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Abstract

The main focus of this thesis is the influence of different real boundary conditions on the failure mech-
anism of local buckling of steel tubular piles. The research was started with the theoretical method
of describing boundary condition by specifying the degrees of freedom per boundary condition. The
methodmakes use of the radial, meridional and rotational degrees of freedom. This method is also used
in the current design code for steel shell structures, the NEN-EN 1993-1-6 [1]. By varying the amount
and types of constrained degrees of freedom, eight possible boundary conditions can be generated.
Looking to the practical applications, a ninth variant with a non-homogeneous boundary completes a
list of nine. From the nine boundary conditions, eight conditions are selected to be included in a FEM
model study. The current design code describes only five of the nine conditions, what allows for a
comparison of the known and unknown conditions with the prescribed rules.

Two types of parameters that influence the local buckling failure mechanism are material and geomet-
rical imperfections. In the study to geometrical imperfections, initial ovalisation, accidental eccentricity
and dimples are considered. The effect on the design yield stress of the different imperfections is
determined following the calculation methods described by the current design code. The calculated
reduction of the design yield stress by specific boundary condition and an increasing imperfection is
compared to results of ABAQUS FEM model tests. Residual stresses are investigated on the side of
material imperfections. The used residual stresses are validated with a simple FEM ring model test
that shows deformations due to the introduced residual stresses. The observed displacements could
be compared with measured data of real experiments.

A range of 36 different tubes is selected to investigate the influences of the eight different boundary
conditions on the buckling failure behaviour. This test range covers a wide range of tubes with cross-
section class 3 and 4 known for their sensitivity for local buckling. A base model is generated for all
the 288 model tests, 36 tubes with all 8 boundary conditions per tube. The results from all tests are
displayed in normalized moment-curvature diagrams. Because of a lack of test data of real experiments
with boundary conditions involved, a validation with an analytical method is used that describes a linear
and bi-linear part of the moment-curvature relation.

Finally the results of the FEM model tests are analyzed per parameter but also the overall behaviour
is discussed. From the model results could be concluded that residual stresses hardly influence the
moment capacity but causes an increase in the curvature of most boundary condition. Geometrical im-
perfections cause a decreasing moment capacity and an increasing critical curvature whit an increasing
imperfection. The trend of the influence of dimple imperfections is decreasing slightly faster compared
to the trend observed from the code calculations. A safety of approximately 20% is observed between
the failure stresses of the test results and the design stresses from the code. With an increasing diam-
eter over thickness (D/t) ratio or yield stress, the moment capacity decreases and the critical curvature
increases. The relative influence of the D/t ratio within the tested range is larger compared to the yield
stress.

To investigate the influence of the different boundary conditions, the effect of all parameters is inves-
tigated per boundary condition. Following the test results, all boundary conditions except BC4F show
the same influence on the maximum moment and corresponding curvature. Boundary condition BC4F
shows a moment resistance reduction of 14% and a critical curvature reduction of 26% compared to the
other conditions. Small observed differences in the post buckling behaviour between the other different
boundary conditions are reported to complete this study.
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Nomenclature

List of symbols

D - Diameter [mm]
𝐷፦ፚ፱ - Maximum diameter [mm]
𝐷፦።፧ - Minimum diameter [mm]
𝐷፧፨፦ - Nominal diameter [mm]
𝐷፦ - Diameter from material center(D-t) [mm]
t - Thickness [mm]
U - Meridional displacement [mm]
W - Radial displacement [mm]
Φ - Rotational displacement [rad]
r - Radius [mm]
L - Length [mm]
𝐿ኻ - Pendel length [mm]
𝐿ኼ - System length [mm]
𝐿።፧፟ - Influence length [mm]
𝑒ፚ - Accidental eccentricity [mm]
Δ፰ - Imperfection height [mm]
𝛿 - Imperfection amplitude [mm]
𝑈፫ - Out of roundness parameter [-]
𝑈፞ - Accidental eccentricity parameter [-]
𝑈ኺ - Dimple imperfection parameter [-]
𝐶፱ - Boundary condition parameter [-]
𝑓፲፤ - Yield stress [𝑁/𝑚𝑚ኼ]
𝜎፱ፑ፤ - Characteristic resistance stress [𝑁/𝑚𝑚ኼ]
𝜒፱ - Buckling reduction factor [-]
𝜎 - stress [𝑁/𝑚𝑚ኼ]
E - E-modulus [MPa]
𝜖 - Extension coefficient [-]
[𝐹] - Force vector [-]
[𝐾] - Stiffness matrix [-]
[𝑈] - Displacement vector [-]
M - Moment [kNm]
𝑀፩፥ - Plastic moment [kNm]
𝑀፩ - Plastic moment [kNm]
𝑅𝐹ኼ - Vertical reaction force [kN]
Κ - Curvature [1/mm]
Κ፫ - Critical curvature [1/mm]
Κ። - Curvature like [1/mm]
Κ፞ - Elastic curvature [1/mm]
I - Moment of inertia [𝑘𝑔 ∗ 𝑚ኼ]
𝜈 - Poisson ratio [-]
𝑈ኻ - Horizontal radial displacement ABAQUS [mm]
𝑈ኼ - Vertical radial displacement ABAQUS [mm]
𝑈ኽ - Axial displacement ABAQUS [mm]
𝑈𝑅ኻ - Rotation around 𝑈ኻ ABAQUS [rad]
𝑈𝑅ኼ - Rotation around 𝑈ኼ ABAQUS [rad]
𝑈𝑅ኽ - Rotation around 𝑈ኽ ABAQUS [rad]
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Abbreviations

FEM - Finite element method
BC - Boundary condition
BC1F - Boundary condition type 1 rotational free
BC1R - Boundary condition type 1 rotational restrained
BC2F - Boundary condition type 2 rotational free
BC2R - Boundary condition type 2 rotational restrained
BC3F - Boundary condition type 3 rotational free
BC3R - Boundary condition type 3 rotational restrained
BC4F - Boundary condition type 4 rotational free
BC4R - Boundary condition type 4 rotational restrained
BC11 - Boundary condition 1 at both tube ends
BC22 - Boundary condition 2 at both tube ends
BC12 - Boundary condition 1 and 2 at a tube end

BC-UCF - Boundary condition combination
RP - Reference point
CS - Cross-section
S4 - Element with 4 nodes
SR4 - Element with 4 nodes and reduced integration
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1
Introduction

Safety against failure is an important benchmark in engineering, this while engineers are nowadays
more triggered to design on the limits of the materials. More specific knowledge of the behaviour of
materials has resulted in a reduction of the safety factors over the years. Steel tubular piles are used
in civil engineering for a lot of purposes, as bearing piles in the soil, as a part of soil retaining walls
and also as structural elements in all type of structures. Steel tubular piles are the main focus for this
thesis. The steel piles are available in a variety of diameters and thicknesses (the so called D/t ratio).
In previous studies it is shown that slender piles with a D/t ratio larger than 90 are more sensitive for
the failure mechanism of local buckling.

1.1. Background

The risk of local buckling of thin-walled tubular piles has up to now been investigated for various shapes,
sizes, idealized load cases and support conditions. As at this moment, design code NEN-1993-1-6 [1]
specifies requirements for different boundary conditions like clamped, pinned and free edge boundary
condition. These boundary conditions for shells are mainly based on large diameter (»2m) cylindrical
tanks and silo’s. The tubular piles used for civil engineering purposes have commonly a diameter within
the range of 0.5 to approximately 2 meters. The application of piles in design has increased over time
both in amount as well as in possibilities. These applications come with boundary conditions that do
not match the prescribed conditions from the design codes. Because of the different influences of the
boundary conditions on the local buckling failure mechanisms of the piles, further research is needed.
The study of the different, frequently used applications of tubular piles and their specific boundary
conditions will be the subject of this thesis.

The use of tubular piles in final design requires a correct understanding of the failure mechanisms and
their conditions of influence. The aim of this thesis is to research the influence of different boundary
(support) conditions and load patterns on the risk of local buckling. Different partial factors derived from
NEN-EN-1993-1-6 [1] will be compared to the results of this study.

1.2. Intended results

The intended result of this study is to find the gaps in the current design code for the application of
steel tubular piles with specific boundary conditions. A comparison is made between FEM model tests
and the prescribed partial factors for known boundary conditions as they are described in the current
design code. As completion, FEM model tests of non-described boundary conditions are preformed to

1



2 1. Introduction

enlarge the knowledge of the behaviour of steel tubular piles in more specific situations. An overview
will be presented of the results of the FEM model tests. This overview includes model tests of the, in
the current design code described and non-described boundary conditions and their influence on the
failure mechanism of local buckling.

1.3. Research objectives

1.3.1. Main research question

What is the influence of a full or semi-clamped or encastered boundary condition on the failure mech-
anism of local buckling of tubular piles?

1.3.2. Sub questions / Topics to be included

Questions that will help answering the main question, and subdivide the study in more manageable
parts are:

1. How are the results from the FEM model related to the prescribed idealized boundary conditions
from the current design code like pinned, sliding and clamped?

2. Which boundary conditions, corresponding to practical applications, are not covered in the current
design code?

3. What is the influence of residual stresses on the failure mechanism of local buckling?

4. Which realistic and theoretical imperfections (production imperfections, dimples and damages)
related to the calculations, are common for tubular piles and how to model them?

1.4. Methodology

To complete the thesis, this method of approach is made with different studies and activities. These
activities in this order cause a structured way of working, and deliver the wanted results from this model
test research. The outline of these processes is shown in figure 1.1.

• Literature study;

• Boundary condition analyses;

• Parameter study;

• Familiarizing with FEM software (ABAQUS), using Eigenvalue analysis and elastoplastic, geo-
metrical non-linearity;

• Making FEM model calculations and compare with known outcomes of literature studies and/or
known outcomes of experiments for validation;

• Making FEM models of the geometries and load cases of interest;

• Compare the outcomes with the design codes, and make recommendations for analysis of the
structures with the geometries and load cases of interest.



1.4. Methodology 3

A study to the available literature and codes is performed as introduction to the subject. For better
understanding of the influences of boundary conditions that are already included in the design code,
the prescribed calculations method is studied. The results of the literature study and the study to the
calculation method are shown in respectively appendix A and B.

Chapter 2 shows the study of theoretical and real boundary conditions. In this chapter the range of
boundary condition included in the FEM model studies is selected. The boundary conditions together
with imperfections form the input data for the model study, an analyses to the different imperfections
can be seen in chapter 3.

The modelling process from a theoretical basic mechanical model to a 3D materially and geometrically
non-linear FEMmodel is described in chapter 4. This process included studies to buckling eigenmodes,
plastic-stain, mesh sizes and the basic principals of the finite element method.

After running 288 FEM models the result of these models for different parameters are discussed in
the parametric study of chapter 5. In this chapter also the influences of the parameters per boundary
condition are discussed.

The observations and results of the parametric study per parameter and per boundary condition are
combined to a general conclusion in chapter 6. By answering the sub-questions a final answer to the
main research question is derived. The report is completed with some observed recommendations as
also is shown in figure 1.1.

Figure 1.1: Research outline





2
Boundary condition analyses

2.1. Introduction

The aim of this thesis is to find the gap between the boundary conditions used in practice and the ones
that are covered in the current design code. The NEN-EN 1993-1-6 [1], used to design and test steel
tubular piles is the code that is representing the strength and stability of steel shell structures. The
steel shell structures known from the past are mostly steel tanks and silo’s. In the part about boundary
conditions this origin is well represented. The boundary conditions are formulated and supported with
sketches of several tank and silo visualizations. Tank and silo structures are mostly designed to store
bulk materials or liquids. The steel shell elements that are represented by this study, have most of
the time a different function. Tubular piles with a diameter varying from approximately 0.5 to 2 meters
with in most cases a structural function. The application of steel tubular piles has increased over time,
both in amount as well as in possibilities. This wide spectrum of applications comes with more specific
boundary conditions which are not fully covered by the current design code.

