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Summary

Summary
In the process of pile and sheet pile driving vibrations arise, which spread to the soil in the
surrounding environment. The vibrations in the soil can damage or affect the environment
negatively. Today’s society is experiencing an increasing production rate as well as stricter
restrictions, while at the same time concentrating construction activities to urban areas. This
creates a demand to better understand how ground vibrations occur, spread and affect the
environment. This MSc. thesis has the aim to contribute the development of a reliable prediction
model for estimating ground vibrations due to pile and sheet pile driving.
The use of a rigid body assumption of the sheet pile during vibratory driving is frequently used to
simplify the calculations of vibration distribution during driving. Field tests have shown that the
sheet pile does not behave as a rigid body during vibratory driving and that acceleration
magnitude varies along the sheet pile. The thesis aims to investigate the sheet pile behavior
during the penetration process by using simulation in the finite element software Comsol
Multiphysics.
A theoretical introduction to ground vibration distribution is presented in the literature study as
well as the current knowledge regarding the behavior of the sheet pile during vibratory driving.
The literature study also contain a brief presentation of similar performed numerical studies
which are reviewed to collect valuable input to the sheet pile penetration simulation. As the
presented problem never has been modelled numerically before it is unique and creates valuable
knowledge on the road to understanding how the vibrations spread into the soil from the sheet
pile.
In the thesis possible influencing factors on the sheet pile behavior are studied, the studied
factors are: driving force, driving frequency, sheet pile moment of inertia, soil shear modulus and
penetration depth. The simulated process is a linear elastic, two dimensional model with a timedomain approach. The simulated penetration process is validated with results from a field study
performed by Guillemet (2013), and the computed accelerations match well with the recorded
accelerations.
Results show that the sheet pile deflects during the driving and that the maximum deflection
occurs above the ground surface. The maximum horizontal acceleration occurs at the top of the
sheet pile where the deflection is greatest, while the maximum vertical acceleration is at the
bottom of the sheet pile. It also reveals that resonance, which can occur in both the sheet pile
and the system of sheet pile and soil together, has an increasing effect on the accelerations and
the deflection. The main influencing factors on the sheet pile, based on the results on the
behavior of the sheet pile, are the driving force and the sheet pile moment of inertia. Conclusions
from the results provide that the assumption of a rigid body behavior of the sheet pile during the
penetration process should be reviewed and studied further.
Keywords: Ground vibrations, vibratory driving, sheet pile, numerical analysis, FEM-modelling,
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Sammanfattning

Sammanfattning
I samband med neddrivningsprocessen av pålar och spont uppstår vibrationer som sprider sig i
jorden till omgivningen. De uppkomna vibrationerna i marken kan skada eller påverka
omgivningen negativt. I dagens samhälle har en ökad produktionstakt och hårdare restriktioner
men även en allt tätare bebyggelse skapat ett behov för att bättre förstå hur vibrationerna i
marken uppstår, sprider sig och påverkar omgivningen. Det här examensarbetet har som mål att
bidra i utvecklingen av en pålitlig modell för att uppskatta markvibrationer och dess spridning
med avseende på pål- och spontdrivning.
Antagandet om sponten som en stel kropp vid vibrodrivning är vida använt som en förenkling
för att prognosticera vibrationsspridningen. Fältförsök har dock visat att sponten inte alls beter
sig som en stel kropp och att accelerationsmagnituden varierar på olika delar av sponten. Det här
arbetet syftar till att undersöka hur en spont beter sig under nedrivning genom att simulera
neddrivningsprocessen i finita element programmet Comsol Multiphysics.
En teoretisk introduktion till både spridningen av markvibrationer och den nuvarande kunskapen
kring hur en spont beter sig under neddrivning presenteras i litteraturstudien. I litteraturstudien
finns även en översiktlig presentation av tidigare, liknande numeriska analyser för att hitta
värdefull kunskap kring simuleringen av spontens nedrivningsprocess. Eftersom det presenterade
problemet inte har simulerats tidigare genom numerisk analys så är arbetet unikt och tillför
värdefull kunskap i arbetet med att förstå hur markvibrationer sprider sig från sponten till jorden.
I arbetet undersöks möjliga faktorer som har en påverkan på spontens beteende, de studerade
faktorerna är: drivkraften, frekvensen, spontens tröghetsmoment, jorden skjuvmodul och
drivdjupet. Den simulerade processen är en linjärelastisk tvådimensionell modell i en
tidsberoende analys. Den simulerade neddrivningsprocessen är validerad mot en fältstudie utförd
av Guillemet (2013) där de beräknade accelerationerna överensstämmer väl med de uppmätta
accelerationerna.
Resultaten visar att sponten böjer ut under neddrivningsprocessen och att utböjningen av
sponten är som störst ovanför markytan. Den maximala horisontella accelerationen sker i den
övre delen av sponten medan den maximala vertikala accelerationen sker i den nedre delen.
Arbetet påvisar också att resonans, som kan uppstå både i sponten och i systemet spont och jord
har en ökande effekt på accelerationerna och utböjningen. Resultatet visar att drivkraften och
spontens tröghetsmoment har störst påverkan på spontens beteende. En slutsatser från det här
arbetet visar att antagandet om spontens beteende som en stel kropp under neddrivningen bör
ses över och studeras ytterligare.

