpoint of a third party; HBG and SO must be managed carefully. The
type of the contract used for Amazonehaven quay wall was based on a bid-build contract which
is still the most-used form of procurement [44]. In this agreement, the employer is responsi-
ble for the design where the contractor executes the execution works according to the design,
under the supervision of the employer or its engineer [44]. SO has designed the quay wall as
well as supervised the works during construction whereas the HBG has designed the methods
of construction and has executed the work. Therefore, SO and HBG are both ranked high and
must be managed closely. PORA is ranked lower than the contractor because the supervision is
taking place as well as the strict and detailed clauses in the bid-build contract. One of the main
advantages of such a procurement procedure is that the parties know their position, task, au-
thorities, and responsibilities. However, due to an inadequate tuning of design and construction;

6the name in 1990
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additional works might arise during construction [44]. ECT and EKOM are very interested par-
ties in any construction work which directly benefits them. The (old) quay wall was constructed
to facilitate transshipment of coal storage. ECT, on the other hand, might claim more power if
its operation becomes troublesome due construction work. Therefore, EKOM is ranked to keep
informed and ECT to keep satisfied. Also, Gasunie must keep satisfied, due to any settlements
in the area during construction work which might jeopardize the plant. At last Dutch State is
ranked to be monitored. However, it does not necessarily mean that it would meddle in any
aspects of the decision-making process.

4.6 Costs & revenues

The cost of a quay wall could be calculated by the key figures as to be found in the literature
as well as the fact and figures available in the documentation of the Amazonehaven quay wall.
The cost of the Amazonehaven seaport quay wall has been about f 42 million [39]. The cost of
widening of the harbor both demolition and construction, has been AC 200 million [5].

One easy way to argue the feasibility of a project is considering the Net Present Value (NPV).
Therefore, NPV is a tool to evaluate the financial feasibility of alternative projects [18], given in
Formula 4.1:

NPV =
∑ Rt − Ct

(1 + r )t [AC] (4.1)

Where R and C stands for respectively Revenues and Costs, r stands for interest and t is the
time span considered in years, the technical lifetime of the asset.

The revenues of PORA are two folded: leasing the available land to the companies and sea-Port
Dues (PD), payable by vessels docking at the quay [43]. It is, however, not possible due secrecy
to acquire exact information about Leasing Contract (LC) as well as PD for Amazonehaven.

4.7 Loads

Loads on the combined-wall system are divided into structural loads and installation loads. The
piles are designed to bear and to withstand the structural loads as their vital function. However,
in 1990, less attention was paid to installation load, the forces applied to bring the pile into
its position. Nowadays, the driveability of the piles are always checked [J. de Gijt, personal
communication].

Structural loads

Structural loads on a combined wall are the lateral loads & the vertical loads carried partially by
primary piles and transferred to deep Pleistocene layers. Structural loads have a major role in
dimensioning and designing primary piles.

Installation loads

Installation load is the load applied on primary piles during pile driving. The dynamic load could
be a constant input of cyclic force such as vibratory driving, or an almost dynamic pulse load
regarding a clash between a hammer and pile head, impact driving.

4.8 Soil characteristics

Knowledge about the site is essential regarding an accurate assessment of topographical- and
geological- conditions of the location. Topography describes the unique environment of the

https://www.linkedin.com/in/jarit-de-gijt-647ba243/
https://www.linkedin.com/in/jarit-de-gijt-647ba243/
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location concerning working restrictions such as noise and vibration whereas the geological
conditions refer to soil characteristics [23].

The soil data in the area were retrievable, and some were accessible in GEF-format, in GIS-web
of the municipality. In total, some 6 randomly chosen CPT were compared to DN92 to investigate
the variety of soil composition within the area. Appendix A presents the soil composition of
DN92 as used in this research. Furthermore, the Problematic Section (PS), blue dashed-box
in Figure 4.6, are introduced as sections with the highest number of observed damaged piles.
However, only 27% of total king piles were recorded and measured. The numbering of piles
made it possible to trace back its exact location, according to an old pile plan.

FIGURE 4.6: Pile plan of Amazonehaven, its CPT and its PS

Geological condition

The Netherlands is located in the lower reaches of the rivers Rhine and Meuse. The mean-
dering characteristic of the river, as well as its rise and fall in the past, has manifested itself in
significantly diverse soil conditions over short distances [57]. Therefore, the soil mainly consists
of sand and clay which originates from coarse stones in mountainous areas transported down-
stream by gravity and water flow and deposited in the delta area [61]. Therefore, the Pleistocene
sand layer slopes downward from east to west of the port [57], from -15 [m] to -22 [m] [NAP].
However, due to human activities, natural soil conditions have been changed, especially in the
reclaimed MV area. This change has been due to increasing sand content which has improved
the strength and stiffness of Holocene layers [57].

https://www.google.nl/maps/place/Nederland/@52.191735,3.0369282,7z/data=!3m1!4b1!4m5!3m4!1s0x47c609c3db87e4bb:0xb3a175ceffbd0a9f!8m2!3d52.132633!4d5.291266
https://www.britannica.com/place/Rhine-River
https://www.britannica.com/place/Meuse-River
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Figure 4.7 shows the soil composition in the Aamzonehaven basin, where qconne is the cone
resistance. The CPT characteristics are according to the locations depicted in the pile plan.

FIGURE 4.7: Random CPT in Amazonehaven

The cone resistance of the subsoil is also expressed in relative density [%], which indicates the
strength and stiffness of the sand [14]. The formula is as follow:

Re =
1

C2
· ln[

qc

C0 · (σ′
v ) · C1

] · 100% [%] (4.2)

Where Re is the relative density in percent, qc and σ
′

v are respectively cone resistance and ef-
fective (grain) stress in [MPa]. C0, C1 and C2 are constant values depending on which method
is used.

Therefore, the higher the cone resistance, the higher the value of the relative density for the
sand. The classification of the sand, non-cohesive soil, based on its relative density and its
cone resistance is ([14] and [22]):

• Re ≤ 15% - (very loose) - qc ≤ 2.5 [MPa]

• 35% ≤ Re ≤ 65% - (medium dense) - 7.5 ≤ qc ≤ 15 [MPa]

• 85% ≥ Re - (very dense) - 25 ≥ qc [MPa]

4.9 Data analysis Amazonehaven

The king piles, 313 over the entire quay length, were driven into the soil strata with sufficient
bearing capacity at a depth of around -40 [m] [NAP]. The 900 [m] long quay wall was divided
into 20 sections with a length of 45 [m] giving room to approximately 15 piles per section. Table
4.1 gives the characteristics of the foundation elements.

TABLE 4.1: Dimension, number and type/quality of foundation elements

4.9.1 Failure modes

In stability research, the (old) quay wall, data was collected regarding photos and measurements
of extreme folding damage of tubular piles before dumping the king piles and the sheet piles [37].
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In Research into Pile Toe Failure in Amazonehaven (RIPTFIA), the collected data are analyzed,
and modes of failures are introduced, see Appendix A. Figure 4.8 shows four popular failure
modes of deformed pile toe as observed in Amazonehaven, among the twelve failure modes as
introduced in RIPTFIA.

FIGURE 4.8: Cross-section of deformed pile toe in Amazonehaven, used Adobe Illustrator

Sub-Figure (A) 4.9 shows the frequency of occurrence of one failure mode over another. 42%
of the numbered piles had No Damage (ND) at its toe. Furthermore, 18.1%, 8.4%, 7.2% and
7.2% of the piles had respectively Closed Star (2) (CS(2)), Closed Straight (1) (CS(1)), Moon
Cancer (MC) and Closed Curved (CC) at its toe. Sub-Figure (B) 4.9 shows the locations of the
most occurred pile toe failure. The most pile toe failure has occurred in sections 19, 18 and 9
with respectively 15.7%, 13.3% and 8.4% damage. The three locations are introduced as PS
whereas the sections with a lower value of 8.4% damage are introduced as Other Section (OS).

FIGURE 4.9: Frequency- per (A) failure modes, (B) per section

4.9.2 Fault tree

In CUR166, a general fault tree is given for seaport quay wall structures [7]. However, the fault
tree does not suggest any failure mechanisms for the installation of the combined wall system.
Therefore, RIPTFIA presents a complementary fault tree including more details into the failure
of the primary pile. Figure B.10 in appendix B reveals more information about the fault tree. It is
believed that taking these possible failures into account, piling disease could be treated.

4.10 Conclusions

Chapter 4 showed that despite strict installation procedure during construction in Amazone-
haven, extreme folding damage did happen. Therefore, installation of a combined wall, still,
requires an experienced and professional performance from the contractor. In other words, the
contractor must have equipment and devices to predict as well as to monitor pile driving activi-
ties to be able to react to any probable pile damage. Also, the contractor must be aware of the
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necessity of a high level of care & skills when it outsources the operations to a third party. A
thorough analysis of dynamic load next to static load is a necessity to be encountered in design
aspects.

Moreover, a power-interest grid showed an overview of main stakeholders playing a role in
Amazonehaven. In any decision-making process, the involved parties must be identified and
invited to the negotiation table. Finally, the most occurring failure modes in Amazonehaven
are shown to be: Moon Cancer (MC), Closed Star (2) (CS(2)), Closed Straight (1) (CS(1)) and
Closed Curved (CC).
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Chapter 5

Wave Equation Program

5.1 Aim

Chapter 5 aims to study the hammer-pile-soil system with Pile Driving Prediction (PDP), a Wave
Equation Analysis Program (WEAP). In this way, the validity of the hypothesis in chapter 1 is
examined. Furthermore, the prediction program is used to conduct a better understanding of
wave force travel through the primary pile taking into account the hammer-pile-soil interaction.
Also, the magnitude of the hammer-induced driving stress, as well as its location along the pile,
is an incentive. Appendix C is complementary to this chapter.

5.2 In-depth AllWave PDP

AllWave PDP is a prediction program to study the driveability of the primary pile within the
hammer-pile-soil system. To this end, the program uses the stress wave theory, to simulate the
pile behavior during driving. Therefore, displacements and forces of the hammer, the driving
system, the pile and the soil during pile installation are determined. The inputs are about,
hammer characteristics, pile dimensions, and soil characteristics. The outputs are mainly stress
development along the pile and the number of blows required to bring the pile into its embedded
depth [29]. It, therefore, helps the designer to select a suitable hammer with hammer-induced
driving stresses below material’s yield stress and the number of blows below refusal threshold.

5.2.1 Method of characteristics in practice

Method of characteristics, introduced by Saint-Venant, presents the phenomenon of stress-
wave-travel in a frictionless bar with a constant- velocity & toe resistance [35]. An advanced
version of this method is implemented in PDP, in the sense of taking friction into account. This
friction is the real interaction between the homogeneous bar and its surrounding, the soil. To do
so, the bar is divided into smaller segments where friction-force is applied at interfaces from one
segment to another. Therefore, the stress wave travels freely in between the interfaces. When
the wave encounters the interface, it partly reflects and partly transits. From the boundary
conditions of equilibrium and continuity, information about forces, displacement, velocities are
calculated at the interfaces [27].

5.2.2 Wave theory of Smith

In 1960, Smith derived a numerical integration method as a solution for the wave equation in a
pile. In this way, the interaction between hammer, pile properties, and soil characteristics during
driving activities was investigated [30]. Many programs using wave equation analysis are based
on Smith model [56]. In his mathematical model, the dynamic behavior of the hammer-pile-
soil system is simulated. Hammer and pile are modeled as series of discrete masses, springs
and dash-pots corresponding to respectively weight, stiffness and damping effect. The Soil
Resistance to (pile) Driving (SRD) is modeled as a displacement- and a velocity-dependent part.
The displacement dependent part is modeled as an elastic-plastic spring where deformation at
which the plastic behavior starts is called quake. The velocity dependent part (dynamic soil
resistance), also called soil Smith damping, is modeled as a linear dash-pot [54].
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5.2.3 Complementary PDA

A significant difference in the number of blows, driving time, the magnitude of stress, etc. be-
tween both prediction and measurements, is possible [29]. Therefore, it is highly recommended
to do a Pile Driving Analysis (PDA) after carrying out the PDP driving prediction. A PDA is
necessary to validate the prediction and to alternate the soil default values, as inserted in the
prediction program, accordingly; a back analysis1 of; fitting the prediction to calendering, the
measured stresses and the utilized hammer energy [31]. Carrying out a PDA also reveals infor-
mation about pile toe integrity, by dynamic and static test piles. The PDA transducer equipment
is drilled close to pile head to register strains and accelerations on either two or four side of
the pile. The measured data of the test, reveal information about: forces and velocities in the
response of impact hammer, number of blows2, hammer efficiency, tension and compression
during driving and SRD.

5.3 Analytic calculation

5.3.1 Extremes

To study and analyze the hammer-pile-soil system, a hand calculation is carried out. The king
pile is simplified into a one-dimensional bar with Zero Shaft Friction (ZSF) along the bar. There-
fore, the stress wave travels the bar freely with a constant velocity. Furthermore, it is assumed
that the bar is homogeneous with a fixed D/t ratio and material’s properties. When the stress
wave reaches the end of the bar, it encounters one of the two extreme circumstances as (con-
stant) toe resistance: (1) poor soil characteristics or (2) stiff soil characteristics. In a poor soil
characteristic, the impact wave meets free end extreme whereas, in a stiff soil the impact wave
meets a fixed end extreme.

The reaction forces in both extremes are calculated with basic formulae, as presented in equa-
tions 5.1 through 5.4. The formulae are based on the wave equation and the solution of the
wave equation given by d’Alembert [51].

F = F ↓ +F ↑ [N] (5.1)
v = v ↓ +v ↑ [m/s] (5.2)
F ↑= −Zv ↑ [N] (5.3)

F ↓= Zv ↓ [N] (5.4)

In this formula, Z is the pile impedance, important factor for the wave propagation [15]:

Z =
EA
c

[Ns/m] (5.5)

c =

√
E
ρ

[m/s] (5.6)

where E is the pile modulus, A is the cross-section and c is the wave propagation speed in the
pile.

Free end extreme

In free end extreme, pile toe experiences no resistance force. Therefore the sum of downward
traveling force and the reaction force traveling upward must be zero. In this way, the condition

1Signal matching AllWave-DLT
2calendering
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of equilibrium is fulfilled at toe. The upward wave force is then, equal to downward wave force.

From the basic formula 5.1, it follows that:

F = 0⇒ F ↑= −F ↓ (5.7)

Equations 5.3 and 5.4 from the basic formula’s presented above, give:

F ↑= −Z · v ↑⇒ v ↑= F ↑
−Z

(5.8)

F ↓= Z · v ↓⇒ v ↓= F ↓
Z

(5.9)

Substituting into basic equation 5.2 gives:

v = v ↑ +v ↓= F ↑
−Z

+
F ↓
Z

= 2 · F ↓
Z

= 2 · v ↓ (5.10)

Therefore, the wave-velocity at pile toe is two times the downward wave-velocity at pile
head. In other words, the stress wave at toe travels back to head twice as fast.

Fixed end extreme

In fixed end extreme, pile toe experiences a high resistance force. Also, the pile toe movement
becomes zero due to the fixation. Therefore, the boundary condition at toe follows:

v = v ↓ +v ↑= 0⇒ v ↓= −v ↑ (5.11)
(5.12)

Equations 5.8 and 5.9 from previous calculations, give:

F ↑
−Z

= −F ↓
Z
⇒ F ↑= F ↓ (5.13)

Substituting into basic equation 5.1 gives:

F = F ↓ +F ↑= F ↓ +F ↓= 2F ↓ (5.14)

Therefore, the reaction force at the toe is twice the downward force at pile head. In other
words, the toe experiences a force two times higher than the impact force experienced by the
pile head.

In reality, the circumstances are in between these two extremes due to wave stress reduction in
its journey to pile toe. Therefore, the minimum driving stress at pile toe has the same value as
the impact hammer at pile head, and maximum driving stress at pile toe has the same values
as twice the impact hammer at pile head.

5.4 Numeric calculation

5.4.1 Assumptions to start

To carry out the research, simplifications and assumptions are necessary. In this study, a back-
analysis is simply not possible. The scope of the research does not allow any pile tests in
the area. Therefore, the model could not be validated and the soil parameters, such as quake
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value, are the standard default values of the program. Furthermore, the blow count record of
the Amazonehaven quay wall was not retrievable [J.G. de Gijt, personal communication]. Also,
it is assumed that the stress-wave travel is one-dimensional meaning that the wavelength is up
to three times larger than the pile diameter, to be able to utilize PDP [10]. Moreover, the piles
are modeled in the program vertically instead of inclined. When pile inclination is taken into
account, the same finding is supposed to be acquired with slightly higher blow counts due to
a less energy transfer, in case of eccentric impact at each blow. The soil resistance is based
on one soil model, Alm & Hamre, which takes the soil degradation due to driving into account,
meaning a reduction in friction [29]. Alm & Hamre is frequently used in practice [P. Middendorp,
personal communication]. The plugging response of the piles is not taken into account in the
calculations due to the large diameter of the pile as well as non-cohesive soil characteristics of
Amazonehaven. At last, the quake value, at toe and shaft, are kept constant and around 2 to
2.5 [mm].

5.4.2 Input parameters in PDP

The model is constructed by selecting the properties of the hammer-pile-soil system. In this
system, a hammer needs to be selected. Therefore, the calculations are carried out by a D100-
13 diesel hammer for different D/t ratios. In Amazonehaven, this hammer was used after a
D62 was not sufficient enough to bring the piles up to its required depth. The specifications of a
D100-13 diesel hammer are given in Table A.1, appendix A. The second input is the pile, which
is modeled for various D/t ratios, with a fixed diameter value. The D/t ratios vary from low with a
thick wall-thickness to high with a thin wall-thickness as follow: 20, 50, 83 (Amazonehaven) and
100. For Amazonehaven, the piles were segmented into three parts with different thicknesses
of 17-20-17 [mm]. An overview of pile dimensions, as used in this program, is given in Table
A.5, appendix A. The third input, is the soil composition of Amazonehaven, which was retrieved
from the GIS-data available at Municipality of Rotterdam (SO). The digitized version of the Cone
Penetration Test (CPT) was not available for every location which limited the selection. However,
the soil characteristics of the area have more or less the same composition. Figure B.8, see
appendix B, compares the soil characteristics of the Amazonehaven basin with the selected
one, DN92.

5.4.3 Calculation

The stress-development along the pile in PDP is calculated as follow: First, a multiple run is
carried out, given an end driving level, which results in a maximum value of driving stresses
per driving level ; over the driving depth. The driving level step is selected to be 0.25 [m], this
means 40 unique data points in ten meters of driving. The second step is to choose the highest
value among the maximum values of driving stresses per driving level. Then, to carry out a
single run at that specific driving level which reveals information about the stress-development
along the pile. In other words, hammer-induced driving stresses are shown along the pile, given
its specific driving level. In Research into Pile Toe Failure in Amazonehaven (RIPTFIA), the
multiple run data is depicted over the depth whereas single run is depicted over the length.

5.4.4 Results

Stresses versus soil fatigue

In PDP, fatigue model Alm & Hamre is assigned to each soil layer. Fatigue of soil benefits the
pile driving activity by reducing the soil resistance, as mentioned earlier. In other words, the
lower the soil Fatigue Factor (FF), more fatigued soil, the lower the SRD and the lower the blow
counts. In theory, a situation which is close to fixed end extreme would lead to high driving
stresses close to pile toe. In this fashion, the shaft friction along the pile is close to zero, and
at toe the soil properties are stiff. Therefore, it is argued that a soil reduction of almost 80%,
FF-value of 0.2, supposedly leads to high values of driving stresses close to toe. Figure 5.1
compares the hammer-induced driving stresses along the pile for different soil FF-values per
various D/t ratios.

https://nl.linkedin.com/in/jarit-de-gijt-647ba243/nl
https://nl.linkedin.com/in/peter-middendorp-42b0849/nl
https://www.google.nl/maps/place/Amazonehaven/@51.9477435,4.0403516,3248m/data=!3m1!1e3!4m5!3m4!1s0x47c454adb56a99fd:0x35cfa3a966fb5109!8m2!3d51.9477448!4d4.0578612
http://www.rotterdam.nl/stadsontwikkeling
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FIGURE 5.1: Driving stresses along the pile, legend: compaction-FF-D/t , retrieved from PDP

In any case, the hammer-induced driving stresses are about four times lower than the material’s
yield stress for Standard to Normal Soil Condition (SNSC), close to pile toe.

Stresses versus soil compaction

The soil compaction could happen either due to driving activity or pile installation sequence.
When installing the king piles, either a small driving step or a large driving step is conducted, as
depicted in Figure 5.2. When the small steps are applied, the piles numbered as 3, 5 & 7, will
experience a heavier driving compared to the rest of the piles due to soil compaction. When the
large steps are applied, the piles numbered as 7 & 5 will encounter heavy driving3 [38].