2.2. Theoretical boundary conditions

The current design code (NEN-EN 1993-1-6 [1]) make use of three degrees of freedom to describe
a boundary condition theoretically. The three displacement directions are: meridional (u), radial (w)
and rotational (𝜙). The code describes radial as a displacement in perpendicular direction to the tubes
surface, meridonial as a displacement in the length direction of the tube and rotational as a rotation
around an axis parallel to the tubes surface. In figure 2.1 the geometrical degrees of freedom are
presented in a schematic representation of a tubular pile. Varying the degrees of freedom and assuming
a homogeneous boundary condition, a set of eighth conditions is found. Adding a situation with a non-
homogeneous condition, a set of nine boundaries as shown in the overview of figure 2.1 are derived
from the theoretical perspective. For clarity the system of numbering the conditions is chosen in line
with the system used in the design code.

5



6 2. Boundary condition analyses

(a) Geometrical degrees of freedom
(b) Boundary conditions with corre-
sponding visualizations

Figure 2.1: Theoretical local boundary conditions at shell end
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2.3. Boundary conditions in practical situations

The scope of this research is mainly determined by the types of boundary conditions that are used in
practical situations. The practical examples in combination with the known boundary conditions from
the design code is included in this study. In this paragraph, pictures from practical applications are
showed to visualize the types of boundary conditions that are later be analyzed. In section 2.2, nine
types of boundary conditions are distinguished that are subdivided in five groups. Per subdivision there
are two types, a rotational free (F) and a rotational restrained (R) variant.

2.3.1. BC1

Type one boundary conditions are fully restrained in the radial as well in the meridional direction. The
difference between BC1F and BC1R is the possibility of rotation of the tube wall. On the pictures of
figure 2.2, two examples of practical applications with type 1 boundary conditions are shown. The
first picture (a) shows a situation where the upper ends of the tubular piles are fully encastered in the
concrete cope beam. The second picture (b) shows a building pit with steel tubular struts connected
by steel plates in the middle as well as on the tube ends. In both examples the tubes are radial and
meridonial restrained at the boundary condition. A boundary condition is rotational restrained when
the material of the steel tubular pile reaches the maximum capacity by bending, before the boundary
conditions allows any displacements. For the two situations in figure 2.2, the anchoring depth and
concrete quality or the stiffness of the mid/end plates determine the distinction between BC1F and
BC1R.

(a) Concrete cope beam on a Quay wall (pic-
ture from: Dawson Wam piling)

(b) Plate mid or end connection (Picture from:
CalSTA High speed rail)

Figure 2.2: Typical examples of type 1 boundary conditions

2.3.2. BC2

Boundary conditions from type two are restrained in radial but free in meridional directions. The pos-
sibility of rotation distinguishes the differences between the conditions BC2F and BC2R. Boundary
conditions of type two are not very common, figure 2.3 shows a tubular pile that functions as a sup-
port for a floating structure. The anchoring of the floating structure around the tubular pile works as a
constraint against ovalisation (radial displacement), but allows meridional displacement. The height,
stiffness and fitting of the anchoring ring determining the degree of rotation stiffness. A tube supported
in radial direction with a welded ring or flange at the tube end represent the BC2R boundary condition.
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Figure 2.3: Sliding boundary condition type 2 (Picture from: Kooiman marine group)

2.3.3. BC3

Type three boundary conditions are free of displacement in radial as well as meridional direction. they
are often used in temporarily constructions tubular piles with open end are used as shown in figure 2.4.
Tubular piles with an open end are most of the time also free for rotational displacement. These piles
are known as piles with a BC3F boundary condition. Piles with an open end boundary in combination
with closely spaced rotation stiffeners are distinguished as the BC3R type.

Figure 2.4: Free-end boundary condition type 3 (Picture from: Wikipedia bouwkuip)
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2.3.4. BC4

Boundary condition type four consists mostly of practical applications in temporarily structures. Type
four boundary conditions are restrained in meridional and free in radial direction. Because temporarily
constructions must have the possibility to be reassembled within a relative short period, the connections
between elements are not always bolted or welded. Figure 2.5 shows struts with open end that are
placed between girders functioning as a part of a soil retaining structure. The tubular piles without
stiffening against rotation are categorized as BC4F boundary conditions, while with severe stiffening it
is a BC4R condition.

(a) Struts with support plates (Picture from:
Folker staal en funderingen)

(b) Struts meridional supported (Picture from:
Kandt b.v.)

Figure 2.5: Typical examples of type 4 boundary conditions

2.3.5. BC-UCF
Until now, the current design code only describes homogeneous boundary conditions. In many projects,
situations as schematized in figure 2.6 (b) are present during the building phase but also more andmore
in finalized projects (a). At the position of the concrete floor the tubular pile does have two different
types of boundary conditions at both sides of the retaining wall. At the side of the concrete floor the
tubular pile is fully restrained and corresponds to a BC1R boundary condition. At the sand side of the
pile only soil is present what does not function as a constrain. In almost all cases the retaining wall
continues deeper into the ground under the concrete floor. To investigate this situation, a boundary
condition is assumed at the location of the concrete floor. Because the steel tubular pile continues
deeper into the ground a boundary condition corresponding to BC4F is chosen for the soil side of the
pile.
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(a) permanent soil retaining structure with
concrete floors on the inside (picture from:
Parking Markthal Rotterdam)

(b) Schematic representation of a non-
homogeneous boundary condition

Figure 2.6: Example of a Underwater concrete floor (UCF) boundary conditions

2.4. Discussion

In this chapter boundary conditions for steel tubular piles are discussed. Started with the theoreti-
cal method of describing boundary condition by specifying certain degrees of freedom per boundary
condition. This method is also used in the current design code for steel shell structures, the NEN-
EN 1993-1-6 [1]. The code describes five types of boundary conditions: BC1F, BC1R, BC2F, BC2R
and BC3F. By varying the amount and types of constrained directions eight possible boundary condi-
tions can be generated. Looking to the practical applications, a ninth variant with a non-homogeneous
boundary completes the list as described in the table of figure 2.1.

From the nine boundary conditions of figure 2.1 eight conditions are selected to be included in the
FEM model study. BC3F (free end) is not included in the model because it is not able to generate
any stiffness while the model is based on the influence of a boundary condition on a imposed bending
moment. Boundary conditions BC2R and BC4R are both not very common in civil engineering practise,
for completeness these conditions are included in the model study.



3
Geometrical and material Imperfections

3.1. Introduction

In the literature study is shown that different types of parameters influence the failure mechanism of
local buckling. The parameters that are discussed are geometrical imperfections and residual stresses.
The influence of those two parameters in combination with the boundary conditions of interest are
investigated in this chapter.

3.2. Geometrical imperfections

Geometrical imperfections are initiators of local peak stresses and mark often the location of possible
failure. The imperfection types that are discussed in this chapter are: out of roundness, accidental
eccentricity, and dimples as shown in figure 3.1.

(a) Ovalisation (b) Accidental eccentricity (c) Dimples

Figure 3.1: Geometrical imperfections following the NEN-en 1993-1-6 [1]

The imperfections are investigated in combination with the influence of different boundary conditions.
The purpose of this part is to create an overview of the influence factors known from the current design
code. These factors can be compared with FEM model tests with varying imperfections in combination
with different imposed boundary conditions. An influence factor for imperfections following the current

11
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design code (NEN-EN 1993-1-6[1]) can be calculated by varying the Quality class parameter 𝑄 over the
imperfection. The corresponding Q-values from an excellent, high or normal tube quality are included
in the resistance calculation as shown in appendix B. The quality classes and there corresponding
imperfection parameters are shown in table 3.1. The imperfection with the lowest quality class per tube
is normative for the whole tube. The Imperfections are indicated with specific 𝑈 parameters that are
determined as shown in equations 3.1, 3.2 and 3.3.

𝑈፫ =
𝐷፦ፚ፱ − 𝐷፦።፧

𝐷፧፨፦
(3.1)

𝑈፞ =
𝑒ፚ
𝑡 (3.2)

𝑈ኺ =
Δ፰ኺ፱
𝑙፠፱

(3.3)

In figure 3.1, the parameters used for the calculation of the 𝑈 values per imperfection are indicated.
The maximum imperfections values per quality class are shown in table 3.1.

Table 3.1: Prescribed quality classes with there maximum imperfection parameters following the NEN-EN-1993-1-6 [1].

The influence line of the different imperfections is, besides from a quality class, dependent on the type
of boundary condition at pile end and the D/t ratio. In the design code the conditions of both pile ends
determine the value of the parameter 𝐶፱. In the figures 3.2, 3.3 and 3.4 the resistance reduction for
even a perfect pile without imperfections is smaller than one. This is caused by the use of ranges per
quality class, where the highest class starts by a zero value imperfection but represent imperfections
until the limit value of that quality class. The reduced value of the characteristic stress resistance (𝜎፱ፑ፤)
is normalized by the yield stress (𝑓፲፤). The ratio is represented by the buckling reduction factor 𝜒፱ as
shown in equation 3.4.

𝜒፱ =
𝜎፱ፑ፤
𝑓፲፤

(3.4)

This ratio (Buckling reduction factor 𝜒፱) shows the influence of an imperfection on the final bearing
capacity following the calculation method of the NEN-EN 1993-1-6 [1]. In the graphs the imperfections
are represented by their 𝑈 value, a dimensionless quantity. These values are in all cases dependent on
the ratio of the imperfection to the diameter and/or thickness. The effect of the imperfections is shown
for the range of D/t ratios used in this study.



3.2. Geometrical imperfections 13

3.2.1. Initial ovalisation

The initial ovalisation of steel tubular piles does influence the maximum bearing capacity by influencing
the local radius of curvature. The NEN-EN 1993-4-3 [3] shows how the local radius of curvature (𝑟ኺ)
influence the critical compressive strain. Out of roundness consists of initial ovalisation and ovalisation
due to bending. The influence of initial out of roundness is included in the current design code, the NEN-
EN 1993-1-6 [1]. The amount of initial out of roundness divides piles in one of three quality classes
with corresponding reduction in resistance against local buckling. The cases that are distinguished are
shown in figure 3.2 below. From the figure a decreasing reduction factor is observed with an increasing
D/t ratio. Also, a lower value is observed by piles with one or two BC2 pile ends. These reductions
come over an increasing out of roundness parameter 𝑈፫ described in the literature review in appendix
B.

Figure 3.2: Calculated buckling reduction factor on the tube resistance in bending, based on NEN-EN 1993-1-6 for initial ovali-
sation

The effect of this initial imperfection is included in the finite element models by adding an initial discon-
tinuity with the help of an eigen mode. The eigen mode causes initial out of roundness’s. Ovalisation
caused by bending is not manually included in the model, this effect is difficult to predict when rigid
influences of boundary conditions take part. The effect of boundary conditions that counteract ovalisa-
tion have an estimated influence length given by equation 3.5. This parameter represents an estimated
length where the ovalisation, and so the buckling resistance is influenced.

𝐿።፧፟፥፮፞፧፞ = 𝑟/𝑡 ∗ 𝑠𝑞𝑟𝑡(𝑟 ∗ 𝑡) (3.5)
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3.2.2. Accidental eccentricity

Eccentricity of two joined pile pieces is the second imperfection discussed in this chapter. As discussed
in the literature review from appendix A the 𝑈፞ parameter represents a ratio between the eccentricity
and thickness (shown in figure 3.1). For this imperfection the same analyses is made and the same
trend can be seen in figure 3.3.

Figure 3.3: Calculated buckling reduction factor on the tube resistance in bending, based on NEN-EN 1993-1-6 for accidental
eccentricity

Accidental eccentricity will not be included in the FEM models, This imperfection only exists when two
or more segments are connected. The imperfection is more controllable and therefore not leading in
this study.
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3.2.3. Dimples

Dimple imperfections are deviations in the shell surface that reduce the radius locally. The dimple
amplitude is dependent on the specific gauge length for that direction as described in appendix B. For
the analyses on the reduction of the local buckling resistance, dimples in the tube length direction are
used. The reduction of the resistance is described for the parameter 𝑈ኺ. Figure 3.4 shows also for this
imperfection the same prescribed trend as is seen by the other imperfections.