Nyckelord: Markvibrationer, vibrodrivning, spont, numerisk analys, FEM-modellering,
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Symbols and Abbreviations

Symbols and abbreviations
Roman letters
Amplitude
𝐴
Wave propagation velocity
𝑐
Wave propagation velocity in sheet pile
𝑐𝐵
Young’s/Elasticity modulus
𝐸
Young’s/Elasticity modulus plain strain
𝐸𝑝 𝑠𝑡𝑟𝑎𝑖𝑛
Young’s/Elasticity modulus plain stress
𝐸𝑝 𝑠𝑡𝑟𝑒𝑠𝑠
Eccentricity
𝑒
Centrifugal force
𝐹𝑐
Driving force
𝐹𝑑
Maximum driving force
𝐹𝑑,𝑚𝑎𝑥
Exciter house weight
𝐹𝑒ℎ
Horizontal component of the centrifugal force
𝐹ℎ
Suspension force
𝐹𝑆
Vertical component of the centrifugal force
𝐹𝑣
Dynamic driving force
𝐹𝑉,𝑇𝑂𝑇
Static surcharge force
𝐹0
𝑓
Frequency
Natural frequency
𝑓𝑛
Shear modulus
𝐺
Initial shear modulus
𝐺0
Maximum shear modulus
𝐺𝑚𝑎𝑥
Acceleration of earth’s gravity
𝑔
Moment of inertia
𝐼
Sheet pile length
𝐿𝑝
Static/Eccentric moment
𝑀𝑒
Bias mass
𝑚0
Period
𝑇
Time
𝑡
Lateral movement
𝑢1
Particle velocity
𝑣
Liquid limit
𝑤𝐿
Water content
𝑤𝑁
Displacement
𝑧
Velocity
𝑧̇
Acceleration
𝑧̈

[m]
[m/s]
[m/s]
[Pa]
[Pa]
[Pa]
[m]
[N]
[N]
[N]
[kg]
[N]
[N]
[N]
[N]
[N]
[Hz]
[Hz]
[Pa]
[Pa]
[Pa]
[m/s2]
[cm4]
[m]
[kgm]
[kg]
[s]
[s]
[m]
[m/s]
[-]
[-]
[m]
[m/s]
[m/s2]
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Greek letters
Wave length
λ
Constant depending of mode shape and
λn
boundary condition
𝜏𝑓𝑢
Undrained shear strength
Poisson’s ratio
𝜈
Poisson’s ratio plain strain
𝜈𝑝 𝑠𝑡𝑟𝑎𝑖𝑛
Poisson’s ratio plain stress
𝜈𝑝 𝑠𝑡𝑟𝑒𝑠𝑠
Material density
𝜌
Phase angle
𝜑
Angular frequency
𝜔

x

[m]
[-]
[kPa]
[-]
[-]
[-]
[kg/m3]
[rad]
[rad/s]
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Literature study