FIGURE 5.2: Driving steps installation of king piles, retrieved from [38]

Therefore, the compaction of the soil would theoretically result in more friction and lesser values
of driving stresses close to pile toe. Figure 5.3 compares the driving stresses, for a virgin and
compacted soil.

3troublesome driving
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FIGURE 5.3: Driving stresses along the pile, legend: compaction-FF-D/t , retrieved from PDP

In any case, the hammer-induced driving stresses are about four times lower than the material’s
yield stress for SNSC, close to pile toe. The difference in driving stresses due to soil compaction
is not significant.

By taking into account the soil compaction and soil FF-value, it was believed to find a clear-
cut conclusion of the magnitude of driving stress as it was discussed in hand calculations.
Therefore, a higher hammer-induced driving stress close to pile in case of a less fatigued soil
and virgin soil, and vice versa. However, the difference between one another is not significant
because the stress wave reduces in its head to toe journey given the SNSC of Amazonehaven.
To find the high driving stresses along the pile and close to pile toe, the exact hand-calculation
must be simulated in PDP, which means a fixed-end extreme. Therefore, a situation of ZSF
along the pile accompanied with Locally Extremely Hard Spot (LEHS) at pile toe.

Blow counts

Figure 5.4 compares the number of blows per driving level given D/t ratio versus soil fatigue
and soil compaction. It shows a clear distinction in some blows between virgin and compacted
subsoil. It also shows that a lower D/t ratio should have been used than an 83. Given a D/t
ratio of 20 and 50, the number of blows does not exceed the threshold, depicted as R, which
means that the pile reaches its required embedded depth. For a D/t ratio of 83 and 100, the
pile does not reach its required embedded depth. Therefore, a lower D/t ratio than used in
Amazonehaven is suggested, given both a diesel hammer of D100 and SNSC.

FIGURE 5.4: Number of blows, legend: compaction-FF-D/t , retrieved from PDP
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Continuous driving and stiff soil properties

Another scenario, next to compaction and soil fatigue, is the possibility of shaft friction becoming
zero in combination with the existence of a LEHS at pile toe. The bizarre situation, then, resem-
bles the fixed end extreme which analytically has led to high driving stresses close to pile toe.
The ZSF condition could happen in reality when operator carelessly sustains driving without pile
advancement, or when soil composition enjoys the so-called Soft Rock (SR) (soil) properties.
The SR condition could appear in nature when a rock is located in deep layers whereas the
overlying layers have a poor soil characteristic. In both situations, pile toe will be damaged.

Sub-Figure (A) 5.5 shows the stress development along the pile when surrounding soil does not
generate any force. The driving stresses are low (almost constant) along the pile and close to
pile toe. Sub-Figure (B) 5.5 shows the same in combination with a Shell Bank (SB) or a LEHS
as could appear locally in the seabed. The hammer-induced driving stresses are high close to
pile toe. A combination of ZSF & SB, sub-Figure (A) & (B) 5.5, lead to high values of hammer-
induced driving stresses along the entire pile as well at pile toe as depicted in sub-Figure (C)
5.5. The hand-calculations predicted about the same results.

FIGURE 5.5: Driving stresses along the pile, legend: compaction-FF-D/t-83, retrieved from PDP

Stresses versus shell banks

In this scenario, the location of SB properties is studied. Therefore, the SB is located either at
pile toe or along the entire depth. Also, the shaft friction along the pile is not excluded. Figure
5.6 depicts, the high driving stresses close to pile toe in both cases.

FIGURE 5.6: Driving stresses along the pile, legend: compaction-FF-D/t-83, retrieved from PDP

In case of SB spread over the entire driving level, which is possible in seabed due dumping
materials like boulders in the past, the pile toe must over-win a couple of stiff soil properties in
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its journey to its required depth. The closer the SB is located to the surface, the lesser shaft
friction to be encountered by the stress wave and the more (twice as high) the reaction force at
pile toe would be. Therefore, the pile toe failure-development starts in early stages of driving. In
this case, the pile toe integrity is more prone to suffer from the piling disease. However, when
the stiff soil property is located only at the required depth, the severity of damage to pile toe
stays limited due to a reduction of the impact wave force by the shaft friction. Therefore, when
the stiff layer is close to the pile’s required depth, the pile toe integrity is maintained. Quietly
said: the harder you punch something hard, the more you feel, however when punching it with
a sponge in between the lesser you might feel.

Another facilitator of pile toe damage is a combination of the initial dent and the development of
an inwards pile toe deformation during piling. The development of an inwards pile toe deforma-
tion will be worsened when piling occurs in stiff layers. In this fashion, when the toe encounters
any LEHS, the initial dent will be enlarged at each strike. The inwards enlargement will eventu-
ally lead to a close-ended pile where the very high toe resistance stops the pile advancement.

5.5 Overview soil properties

Figure 5.7 depicts an overview of the soil conditions as used in this chapter. This, in order to
ease the understanding of different terminologies in RIPTFIA.

FIGURE 5.7: Overview soil conditions

5.6 Conclusions

In chapter 5, the effects of different pile driving scenarios were examined. The pile was modeled
in a hammer-pile-soil environment, where the hammer was fixed whereas pile dimensions and
soil properties were exposed to changes.

Soil fatigue is principally a vital factor facilitating pile driving in the first place. The soil fatigue
is essential to select the right hammer, a too heavy hammer is economically not attractive, and
a light hammer does not mobilize enough soil movement per set4. For the selected Fatigue
Factor (FF)-values as well as compaction of the soil, the driving stresses were slightly different
and up to 50% lower than the value of material’s yield stress. In case of compacted soil, the
number of blows was higher than a virgin soil. In case of presence of Locally Extremely Hard
Spot (LEHS), with a value of 500 [MPa], it was clear that the driving stresses become higher

4pile penetration per blow
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than material’s yield stress. In case of Soft Rock (SR), shaft friction is eliminated, the stresses
were high along the entire pile. In case of Shell Bank (SB) or LEHS, the driving stresses show
high values only close to pile toe, due to the existence of shaft friction. However, a LEHS- and
a SR- conditions are not plausible for Amazonehaven soil characteristics. Therefore, it could
be concluded that pile driving is not expected to result in high driving stresses exceeding the
material’s yield stress close to pile toe, given the Standard to Normal Soil Condition (SNSC) of
Amazonehaven.

5.7 Limitations AllWave PDP

The prediction program, logically, has some limitations. Bear in mind the importance of using
a Pile Driving Prediction (PDP) with its complementary monitoring program Pile Driving Anal-
ysis (PDA) to have a reliable prediction. A PDA consists of software and hardware equipment
with sensors and antenna which is attached close to pile head to register measurements, e.g.,
forces. Only then, the prediction has an added value. However, carrying out a PDA was not
possible neither the calendering5 form 1990 was available. Moreover, PDP does not take any
three-dimensional effects into account. Also, the shape of the tubular pile does not play any
role, which means that an initial dent at toe could not be modeled. PDP, a one-dimensional
program, only takes into account elastic behavior of the material. Furthermore, other aspects of
the modeling, e.g., quake value, hammer energy, the thickness of cushioning are not considered
in Research into Pile Toe Failure in Amazonehaven (RIPTFIA).

5.8 Recommendations

(1) It is recommended to take into account the quake value as a variable. Quake is the move-
ment between pile and soil required to mobilize full plastic resistance of the soil [15]. It is argued
that the quake value is not constant along the shaft and toe and could reach high values [31].
(2) To take into account the driving analysis as presented in Figure 4.2, chapter 4. Therefore, (a)
an attempt to carry out a back-analysis is enabled. Then, (b) to compare whether high driving
stresses are to be expected even though the LEHS is not taken into account. After which, (c) to
adjust the default values within the program to counterfeit the same results. However, the validity
of the (pile) driving analysis in 1990 is not detectable. The driving analysis was made after the
failure of D62 diesel hammer to bring the piles into its required embedded depth. Finally, (3) it
is recommended to manipulate energy transfer from the hammer to pile by simulating the same
process as carried out by the operator, in reality. Therefore, a step by step increase of hammer
energy as well as adjusting the cushioning thickness when refusal threshold is achieved.

5blow count results



47

Chapter 6

Failure sources Amazonehaven

6.1 Aim

Chapter 6 aims to present and discuss the reasons of pile toe failure in an structured way.
Therefore, the failure mechanisms are clustered around the three identified main categories of
sources of failure with a: dynamic-, geometric- and geologic- nature.

6.2 Classification

Different failure mechanisms of pile toe failure during driving are divided under three main cat-
egories of dynamic, geometry and geology, as depicted in Figure 6.1. A dynamic failure source
refers to the failure having its origin in dynamic affairs. Mechanisms of probable damage to pile
toe due to dynamic nature of piling1 are named within this category. Failure mechanisms under
the geometry, refer to the failure having its origin in peculiar properties of the pile. The last
category includes failure mechanisms due particular soil characteristics of the site.

FIGURE 6.1: Overview of possible sources of failure

1pile driving activity
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The Zero Shaft Friction (ZSF) could occur when the soil does not generate any shaft friction,
e.g., peat. Locally Extremely Hard Spot (LEHS), refers to the existence of boulders or Shell
Bank (SB), locally.

6.2.1 Dynamic failure sources

(a) Soil compaction

The soil is compacted due (1) vibration by a vibratory hammer, beforehand driving by impact
hammer takes place, (2) conventional installation sequence of a combined wall which results
into some piles experiencing denser soil properties [38]. In Pile Driving Prediction (PDP), the
shaft friction and toe resistance increased by 15% to resemble the soil compaction, which is
decided to be a logical value [J. de Gijt & H. Pacejka & P. Middendorp, personal communication].
Soil compaction leads to more Soil Resistance to (pile) Driving (SRD), and therefore a more
troublesome piling, regarding increasing the number of blows needed to bring the pile to its
required depth. However, the hammer-induced driving stresses are predicted to be lower close
to pile toe than at pile head, as depicted in Figure 6.2.

FIGURE 6.2: Specifications of piling, legend: compaction-FF-D/t , retrieved from PDP

Figure 6.2 shows from left to right: the maximum driving stress per driving level, number of blows
per driving level, transferred energy per driving level over a depth of 10 meters. It also depicts
the hammer-induced driving stresses along the pile, for the highest values of the maximum
driving stress per driving level, over the pile’s length. The comparison is carried out between
a compacted soil, 15%, and a virgin soil, 0%. It shows that, given a Standard to Normal Soil
Condition (SNSC), the hammer-induced driving stresses close to pile toe are less than material’s
yield stress.

(b) Pile inclination

In Amazonehaven, piles were placed with an inclination of 5:1. Therefore, the impact hammer
could have hit the pile head concentrically or eccentrically at each strike. If it has not been
aligned with pile head, poor energy transfer and possibly damage to pile head due to over-
stress at one edge could occur. However, due to development of a concentrated over-stress at
one edge, it is most likely that pile head would be damaged and not the pile toe. Also, there
was a heavy guiding frame used to secure the positioning and inclination angle of the piles [20].
Therefore, it is highly doubtful that eccentric impact hammering could have caused the extreme
folding damage. Nevertheless, pile inclination is taken into account in chapter 7.

(c) Zero shaft friction

When the surrounding soil does not generate any shaft fiction, along with the pile, ZSF circum-
stances occur. A ZSF could be due to a state of pile stagnation & continuous driving. In
PDP, the shaft friction is set to zero. Figure 6.3, compares only the hammer-induced driving
stresses along the pile, given ZSF circumstances with the SNSC of Amazonehaven.

https://www.linkedin.com/in/jarit-de-gijt-647ba243/
https://www.linkedin.com/in/hans-pacejka-98b95129/
https://nl.linkedin.com/in/peter-middendorp-42b0849/nl
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FIGURE 6.3: Specifications of piling, legend: compaction-FF-D/t , retrieved from PDP

If a ZSF appears in combination with the LEHS, the driving stresses become extremely high
along the pile, as well as close to toe.

(d) Hammer selection

In screening tool paper, it is concluded that damage of piles in Amazonehaven could have been
anticipated due its high D/t ratio, even though the mainly sandy subsoil was not very dense [55].
In Amazonehaven, first, a D62 diesel hammer was used. When pile advancement stopped, the
contractor changed to a heavier one. In fact, a D62 does not even reach the minimum required
energy according to the hammer selection guidelines. Sub-Figure (A) 6.4, shows the limitations
dependent on the (equivalent) drop height, He. Also, given the heavier hammer, the minimum
and maximum drop height exceed this minimum and maximum limitation2. Sub-Figure (B) 6.4,
shows that the minimum and maximum hammer energy, Wr , given a pile dimensioned based on
American Petroleum Institute (API) and a D100 diesel hammer; does comply with the minimum
and maximum required energy. The drop height is usually between 2.8 and 3.4 [m] in practice
([38] and [55]).

FIGURE 6.4: Minimum and maximum hammer energy per (equivalent) drop height, retrieved from [55]

Figure 6.4 shows commonly used guidelines for hammer selection: Crapps, Canadian Foundation
Engineering Manual (CFEM) and API. The first one set the minimum (limit) required hammer
energy to advance a pile, whereas CFEM and API set the maximum (limit) required hammer
energy to advance the pile.

2hammer energy or momentum required to advance a pile



50 Chapter 6. Failure sources Amazonehaven

(e) Driving stresses

Driving stresses generated by the impact hammer might have resulted in pile toe failure if either
the phenomenon pile stagnation & continuous driving in combination with a Locally Extremely
Hard Spot (LEHS) or the phenomenon Soft Rock (SR) has happened. Only in those cases,
the driving stresses become extremely high close to pile toe. However, it is shown that the
hammer-induced driving stresses close to pile toe are not necessarily high, as low as 0.5·σy ,
given Standard to Normal Soil Condition (SNSC) of Amazonehaven. Sub-Figure (A-D) 6.5 show
hammer-induced driving stresses given a SNSC, Zero Shaft Friction (ZSF), Shell Bank (SB)
and SR circumstances. Bear in mind, in the latter circumstances, the overlying soil does not
generate any shaft friction, and therefore, hammer-induced driving stresses are high along the
entire pile.

FIGURE 6.5: Driving stresses along the pile, legend:compaction-FF-D/t-83, retrieved from PDP

(f) Temperature

A Locally Extremely High Temperature (LEHT) is likely to be problematic because the pile will
locally experience a lower strength and stiffness. The main reason to argue a temperature
elevation to have had taken place is the mysterious scorched/glazed sand close to pile toe, as
depicted in Figure 6.6 [4].

FIGURE 6.6: Crystallized sand inside the king pile; at toe, released by R. Spruit

This phenomenon is due to extreme friction between the pile and the soil. The friction suppos-
edly arises when sustain piling has facilitated the development of an inward deformation. When
king pile, given an initial deformation, encounters a LEHS in its journey to required depth; the
pile toe is more prone to an inwards enlargement of the initial imperfection. Where a pile without
initial damage, during its journey shovels the same amount of soil in- and out-, an initially dam-
aged pile pushes the soil more out than in. Therefore, just next to the pile toe, the accumulated
soil turns into solid clamped soil which acts as an inwardly directed force at the pile toe. Further-
more, stress-relief due to lack of soil inside will occur, which eases development of the inwards

https://www.linkedin.com/in/rodriaan-spruit-b6004a9/?ppe=1
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deformation. Bear in mind, in Research into Pile Toe Failure in Amazonehaven (RIPTFIA) both
terminologies of initial deformation and initial imperfection are used as synonyms. Therefore,
the occurrence of Temperature Elevation (TE) fosters this behavior negatively. Chapter 7 stud-
ies this phenomenon.

6.2.2 Geometrical failure sources

(g) Plugging

A plugged or an unplugged response is highly correlated with pile dimensions. Smaller diam-
eter piles might respond in a plugged one whereas usually larger diameter piles response in an
unplugged one [32]. Plugged response refers to a high magnitude of resistance force in which
the pile advancement-behavior is similar to a close-ended pile. In a close-ended pile, the toe
resistance is distributed over the entire pile diameter which is much higher than the case of the
open-ended pile. In case of Amazonehaven, a thin-wall profile (high D/t ratio), the piles could
be considered as significant dimensioned piles, where plugging could not appear. However,
the smaller the cross-section of pile toe becomes, the more plugged behavior it shows and the
higher the resistance becomes. A close-ended behavior might emerge when an initial toe dent
is enlarged due to LEHS.

Given a diameter of 1420 [mm], Table 6.1 shows the minimum and maximum plug length per
D/t ratio:

TABLE 6.1: Plug length per D/t ratio, retrieved from [13]

The plugging research emphasizes that at the plug length, as calculated, the plugging is not yet
fully activated rather it commences to develop the phenomenon [13]. Therefore, the open-ended
piles in the mainly sandy subsoil of Amazonehaven do not tend to show a plug response.

(h) Steel fatigue

Steel failure caused by stress variation, tension, and compression, plays a role as soon as the
number of blows becomes exceptionally high. However, for a SNSC the hammer-induced driving
stresses, compression, stay low close to toe whereas the hammer-induced driving stresses are
high at head. Therefore, fatigue plays probably a role close to pile head due to the exposure
of that area to the extreme variation of high stresses. Close to pile toe where stresses are
remarkably lower than at pile head, pile’s sensitivity to fatigue is believed to be negligible.

(i) Initial imperfection

Initial dent or imperfection in open-ended tubular piles beforehand installation could be a result
of, (1) handling operations for transportation, (2) stacking up the piles before installing, (3)
uplifting process during installing, etc. The effects of initial dent or ovalisation in a pile is that
the deformation will gradually grow due to the phenomenon mentioned above, during piling. An
extremely stiff layer fosters the enlargement growth extensively, which eventually leads to the
pile toe becoming completely flat. Therefore, driving becomes troublesome if not impossible,
due to the extensive amount of soil resistance to be mobilized. Piles with a high D/t ratio are
more sensitive to undergo an initial dent as well as to experience an enlargement development
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during pile advancement, given a Medium to Hard Soil Condition (MHSC), compared to piles
with a low D/t ratio [32]. It should be mentioned that RIPTFIA does not discuss pile production
imperfections. Chapter 7 discusses the initial imperfection thoroughly.

(j) Fabrication

The effect of pile’s production process defines how it responds to an unevenly distributed
force applied on it [J. Wardenier, personal communication]. To produce piles with a high D/t
ratio, spirally welded piles are used [24]. In the production process, initial stresses, dimples,
inside the pile exist due to, e.g., cold forming of tubes with rollers during its production. In any
case, a recent study using a strain-based method shows that a spirally welded pile does not
necessarily indicate local buckling at the imperfection spots [24].

In Amazonehaven only two or three piles had a spirally welded profile [N. Mourillon, personal
communication]. The majority of the piles had a welded profile. In this way, the pile is welded to
one side. Although initial stresses due to welding alongside the pile are present, the damages
did not take place at welding locations. Furthermore, Amazonehaven piles were segmented
and welded at three parts, with various thicknesses of 17-20-17 [mm]. The failure did not take
place at an interface of one segment to another, rather it was at a location of either at the toe or
2·D from the toe [37]. In any case, RIPTFIA does not take fabrication into account.

6.2.3 Geological failure sources

(k) Plugging

A plug-response could occur when the inside soil column acts as a rigid body due to its co-
hesive soil properties. Within the pile, a complete toe-resistance over the entire diameter is
developed which has the same response as a close-ended pile. The plugged & un-plugged
behavior of the pile is mostly conducted by analyzing the output of a static loading test for an
open-ended pile regarding its capacity [13]. In Amazonehaven, however, the soil composition is
mainly sand due to its human-made character [57]. Therefore, plugging due geological condi-
tions could not be the reason of the failure.

(l) Locally extremely hard spots

SB, LEHS, are possible to be found in MaasVlakte I (MVI) area. The first terminology refers
to stiffer soil properties like boulders or shell/stiff banks, whereas LEHS particularly refer to
extreme values used in RIPTFIA. However, both terminologies are used as synonyms. In this
circumstances, an extra effort is needed to overwin the locally high resistance experienced by
pile toe regarding a sustained pile advancement. Therefore, high driving stresses close to pile
toe are shown to be expected.

(m) Zero shaft friction

In SR, referring to a rocky bed-layer with overlying poor soil characteristic, the shaft friction
along the pile is more or less zero. The overlying soil has poor features and does not generate
sufficient friction in proportion to the toe resistance. In this circumstance, the fixed end extreme
is simulated. Therefore, the upward wave force at the toe is becoming twice as high as the
downward wave force at the head. In other words, pile toe experiences a force two times
higher than the impact force exercised at pile head. However, given the soil characteristics in
Amazonehaven; a SR-soil is far from reality and could not be the reason for pile toe failure.

