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Modelling piles in FEM-Design
Master’s thesis in the Master’s programme Structural Engineering & Building Technology

MICHELLE SKJÆRLUND FABRIN
OSAMA ALI BEK

Department of Architecture and Civil Engineering
Division of Structural Engineering
Chalmers University of Technology

ABSTRACT

The software developer company Strusoft released FEM-Design version 17 in Jan-
uary 2018 which includes the new Pile feature. FEM-Design combines structural
and geotechnical Finite Element Modelling which makes the software relevant in
projects which combines these two engineering fields. This study includes valida-
tion and verification of the Pile feature for two studies; load-displacement behaviour
and buckling, respectively. The validation of the load-displacement behaviour con-
sists of two cases where the choice of soil model has been varied. The pile load
test is compared with investigations based on analyses of pile and soil modelling
in FEM-Design. The buckling verification is performed for a case study with a
partially embedded pile in water and partly in soil. The critical buckling load and
equivalent length have been estimated from relevant analytical methods and com-
pared with results from FEM-Design. The results of the load-displacement analysis
show that the pile modelling of FEM-Design is overly simplified to give agreeable
output results. The optimising from the linear soil model to the over-consolidated
soil model is insufficient since the stiffness in over-consolidated model is not stress-
dependent. Furthermore, the soil history and plastic deformation is not included in
the over-consolidated soil model. In general, the pile models show much smaller total
resistances than the pile load test. The buckling analysis shows that FEM-Design
gives reasonable results compared to the analytical methods.

Key words: FEM-Design, pile modelling, geotechnics, over-consolidation, lateral
earth pressure coefficient, finite element, Wehnert, compression modulus.
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Notations

Roman upper letters:
Abase Cross-section area of the pile base
B Pile width
D Cross-section diameter of the pile
Ep Young’s modulus of the pile
Es Young’s modulus of the soil
Eoed Constrained Young’s modulus
Eref

oed Constrained Young’s modulus at stress level pref

Eur Young’s modulus at un-/reloading
E ′ur Young’s modulus at un-/reloading for effective stresses
Eref

ur Young’s modulus at un-/reloading for stress level pref

EI Pile rigidity
Fb Internal force at the pile base
Fsi Internal force of one shaft segment, i
Gs Shear modulus of the soil
Ip,z′ Moment of inertia of a cross-section of the pile
JR Non-dimensional term for Lu

K Lateral earth pressure coefficient
K0 Lateral earth pressure coefficient at rest
KNC

0 Lateral earth pressure coefficient at rest for normal-consolidated soil
Kp Passive earth pressure
Kx′ Shaft spring stiffness in x’-direction
Kx′

0
Base spring stiffness in x’-direction

Ky′ Shaft spring stiffness in y’-direction
Kz′ Shaft spring stiffness in z’-direction
L Embedded pile length
Lc Critical length of the embedded part of pile
Lcr Critical buckling length
Le Equivalent pile length
Lelement Length of one division
Ls Equivalent length of embedded part of pile
Ltot Total length of the pile
Lu Unembedded length
M Compression modulus
M0 Compression modulus at the over-consolidated stress levels
M0 Compression modulus in the linear soil model
ML Compression modulus at the normal-consolidated stress levels
Mu Compression modulus at insitu vertical effective stresses σ′v0
M ′ Rate of compression modulus at σ′L < σ′v
Nc Bearing capacity coefficient
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Nq Bearing capacity factor
OCR Over-consolidation ratio
P Circumference of pile cross-section
Pactual The actual external applied load
Pcr Critical Euler load
R Total resistance of the pile
Rb Base resistance of the pile
RR Stiffness dependent parameter
Rs Shaft resistance of the pile
SR Non-dimensional term for Ls

Roman lower letters:
c′ Drained shear strength of the soil for effective stresses
ck Drained characteristic shear strength of the soil
cuk Undrained characteristic shear strength of the soil
ks Constant soil stiffness in horizontal direction
lmax Criteria for depending the embedded depth
m Exponent for stress dependency in constitutive equations
mnc Normal-consolidated modulus number
moc Over-consolidated modulus number
n Number of buckling mode shapes
pref Reference stress used in constitutive equations
p′c Mean effective pre-consolidation pressure at isotropic consolidation
p′L Mean effective limiting stresses at isotropic consolidation
p′0 Mean effective stresses at isotropic consolidation
rm Radial distance of the pile
r0 Pile radius
t Material thickness

Greek upper letters:
∆x′b Displacement of the base segment in x’-direction
∆x′si Displacement of one pile segment, i, at the shaft in x’-direction

Greek lower letters:
α Adhesion factor for undrained soil
αneg Factor for negative shaft friction for undrained soil
β Friction coefficient multiplier for drained soil
βEuler Effective length factor
βneg Factor for negative shaft friction for drained soil
γs Unit weight of the soil
γp Unit weight of the pile
δ Pile-skin friction angle
δH Embedded ratio
κ∗ Modified swelling index
λ∗ Modified compression index
νp Poisson’s ratio of the pile
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νs Poisson’s ratio of the soil
ν ′s Elastic Poisson’s ratio of the soil
ρm Ratio between shear modulus
σ′1, σ

′
2, σ

′
3 Effective principle stresses

σ′c Effective pre-consolidation pressure at 1D consolidation
σ′L Effective limiting stresses at 1D consolidation
σ′v Effective vertical stresses
σ′v,a Average effective vertical stresses
σ′v0 Insitu effective vertical stresses
σ′x0, σ

′
y0, σ

′
z0 Insitu effective stresses at rest

σ′x, σ
′
y, σ

′
z Effective stresses

φ′ Friction angle
φcv Critical state friction angle
φk Characteristic friction angle
ψ Dilatancy angle
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1
Introduction

1.1 Background

Port and marine structures connect ship traffic with road transport. The structures
are located next to the water, which often results in challenging soil conditions since
the sea has caused erosion and sedimentation in the past. For this reason shallow
foundation for ports structures is often not possible and instead deep foundations
have to be used. In this case, there is a risk of buckling of the pile since the pile
is partially embedded in the water and partly in the soil. The load bearing part of
a marine structure consists of a concrete slab supported by load-bearing piles, see
Figure 1.1. Since the concrete foundation is categorised as a structural element and
the load-bearing piles as geotechnical elements, design of port and marine structures
needs to combine the two engineering fields, structural engineering and geotechnical
engineering (Lai, 2012).

Figure 1.1: Example on a marine structure consisting of concrete slab supported by piles in water
(Photo: © Concrete Consultants Group, 2017)

Finite Element Modelling (FEM) is used when the entire marine construction shall
be analysed and designed. It requires the FEM software to combine geotechnical and
structural engineering which is challenging and often an absence in many existing
design tools. Today, the modelling of marine structures with deep foundations are

CHALMERS Department of Architecture and Civil Engineering, Master’s Thesis ACEX30-18-22 1



1. Introduction

performed by dividing the analysis into two parts. The structural part is modelled
directly in the FEM software while the load-bearing piles are defined as simple
point supports on the concrete slab. These pile models consider only axial loading
and stiffness and can only be hinged. The geotechnical pile analysis is performed
afterwards in a separate software.

The software company Strusoft has in the previous years added geotechnical fea-
tures to the mainly structural FEM software named FEM-Design 3D Structures. In
version 17 of FEM-Design a new feature Pile is introduced which allows the user
to model piles and connect them with other structures. It gives a possibility to
model a complete marine structure in one FEM code instead of dividing and sim-
plifying the design approach. The design process will become faster, more accurate
and integrate the knowledge of geotechnical and structural engineering. The Port
& Marine Department in the consultant company Ramböll is customer of Strusoft’s
FEM-Design and has for this reason an interest in this new Pile feature.

1.2 Aim of the Thesis

The aim is to validate geotechnical design and to verify structural design for the
new Pile feature in the software FEM-Design 3D Structures version 17.

1.3 Objectives

The following questions will be answered in this Thesis:

Geotechnical Validation:
• How does FEM-Design model and analyse a pile?
• Does FEM-Design achieve reasonable results when compared to a field mea-

surement test on an axial compressed bored pile with a solid cross-section:

– Case 1 - Linear soil model.
– Case 2 - Over-consolidated soil model.

Structural Verification:
• Does FEM-Design achieve reasonable results when an axial compressed driven

pile with hollow cross-section is compared to analytical methods for buckling:

– Case 3 - Partially embedded pile located in water and partly in soil.

1.4 Method

Literature studies, reading the software manuals and performing simple hand cal-
culations have been used to understand the theory behind the Pile feature in FEM-

2 CHALMERS Department of Architecture and Civil Engineering, Master’s Thesis ACEX30-18-22



1. Introduction

Design 3D Structures from the input to output data. The validation of the load-
displacement behaviour has been achieved by comparing with Wehnert and Vermeer
(2004) for the linear and the over-consolidated soil models. For the two cases the
model parameters have been inset in FEM-Design and the output results have been
compared with the pile load test. A sensitivity analysis has been performed in con-
tinuation of the two case studies. Furthermore, FEM-Design will also be used to
verify buckling for partially embedded piles. The comparison in FEM-Design of the
buckling analysis has been performed and compared with three analytical meth-
ods. The discussion and conclusion of the Thesis have been based on the results of
the three comparisons and reflections on the cases where the software is applicable.
Through these comparisons the Pile feature has been validated and verified.

1.5 Limitation of the Thesis

• Only load-displacement behaviour will be performed in geotechnical design
while only buckling will be performed in structural design of the pile.

• Axial, single and end-bearing pile in compression with minimal installation
effects will be chosen in the modelling.

• Negative skin friction in the modelling is ignored.
• The only FEM-software considered in the Thesis will be FEM-Design 3D Struc-

tures. Therefore, there is no comparison with other software programme.

1.6 Overview

The following is an overview of the Chapters in the Thesis:

• Chapter 2: Modelling piles in FEM-Design: Describes how soil and pile is
modelled in FEM-Design including limitation of the software. The Chapter
describes possible types of analyses and relevant output results.

• Chapter 3: Validation of pile load test: Compares the FEM-Design modelling
with the pile load test. The results are compared and a sensitivity analysis is
performed for relevant parameters.

• Chapter 4: Verification of buckling load of partially embedded pile: Compares
estimation of equivalent pile length and critical buckling load from chosen
analytical methods and FEM-Design.

• Chapter 5: Conclusion: Concludes the Thesis and give recommendations for
using FEM-Design and further studies.