Figure 3.4: Calculated buckling reduction factor on the tube resistance in bending, based on NEN-EN 1993-1-6 for dimple
imperfections

Dimple depths, corresponding to the limit values of the quality classes, are used to compare the be-
haviour of tubes with specific boundary conditions to the prescribed situations in the NEN-EN 1993-1-6
[1]. The amplitude of an eigen mode is used to represent the dimple in the initial state of the finite
element models.
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3.3. Residual stresses

Residual stresses in steel tubular piles are mostly generated during the production process of the
piles. During this production process, long steel plates are made and stored on a coil. These coils
are used to feat the machine that spiral bend and weld the plates into tubular piles. The process of
cold uncoiling, straightening and spiral bending cause stresses in the material that are present after
finishing the production process. Not only plastic deformation by cold bending, but also the welding
and the cooling processes after manufacturing of the plates are known as influence factors for residual
stresses. The entire production process of a spiral welded tubular pile is shown in figure 3.5. In this
thesis only the residual stresses from the cold bending process are investigated. The interest of this
study is to research the influence of residual stresses on tubular piles with boundary conditions that
allow or counteract ovalisation.

Figure 3.5: Production process of steel tubular piles, Picture from: www.primesteeltube.com

3.3.1. Cold bending

During the production process of steel tubular piles, steel plates from a coil are uncoiled, straightened
and spiral bended. The process of spiral bending is analyzed by Vasilikis et al.[4], modeling this process
in ABAQUS [12]. From the FEMmodel they derived residual stresses that are present in the model after
spiral bending. Figure 3.6 gives a graphical representation of the normalized hoop and axial stresses
found over the thickness of the material. These stresses are normalized over the yield stress 𝑓፲, and
specified from the inside to the outside of the material. For the three steel qualities used in this study
the actual residual stresses are presented in table 5.1.
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Figure 3.6: Residual stress distribution over the thickness, derived by Vasilikis et al.[4]

Table 3.2: Normalized residual stresses over the thickness, following Vasilikis et al. [4]
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3.3.2. Residual stress ring model

From the research of S. van Es [13], a method is known to indicate residual stresses in tubular piles.
From the tubular piles used in his research experiments, ring segments where made and cutted. Resid-
ual stress in the material causes opening or closing of the ring segment as shown in figure 3.7.

Figure 3.7: cutted ring segments from residual stress estimation S. van Es [13]

The stresses found by Vasilikis et al. [4] represent the cold bending process from a straight plate to
a tubular shape. The residual stresses in this case should show an opening ring segment with some
eccentricity. In the results of the experiments of S. van Es, not only opening ring segments where found
but also closing segments. In case of a closing segment, the trend in the residual stresses defined in
table 3.2 should change of sign. The actual residual stresses in a tubular pile is a summation of the
position on the coil, the straitening process and the spiral bending process. To validate the residual
stresses of table 3.2, a ring model with these stresses is created in ABAQUS. Since the found residual
stresses are obtained from a coordinate system parallel and perpendicular to the spiral weld and applied
in cylindrical one, only opening or closing displacements are expect. The used ABAQUS [12] model
from figure 3.8 is already cutted and restrained at one of the cutted sides.

Figure 3.8: Ring model (ABAQUS [12]) used for validation residual stresses. Tested tube: D = 1422mm, t = 16mm, ᑪ፟ 
ኽፍ/፦፦Ꮄ, D/t = 89

Two separate FEM models are created to check the influence of the found residual stresses. One
model with the stresses as showed in table 3.2, and one with these stresses with a changed sign. The
base model from figure 3.8 is loaded by the residual stresses in 15 thickness integration points. To run
the model, a dummy load is placed on the restrained boundary of the cutting edge. The model runs in
100 steps (increments) and produces the by residual stress displaced ring segments of figure 3.9. The
displacements are in line with the expectations of only opening and closing movement. No eccentric
movement is observed because the coordinate system is cylindrical and not spiral as in the model of
Vasilikis et al. [4].
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(a) Closing tube ring. (b) Opening tube ring.

Figure 3.9: Effect of residual stress on a ring segment modeled in ABAQUS [12]. Tested tube: D = 1422mm, t = 16mm,
ᑪ፟  ኽፍ/፦፦Ꮄ, D/t = 89

The vertical displacements that are observed in the ABAQUS ring model tests, for the opening and
closing segments are shown in figure 3.10. The opening and closing displacements in the tests of S.
van Es [13] are in a range of -156mm to +865mm. The displacements of the model tests are within this
range (-70mm and +79mm) but are quite small in comparison to the real measurements. A possible
reason for these differences is the fact that in the FEM model only the residual stress by spiral bending
is included.

Figure 3.10: Opening or closing displacements of the cutting edge by residual stresses. Tested tube: D = 1422mm, t = 16mm,
ᑪ፟  ኽፍ/፦፦Ꮄ, D/t = 89

3.4. Discussion

In the study into geometrical imperfections, initial ovalisation, accidental eccentricity and dimples are
treated. These imperfections are included in the current design code and are represented by three qual-
ity classes. The quality classes impact the calculated maximum resistance. This resistance reduction
is shown per imperfection type in the figures 3.2, 3.3 and 3.4. For this study it is chosen to investigate
the influence of dimple imperfections in combination with boundary conditions on the resistance of the
tubular pile. The limit values of each quality class in combination with, one boundary condition that can
ovalize (BC4) and one that counteract ovalisation (BC1) are compared with the resistance reduction
curves of figure 3.4. The imperfections are generated by the buckling eigenmodes. In chapter 5 the
results of this study are shown and discussed.
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Accidental eccentricities are not included in the model study because these imperfections can most
easily be provided by inspection before using a tubular pile. Dimple imperfections are often caused
when the tube is already in use and not easy to replace. Initial ovalisation is included in the model be-
cause the initial discontinuities are introduced for the dimple imperfection analyses. Nevertheless there
is no further study to the impact of this imperfection in combination with different boundary conditions.
Because of the choice to use a fixed tube length in the model, a varying influence length as described
in equation 3.5, makes the results incomparable.

Residual stresses in tubular piles can have different reasons, as described in this chapter. One of these
reasons is cold spiral bending of the steel plate into a tubular pile. The residual stresses introduced by
this bending process are studied by Vasilikis et al. [4]. From experiments by S. van Es [13], a method is
known to check residual stresses by cutting a ring segment open and analyze the displacements. From
The preformed ABAQUS model tests with such a ring segment, is known that the residual stresses of
the cold spiral bending process found by Vasilikis et al. are in the range of the observed residual
stresses by S. van Es. The effect of residual stresses in combination with one boundary condition that
can ovalize (BC4) and one that counteract ovalisation (BC1) is included in the FEM model study. The
results of this study are also discussed in chapter 5.



4
FEM model tests

4.1. Model test approach

In the previous two chapters the input parameters for the FEM model research are studied. The influ-
ence of these parameters on the local buckling failure mechanism is studied by varying the parameters
in a model and compare the results. To create a model that fits this study sufficiently and produces the
needed information, the following steps are taken:

• Familiarise with the finite element method and the corresponding software.

• Create a theoretical base model capable of testing all boundary conditions under the same cir-
cumstance, loaded by bending only.

• Specify the needed data, and the process of gaining this data from the FEM models.

• Define the geometrical and material properties of the test range as input for the FEM software.

• Transfer the theoretical model and boundary conditions into a volumetric shell model with the
correct boundary conditions in the ABAQUS FEM software.

• Determine the needed element type and size for accurate model test results.

• Generate different eigenmodes to gain information about the failure shape and introduce imper-
fections in the model.

• Run the models and produce the needed data with the post processing script (see appendix C).

In the upcoming paragraphs these steps are each discussed in detail. With the information of chapter 2,
a model is created to determine the influence of various boundary conditions on the failure mechanism
of local buckling of steel tubular piles. Chapter 3 describes the geometrical imperfections and the
residual stresses that need to be included in the FEM models. The results of the FEM model tests are
presented in the parametric study of chapter 5.

4.2. Finite element method

The study to the influence of different boundary conditions on the failure mechanism of local buckling
initiated the use of the finite element method (FEM). This numerical method solves partial differen-
tial equation of finite connected elements of a subdivided structure. The system of partial differential
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equations is reduced to algebraic equations that can be solved using linear algebra techniques. By
subdividing a structure in finite elements with all their own degrees of freedom, it can be used to pre-
dict the behaviour of a real structure. The precision of the method can be enlarged by increasing the
number of elements. A logical consequence is large numbers of equations with possible complex ge-
ometries that asks computers to solve them. Figure 4.1 shows the algebraic base relation that couples
the forces with the use of the stiffness matrix to the displacements. Plasticity is not included in this
explanation, but it is in the models used in this thesis.

[𝐹] = [𝐾] ∗ [𝑈] (4.1)

Figure 4.1 shows the relations used in FEM software, which in combination with the algebraic method
from equation 4.1 makes it possible to solve the equations and generate the information that is neces-
sary. As stated above, computers are used to solve the equations and speed up the process. For this
thesis the ABAQUS [12] software is used for the finite element analyses.

Figure 4.1: Basic principles of the finite element method

The proposal to use the ABAQUS software is based on the previous work (S. van Es [13], J. winkel
[14], N. kostis [9] and Vasilikis et al.[4]) that is done in the field of local buckling analyses over the past
years. In al these projects, the ABAQUS software is used because it fits sufficient for a geometrically
and materially nonlinear analyses. For this study, material and geometric non linearity are also included
so the ABAQUS software is chosen.

4.3. Theoretical model

To investigate the influences of the boundary conditions described in chapter 2 on the failuremechanism
of local buckling, a model needs to be constructed. In a parametrical study, a base model is chosen,
and by varying just one parameter, the influence of that parameter is observed. To test the influence of
imperfections and residual stresses, this method is sufficient and also used in this study. For a study
to the effect of boundary conditions not just one parameter varies, but the base model itself is varying
with every support condition. To make it still possible to compare the different boundary conditions,
the starting points for each model need to be the same. When a support condition is not able to resist
normal and shear actions, only bending remains. The setup of the models is explained in paragraphs
4.3.1 and 4.3.2.

4.3.1. Mechanical model

Tomeet themain starting point of the model, pure bending only, the mechanical basemodel of figure 4.2
shows a half ”4 point bending test” model. This setup provides the possibility of modeling a boundary
condition at point C in combination with pure bending only. The standard length of the system is set on
10 meters, 𝐿ኻ =

ኻ
ኽ ∗ 𝐿 and 𝐿ኼ =

ኼ
ኽ ∗ 𝐿. The bar between point A and B (𝐿ኻ), functions as a pendel bar

to introduce rotation at point B. The rotation is created by an imposed displacement of the support at
point A. The beam model as it is showed in figure 4.2 is not capable of generating any bending moment
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in the bar between point B and C. Replacing the line in the model by a volumetric element (figure 4.3),
makes it capable to generate a uniform moment over 𝐿ኼ. The sliding support conditions at point A and
B prevent the model from introducing normal forces.

Figure 4.2: Basic mechanical model (pure bending only)

The boundary conditions (BC) in the volumetric model from figure 4.3 are situated in line with the center
of the tubular pile at reference points (RP). Later in the modeling process the RP’s are coupled to a
tube cross-section (CS). In this way, imposed displacements, constraints and boundary conditions can
be given and later varied.

Figure 4.3: Volumetric base model and moment generation model
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4.3.2. Data generation

By creating a model to investigate the influence of certain parameters, the way of collecting the correct
data for analyses is important. In the model used for this study not only comparison to the own gen-
erated data is important, also the fit within other researches in the field is taken into a count. For the
tubular piles in this study a moment-curvature diagram needs to be created. The test setup as shown
in figure 4.2 and 4.3 represents a half four point bending test. In this setup the moment in the tested
area (B-C) of the tubular pile is calculated with use of the vertical reaction force (RFኼ) in A and is given
by equation 4.2. The curvature of the tested area (B-C) is calculated with use of the rotation at B and
the length of the tested area as shown by equation 4.3.