1 Introduction
1.1 Background
In today’s urban construction industry piles and sheet piles create vibrations in the ground. The
vibrations in the ground can damage the surroundings as well as affect the environment
negatively, this is a problem which is today hard to control. The increased restriction on
environmental impact from pile and sheet pile driving, the vicinity of sensitive buildings, as well
as the need for shorter construction times, creates a demand for a better understanding of ground
vibrations caused by pile driving.
Known prediction models for vibration level during pile and sheet pile driving under- or
overestimates the distribution of the vibration through the ground. High deviation leads to
increasing costs or damages to the surroundings (Deckner, 2013). This MSc. thesis is part of a
PhD study performed by Fanny Deckner at NCC and KTH Royal institute of Technology, which
aims to develop a reliable prediction model for estimating ground vibrations.
In previous studies by Viking (2002) and Deckner, et al. (2010 & 2015) it has been noted that the
sheet pile does not behave as a perfectly rigid body as it penetrates the soil during vibratory
driving. Viking (2002) and Deckner, et al. (2010) mention that a rigid body assumption for
vibratory driven sheet piles may not be correct. The non-rigid behavior of sheet piles has been
seen in measurements to affect magnitude and distribution of vibrations. According to Viking
(2002) and Deckner, et al. (2010) it can depend on several things, they mention that the vibrator
is not centered on top of the sheet pile and the penetration direction is not fully straight down, as
possible causes. They also mention that the different soil layers make different resistance and that
stones and blocks can change the direction of the sheet pile as it penetrates through the soil. The
non-rigid behavior of the sheet pile causes longitudinal vibrations in the ground that have been
shown in studies by Viking (2002) and Deckner, et al.,( 2010) to have up till two to three times
higher magnitude than vertical.
When studying the ground vibration distribution the usage of numerical analysis as a tool to
predict vibration level has increased in the past years. The first numerical models where simple
and as the knowledge has grown the simulations have become more advanced and specific.
Numerical analyses create a better understanding of the distribution of vibrations in the ground
when comparing the numerical results with field measurements.

1.2 Aim and objective
Usage of sheet piles in construction has increased in the past years and any extra horizontal
vibrations caused by a deflection of the sheet pile will increase the environmental impact in a
negative way. Since previous work has not specifically looked into how sheet piles behave during

13

Behavior of vibrodriven sheet piles

vibratory driving this thesis will present a new insight into the behavior of the sheet pile during
vibratory driving.
The result obtained from this MSc. thesis will aim to investigate how the sheet pile behaves
during vibratory driving with the help of numerical analysis. An evaluation of influencing
parameters will be performed to clarify their significance to the sheet pile behavior. The literature
review will contain a basic explanation of the fundamentals in ground vibration distribution, how
the vibrations arise and summarize previously performed numerical analyses.

1.3 Limitations
This thesis will focus on one specific vibratory driven sheet pile at predefined depths. The
behavior of the soil will not be further discussed as it is not an object of this study.
The study is a two-dimensional plain strain Finite Element Method (FEM)-model. The material
model is linear elastic with a fully coupled connection between the sheet pile and the soil.
Calculations are performed in time-domain and no extra material damping is added to the model.

1.4 Method and outline
This thesis consist of 6 chapters of which each represent a part of the thesis. Down below a short
description of each chapter are presented. The briefly description will be a guide through the
whole thesis.
A literature study will be presented in chapter 2 regarding the fundamentals of pile and sheet pile
driving. The literature study will also contain a brief presentation of FEM as well as a brief
presentation of similar numerical analyses. The knowledge and conclusions from the literature
study will be helpful when building up the numerical model, it will also give a notion as to how
the model will perform and what results that can be expected.
In chapter 3 the buildup of the FEM-model will be presented and how it was developed using
the software Comsol Multiphysics. This model will represent a sheet pile driving process. A fullscale field test performed in Solna 2013 (Guillemet, 2013; Deckner, et al., 2015a) will function as
validation for the model. To optimize the result a mesh convergence study is performed and the
model is verified using the field measurements. When the model has reached sufficient
convergence a parameter study is performed to investigate the behavior of the sheet pile and
analyze the influence of different parameters.
Results will be presented in chapter 4 and discussed in chapter 5 and conclusions will be drawn
regarding the behavior of the sheet pile as well as the influencing parameters.
In the last chapter the conclusions from the thesis will be presented along with proposals for
further research.
14
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2 Literature study
2.1 Introduction
In this section the behavior of the sheet pile during vibratory driving through the soil will be
discussed. The expected behavior of the sheet pile according to available literature will be
presented. A brief description regarding influence of the input parameters is also presented.
Previous similar numerical studies of the vibration transfer in the soil performed with computer
software are presented. A short description of how they have constructed their model, what
limitations they have, their main results and conclusion are presented.