CHALMERS Department of Architecture and Civil Engineering, Master’s Thesis ACEX30-18-22 3



2
Modelling piles in FEM-Design

2.1 Modelling of the soil

The soil is modelled in FEM-Design as layers of strata where a ground water table
is possible to include. Each stratum is selected as drained or undrained which
affects the required input parameters. The required soil input values can be seen
in Figure 2.1. The cohesion can be chosen as linearly depth increasing by use of
d. The Reference Level moves the surface value of all depth depending parameters
up or down. The software uses the input values for calculating the plastic limit
forces, see Section 2.2.2. The soil model of FEM-Design can be selected as linear
or, over-consolidated. A manually modifing over-consolidated soil model is called
generic.

Figure 2.1: Required input values of the soil in FEM-Design.

4 CHALMERS Department of Architecture and Civil Engineering, Master’s Thesis ACEX30-18-22



2. Modelling piles in FEM-Design

2.1.1 Linear soil model
The input values of the linear soil model are based on Young’s modulus Es or
compression modulus M0 and Poisson’s ratio νs. The linear soil model indicates
the normal-consolidated compression modulus M0, while the over-consolidation soil
model describes M0 as the compression modulus at the over-consolidated stress
levels. The soil model fits best with normal-consolidated and homogeneous soil
without stress-history. Figure 2.2 shows the interface of the linear soil model in
FEM-Design. Es or the corresponding M0 can be chosen as linear; constant or
depth-dependent.

Figure 2.2: Interface of linear soil model in FEM-Design. FEM-Design determines Poisson’s ratio
νs as nu and Es as E.

The linear soil model has an elastic behaviour with a linear relation between Es,
M0 and νs. The following linear relations between the stiffnesses are used for all soil
models in FEM-Design.

Es = M0(1 + νs)(1− 2νs)
1− νs

(2.1)

Gs = Es

2(1 + νs)
(2.2)

2.1.2 Over-consolidated soil model
The input values of the over-consolidated soil model in FEM-Design can be obtained
from e.g. a constant rate of strain test (CRS test), see Figure 2.3a. A CRS test is
a oedometer test where the sample has been strained with a constant rate (Meijer
and Åberg, 2007).

The over-consolidated soil model includes stress and depth-dependent stiffness and

CHALMERS Department of Architecture and Civil Engineering, Master’s Thesis ACEX30-18-22 5



2. Modelling piles in FEM-Design

stress-history. Figure 2.3b shows that the model is depending on the compression
modulus on different effective stress levels (initial stress levels and during loading.)

Figure 2.3: Figure 2.3a: Idealised CRS test and converting test data to software input in the
over-consolidated soil model (Strusoft, 2016). Figure 2.3b: Interface of the over-consolidated soil
model in FEM-Design. FEM-Design determines Poisson’s ratio νs as nu.

The soil model, see Figure 2.3b, is based on three stress regions of one-dimensional
consolidation; the over-consolidated region 0<σ′v<σ′c, the normal-consolidated re-
gion σ′c<σ′v<σ′L and beyond the normal-consolidated region σ′L<σ′v. The over-
consolidated region is defined by the compression modulus M0 and the effective
pre-consolidated pressure σ′c while the normal-consolidated region is defined by ML

and σ′L. The stiffness beyond the normal-consolidated stress levels is obtained by
the rate of compression modulus M ′ which is the difference of compression modulus
depending on difference of vertical effective stress, see Figure 2.3b.

In general, the over-consolidated soil model in FEM-Design is a three-dimensional
analysis. Though, when dealing with piles it is translated to a one-dimensional
analysis. The software works with three-dimensional problem with isotropic consol-
idation; the isotropic mean effective pre-consolidation pressure p′c and the isotropic
mean effective limiting stresses p′L. σ′c and σ′L consider one-dimensional consolida-
tion. The relation between p′ and σ′ is unknown; though the relation is assumed

6 CHALMERS Department of Architecture and Civil Engineering, Master’s Thesis ACEX30-18-22



2. Modelling piles in FEM-Design

according to Equation (2.3) (Strusoft, 2016). p′c, p′L and the compression modulus
can be chosen to increase linearly with the depth.

p′0 =
σ′x0 + σ′y0 + σ′z0

3 = K0σ
′
z +K0σ

′
z + σ′z

3 = σ′z

(2K0 + 1
3

)
(2.3)

σ′z′ = σ′x′K0 (2.4)

The lateral earth pressure coefficient at the rest is assumed K0=0.5 in Equation
(2.3) and (2.4) as a default value in FEM-Design which gives p′ to be 2/3 of vertical
effective stresses. The relation between σ′ and p′ can be changed manually.

The generic soil model includes also implementation of stress history. It allows the
user to choose an individual dependency of the relation between the compression
modulus and the vertical effective stress after the mean effective pre-consolidation
pressure p′c.

2.2 Soil-pile interaction

2.2.1 Support stiffnesses
The interaction between the pile and the soil in FEM-Design is modelled according
to Szakály (2017) provided by Strusoft. The interaction is represented by linear-
elastic-perfectly plastic line supports at the shaft and one linear elastic-perfectly
plastic point support at the pile top where each support has a stiffness and a plastic
limit. Each support has a translational stiffness depending on the soil and pile
properties. Each line support consists of three degrees of freedom: The horizontal
stiffnesses Ky′ and Kz′ and the vertical stiffness Kx′ (Szakály, 2017). The point
support at the pile tip consists of Ky′ and Kz′ and the vertical base stiffness Kx′

0
.

The intervals of the stiffnesses go from free restraint to rigid restraint. The stiffnesses
in FEM-Design are shown on Figure 2.4. The resistances Rs and Rb are explained
in Section 2.2.2.

y'

z'

x'

Figure 2.4: The stiffness principle used in the Pile feature at the shaft and base. Rs,y′ and Rs,z′

are not relevant in this Thesis since only non-eccentric axial loads are considered. Every shaft
resistance mentioned in the report refers to Rs,x′ .

CHALMERS Department of Architecture and Civil Engineering, Master’s Thesis ACEX30-18-22 7



2. Modelling piles in FEM-Design

Calculation of the horizontal stiffnesses, Ky′ and Kz′ , is performed according to
Vesic (1961):

Ky′ = B
0.65Es

B(1− ν2
s )

(
EsB

4

EpIp,z′

)1/12
[kN/m2] (2.5)

Es and νs are Young’s modulus and Poisson’s ratio of the soil at each support. Ep

and Ip,z′ are Young’s modulus and moment of inertia of the cross-section of the pile.
B is the pile width. Uniform soil stiffness is assumed in the y’ and z’ direction
in this Thesis. For a non-eccentric loaded compression pile the output results are
independent on the horizontal stiffnesses when buckling is disregarded.

The vertical shaft stiffness Kx′ affects the output results of a vertically loaded pile.
The feature Piles in FEM-design builds on the principles of the Randolph and Wroth
method (Knappett and Craig, 2012) for calculating Kx′ for an analytical solution
according to Zhang et al. (2014):

Kx′ = Gs

r0 ln( rm

r0
)P [kN/m2] (2.6)

In Equation (2.6) Gs is the shear modulus of the soil strata, P is the circumference
of the pile cross-section, r0 is the pile radius and rm is the radial distance where the
shear stresses of the soil are disregarded (Szakály, 2017):

rm = 2.5Lρm(1− νs) (2.7)

ρm = 1 and Ltot is the total length of the pile in soil for a pile with one homogeneous
soil layer without depth increasing properties.

The vertical stiffness at the pile tip, Kx′
o
, is calculated according to Zhang et al.

(2014):

Kx′
0

= 4Gsr0

(1− νs)
[kN/m] (2.8)

The software calculates the stiffnesses automatically according to the input values;
though the stiffnesses can be modified manually.

2.2.2 Plastic limit forces
FEM-Design specifies the axial total resistance of the pile as plastic limit force
R which is the sum of the axial shaft resistance Rs and axial base resistance Rb

depending on the drainage condition and the input parameters (Szakály, 2017).
The resistances are calculated according to the α or β-methods which are described
in the following. When the utilisation of each support in the shaft and base has
reached 100 %, failure occurs in the pile.

The α-method is used for undrained cohesive soil with total stresses. The calculation

8 CHALMERS Department of Architecture and Civil Engineering, Master’s Thesis ACEX30-18-22



2. Modelling piles in FEM-Design

of the resistances includes the characteristic undrained shear strength cuk. The
vertical shaft resistance in FEM-Design is calculated as Szakály (2017):

Rs = αcukP [kN/m] (2.9)

α is the adhesion coefficient depending on the pile material and the cohesion soil
according to NAVFAC (1986), see Table 2.1. The software chooses the average value
of α in the specific interval. Normally, α is recommended to be 0.7 < α < 1.0 for
normal-consolidated and slightly over-consolidated soil and down to α = 0.4 for
over-consolidated soil (Alén, 2012). It fits well into the values of Table 2.1 since
over-consolidated soil has higher cohesion.

Table 2.1: The determination of α in FEM-Design (NAVFAC, 1986).

Pile type Soil consistency Undrained shear
strength cu [kPa]

α

Timber and
concrete piles

Very soft 0 - 12 1.00
Soft 12 - 24 1.00 - 0.96
Medium stiff 24 - 48 0.96 - 0.75
Stiff 48 - 96 0.75 - 0.48
Very stiff 96 - 192 0.48 - 0.33

Steel piles

Very soft 0 - 12 1.00
Soft 12 - 24 1.00 - 0.92
Medium stiff 24 - 48 0.92 - 0.70
Stiff 48 - 96 0.70 - 0.36
Very stiff 96 - 192 0.36 - 0.19

The base resistance in FEM-Design is determined the following way:

Rb = AbasecukNc [kN] (2.10)

The bearing capacity coefficient is in FEM-Design always chosen as Nc = 9 (Skemp-
ton, 1959) which is a conservative value.

The β-method considers the drained case with effective stresses. The shaft resistance
in FEM-Design is determined as:

Rs = βσ′v,aP [kN/m] (2.11)

σ′v,a is the average of the effective vertical stresses at the certain depth. β depends on
the pile-skin friction angle δ and the lateral earth pressure coefficientK, see Equation
(2.12). FEM-Design chooses K as the average value in Figure 2.3 depending on the
installation method of the pile and the direction of the force. The software does
not distinguish between the lateral earth pressure coefficient for diameters larger or
smaller than 60 cm for bored piles; it will always be chosen K=0.7. Though, the
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2. Modelling piles in FEM-Design

values of K and δ can be modified manually.