Figure 4.4: Moment distribution and rotation at point B of the base model

𝑀 = 𝑅𝐹ኼ ∗ 𝐿ኻ (4.2)

Κ = 𝜃ፁ
𝐿ኼ
= 𝑈ኼ/𝐿ኻ

𝐿ኼ
(4.3)

A schematic overview of the determination of the moment and curvature quantities is given in figure
4.4. Because the range of tested tubular piles consists of different steel qualities and D/t ratios, there
is chosen to normalize the observed moment and curvature. The observed moment is normalized by
the full plastic moment (as in Rotter 2016 [11]). The plastic moment is chosen because, the test range
consists only of cross-section class 3 and 4 tubes. These tubes are known for their buckling sensitivity
and therefore buckle before reaching the plastic moment, what results in normalized values all smaller
than one. The calculation used for 𝑀፩𝑙 is shown in equation 4.4. The curvature observed from the
tests will be normalized by the curvature-like quantity (Κ። as in equation 4.5) as in Vasilikis et al. [4] for
analyses where the tested tube is constant, only a imperfection is varying. In studies where the model
test results of different geometries and steel qualities are compared, Kappa elastic (Κ፞ as in equation
4.6) is used to normalize the curvature.

𝑀፩𝑙 =
4
3𝐷

ኽ(34(
𝑡
𝐷) −

3
2(

𝑡
𝐷)

ኼ

+ ( 𝑡𝐷)
ኽ

)𝑓፲ =
1
6 ∗ (𝐷

ኽ − (𝐷 − 2𝑡)ኽ) ∗ 𝑓፲ (4.4)

Κ። = 𝑡/(𝐷 − 𝑡)ኼ (4.5)

Κ፞ =
𝑓፲/𝐸

(𝐷 − 𝑡)/2 (4.6)
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4.4. Geometrical and material properties

For the model tests that are preformed, a specific range of samples is selected to create a solid rep-
resentation of the piles used in practise. For the range of samples, the D/t ratio and the steel quality
are the important parameters. The D/t ratio is varied within four groups represented by a D/t ratio of
50, 70, 90 and 110. Per subgroup three geometries with a D/t ratio close to the one of the subgroup
are selected of the real dimensions used by the manufacturer [7]. Every tubular pile that is selected, is
tested in three different steel qualities, S355, S420 and S460. The combination of these two parameter
variations gives an test range of 36 different tubular piles as shown in table 4.1. The parameter (with
𝜖 = √235/𝑓፲) in the last column is used to determine the cross-section class of each tube. When this
parameter is larger than 90, it is a class 4 tube.

Table 4.1: Range of tubular piles used in model tests
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In this model test study no material tests are performed that can be used to define the material prop-
erties as they are in practise. An engineering stress-strain diagram is made from the three materials
that are used in the test range. An assumed E-modules for the plastic behavior of 0.001 times the
elastic E-modulus due to strain hardening is used to determine the plastic strain. This simplification is
made because the non-linear part of a sigma epsilon diagram is not reached in the model tests. The
Poisson ratio for steel is assumed as 𝜈 = 0.3. The graphs that represent the material properties of the
engineering sigma-epsilon diagrams for S355, S420 and S460 are presented in figure 4.5.

Figure 4.5: Engineering sigma-epsilon diagrams for the steel qualities S355, S420 and S460

4.5. FEM model

The theoretical model from paragraph 4.3 is transformed to a FEM base model with the help of the
ABAQUS software. For each tube size a new geometrical model is made with the same outline to
have a consistent base, so only the variables of interest will influence the outcomes. The base model
consists of a geometry, reference points and partitions/cross-sections.

4.5.1. Base model

The base model is created with the help of the ABAQUS software interface. A step by step guideline of
the modeling process is added in appendix C. Within the software a geometry of the 3D plate element
is designed and within the sub menus the material and the thickness are assigned. To be able to assign
boundary conditions and constraints later on in the process, reference points and partitions are made.
In figure 4.6 the model with the reference points and partitions at position A, B and C (as in figure 4.2)
is shown.
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Figure 4.6: ABAQUS base model
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4.5.2. Local and global boundary conditions (constraints)

To be able to test the influence of the different boundary conditions on the failure mechanism of local
buckling, these boundaries need to be modeled in the ABAQUS software. Following the mechanical
base model, the changing boundary condition must be modeled at the tube end on position C. Position
A and B have a constant boundary conditions over all tests. The figures 4.7 and 4.8 show the positions
of boundary conditions and the constraints in the model.

Figure 4.7: Placement of the boundary conditions in the ABAQUS FEM model

Figure 4.8: Placement of the constraints (CS) in the ABAQUS FEM model
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Important to know is the difference between the local and global conditions. All boundary conditions are
tested with the same mechanical base model of figure 4.2. The support at position C can displace free
in vertical direction. Not all boundary conditions that are tested have a degree of freedom in the vertical
direction. A distinction between a local system and a global system will provide the possibility to run all
boundaries with the same base model. The boundary conditions as they are distinguished in chapter
2, are the local conditions at the tube end. These conditions specify the behaviour of the tube end or
cross-section with respect to the reference point. A kinematic coupling between the cross-section (CS)
and the reference point (RP) is made as shown in figure 4.9. The conditions (local constraints) that
are given to the kinematic coupling, represent the boundary conditions of chapter 2. In figure 4.9 only
15 coupling lines are showed for visualization, in practise the whole cross-section is coupled under the
prescribed conditions. The global system is used to describe the degree of freedom of the reference
points (RP) itself. The combination of the global and local system makes it possible to generate a
vertical (𝑈ኼ) displacement of RP-3 while the displacements, horizontal and vertical in the plane of the
cross-section with respect to RP-3 remain zero.

Figure 4.9: Schematization of the kinematic coupling between CS and RP

Table 4.2: Restrained degrees of freedom for Constraints and BC’s in ABAQUS models
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The boundary conditions as described in table 4.2 are schematized in figure 4.3. The coupling between
the local and the global system is represented by the rigid RP block.

Table 4.3: Schematic representation of the boundary conditions of table 4.2

4.5.3. Mesh and element configuration

Related studies (N.kostis [9], J.Liu [10]) into the improvement of the accuracy by decreasing the mesh
size are preformed in the field of local buckling analyses. From these studies is known that an accurate
mesh size for a steel shell element is in the range of 0.02 to 0.05 times the diameter. Tests that are
preformed for the tubes of this research show results that are in line and therefore not reported in
this research. Because this study involves 12 different tube sizes, the smallest diameter (864mm) is
chosen as reference to determine the mesh size. The mesh size in this situation must be chosen
between 17.3mm (0.02*864) and 43mm (0.05*864). Since this tube is the smallest one in the test
range, a mesh size of 40mm is chosen. The part of the model that only is used as a pendel to introduce
rotation, is meshed with a larger mesh to decrease the amount of elements. The reason for decreasing
the amount of elements is the time a model needs to run the computations. Parts of the structure
where realistic deformations are less important are therefore having a coarser mesh. The final mesh
configuration is show in figure 4.10.
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Figure 4.10: Final mesh configuration.

An important part of this research is to investigate the influence of imperfections on different types of
boundary conditions. The dimple imperfections are modeled with the help of an eigenmode and a scal-
ing factor. These eigenmodes, that further will be discussed in paragraph 4.5.4, have an goneometric
shape. To model the initial imperfections accurate and smooth, a minimum of 10 mesh elements must
be present in one period / wave length. Figure 4.11 shows a close-up of eigenmode 1, where one
period / wave length is formed by 10 to 11 mesh elements.

Figure 4.11: Ratio between the mesh size and the period of a eigen mode.

For the shell element choice a reference is made to the study of N.Kostis [9], that describes an influence
study to three types of elements. A SR4, S4 and a 2፞-order element are compared for a steel shell
structure analyses. No significant differences in the results are found, so the SR4 (reduced integration)
element type is used because of the computational advantages.

The amount of integration points in thickness is for this study determined by the format of the residual
stresses described in paragraph 3.3.1. This format consists of 15 thickness integration points what is
considered as very accurate.
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4.5.4. Eigenmode analyses

Eigenmode analyses, or eigen value buckling analyses are used for structures with nonlinear behavior
before collapse. thin walled tubular piles with a high D/t ratio are known for their nonlinear failure
mechanism. For this type of structures an eigenmode analyses gives information about the failure
shape. For this study the eigenmode analyses are mainly used to determine the most likely buckling
location to ad imperfections.

Eigenmode analyses are preformed for all tubes and boundary conditions. In the figures 4.12 and 4.13
the first two eigenmodes of a tube with the boundary condition BC1R are shown. A wave pattern of
sinusoidal or co-sinusoidal waves with a maximum amplitude of 1mm in the middle can be observed.
This pattern is common for the first two eigenmodes. Looking to eigenmodes 3 till 12 in appendix D,
the same wave patterns with two or three local maximum values are observed.

Figure 4.12: Eigenmode 1

Figure 4.13: Eigenmode 2
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As already mentioned in chapter 3, the eigenmodes are used to study the influence of imperfections
on different boundary conditions. For this process an eigenmode is loaded into the model (by the
keyword) in the initial step, before loading. a scaling factor is used to set different imperfection heights
by multiplying the amplitude 𝛿 with it. The imperfection height Δ𝑊 is defined as two times the amplitude
as shown in figure 4.14. Per tube and boundary condition a qualitatively choice is made for the use of a
a specific eigenmode. This was needed because in the buckling analyses of the ABAQUS software no
fixed order is obtained. For accurate results, all tested tubes need to be modeled with the eigenmode
imperfection at the compressive top side of the tube. In figure 4.14 The implementation of imperfections
by eigenmodes is described.

Figure 4.14: Eigenmode Imperfection to dimple imperfection

4.5.5. Model results

All input variables discussed in the previous sections of this paragraph are required to run the model
and generate results. For this study the results consists of reaction forces and displacements to do
the post-processing as described in paragraph 4.3.2, and visual representations of the buckling failure.
The visual representations are used to observe the failure behaviour of the tubes. The combination
of the failure behaviour and the measured data of the tubular piles is used in the parametric study
of chapter 5. In the figures 4.15 and 4.16 a visual representation of a tube failure is showed for two
different boundary conditions BC1R and BC4F.
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Figure 4.15: Illustrative visualisation of buckling failure for BC1R.

Figure 4.16: Illustrative visualisation of buckling failure for BC4F.
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4.6. Model validation

Checking the quality and rightness of a computer model is an important step before results of that
model can be used. In many cases a FEM model is validated with a real full scale or model test. In
that case FEM software models are used to execute more tests with varying parameters without the
costly and time consuming full scale tests. For this study no specific test-results of full scale tests are
available. FEM software models in this study are used to check the behaviour of possible missing or
outdated boundary conditions in the design code. To validate the created models analytical methods
or test results of similar conditions can be used.

4.6.1. Analytical model

To validate models by an analytical method, results of both the analytical and the FEMmodel need to be
presented in the same format. Because all the results of this study are presented in moment curvature
diagrams there is chosen to do also for this validation. For both methods the same parameters are
used for normalization. these parameters are given by equations 4.4 and 4.5. Paragraph 4.3.2 gives
the further information of how the results from the FEM models are processed to a moment-curvature
diagram.

For the analytical method, the approach of Gresnigt 1986 [8] is used to determine themoment-curvature
relation for the elastic and the elastic-plastic part separately. In the analytical method no strain hard-
ening or nonlinear effects are included.

Elastic behaviour:
𝑀 = Κ ∗ 𝐸𝐼 (4.7)

with:

𝐼 = 𝜋 ∗ 𝑟ኽ ∗ 𝑡 (4.8)

Κ = 𝜎
𝐸 ∗ 𝑟 =

𝜖
𝑟 (4.9)

By varying sigma (𝜎), kappa is determined with equation 4.9 and with equation 4.7 the corresponding
moment is calculated. At the end of the elastic range is reached and by increasing bending yielding
starts from the extreme outer fibers. A bi-linear 𝜎 − 𝜖 diagram as in figure 4.17 is present in the cross-
section.