2.2 Fundamentals of dynamics
In this section the vibratory motion will be briefly described, the three most common wave types
will be mentioned and the basic relation of shear modulus and strain will be explained.

Basic vibratory motion
According to Holmberg, et al., (1984) the definition of a vibratory motion can be described as an
oscillatory motion of a particle around a state of equilibrium. The motion can be described as
movement of a particle or a body by its acceleration, velocity or time. A wave motion in contrast
to the vibratory motion allows, without any material transport, the energy to be transported
through the material (Bodare, 1996). The four most common wave motions are the harmonic,
periodic, transient and random motion.
A harmonic motion is the simplest form of wave propagation and can be described by a sinus
function (Richart, et al., 1970). The benefit of the harmonic motion is that it can be defined by
the amplitude, angular frequency or the phase angle by using the expressions shown in Figure 2.1.
Definitions of the parameters are described in Table 2.1

15
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Table 2.1 Definition of parameters describing a harmonic motion (Richart, et al., 1970), (Bodare, 1996) (Nordal, 2009).

Parameter
𝑨

Expression

Unit
𝑚

𝑻
𝝎
𝒇
𝝋
𝒛
𝒛̇
𝒛̈

2𝜋⁄𝜔
2𝜋⁄𝑇
1⁄𝑇 , 𝜔⁄2𝜋

𝑠
𝑟𝑎𝑑⁄𝑠
𝑠 −1 𝑜𝑟 𝐻𝑧
𝑟𝑎𝑑
𝑚
𝑚⁄𝑠
𝑚⁄𝑠 2

Definition
Amplitude – displacement amplitude from the
mean position
Period – time for repetition, time for full cycle
Angular frequency
Frequency
Phase angle
Displacement
Velocity
Acceleration

Figure 2.1 Expression of the harmonic motion, from Guillemet, 2013 modified after Richard et al (1970).

A periodic motion can be described as a motion that repeats itself in a cycle of time. This means
that a periodic motion can contain several different amplitudes and frequencies and are described
in Figure 2.2a (Holmberg, et al., 1984).
The transient motion starts with high intense amplitude and fades out in a short period of time.
Figure 2.2b describes the procedure of a transient motion.
Random motion can be described as non-repeating motion, it means that the wave propagation
never appear the same over time, Figure 2.2c illustrates the phenomena.
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Figure 2.2 Illustration of a) periodic motion, b) transient motion and c) random motion from Deckner, (2013).

General about waves
When propagating through a medium, waves can be described by two different velocities, wave
propagation velocity, 𝑐, and particle velocity, 𝑣 (Bodare, 1996). The particle velocity, 𝑣, is often
used to charatcterise the wave motion which refers to the speed of an individual particle that
oscillates at its own posistion of rest. The wave propagation velocity, 𝑐, represents the speed of a
seismic wave that moves through the medium (Woods, 1997). Table 2 describes the expressions
of propagation and particle velocity.
Table 2.2 Description of wave velocity (Richart, et al., 1970), (Bodare, 1996), (Nordal, 2009).

Parameter
𝒄
𝒗
𝝀

Expression
𝑓𝜆
2𝜋𝑓𝐴
𝑐⁄𝑓

Unit
𝑚/𝑠
𝑚/𝑠
𝑚

𝒇

1⁄𝑇 , 𝜔⁄2𝜋

𝑠 −1 𝑜𝑟 𝐻𝑧

Definition
Wave propagation velocity
Particle velocity
Wavelength – distance between successive crests or
troughs of a wave
Frequency

Resonance
Resonance is a phenomenon that intensifies the wave motion and can occur in the soil, the sheet
pile or in a combination (Woods, 1997). The resonance amplifies the displacement and can in
theory be in progress to infinity, but in practice this will not happen due to damping (Chopra,
1995).
Damping
Damping can be divided into two types, material and geometrical damping. Material damping can
be described in terms of friction, plastic deformation, heat energy etc. and is related to the
material the waves are propagating trough. Geometrical damping depends on the geometry of
space which the wave is traveling through and how the waves are spreading in the medium. The
same amount of energy spread to a larger volume will lead to decreased amplitude and depending
on the wave type the damping ratio is different (Holmberg, et al., 1984) (Hintze, et al., 1997)
(Nordal, 2009).
Waves
The three most common waves that propagate through the soil are called primary waves (Pwaves), secondary waves (S-waves) and Rayleigh waves (R-waves). In Figure 2.3 the characteristic
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motions of the waves are illustrated. The fastest of the three waves are primary waves (P-waves),
which can also be described as compressional or longitudinal waves. The secondary waves (Swaves) are also called shear or transverse waves. The third waves are called Rayleigh waves (Rwaves) and are a type of combination of both P- and S-waves. Both P- and S-waves are body
waves which is a difference from the R-wave which are a surface wave (Kramer, 1996), (Möller,
et al., 2000).