β = tan(δ)K (2.12)

Table 2.2: The determination of the pile-skin friction angle δ in FEM-Design according to NAV-
FAC (1986).

Pile type Pile-soil interface friction angle (δ)
Steel piles 20°
Timber piles 3/4φ′

Concrete piles 3/4φ′

Table 2.3: The determination of the lateral earth pressure coefficient K for piles in compression
and tension in FEM-Design according to NAVFAC (1986).

Pile type K (compression) K (tension)
Driven H-piles 0.5 - 1.0 0.3 - 0.5
Driven displacement piles (round & square) 1.0 - 1.5 0.6 - 1.0
Driven displacement tapered piles 1.5 - 2.0 1.0 - 1.3
Driven jetted piles 0.4 - 0.9 0.3 - 0.6
Bored piles (less than 60 cm in diameter) 0.7 0.4

The base resistance Rb in drained soil is determined:

Rb = Abase(σ′v,aNq + ckNc) [kN] (2.13)

The bearing capacity factors Nq and Nc depend on the installation method and
friction angle shown in Table 2.4. The software chooses the boundary value for Nq

when the actual friction angle is outside the interval of Table 2.4.

Nc = (Nq − 1) cot(φk) (2.14)

Table 2.4: Determination of Nq according to NAVFAC (1986).

φ′ [°] 26 28 30 31 32 33 34 35 36 37 38 39 40
Nq for driven
piles 10 15 21 24 29 35 42 50 62 77 86 120 145

Nq for bored
piles 5 8 10 12 14 17 21 25 30 38 43 60 72

2.3 Modelling of the pile

The Pile feature of FEM-Design models the pile as a one-dimensional bar with line
supports along the shaft and one point support at the tip. The material of the pile
model in compression has a linear response.
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2. Modelling piles in FEM-Design

The compressible pile is divided into a series of divisions separated by linear elastic-
perfectly plastic supports representing the soil-pile interaction, see Figure 2.5. The
accuracy of the interaction can be chosen by the length of the division Lelement; the
smaller the length of the division the more detailed the output results will be. The
length of the division can be chosen between 0.1 m and 100 m.

Le
le
m
en
t

Le
le
m
en
t

Node

Bar element

Supports representing
the soil-pile interaction

Figure 2.5: Principles of divisions, nodes and supports of FEM-Design.

Regular and composite materials in different dimensions are available to model the
cross-section of the pile. The pile head can be modelled as free, hinged or fixed to
describe the connection to the structural element above. This end connection can
also be modified manually in terms of stiffnesses. The installation method can be
chosen as bored, driven displacement or driven jetted pile, which will influence the
total resistance according to Table 2.3.

The modelling of the pile has the ability to consider the effect of negative shaft fric-
tion, also called drag-down. The software generates the effect automatically above
the neutral plane, if the value of αneg or βneg has been inset. FEM-Design includes
ordinary load, structural dead load and negative shaft friction by consideration of
the duration class according to EN 1995-1-1. The relevant load combinations for
pile modelling are the ultimate and characteristic limit state.

2.4 Analyses

The Pile feature in FEM-Design has the ability to run different types of analyses.

• Linear elastic analysis
• Non-linear elastic analysis
• Non-linear plastic analysis
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2. Modelling piles in FEM-Design

Section 2.4.1-2.4.3 describes the behaviour of the three analyses. This Thesis follows
the geotechnical sign convention where compression is determined as positive and
tension as negative.

2.4.1 Linear elastic analysis
The linear elastic analysis is characterised by linear elastic behaviour of the shaft and
base without considering failure. The shaft and the base have identical behaviour
for tension and compression, see Figure 2.6. All the shaft and base of the supports
will increase linearly when a load is applied resulting in linear-elastic behaviour of
both resistances. The base modelling is a simplification of the real behaviour, since
the base resistance of pile in tension is zero in reality.

Figure 2.6: Compression-tension behaviour for a linear elastic analysis with shaft (left) and base
(right) separated.

2.4.2 Non-linear elastic analysis
In the non-linear elastic analysis the base and shaft behaviours are also linear.
However, the base resistance is zero when the pile is subjected to axial tension load
which is only the difference between the linear and non-linear analysis, see Figure
2.7. The shaft has the same behaviour in case of axial compression and tension
loads.

Figure 2.7: Compression-tension behaviour for a non-linear elastic analysis with shaft (left) and
base (right) separated.
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2. Modelling piles in FEM-Design

2.4.3 Non-linear plastic analysis
In the non-linear plastic analysis the plastic limit is considered for both shaft and
base resistance, see Section 2.2.2. Above the plastic limit failure will occur which
FEM-Design describes as large nodal displacement or rotation was found, see Figure
2.8. It means that failure in the soil-pile interaction has been occurred resulting in
very large displacement. The shaft and base have different behaviours in the plastic
analysis since the shaft has non-linear behaviour while the base has linear behaviour
until reaching the failure load, see Figure 2.8.

The soil-pile interaction is represented by point and line supports where each support
has a linear elastic-perfectly plastic behaviour. All supports at the shaft behave
with a non-linear behaviour. However, the plastic limit has a strong effect on the
behaviour of these supports. The line supports are distributed along the pile shaft
divided by a number of divisions where each support has defined a plastic limit
. The limit is increasing with the depth. When a small load is applied the shaft
supports closest to the external load will reach their plastic limits first but never
go above since failure then happens. The rest of the supports has at this point not
reached their plastic limits. If the load is increased further makes more supports
will reach their plastic limit. This distribution results in a non-linear behaviour of
the shaft. The base consists of only one support and the base resistance has a linear
relation between the applied load and the displacement of the base resistance until
the reaching its plastic limit, see Figure 2.8. The base will be fully utilised after the
shaft.

Figure 2.8: Compression-tension behaviour for a non-linear plastic analysis with shaft (left) and
base (right) separated.

2.5 Output results

2.5.1 Translational displacement
FEM-Design calculates the translational displacement along the shaft at each node
for a pile in compression. By summarising the translational displacements for all
division the total compression of the pile can be found. The displacement depends
on the stiffnesses of the shaft and base and for the non-linear plastic analysis also
the plastic limit. The displacement at the top of an axial-loaded pile in compres-
sion describes the instantaneous displacement of the pile - also called pile head
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2. Modelling piles in FEM-Design

displacement. Here it is assumed that the soil is displaced in one dimension. Elastic
analyses do not include any plastic limits while the plastic analysis gives a very high
translational displacement when reaching the plastic limit.

2.5.2 Reactions
The software has the ability to show the development of reaction forces at each
support at the shaft and the base. The distribution of the reactions looks different
depending on the chosen analysis.

The linear and non-linear elastic analyses show a simultaneous linear increase of all
support reactions at the shaft and base since the plastic limits of the supports are
not included in the two calculations. Therefore, the reaction forces will increase
continiously since failure in the supports is not possible, see Figure 2.9a.

In the plastic analysis, the plastic limit is considered which means that the support
reactions cannot go above their plastic limit. When the load is applied, the closest
support reactions get fully utilised first. When the load is further increasing, more
supports reach their plastic limits, see Figure 2.9b-2.9d.

Figure 2.9: Development of reaction forces for the three types of analysis. Figure 2.9a: A static
axial compression load in the linear and non-linear elastic analyses. Figure 2.9b-2.9d: An increasing
axial compression load in the plastic analysis.
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2. Modelling piles in FEM-Design

The ultimate load is when all the support reactions at the shaft and the base reach
their plastic limit, see Figure 2.9d. Above the ultimate load, failure occurs in support
reactions representing the soil-pile interaction. Failure in FEM-Design realises very
large translational displacement, see also Section 2.5.1.

2.5.3 Internal forces
The pile model is divided into a series of divisions, where the software calculates
the internal forces as well as the internal stresses depending on the cross-section
at each node. The internal forces depend on the pile head displacements and the
soil stiffness in addition to the applied load. It results in a linear or non-linear
distribution depending on the type of analysis. The distribution of the internal
forces along the pile is linear in the elastic analysis. The internal force Fsi of an
arbitrary shaft segment, i, depends on the vertical displacement of the pile segment
∆x′si and the vertical shaft stiffness Kx′ (Knappett and Craig, 2012):

Fsi = Fsi+1 +Kx′

(∆x′si + ∆x′si+1
2

)
(2.15)

The internal force at the base Fb in FEM-Design is depending on the vertical base
stiffness Kx′

0
and the vertical displacement of the base segment ∆x′b.

Fb = Kx′
0
∆x′b (2.16)

While in the plastic analysis, the internal force distribution is non-linear. However,
the maximum values of the internal force have been obtained when both the shaft
and base have reached their plastic limits.

2.6 Limitation of FEM-Design

The Pile feature is a simplification of the real pile behaviour. FEM-Design models
the soil as linear elastic-perfectly plastic supports along the pile instead of three
dimensional solid soil elements. Due to these simplifications the software has the
following limitations which may influence the output results.

• The pile is modelled as a one dimensional linear elastic bar without failure.

• The soil-pile interaction is represented by supports on the pile. The pile head
displacement is assumed to be one dimensional for axial load. Therefore, only
one dimensional problems can be considered in the modelling. The soil failure
cannot be simulated since the failure line are not shown in the calculation.

• In the non-linear plastic analysis, the linear elastic relationship between the
applied load and pile head displacement can be obtained until reaching the
plastic limit. When the load is increased further the plastic limit, failure will
happen and the displacement goes to infinity.
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2. Modelling piles in FEM-Design

• Long term effects of the pile material like creep and shrinkage are includable
in the software but the output results consider only instantaneous calculation.

• Long term effects in soil are not included in the analyses since FEM-Design
always assumes that the excess water pressure has been dissipated. Therefore,
all analyses are performed in the final state, since time is not a variable in
FEM-Design.

• The software works only for internal force and displacement and not for the
design capacity calculations.

• The generation of the shaft and base supports is independent on the soil width
and length as long as the whole pile is covered.

FEM-Design does in certain cases illogical assumptions, which are not described in
Strusoft (2016) or Szakály (2017). These are mentioned in Appendix A.
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3
Validation of pile load test

3.1 Introduction

The paper Numerical Analyses of Load Tests on Bored Piles by M. Wehnert & P.A.
Vermeer, (Wehnert and Vermeer, 2004), is used to validate the output results of a
pile model in FEM-Design. The paper consists of the results of a pile load test and
the corresponding input parameters which will be inserted in FEM-Design. The
validation is performed for Case 1 and Case 2 where the results of the total, shaft
and base resistances and the head pile displacement are compared with the pile
load test. The linear soil model is chosen for Case 1 while the over-consolidated
soil model is applied for the validation of Case 2. Identical pile properties are used
in both cases. Due to absence of over-consolidated input values in Wehnert and
Vermeer (2004), certain parameters have been carefully assumed from the existing
soil parameters. Finally, a sensitivity analysis of relevant input parameters for the
two soil models has been performed.