Elastic - plastic behaviour:

𝑀 = 𝑀፩ ∗ 0.5 ∗ (
𝜃

𝑠𝑖𝑛(𝜃) + 𝑐𝑜𝑠(𝜃)) (4.10)

with:

𝑀፩ =
1
6 ∗ (𝐷

ኽ − (𝐷 − 2𝑡)ኽ) ∗ 𝑓፲ (4.11)
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𝜃 = 𝑎𝑟𝑐𝑠𝑖𝑛(
𝜖፲
𝜖 ) 𝑓𝑜𝑟 𝜖 ≥ 𝜖፲ (4.12)

Κ =
𝜎፲

𝐸 ∗ 𝑟 ∗ 𝑠𝑖𝑛(𝜃) (4.13)

Figure 4.17: Bi-linear stress distribution in the cross-section, from Gresnigt 1986 [8]

Following this analytical method and normalize the determinedmoment and curvature by the plastic mo-
ment of equation 4.4 and the curvature like parameter of equation 4.5, the analytical moment-curvature
diagram of figure 4.18 is formed.

Figure 4.18: Analytical, normalizedmoment-curvature diagram following themethod of Gresnigt [8]. Tube: D=1270mm, t=25mm,
ᑪ፟  ኽፍ/፦፦Ꮄ, D/t=51
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4.6.2. Validation by analytical model

To validate the ABAQUS FEMmodels made for this study, a comparison is made between the analytical
model and a FEM model with the corresponding properties. Three models are chosen that represent
each another D/t ratio and steel quality. With a D/t ratio of 51 and a S355 steel quality figure 4.19 shows
the first validation.

Figure 4.19: Model validation of Tube: D=1270mm, t=25mm, ᑪ፟  ኽፍ/፦፦Ꮄ, D/t=51

The ABAQUS model tests form the figure, show a corresponding elastic behaviour to the analytical
validation curve. At the point where the analytical model reaches the maximum of the elastic behaviour,
the model test curves starts to deviate from the validation curve. This deviation can be explained by the
fact that in the analytical method no strain hardening is included. The used model test for this validation
is of a class 3 tube very close to the lower boundary with class 2. The plastic moment is almost reached
for most of the tests what also explains the deviation of the analytical model. The normalized maximum
values of both the analytical and the ABAQUS FEMmodels are about 0.95 within the range of the graph.
For a tube with a D/t ratio of 51 and a steel quality of S355 these results are in line with the expectations.
The used model test for this validation is of a class 3 tube very close to the lower boundary with class
2. The plastic moment is almost reached for most of the tests what also explains the

In the figures 4.20 and 4.21 the same kind of validations are made for tubes with a higher D/t ratio and
steel quality. These tubes are typical class 4 tubular piles following the guidelines of the NEN-EN 1993-
1-1 [2] design code. These tubular piles are known for there sensitivity for local buckling. Looking to
the linear elastic part of both set of curves, no deviations from the analytical curve are visible. With an
increasing D/t ratio and steel quality, the maximum normalized moment decreases and the non-linear
behaviour after failing increases. These effects are well known for cross-section class 4 tubular piles.
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Figure 4.20: Model validation of Tube: D=1829mm, t=20mm, ᑪ፟  ኾኼኺፍ/፦፦Ꮄ, D/t=91

Figure 4.21: Model validation of Tube: D=1727mm, t=16mm, ᑪ፟  ኾዀኺፍ/፦፦Ꮄ, D/t=108

4.6.3. Discussion

The validation shows a corresponding behaviour with the analytical model for al D/t ratios and steel
qualities in the elastic part of the curve. The varying behaviour between the different D/t ratios in the
post-elastic part of the model test curves is conform the expectations. This validation do not give a
good view on the accuracy of the nonlinear part of the ABAQUS model tests. To increase the effect of
the validation, results of full scale test could be included to check the post-linear behaviour.



5
Parametric study

5.1. Introduction

In this study to the influence of boundary conditions on the failure behaviour of local buckling, more
parameters than only boundary conditions play a role. In this chapter these parameters are handled
and their influence on the local buckling failure mechanism is investigated. For residual stresses and
geometric imperfections, a study is preformed to check the influence on the failure resistance before
the parameters are included in the final models.

Parameters included in the test range such as the D/t ratio, yield stress and the influence length are
treated by specific examples. To generate an overview of the influence of al different parameters on
the different boundary conditions, an average value of𝑀፦ፚ፱/𝑀፩፥ and 𝐾፫/𝐾፞ per boundary and in total
are determined. In the end, the failure patterns of the different parameters and boundary conditions
are compared and an overall overview is created.

5.2. Residual stresses
In chapter 3 residual stresses, generated by the cold spiral bending process are described. The axial
and hoop stresses that are determined by Vasilikis et al. [4] and shown in table 3.2 are added in the
FEM models by introducing an initial condition (see appendix C). Because the study of S.van Es [13]
shows residual stresses resulting in an opening and closing behaviour of cutted ring segments, in this
parametric study both directions are investigated.

As described in the discussion of chapter 3, The effect of residual stresses are investigated for two
types of boundary conditions. The boundary conditions chosen for this analyses are selected on their
behaviour with respect to ovalization. Boundary condition BC1 counter acts ovalization while BC4
allows displacements perpendicular to the shell wall at the tube end. Figure 5.1 shows the moment-
curvature diagrams of four boundary conditions BC1F, BC1R, BC4F and BC4R with residual stresses
in both directions and without any residual stresses. The labels of the graphs show the signs in and out,
the sign in refers to the closing ring segment and the sign out to the opening one of paragraph 3.3.2.
The tests are preformed for a tube with the specifications: D = 1422mm, t = 16mm, 𝑓፲ = 355𝑁/𝑚𝑚ኼ
(S355) and D/t = 89.

39
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(a) BC1F (b) BC1R

(c) BC4F (d) BC4R

Figure 5.1: Influence of closing (in) and opening (out) residual stresses on different boundary conditions. Tested tube: D =
1422mm, t = 16mm, ᑪ፟  ኽፍ/፦፦Ꮄ, D/t = 89

In the graphs of figure 5.1 the normalized moment-curvature diagrams as result of the ABAQUS FEM
models are shown. Observing the diagrams a divergent behaviour can be seen for boundary condi-
tion BC4F. The different behaviour of this boundary condition is assumed to be not caused by residual
stresses. Looking to the normalizedM-K diagrams, an increased curvature is observed at themaximum
moment when residual stresses are present. The variation in maximum moment is small for all bound-
ary condition except for BC4F, here a reduced𝑀፦ፚ፱ is shown for the tests with residual stresses. Table
5.1 gives the values of the normalized maximum moments and the corresponding normalized critical
curvature.

Table 5.1: Effect residual stress per boundary condition. Tested tube: D = 1422mm, t = 16mm, ᑪ፟  ኽፍ/፦፦Ꮄ, D/t = 89
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For the boundary conditions BC1F, BC1R and BC4R a small increase in maximum moment of 1 − 3%
and a increase in curvature of approximately 20% is observed for the models with residual stresses.
For boundary condition BC4F a quite constant curvature by a decreasing maximum moment of 6−8%
is observed for the models with compared to the models without residual stresses. Residual stresses
have almost no influences on themaximummoment capacity, and there are hardly differences observed
between the boundary conditions (expect from BC4F). Therefore residual stresses are not included in
the models to investigate the effect of different boundary conditions.

5.3. Geometrical imperfections

The effect of geometrical imperfections on the buckling behaviour of cross-section class 4 tubular piles
is well studied in the past years. The influence of these imperfections in combination with different types
of boundary conditions are investigated in this study. As described in paragraph 4.5.4, the dimple
imperfections are modeled with the help of a buckling eigenmode with a scaling factor to adjust the
imperfection height. Because ABAQUS FEM models with a small imperfection run much smoother
and faster, there is chosen to ad a fixed imperfection to all models.

In the range of test tubes, three different thicknesses are used for tubes with different diameters and
steel qualities. This varying thickness in combination with a fixed imperfection height causes a discon-
tinuity in the imperfection over thickness height (𝛿𝑊/𝑡). The range of thicknesses varying of 16mm,
20mm and 25mm with a constant imperfection height of 4mm gives imperfection over thickness ratios
of 0.16, 0,2 and 0,25. From the models in the test range three tubes are selected with the same steel
quality and D/t ratio, but with a varying wall thickness. The normalized moment-curvature diagrams
are shown in figure 5.2.

Figure 5.2: Normalized moment-curvature diagram for imperfection over thickness ratios: 0.16, 0.20 and 0.25 (tube description
legend: Diameter, thickness, steel quality. boundary condition, imperfection)
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A significant scatter in the shape and maximum values of the moment-curvature diagram are observed
from the graph. The development of the normalized maximum moment and corresponding critical
curvature are displayed in the figures 5.3 and 5.4.

Figure 5.3: Influence of imperfections on the Normalized moment for ᎑ፖ/፭ ratios: 0.16, 0.20 and 0.25

Figure 5.4: Influence of imperfections on the Normalized curvature for ᎑ፖ/፭ ratios: 0.16, 0.20 and 0.25
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In the graph of figure 5.3, no clear trend can be observed for the development of the maximummoment
over a increasing 𝛿𝑊/𝑡 ratio. Following model and test results of other studies, a decreasing 𝑀፦ፚ፱
was expected by a increasing 𝛿𝑊/𝑡 ratio. Since the tested tubes from this example have the same
steel quality and D/t ratio, an reason for the discontinuity is searched by the model length to diameter
ratio or influence length. The influence length as described in paragraph 3.2.1, represents a stiffening
effect over a certain distance. Increasing maximum moments are expected by an increasing influence
length, what not declares the decreasing maximum moment for the largest tube diameter in figure 5.3.
However, paragraph 5.6 shows a opposite behaviour for the results of this study, the trends of the model
data confirm a decreasing maximum moment by an increasing influence length.

Figure 5.4 shows a decreasing critical curvature with an increasing imperfection over thickness ratio.
Looking to the moment-curvature diagram not only the critical curvature is changing with an increasing
wall thickness. The post buckling behaviour shows a less rapid decrease with a smaller wall thickness.

5.3.1. Influence of imperfections in the model study

As discussed in paragraph 5.3, all FEM model tests are preformed with a geometrical imperfection
of 4mm. This imperfection in combination with three varying wall thicknesses generated three imper-
fection over wall thickness ratios of 0.16, 0.20 and 0.25. In total, 288 ABAQUS FEM model tests are
preformed for this study. Each thickness over imperfection ratio represents 96 models divided over a
total of 8 different boundary conditions. The effect of the imperfections on different types of boundary
conditions is shown in table 5.2 by an average of the normalized maximum moment and corresponding
critical curvature per boundary condition per 𝛿𝑊/𝑡 ratio.

Table 5.2: Average normalized maximum moment and critical curvature per boundary condition per ᎑ፖ/፭) ratio.

The trend of the normalized maximum moment en critical curvature over the 𝛿𝑊/𝑡 ratio of all the tests
is shown in the figures 5.5 and 5.6. Corresponding to other studies these trends show a decreasing
maximummoment and critical curvature for an increasing imperfection over thickness (𝛿𝑊/𝑡) ratio. For
all boundary conditions the decreasing trend as pictured in the figures 5.5 and 5.6 also can be seen in
table 5.2. Boundary condition BC4F shows 10-20% lower values for as well the normalized maximum
moment as the critical curvature in comparison to the other boundaries who react all within a range of
1 − 2%.
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Figure 5.5: Trend of the influence of imperfections on the Normalized moment for ᎑ፖ/፭ ratios: 0.16, 0.20 and 0.25

Figure 5.6: Trend of the influence of imperfections on the Normalized curvature for ᎑ፖ/፭ ratios: 0.16, 0.20 and 0.25
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5.3.2. Comparison with the design code

The current design code for shell structures, the NEN-EN 1993-1-6 [1], describes different parameters
to use for accounting the influence of imperfections and boundary conditions. For long tubular piles
three different options can be selected to represent the boundary conditions. The options are BC1-1,
BC1-2 and BC2-2 and represent per option the boundary conditions at both pile ends. In the calculation
no difference is made between a rotational free or restrained boundary condition.