(n) Pile inclination

Pile inclination refers to a situation in which the edges of the tubular pile are located in extremely
diverse soil characteristics, as depicted in Figure 6.7.

http://www.citg.tudelft.nl/en/about-faculty/departments/structural-engineering/sections/sbe/staff/profielen/profdrir-j-wardenier/
https://nl.linkedin.com/in/nadevah-mourillon-357631b5/nl
https://www.google.nl/maps/@51.9581905,4.0636929,28183m/data=!3m1!1e3
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FIGURE 6.7: Cross-section of an inclined king pile, inspired by H. Pacejka, used SketchUp

A soil inhomogeneous surrounding or a not uniform soil layer at embedded depth could
also trouble vertically installed piles. However, the inclined piles are more prone to suffer from
such a circumstances, especially when the diameter is significant. In this case, only one edge
receives a soil response of about twice as high the downward impact force, assuming a fixed
end extreme situation. In Amazonehaven, the edges of the pile are horizontally 1.42 [m] away
from each other whereas vertically, it is 0.28 [m]. Chapter 7 discusses this phenomenon.

(o) Soil set-up

Soil set-up refers to a phenomenon in which soil, mainly clay, regains its initial strength after
End of Initial Driving (EOID). This factor could be calculated more precisely, but in general,
it is around two for clay and one for sand [29]. The effect of soil set-up is that re-driving3

would be more bothersome if not impossible due a greater soil resistance to be mobilized.
Therefore, it is very recommended to drive the pile up to its required depth without suspending
the driving activities. In Amazonehaven, however, a delay of almost two weeks has occurred
due to hammer change. Taking into consideration the soil composition of the area, also clay, it
is realistic to take along the soil set-up. It could be argued that the soil set-up, not taken into
account in RIPTFIA, has the same effect as the soil compaction.

(p) Soil fatigue

During pile installation, soil fatigue appears. As the name reveals, soil loses its strength and
becomes less firm to pile penetration. The piles are vibrated to a maximum depth, before
driving. Therefore, the pile installation is divided into two stages. The first stage includes the
vibrated length and the second stage includes the length which is yet to be driven. Therefore,
in the vibrated stage, the FF-value has an almost constant value. The fatigued soil resistance
is kept to 0.5 or 0.2. A decrease of soil resistance by 50% to 80% is used. In the second stage,
however, the soil fatigue varies per soil type. The last four meters, the fatigued soil resistance
is the same as the virgin soil resistance. In other words, the soil is not fatigued, and the full soil
resistance is expected, see appendix B.

6.3 Conclusions

An overview of possible origins of the failure, divided into three failure sources, were discussed
in this chapter. It is predicted, using AllWave Pile Driving Prediction (PDP), that hammer-
induced driving stresses have low values at pile toe for Standard to Normal Soil Condition

3recommencing driving activity

https://www.linkedin.com/in/hans-pacejka-98b95129/
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(SNSC), which is assumed to be the case for Amazonehaven soil composition. Therefore, it
is concluded that the failure has occurred during the driving activity, but it is not solely caused
by hammer-induced driving stresses exceeding the material’s yield stress close to pile toe.
When Medium to Hard Soil Condition (MHSC) exist, a high number of blows and difficulty of pile
penetration as well as high values of hammer-induced driving stresses occur due to high soil
resistance to be mobilized. Hereafter, a brief conclusion is given per failure source:

Dynamic failure sources

(a) soil compaction due vibration; generates more resistance to pile driving, which reduces
the downward wave stresses. Therefore, the hammer-induced driving stresses close to
pile toe are less than material’s yield stress. The study compares the compaction sensi-
tivity of the subsoil for low to high D/t ratios. Soil compaction increases the number of
blows needed to bring the pile to its required depth. According PDP, piles with high D/t
ratio could not reach their required depth.

(b) pile inclination could cause unequal load distribution due to eccentric impact force at pile
head. Pile inclination effect is taken into account in chapter 7.

(c) Zero Shaft Friction (ZSF) simulates pile driving without any shaft friction, which could
happen in reality by pile stagnation & continuous driving in combination with a Locally
Extremely Hard Spot (LEHS). The combination will endanger the pile toe integrity.

(d) hammer selection is quite important to ensure sustained driving. For Amazonehaven, a
D62 hammer did not comply within the ranges of minimum and maximum hammer energy.
The hammer-induced driving stresses, given a SNSC, are less than material’s yield stress,
given a diesel hammer D100.

(e) driving stresses are about 60% lower than the material’s yield stress close to pile toe, for
Amazonehaven SNSC. However, in case of MHSC, the stresses are extremely high close
to pile toe.

(f) temperature reduces both strength and stiffness of the steel which makes it less resilient
to folding. The temperature elevation is caused by a high friction between soil and pile.
A local Temperature Elevation (TE) together with, e.g., an initial imperfection will be detri-
mental to pile toe integrity. Chapter 7 studies the effect of high temperature in a pile.

Geometric failure sources

(g) plugging refers to the dimension of the pile which fosters a plugged response of the pile.
The dimension of Amazonehavne’s piles is argued to be significantly large which does not
facilitate plugging. Plugging is, therefore, not taken into account.

(h) steel fatigue appears when the number of blows become extremely high. However,
the head of the pile is more sensitive to fatigue rather than the toe, because the driv-
ing stresses at the toe are shown to be less than at head in SNSC. Therefore, it is argued
that the steel fatigue not lead to pile toe failure as there is no documentation of extreme
deformation at pile head. Fatigue of the material is not taken into account.

(i) initial imperfection leads to pile toe failure, in terms of extreme folding damage when it
is accompanied with a LEHS. In case of sustain driving, unequal soil distribution inside &
outside occurs, which leads to a gradual (inwards) deformation. Chapter 7 discusses the
effect of initial imperfection.

(j) fabrication of the piles could affect material’s response to unevenly distributed stresses.
Research into Pile Toe Failure in Amazonehaven (RIPTFIA) does not take fabrication into
account.

Geologic failure sources

(k) plugging becomes problematic in cohesive soil properties, where the soil inside the pile
acts as a rigid body. Amazonehaven, sandy soil, does not foster the plug phenomenon.
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(l) LEHS is detrimental to pile toe and could have caused pile toe failure. A combination of
LEHS and initial imperfection will magnify any pile toe failure development.

(m) ZSF plays a role, in case of Soft Rock (SR) phenomenon. In this situation, the overlying
layers have poor properties whereas the bed enjoys stiff-rock-ish soil properties. The fixed
end extreme is simulated in which the stresses at the toe are twice as the impact stresses
at the head.

(n) pile inclination refers to inhomogeneous soil properties around the toe, which are sup-
posedly exacerbated due to an inclined installation of the pile. Therefore, pile toe experi-
ences at one edge two times higher stresses whereas at the other edge the stresses are
limited to impact stresses at the head. Chapter 7 studies the pile imperfection.

(o) soil set-up affects the driveability. In this fashion, mainly clay, soil regains its initial
strength and re-driving would become troublesome. Therefore, soil set-up has more or
less the same effect as soil compaction or a situation without accounting for soil fatigue.

(p) soil fatigue affects the drievability. A soil Fatigue Factor (FF)-value of 0.2 reduces the
Soil Resistance to (pile) Driving (SRD) considerably, where stress wave travels through
the pile almost freely.

Therefore, it could be concluded that initial imperfection, pile inclination and temperature
are the main reasons to pile toe failure, in Amazonehaven.

1. Initial imperfection: Pile imperfection refers to any initial dent & deformation of pile
due storage, transportation, uplifting & handling, and installation, which has its origin in
operations beforehand any driving activity takes place.

2. Pile inclination: Pile inclination refers to both eccentric impact hammering and pile toe
located in extremely diverse soil layers with weak- and stiff- properties. The eccentric
impact hammering leads to another stress redistribution in a pile compared to a centric
impact hammering. The weak or stiff soil layers along the pile and close to toe also affects
the stress redistribution in a pile.

3. Temperature: pile inhomogeneous strength refers to appearance of Locally Extremely
High Temperature (LEHT). TE close to pile toe could occur, e.g., in case of extremely
high friction between pile and soil during driving, due, e.g., pile’s behavior altering to a
close-ended behavior in which the pile responses similar to a plugged one.
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Chapter 7

Finite Element Analysis Program

7.1 Aim

Chapter 7 aims to provide a sensitivity analysis for the three main causes of pile toe failure, as
depicted in Figure 7.1, to intercept the leading cause to pile toe failure.

FIGURE 7.1: Main reasons of pile toe failure in Amazonehaven

SCIA Engineer enables studying pile’s behavior taking into account both properties of geomet-
rically non-linearity and physically non-linearity. In this fashion, the sensitivity of pile to the three
failure mechanisms is explored which enables clarifying the leading cause of pile toe failure in
Amazonehaven. Furthermore, it is looked if the same deformations as the popular modes are
to be found. Appendix E is complementary to this chapter.

7.2 Introduction

The non-linearity of the material is defined directly in the material library in SCIA. During a linear
analysis, the steel will behave elastically which means that given a load twice high, the stresses
and the displacements becomes twice high [52]. The plastic properties of materials, however,
are generic for any material. Therefore, plasticity could be enabled by selecting the isotropic
elasto-plastic von Mises type of plastic behavior. It corresponds to a bilinear stress-strain re-
lationship, identical in tension and compression. In the plastic domain, which occurs when the
load becomes very high, the stress remains constant when the strain increases. The other non-
linearity feature is referred to as geometrically non-linearity. When a geometrically non-linearity
option is enabled in SCIA, the second order effects are taken into account during the calculation
[50].

The main difference between a linear and non-linear calculation is that the non-linear calcu-
lation gives such results of deflections and internal forces for which equilibrium conditions are
satisfied, on a deformed structure [50].



7.3. Numeric calculation 57

7.3 Numeric calculation

7.3.1 The technique behind finite elements

The structure is divided into a (finite) number of discrete pieces (elements) by mesh-generators.
Then, the behavior of each element is simplified through mathematical expressions. Through
the inclusion of the elements, a system of comparisons is made which are solved by the com-
puter. After which, the boundary conditions, e.g., the applied load, are set. The finite element
program, search for an equilibrium condition given the compatibility1 of the elements is safe-
guarded. The solution is the displacements of the nodes. After which, the internal forces and
stresses are calculated [52].

7.3.2 Assumptions

In Research into Pile Toe Failure in Amazonehaven (RIPTFIA), the non-linearity properties are
taken into account only for the steel, meaning that non-linearity properties are not assigned to
the end-support and the surrounding soil. The focus is on a material’s yield stress of 483 [MPa]
as utilized in Amazonehaven. Furthermore, the material’s behavior is identified as elastic-plastic
behavior without hardening, bi-linear, based on von Mises. The element size, mesh refinement,
is 0.142 [m] for the entire pile while at discontinuities (only) due to imperfection; mesh refinement
has an element size of 0.037 [m]. Moreover, the (Timoshenko) calculation is force controlled,
based on an iterative method in which the self-weight of the pile is neglected. Last, the initial
load with a magnitude of 100 [ kN

m2 ] is applied on the pile and is increased to find the Yield Stress
Momentum (YSM).

RIPTFIA introduces four terminologies essential to a better understanding of the results in the
coming sections which are briefly explained below:

• YSM refers to the point where the pile locally reaches its material’s yield stress due in-
creasing (static) load; therefore a YSM of 100[-] means that the point where yield stress
locally appears for the first time is with a load of 10000 [ kN

m2 ]

• Imperfection Ratio (IR) refers to existence of any initial dent, where IR = 1 is a perfectly
rounded pile toe

• Homogeneity Ratio (HR) refers to existence of any non-uniform soil at pile toe, described
as stiff and weak soil, where HR = 1 means a homogeneous (stiff) soil properties at pile
toe

• Temperature Elevation (TE) refers to a local temperature increase due to generated high
friction during piling

7.3.3 Get started

In this section, a general manual is given, to warrant reproducibility of the created model in the
SCIA and subsequently the results shown in this study.

Step I

The tubular pile is modeled in SCIA given three different D/t ratios of 50, 83 & 100. The model
consists of smaller parts with a length of either 0.2·D or 0.7·D, where D is the pile’s diameter,
as depicted in Figure 7.2. The total length of the model is about ten meters. The smaller parts
are segmented into eight pieces, to be able to assign locally different properties to each piece.
Also, the size of the discontinuity is manipulated by using either a large part or a smaller part in
the model.

1connection between the elements
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FIGURE 7.2: Small and large parts as modeled in SCIA

Step II

The second step is to choose the non-linear properties and to assign those properties to the se-
lected segments. Other linear features such as surrounding soil and the end support are added
to the proper segments. The surrounding soil is chosen either extremely weak or extremely stiff.
A weak soil is defined with a stiffness of 15 [ MN

m2 ] whereas a stiff soil has a stiffness of 120 [ MN
m2 ].

Table 7.1 shows, the bed constant (k0), for different types of soil.

TABLE 7.1: Stiffness of the subsoil per soil type, retrieved from [3]

Step III

Due to pile inclination and likely eccentric impact hammering, both centric and eccentric loads
are applied. However, in both situations, the magnitude of the load is the same. In a centric
load application, the extent of initial load is 100 [ kN

m2 ] where for the eccentric load the magnitude
of the load in the concentrated part rises to 200 [ kN

m2 ], as depicted in sub-Figure (A-B) 7.3.
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FIGURE 7.3: Centric and eccentric impact load, retrieved from SCIA

Step IV

Designing different scenarios to investigate imperfection, inclination and inhomogeneous
strength . In this fashion, a sensitivity analysis is carried out to study the pile response to the
load for either the discontinuity’s location or its size.

Step V

The non-linear calculation is carried out, and the load is increased manually up to the point at
which the stress reaches the material’s yield stress for the first time.

Step VI

Due to bilinear behavior, a manual check is carried out to stay in the logical domain of pile’s
behavior regarding strain due to load increase. In this check, the strain (ε), must remain below
a value of 0.5% [50].

Step VII

The behavior of the pile due to the implemented discontinuities manifest itself in the YSM. In
other words, it indicates the speed of reaching that specific point (of material’s yield stress)
rather than indicating the capacity of the pile, (before collapsing). The YSM is the maximum
factored load divided by the initial load, qyielding

qinitial
. By choosing an initial force instead of the col-

lapsing force, which is (483 · Ac), the readability of the graphs is warranted. Ac refers to the
cross-section area of the pile.

Step VIII

Figure 7.4 give an indication of schemes as used in SCIA, mandatory for understanding the
follow-up schemes. The entire pile is sketched as a square. Centric or eccentric load is shown
as an arrow. When the pile toe is located in stiff soil layer, the full end support is represented,
which means the pile is fixed in its axial direction. When the pile toe is situated in an incredibly
diverse soil layer, weak and stiff, the partial end support is expressed with a rotational spring.
The surrounding soil, lateral soil support, is represented by translational spring when the soil
is stiff. When the soil properties are weak, the surrounding soil support is not indicated with a
transitional spring.
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FIGURE 7.4: Sketches of hammer-pile-soil system

Step IX

Bear in mind, that the sensitivity analysis is carried out to compare the three leading causes to
pile toe failure in Amazonehaven. It does not say anything about the capacity of the pile nor
comparing D/t ratios. It is trivial that a pile with a low D/t ratio bears more load and therefore
has a higher YSM-value.

Step X

The sensitivity analysis will provide understanding the behavior of the pile, stress development,
due to the size and location of the discontinuity.
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7.4 Pile imperfection

Pile imperfection, the existence of an initial dent, is studied by analyzing the location of pile
imperfection as well as its size. Figure 7.5 shows four scenarios due Imperfection’s (I) -location
and -size. From left to right: discontinuity due imperfection is located at toe and has a size of
0.2·D [I-toe-0.2·D]. Discontinuity due imperfection is located at toe and has a size of 0.7·D [I-toe-
0.7·D]. Discontinuity due imperfection is located at 2·D and has a size of 0.4·D [I-0.4·D-0.4·D].
Finally, it is located at 2·D and has a size of 1.4·D [I-2·D-0.4·D].

FIGURE 7.5: Sketches of discontinuity due pile imperfection

FIGURE 7.6: YSM versus D/t ratio per scenario, legend: Source-Location-Size, retrieved from SCIA

Figure 7.6 shows that YSM has a lower value for scenarios in which the size of the discontinuity
is 0.2·D-0.4·D. The data is overlapping in Figure 7.6. Therefore, the size of the discontinuity
is governing than its location. A reduction of nearly 60% of pile’s YSM for both centric and
eccentric loading is to be expected.
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7.5 Pile inclination

Pile inclination refers to pile being located in non-uniform soil; for both the surrounding soil and
soil close to pile toe. Therefore, the pile inclination is studied by analyzing the location of soil
homogeneity as depicted in Figure 7.5. From left to right: the Homogeneous (H) surrounding
soil is weak along the pile, whereas at pile toe the soil support is fully realized [H-100%-Weak].
The homogeneous surrounding soil is stiff along the pile, whereas at pile toe the soil support
is fully realized [H-100%-Stiff]. The homogeneous surrounding soil is partially stiff along the
pile as well as at toe [H-50%-Partial]. The homogeneous surrounding soil is partially weak and
partially stiff along the pile, whereas at pile toe the soil support is fully realized [H-100%-Partial].

FIGURE 7.7: Sketches of discontinuity due pile inclination

FIGURE 7.8: YSM versus D/t ratio, legend: Source-End support-Lateral support, retrieved from SCIA

Figure 7.8 shows that surrounding soil does not necessarily plays a role for centric loading, as
it was to be expected. However, when the soil inhomogeneity is located at pile toe, a drop in
YSM is visible. A reduction of nearly 80% and 75% of pile’s YSM for respectively centric and
eccentric loading is to be expected.
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7.6 Pile inhomogeneous strength

Pile inhomogeneous strength, a local TE, is studied by analyzing the location and size of the
discontinuity, by assigning locally different stiffness and strength properties. Pile’s stiffness is
reduced by 40% whereas its strength undergoes a reduction of 25% assuming a temperature
elevation of nearly 500◦ Celsius. Figure 7.9 shows four scenarios due to pile inhomogeneous
strength. From left to right: Temperature (T) elevation is assigned to toe with a size of 0.7·D
[T-toe-0.7·D]. The temperature elevation is assigned to 2·D with a size of 0.4· [T-2·D-0.4·D]. The
temperature elevation is assigned to 2·D with a size of 0.7· [T-2·D-0.7·D]. Finally, it is assigned
to toe with a size of 0.2· [T-toe-0.2·D].

FIGURE 7.9: Sketches of discontinuity due pile inhomogeneous strength

FIGURE 7.10: YSM versus D/t ratio, legend: Source-Location-Size, retrieved from SCIA

Figure 7.10 shows that the reaction of the pile to a local temperature elevation is slightly more
sensitive to its location than its sensitivity for its size, for centric loading. In case the temperature
increase is close to pile toe, a reduction of almost 20% is observed in the YSM. Therefore, a
decrease of nearly 20% of pile’s YSM for centric loading.
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7.7 Inclusion

Figure 7.11 shows the governing scenarios in one overview compared to a situation without any
discontinuity. The reduction of pile’s Yield Stress Momentum (YSM) is by 20%, 80% and 60%;
for respectively: T-toe-0.7·D, H-50%-Partial and I-toe-0.2·D, given a centric loading, given a D/t
ratio of 83. For an eccentric loading, these values are respectively 0% (no reduction), 75% and
60%.

FIGURE 7.11: YSM versus D/t ratio, legend: Source-Location-Size, retrieved from SCIA

Bear in mind that even though the YSM drops considerably due to one or other scenario, the
YSM reaches for the first time with at least a factor 5 [-] higher than the initial load2. Therefore,
it is apparent that given the low hammer-induced driving stresses close to pile toe in a Standard
to Normal Soil Condition (SNSC); a combination of three leading causes would eventually result
in a much lower YSM factor.

In appendix D, a thorough analysis is given for the scenarios mentioned above given the Ama-
zonehaven’s D/t ratio. The stress-development and its deflection per scenario are studied in
sections C.5-C.6-C.7.

7.8 Triggers

After studying the influence of discontinuity’s -location and -size to pile behavior, the ratio of
discontinuity is studied. In other words, the pile response to an increasing discontinuity: (1)
Imperfection Ratio (IR), (2) (soil) Homogeneity Ratio (HR) at toe and (3) Temperature Eleva-
tion (TE). When IR is 1, the pile toe integrity is assured. When HR is 1 the entire toe is located
at a stiff uniform layer, whereas decreasing HR means that the bed layer contains weak and
stiff soil properties. TE, however, means an elevation in temperature which reduces the pile’s
stiffness and strength.

Sub-Figure (A-C) 7.12: (A) shows a rapid decline for YSM with a slight change in IR, while in
(B) it reduces less drastically with a change in HR. Therefore, a slight imperfection will lead to
a decrease in, qyielding

qinitial
. In other words, the force which realizes the yielding point, acting on the

pile, will be less compared to a situation without discontinuity. Finally, the effect of TE has been
shown to be less influential, up to a temperature of 500◦ Celsius.

2a value of 500 [MPa]
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FIGURE 7.12: YSM for centric loading (A)-(C), retrieved from SCIA

Sub-Figure 7.13 (D-F) shows the same for eccentric hammer impact. An eccentric loading has
a lower YSM compared to centric loading circumstances.