3.2 Background

The use of FEM software gets more common in geotechnical engineering today.
Wehnert and Vermeer (2004) builds on a bored pile load test which Sommer &
Hammbach has performed in Germany 1974, see Figure 3.1.

Figure 3.1: Pile load test performed by Sommer & Hammbach (Wehnert and Vermeer, 2004).
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3. Validation of pile load test

Table 3.1 shows the relevant input parameters from the pile load test obtained by
El-Mossallamy in Wehnert and Vermeer (2004) which has been used in the following
FEM-Design modelling. In Table 3.1, the soil parameters fit the normal consolidated
clay.

Table 3.1: Selected pile and soil parameters for Case 1 (Wehnert and Vermeer, 2004).

Pile input Value Unit
γp 25 kN/m3

Ep 30000 MN/m2

νp 0.2 -
Material Concrete C20/25

Soil input Value Unit
γs 20 kN/m3

c′ 20 kN/m2

φ′ 20 °
ψ 0 °
Es 60 MN/m2

νs 0.3 -
KNC

0 0.8 -

In Wehnert and Vermeer (2004) there are performed three FE-analyses based on
Sommer & Hammbach and El-Mossallamy. The pile behaviour in the FE-analyses
was assumed to be linear elastic and the subsoil behaviour was described by the
elastic-plastic Mohr-Coulomb model (MC), the Soft Soil model (SS) (based on mod-
ified Cam-Clay model) and the Hardening Soil model (HS).

3.3 Modelling the pile in FEM-Design

A bored pile with large diameter of 1.3 m and length of 9.5 m has been modelled in
FEM-Design v17. The soil has a depth of 20 m and a width of 25 m and consists of
homogenious, tertiary stiff, over-consolidated clay. Drained condition is chosen in
the modelling including a ground water table at -3.5 m. The pile is modelled as a
one-dimensional bar element, the pile model behaviour is linear-elastic and the pile
material is plain concrete C20/25.

The line and point supports are generated representing the soil-pile interaction at
the base and shaft as linear elastic-perfectly plastic supports with stiffness in the x’,
y’ and z’ directions, see Figure 3.2. The division length is set to 0.5 m resulting in
19 divisions along the pile shaft.

The pile model is subjected to a non-eccentric axial compression force. Hence, the
horizontal displacements are assumed to be zero. The non-linear plastic analysis is
used for the calculations of the pile model. The loading is simulated by increase of
the load starting from zero until reaching the plastic limit. For each load step the
pile head displacement is measured and plotted into a figure.
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3. Validation of pile load test

Figure 3.2: Modelling of the fully embedded pile including ground water level at -3.5 m.

3.4 Case 1 - Linear soil model

3.4.1 Introduction
The linear soil model is selected in Case 1 which depends on the soil properties
Es and νs from Table 3.1 which are constant and not stress or depth-dependent.
When the excavation of the pile shaft is performed, only a very small change of in-
situ effective stresses will occur which makes the assumption reasonable K ≈ KNC

0
(Fleming et al., 2009). Based on this reason the installation effect of the bored pile
can be ignored in the Thesis.

Since the analysis is performed in drained fine-grained soil it is assumed that the pile
skin friction angle δ′ has a perfectly rough interface (Knappett and Craig, 2012).
Therefore δ′=φ′ can be chosen.

3.4.2 Results & discussions
The following shows and discusses the performance of the software and the results of
the pile model and pile load test for Case 1. The results are divided into the diagrams
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3. Validation of pile load test

showing the applied load versus pile head displacement of the total resistance and
the separated shaft and base resistances of the pile. This to clarify the behaviour of
each resistance.

The ultimate load of the pile model has been reached when the plastic limit forces
of the shaft and base are fully mobilized. Therefore, the total resistance of the
pile is the sum of ultimate resistances of the shaft and the base. The behaviour
of the pile load test may include plastic deformation, non-homogeneous soil layers,
a complicated drainage conditions and a not fully rough friction interface which
FEM-Design does not consider. The software simplifies the drainage condition since
it always assumes that the excess water pressure has been dissipated. Therefore,
the analysis is performed in the final state which means the time is not a variable in
FEM-Design. In reality, the stiff clay will not be 100% drained but only be drained
to certain extents for each layer.

For the total resistance the lateral earth pressure capacity K has been regulated for
Case 1. The input data of Table 3.1 assumes normal-consolidated soil. However,
the lateral earth pressure coefficient has been increased to K=1 to consider the
over-consolidation effect.

Figure 3.3 shows the applied load versus head pile displacement for the total resis-
tance in case of the pile load test and the two pile model cases of FEM-design when
K=0.8 and 1.0.
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Figure 3.3: Case 1: Total resistance for analysis in FEM-Design in case of K=0.8 (R=2015 kN)
and K=1 (R=2230 kN) and pile load test (Wehnert and Vermeer, 2004).

As Figure 3.3 shows the increased value to K=1 gives a higher ultimate load and a
stiffer behaviour of the total resistance. It is reasonable according to Equation (2.11)
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and (2.12). An increasing of K does not reach the ultimate load of the pile load
test. Though the increased K gives resistance and stiffness closer to the pile load
test. However, the lateral earth pressure coefficient depends on the soil properties,
installation method and stress history according to Knappett and Craig (2012) and
can be difficult to determine accurately.

A more detailed behaviour of the pile is examined by separating the shaft and the
base as the following shows where K=1.

In Figure 3.4, the applied load has been plotted versus the pile head displacement
for the pile model in Case 1 and the pile load test when only the base is activated.
In FEM-Design the behaviour has been modelled by setting the support stiffness of
the shaft to be free.
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Figure 3.4: Case 1: Base resistance for analysis in FEM-Design with K=1 (Rb=1155 kN) and
pile load test (Wehnert and Vermeer, 2004).

The pile model shows a stiffer behaviour than the pile load test though the ultimate
loads are almost identical. The relationship between the applied load and the pile
head displacement is described by a bi-linear relationship. It does not describe the
real behaviour of the non-linear base resistance since the pile-soil interaction at the
base is modelled with one linear elastic-perfectly plastic support. Furthermore, the
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pile model shows an infinity pile head displacement when reaching the plastic limit,
see Figure 3.4.

To clarify the shaft behaviour Figure 3.5 shows the comparison between the shaft
resistance of the pile load test and the analysis of the pile model performed for Case
1. The two results are plotted as pile head displacement versus applied load.
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Figure 3.5: Case 1: Shaft resistance for analysis in FEM-Design with K=1 (Rs=1075 kN) and
pile load test (Wehnert and Vermeer, 2004).

At very small loads the pile model and the pile load test have similar behaviour, see
Figure 3.5. When the load is increased, the pile load test shows a stiffer behaviour
since the input values of the pile model has normal-consolidated properties. There is
a big difference of ultimate load between the pile load test and the pile model. The
ultimate load of the shaft resistance has been reached when all the divisions along
the pile have achieved their plastic limit. Plastic deformation is not includable for
the pile model in FEM-Design; though the ultimate load could increase more this
way.
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3.5 Case 2 - Over-consolidated soil model

3.5.1 Introduction
The results in Case 1 show that the linear soil model gives simplified stiffness be-
haviour since the chosen stiffness Es is constant. The soil model is changed to the
over-consolidated soil model for Case 2 by use of the Hardening Soil parameters
from Table 3.1 since they can be converted to the over-consolidated soil model. The
over-consolidated soil model includes a more advanced stiffness behaviour and is
expressed by three stress-dependent compression modulus M , see Figure 2.3.

The soil input data of Wehnert and Vermeer (2004) does not include a CRS test
which can be used to find parameters to the over-consolidated soil model. For this
reason the input data shown in Figure 2.3 are assumptions together with the choice
of the lateral earth pressure coefficient K. Three different methods are developed to
estimate the compression modulus at different stress levels, M0 and ML, based on
the available soil properties in Wehnert and Vermeer (2004). Afterwards, the results
of the pile head displacement of the total, shaft and base resistances are plotted and
compared with the pile load test.

3.5.2 Input values
The following assumptions compensate for the absence of over-consolidated soil
properties in Wehnert and Vermeer (2004). Originally, the input values of the over-
consolidated soil model can be obtained from the CRS test as mentioned in Section
2.1.2.

For Case 2 the lateral earth pressure coefficient K0 ≈ K will be calculated to fit the
ultimate load of the tested pile. K ≈ Kp = 2 has been found by use of Equation
(3.1) for passive earth pressure. It leads to β = 0.73 according to Equation (2.12).
According to Parry and Swain (1977) the β value for bored piles in drained conditions
is 0.5 < β < 1.5.

Kp = 1 + sinφ′
1− sinφ′ (3.1)

By use of Equation (3.2) the over-consolidation ratio will be OCR=9.24 (Knappett
and Craig, 2012).

K0 = (1− sin(φ′))
√
OCR (3.2)

The pre-consolidation pressure σ′c can be found as a function of the vertical effective
pressure σ′v and therefore depth increasing (Knappett and Craig, 2012).

OCR = σ′c
σ′v

(3.3)

The following relation between effective limiting stress σ′L and the pre-consolidated
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pressure σ′c is assumed.

σ′L ≈ 10σ′c (3.4)

The mean effective pre-consolidation stresses p′c and p′L can be found according to
Equation (2.3) depending on lateral earth pressure coefficient at the rest.

The over-consolidated soil model used in Case 2 has been simplified to only in-
clude the compression modulus of the over-consolidated part M0 and the normal-
consolidated part ML. For this reason the rate of compression modulus at σ′L < σ′v
has been chosen M ′ = 0. Furthermore, it is assumed that the compression modulus
at insitu vertical effective stresses Mu = M0 since installation effects of the bored
pile have been ignored.

Three different methods have been used to estimate M0 and ML. A common char-
acteristic of all methods is that they are FE-relations which considers stress for-
mulations in three dimensions while FEM-Design does only work in one-dimension.
Therefore, the three methods are assumptions. The available input values from
Wehnert and Vermeer (2004) are used in Method 1-3 to find the parameters in the
over-consolidated soil model.