To compare the results of the prescribed calculation methods of the design code with the results of FEM
model tests, the same tubular pile with the same imperfections is calculated following the design code
(NEN-EN 1993-1-6) and modelled with ABAQUS FEM software. From paragraph 3.2.3 is known that
the calculation method of the design code works with quality classes. The limit values for imperfections,
of these quality classes are also used in the FEM model tests. For comparison, also in this study is
chosen to use the BC4 and BC1 boundary conditions that allow or counteract ovalisation. The tubular
pile that is tested is known by the specification: D = 1422mm, t = 16mm, 𝑓፲ = 355𝑁/𝑚𝑚ኼ (S355) and
D/t = 89. The imperfection heights that are used, corresponding to the limit values are 0mm, 2.56mm,
4.27mm and 6.43mm. Figure 5.7 shows the results of the FEM model tests for different boundary
conditions with the different imperfection heights.

(a) BC1F (b) BC1R

(c) BC4F (d) BC4R

Figure 5.7: Influence of dimple imperfections on piles with BC1 (no ovalisation) and BC4 (Ovalisation). Tested tube: D = 1829mm,
t = 20mm, ᑪ፟  ኽፍ/፦፦Ꮄ, D/t = 91
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In figure 5.7, the normalized moment-curvature diagrams for different imperfection heights per bound-
ary are shown. A decreasing maximum moment with an increasing imperfection height is observed
for all boundary conditions. The moments observed from the FEM models, as well as the moments
corresponding to the characteristic steel stresses from the design code calculation are normalized by
the plastic moment. This normalization makes it possible to compare the results. Both, the calculated
limit values of the design code and the maximum moments from the model tests are displayed in figure
5.8.

Figure 5.8: Theoretical resistance reduction from the NEN-en 1993-1-6 compared with FEM model tests of BC1 and BC4 for
tested tube: D = 1829mm, t = 20mm, ᑪ፟  ኽፍ/፦፦Ꮄ, D/t = 91

Looking to the results of the comparison between the design code and the FEMmodel tests as included
in figure 5.8, the results of the FEM model tests show a higher moment capacity in almost all cases.
The results of the BC4F model tests are deviating from the results of the other boundary conditions.
Not only a lower maximum moment value is observed, but also a faster decrease of capacity by an
increasing imperfection height. Comparing the decrease in moment capacity between the code and
the FEMmodel tests over the imperfection range, significant differences are indicated. The code shows
a decrease in moment capacity of 5%, both BC1 conditions and BC4R show a decrease of 10-12%
and BC4F show a decrease of 25%. Boundary condition BC4F reacts more sensitive on the increasing
imperfection height than the other ones. This behaviour was also mentioned in table 5.2 of paragraph
5.3.1.

5.4. D/t ratio
The Diameter over thickness ratio is in combination with the yield stress the parameter that subdivides
tube cross-sections in different classes. Tubular piles with high D/t ratios are placed in cross-section
class 4, this class represents buckling sensitive cross-sections. The tubes used in this study are all
class 4 tubular piles but have a varying D/t ratio of approximately 50, 70, 90 and 110.

To investigate the influence of the D/t ratio on the resistance capacity, the results of a FEM model test
of each ratio is added to the graph of figure 5.9. This figure shows the normalized moment-curvature
diagrams of the tested tubes. To prevent side effects, tubes with the same steel quality and and an
approximately matching diameter are selected out of the test range.
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Figure 5.9: Normalized moment-curvature diagram for D/t ratios: 50, 70, 90 and 110

In the normalized moment-curvature diagrams of figure 5.9, a clear pattern is visible. An increasing D/t
ratio comes with a decreasing normalized maximum moment and curvature. This pattern is also good
visible in the figures 5.10 and 5.11 that show the development of the normalized maximum moment
and corresponding critical curvature. For this study the curvature is normalized by the elastic curvature
because of the varying D/t ratio.

Figure 5.10: Influence of the D/t ratio on the Normalized moment for D/t ratios: 50, 70, 90 and 110
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Figure 5.11: Influence the D/t on the Normalized curvature for D/t ratios: 50, 70, 90 and 110

5.4.1. Influence of the D/t ratio in the model study

The influence of the D/t ratio shown in paragraph 5.4, is also investigated for all other tests. Per D/t
ratio, 72 FEM model tests are preformed divided over 8 boundary conditions. Table 5.3 shows the
averaged values of the normalized moment and curvature per boundary condition per D/t ratio.

Table 5.3: Average normalized maximum moment and critical curvature per boundary condition per D/t ratio.
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From table 5.3 can be concluded that BC4F gives divergent test results. Where all other boundary con-
ditions are in line with each other, BC4F scores approximately 10−20% lower for as well the normalized
maximum moment as the critical curvature. For an increasing D/t ratio from 50 to 110, the normalized
moment approximately decreases 10% and the curvature 20%. The trends of the normalized maximum
moment and critical curvature are displayed in corresponding figures 5.12 and 5.13. Because real tube
dimensions are used, the D/t ratios are not exact 50, 70, 90 and 110 but values close to the target
values what causes a small spread.

Figure 5.12: Trend of the influence of the D/t ratio on the Normalized moment for D/t ratios: 50, 70, 90 and 110

Figure 5.13: Trend of the influence of the D/t ratio on the Normalized curvature for D/t ratios: 50, 70, 90 and 110
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Looking to the trend of the normalized maximum moment shown in figure 5.12, the bundle of BC4F test
results are clearly diverging from the mean. This phenomenon is less but also visible for the normalized
critical curvature as shown in figure 5.13.

5.5. Yield stress

In this parametric study most of the studies are to geometrical parameters as imperfections, D/t ratio
and the influence length. Together with the residual stress this parameter tells something over the
material properties. Where residual stresses are an accidental thing, the yield stress is something
where the material is meant for. The steel quality, represented by the yield stress tells us something
about the behaviour of the material. For this study, three different steel qualities are used listening to
the names S355, S420 and S460. The influence of the steel quality on the buckling resistance is also
tested for this parameter. Figure 5.14 shows the results of the FEM model tests of one single tube
tested in the three different steel qualities.

Figure 5.14: Normalized moment-curvature diagram for yield stresses: 355, 420 and 460 ፍ/፦፦Ꮄ. Tested tube: D=1270mm,
t=25mm

For the three tested tubes represented in figure 5.14, the variations in normalized maximum moment
and the corresponding critical curvature over an increasing yield stress are presented in the figures 5.15
and 5.16. Hardly any changes are observed in the normalized maximum moment over an increasing
yield stress. A very small decrease of the normalized critical curvature by an higher steel quality can
be seen.
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Figure 5.15: Influence of the yield stress on the Normalized moment for yield stresses: 355, 420 and 460 ፍ/፦፦Ꮄ

Figure 5.16: Influence of the yield stress on the Normalized curvature for yield stresses: 355, 420 and 460 ፍ/፦፦Ꮄ.
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5.5.1. Influence of yield stress in the model study

However hardly any difference in normalized moment and curvature could be observed in the selected
test results of paragraph 5.5, the effect of the yield stress on the total test range is studied for complete-
ness. For the yield stress, also a conclusion per boundary condition can be derived from the results
of the FEM model tests. Per boundary condition 12 models with the same steel quality are preformed,
these models together form an average normalized maximum moment and critical curvature to com-
pare with the other boundary conditions. In table 5.4 the influences of the different yield stresses are
presented per boundary condition. Also when looking to the yield stress, Boundary condition BC4F
represents the set of divergent measurement results. The trend of the normalized maximum moment
as well as for the normalized critical curvature is shown in the figures 5.17 and 5.18.

Table 5.4: Average normalized maximum moment and critical curvature per boundary condition per yield stress.

Figure 5.17: Trend of the influence of the yield stress on the Normalized moment for yield stresses: 355, 420 and 460 ፍ/፦፦Ꮄ.
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Figure 5.18: Trend of the influence of the yield stress on the Normalized curvature for yield stresses: 355, 420 and 460 ፍ/፦፦Ꮄ.

5.6. Influence length

In paragraph 3.2.1, the influence length is explained as the length over which the stiffness of a restrained
cross-section influences the ovalization of a tubular pile. Since the model used for the FEM tests has
a fixed system length of 6,6m and the calculated influence lengths are in a range of 2 to 10m, the
direct relation to the moment and curvature of all the tubes is not representative in this case. An even
moment distribution over the whole tested area, cause that tubes can buckle outside of the influence
length for the same moment. A relative influence length to the system length is used to display the
effects of the different influence length to the moment capacity and curvature behaviour of the tubes.
The trends of the normalized maximum moment and the normalized critical curvature from the figures
5.19 and 5.20 show increasing maximum moments and increasing critical curvatures for a increasing
relative influence lengths.
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Figure 5.19: Trend of the influence of the relative influence length on the Normalized moment.

Figure 5.20: Trend of the influence of the relative influence length on the Normalized curvature.

The behaviour observed from the graphs is the opposite from what the theory behind it tells. Possible
reasons why the theory is not valid for this study are, the use of an even moment over the entire tested
area and/or dominant other parameters. The influence length is therefore excluded from the influence
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study. In the graphs lower results are observed for an influence length equal to or half the system
length (𝐿/𝐿።፧፟ = 1𝑎𝑛𝑑2). No clear reason for this behaviour could be derived from these model data.
In section 5.6.1, the relation of the influence length to the buckling location is studied.

5.6.1. Buckling location

From the study to the influence length in section 5.6 is concluded that the stiffening effect over a certain
length caused by a restraint cross-section is not visible in the moment-curvature behaviour of the model
data. Because of an even moment over the total test length, no difference in moment capacity is
expected for influence lengths within the system length. The failure could take place outside the effected
area of a restraint cross-section for the same moment. To check this theory the buckling locations of
tubes with a restraint boundary condition are compared with the relative influence lengths as shown in
figure 5.21

Figure 5.21: The buckling location with respect to the restraint boundary condition for all 12 tube geometries in the range

The wide scatter of results in the figure do not show a very clear dependency of the two parameters.
However, the plotted trend shows a decreasing distance between the restrain boundary conditions
and the failure location by a decreasing influence length. From the trend could be concluded that the
buckling location is affected by the influence length. Further research is needed so more data can be
collected to investigate the relationship.

5.7. Boundary conditions

The main focus of this thesis is to investigate the influence of different types of boundary conditions on
the local buckling failure mechanism. In the previous paragraphs of this chapter, different parameters
are discussed with their influence on the resistance capacity per boundary condition. In this chapter,
the overall influence of the boundary conditions is discussed in combination with the type of (buckling)
failure.
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5.7.1. Overall trend over the boundary conditions

Looking to the results of all the 288 FEM model tests that are preformed, not that much deviations
can be observed between the different boundary conditions except for BC4F. This boundary condition
shows in most cases the same trends for the tested parameters, but is not able to generate the same
amount of resistance. This lack of resistance is also good visible in the overall plot of all the boundary
conditions of figure 5.22 and in table 5.5 with all the influences per boundary per parameter. BC4F has
a average normalized maximum moment that is approximately 14% lower than the one of the other
boundary conditions. Because of the abrupt failure behaviour, BC4F has a average normalize critical
curvature that is approximately 36% lower than the one of the other parameters. For the other boundary
conditions, minimal differences of 1-2% are observed.

Figure 5.22: Total trend of the influence of boundary conditions on the moment-curvature behaviour.

Table 5.5: Overview of the influence of different parameters on the moment-curvature behaviour for the tested boundary condi-
tions
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5.7.2. Failure behaviour per boundary condition

To complete this chapter a visual overview of al boundary conditions is given in table 5.6. In the table,
the normalized moment-curvature diagram of a boundary condition is placed next to the corresponding
failure type and location of the tube.