FIGURE 7.13: YSM for eccentric loading (D)-(F), retrieved from SCIA

In appendix D, a thorough analysis is given for the scenarios mentioned above given the Ama-
zonehaven’s D/t ratio. The stress-development and its deflection per scenario are studied in
sections C.8.1-C.8.2-C.8.3.

7.8.1 Failure mode

Figure 7.14 presents a top view of deformations in case of pile imperfection. It shows that,
given the imperfection at pile toe, the earlier described failure modes of Moon Cancer (MC),
BoomeRang (BR), HourGlass (HG) and Russian Doll (RD) are found. Appendix D reveals more
information about the stress-development in a pile, and its specific deformations.

FIGURE 7.14: Top view deformation, left to right: MC, BR, HG and RD, retrieved from SCIA

7.9 Conclusions

The pile sensitivity to its discontinuity due -imperfection, -inclination and -inhomogeneous
strength is investigated by looking into different scenarios. In these scenarios, the location and
the size of the discontinuity are studied. It is shown that respectively soil inhomogeneity at toe,
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initial imperfection with 0.2·D-0.4·D, and temperature increase close to pile toe; have the most
influence on the pile response to centric or eccentric loading. In other words, respectively, the
point in which the material yield stress is reached occurs with a lower force. Furthermore, the
study showed the same deformations as analyzed in chapter 4, the popular modes.

The reduction of pile’s Yield Stress Momentum (YSM) is by 20%, 80%, and 60%; for respec-
tively scenario’s T-toe-0.7·D, H-50%-Partial and I-toe-0.2·D, given a centric load, given a D/t
ratio of 83. For an eccentric load, these values are respectively 0%, 75%, and 60%. Further-
more, triggers studying an increasing ratio of discontinuity showed that YSM versus Imperfection
Ratio (IR) declines in a steeper line than the Homogeneity Ratio (HR), which means that pile
(initial) imperfection could have a significant role in pile toe failure in Amazonehaven compared
to both pile inclination and pile inhomogeneous strength.

7.10 Limitations SCIA Engineer

The main limitation of SCIA Engineer is that the non-linear properties could not be assigned to
each feature in the model, e.g., soil. In this research, non-linear properties are only assigned
to the pile itself. However, programs such as ABAQUS and DIANA are more suitable to carry
out a hammer-pile-soil interaction study. Availability of SCIA was the main reason to choose
amongst other software. Furthermore, the inclination of the pile could not be modeled due to
non-compliance of the load with the direction of the inclination for centric and eccentric loading.
This problem was solved initially by adding a plate on top of the pile, in between the load and
the pile head, but later it was apparent that it does not work appropriately. Furthermore, the ge-
ometrically non-linearity property is taken into account for a static load. Therefore, the extreme
folding damage could not be modeled, in case of a perfect rounded pile, because the damage
appears gradually. However, in case of piles with an initial dent, the extreme folding damage
is approximately modeled as performed in reality. Last, it was not possible to apply a dynamic
load; instead, a static load was applied.

In the results presented in Research into Pile Toe Failure in Amazonehaven (RIPTFIA), the
limitations did not have a significant influence. The main aim was to develop an understanding
in-between three main causes of pile toe failure and conducting a sensitivity analysis rather than
exact values.

7.11 Recommendations

It is recommended to take into account: (1) non-linearity properties for other features in the
model, e.g., surrounding soil along the pile as well as at pile toe. (2) the dynamic mold of load
and pile respond both given a perfectly rounded pile and an initially dented pile. (3) the dynamic
mold of load and pile respond given both a Standard to Normal Soil Condition (SNSC) and a
Medium to Hard Soil Condition (MHSC). (4) the dynamic mold of load and simulation of inwards
deformation during piling. (5) capacity reduction of an individual pile, given the pile toe failure.
(6) capacity reduction of the entire system of foundation elements given the pile toe failure of
the king piles. (7) capacity reduction of an individual pile, given a combination of three leading
causes to pile toe failure, as presented in this research.
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Chapter 8

Management of pile toe failure

8.1 Aim

Chapter 8 aims to study the process and the environment around the problematic of pile toe
failure. It answers questions like: (1) What are the process-related causes of failure, (2) how
could introducing new process-related alternatives help to avoid such damages, (3) what are
the Loss of Earnings (LOE) due malfunction of the quay wall. Appendix D is complementary to
this chapter.

8.2 Introduction

The Management Aspect (MA) of the pile toe failure adds a 4th dimension to the already identi-
fied sources of failures in Amazonehaven, as depicted in Figure 8.1. The environment includes
the process proceedings the installation, in pre-piling phase, which is divided into three cate-
gories of (1) data collection, (2) pre-installation and (3) installation. The reliability of collected soil
data, storage of the piles, transportation to the location, handling & uplifting before installation as
well as installing operation are the main factors within these categories. The process-based al-
ternatives introduce adjustments to reduce incurring of extreme folding damage of open-ended
tubular piles.

FIGURE 8.1: Overview of origins of pile toe failure

8.3 Piling risk event

The pile toe failure is a risk for both contractor and client. The piling risk event is the extreme
folding damage close to pile toe which might endanger the stability of the quay wall. Bear in
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mind, that the king piles function as bearing and retaining elements. In stability research, it is
shown that due pile toe failure (1) soil displacement increases with a factor three, (2) the mo-
ment on the combined wall increases with a factor 1.8 and (3) the anchor force reduces with a
factor 0.4 [37]. Therefore, it could be assumed that the piling risk event, if occurs, might lead
to counteractions to be taken to safeguard the quay wall’s functioning (operation) throughout
its technical lifetime. Thus, the risk event must be avoided. To prevent this risk1 from happen-
ing, either probability of its occurrence or its consequence when it occurs must be reduced.
Therefore, the solution is to be found either in a pre-piling phase which tackles its probability
or a post-piling phase which tackles its consequences [44]. It is believed that by adjustments
in processes mentioned in above categories, innovative process-based alternatives, the piling
disease is to be treated.

8.4 Pre-piling phase

8.4.1 Data collection

The primary variables in a hammer-pile-soil system are (1) type of hammer, (2) D/t ratio of
the pile and (3) soil characteristics. Soil characteristics refer to soil properties such as quake
value, soil Fatigue Factor (FF), soil type and soil set-up. In a driveability prediction study, the
number of blows is prevailing as it depends on the entire system. In conventional pile design,
the structural forces are determining the pile’s dimensions. Therefore, the D/t ratio is fixed. The
soil characteristics are also fixed, which means that only the appropriate hammer to bring the
pile to its required depth is unknown and to be selected.

In general three situations could appear: (1) selecting a heavy hammer, (2) choosing the right
hammer or (3) selecting a light hammer. These hammer selections, are assumed to be entirely
justified and not an engineering selection-error.

• a heavy hammer is purchased than needed. Therefore, more costs than necessary. How-
ever, the contractor has taken into account the cost of purchasing a heavy hammer, and
no major cost-overruns takes place. Regardless, the full capacity of the hammer is not
availed. Also, the number of blows is lesser than anticipated in the prediction.

• perfect situation. A sufficient hammer is selected. The blow counts are approximately the
same as expected. There are no extra costs for neither client nor contractor.

• a lighter hammer is selected. The pile does not reach its required depth. A heavier
hammer must be purchased which takes time and slacks up the project. After which, re-
driving the pile is more troublesome due to soil healing, regaining its initial strength. The
cost will increase due to both purchasing a heavier hammer and a halt in the execution
work.

Therefore, it is essential to collect data as carefully as possible. Data collection includes both
soil investigations in the early design phase as well as the execution of pile tests to assure
hammer selection.

8.4.2 Pre-installation

Pre-installation is one of the main categories which requires the most care and attention to
prevent piling risk event. It includes storage, transportation, uplifting & handling before installing
the piles. Storage of piles, stacking up, could lead to pile ovalization. Transportation of the piles
requires uplifting which must be executed with care to prevent any pile toe damage. The piles,
when arrived at the project’s location, will be stored again which could lead to pile ovalization.
Also, uplifting & handling before installation could lead to pile toe damage. Piles with high D/t
ratio are more prone to such a pre-installation damage.

1Risk = Probability · Consequences
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Storage

Storage of piles at project’s location could cause ovalization of the pile. This ovalization could
initiate the damage and lead to pile toe failure. However, the height of the pile stock is not that
high due to significant pile dimensions [R. Spruit, personal communication]. Nevertheless, to
prevent this failure mechanism, a Just in Time (JIT) delivery system could be introduced to the
piling industry. A JIT2 delivery system is commonly used in auto industry, or other mega projects
[9]. Assuming that the pile ovalization could only appear in the storage yard of the site and not
per se in the fabric, this delivery system helps to maintain pile toe integrity in the storage yard.

FIGURE 8.2: Impression of king piles stored at site, used SketchUp

In any case, a perfectly rounded pile does not exist. Initial ovalization or Out of Roundness
(OOR), are to be expected. Therefore, a value of less than 1% (of the diameter) is implemented
and recommendations are to consider a value of 0.05% in the design if no actual values are
given [16]. Given the fact that this type of ovalization is acceptable and below the limits, a
further ovalization due storage could be prevented. Nevertheless, the values taken into account
in chapter 7 are higher than the 1% initial ovalization3.

Transportation

The transportation of piles is also of importance. By utilizing a simple solution as a wooden
cover for both pile toe and pile head, pile toe integrity during uplifting and transporting the piles
to its destination beforehand installation will be secured. The wooden azobé cover is locked and
unlocked easily with a click and could be reused, as depicted in Figure 8.3.

FIGURE 8.3: Wooden cover at pile -toe and -head, inspired by R. Spruit, used Sketchup

2materials and components delivered when on site teams need them
3See section C.8.1-C.8.2-C.8.3

https://www.linkedin.com/in/rodriaan-spruit-b6004a9/?ppe=1
https://www.linkedin.com/in/rodriaan-spruit-b6004a9/?ppe=1
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The wooden-cover solution could also be used in other pre-installation processes, such as
storage. In any case, the transportation and uplifting of the piles must be executed with care.

Uplifting & handling

Uplifting and handling process before installation is necessary to bring the pile into its position.
In the uplifting process, the pile is lifted from the pile head, which means the weight of the entire
pile is resting in one corner of the pile toe. Figure 8.4, shows uplifting in practice. When the pile
is exactly at its vertical position, the weight is carried over the entire edge equally. A pile with
a high D/t & L/D is more prone to handling damages beforehand installation compared to one
with a low D/t ratio.

FIGURE 8.4: Left: uplifting in practice MV 06.05.2016; Right: impression concentrated forces during
uplifting

The piling risk event is always present. To reduce its probability of occurrence both wooden
cover as well as in-situ measurements of pile’s OOR, are highly recommended. However, the
minimum thickness of a wooden-cover i, not studied as well as its actual role to maintain pile
toe integrity in pre-piling phase. Nevertheless, it could play a decisive role in the mental effect
it has on the operators to handle the tubular piles with care. Bear in mind that in any case, the
uplifting operation must be executed with precision and care.

8.4.3 installation

Stiffening ring

To have a safe installation of piles, maintaining pile toe integrity during piling, small adjustments
at pile toe could be sufficient. It is believed that these adjustments could also be executed at the
site. To prevent a gradually inward growth at pile toe during piling; strengthening shoe-remedies
to pile toe are recommended. The strengthening shoe covers an area of twice the pile diameter
from the toe. The stiffening ring could be either welded inside the pile or outside the pile [58].

Jetting & drilling

Water/air jets could be used to displace granular soils at the pile toe. Therefore, the pile sinks
into the created whole without using a hammer [58]. However, the method is only suitable for
sandy soil conditions and not where stiff clay is present. The advantage of this method is that
pile damage is prohibited over the full or partial penetration depth. Another solution is drilling.
In this fashion, the boulders and stiff layers in the soil are removed [58].
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8.4.4 Costs

A rough cost-estimation of three process-based alternatives are given in Figure 8.5. These are
wooden cover and strengthening shoes. The increase in costs, in percent, per pile shows an
investment in-between 3-6% could guarantee the pile toe integrity before installation, given a
diameter of 1420 [mm]. The precautions are necessary for a pile with a high D/t ratio whereas
a pile with a low D/t ratio does not necessarily suffer from piling disease. Though, the Cost
Increase (CI) is high for piles with high D/t ratio while it stays low for low D/t ratios.

FIGURE 8.5: Cost increase per king pile per D/t ratio for wooden cover and stiffening rings

8.5 Post-piling phase

To recognize symptoms of piling disease an accurate monitoring system, to measure the pile
progress, is recommended to be utilized. Therefore, either new devices which simultaneously
registers the forces, etc. during driving could be used or calendering, recording the number of
blows by merely counting the last meters of pile advancement. By then, when the pile toe dam-
age is sensed, in-situ-measurements could be taken to prevent pile toe damage or to reduce
its severeness. The most common in-situ treatment is to pull out the pile if it is not advancing.
However, when the toe failure is not detected during installation but rather afterward due, e.g.,
settlements, the Port of Rotterdam Authority (PORA) could decide to take measurements coun-
teracting its consequences. This entity could choose to take actions such as (1) replacement (2)
early maintenance, (3) reducing the storage capacity or (4) taking no measures, as introduced
in Research into Pile Toe Failure in Amazonehaven (RIPTFIA).

8.5.1 Cost of Amazonehaven

The construction costs of a quay wall, are calculated for a length of 900 meters. The three parts,
as depicted in Figure 8.6, could lodge a different amount of dry bulk due to the available surface
area in the backyard of the sections.
Bear in mind that the quay wall was divided into twenty sections with a length of 45 [m]. Fur-
thermore, the Present Value (PV) of twenty sections are calculated; however, the available area
goes as far as 28 sections. The difference in the number of sections manifests itself in costs and
revenues. To study the costs, three scenarios are contrived compared to a Full Capacity (FC)
scenario. The calculation of initial expenses has occurred twice, once based on the formula
2.1 introduced in chapter 2, second, the initial costs of Amazonehaven as documented [39].
For each scenario, Problematic Section (PS) are introduced assuming that the extreme folding
damage of king piles will push the PORA to take actions for those sections whereas, for Other
Section (OS), no measures are needed to be considered. The decision to select one solution
rather than another is decided by a decision-model, based on Net Present Value (NPV)-value.
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FIGURE 8.6: Aerial photo Amazonehaven quay wall, retrieved from Google maps

Bear in mind that pile toe failure could manifest itself in visible settlements at the associated
sections. Based on the stability research4 and a paper about major events, see section 4.2.4,
it is assumed that both actions need to be taken in case of pile toe failure as well as the
PS are detectable. Moreover, the calculation of both cost and revenues are for 50 years, from
1989-2038. It is assumed that necessary actions, to keep the harbor operational, had taken
place in 2014. Therefore, a timeline is presented per scenario to give an overview of the values
used centered at 2014.

Full Capacity

scenario Full Capacity (FC), represents a situation in which the full design capacity of the quay
wall is realized, therefore, a full compliance with design. In this scenario, the maximum Net
Present Value (NPV), summation of cost and revenues, could be expected. The costs of the
quay wall are calculated by Formula 8.1, for the entire quay wall (twenty sections).

TC = I0 +
∑

Mi + D [AC] (8.1)

In which, TC stands for Total Cost (TC), I0 stands for the initial costs,
∑

Mi stands for the yearly
maintenance, and D represents demolition of the quay wall at the end of its technical lifetime.

Timeline 8.7 shows the backward and forward calculation from 2014. Due to the absence of any
Problematic Section (PS), the Regular Maintenance (RM) is carried out through its technical
lifetime. However, the first part maintenance cost is based on the initial values of 1989 (I−25),
25 years ago from 2014, whereas maintenance cost for the second period, is calculated by the
initial costs based on 2014, (I25). Also, demolition cost in 2038 is a sum of initial expenses
based on 1989 and 2014.

FIGURE 8.7: Time line, FC

In this scenario, the revenues are supposed to be maximum revenues (28 sections). For a
detailed calculation on this matter, see Appendix D.

Replacement

In this scenario, the Problematic Section (PS) described as sections with the most number
of piles with pile toe failure, are demolished and rebuild. The demolition of these sections

4Master thesis Mourillon [37]
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is necessary to sustain the performance of the quay at its designed storage capacity. The
technical lifetime of the new sections is considered to be 24 years, with a construction time
of 1 year. The first 25 years, up to 2014, the Early Maintenance (EM) is carried out only for
PS whereas for Other Section (OS), Regular Maintenance (RM) is carried out. The second 24
years, after rebuilding, for all sections RM is carried out. It is assumed that RM takes place
once a year whereas a EM is as often as ten times a year. Therefore, the operation for PS will
come to a stop for six months, in case of EM. In case of RM the disruption is negligible. In this
fashion, the Timeline 8.8 is considered. The calculation of maintenance costs, before 2014, is
carried out based on the initial costs of 1989 whereas, for the second phase of asset’s technical
lifetime, the maintenance cost is based on initial costs of 2014. Furthermore, initial costs of new
construction in 2014, (D−25), as well as its demolitions at 2038, are taken into account.

FIGURE 8.8: Time line, R

In this scenario, the quay wall is completely or partially demolished. It is assumed that the
demolition and rebuilding takes one year. Therefore, the revenues are set to zero in that year.
Furthermore, due to EM for PS before 2014, reduction in revenues occur. It is assumed that
leasing price will reduce to compensate the established companies in the area. Number of
vessels due to maintenance will also drop which means a reduction in earning.

Early Maintenance

In this scenario, the Problematic Section (PS) described as sections with the most number of
piles with pile toe failure, are maintained more often than the Other Section (OS). The Early
Maintenance (EM) is necessary to increase the storage capacity to the full designed capacity.
However, such maintenance is required throughout the entire lifetime of the asset. Also, a halt
of 6 months per year is assumed which interrupts a proper operation of the quay wall in those
sections. Unavailability of the sections due to Regular Maintenance (RM) is negligible as it
occurs just once a year. Timeline 8.9 shows the maintenance costs in both periods, before and
after 2014, based on respectively initial values of 1989 and 2014. Also, demolition cost at the
end of asset’s technical lifetime is based on 1989 and 2014, (D−25 + D25).

FIGURE 8.9: Time line, EM

In this scenario, the quay wall needs EM through its entire lifetime, for its PS. Both reductions
in revenues and increase in costs due to maintenance are expected.

Capacity Reduction

In this scenario, the Problematic Section (PS) described as sections with the most number of
piles with pile toe failure, undergo a reduction in Storage Capacity (SC) to sustain the functional-
ity of the quay wall till its technical lifetime has reached. Furthermore, it is assumed that Regular
Maintenance (RM) is satisfactory due to the reduction in capacity. It is, however, obvious that
the Capacity Reduction (CR) in case of iron ore is higher than the CR when coal is stored in the
area. Timeline 8.10 shows the maintenance cost of both periods being subsequently calculated
by initial costs of 1989 and 2014. Also, the demolition costs, at the end of asset’s technical
lifetime (D−25 + D25) is based on 1989 and 2014.
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FIGURE 8.10: Time line, CR

In this scenario, a reduction in capacity is implemented for PS of the quay. A decrease of 40%
for iron ore and 20% for coal is applied in the calculations.

Facts and figures

Table 8.1 shows the values of investment (I), demolition (D), Regular Maintenance (RM) and
Early Maintenance (EM), based on formula 2.1 over a period of 50 years, for the entire quay
wall (20 sections). The investment is according literature, formula 2.1, and is calculated for 1989
and 2014 (taking into account the inflation). The demolition is either based on the investment of
1989 or 2014, therefore depending on whether the quay is demolished and replaced in 2014 or
2038 (taking into account the inflation). The cost of maintenance is dependent on the investment
and therefore, is divided over two phases (taking into account the inflation). Before 2014, cost
of maintenance is based on investment in 1989 whereas, after 2014, it is based on 2014.

TABLE 8.1: I, D, RM and EM values over a period of 1989-2014-2038

8.5.2 Decision model

The decision model is a tool, for Port of Rotterdam Authority (PORA), to select the economical
solution based on Net Present Value (NPV). NPV is the sum of revenues and the costs per
scenario. As mentioned in chapter 4, major revenues of PORA are two folded: revenues due
to Port Dues (PD) and revenues due to Leasing Contract (LC). Figure 8.11 shows the factors
per increasing Percentage Problematic Section (PPS), for iron ore, given the three scenarios.
From left to right: Present Value Increase Factor (PVIF), Revenues Reduction Factor (RRF)-PD,
RRF-LC and Net Present Value Reduction Factor (NPVRF) are presented. It shows, sub-Figure
(D) 8.11, given the assumptions, Capacity Reduction (CR) is the best choice from the other two
scenarios because the NPV-factor reduces less with increasing PPS.