• Method 1: M0 and ML are found by empirical FE-relations for a Soft Soil
Creep (SSC) model by considering the modified swelling κ∗ and compression
λ∗ index. The method is relevant for λ∗/κ∗ = 5 − 10 while in Wehnert and
Vermeer (2004) λ∗/κ∗ = 3 which leads to that Method 1 is insufficient to use
(Olsson, 2010).

• Method 2: The case builds on combinations of Karlsrud and Janbu empirical
relations found in Creep in soft soil by Frankisek Havel (Havel, 2004) and
Back Calculation of Measured Settlements for an Instrumented Fill on Soft
Clay by Stian Berre (Berre, 2017). The over-consolidated modulus number
moc and normal-consolidated modulus number mnc are calculated from κ∗ and
λ∗ and inserted in the Janbu relations at each stress level. M0 will be constant
while ML will depend on the vertical effective stresses σ′v. Method 2 assumes
a constant compression modulus M0 which is not stress-dependent and does
not consider stress history. Therefore the method is insufficient to use.

• Method 3: The case builds on FE-relations from Hardening Soil model (Karstunen
and Amavasai, 2017). Furthermore it includes linear relations between E ′ur

and M0 (Karstunen and Amavasai, 2017) and assumes E ′oed = ML and uses
Equation (2.1) and (2.4).

Method 3 will be used in the over-consolidated soil model. A detailed description of
finding M0 and ML is found below and the existing input values from Wehnert and
Vermeer (2004) are shown in Table 3.2.

Young’s modulus for unloading and reloading at effective stresses E ′ur depends on
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Young’s unloading/reloading modulus at the reference stress level pref , Eref
ur , see

Equation (3.5). The exponent m depends on the stress dependency and equals
m = 0.5 for over-consolidated soil models like Hardening Soil Model (Wehnert,
2006).

E ′ur = Eref
ur

(
c′ cos(φ′) + σ′3 sin(φ′)
c′ cos(φ′) + pref sin(φ′)

)m

(3.5)

All parameters in Equation (3.5) are found fromWehnert and Vermeer (2004) expect
the horizontal effective principle stresses σ′3=σ′h which will be calculated from the
effective vertical stresses according to Equation (2.4). Here it is estimated that
K0 ≈ K. Furthermore, ν ′s is the elastic Poisson’s ratio which is estimated ν ′s ≈
νs=0.3.

M0 = (1− ν ′s)E ′ur

(1− 2ν ′s)(1 + ν ′s)
(3.6)

The normal-consolidated compression modulus ML is estimated from the formula-
tion of the Hardening Soil Model and is similar to Equation (3.5). Equation (3.7)
shows according to Wehnert (2006) that the constrained Young’s modulus Eoed is
equal to the normal-consolidated compression modulusML (Karstunen and Amava-
sai, 2017).

ML = Eoed = Eref
oed

(
c′ cos(φ′) + σ′1 sin(φ′)
c′ cos(φ′) + pref sin(φ′)

)m

(3.7)

Equation (3.7) is depth and stress-dependent due to the vertical effective principle
stresses σ′1=σ′v.

Table 3.2: Soil properties from Wehnert and Vermeer (2004) for finding M0 and ML at Case 3.

FEM input parameters Value Unit
Eref

oed 33 MN/m2

Eref
ur 90 MN/m2

pref 100 kN/m2

m 0.5 -

Table 3.3 and Table 3.4 show the chosen input values for the over-consolidated soil
model. The rest of the soil input parameters is shown in Table 3.1. The pile-soil
interaction friction angle is chosen identical to Case 1. The soil layers have been
divided into dry and saturated parts since the compression modulusM and the mean
effective stresses p′ are depending on the effective stresses which are different above
and below the ground water table.
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Table 3.3: Estimated dry input parameters for the over-consolidated soil model at level 0 to -3.5
m for K=2 (Wehnert and Vermeer, 2004). d is the increase of the certain value for 1 meter, see
also Figure 2.1.

Dry soil input Value Unit d Unit
Mu 74.121 MN/m2 10089 m
M0 74.121 MN/m2 10089 m
ML 20.189 MN/m2 2748 m
M ′ 0 - 0 m
σ′c 0 kN/m2 - -
p′c 0 kN/m2 308 m
σ′L 0 kN/m2 - -
p′L 0 kN/m2 3080 m
νs 0.3 - - -

Table 3.4: Estimated saturated input parameters for the over-consolidated soil model at level
-3.5 m to -9.5 m for K=2 (Wehnert and Vermeer, 2004). d is the increase of the certain value for
1 meter, see also Figure 2.1.

Saturated soil input Value Unit d Unit
Mu 95.693 MN/m2 3889 m
M0 95.693 MN/m2 3889 m
ML 26.065 MN/m2 1059 m
M ′ 0 - 0 m
σ′c 539 kN/m2 - -
p′c 539 kN/m2 154 m
σ′L 5390 kN/m2 - -
p′L 5390 kN/m2 1540 m
νs 0.3 - - -

3.5.3 Results & Discussions
Figure 3.6-3.8 show the comparison between the pile load test and pile model sep-
arated into total, shaft and base resistance. The modification of stiffness in Case 2
does not effect the plastic limit of the pile model but the lateral earth pressure co-
efficient does. The K has been fitted the ultimate load of the pile load test to make
the behaviour of the pile model and pile load test close to each other. A comparison
between the over-consolidated and the linear soil model has also been performed in
order to understand the difference between the two models.

The ultimate load of pile model is the plastic limit, though the ultimate load of the
pile load test is more complicated to find. Fellenius (2018) shows and discusses dif-
ferent methods for finding the ultimate load. Though, it requires that the behaviour
of the pile model fits approximately the pile load test. This is not the circumstances
for Case 1 and 2.
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Figure 3.6: Case 2: Total resistance for analysis in FEM-Design with K=2 (R=3304 kN) and
pile load test (Wehnert and Vermeer, 2004).

Even by increasing the lateral earth pressure coefficient to K=2 and use of the over-
consolidated soil model the behaviour does still not match the pile load test. The
pile model behaves stiffer than the pile load test, though they have nearly identical
behaviour for load below 1500 kN. Furthermore, the pile model does not seem to
include stress-dependent stiffness. In general, the pile model of Case 2 has a stiffer
behaviour than Case 1, see Figure 3.3 and Figure 3.6. The shaft and base have been
separated and plotted as applied load versus pile head displacement in Figure 3.7
and Figure 3.8 where they are compared with the pile load test.
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Figure 3.7: Case 2: Shaft resistance for analysis in FEM-Design with K=2 (Rs=2149 kN) and
pile load test (Wehnert and Vermeer, 2004).
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The pile model and pile load test of the shaft have similar stiffness below 1400 kN.
Though, the pile model has a stiffer and more simplified behaviour for loads above
1400 kN compared to the pile load test. In general, the pile model does not match
the real behaviour by the use of the over-consolidated soil model, but it still has a
better result compared to Case 1. The behaviour of the pile model in Case 2 shows
a stiff behaviour than Case 1, see Figure 3.5.
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Figure 3.8: Case 2: Base resistance for analysis in FEM-Design with K=2 (Rb=1155 kN) and
pile load test (Wehnert and Vermeer, 2004).

The ultimate loads of the base in Case 1 and 2 are identical, though Case 2 has a
stiffer behaviour, see Figure 3.4 and 3.8. The reason is that the base consists of one
single support which has a linear elastic-perfectly plastic behaviour where Case 1
has a higher stiffness. Furthermore, the same ultimate loads of the pile base in Case
1 and Case 2 are obtained according to Equation (2.13).

Figure 3.9 shows a comparison between the over-consolidated and linear soil model
in order to analyse the difference in stiffness behaviour for the two soil models.
Furthermore, Figure 3.9 shows also a comparison between FEM-Design analyses and
an analysis performed with the Mohr Coulomb soil model obtained from Wehnert
and Vermeer (2004). M0 for the over-consolidated soil model is assumed according
to Table 3.1 and Equation (2.1) and K=1 is used according to Case 1. The rest of
input values of the over-consolidated soil model is identical to Table 3.4 and 3.3.
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Case assuming:
K=2
delta=phi
gwt=-3.5m

Applied load 
[kN]

Displacement top 
R [mm]

Displacement top 
Rs [mm]

Displacement top Rb 
[mm] Applied load [kN]

Displacem
ent top R 
[mm] K = 
1

0 0 0 0 0 0 Load MN Dis mm
50 0,074 0,09 0,367 50 0,103 1000 0 0

100 0,149 0,181 0,734 100 0,207 1920 3,94
150 0,223 0,271 1,101 150 0,315 2169 7,88
200 0,298 0,362 1,468 200 0,422 2460 17,22
250 0,373 0,456 1,835 250 0,531 2720 31,33
300 0,45 0,55 2,202 300 0,644 3170 69,76
350 0,527 0,644 2,569 350 0,757
400 0,604 0,738 2,936 400 0,871
450 0,681 0,832 3,303 450 0,99
500 0,758 0,926 3,67 500 1,108
550 0,835 1,02 4,037 550 1,229
600 0,912 1,119 4,405 600 1,354
650 0,989 1,217 4,772 650 1,48
700 1,068 1,315 5,139 700 1,609
750 1,148 1,413 5,506 750 1,741
800 1,228 1,511 5,873 800 1,873
850 1,307 1,614 6,24 850 2,013
900 1,387 1,717 6,607 900 2,153
950 1,466 1,82 6,974 950 2,293

1000 1,546 1,922 7,341 1000 2,446
1050 1,63 2,025 7,708 1050 2,601

1075
1076

1100 1,712 2,128 8,075 1100 2,765
1150 1,795 2,239 8,442 1150 2,941
1155 8,479 1155
1156 80 1156
1200 1,878 2,347 1200 3,131
1210 1250 3,338
1211 1300 3,568
1212 1350 3,829
1213 1400 4,158
1214 1450 4,639
1215 1500 5,235
1216 1550 5,83
1217 1600 6,425
1250 1,961 2,456 1650 7,021
1300 2,043 2,564 1700 7,616
1350 2,126 2,68 1750 8,211
1400 2,214 2,794 1800 8,806
1450 2,3 2,909 1850 9,402
1500 2,386 3,024 1900 9,997
1550 2,472 3,149 1950 10,592
1600 2,559 3,271 2000 11,187
1650 2,645 3,393 2050 11,783
1700 2,739 3,526 2100 12,378
1750 2,829 3,658 2150 12,973
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Figure 3.9: Case 2: Total resistance for analysis in FEM-Design with linear soil model, over-
consolidated soil model and pile load test and analysis performed with Mohr Coulomb soil (Wehnert
and Vermeer, 2004).