Table 5.6: Visual overview of the boundary conditions and their failure behaviour, M-K diagrams and failure modes from tube:
D=2235mm, t=20mm, ᑪ፟  ኽፍ/፦፦Ꮄ

from the table can be observed that except of Boundary condition BC4F, all boundary conditions where
able to force the buckling failure location away from the tube end. Studying the differences in failure
behaviour, a more rapid decrease of moment capacity is observed for the boundary conditions that
allow ovalization. Also a small difference can be observed between the boundary conditions with the
rotational free and restrained tube ends. The tubes with a rotational restrained end show amore smooth
behaviour after failure. The normalized moment-curvature diagrams used in table 5.6, are displayed for
all tested tubular piles in appendix E. Figure 5.23 Shows the normalized moment curvature diagrams
of all boundary conditions of the tube used in the table.
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Figure 5.23: Illustrative graph of a normalized moment curvature diagrams for all boundary conditions of tube: D=2235mm,
t=20mm, ᑪ፟  ኽፍ/፦፦Ꮄ

From the graph, three couples of curves are observed that show a nearly identical behaviour. The
couples are BC1F - BC2F, BC1R - BC2R and BC3R - BC4R. The difference within each of these couples
is the possibility to displace in axial direction at the boundary. Since the model is based on pure bending
without normal forces, the axial constraint has no influence on the moment-curvature behaviour for this
specific model. In failure location and shape there are differences between the couples BC1F - BC2F,
BC1R - BC2R and BC3R - BC4R as displayed in table 5.6.
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Conclusions and recommendations

After completing this thesis, an answer on the main research question is formulated with the help of
the conclusions of the executed studies. These studies on his own are answering the sub-questions.
Parts of the subject that are of interest, but are not within the scope of this thesis are added to the
recommendations for further research.

6.1. Conclusions

Boundary condition study
• In chapter 2, the theoretical approach of defining boundary conditions as used in the design code
is studied. The radial, meridional and rotational direction of the local shell end is free or restrained
for displacement, which generates nine theoretical conditions with simple visualisations (table
2.2b). From the nine boundary conditions, BC3R, BC4F, BC4R and BC-UCF are not yet included
in the design code.

• By coupling the theoretical boundary conditions to practical applications, is concluded that BC2R,
BC3R, and BC4R are not very common in the field of civil engineering.

• BC4F and BC-UCF are the two relevant missing boundary conditions in the current design code.
With examples of several practical applications sub-question 2 is answered.

Residual stress
• Residual stress is a material imperfection common for steel tubular piles. The stresses are gen-
erated by several processes during production or assembling of tubular piles as welding, irregular
cooling or cold deforming.

• From comparison with real tests of S. van Es [13], the residual stresses obtained from Vasilikis
et al. [4], that represent only the cold spiral bending process, are validated. The same behaviour
(but a smaller displacement) is observed in the FEM ring model as well as in the real experiments.

• The validated residual stresses are added to ABAQUS FEMmodels with the boundary conditions
BC1 (no ovalization) and BC4 (ovalisation). The results of these tests show a similar behaviour
for the tubes with BC1F, BC1R and BC4R. For this three tubes the normalized maximum mo-
ment shows a small increase of 1-3% and the normalized critical curvature shows an increase
of approximately 20% in comparison with the tube without residual stresses. For the tube with
boundary condition BC4F the normalized maximum moment decreases about 6-8% by a curva-
ture that remains the same. This conclusion answers sub-question 3.
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Geometrical imperfections
• All tubes in the tested range had an imperfection over thickness ratio of 0.16, 0.20 or 0.25. The
overall trend shows a decreasing normalized maximum moment and corresponding critical cur-
vature for an increasing imperfection/thickness ratio. BC4F shows a relative larger decrease over
the increasing imperfection/thickness ratio than the other boundary conditions.

• BC4F deviates from the other boundary conditions with a 10-20% lower average normalized mo-
ment and a 30-40% lower average critical curvature. The other boundary conditions only deviate
1-3% from each other.

• In comparison with situations of the design code, BC1 (no ovalization) and BC4 (ovalization)
conditions show almost in all cases higher normalized moments. For these analyses dimple
imperfection heights corresponding to the limit values of the three quality classes in the design
code are used in the FEM models. Only for BC4F the FEM model results show a lower moment
resistance than the design code in the lowest quality class.

• Differences in trend between the FEM model results and the results of the design code code
calculations are observed. Over the tested dimple imperfection range the FEM model conditions
BC1F, BC1R and BC4R show a decrease in normalized moment of approximately 10-12%. BC4F
shows a decrease of 25% over the same imperfection range. The calculations from the design
code only show a reduction in moment capacity of 5%. These differences in behaviour of the
FEM model tests and the prescribed design code calculations answer sub-question 1.

• The imperfection heights corresponding to the quality classes excellent, good and normal are
2.56mm, 4.27mm and 6.43mm. These initial imperfections could be added to the models by
eigenmodes and a scaling factor. This answers sub-question 4.

Parameters from the tested range
• In the tested range, tubes with diameter over thickness ratios of approximately 50, 70, 90 and 110
are used. For these mainly class 4 tubes an average decrease in normalized moment capacity of
10-11% is observed with an corresponding average decrease in normalized curvature of 12-20%
for a increasing D/t ratio from 50 to 110. This result is known from other studies and confirmed
here.

• For the yield stress these differences are much smaller. A decrease in maximum moment of 2-
3% and an decrease of 8-11% of the normalized critical curvature is observed over an increasing
yield stress from 355 to 460𝑁/𝑚𝑚ኼ.

Influence length and buckling location
• From the analyses to the effect of the influence length on the moment curvature behaviour of the
steel tubular piles is observed that the model used in this study is inappropriate to derive clear
conclusions for this parameter. For most of the tubes in the test range the influence length is
smaller than the system length over which the moment is even, the tube could buckle outside the
influence length for the same moment. The normalized moment-curvature results from the FEM
model tests show increasing values for an increasing relative influence length (system length /
influence length) what counter acts the theory behind it.

• The buckling location does not show a clear dependency with the influence length for the tested
tubes of BC1F. The trend shows a decreasing distance from the boundary condition for a increas-
ing relative influence length (system length / influence length).
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Influence of boundary conditions
• All material and geometrical parameters discussed in the previous chapters and paragraphs are
tested for the eight boundary conditions BC1F, BC1R, BC2F, BC2R, BC3R, BC4F, BC4R and BC-
UCF. A very consistent result is observed over all conditions except for boundary condition BC4F,
this condition has an overall maximum normalized moment of approximately 14% lower than
the other boundary conditions. The normalized critical curvature corresponding to the maximum
moments is approximately 26% lower in comparison to the other boundary conditions.

• In the post-buckling trajectory, conditions with a rotational free boundary experience a more rapid
decrease of the moment resistance capacity after the maximum moment occurs. For boundary
conditions that are free to ovalize at the tube end, the decrease of moment capacity after failure
is even more rapid.

6.2. Recommendations

The following recommendations are made for future research to local buckling of steel tubular piles.

• Perform model studies to the influence of all boundary conditions in situation with shear and
normal forces included. The combination of these researches gave a more overall view of the
influence of the different boundary conditions.

• Extend the amount and the description of boundary conditions in the design code when the be-
haviour the conditions is better known. Add simple visualizations to clarify the differences between
the conditions and corresponds more to the practical applications.

• Further research to the behaviour of BC4F is intended. This boundary condition deviates from
all the other boundaries and shows local buckling failure for moments close to the calculated
moments form the design code. Real tests to the currently used practical application as shown
in chapter 2 should determine the accuracy of the situation.

• A verification to the parameters that determine the strength reduction caused by imperfections
should be preformed. Looking to the comparison made between the design code and the FEM
model results a larger relative decrease in capacity is observed in the FEM model results com-
pared to the numbers calculated following the design code.

• perform a study to the influence of the tube length for the different boundary conditions. In this
study, the effect of boundary conditions on the influence length and corresponding buckling loca-
tion also need to be investigated more in detail.

• Tubular piles are very often used in combination with sheet piles in a combi-wall structures. The
effect of the added stiffness as well as the lateral support by the sheet piles could influence
the buckling behaviour of the tubular pile. The sheet pile also can be a loading condition. The
combined behaviour of this system should be investigated more in detail.
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A
Literature study

A.1. Buckling of steel tubular piles

Steel tubular piles that nowadays commonly are used in the field of civil engineering are local buckling
sensitive elements. The current design code the NEN-EN 1993-1-6 [1] describes the failure mechanism
of buckling as: “the ultimate limit state where the structure suddenly loses its stability under membrane
compression and/or shear. It leads either to large displacements or to the structure being unable to
carry the applied loads” (NEN-EN 1993-1-6, 2007, p.8) [1]. This description belongs to the phenomenon
of global buckling. Local buckling is a type of buckling where the shell is locally deformed as result
of membrane compression. For perfect round, homogeneous and undamaged tubular piles without
residual stresses, it is less likely that buckling occurs. Nevertheless bifurcation buckling has no stable
equilibrium and therefore it can always occur. In practice, there are always imperfections operating as
a trigger point for local buckling.

The geometry of the tubular pile cross-section influences the sensitivity to local buckling. The general
design code NEN-EN 1993-1-1 [2] for steel structures describes four cross-section classes. The four
classifications describe a degree of limitation on resistance and rotational capacity due to the buckling
resistance. The four classes are:

• Class 1: Plastic cross-sections where a plastic hinge can be formed so that the rotational capacity
is enough for a plastic calculation without resistance losses.

• Class 2: Compact cross-sections where the plastic moment can be reached, however the rota-
tional capacity is limited by local buckling.

• Class 3: Semi-compact cross-sections where the elastic moment can be reached, local buckling
obstructs the development of the plastic moment.

• Class 4: Slender cross-sections where local buckling will take place before reaching the yield
stress in one or more parts of the cross-section.

The diameter to thickness ratio (D/t) is a parameter used to determine the classification of the pile
cross-section. The influence of the yield stress of an element compared to a yield stress of 𝑓፲,፫፞፟ =
235𝑁/𝑚𝑚ኼ is included in the classification criteria as:

𝜀ኼ =
𝑓፲,፫፞፟
𝑓፲

(A.1)
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Table A.1: Cross-section classification [2]
.

In table A.1 below the criteria for the classification of tubular piles are listed.

Tubular piles with a high diameter to thickness ratio, the so-called slender cross sections have an upper
stress limit lower than the yield stress due to local buckling. This type of tubular piles is commonly used
in civil structures and is therefore the main research objective. The NEN-EN 1993-1-6 [1] describes
more in detail the application of these steel shell structures.

A.1.1. Types of analysis

To analyze the behavior of shell structures, the following three gradations of theories can be used:

• First-order plate / shell theory (thin plate / shell theory)

• Second-order plate / shell theory (Thick plate / shell theory)

• Three-dimensional continuum theory

The theories make use of specific assumptions that simplify the analysis by reducing the dimensions.
The first-order plate/shell theory is based on the three kinematic assumptions of the Kirchhoff-Love
theory. These assumptions are:

1. Normal straight lines to the shell reference surface remain straight after deformation.

2. Normal straight lines to the shell reference surface remain normal after deformation.

3. The transverse shear strains are negligible.

The second-order plate / shell theory neglect assumption 2 and therefore accounts for transverse shear
deformation, corresponding to the Mindlin-Reissner theory. By neglecting all the above assumptions,
a higher-order theory like the three-dimensional continuum theory is obtained.
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A.1.2. Class 4 cross-sections

The NEN-EN 1993-1-6 [1] describes four different limit states for tubular piles cross-section class 4, that
make use of different types of analyses. The four limit states and their analysis that are distinguished
are:

• LS1: Plastic limit

– Membrane theory
– Linear elastic analysis (LA)
– Materially nonlinear analysis (MNA)
– Geometrically and materially nonlinear analysis (GMNA)

• LS2: Cyclic plasticity

– Elastic analysis (LA or GNA)
– Geometrically and materially nonlinear analysis (MNA or GMNA � plastic strain range)

• LS3: Buckling

– Membrane theory for asymmetric conditions
– Linear elastic analysis (LA)
– Linear elastic bifurcation analysis (LBA)
– Materially nonlinear analysis (MNA)
– Geometrically and materially nonlinear imperfection analysis

• LS4: Fatigue

– Elastic analysis (LA or GNA)

The interest of this research is especially LS3, the buckling limit state. This limit state is taking into
a count all relevant load combinations that cause compressive membrane and/or shear membrane
stresses. An other important aspect in the buckling limit state is the quality of the construction. The
NEN-EN 1993-1-6 [1] expresses this quality in different types of tolerances.
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A.2. Geometrical tolerances

Quality tolerances are included in the testing procedure of the buckling limit state. The different quality
classes A, B and C are chosen to represent a certain tolerance level from normal to excellent. The
lowest quality class measured for one of the imperfections types is normative for the whole analysis.
The tolerances described in the NEN-EN 1993-1-6 [1] are in accordance with the tolerances they have
been specified in the execution standard EN 1090. The tolerances that have been assessed in the
buckling limit state are:

• Out of roundness tolerance

• Accidental eccentricity tolerance

• Dimple tolerances

• Interface flatness tolerance

A.2.1. Out of roundness

The out of roundness (ovalisation) of tubular piles influences the resistance of piles against local buck-
ling. Ovalisation causes irregularities in the diameter of the pile, which are characterized by the ovali-
sation parameter 𝑎 as shown in figure A.1. The ovalisation parameter is used to determining the radius
of curvature 𝑟፨ of the ovalised cross-section.