FIGURE 8.11: Factors per increasing PPS, Iron ore, based on formula 2.1

Figure 8.12 shows the factors per increasing PPS, for coal, given the three scenarios. From
left to right: PVIF, RRF-PD, RRF-LC and NPVRF are presented. It shows, sub-Figure (D)
8.12, given the assumptions, CR is the best choice from the other two scenarios because the
NPV-factor reduces less with increasing PPS. Moreover, comparing sub-Figure (D) 8.12 to
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sub-Figure (D) 8.11, the CR is less steep. Therefore, when actions are necessary to take, it is
better to change the storage function of the quay, (to a lighter material), to reduce the financial
consequences.

FIGURE 8.12: Factors per increasing PPS, Coal, based on formula 2.1

Facts and figures

Table D.5 shows Present Value (PV), revenues and Net Present Value (NPV) based on both
formula 2.1 and Amazonehaven (documentation) for both iron ore- and coal- storage. These
values are in case the quay wall is operating as it was designed. Therefore, the increase in
costs and a decrease in revenues, as well as a decrease in NPV could be calculated by simply
multiplying these number with factors as presented in Figure 8.11 and 8.12, per increasing
Percentage Problematic Section (PPS).

TABLE 8.2: PV, revenues and NPV, given a full capacity, for iron ore and coal

8.6 Loss of earnings

8.6.1 LOE due PPS

Loss of Earnings (LOE) due increasing Percentage Problematic Section (PPS) of the quay wall
presents the losses in monetary terms due piling disease and its counteractions to reduce the
consequences of such a condition, as mentioned earlier. Naturally, when no actions are consid-
ered, and the entire quay wall is used to its fullest designed capacity either (1) technical lifetime
of the asset would be shortened extensively or (2) complete asset collapses which could mani-
fest itself as the loss of lives. However, the no action scenario is not taken into account.

Table 8.3 shows the loss of earnings in percent per scenario per increasing PPS, per dry bulk
type to be stored. It shows that the reduction in revenues is the same when Replacement
(R) & Early Maintenance (EM) are chosen and does not depend on the type of storage good.
However, when Capacity Reduction (CR) is considered, LOE is at its minimum if changing the
storage function of the quay wall (to a lighter material). In any case, the best option remains the
reduction in storage capacity.
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TABLE 8.3: LOE per increasing PPS, based on formula 2.1

8.7 Conclusions

Chapter 8 studied remedies in both pre-piling and post-piling phases to respectively avoid- or
counteract- (the consequences of) piling risk event. It is, however, more convenient to prohibit
potential sources leading to extreme folding damage beforehand installation. In this fashion, the
process-based alternatives will reduce the probability of occurrence of the risk event. Therefore,
the remedies in pre-piling phase are:

• Data collection: sufficient soil investigation, pile tests, using prediction program, correct
hammer selection

• Pre-installation: Just in Time (JIT) system, Azobé cover, careful execution

• installation: stiffening ring, jetting, drilling, in situ checks of Out of Roundness (OOR),
careful execution, using monitoring system, using (pile) driving procedure5

Moreover, when the risk event occurs; the consequences could be diminished by selecting
one of these remedies: (1) Replacement (R), (2) Early Maintenance (EM) and (3) Capacity
Reduction (CR). In this fashion, the Loss of Earnings (LOE) due Percentage Problematic Sec-
tion (PPS) is calculated per scenario. Table 8.4 shows an overview for LOE due a PPS of 20%,
per scenario, per dry bulk type, based on formula 2.1.

TABLE 8.4: Overview LOE, given 20% PPS

Therefore, it could be concluded that when consequences of pile toe failure are apparent, to
limit its financial repercussions, the owner is recommended to reduce the storage capacity or to
change the function of the quay. The latter means, to switch from, e.g., a heavy material to a
lighter one.

8.8 Limitations

The main limitations to carry out this study was the actual data about the revenues regarding
both Port Dues (PD) and Leasing Contract (LC). Furthermore, the EM scenario has become the
worse scenario regarding Net Present Value (NPV), due to its reduction factor of 0.5. However,
EM does not necessarily lead to such extreme halt in operation.

5see section B.2
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8.9 Overview results

Figure 8.13 gives an overview of the finding regarding the management aspects of the pile toe
failure. The overview is complementary to the validity map introduced in chapter 3. In the next
page, the figure is enlarged to assure readability.

FIGURE 8.13: Overview environment of pile toe failure
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Chapter 9

Conclusions & recommendations

9.1 Aim

Chapter 9 aims to give answers to the research questions and sub-questions as introduced in
the chapter 1 and 3. It also presents a recommendation for future research in this field.

9.2 Answering the questions

Sub-questions Hydraulic Structures and Flood Risk (HSFR)-related:

What are the finding & observations of pile toe failure in Amazonehaven? - Twenty per-
cent of the king piles had extreme folding damage while the quay wall’s stability was not
endangered according to stability research [37].

What are the causes of pile toe failure in general? - The causes of pile toe failure in a
hammer-pile-soil system have a dynamic-, geometric- and geologic- nature.

How harmful has the pile toe failure been for the Amazonehaven asset? - The pile toe
failure has not endangered the stability of the quay wall [37]. Assuming it would have;
Research into Pile Toe Failure in Amazonehaven (RIPTFIA) showed that the failure lead
to counteractions to be taken to safeguard functionality of the quay wall; which are to be
translated into financial expenses for Port of Rotterdam Authority (PORA).

Should the dimensioning of primary king piles be based on a dynamic mold of load? - Not
per se, but the hammer selection must be based on the guidelines for hammer selection,
and it is highly recommended to carry out Pile Driving Prediction (PDP) and Pile Driving
Analysis (PDA). With other words, to monitor piling.

What would be suggested for pile’s D/t ratio based on the dynamic load? - American
Petroleum Institute (API) suggest a D/t ratio of 69 instead of 83.

Sub-questions Construction Management and Engineering (CME)-related:

How could the process be improved to reduce or avoid the pile toe failure? - By preferably,
adjusting the process beforehand piling to reduce the probability of occurrence of piling
risk event. Therefore, procedures in current piling industry could be improved by utilizing:
Just in Time (JIT) delivery system, wooden cover to maintain pile toe integrity, checks of
pile toe integrity beforehand installation, execution with precision and care, using a piling
prediction program, using a monitoring system during piling, using a piling procedure.

What are the costs of extra measures, in design- and construction- phase, to improve
the process? - The costs of extra measures for wooden cover and stiffening rings are in
between 3-7% of one king pile, given the pile dimensions of Amazonehaven.

How much are the Loss of Earnings (LOE) for Amazonehaven, due increasing Percentage
Problematic Section (PPS)? - The financial consequences of pile toe failure are shown in
Table 9.1:
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TABLE 9.1: LOE due increasing PPS

Therefore, given a 20% PPS, the most economic (counteraction) solution is to select
Capacity Reduction (CR) and to change the storage function of the Problematic Sec-
tion (PS).

Who are the stakeholders of Amazonehaven? - The main stakeholders playing a role
in the harbor are: PORA (employer), Municipality of Rotterdam (SO) (supervisor), HBG
(contractor), EKOM (company), Gasunie (company) and ECT (company).

Who is the responsible party to bear the cost for the pile toe failure? - The responsible
party are both the SO and the contractor, SO could hold responsible if the Cone Pen-
etration Test (CPT) is carried out without care or with vast distances. At the other hand,
the contractor could hold responsible for the incorrect hammer selection. Furthermore, the
contractor could also be held responsible if proven that pile toe integrity was not warranted
in pre-piling phase due to careless handling.

What are the wake-up calls of Amazonehaven pile toe failure worth introducing to piling
industry? - The wake-up calls of Amazonehaven, are the sensitivity of pile toe to any
imperfection, initial dent. Therefore, assuming that the hammer selection has been carried
out based on guidelines, and PDP, and PDA is carried out to warrant the pile driveability,
it is highly recommended to warrant the pile toe integrity in pre-piling phase.

Now the sub-questions are answered, a proper answer could be given to the research questions:

1. What are the causes of pile toe failure in Amazonehaven? - The reasons of pile toe
failure in Amazonehaven are argued to be pile imperfection, pile inclination and pile
inhomogeneous strength. Bear in mind; pile imperfection refers to initial dent. The most
important reason to pile toe failure is shown to be pile imperfection. Nevertheless, either
the designer or the contractor must be noted for the pile imperfection. For example, the
designer must design a pile taking into consideration an initial dent (more than the already
considered ovalisation etc.). The contractor must carry out a zero-initial-damage-policy.
Both could lead to extra costs.

2. What are the remedies to prevent pile toe failure? - The remedies to prevent pile toe failure
are either based on remedies in pre-piling phase, to reduce the probability of occurrence
of the risk event or measurements to be implemented in post-piling phase to counteract
the consequences of the piling disease as discussed in chapter 8. Furthermore, it is
recommended to design the quay wall without any inclination to its combined-wall system,
even though the soil composition is Standard to Normal Soil Condition (SNSC).
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9.3 Conclusions

The main conclusions shown are:

• hammer-induced driving stresses are lower than material’s yield stress, and are not the
leading cause of extreme folding damage.

• extreme folding damage is shown to be caused by pile imperfection, pile inclination
and pile inhomogeneous strength. The leading cause is shown to be pile imperfection
which refers to initial dent at pile toe to be worsened during piling.

• piling disease is to be prevented in pre-piling phase, while it has minimum financial con-
sequences.

• the consequences of piling disease could be reduced in post-piling phase, while it has
maximum financial consequences.

9.4 Looking into future

The recommendations are divided into four parts, recommendations for further research re-
garding PDP-, Finite Element Analysis (FEA)- part, the stability research and Management
Aspect (MA)- part.

9.4.1 Technical part

PDP

• match the prediction results to (pile) driving analysis carried out in 1990, which recom-
mends a D100 hammer for piling. However, RIPTFIA showed that pile-advancement would
be troublesome at the last meters of driving, exceeding the threshold-value, given a virgin
soil.

• carry out, if possible, a pile test (predict by PDP and measured by PDA) and a back-
analysis by signal matching AllWave-DLT to validate the actual hammer-pile-soil interac-
tion as well as the pile driving analysis carried out in 1990.

FEA

• study the combination of the three leading causes to pile toe failure as presented.

• study the pile toe failure with a displacement control approach. In this fashion, the dis-
placement could be entered in the model, and the applied force is an unknown. The
displacement-control approach might be a better approach because of the availability of
information about the end deformation of the piles.

• study the development of pile toe failure, in a dynamic concept, given the scenarios (1)
SNSC for virgin and compacted soil if pile has no initial dent, (2) SNSC and Medium to
Hard Soil Condition (MHSC) if pile has an initial dent.
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Stability

• study the true-length of the king pile in a quay wall (shorter piles might be the outcome)
as stability research has shown [37]:

Stability of the entire quay wall, given the pile toe failure is not endangered
for at least a certain period of time.

• study the exact penetration depth of the piles, given that both pile toe failure occurs and
the stability of the quay wall is safeguarded, costs savings might be achievable.

• study the stability of the quay wall based on design guidelines as used nowadays. The
design of Amazonehaven quay wall was based on a deterministic design.

9.4.2 Management Part

Management aspects (of pile toe failure)

• research creative solutions to piling disease in pre-piling phase.

• study why the Amazonehaven quay wall has not been fully utilized. Is this also the case
for other quay walls in MaasVlakte (area) (MV)?
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9.5 Overview results

Figure 9.1 gives an overview of the finding regarding research into pile toe failure in Amazone-
haven. The overview is complementary to the validity map introduced in chapter 3. In the next
page, the figure is enlarged to assure readability.

FIGURE 9.1: Overview finding



84 Chapter 9. Conclusions & recommendations



85

Appendix A

General information

A.1 Hammer data

Table A.1 and A.2 show the main characteristics of the diesel hammer type D100-13. The
exclusive hammer library of the Pile Driving Prediction (PDP) program makes it possible to
choose from different types of hammers with its specific ram, anvil, and cushion.

TABLE A.1: Specific data diesel hammer D100-13, retrieved from PDP

TABLE A.2: Specific data diesel hammer D100-13, retrieved from PDP
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Table A.3 reveals detailed information about the specific hammer as used in the prediction
program.

TABLE A.3: Expanded data diesel hammer D100-13, retrieved from PDP
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A.2 Failure registration

Table A.4 presents the registered data from stability research1, which is analyzed per quay
wall section. The analysis has led to the introduction of (1) failure modes, (2) its frequency of
occurrence, (3) its location and (4) popular modes.

TABLE A.4: Failure register per king pile per section

1See [37]
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A.3 Pile data

Table A.5 shows low to high D/t ratios which are modeled in the PDP program. The king piles
of Aamzonehaven quay wall were segmented in three parts with different D/t ratios.

TABLE A.5: Global pile data per D/t ratio, retrieved from PDP

Table A.6 reveals information about the moment of inertia, both elastic and plastic and other
information as well as the formula used to calculate those values, per D/t ratio.

TABLE A.6: Specific pile data per D/t ratio
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A.4 Data strengthening pile toe

Table A.7 reveals information used to eventually calculate the Cost Increase (CI) in percent per
king pile for three process-based alternatives: (1) strengthening shoe (inside) (2) strengthening
shoe (outside), (3) wooden cover, to prevent the piling risk event.

TABLE A.7: Specific pile data per D/t ratio per alternative

Table A.8 shows the cost per king pile per D/t ratio, as well as the total cost for a total number
of piles.

TABLE A.8: Specific pile data per D/t ratio per alternative
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A.5 Static load Amazonehaven

Figure A.1 depict the static load applied as permanent and variable, on the Amazonehaven quay
wall. The king piles were dimensioned based on the static load.

FIGURE A.1: Static load, retrieved from [48]

Figure A.2 depicts the typical moment distribution for the quay wall, given a Mean High Water
and Mean Low Water level.

FIGURE A.2: Quay wall,typical bending moment distribution retrieved from EN-1993-5-Eurocode 3-Part 5
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A.6 Soil characteristics

Figure A.3 shows Various soil types and its different shading as to be found in Amazonehaven
soil condition. The Amazonehaven soil condition is described as Standard to Normal Soil Con-
dition (SNSC).

FIGURE A.3: Shading of soil types from left to right, Silt, Sand, Silty sand, Clay, Peat, retrieved from [62]

Figure A.4, a Cone Penetration Test (CPT) of the governing soil composition in Amazonehaven,
DN92. The soil composition consists of silt, sand, silty sand, clay, and peat. In general, a
combination of cone or toe resistance and shaft friction gives a better insight of the soil type.
Nevertheless, a high cone resistance, in a CPT, usually refers to the sandy soil where a low toe
resistance means a soil with a low bearing capacity such as peat.

FIGURE A.4: Soil composition Amazonehaven, based on CPT-DN92, retrieved from Gisweb Rotterdam

http://www.gis.rotterdam.nl/gisweb2/default.aspx
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A.7 Failure modes

Figure A.5 shows the damage per section, regardless its failure mode. It reveals that sections
19, 18 and 9 have the highest frequency of pile toe failure occurrence of respectively 15.7%,
13.3%, and 8.4%. Therefore, [ 3

20 ] 15% of the quay wall had a Problematic Section (PS). The
collected data by the previous researcher, in stability research, made the analysis possible.

FIGURE A.5: Frequency of pile toe failure

Figure A.6 shows failure modes of deformed pile toe cross-section as observed in Amazone-
haven. The failure modes are developed by analyzing available data and measurements carried
out by the previous researcher, in stability research. It is obvious that one mode is a further de-
velopment of another, e.g., Moon Scorpio (MS) is a mode-development of Moon Cancer (MC).

FIGURE A.6: Failure modes of cross-section of deformed pile toe in Amazonehaven, used Adobe Illustrator
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A.8 Cost of quay wall

Table A.9 shows the cost of constructing the quay wall, calculated based on formula 2.1 and the
Amazonehaven (documentation) both in Euro and Gulden.

TABLE A.9: Cost of quay wall per running meter given a retaining height of 24 meters, 1989 versus 2014

A.9 Dry bulk vessels

Table A.10 depicts the types of vessels, its DWT2-class, its true-DWT-class as used in the cal-
culations. Also, the total number of the vessels in recent years are shown per DWT-class.

TABLE A.10: Specifications of vessels, retrieved from [46]

In the calculations, the storage capacity available at the quay wall is fitted into the vessels in
such a way that two conditions are satisfied, see Appendix D for the conditions.

Table A.11 shows the specific information of various types of dry bulk vessels. The information is
used to calculate the Port Dues (PD) as recommended by Port of Rotterdam Authority (PORA).

TABLE A.11: Specific information of various types of dry bulk vessels, retrieved from PORA

In this table DWT , refers to the type of the vessel. γbt is the toll per type of vessel (BT-size). Dbt
is the BT-size. λ is the changeover percentage. µdb and µodb are the charge rate. γ is the other
wet bulk tonnage. ρdb is the true-DWT class. Ncoal and Niron are the number of vessels entering
the port based on data of 2014.

2Dead Weight Tonnage

https://www.portofrotterdam.com/nl/scheepvaart/havengelden/zeehavengeld
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A.10 Earnings of port

Table A.12 shows the revenues from Leasing Contract (LC) in recent years per square meters.
However, in this calculation the total leasing area of Port of Rotterdam (POR) is kept constant,
based on information available in 2016.

TABLE A.12: Revenues due LC, leasing area based on 2016, retrieved from [46]

Figure A.7 shows the decrease and increase of respectively PD and LC due inflation.

FIGURE A.7: Revenues of (A) PD and (B) LC, taking into account inflation

To calculate the PD, the number of vessels based on 2014 are used. After which, the revenues
due to vessels entering the harbor, are calculated, based on the PORA recommendation. Then,
inflation is taken into account and a back- and forward- calculation is done based on the rev-
enues in 2014. Therefore, both numbers of vessels and dues due to utilizing port facilitations
are kept constant. As the money loses its value over time, a decrease of PD is to be observed
after 2014. An increase in PD is observed in the period prior to 2014, as depicted in sub-Figure
(A) A.7.

To calculate the LC, earnings due leasing the area to the companies, the area is kept constant.
However, a yearly increase in the leasing price per square meter is taken into account. Also, a
yearly inflation is taken into account, as depicted in sub-Figure (B) A.7.



95

Appendix B

AllWave-PDP results

B.1 Soil characteristics

Sub-Figure (A) B.1, depicts the soil Fatigue Factor (FF) based on Alm & Hamre as used in Pile
Driving Prediction (PDP). The pile is vibrated up to -26.5 [m] NAP, after which it is driven further
into Pleistocene layer up to the required depth. The driving level has been 10 [m]. In the first
part, the FF is kept constant because the soil has experienced a vigorous number of blows. The
second stage, when driving takes place, FF is assigned to each soil layer, which varies with soil
type. The last 1 [m], the total soil resistance must be overwin, and soil fatigue is not taken into
account because the soil has experienced fewer numbers of blows.

FIGURE B.1: Left: Soil fatigue model, Right: the sensitivity of steel to TE, retrieved from PDP & [53]

Sub-Figure (B) B.1 shows the steel’s sensitivity due TE. The depicted points A1 & A2 are used
for the pile inhomogeneous strength, see section 7.6, where an increase in temperature
of about 500◦ Celsius reduces locally the stiffness and strength of the pile with respectively
40% and 25%. Points B1 & B2 are used in section Triggers 7.8. In this case, an increase in
temperature of about 660◦ Celsius reduces locally the stiffness and strength of the pile with
respectively 80% and 70%.
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B.2 Blow count

Figure B.2 depicts the predicted number of blows over a depth of 10 meter. The driving with
an impact hammer is modeled at a depth of 21.5 [m] up to 31.5 [m], as has happened in
reality. The predicted blows are given for: (1) different D/t ratios, different soil FF-values and
(3) virgin or compacted soil. The Refusal limit is also depicted as a vertical dotted line. The
prediction showed a clear distinction in virgin and compacted soil regarding the number of blows
for piles with high D/t ratio. Sub-Figure (G) B.2, however, does not comply with this conclusion.
According to sub-Figure (C) B.2, driving would be troublesome at a driving level around 29
meters, in case of a virgin soil for Amazonehaven. If a compacted soil or a higher soil FF-value
is considered for Amazonehaven, then the Refusal limit exceeds earlier in driving stage. When
the number of blows exceeds the R-limit, a driving schedule1 must be used as a guideline to
control the heavy driving [29]. In this fashion, the energy is managed by the operator to achieve
optimum efficiency of the hammer. When heavy driving still occurs the thickness of cushioning
between the hammer and pile head, to protect both hammer and head, must be reduced by the
operator. As a last solution to heavy driving is to change to a heavier hammer. None of these
solutions are taken into account in this study.

FIGURE B.2: Number of blows, legend: compaction-FF-D/t , retrieved from PDP

1(pile) driving procedure



B.3. Maximum driving stresses 97

B.3 Maximum driving stresses

Figure B.3 depicts the maximum driving stress per driving level for different (1) D/t ratios, (2)
FF-value and (3) virgin or compacted soil. It also depicts that driving stresses are far less
than the material’s yield stress given the Amazonehaven soil condition, defined as Standard to
Normal Soil Condition (SNSC).