Figure 3.9 shows that the over-consolidated soil model has exactly identical be-
haviour as the linear model in the case when the same M0 and K are used for the
both models. It means that the over-consolidated model always considers M0 (even
for the normal-consolidated region) for generating the support stiffnesses and the
over-consolidated soil model is not stress-dependent during loading. The generation
of the stiffnesses is still linearly increasing.

The over-consolidation pressure σ′c has been found according to Equation (3.3) which
influences thatM0 always will be used for Case 2 since σ′v < σ′c. For cases with higher
σ′v other compression modulus should be used.

The comparison between the analyses of FEM-Design and the analysis with Mohr
Coulomb soil model shows that the behaviour differs for applied loads above 1000
kN. The ultimate load of the Mohr Coulomb soil model is closer to the pile load test
and seems to include plastic deformation. The Mohr Coulomb mode has constant
stiffness and should behave less stiffer than the load pile test which Figure 3.9 shows.

3.6 Sensitivity analysis

Relevant input parameters from Wehnert and Vermeer (2004) are used to do a
sensitivity analysis of FEM-Design including the linear soil model. The sensitivity
analysis has been performed by stepwise increasing and decreasing the specific input
value. The plastic limit and the pile head displacement just before failure have been
found for each increment or decrement. The output results are compared with a
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standard case to evaluate the sensitivity.

FEM-Design determines the total resistance and pile head displacement by use of
design equations and not FE-formulas which makes the sensitivity analysis to some
extent simplified. Table 3.5 shows the tested input parameters and an estimation of
how sensitive the parameters are.

Table 3.5: Results of the sensitivity analysis performed on relevant input values of Wehnert and
Vermeer (2004) with the linear soil model.

Tested parameter Very sensitive Sensitive Not sensitive
Young’s modulus of soil X
Young’s modulus of pile X
Lateral earth pressure coefficient X
Pile length X
Friction angle of clay X
Cross-section diameter of pile X

The only very sensitive tested parameter is the friction angle where especially the
large angles should be chosen very carefully. The relation between friction angle and
total resistance (and pile head displacements) is acting exponentially in the interval
26-40°, see also Table 2.4 and Equation (2.14). The sensitive parameters show a
clear linear relation between increase of tested parameter and increase of resistance
and/or pile head displacement. The not sensitive parameters show only a small or
no increase of total resistance and pile head displacements.
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4
Verification of buckling load of

partially embedded pile

4.1 Introduction

Buckling instability is a critical problem in structural design of slender piles since
the failure will suddenly occur and may lead to collapse of the structure. In general,
pile buckling is relevant in structural design for the following cases:

• During the driving of the piles.

• Fully embedded piles in soft clay and very loose sand.

• Partially embedded piles with a part in soil and a part in water or air.

As this Thesis focuses on marine structures, buckling instability of the partially em-
bedded piles is often a problem and will be analysed in this Chapter. The verification
is done for Case 3 based on the analytical methods due to lack of the experimental
tests and due to not enough information of the existed experimental tests. The
analytical methods are established by:

• Davisson and Robinson (1965)

• Heelis et al. (2004)

• Fleming et al. (1992)

Each of them have predicted the critical buckling load and equivalent length of the
embedded part of the partially embedded pile.

The verification is carried out by a comparison between the critical buckling load and
equivalent length of the embedded part of the pile model and the results estimated by
analytical methods. The pile is subjected to axial compression load. The soil around
the embedded part of the pile has a constant stiffness ks while the unembedded part
is in air.
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4.2 Estimation of critical buckling load and equivalent
length

4.2.1 Analytical methods
Three analytical methods has been analysed and the solution has found for the
partially embedded pile with free unembedded end condition, see Figure 4.1a. The
solutions are based on estimation the equivalent length of embedded part of the
pile Ls, which is the length to the fixity, to convert the partially embedded pile to
unembedded pile, see Figure 4.1b. Hence, the critical buckling load Pcr is defined
for equivalent pile that corresponding to the equivalent unembedded length Le =
Lu + Ls based on the Euler’s Equation.

Figure 4.1: Partially embedded pile according to Davisson and Robinson (1965). a) Actual pile.
b) Deformed shape under applying load. c) Equivalent pile.

The first solution, Davisson and Robinson (1965), is based on the non-dimensional
terms such as JR, SR and Imax for estimation the equivalent length Ls and the
critical buckling load Pcr for the equivalent pile, see Figure 4.2.

32 CHALMERS Department of Architecture and Civil Engineering, Master’s Thesis ACEX30-18-22



4. Verification of buckling load of partially embedded pile

Figure 4.2: Partially embedded pile shown with non-dimensional terms according to Davisson
and Robinson (1965). a) Actual pile. b) Deformed shape under applying load. c) Equivalent pile.

The non-dimensional terms JR, SR and lmax are assigned for constant soil stiffness
and they can be found according to following equations:

JR = Lu

RR

SR = Ls

RR

lmax = L

RR

(4.1)

where:

RR = 4

√
EI

ks

(4.2)

EI is the pile rigidity while ks = constant, is the soil stiffness in the horizontal
direction. RR has the unit length depends on the soil and the pile stiffness. JR and
SR are the non-dimensional terms of the unembedded length Lu and the equivalent
length Ls of the equivalent pile Ls, respectively. The relationship between JR and SR

that are adopted by Davisson and Robinson (1965) displays in Figure 4.3a depending
on the pile end conditions. The use of the Figure 4.3a requires the criteria of lmax

> 4; then the embedded depth of the piles is large enough to be considered infinity
long.

The second solution, Heelis et al. (2004), is also based on the non-dimensional
terms. It uses the same equations as presented in Davisson and Robinson (1965).
However, Heelis et al. (2004) has been presented the relation between SR and JR

depending on the pile end condition and the embedded ratio δH = (Lu + L)/L.
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Figure 4.3b and Figure 4.3c show the cases for free-free pile and fixed-translating-
free pile, respectively.

Figure 4.3: Equivalent length of the embedded part of the pile in non-dimensional terms with
constant soil stiffness ks and axial load: Calculated by Davisson and Robinson (1965) (top),
calculated by Heelis et al. (2004) for free-free pile (left), calculated by Heelis et al. (2004) for
fixed-translating pile (right).

Hence, the critical buckling load Pcr can be determined for the equivalent pile with
free-fixed end conditions shown in Figure 4.1b under axial compression load.

Pcr = π2EI

4(SR + JR)2R2
R

(4.3)

EI is the pile rigidity.

The third solution, Fleming et al. (1992), is similar to Davisson and Robinson (1965)
in case of a partially embedded pile. The critical buckling load of the partially
embedded pile can be found in Equation (4.4).

Pcr = π2EI

4(Lu + Ls)2 (4.4)

Lu is the unembedded length and Ls is the equivalent length of the embedded part
of the pile (length to fixity) which is found by:
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4. Verification of buckling load of partially embedded pile

Ls ≈ 2
(EI
ks

)(1/4)
(4.5)

Fleming et al. (1992) presents the critical length Lc. If the embedded length L >
the critical length Lc the pile behaves as it was infinity long; no increase in critical
buckling load will be obtained after this critical length.

Lc = 2Ls (4.6)

Equation (4.4) according to Fleming et al. (1992) is similar to the definition in
Equation (4.3) according to Davisson and Robinson (1965). Both of them are based
on Euler Equations for calculating the critical buckling load of the equivalent pile
for free-fixed end conditions. Heelis et al. (2004) suggests for Equation (4.4) to
replace the factor 4 with 0.25 for fixed end conditions, from 4 to 0.49 for pinned end
condition and for translation-no-rotation unembedded end conditions from 4 to 1.

4.2.2 FEM-Design
In the stability analysis of FEM-Design, the Critical Parameter can be found which
is the critical buckling load Pcr over the actual applied load Pactual, see Equation
(4.7). If Critical Parameter < 1, the structural element is unstable. if it is > 1 it is
not.

Critical parameter = Pcr

Pactual

(4.7)

In addition, deformed shape can be obtained from the calculation of the stability
analysis, see Figure 4.4. The critical buckling length Lcr can be found by interpreting
the deformed shape.

Figure 4.4: Partially embedded pile in FEM-Design. The actual pile (left) and the deformed
shape (right).
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Stability analysis in FEM-Design can be performed on bar elements. The analysis
is based on Euler’s critical load considering the number of buckling mode shapes n,
the pile rigidity EI and support conditions at the critical buckling length Lcr, see
Equation (4.8). n=1 gives the most critical case.

Pcr = (nπ)2EI

L2
cr

(4.8)

In this section the pile is partially embedded in which part of it is surrounded
by the soil. However, the soil has a horizontal stiffness Ky and Kz according to
Equation (2.5) which leads to resist the pile buckling. The critical buckling load Pcr

is depending on the critical pile length Lcr. As Equation (4.9) shows Lcr is the sum
of the unembedded Lu and the equivalent embedded pile length Ls.

Lcr = βEulerLtot = βEuler(Lu + Ls) (4.9)

βEuler is the effective length factor.

4.3 Case 3 - Partially embedded pile

A partially embedded pile is in Case 3 chosen as a hollow-cylindrical steel pile driven
into soil with diameter D = 323.9 mm, material thickness t = 16 mm, Young’s
modulus Ep = 210 GPa and unembedded length Lu = 10 m. The unembedded part
is surrounded by air since the effect of the water is disregarded, while the embedded
part is surrounded by stiff clay with constant stiffness where the Young’s modulus
Es = 60000 kN/m2 resulting with a constant stiffness Ky′ = Kz′ = 30533 kN/m2

according Equation (2.5).

The unembedded end condition of the pile is chosen as fixed-translation with no
rotation while the embedded end condition has a degree of freedom based on the
soil-pile stiffness in three directions. The linear soil model is chosen.

Several embedded lengths L are tested in FEM-Design in order to predict the critical
length Lc. For prediction of the equivalent length Ls and the critical buckling load
Pcr, the embedded length is set as Ls = Lc and several unembedded lengths Lu are
chosen at this stage.
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Figure 4.5: Partially embedded pile model in FEM-Design

4.4 Results & Discussions

The results below consist of the comparison of critical lengths of embedded pile part
Lc and the comparison of equivalent lengths of the embedded pile part Ls and the
critical buckling load.