𝑟፨ =
𝑟

1 − ኽፚ
፫

(A.2)

with:

𝑟 = 𝐷/2, 𝐷 = 𝐷፞ − 𝑡

𝑎 = (𝐷፦ፚ፱ − 𝐷፦።፧)/4

Figure A.1: Radius ፫Ꮂ in an ovalised cross section [3]

The NEN-EN 1993-4-3 [3] describes themechanisms curvature, direct earth pressure and indirect earth
pressure that cause ovalisation of tubular piles. Elastic ovalisationmodels by Reissner andWeinitschke
1963 and plastic ovalisation models by Gresnigt 1986 are used to determine the ovalisation parameter
𝑎.

In practice, even unloaded steel tubular piles are not perfectly round. Depending on the fabrication
quality, the piles are indicated with a quality class as listed in tableA.2. The NEN-EN 1993-1-6[1]
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prescribes imperfection reduction factors corresponding to the quality class of the steel tubular piles.
For out-of-roundness, the parameter 𝑈፫ is determined following figureA.2 and equationA.3.

𝑈፫ =
𝑑፦ፚ፱ − 𝑑፦።፧

𝑑፧፨፦
(A.3)

With:

𝑑፦ፚ፱ = Maximum measured internal diameter

𝑑፦።፧ = Minimum measured internal diameter

𝑑፧፨፦ = Nominal internal diameter

Figure A.2: Ovalisation dimensions [1]

To meet a certain quality class, the out of roundness parameter needs to meet the condition of equa-
tionA.4.

𝑈፫ ≤ 𝑈፫,፦ፚ፱ (A.4)

The parameter 𝑢፫,፦ፚ፱ depends on the diameter as well as the quality class.

Table A.2: Recommended values for out-of-roundness tolerance parameter ፔᑣ,ᑞᑒᑩ[1]
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A.2.2. Accidental eccentricity

Steel tubular piles can consist of two of more separate pieces of tube connected by joints perpendicular
to the membrane compressive forces. The connection between the two pieces can consist of two the
same or two deviating thicknesses. Eccentricity in the joints can cause additional bending effects due
to an eccentric stress path. The accidental eccentricity 𝑒ፚ consists of the total eccentricity 𝑒፭፨፭ minus
the intended eccentricity 𝑒።፧፭, see figure A.3 and equation A.5.

𝑒ፚ = 𝑒፭፨፭ − 𝑒።፧፭ (A.5)

Figure A.3: Accidental eccentricity

The same as for out of roundness, accidental eccentricity has specified maximum eccentricities for
each quality class. the maximum eccentricities 𝑒ፚ,፦ፚ፱ per quality class are given in table A.3

Table A.3: Recommended values for maximum permitted accidental eccentricities [1]

Also the accidental eccentricity parameter 𝑈፞ represents a condition that has a specified 𝑈፞,፦ፚ፱ per
quality class.

𝑈፞ =
𝑒ፚ
𝑡ፚ𝑣

𝑜𝑟 𝑈፞ =
𝑒ፚ
𝑡 (A.6)

with:

𝑡ፚ፯ = mean thickness of the thinner and thicker plates at the joint
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Table A.4: Recommended values for accidental eccentricity tolerances [1]

A.2.3. Dimples

Dimples are unevenness on the shell surface that reduce the radius of the shell locally. Dimples are
measured with a gauge of specific length corresponding to a radius (see figure A.4), thickness and
length ratio. The gauge length is specified in circumferential and meridional direction. The parameter
𝛿፰ኺ indicates the dimple depth. The parameters 𝑈ኺ፱, 𝑈ኺ᎕ and 𝑈ኺ፰ are derived by dividing the dimple
depth by the specific gauge length for that direction. Each quality class has a recommended value of
𝑈ኺ,፦ፚ፱, see table A.5.

Table A.5: Recommended values for dimple tolerance parameter ፔᎲ,ᑞᑒᑩ [1]

Figure A.4: Dimple measurements [1]

A.2.4. Interface flatness

The interface flatness refers to a tolerance of the interface between the shell and a boundary in cir-
cumferential direction. according the NEN-EN 1993-1-6 [1] the interface should not have a slope larger
than 𝛽᎕ = 0.001 radials.
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A.3. Boundary conditions

The use of steel tubular piles in different types of civil constructions comes with all kind of boundary
conditions. Boundary conditions have influence on the failure mechanism of local buckling by limiting
certain displacements at a support end. The NEN-EN 1993-1-6 [1] for shells describes three types of
boundary conditions: clamped, pinned and free edge conditions that have their origin from the EN 1993
for silos and tanks. Table A.6 shows an overview of the available boundary conditions in the current
design code for shell structures.

Table A.6: Boundary conditions for shells [1]

In the table above is shown that the displacements and rotations in normal, meridional direction are
zero or non-zero. The two situations that are suggested for each direction are fully fixed and free. For
civil engineering applications the current list of boundary conditions is in many cases not sufficient. In
reality, boundary conditions can have a certain level of stiffness 0 < 𝑘 < 𝑘፦ፚ፱ that do not match the
correctly to the conditions from the table above but have a springy boundary condition, see table A.7.
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Table A.7: Springy boundary conditions for shells

A.4. Residual stress

Residual stresses present in steel spirally welded tubular piles can have several reasons. Sources of
influence could be:

• Production process

• Uncoiling of the plate material

• Uneven heating and cooling

• Spiral bending

• Welding

– Spiral welding
– Girth welding

Most of these possible sources of residual stresses are hardly predictable. The bending process to
make a spiral welded tube from a flat steel plate is a source that is modeled in ABAQUS by Vasilikis
and Karamanos (2014) [4]. This research work resulted in a normalized residual stress distribution over
the thickness (15 integration points) of the tube. These normalized distributions (see table A.8) can be
used to generate the residual stresses for each steel spiral welded tube by multiplying them with the
yield stress.
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Table A.8: Residual stress distribution (from inner surface to outer surface) [10]

A.5. Design codes

Several design codes describe amanner of assessing the failuremechanism of local buckling on tubular
piles. For this literature study the current European design code NEN-EN and the offshore code DNV
are studied to get insight in the assessment methods. From the European Standards the codes NEN-
EN 1993-1-6 [1] and NEN-EN 1993-4-3 [3] are studied and from the DNV the DNV-RP-C202 [6] in
combination with classification notes - No. 30.1 [5].

A.5.1. NEN-EN 1993-1-6
In the NEN-EN 1993-1-6 [1] the buckling limit state describes a stress based analysis, used to assess
the strength of the shell membranes under compression. The buckling strength verification consists of
three separate checks of the meridional, circumferential and the buckling shear membrane stresses,
see equations A.7 to A.9. A unity check of the combined effects as represented in equation A.10
also need to be fulfilled. A calculation example of the buckling limit state is shown in appendix A. As
described in subsection A.2 the NEN-EN 1993-1-6 includes imperfections in the calculation by adding
partial factors indicated by a quality class.

𝜎፱,ፄ፝ ≤ 𝜎፱,ፑ፝ (A.7)
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Figure A.5: Cylinder geometry,membrane stresses [1]

𝜎᎕,ፄ፝ ≤ 𝜎᎕,ፑ፝ (A.8)

𝜏፱᎕,ፄ፝ ≤ 𝜏፱᎕,ፑ፝ (A.9)

(𝜎፱,ፄ፝𝜎፱,ፑ፝
)፤ᑩ − 𝑘።(

𝜎፱,ፄ፝
𝜎፱,ፑ፝

)(𝜎᎕,ፄ፝𝜎᎕,ፑ፝
) + (𝜎᎕,ፄ፝𝜎᎕,ፑ፝

)፤ᒍ + (𝜏፱᎕,ፄ፝𝜏፱᎕,ፑ፝
)፤ᒍ ≤ 1 (A.10)

A.5.2. NEN-EN 1993-4-3
The NEN-EN 1993-4-3 [3] describes a strain based method that assess the compressive strains in the
deformation limit state (local buckling). A critical strain value 𝜖፫ (Gresnigt) is calculated with the use of
the radius of curvature 𝑟ኺ of the ovalized cross-section. Themethod is derived for buried pipelines under
possible internal or external pressure. Internal pressure can function as a support against ovalisation
called the re-rounding effect, external pressure works negative on the local buckling capacity of a pipe.
Equations A.11, A.12 shows the calculation of the critical value of the compressive strain.

𝜖፫ = 0.25 ∗
𝑡
𝑟ኺ
− 0.0025 + 3000 ∗ 𝑝𝑟ኺ𝐸𝑡

ኼ |𝑝|
𝑝 𝑓𝑜𝑟𝑟ኺ𝑡 ≤ 60 (A.11)

𝜖፫ = 0.10 ∗
𝑡
𝑟ኺ
+ 3000 ∗ 𝑝𝑟ኺ𝐸𝑡

ኼ |𝑝|
𝑝 𝑓𝑜𝑟𝑟ኺ𝑡 ≥ 60 (A.12)

A.5.3. DNV-RP-C202 (classification Notes – No. 30.1)

The calculation method described in the DNV-RP-C202 is quite similar as the method described in
the NEN-EN 1993-1-6, and concerns a stress based method as well. The DNV-RP-C202 suggests
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the possibility to include stiffeners in two directions into the shell stability calculation, see figure A.6
imperfections are not directly included as explicit parameters in the calculation, but the calculations
are based on an assumed level of imperfections. An example calculation of the buckling stability as
described in the DNV-RP-C202 [6] can be found in Appendix A.

Figure A.6: Stiffened cylindrical shell [6]
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A.6. Thesis scope
Within the seen literature this thesis is supported on available reports that are closely related to this
study. The figure below (figure A.7) shows the connections and defines the scoop of this thesis.

Figure A.7: Scoop and related literature
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B.1. NEN-EN 1993-1-6
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C
ABAQUS modeling and post-processing

C.1. Modeling resources

To create a steel tubular pile in ABAQUS with the correct properties and configurations of a model,
many tutorials and manuals are available. Depending on the type of analyses and data that are de-
sirable, settings can be different. Many research analyses to the local buckling failure mechanism are
preformed with ABAQUS over the past years. Some of these researches describe exactly the steps
to generate a working shell model for a parametric study. The model for this study is based on the
following resources:

1. To create the base model with buckling eigenmodes, the steps of appendix C from the thesis
report of N. kostis [9] are followed.

2. Appendix B from the thesis report of J. Liu [10] describes in detail how to implement residual
stresses in the ABAQUS FEM model, and show the possibility to run multiple models in a row
using batch files.

3. A detailed description of keyword editing is given in Appendix D of the thesis report of J. Winkel
[14].

4. All general information can also be found in the ABAQUS manual [12].
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C.2. Post-processing python script

Figure C.1: Post-processing script part 1
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Figure C.2: Post-processing script part 2
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Figure C.3: Post-processing script part 3
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Eigenmode analyses

Figure D.1: Eigenmode 1
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Figure D.2: Eigenmode 2

Figure D.3: Eigenmode 3
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Figure D.4: Eigenmode 4

Figure D.5: Eigenmode 5
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Figure D.6: Eigenmode 6

Figure D.7: Eigenmode 7
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Figure D.8: Eigenmode 8

Figure D.9: Eigenmode 9
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Figure D.10: Eigenmode 10

Figure D.11: Eigenmode 11



95

Figure D.12: Eigenmode 12
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