FIGURE B.3: Maximum driving stress per driving level, legend: D/t-Compaction-FF, retrieved from PDP
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B.4 Detailed PDP

Figure B.4 shows from left to right: maximum driving stress per driving level, number of blows
per driving level, transferred energy per driving level and hammer-induced driving stresses along
the pile for the highest value of maximum driving stress per driving level. Therefore, sub-Figures
(A-C) B.4 are over the depth whereas sub-Figure (D) B.4 is over the pile’s length. It shows that
(1) the driving stresses are high at pile head rather than the toe, (2) the driving stresses are far
lower than the material’s yield stress close to pile toe, given the SNSC. However, the transferred
energy is extremely low. A D100-13 have a hammer energy of about 214 [KJ], but the transferred
energy is much lower than that due to, e.g., the thickness of cushioning. In reality, however, the
cushioning would be replaced to increase the transferred energy which reduces the number of
blows, as well as the operator, manages the energy level per driving level. This study did not
take into account these variables.

FIGURE B.4: Specifications of piling, legend: compaction-D/t-FF, retrieved from PDP
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B.5 Shell bank

Figure B.5 depicts six scenarios of presence of Shell Bank (SB) or a Locally Extremely Hard
Spot (LEHS). The stiff soil layer is either located at toe [SB-toe] or located at Four Spots over
the entire depth [SB-FS]. The calculations are carried out for Amazonehaven case, D/t of 83,
and a soil FF of 0.2 or 0.5, with or without Zero Shaft Friction (ZSF). The maximum driving
stresses per driving level, become very high close to toe, as it was predicted in the fixed end
extreme.

FIGURE B.5: Maximum driving stress per driving level, legend: SB-Location-Compaction-FF, retrieved
from PDP
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Figure B.6 shows from left to right: maximum driving stress per driving level, number of blows
per driving level, transferred energy per driving level and stress development along the pile.
It presents both situations of presence of SB in Four Spots [SB-FS] and SB at toe [SB-toe],
where shaft friction is eliminated2. The stresses close to pile toe as well as along the pile show
extremely high values.

FIGURE B.6: Specifications of piling, legend: compaction-D/t-FF, retrieved from PDP

2ZSF
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Figure B.7 shows from left to right: maximum driving stress-, the number of blows-, transferred
energy- per driving level and development of hammer-induced driving stresses along the pile.
When a SB or a LEHS in combination with a ZSF is modeled, the driving stresses close to pile
toe as well as along the entire pile become extremely high. However, this circumstance could be
defined when a Medium to Hard Soil Condition (MHSC) or Soft Rock (SR) is to be considered
whereas Amazonehaven soil composition could be described as SNSC.

FIGURE B.7: Specifications of piling, legend: compaction-D/t-FF, retrieved from PDP
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B.6 CPT

The Cone Penetration Test (CPT) carried out in the area of Amazonehaven are shown in Figure
B.8. The selection of the CPT is randomly and according to its availability of GEF-format. The
governing soil-profile could be described as the one close to fixed end extreme, which means a
low shaft friction along the pile and a high toe resistance at the embedded depth. It is apparent
that the soil composition of the area is more or less the same when comparing the soil-profiles.
However, DN130, DO73 as well as DN58 show a slightly higher cone resistance closer to soil
surface level. The CPT is also in the vicinity of the area where Problematic Section (PS) are
introduced. However, Research into Pile Toe Failure in Amazonehaven (RIPTFIA) uses values
as high as 500 [MPa] to describe SB as depicted in sub-Figure (B) B.8. In this regard, the
hammer-induced driving stresses close to pile toe was about the material’s yield stress. It is
evident that cone resistance deviation of in between 30-60 [MPa] could not result in such values
of stresses close to pile toe, given the SNSC.

FIGURE B.8: CPT in Amazonehaven, see pile plan-Figure 4.6-Chapter 4, retrieved from Gisweb Rotterdam

http://www.gis.rotterdam.nl/gisweb2/default.aspx
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B.7 Overview results

Figure B.9 shows an overview of maximum driving stress, its associated driving level and its
D/t ratio. The maximum driving stresses per driving level were intended to be used as the initial
load on the pile, Finitial , in the Finite Element Analysis (FEA) program. Afterwards, it was decided
to calculate with a constant initial load, to be able to compare the results.

FIGURE B.9: Maximum driving stress per driving level, legend: FF-Compaction, retrieved from PDP



104 Appendix B. AllWave-PDP results

B.8 Complementary fault tree

The fault tree, Figure B.10, shows an extension of existing one in the literature which does not
discuss the primary pile failure [7]. The fault tree extension is a description of king pile failure
due to failing in maintaining the pile toe integrity. The branches of king pile failure due pile toe
failure are two-folded: its failure within the hammer-pile-soil system and its failure due to its
Management Aspect (MA). The latter focuses on the failure before piling process. In the next
page, the figure is enlarged to assure readability.

FIGURE B.10: Complementary fault tree of a quay wall, used Visio
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FIGURE B.11: Zoomed in complementary fault tree
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Appendix C

SCIA Engineer Results

C.1 Finite element mesh size

The finite element mesh size is often leading for the precision of the acquiring results. In
Research into Pile Toe Failure in Amazonehaven (RIPTFIA), it was observed that with increas-
ing mesh size, finer elements, the Yield Stress Momentum (YSM)-value increased and the
displacements of the pile vertically as well as horizontally decreased. However, a drawback of
finer elements is a more time consuming as well as the more space the solution needs; both
during calculation and for storage of the results [2].

Therefore, it was chosen for a mesh size of 0.142 [m] for the entire 10 [m] of modeled pile
whereas only for imperfection scenarios, the mesh size was selected to be 0.037 [m] at the
discontinuity. In this regard, both a considerable timespan and precision were warranted.

C.2 Non-linear properties

The non-linearity of the material is defined directly in the material library in SCIA. During a linear
analysis, the material will behave elastically. The plastic properties of materials, however, are
generic for any material. Therefore, plasticity could be enabled by selecting the isotropic elasto-
plastic von Mises type of plastic behavior. It corresponds to a bilinear stress-strain relationship,
identical in tension and compression. In the plastic domain, the stress remains constant when
the strain increases, the so-called plastic branch without hardening. Therefore, it should be
controlled whether the strain stays below 0.5% [2].

The other non-linearity feature is referred to as geometrically non-linearity. When a geometri-
cally non-linearity option is enabled in SCIA, the second order effects are taken into account
during the calculation. Non-linear properties could be assigned to the material and the support,
e.g., hinges. However, these properties cannot be assigned to the surrounding soil or so-called
bedding along the pile. As a trick, the non-linearity could be enabled for soil properties when
the surrounding soil is modeled as support. In this report, only physically and geometrically
non-linearity properties for the steel are taken into account.

The main difference between a linear and non-linear calculation is that the non-linear calculation
gives such results of deflections and internal forces for which equilibrium conditions are satisfied
on a deformed structure [2]. In RIPTFIA conducting a non-linear calculation was crucial due toe
extreme folding damage due to plastic deformation of the material. In other words, the stresses
have exceeded material’s yield stress which has led to extreme folding damage.

C.3 Calculation

C.3.1 Direct versus iterative solver

The direct solver should be used only for beam structures (without any 2D members) or planar
structure composed of 2D members (i.e., a plate or a wall). In other cases, the direct solver
should be used as a default solution method. The application of iterative solution depends on
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the total number of nodes, bandwidth and memory size of the particular computer. If the direct
solution leads to an excessive disk swapping, the process is slowed down significantly, and the
iterative solution must be employed [50].

C.3.2 Timoshenko versus Newton-Raphson

The algorithm is based on the exact Timoshenko’s solution of a 1D member. The axial force
is assumed constant during the deformation. Therefore, the method is applicable for structures
where the difference of axial force obtained by 1st order and 2nd order calculation is negligible.
This is mainly true for frames, buildings, etc. for which the method is the most effective option.
The method is applicable for structures where rotation does not exceed 8 degrees. It assumes
small displacements, small rotations, and small strains. Also, it only needs two steps which lead
to a significant effect of the method. The first step serves only for the solution of axial force.
The second step uses the determined axial forces for Timoshenko’s exact solution. The original
Timoshenko’s solution was generalized in SCIA Engineer, and the shear deformations can be
taken into account [2].

The algorithm is based on the Newton-Raphson method for the solution of non-linear problems.
The method is robust for most of the problems. It may, however, fail in the vicinity of inflection
points of loading diagram. This may occur at compressed 1D members subject to small ec-
centricity or small transverse load. Except for this, the method can be applied to a wide range
of problems. It provides a solution of extremely large deformations. The load acting on the
structure can be divided into several steps. The default number of steps is eight. If this number
is not sufficient, the program issues a warning. The rotation achieved in one increment should
not exceed 5 degrees. The accuracy of the method can be increased through refinement of the
finite element mesh or by the increase in a total number of increments [50].

C.4 YSM

The YSM is determined as the point in which the yield stress of the material is reached for the
first time. This point is qyielding divided by qinitial , where qyielding is the factored force applied on the
pile where the yield stress of the material appears for the first time. The qinitial is the initial load
applied on the pile and could be based on the maximum values of driving stresses resulted from
the Pile Driving Prediction (PDP) calculations. Sub-Figure (A) C.1 shows the maximum stresses
per D/t ratio whereas sub-Figure (B) C.1 depicts the development of the driving stresses along
the pile, given the specific driving level where the highest value of driving stress is to be found.

FIGURE C.1: Specifications of piling, legend: D/t-FF-compaction, retrieved from PDP

In RIPTFIA, however, the value of qinitial is kept constant to enable a proper comparison in the
sensitivity analysis.
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Table C.1 shows the factored f , qdriving
qinitial

. Therefore, the maximum hammer-induced driving stress,
σdriving given a D/t ratio of 100 is almost the same as the initial (normalized) load as applied in
the SCIA model.

TABLE C.1: Calculation of factored f , (predicted) driving load divided by initial load, per D/t ratio

In Table C.1, S refers to perimeter of the pile, while L is the length of the pile as shown in Table
A.6 and A.7.
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C.5 Imperfection results

The stress development along the pile due to its discontinuity, regarding imperfection, is pre-
sented as a top view in perspective. For the sake of clarity, close to toe, stress development is
zoomed in and also presented in top view in perspective.

C.5.1 I-toe-0.2·D
Figure C.2 depicts the stress development due to centric loading in the king pile. From left to
right: top view in perspective of stresses in the pile, top view zoom in perspective, top view extra
zoom in perspective.

FIGURE C.2: Stress development in the pile, retrieved from SCIA

Figure C.3 depicts the stress development due to eccentric loading in the king pile. From left to
right: top view in perspective of stresses in a pile, top view zoom in perspective, top view extra
zoom in perspective.

FIGURE C.3: Stress development in the pile, retrieved from SCIA
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C.5.2 I-toe-0.7·D
Figure C.4 depicts the stress development due to centric loading in the king pile. From left to
right: top view in perspective of stresses in a pile, top view zoom in perspective, top view extra
zoom in perspective.

FIGURE C.4: Stress development in the pile, retrieved from SCIA

Figure C.5 depicts the stress development due to eccentric loading in the king pile. From left to
right: top view in perspective of stresses in a pile, top view zoom in perspective, top view extra
zoom in perspective.

FIGURE C.5: Stress development in the pile, retrieved from SCIA
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C.5.3 I-2·D-0.4·D
Figure C.6 depicts the stress development due to centric loading in the king pile. From left to
right: top view in perspective of stresses in the pile, top view zoom in perspective, top view extra
zoom in perspective.

FIGURE C.6: Stress development in the pile, retrieved from SCIA

Figure C.7 depicts the stress development due to eccentric loading in the king pile. From left to
right: top view in perspective of stresses in a pile, top view zoom in perspective, top view extra
zoom in perspective.

FIGURE C.7: Stress development in the pile, retrieved from SCIA



C.5. Imperfection results 113

C.5.4 I-2·D-1.4·D
Figure C.8 depicts the stress development due to centric loading in the king pile. From left to
right: top view in perspective of stresses in the pile, top view zoom in perspective, top view extra
zoom in perspective.

FIGURE C.8: Stress development in the pile, retrieved from SCIA

Figure C.9 depicts the stress development due to eccentric loading in the king pile. From left to
right: top view in perspective of stresses in a pile, top view zoom in perspective, top view extra
zoom in perspective.

FIGURE C.9: Stress development in the pile, retrieved from SCIA
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C.6 Inclination results

The stress development along the pile due to its discontinuity, regarding inclination, is presented
as a top view in perspective. For the sake of clarity, close to toe, stress development is zoomed
in and also presented in top view in perspective.

C.6.1 H-100%-Weak

Figure C.10 depicts the stress development due to both centric and eccentric loading in the king
pile.

FIGURE C.10: Stress development in the pile, retrieved from SCIA

C.6.2 H-100%-Stiff

Figure C.11 depicts the stress development due both centric and eccentric loading in the king
pile.

FIGURE C.11: Stress development in the pile, retrieved from SCIA
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C.6.3 H-50%-Partial

Figure C.12 depicts the stress development due to both centric and eccentric loading in the king
pile.

FIGURE C.12: Stress development in the pile, retrieved from SCIA

C.6.4 H-100%-Partial

Figure C.13 depicts the stress development due to both centric and eccentric loading in the king
pile.

FIGURE C.13: Stress development in the pile, retrieved from SCIA
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C.7 Inhomogeneous results

The stress development along the pile due to its discontinuity, in terms of inhomogeneous
strength, is presented as top view in perspective. For the sake of clarity, close to toe, stress
development is zoomed in and also presented in top view in perspective.

C.7.1 T-toe-0.2·D
Figure C.14 depicts the stress development due to both centric and eccentric loading in the king
pile.

FIGURE C.14: Stress development in the pile, retrieved from SCIA

C.7.2 T-toe-0.2·D
Figure C.15 depicts the stress development due to both centric and eccentric loading in the king
pile.

FIGURE C.15: Stress development in the pile, retrieved from SCIA
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C.7.3 T-toe-0.2·D
Figure C.16 depicts the stress development due to both centric and eccentric loading in the king
pile.

FIGURE C.16: Stress development in the pile, retrieved from SCIA

C.7.4 T-toe-0.2·D
Figure C.17 depicts the stress development due to both centric and eccentric loading in the king
pile.

FIGURE C.17: Stress development in the pile, retrieved from SCIA
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C.8 Triggers

A threesome of triggers: (1) initial imperfection growth, (2) symmetrical imperfection and (3)
extreme imperfection are studied in sections: normal-, symmetrical- and extreme cases.

C.8.1 Normal case

IR-2.23%

Figure C.18 depicts the stress development due to centric loading in the king pile. From left
to right: bottom view in perspective of king pile, a top view of stresses in a pile, top view extra
zoom in perspective.

FIGURE C.18: Stress development in the pile, retrieved from SCIA

IR-7.05%

Figure C.19 depicts the stress development due to centric loading in the king pile. From left
to right: bottom view in perspective of king pile, a top view of stresses in a pile, top view extra
zoom in perspective.

FIGURE C.19: Stress development in the pile, retrieved from SCIA
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IR-11.99%

Figure C.20 depicts the stress development due to centric loading in the king pile. From left
to right: bottom view in perspective of king pile, a top view of stresses in a pile, top view extra
zoom in perspective.

FIGURE C.20: Stress development in the pile, retrieved from SCIA

Deformation

Figure C.21 shows the deformations in the king pile, for aforementioned Imperfection Ratio (IR),
for centric loading.

FIGURE C.21: Deformation in perspective, left to right: IR-3%, IR-8%, IR-12%, retrieved from SCIA
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C.8.2 Symmetrical case

IR-7.05%

Figure C.22 depicts the stress development due to centric loading in the king pile. From left
to right: bottom view in perspective of king pile, a top view of stresses in a pile, top view extra
zoom in perspective.

FIGURE C.22: Stress development in the pile, retrieved from SCIA

IR-14.11%

Figure C.23 depicts the stress development due to centric loading in the king pile. From left
to right: bottom view in perspective of king pile, a top view of stresses in a pile, top view extra
zoom in perspective.

FIGURE C.23: Stress development in the pile, retrieved from SCIA
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IR-14.11%

Figure C.24 depicts the stress development due to centric loading in the king pile. From left
to right: bottom view in perspective of king pile, a top view of stresses in a pile, top view extra
zoom in perspective.

FIGURE C.24: Stress development in the pile, retrieved from SCIA

Deformation

Figure C.25 shows the deformations in the king pile, for aforementioned IRs, for centric loading.

FIGURE C.25: Deformation in perspective, left to right: IR-7.05%, IR-14.11%, IR-14.11%, retrieved from
SCIA
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C.8.3 Extreme case

IR-21.17%

Figure C.26 depicts the stress development due to centric loading in the king pile. From left
to right: bottom view in perspective of king pile, a top view of stresses in a pile, top view extra
zoom in perspective.

FIGURE C.26: Stress development in the pile, retrieved from SCIA

IR-50%

Figure C.27 depicts the stress development due to centric loading in the king pile. From left
to right: bottom view in perspective of king pile, a top view of stresses in a pile, top view extra
zoom in perspective.

FIGURE C.27: Stress development in the pile, retrieved from SCIA
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IR-28.23%

Figure C.28 depicts the stress development due to centric loading in the king pile. From left
to right: bottom view in perspective of king pile, a top view of stresses in a pile, top view extra
zoom in perspective.

FIGURE C.28: Stress development in the pile, retrieved from SCIA

Deformations

Figure C.29 shows the deformations in the king pile, for aforementioned IRs, for centric loading.

FIGURE C.29: Deformation in perspective, left to right: IR-21.17%, IR-50%, IR-28.23%, retrieved from
SCIA
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Appendix D

Cost and revenue results

D.1 Introduction

Appendix D explains the calculations carried out for the post-piling phase. The calculation of
revenues, for both Port Dues (PD) and Leasing Contract (LC) are explained. In this fashion, a
total number of vessels utilizing the harbor in the year 2014 is used. Furthermore, the storage
area taken into account as well as its leasing price per square meter are calculated. Finally,
per scenario, the increase in cost per Percentage Problematic Section (PPS), the reduction in
revenues per PPS, as well as the reduction in Net Present Value (NPV) per PPS are presented.
The latter helps to select one solution over the other in the decision model.

D.1.1 Scenario replacement

The quay wall could partially, at its Problematic Section (PS), be replaced. It is assumed that
these sections are traceable and could be demolished and rebuild. However, the demolition
takes a considerable time, and therefore, the entire quay wall is not operational during the recon-
struction phase, even though only some sections undergo such reconstruction. The rebuilding
of the sections is necessary to sustain the quay wall’s designed performance level.

D.1.2 Scenario early maintenance

Early Maintenance (EM) refers to extra maintenance necessary at PS, given those sections are
traceable, to keep the quay wall operational at its designed capacity. However, the extra main-
tenance is assumed to take a longer period in which the PS of the quay wall is not operational.
Therefore, the quay wall is divided into two parts defined as PS and Other Section (OS). If PS
occurs, EM must be carried out. When OS occurs Regular Maintenance (RM) is required. The
disruption in the operation of the quay wall due RM is assumed to be negligible.

D.1.3 Scenario reduction of storage capacity

Another scenario is to implement a reduction in designed capacity at PS. Therefore, when
Port of Rotterdam Authority (PORA) implements Capacity Reduction (CR), the consequences
of piling disease are reduced. However, it could also be chosen to alternate to store a lighter
dry bulk cargo at the PS.

D.2 Amazonehaven quay wall

Amazonehaven is located at MaasVlakte I (MVI), as shown in Figure D.1. The 900 [m] quay
wall is divided into three parts with slightly a different storage capacity. The parts are shown in
colors, to distinguish its storage capacity and some sections each part concludes. In chapter 4
it was concluded that the PS are sections: 9, 18 and 19. All these sections are in Part 2.
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FIGURE D.1: Aerial photo Amazonehaven quay wall, retrieved from Google maps

Table D.1 shows an overview of the actions to be taken, to counteract the consequences of the
piling disease when piling risk event occurs.

TABLE D.1: Actions to be undertaken per scenario

D.3 Cost of Amazonehaven

Sub-Figure (A) D.2 depicts the storage capacity per section per implemented scenario. In this
fashion, Capacity Reduction (CR) is implemented only at Problematic Section (PS) which is
section 9, 18 and 19. Therefore, a drop in storage capacity is visible. Furthermore, the three
parts as depicted in Figure 8.6, include a different amount of storage which explains the drop
and leap between the parts. It also shows that the storage capacity has a smaller value in PS
when chosen for Early Maintenance (EM)-scenario.

FIGURE D.2: (A) SC per section and (B) PV per section, given three PS
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Sub-Figure (B) D.2 shows the increase in PV due utilizing one of the scenarios of Replacement
(R) or EM. Bear in mind, that the third scenario of CR does not lead to cost increase. Again,
it is assumed that only sections 9, 18 and 19 are identified as PS. It also shows that the cost-
increase due EM are higher than due R, in the PS.