The critical buckling load Pcr, which is a function of the embedded lengths L, is
shown from FEM-Design in Table 4.1. Lu is constant. It is clear to notice that
the maximum critical buckling load is achieved at L=4.5 m. This length can be
considered as the critical length Lc since Pcr is almost constant beyond 4.5 m.

Table 4.1: Critical buckling load Pcr with constant unembedded length Lu=10 m for different
embedded lengths L from FEM-Design.

L [m] 1 2 3 3.5 4 4.5 5 6 8 10
Pcr [kN] 1262 2394 2804 2847 2857 2859 2858 2858 2857 2859

The critical length Lc=4.5 m corresponding to the maximum buckling load in FEM-
Design is compared with the analytical methods, see Table 4.2. It is clear to notice
that Davisson and Robinson (1965) and Fleming et al. (1992) have identical critical
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length. However, in FEM-Design the critical length is close to what predicated
according to analyical methods.

Table 4.2: Comparison of the critical lengths Lc for different analytical methods and FEM-Design.

Method Lc [m]
FEM-Design analysis 4.5

Davisson and Robinson (1965) 4.24
Fleming et al. (1992) 4.24

The results of the prediction of the critical buckling load Pcr is shown in Table 4.3 for
FEM-Design, Davisson and Robinson (1965), Fleming et al. (1992) and Heelis et al.
(2004). The pile has been modelled for the embedded length L=Lc=4.5 since the
critical buckling load after Lc is more or less constant and the unembedded lengths
Lu=3, 6 and 10 m.

Table 4.3: Comparison of the critical buckling load Pcr [kN] for different unembedded lengths.

Method Lu=3 m Lu=6 m Lu=10 m
FEM-Design analysis 18185 6671 2859

Davisson and Robinson (1965) 17920 6597 2832
Fleming et al. (1992) 14534 5779 2594
Heelis et al. (2004) 18511 6718 2863

The comparison shows that the FEM-Design results are close to the analytical meth-
ods results; Davisson and Robinson (1965) and Heelis et al. (2004). However, the
critical buckling load that is predicted by Fleming et al. (1992) is underestimated.

Table 4.4 presents the equivalent length Ls of the embedded part of the pile according
to the three analyical methods for different unembedded lengths Lu. It should be
noticed that the equivalent length is almost constant at these lengths. It can be
concluded that the equivalent length does not influence the change of unembedded
length.

Table 4.4: Comparison of the equivalent length Ls [m] for different unembedded lengths.

Method Lu=3 m Lu=6 m Lu=10 m
Davisson and Robinson (1965) 1.612 1.601 1.601

Fleming et al. (1992) 2.121 2.121 2.121
Heelis et al. (2004) 1.538 1.532 1.530

Since the prediction of the critical buckling load according to the analytical methods
matched the results of FEM-Design approximately, the results of the analytical
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methods can be used to estimate the equivalent length Ls. Figure 4.6 shows the
deformed shape of the partially embedded pile in FEM-Design and the position of
the equivalent length Ls that is predicted according to analyitcal methods for Lu=6
m.

Figure 4.6: Deformed shape of the partially embedded pile in FEM-Design. G.L. is the ground
level.

It can be noticed that the depth of the equivalent length according analytical meth-
ods is bounded between two points, the point where the deformed shape cross the
pile and the point where the deflection is 0. These two points can be used to predict
the depth of the equivalent length in an advanced problem. However to assume the
depth where the deflection is 0 is a conservative estimation (on the safe side).
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5.1 Conclusion

Case 1 with linear soil model shows that the total resistance of the pile model has
lower ultimate load than the pile load test - even when K is increased. The pile
model has in general a weaker behaviour than the pile load test. The modelling
of the soil-pile interaction of the shaft consists of the supports with linear-elastic
perfectly plastic behaviour. However, the plastic deformation cannot be obtained in
the analyses due to the plastic limit (ultimate load) of each support.

Case 2 uses the over-consolidated soil model. Many of the soil input values are as-
sumptions that have been converted from the Hardening Soil parameters. The sup-
port stiffnesses in FEM-Design are not stress-dependent for the over-consolidated soil
model since they are generated independently on the vertical stresses. Instead, the
soil-pile interaction is considered as linear elastic-perfectly plastic supports like the
linear soil model, see Figure 3.9. The stiffness in over-consolidated model is stress-
independent. It always considers the over-consolidated part M0 in generating the
stiffness. Hence, there is no difference between the linear and the over-consolidated
model in generating the stiffnesses since they are generated independently of the
effective stresses.

The lateral earth pressure coefficient K has been modified in both Case 1 and 2
to include the over-consolidation and to compare results. Though, the choice and
modelling of the pile and soil in FEM-Design are too simplified compared with
reality. FEM-Design does not include soil history or plastic deformation. The
simplification is shown for the base, it only consists of one linear elastic-perfectly
plastic support. One support is not sufficient to describe the real behaviour of the
base.

The load-displacement curve is used to find the ultimate load and displacement for
designing the pile. Therefore, it is important to plot a proper load-displacement
curve in order to extract the ultimate load. FEM-Design does not match the real
behaviour of the pile which makes it unsuitable to use for finding the ultimate load.

The buckling results of the FEM-Design and the three analytical methods have been
predicted for a partially embedded pile. Here the critical length, the critical buckling
load and the equivalent length have been found. FEM-Design results are close to the
prediction of the two analytical methods, Davisson and Robinson (1965) and Heelis
et al. (2004), while the results predicted in Fleming et al. (1992) are underestimated.
This leads to conclude that FEM-Design is suitable for prediction of critical length,
critical buckling load and equivalent length. The critical buckling load varies when
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the unembedded length is changing, while the equivalent length of the embedded
part of the pile is strongly influenced by the soil stiffness and pile stiffness but not by
the unembedded length. The deformed shape which is the result from the stability
analysis in FEM-Design can be used in order to predict the equivalent length Ls of
the embedded part of the pile.

5.2 Recommendations for using FEM-Design

Strusoft specifies that the Pile feature in FEM-Design is a simple model for cal-
culation of piles. FEM-Design can be used for internal stresses and displacement
but not for capacity design. Though, the Pile feature is limited in practical use
since it does only include a linear soil model and no consideration of soil history,
stress-dependent stiffness or plastic deformations. Therefore, the behaviour until
failure is simplified and does not fit the results of the load pile test for larger loads.
There is no consideration of soil failure lines in the Pile feature and the results are
independent on the width and depth of the soil. The software calculates the failure
according to the sum of the shaft and base resistance but the total resistance is too
small compared with the field measurement tests. FEM-Design chooses the lateral
earth pressure coefficient, K, only based on the installation method, see Table 2.3.
Though, the determination of K depends also on soil properties and soil history,
which FEM-Design does not include. The user has to modify the K manually by
recalculation of the plastic limits and inserting them in the pile properties. The
user of the Pile feature need to have geotechnical experience to deal with the correct
input values and the accuracy of the output results. The Pile feature considers only
instantaneous calculations and no time-dependency or plastic deformation. Pile and
settlement behaviour and water dissipation are highly dependent on time and plastic
deformation in reality. Therefore, the real pile behaviour cannot be obtained in this
software.

The user - an engineer - needs to stretch the pile to be in water and partly in soil
to make the stiffnesses work correctly in the stability analysis. The modelling of
the equivalent length gives reasonable results compared to the analytical methods.
Therefore, FEM-Design can be used to estimate the critical buckling load of a pile.
The partially embedded pile has a critical length Lc; if the embedded length L >
Lc, there will be no obtained increase in the critical buckling load.

FEM-Design does in certain cases illogical assumptions, which are not described in
Strusoft (2016) or Szakály (2017). These are explained in Appendix A.

5.3 Recommendation for further studies

The only comparison of load-displacement behaviour between FEM-Design and load
pile test is performed according to Wehnert and Vermeer (2004). This Thesis does
not include other case studies which is a limited base to draw general conclusions
of the software. It is recommended to compare the load-displacement behaviour of
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FEM-Design with other field measurement tests. The validation of Wehnert and
Vermeer (2004) has only been performed for drained soil conditions. A validation
of undrained soil conditions will be relevant for further studies.

The verifications performed in the Thesis are related to fully and partially embedded
piles at marine structures. FEM-Design has the ability to also do second order
analyses and imperfection. These analyses are recommended to verify since these
considerations are often relevant for pile design.
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Appendices

Appendix A: Guidelines for the software.

Appendix B: Calculation of stiffnesses and plastic limits in FEM-Design for Case 1.

Appendix C: Calculation of buckling capacities for Case 3.
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Appendix A - Guidelines for the software

The following is the illogical input values and assumptions in FEM-Design which
has been found during the work. These are not described in the manuals, Strusoft
(2016) and Szakály (2017).

• The lateral earth pressure coefficient for bored piles in Table 2.3 is always
chosen as K=0.7 in the software independent on the diameter of the pile.

• Table 2.4 shows the relevant value for determination of Nq. FEM-Design
chooses always respectively the smallest or the largest value for friction angles
below 26°or above 40°.

• FEM-Design calculates the relevant geometry data when a composite cross-
section is created by the user. The software describes that the composite
cross-section is based on the steel. The software does not include fully concrete
cross-section for geometry data but does only include a small part.

• The existing tubular steel pipes in the cross-section library includes both the
inner and outer circumferences for calculating the stiffnesses.

• The software assumes the fully pile length L in calculation of the stiffness Kx,
see Equation (2.7), even though not the whole pile is located in the soil.

• The linear elastic analysis assumes the same base resistance for the pile in
compression and tension, see also Section 2.4.1.