D.4 Revenues of Amazonehaven

Revenues of Amazonehaven are two folded. First, the earnings due Leasing Contract (LC),
leasing land to companies. Second, Port Dues (PD) due vessels entering the harbor, using
the facilities, mooring, etc. The sea-PD are calculated as follow, due to lack of information of
number of vessels mooring at Amazonehaven,

the total amount of the dry bulk is fitted to the DWT1-class of the vessels entering
the Port of Rotterdam (POR).

The PD are among other variables dependent on the DWT-class of the vessels. After which,
the sea-PD are calculated based on a five-step calculation used by Port of Rotterdam Authority
(PORA). In this calculation, based on 2014, only the inflation is taken into account. However, for
LC-calculation, both inflation and a yearly increase in leasing price is taken into account, due to
availability of information.

D.4.1 Deep sea vessels

4% of all vessels are bulk carriers. According sub-Figure (A) D.3, the total number of dry bulk
carriers is 450 and 401 for respectively iron ore and coal transshipment, based on data from
2014. Sub-Figure (B) D.3 reveals information about the amount of dry bulk cargo.

FIGURE D.3: (A) Number of dry bulk vessels and their type, (B) amount of dry bulk, retrieved from [46]

The total number of vessels carrying dry bulk per DWT-class is given in Table A.10, in appendix
A, based on 2014 and 2015. However, specific information for dry bulk vessels carrying iron
ore or coal is not retrievable. Furthermore, specific information of mooring vessels to Amazone-
haven is not retrievable. Therefore, in the first step, the sea-PD are calculated for the entire
POR.

In total 9 different types of vessels, are entering the harbor of Rotterdam. The DWT-class
as provided has a wide range, whereas the true-DWT-class refers to the one as used in the
calculations.

1Dead Weight Tonnage
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Calculation seaport dues

The idea behind calculation of the sea-PD is to consider the entire revenues for the total number
of dry bulk vessels. After which the number of vessels needed for the amount of dry bulk which
could be stored in Amazonehaven (Part 1-Part 2-Part 3) are calculated. In this regard, following
conditions must be fulfilled:

∑
Ti · ρdb−i · Ni = Tamount−cargo [ton] (D.1)∑

Ni ≤ T#−vessels [#] (D.2)

Formula D.1 must be equal to total amount of cargo, where Ti is the DWT-class of the vessel
and ρdb−i , Ni are respectively the tonnage dry bulk the vessel could carry and the number of
vessels of that specific DWT-class. Formula D.2 is the condition, in which the Ni per DWT-class
should not exceed the numbers as stated in Table A.10. In other words, the vessel must be an
existing type, and the number of that specific vessel must be according to the records of PORA.

By using the boundary conditions above, formula D.1-D.2, the exact number of vessel and its
type is calculated for Amazonehaven. The PD to be received by PORA is presented, according
PORA’s calculations, in Table A.11. Finally, the PD per type of vessel is calculated as shown in
Table D.2.

TABLE D.2: Specific information of various types of dry bulk vessels, based on calculation of [46]

It is, however, evident that this method, using the boundary conditions, could have different
results as the conditions could be fulfilled in many ways. Bear in mind, that the calculation of
revenues due a total number of vessels entering the Amazonehaven is based on information
of 2014. Furthermore, the number of vessels is kept constant throughout 1989-2038, and only
inflation is taken into, see appendix A.

D.4.2 Leasing land

The second significant revenues for PORA is to lease the land to companies established in
the area. Table D.3 reveals information about the characteristics of three parts as identified in
Amazonehaven, such as its length, width and surface area. The storage capacity is also shown
per part.

TABLE D.3: Specification of storage area in Amazonehaven, retrieved from Google maps
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Calculation leasing contracts

Table D.4 reveals the calculation of revenues due to leasing land, for Amazonehaven area,
based on 2014. In this calculation, the leasing area is kept constant according to information
available in 2016. Therefore, the leasing price is about 5.52 [ACm2 ] and for the entire area of
Amazonehaven brings a revenue of about AC 1.33 million, when the sections are fully utilized.

TABLE D.4: Specification of maximum revenue per LC in Amazonehaven, FC scenario, retrieved from [46]

However, given PS, compensation is taken into account for the companies regarding not fully
functioning of the quay wall. Therefore, the companies pay a percentage of the full amount per
square meter. A not fully functioning quay wall leads to Loss of Earnings (LOE) for PORA.

D.4.3 Calculation of NPV

Net Present Value (NPV) is a summation of costs and revenues. Sub-Figure (A) D.4 shows a
yearly growth of Leasing Contract (LC) per square meters, expressed in a linear line. Following
this linear line means that in 1989, the revenues due LC are negative. Therefore, it is assumed
that the revenues are kept at 2 [ACm2 ] if the values are smaller than that value. Sub-Figure (B) D.4
shows the fluctuations due inflation from 2000-2038 for both Port Dues (PD) and LC, as used in
the calculations.

FIGURE D.4: Left:LC revenues and Right: inflation, retrieved from [26]

Linear growth is only taken into account for LC due to available information. However, the
storage area is kept constant. In case of PD, there is no linear growth. In the calculation of PD,
the storage area is kept constant as well as the number of vessels. After which, the revenues
due PD are calculated for the years before 2014 and coming years after 2014, based on 2014.
A drawback is that, e.g., some DWT-class of vessels as used in the calculations could not be
used in 1989 because those vessels did not exist back then.

D.4.4 Facts and figures

Table D.5, shows the amount of Present Value (PV) based on formula 2.1 or Amazonehaven
(documentation), for both iron ore and coal. Furthermore, the amount of revenues per PD or
LC, for both iron ore and coal are given. Finally, the summation of both PV and revenues leads
to NPV, which is based on formula 2.1 or Amazonehaven (documentation), for both iron ore and
coal. Therefore, when the full capacity of the Amazonehaven is used, a NPV of AC 363 million is
expected, for both iron ore and coal.



D.4. Revenues of Amazonehaven 129

TABLE D.5: Comparison of NPV = PV + R values based on formula 2.1 and Amazonehaven (documenta-
tion) [39]

D.4.5 LOE per scenario

Figure D.5 shows the Net Present Value (NPV) for storage of iron ore and coal as calculated for
a period of 50 years, 1989-2038, for different scenarios for increasing Percentage Problematic
Section (PPS). It shows that when full capacity of the quay wall is utilized, 0% PPS, the NPV
has an amount of AC 361 million, given the entire period of 1989-2038.

FIGURE D.5: NPV due increasing PPS of the quay wall, based on formula 2.1

Furthermore, given a PPS of 20%, the best option is to select for the Capacity Reduction (CR)
scenario to acquire the highest value for the NPV. It also remains the best solution, given a
100% of PPS. Furthermore, comparing the NPV of iron ore and coal, the revenues increased
by 38%, 2.82

2.04 , when altering from a heavy material to a light material, given a 100% PPS.
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D.5 Stakeholders

The stakeholders in Port of Rotterdam (POR), are defined based on the functions assigned to
quay walls in the area. Figure D.6 shows the storage function per area for the entire port. The
functions are: containers, dry bulk, refinery, wet bulk, distributions spots and other activities.
The Amazonehaven quay wall is mainly home to containers, dry bulk, and refinery. A total
number of 17 locations are used to store dry bulk goods over the entire harbor.

FIGURE D.6: Port of Rotterdam and its functions, retrieved from [46]

In Research into Pile Toe Failure in Amazonehaven (RIPTFIA), instead of fitting the right number
of vessels and the correct type of vessels to each area, the revenues due Port Dues (PD)
given the entire number of dry bulk vessels were calculated. After which, the revenues were
multiplied by a reduction factor, PDtotal

PDAmazonehaven
. Where, PDtotal refers to total revenues for a total

number of dry bulk vessels, whereas PDAmazonehaven refers to a total number of vessels using
the Amazonehaven basin. In this fashion, the PDAmazonehaven = PDtotal · AAmazonehaven

Atotal
, whereas

AAmazonehaven is the three storage parts available in Amazonehaven and Atotal is the total storage
area for dry bulk available in the entire POR.
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Extended summary

E.1 Introduction

Research into Pile Toe Failure in Amazonehaven (RIPTFIA) focuses on the causes of pile toe
failure of primary king piles. It also studies the Management Aspect (MA) of the pile toe failure.
In other words, the environment around the failure.

The quay wall consists of a combined wall system and a system of foundation elements. King
piles are primary elements within the combined wall system, which function as bearing and
retaining elements [19]. The quay wall of Amazonehaven consisted of twenty sections with
a length of 45 [m] [48]. After recent removal of the quay wall, due to new safety regulations
imposed by Port of Rotterdam Authority (PORA), it was observed that up to 20% of the piles
were severely damaged close to pile toe [37]. Figure E.1 depicts significance damage to primary
king piles, in one section.

FIGURE E.1: Pile toe failure in Amazonehaven in one section, retrieved from [6]

E.2 Problem description

The Amazonehaven quay wall structure was designed based on the static load, EAU1 regula-
tions [48]. The static load, permanent and variable structural load, is transferred via the quay
wall’s foundation elements to deep soil layer with enough bearing capacity. The occurrence of
pile toe failure described as a piling disease if not cured will cause troublesome impact driving.
In other words, regardless pile toe failure consequences during the technical lifetime of the as-
set, regarding its stability, etc.; it will also negatively affect the driveability, blow count, driving

1Empfehlungen des Arbeitsaussschusses Ufereinfassungen (EAU)
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time, etc. during installation. Therefore, pile toe failure will manifest itself in financial burden to
both client and contractor in the short- and long- run.

E.2.1 Hypothesis

The occurrence of pile toe failure in Amazonehaven, given static-based design, raises the fol-
lowing hypothesis:

Hammer-induced driving stresses are extremely high close to pile toe, exceeding
material’s yield stress which clarifies extreme folding damage.

E.3 Scope

The main loads acting on the king piles are; (a) static load to be transferred to the subsoil during
the asset’s technical lifetime, (b) dynamic load to bring the king pile up to its designed depth.
The latter happens partly by vibratory hammers and partly by impact hammers. RIPTFIA fo-
cuses on studying the dynamic load on the king pile because of: (1) uniaxial direction of the
extreme folding damage close to pile toe which points out piling to be funest to maintain pile
toe integrity, (2) pile dimensioning was based on static load and yet pile toe failure have had
occurred, (3) the design of the quay wall was strategically based on a higher static load than it
would have occurred (intended to be used), yet, pile toe failure have had occurred.

Furthermore, the research is divided into two parts of technical- and management- part. In the
first part, the causes of pile toe failure within the hammer-pile-soil system are studied. In the
second part, the remedies to either prevent the pile toe failure or to cope with its consequences
when pile toe failure occurs are outlined. The second part also includes a decision model to
select the economic solution to counteract the consequences of piling disease.

E.4 Results

The results of the research are divided into technical part and management part. The technical
part of the research studies the reasons of pile toe failure in a hammer-pile-soil system, to un-
dermine the leading causes of the failure in Amazonehaven.

The central question is:

• What are the causes of pile toe failure in Amazonehaven?

The management part studies the environment around the pile toe failure. It introduces piling
risk event and the occurrence of the failure as a piling disease. Therefore, conventional as well
as creative remedies are recommended to be implemented in the current procedures in the
piling industry. The remedies cover both pre-piling and post-piling phase as well as its financial
consequences.

The central question is:

• What are the remedies to prevent pile toe failure?

E.4.1 Technical part

Analysis of the hypothesis

The stress development along the pile in a hammer-pile-soil system is studied to investigate the
earlier mentioned hypothesis. The prediction program2 enables studying pile driveability. The
program uses wave equation theory taking into account the hammer-pile-soil interaction. There-
fore, the magnitude of driving stresses, stress development along the pile as well as the number

2Pile Driving Prediction (PDP)
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of blows to bring the pile to the designed depth, are the outputs necessary for this research. It
is shown that given the Standard to Normal Soil Condition (SNSC) of Amazonehaven described
as a not too dense sandy subsoil; the driving stresses are as high as about 210 [MPa], which is
about 60% lower than the material’s yield stress. Therefore, it could be concluded that hammer-
induced driving stresses are not exceeding material’s yield stress close to pile toe. In other
words, given a SNSC, the failure has not been caused by the dynamic load. However, in case
of a Medium to Hard Soil Condition (MHSC); it is shown that hammer-induced driving stresses
are as high as above the value of material’s yield stress.

Figure E.2 shows the characteristics for SNSC, given a D/t ratio of 83, where D is the diameter
and t is the thickness.

FIGURE E.2: Specifications of piling in SNSC, legend: D/t-83-Compaction-FF, retrieved from PDP

From left to right: Maximum driving stress per driving level, number of blows per driving level,
transferred energy per driving level are given. At right, hammer-induced driving stresses along
the pile are depicted for the driving level where the highest value of maximum driving stress
occurs.

Figure E.3 shows the characteristics for MHSC, given a D/t ratio of 83, where D is the diameter
and t is the thickness.

FIGURE E.3: Specifications of piling in MHSC, legend: D/t-83-Compaction-FF, retrieved from PDP

From left to right: Maximum driving stress per driving level, number of blows per driving level,
transferred energy per driving level are given whereas at right; hammer-induced driving stresses
along the pile are depicted for the driving level where the highest value of maximum driving
stress occurs.

However, prior construction of the Amazonehaven (old) quay wall, a thorough soil investigation
was carried out with both in-situ and drills [40]. The soil investigation did not show any presence
of existence of Locally Extremely Hard Spot (LEHS). Therefore, the driving is believed to have
occurred in a SNSC described as predominantly sandy subsoil that was not particularly dense.
Therefore, the hypothesis is not valid in case of Amazonehaven.



134 Appendix E. Extended summary

Classifications of failure sources

The quest for causes of pile toe failure in Amazonehaven continues. In this regard, the causes
to pile toe failure are pursued within the dynamic- geometric- and geologic- sources of failure.
Figure E.4 shows an overview of the failure sources within the mentioned categories.

FIGURE E.4: Overview of sources of failure of pile toe

Where existence of Zero Shaft Friction (ZSF) and Locally Extremely Hard Spot (LEHS) is also
studied. After studying the aforementioned, possible causes to pile toe failure, the main reasons
to pile toe failure in Amazonehaven are discussed to be: initial imperfection, pile inclination
and temperature.

Sensitivity analysis

The main objectives to study pile’s behavior in SCIA3, given a (static)load-pile-soil system, is to
conduct a sensitivity analysis:

1. for the effect of pile imperfection (initial dent) which covers the initial imperfection

2. for the effect of non-uniform soil (stiff and weak) around the pile as well as at the toe, which
covers the pile inclination

3. for the effect of eccentric impact hammering as well as centric impact hammering due to
pile driving with an inclination, which covers the pile inclination

4. for the effect of a local Temperature Elevation (TE) in pile, which covers the temperature

The study introduces four terminologies essential to understand the results as briefly explained
below:

3Finite Element Analysis (FEA) program
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• Yield Stress Momentum (YSM) refers to the point where the pile locally reaches its mate-
rial’s yield stress due increasing (static) load

• Imperfection Ratio (IR) refers to existence of any initial dent, where IR = 1 is a perfectly
rounded pile toe

• Homogeneity Ratio (HR) refers to existence of any non-uniform soil at pile toe, described
as stiff and weak soil, where HR = 1 means a homogeneous (stiff) soil properties at pile
toe

• TE refers to a local temperature increase due to generated high friction during piling

Sub-Figure (A-C) E.5 shows the YSM plotted against IR, HR and TE, for centric loading on the
pile. Sub-Figure (D-E) E.5 shows the same for eccentric loading on the pile. As mentioned
earlier, YSM or qyielding

qinitial
is the point where the pile locally reaches its material’s yield stress due

increasing (static) load. The sooner, the segment has reached its material’s yield stress, the
more prone to extreme folding damage it is. In this fashion, the plastic behavior of the steel is
taken into account.

FIGURE E.5: YSM for centric loading (A)-(C) and eccentric loading (D)-(F), retrieved from SCIA

It is concluded that pile toe failure of Amazonehaven is most probably caused by (1) initial
imperfection. The FEA study revealed that YSM is more sensitive to any initial imperfection.
In this analysis, it is shown that the YSM regarding IR decreases more drastically compared to
YSM regarding HR. YSM regarding TE has the lowest effect on the pile’s behavior up to 500◦,
out of the three.

E.4.2 Management part

Moreover, if the failure does not endanger the stability of the entire quay wall; its consequences
might force actions to be taken. These consequences could be manifested in, e.g., large set-
tlements of the quay wall. In case of large settlements due extreme folding damage, of king
piles close to toe; counteractions are required to be undertaken. Therefore, extreme folding
damage must be introduced as a piling risk event. The risk could be avoided by reducing
the risk’s -probability or -consequences when the risk event occurs. To reduce the probability
of the risk event, process-based alternatives are introduced, and extra costs must be consid-
ered. To reduce the consequences of the risk event, however, three primary actions could be
taken: Replacement (R), Early Maintenance (EM), and Capacity Reduction (CR). Thus, either
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the probability of the risk event is diminished before piling, or the consequences of the risk
are reduced during the asset’s technical lifetime. For the latter, a decision-model is introduced
based on the Net Present Value (NPV) per scenario per increasing Percentage Problematic
Section (PPS). In this way, the Loss of Earnings (LOE) for Port of Rotterdam (POR) are calcu-
lated due pile toe failure, given that the failure could force the authorities to take actions.

Piling risk event

The occurrence of extreme folding damage, given piles with high D/t ratio must be avoided to
warrant the functioning of the quay wall during its technical lifetime. Therefore, acknowledging
the piling risk event gives the opportunity to discuss remedies to this piling disease. Bear in mind
that when piling disease is not treated appropriately, it will lead to heavy piling during installation
as well as its probable consequences during asset’s technical lifetime. Therefore, remedies are
to be found within two phases of (1) pre-piling and (2) post-piling. Pre-piling phase refers to
procedures before installation as well as installation activity. The latter, post-piling, refers to the
entire phase of asset’s technical lifetime.

Pre-piling remedies

The management aspects of the pile toe failure adds a 4th dimension to dynamic-, geometric-
and geologic- failure sources of Amazonehaven. The management aspects study the proce-
dures prior piling as well as piling activity. In this fashion, solutions are contrived for king piles
from its starting point to its destination. The three categories are (1) data collection, (2) pre-
installation and (3) installation. The main process-based alternatives are:

Data collection

• Sufficient soil investigation

• Utilizing a piling prediction program

• Carrying out pile tests

• Carrying out back-analysis to fit prediction to measurements

• Selecting a correct impact hammer

Pre-installation

• Utilizing Just in Time (JIT) (delivery) system for king piles

• Using Azobé cover to protect pile head and pile toe during storage/transport/uplifting

• Executing with care and precision during uplifting/transport
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Installation

• Utilizing stiffening rings at pile toe, jetting during piling

• Drilling before piling [58]

• In situ checks of Out of Roundness (OOR) of the pile toe

• Executing with care and precision during installation

• Using a monitoring system to warrant pile toe integrity during piling

• Using driving procedure

Post-piling remedies

Post-piling remedies are to reduce the consequences of pile toe failure, which might manifest
itself in locally large settlements as well as stability issues regarding the entire structure. Stability
research has shown that due to pile toe failure: (1) the soil displacement increases by a factor
3, (2) the moment on the combined wall increases by a factor 1.8 and (3) the anchor force
reduces by a factor 0.4 [37]. Furthermore, it is observed, during the technical lifetime of the
(old) quay wall, that due overloading one of the twenty sections has settled about 50 [mm] [40].
Therefore, assuming that pile toe failure both: (a) negatively affects the structure during its
technical lifetime, and (b) the Problematic Section (PS) with a high frequency of pile toe failure
are traceable; a decision model could be presented to Port of Rotterdam Authority (PORA).
The decision model, based on NPV, provides a platform to select the most economical remedy
between scenarios mentioned above. The NPV is calculated per scenario per increasing PPS
as depicted in Figure E.6.

FIGURE E.6: NPV due increasing PPS per scenario, based on formula 2.1

Therefore, the consequences of pile toe failure manifest itself in revenue reduction and cost-
increase if chosen for one or another scenario. The most economical option remains implemen-
tation of Capacity Reduction (CR), for the Problematic Section (PS). Furthermore, comparing
sub-Figure (A) E.6 to sub-Figure (B), it is more economical to change the storage function of
the quay wall, heavy storage to light, to reduce the Loss of Earnings (LOE) due pile toe failure.
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E.5 Conclusions

The main conclusions are:

• hammer-induced driving stresses are lower than material’s yield stress, and are not the
leading cause of extreme folding damage.

• extreme folding damage is shown to be caused by pile imperfection, pile inclination
and pile inhomogeneous strength, The leading cause is shown to be pile imperfection
which refers to initial dent at pile toe to be worsened during piling.

• piling disease is to be prevented in pre-piling phase, while it has minimum financial con-
sequences.

• the consequences of piling disease could be reduced in post-piling phase, while it has
maximum financial consequences.

E.6 Recommendations

The main recommendations are:

• match the prediction results to (pile) driving analysis carried out in 1990. Research into
Pile Toe Failure in Amazonehaven (RIPTFIA) showed that pile-advancement is to be trou-
blesome at the last meters of driving, exceeding the threshold-value, given a virgin soil.

• study the combination of the three leading causes to pile toe failure as presented.

• study the development of pile toe failure, in a dynamic concept, given the scenarios (1)
Standard to Normal Soil Condition (SNSC) for virgin and compacted soil if pile has no
initial dent, (2) SNSC and Medium to Hard Soil Condition (MHSC) if pile has an initial
dent.

• research creative solutions to piling disease in pre-piling phase.
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Abstract
Extreme folding damage of open-ended tubular piles could occur during piling in onshore practices. Amazone-
haven unique quay wall removal gave the opportunity to study king pile’s failure close to toe. King piles are
primary piles in a combined wall system, exposed to static and dynamic load. It is argued that the unexpected
pile toe failure have been caused by dynamic load because of the uniaxial direction of the extreme deformations.
However, research into pile toe failure in Amazonehaven shows that hammer-induced driving stresses are
significantly lower than material’s yield stress close to pile toe, given Amazonehaven soil conditions. Therefore,
the dynamic load has not been solely detrimental to the pile toe integrity. The main reasons for pile toe failure
are discussed to be (1) initial dent and (2) pile inclination. Bear in mind that, pile toe failure to such extent when
not limited might lead to dysfunction of the asset during its technical lifetime. Therefore, counteractions must be
taken to assure quay wall’s safety and stability while operating. The remedies when such a piling risk event occur
could be: replacement, early maintenance, or a reduction in its designed storage capacity. The reactive solutions
will bring financial consequences of pile toe failure forward. In other words, the client will experience a reduction
in its revenues due to asset’s malfunction. However, when proactive process-based alternatives are implemented
in the current procedure in piling industry, the probability of occurrence of the failure is to be reduced.

Keywords
extreme folding damage — Amazonehaven — piling — driving stresses — open-ended tubular king piles

1. Introduction
After removal of the quay wall in Amazonehaven, it was
observed that the king piles, primary elements in a combined
wall system, were significantly damaged. The king piles were
damaged at the pile toe and close to pile toe as depicted in
Figure 1.

Figure 1. Pile toe failure in Amazonehaven

This paper aims to study the reasons of pile toe failure,
technical part, and its financial consequence of such a failure,
in management part.

2. Background

2.1 Relieving platform quay wall structure
A relieving platform quay wall structure is a frequently applied
construction type in the Netherlands. This type of structure
is applied to reduce the forces on the underlying retaining
wall, combined wall, and the tensile forces in the foundation.

The relieving platform quay wall structure consists of pri-
mary (king) piles which transfer the forces to the subsoil and
anchors the system with the tension piles; the secondary inter-
mediate sheet piles are placed between the primary king piles
[2]. The concrete bearing piles are transferring the forces from
the relieving platform into the strata capable of taking those
forces. Figure 2 gives an impression of the Amazonehaven
quay wall.

Figure 2. Amazonehaven relieving platform quay wall
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2.2 Removal
Amazonehaven in Port of Rotterdam (POR), a deep seaport,
has partly been demolished to widen the port entrance. The
widening of the harbor was an inevitable decision to enable
a continuous facilitation for ultra large vessels, due to new
safety regulations imposed by the Port of Rotterdam Authority
(PORA) [1].

2.3 Observations
After removal of open-ended tubular piles and the intermediate
sheet piles, throughout 2011-2013, a mysterious observation
was recorded by the staff. Both primary and secondary piles
were significantly damaged at a location close to pile toe. The
damages could be identified as (1) extreme folding of pile toe,
(2) completely closed pile toe, (3) ovalisation at pile toe. It is
estimated that about 15% to 20% of a total number of primary
piles were damaged in the axial direction. For secondary sheet
piles, this percentage is as high as 50% [7].

Furthermore, scorched sand at pile toe was observed which
reveals the occurrence of a Locally Extremely High Tempera-
ture (LEHT) of about 400◦-500◦ [7]. The heat is generated by
high friction between soil and pile which could only happen
during (pile) driving activity.

2.4 Execution work
The primary piles were partly vibrated and partly driven with
an inclination of 5:1 (11.3◦). It is common to vibrate up to
the Pleistocene layer, and afterward to drive the piles up to
its required depth. A combination of vibratory drivers and
impact hammer driving is more practical, saves time and ef-
fort and enables obtaining an adequate soil bearing capacity
[13]. The vibration of the piles occurred with an RBH 160
vibrator, 1600 [kN]. The driving, more or less the last 10 [m],
occurred with a diesel hammer D62 in commence and later
with a heavier D100 diesel hammer [8]. The change of ham-
mer happened after carrying out a (pile) driving analysis, in
1990. The analysis showed that a D/t1 ratio of 93, is driveable
with a diesel hammer D100 as well as D82, given Amazone-
haven soil condition described as Standard to Normal Soil
Condition (SNSC).

The inevitable hammer change reduced blows up to 400
per 25 centimeters to below the threshold value of 300 per
25 [cm]. This threshold is set to minimize damage to both
hammer and pile. The associated driving time was about 8
hours, however, using a diesel hammer D100, driving time
reduced to 1 to 2 hours and blow counts remained between
70 to 120 strikes per 25 [cm] [13]. The drawback of hammer
alternation during execution work was apparently both a halt
in execution work for nearly two weeks and a probable soil
set-up occurrence. Soil set-up refers to soil reaching its full
capacity which makes redriving troublesome.

11420 [mm] x 15 [mm]

Furthermore, it was mentioned that in 1990 when pile ad-
vancement stopped with a diesel hammer D62; the contractor
was forced to pull out the pile. In that specific event, the pile
had a complete harmonica shape close to pile toe [J. de Gijt,
personal communication]. Also, due to pressure to realize the
project as fast as possible, the old quay wall, many miscommu-
nications did occur [J. de Gijt, personal communication and
[15]]. Other than this, no driving difficulties were reported
during pile installation.

2.5 Major events
Two main events have taken place in the short (25 years)
technical lifetime of the asset. First, immediately after con-
struction interlocks openings did occur (between the sheet
piles and tubular piles), second; due to overloading of one
section (out of 20), settlement of 50 [mm] has occurred [3].

2.6 Stability of the quay wall
A Recent study has shown that the stability of the quay wall
has not been endangered given a significant damage of the
king piles close to toe [3]. In this study, the open-ended piles
were designed into PLAXIS. It shows that the moment (lateral
soil load) on the combined wall increases by 1.4 and the
anchor force reduces by 0.8 due extreme folding damage. Also,
the soil displacement increases by a factor 3. Nevertheless,
the entire structure would have remained stable, if it was
not demolished, for a certain period [3]. The main reasons
as mentioned in the stability study are: (1) the quay wall’s
design is based on a deterministic (conservative) approach, (2)
in front of the quay wall the contract depth is reached and not
the designed (deeper) depth, (3) the quay wall has not been
fully utilized during its technical lifetime and (4) the quay
wall was strategically designed for a higher static load than it
was intended to be used for [5].

2.7 Failure modes
The available data about the extreme folding damage of tubular
king piles, photos and measurements, are analyzed, and modes
of failure are introduced. Figure 3 depicts a cross-section
of deformed pile toe, as observed in Amazonehaven. The
four popular failure modes have the highest frequency of
occurrence among the twelve failure modes, identified in this
study.

Figure 3. Cross-section of deformed pile toe

2.8 Loads
The main loads on a quay wall are: structural- and installation-
loads. The first refers to the loads which are present during
the technical lifetime of the asset. The latter refers to the loads
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being applied on the pile during piling 2. This paper focuses
on the dynamic mold of load, during piling, because of the
uniaxial direction of the extreme folding damage close to pile
toe.

3. Research methodology

3.1 Introduction
The research methodology of pile toe failure includes both
technical part as well as the management aspects of the failure.

3.2 Technical part
The technical part includes both Pile Driving Prediction (PDP)
and SCIA Engineer. PDP is a one-dimensional program
where the hammer-pile-soil interaction could be studied. After
which, general reasons of pile toe failure, within the hammer-
pile-soil system, are clustered and categorized. Then, the
main probable causes of pile toe failure in Amazonehaven, are
studied by SCIA which is a Finite Element Analysis (FEA)
program. SCIA enables carrying out a sensitivity analysis
given the (static)load-pile-soil interaction.

3.2.1 PDP
AllWave PDP is a prediction program to study the driveability
of the primary pile within the hammer-pile-soil system. To
this end, the program uses the stress wave theory, to simulate
the pile behavior during driving [14]. Therefore, displace-
ments and forces of the hammer, the pile, and the soil during
pile installation are determined. The inputs are about, hammer
characteristics, pile dimensions, and soil characteristics [6].
The outputs are: Soil Resistance to Driving (SRD), driving
time, soil fatigue, stress development along the pile and the
number of blows required to bring the pile into its embedded
depth. It, therefore, helps the designer to select a suitable ham-
mer with hammer-induced driving stresses below material’s
yield stress and the number of blows below refusal thresh-
old. In this fashion, the pile toe integrity during piling is
maintained, as well as both the hammer and pile head are not
damaged.

3.2.2 SCIA Engineer
SCIA Engineer is an integrated, multi-material structural anal-
ysis and design software for various types of structures. In
SCIA, it is possible to carry out a calculation which takes
into account the (non-linear) plastic behavior of the steel. It
is assumed that extreme folding damage has occurred due to
development of high stresses, exceeding the material’s yield
stress. Moreover, SCIA enables studying pile’s behavior tak-
ing into account geometrically non-linearity.

3.3 Management part
The management aspects of the pile toe failure needs a liter-
ature study, introduction of a piling risk event, and a search
for remedies in pre-piling and post-piling phase. Further-
more, a decision model helps the client to select the optimum,

2pile driving activity

economic, solution when the risk event occurs. To make a de-
cision, an economic evaluation of different technical designs
must be available. To do so, several methods are available.
The Net Present Value (NPV) is a simple and widely used
method which discounts the costs and revenue flow for a
project based on the technical lifetime of the asset and the
interest rate at the Present Value (PV) [10]. In this method,
financial aspects of the infrastructural projects are evaluated,
including its construction, maintenance, and demolition cost.
When NPV > 0, profit is generated meaning the project is
worth starting, and its financial feasibility is warranted. There-
fore, the Total Cost (TC) could be expressed as [10]:

TC = I0 +∑Mi +D (1)

Where the I0 is the initial costs of construction. The main-
tenance cost, ∑Mi are those which must be met to ensure
that the required functionality is maintained per year. The
last term, D, is demolition cost which arises at the end of the
technical lifetime of the asset.

4. Analysis

4.1 Introduction
The analysis of pile toe failure includes both technical parts
as well as the management aspects of the piling disease.

4.2 Technical part
The technical part, includes both PDP and SCIA. The fail-
ure sources are studied within a hammer-pile-soil system.
Therefore, the failure has a dynamic-, geometric- or geo-
logic- nature.

4.2.1 PDP
(a) soil compaction due vibration; more soil resistance to

pile driving is generated, which reduces the downward
wave stresses. Therefore, the hammer-induced driving
stresses close to pile toe are less than material’s yield
stress. Figure 4 shows (B) the number of blows over the
entire driving depth, given the threshold (R), for both
virgin or compacted (15%) soil. The Fatigue Factor (FF)
due piling, degradation of the soil resistance, is 0.2. Due
to compaction, the piling becomes troublesome3, if not
impossible.
Figure 4 shows (D) the hammer-induced driving stresses
over the entire length of the pile. The compaction does
not affect stress-development along the pile, signifi-
cantly.

(b) pile inclination could cause unequal load distribution
due to eccentric impact force at pile head. Therefore,
another stress-development is to be expected along the
pile.

(c) Zero Shaft Friction (ZSF) simulates piling while shaft
friction is completely eliminated. A ZSF circumstance

3heavy piling
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Figure 4. Piling prediction for a D/t-83, FF-0.2

could happen in case of (pile) stagnation & continuous
driving.

(d) hammer selection is quite important to ensure sus-
tained driving. For Amazonehaven, a D62 hammer
did not comply within the ranges of minimum and max-
imum hammer energy [4].

(e) driving stresses are about 60% lower than the mate-
rial’s yield stress (483 [MPa]) close to pile toe, for
Amazonehaven SNSC. However, in case of Medium
to Hard Soil Condition (MHSC), the stresses are ex-
tremely high close to pile toe as depicted in Figure 5.

Figure 5. Piling prediction for a D/t-83, virgin, FF-0.2

(f) temperature reduces both strength and stiffness of the
steel which makes it less resilient to folding. The tem-
perature elevation is argued to be caused by a high
friction between soil and pile. A local Temperature Ele-
vation (TE) together with, e.g., an initial imperfection
will be detrimental to maintain pile toe integrity during
piling.

(g) initial imperfection leads to pile toe failure, in terms
of extreme folding damage when it is accompanied
with a Locally Extremely Hard Spot (LEHS). In case
of sustained driving, unequal soil distribution inside
& outside occurs, which leads to a gradual inwards
deformation due to clamped solid soil next to pile toe.
Figure 6 shows, the imperfection as modeled in SCIA
and its final deformation.

(h) plugging refers to the dimension of the pile which fos-

Figure 6. Top view pile, initial dent and its final deformation

ters a plugged response of the pile. The dimension
of Amazonehavne’s piles is argued to be significantly
large which does not facilitate plugging. Plugging is,
therefore, not taken into account.

(i) steel fatigue appears when the number of blows be-
come extremely high. However, the head of the pile is
more sensitive to fatigue rather than the toe, because
the driving stresses at the toe are shown to be less than
at head in SNSC. Therefore, it is argued that the steel
fatigue not lead to pile toe failure as there is no docu-
mentation of extreme deformation at pile head. Fatigue
of the material is not taken into account.

(j) fabrication of the piles could affect material’s response
to unevenly distributed stresses. This study does not
take fabrication into account.

(k) plugging becomes problematic in cohesive soil proper-
ties, where the soil inside the pile acts as a rigid body.
Amazonehaven, sandy soil, does not foster the plug
phenomenon.

(l) LEHS is detrimental to pile toe and could have caused
pile toe failure. A combination of LEHS and initial
(dent) imperfection will worsen the extent in which pile
toe failure occurs.

(m) pile inclination refers to a non-uniform soil property
(stiff and weak) at the toe as depicted in Figure 7. Pile
inclination is assumed to exacerbate the occurrence of
such non-uniform soil properties. Therefore, pile toe
experiences at one edge higher stresses whereas at the
other edge the stresses are limited to impact stresses at
the head.

Figure 7. Pile inclination, non-uniform bed
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(n) ZSF plays a role, in case of Soft Rock (SR) phenomenon.
In this situation, the overlying layers have poor proper-
ties whereas the bed enjoys stiff-rock-ish soil properties.
Therefore, the stresses at the toe are much higher than
the impact stresses at the head.

(o) soil fatigue affects the drievability. Due to piling, soil
degradation occurs, which means that due to vicious
blows the soil loses its strength. Therefore, impact
driving becomes easier. A soil FF-value of 0.2 reduces
the SRD considerably, where theoretically stress wave
travels through the pile almost freely.

(p) soil set-up affects the driveability. In this fashion,
mainly clay-ish soil regains its initial strength for re-
driving after a delay. Therefore, soil set-up has more
or less the same effect as soil compaction or a situation
without accounting for soil fatigue.

4.2.2 SCIA Engineer
The main reasons to pile toe failure in Amazonehaven are
shown to be: initial imperfection and pile inclination. The
pile is modeled in the SCIA to carry a sensitivity analysis
regarding the above mentioned causes to pile toe failure.

Figure 8 and 9 show the Yield Stress Momentum (YSM)
with (A) increasing initial dent and (B) a decreasing soil homo-
geneity at pile toe, given various D/t ratios, for respectively
centric and eccentric loading. The YSM is the point in which
the material’s yield stress reaches for the first time. Therefore,
it could be argued that a pile with a lower YSM-value be
locally more prone to extreme folding damage.

Figure 8. YSM for centric loading

Figure 9. YSM for eccentric loading

The YSM decreases drastically in case of decreasing
Imperfection Ratio (IR), where IR = 1 means a perfectly
rounded pile. However, it decreases less drastically for
Homogeneity Ratio (HR) at pile toe, where a HR = 1 means
a uniform (stiff) soil-bed. A decreasing HR means a non-
uniform (stiff and weak) soil-bed.

Also, due to eccentric loading, YSM-value is lower which
pinpoints inclined piling could be detrimental for maintaining
pile toe integrity during piling.

4.3 Management part
The remedies for both pre-piling and post-piling phases to
respectively avoid- or counteract- (the consequences of) piling
risk event. The pile toe failure is introduced as a risk4 event.
It is, however, more convenient to prohibit potential sources
leading to extreme folding damage beforehand installation.
In this fashion, the process-based alternatives will reduce the
probability of occurrence of the risk event. Remedies in pre-
piling phase are:

• Data collection: sufficient soil investigation, utilizing a
prediction program, carrying out pile tests, carrying out
back-analysis to fit prediction to measurements, select
a correct impact hammer,

• Pre-installation: utilizing Just In Time (JIT) (delivery)
system5 for king piles [9], Azobé cover to protect pile
head and pile toe during transport/uplifting, careful
execution during uplifting/transport

• Installation: utilizing stiffening rings at pile toe, jetting
during piling, drilling before piling [12], in situ checks
of Out of Roundness (OOR) of the pile toe, careful
execution of installation, using a monitoring system to
warrant pile toe integrity during piling,

Moreover, when the risk event occurs; the consequences
could be diminished by selecting one of the following reme-
dies (post-piling phase): (1) Replacement (R), (2) Early Main-
tenance (EM) and (3) Capacity Reduction (CR). R refers to
removing of the Problematic Section (PS), which will bring
forward extra costs and a reduction in revenues. EM refers to
maintaining the PS more often than the Other Section (OS)
which needs a Regular Maintenance (RM). Therefore, both
increases in costs and decrease in revenues due to more main-
tenance are to be expected. CR refers to a reduction in storage
capacity in PS which manifests itself in (only) a reduction in
revenues.

Figure 10 shows the NPV per increasing percentage of
PS for above mentioned scenarios, for both iron ore and coal.
Iron ore is ten times heavier than coal. Therefore, the NPV
due CR of coal is higher than iron ore.

4Risk=Probability · Consequences[11]
5used in auto-industry, mega projects
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Figure 10. NPV per increasing PPS

It is recommended to select CR, the highest value of NPV
with increasing PPS, as a counteraction to piling disease in
post-piling phase. Furthermore, the PORA is recommended
to change the storage function of the quay wall, to a lighter
goods, when facing consequences of pile toe failure regarding
settlements or endangerment of the quay wall’s stability. as

5. Conclusions
A variety of causes to pile toe failure are discussed, and in
case of Amazonehaven, the main reasons for such a failure
are shown to be (1) initial (dent) imperfection and (2) pile
inclination. The research showed that given a Standard to
Normal Soil Condition (SNSC), the hammer-induced driv-
ing stresses are incredibly lower than material’s yield stress
close to pile toe. However, given a Medium to Hard Soil
Condition (MHSC) the stresses become extremely high close
to pile toe. The latter is very doubtful to be the case given
Amazonehaven soil conditions. The finding is valid given a
diesel hammer D100-13 and a range of D/t ratios of 20 to 100.
Furthermore, it was shown in a sensitivity analysis that the
initial dent fosters development of extreme folding damage
during piling more than a non-uniform soil layer at pile toe.

The research also discussed the need for remedies to piling
disease. To avoid such a risk event, either pre-piling remedies
must be implemented or post-piling remedies. It is apparent
that post-piling remedies have a higher value of financial
burden for the client. It is, therefore, very recommended
to introduce creative and process-based remedies in the pre-
piling phase, next to conventional solutions.
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Acronyms
R Replacement

RM Regular Maintenance

EM Early Maintenance

CR Capacity Reduction

PV Present Value

NPV Net Present Value

TC Total Cost

PPS Percentage Problematic Section

PS Problematic Section

OS Other Section

OOR Out of Roundness
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JIT Just In Time

POR Port of Rotterdam

PORA Port of Rotterdam Authority

PDP Pile Driving Prediction

WEAP Wave Equation Analysis Program

FEA Finite Element Analysis

FF Fatigue Factor

LEHS Locally Extremely Hard Spot

LEHT Locally Extremely High Temperature

SR Soft Rock

ZSF Zero Shaft Friction

SNSC Standard to Normal Soil Condition

MHSC Medium to Hard Soil Condition

SRD Soil Resistance to Driving

YSM Yield Stress Momentum

IR Imperfection Ratio

HR Homogeneity Ratio

TE Temperature Elevation
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