• The over-consolidated soil model for pile modelling does always choose M0
when calculating the stiffnesses and does not use the other input parameters
of the soil model. The over-consolidation model will always show the same
output results as the linear soil model, see also Section 3.5.3.
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Appendix B - Calculation of stiffnesses and plastic limits
in FEM-Design for Case 1
The input values are found in Table 3.1

Pile:
Ô çòë Total lenght of pile
Û° íð E-modulus of concrete C20/25
Ü ïòí Diameter of the pile

×°ò¦ ã
êì

Üì ðòïì ì Moment of inertia of the pile

®ð ãÜ ðòë ðòêë Radius of the pile
Ð ãÜ ìòðèì Perimeter of cross-section

ß¾¿­» ã
ì
Üî ïòíîé î Area of the base

Soil:
½µ îð Tertiary drained clay
Û­ ðòðê E-modulus of the clay
­ ðòí Poisson's ratio of the clay

¼®§ îð
í

Unitweights of clay

­¿¬ îð
í

îð Friction angle of the drained clay

Ò¯ ë For bored pile depending on friction angle,
see Table 2.4

Óð ã
Û­ óï ­

õï ­ óî ­

èðéêç
î

Compression modulus of soil

Ù­ ã
Û­

î õï ­

îíðéé
î

Shear modulus of soil

General:
Ô»´»³»²¬ ðòë Chosen division length
Ô¼®§ íòë Length of dry pile part
Ô©»¬ ãóçòë íòë ê Length of saturated pile part

© ïð
í

Unit-weight of the water

Created with PTC Mathcad Express. See www.mathcad.com for more information.
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Laterial line motion springs Kz and Ky

µ­ò§ù ã
ðòêë Û­

Ü óï ­
î

Û­ Ü
ì

Û° ×°ò¦

ï

ïî

îëîìç
í

Õù§ ãµ­ò§ù Ü íîèîì
î

Laterial line motion springs Kx1

Ù­ò³·¼¼´» ãÙ­ îíðéé

Ù­ò¾±¬¬±³ ãÙ­ îíðéé

³ ã
Ù­ò³·¼¼´»

Ù­ò¾±¬¬±³
ï

®³ ãîòë ³ óï ­ ïêòêí

µ­ ã
Ù­

®ð ´²
®³
®ð

ïðçëî
í

Õ¨ïù ãµ­ Ð ììéîç
î

Vertical pile tip spring Kx2

Õ¨îù ã
ì Ù­ ®ð
óï ­

èëéïì

Drained vertical plastic limit forces - line support
Compression

ãîð Manually changed - FEM-Design chooses
í
ì

Õ ï Manually changed - FEM-Design chooses K=0.7

ã¬¿²øø ÷÷ Õ ðòíêì

Ô¼·ªò¼®§ ã
Ô¼®§

Ô»´»³»²¬
é Numbers of stiffnesses for part of the pile

Created with PTC Mathcad Express. See www.mathcad.com for more information.
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Ô¼·ªò©»¬ ã
Ô©»¬

Ô»´»³»²¬
ïî

ªò¼®§ù ã¼®§ Ô¼®§ ðòë íë
î

ªò©»¬ù ãó­¿¬ © Ô©»¬ ðòë íð
î

Calculation of plastic limits for each division:
Division 1 (dry): ²ï ï
Ôï ãÔ»´»³»²¬ ²ï ðòë

Ô¼·ªò¼®§ï ã
Ô¼®§
Ôï

é

Ð´·³ò¨ù´·²»ï ãªò¼®§ù Ð

Ô¼·ªò¼®§ï
éòìíî

Division 2 (dry): ²î î

Ôî ãÔ»´»³»²¬ ²î ï

Ô¼·ªò¼®§î ã
Ô¼®§
Ôî

íòë

Ð¼®§ò¼·ºº ãªò¼®§ù Ð

Ô¼·ªò¼®§î
ïìòèêë

Ð´·³ò¨ù´·²»î ãõÐ´·³ò¨ù´·²»ï Ð¼®§ò¼·ºº îîòîçé

Division 3 (dry):

Ð´·³ò¨ù´·²»í ãõÐ´·³ò¨ù´·²»î Ð¼®§ò¼·ºº íéòïêî

Division 4 (dry):
Ð´·³ò¨ù´·²»ì ãõÐ´·³ò¨ù´·²»í Ð¼®§ò¼·ºº ëîòðîé

Division 5 (dry):
Ð´·³ò¨ù´·²»ë ãõÐ´·³ò¨ù´·²»ì Ð¼®§ò¼·ºº êêòèçî

Division 6 (dry):
Ð´·³ò¨ù´·²»ê ãõÐ´·³ò¨ù´·²»ë Ð¼®§ò¼·ºº èïòéëê

Created with PTC Mathcad Express. See www.mathcad.com for more information.
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Division 7 (dry):

Ð´·³ò¨ù´·²»é ãõÐ´·³ò¨ù´·²»ê Ð¼®§ò¼·ºº çêòêîï

Division 8 (dry/sat): ²è í

Ôè ãÔ»´»³»²¬ ²è ïòë

Ô¼·ªò©»¬è ã
Ô©»¬
Ôè

ì

ãªò©»¬ù Ð

Ô¼·ªò©»¬è
ïïòïìç

Ð´·³ò¨ù´·²»è ãõÐ´·³ò¨ù´·²»é
ªò©»¬ù Ð

Ô¼·ªò©»¬è
ïðéòéé

Div 8 increases with the average of difference in stresses for the dry and saturated
conditions.

Division 9 (sat): ²ç î
Ôç ãÔ»´»³»²¬ ²ç ï

Ô¼·ªò©»¬ç ã
Ô©»¬
Ôç

ê

Ð©»¬ò¼·ºº ãªò©»¬ù Ð

Ô¼·ªò©»¬ç
éòìíî

Ð´·³ò¨ù´·²»ç ãõÐ´·³ò¨ù´·²»è Ð©»¬ò¼·ºº ïïëòîðî

Division 10 (sat):
Ð´·³ò¨ù´·²»ïð ãõÐ´·³ò¨ù´·²»ç Ð©»¬ò¼·ºº ïîîòêíë

Division 11 (sat):

Ð´·³ò¨ù´·²»ïï ãõÐ´·³ò¨ù´·²»ïð Ð©»¬ò¼·ºº ïíðòðêé

Division 12 (sat):
Ð´·³ò¨ù´·²»ïî ãõÐ´·³ò¨ù´·²»ïï Ð©»¬ò¼·ºº ïíéòìçç

Division 13 (sat):

Ð´·³ò¨ù´·²»ïí ãõÐ´·³ò¨ù´·²»ïî Ð©»¬ò¼·ºº ïììòçíî

Created with PTC Mathcad Express. See www.mathcad.com for more information.
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Division 14 (sat):

Ð´·³ò¨ù´·²»ïì ãõÐ´·³ò¨ù´·²»ïí Ð©»¬ò¼·ºº ïëîòíêì

Division 15 (sat):

Ð´·³ò¨ù´·²»ïë ãõÐ´·³ò¨ù´·²»ïì Ð©»¬ò¼·ºº ïëçòéçé

Division 16 (sat):
Ð´·³ò¨ù´·²»ïê ãõÐ´·³ò¨ù´·²»ïë Ð©»¬ò¼·ºº ïêéòîîç

Division 17 (sat):

Ð´·³ò¨ù´·²»ïé ãõÐ´·³ò¨ù´·²»ïê Ð©»¬ò¼·ºº ïéìòêêï

Division 18 (sat):

Ð´·³ò¨ù´·²»ïè ãõÐ´·³ò¨ù´·²»ïé Ð©»¬ò¼·ºº ïèîòðçì

Division 19 (sat):

Ð´·³ò¨ù´·²»ïç ãõÐ´·³ò¨ù´·²»ïè Ð©»¬ò¼·ºº ïèçòëîê

Drained vertical plastic limit forces - point support

ªò²±³ù ãõ¼®§ Ô¼®§ øø óÔ íòë ÷÷ ó­¿¬ © ïíð
î

Ò½ ãóÒ¯ ï ½±¬ øø ÷÷ ïðòçç

Ð´·³ò¨ùò°±·²¬ ãß¾¿­» õªò²±³ù Ò¯ ½µ Ò½ ïïëë

Calculation of total resistance for Case 1:
Î­ò¬±¬ Ð´·³ò¨ù´·²»

ãÎ­ò¬±¬ ïðéì

Î¾ ãÐ´·³ò¨ùò°±·²¬ ïïëë

Î ãõÎ¾ Î­ò¬±¬ îîîè

Created with PTC Mathcad Express. See www.mathcad.com for more information.
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Appendix C - Calculation of buckling capacities for Case 3

Definition of values:
ÔË Free unembedded length
Ô Fully embedded length
ÔÛ Total equivalent length
Ô­ù Equivalent length of the embedded length
Ô½ Critical length beyond it the pile behaves as if it was infinitely long
Û° Pile stiffness
× Moment of inertia of the hollow pile
Û­ Soil stiffness
ß Cross-section area of pile
ß¹® Cross-section area of the steel netto area
¬ Thickness of steel
Ü±«¬ Diameter of pile
Ü·² Inner diameter of pile
Î Non-dimensional parameter
µ­ Stiffness of the soil
Õ End condition

Input values - Hollow steel pile:
Ü±«¬ íîíòç Standard geometry of pile
¬ ïê
Û° îïð
Õ ï Based on end condition - fixed translation

Input values - Soil:

µ­òÚÛÓ íðëíí
î

Taken from FEM-Design
l

General calculations:

® ã
Ü±«¬
î

ïêî

Ü·² ãóÜ±«¬ î ¬ îçî

ß ãó
Ü±«¬
î

î Ü·²
î

î

ïëìéé î

Ð ãî ó
Ü±«¬
î

ð
î

ïðïè
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× ã
ì

ó
Ü±«¬
î

ì Ü·²
î

ì

ïòèíç ïðè ì Of a hollow circular steel pile

Calculation of analytical methods:
Davisson 1963

Î ã
ì Û° ×

µ­òÚÛÓ
ïòðê

ÔË ïð

Ô ìòîë

Ô³¿¨ ã
Ô

Î
ìòððè > 4.0 /OK to use Davisson

Ô¬±¬ ãõÔË Ô ïìòîë

ÖÎòÜ¿ª ã
ÔË
Î

çòìí

ÍÎòÜ¿ª ïòìë From Figure 4.3

Ô­ùòÜ¿ª ãÍÎòÜ¿ª Î ïòëíè

Ð½®òÜ¿ª ã
î Û° ×

Õ õÍÎòÜ¿ª ÖÎòÜ¿ª
î
Îî

îèêí

Heelis 2004

ÖÎòØ»» ã
ÔË
Î

çòìí

Ø ã
Ô

Ô¬±¬
ðòîçè

ÍÎòØ»» ïòìì From Figure 4.3

Ô­ùòØ»» ãÍÎòØ»» Î ïòëîé

Ð½®òØ»» ã
î Û° ×

Õ õÍÎòØ»» ÖÎòØ»»
î
Îî

îèêç
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Fleming 1992

ÔÛ ãî
Û° ×

µ­òÚÛÓ

ðòîë

îòïîï

Ô½ ãî ÔÛ ìòîìî

Ð½®òÚ´» ã
î Û° ×

Õ õÔË ÔÛ
î

îëçì

FEM-Design

ÝÎ îòèëç Critical parameter

Ð¿½¬«¿´ ïððð

Ð½® ãÝÎ Ð¿½¬«¿´ îèëç
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