Figure 2.3 Illustration of common waves propagating through a medium a) P-waves b) S-waves and c) R-waves modified
after Deckner (2013) after Kramer (1996) and Woods (1997).

Shear modulus in relation to strain
Depending on strain level the soil behaves in different ways. At low strains the soil behaves
linearly elastic and as the strain increase the behavior becomes more and more plastic (Denies &
Holeyman, 2008) (Whenham, 2011). In Table 2.3 the relation between strain level and material
model is visualized. In studies by Masoumi, et al. (2006) and Masoumi & Degrande (2008) it is
shown that the energy transfer is high in the vicinity of the vibrating pile, which causes large
deformations and high strains. These large strains cause the soil to behave non-linearly with high
energy loses as a result. Further out from the pile the strain decreases and the soil can behave first
in an elasto-plastic and thereafter in an elastic mode (Denies & Holeyman, 2008) (Whenham,
2011).
In the near-field of the pile, as the strain level is high, the shear modulus, G, is low due to the
deformations in the soil (Massarsch & Fellenius, 2008). A paper of Aboul‐ella (1990) confirms
the lowering of the shear modulus and that the damping ratio will increases in the near-field of
the pile when the strain level increases. This phenomenon is also be verified in a study by
Masoumi, et al. (2009).
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Table 2.3 Different strain level and related material model from Ishihara (1996).

In Figure 2.4 an overview of shear modulus in relation to shear strain is presented. Figure 2.4 is
for sandy and gravelly soils but can be implemented for cohesive soil (Menq, 2003). Visualized by
the stripes in Figure 2.4 it is clear that the shear modulus is significantly reduced when the
shearing strain increases from 0.01% (large strain) to 0.1% (failure strain) according to Table 2.3.

Figure 2.4 𝐺⁄𝐺

𝑚𝑎𝑥

ratio vs. shear strain modified after Menq (2003).

2.3 Description of vibratory driving
This section describes the vibratory driving cycle by briefly explaining the main components of
the vibratory unit and the basic concept of how sheet piles are vibrated down in the soil.

Driving equipment
There are two types of systems for vibratory drivers, free hanging or leader mounted. The main
difference between the free hanging and the leader mounted system are that the leader mounted
is fixed on a rail and the free hanging system hangs free from the crane. The mounting of the
vibrator can have an effect on the behavior of the sheet pile during vibratory driving since the
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free hanging mounted vibrator could increase the deflection of the sheet pile due to a second
order moment (Viking, 2002).
The vibrator can be divided into four main parts as illustrated in Figure 2.5; bias mass, eccentric
masses, elastomer pads (springs) and clamp. Bias mass is a non-vibrating part and function as a
static mass that increase the drivability and serves as a link between the eccentric masses and the
crane line or the leader mast. Elastomer pads or springs are the connection between the eccentric
masses and the bias mass to prevent the vibrations from spreading back to the bias mass and
further to the leader mast. Eccentric masses rotate and create the vertical force. Depending on
the symmetry of the rotating masses it may be possible vary the amplitude. Driving frequency can
also be varied by changing the speed of the rotation of the eccentric masses. The clamp is the
part of the vibrator that transfers the vertical forces to the sheet pile as it forms a rigid
connection between the sheet pile and the vibrator (Viking, 2002).

Figure 2.5 Leader mounted vibrator a) Bias mass b) Eccentric masses c) Elastomer pads d) Clamp modified after Liebherr
GmbH, 2010.

Driving cycle
The driving cycle during vibratory driving can be illustrated as in Figure 2.6 where 𝐹𝑑,𝑚𝑎𝑥 is the
maximum driving force. A more detailed explanation of the driving cycle will be described below
after a review from Massarsch (2000) and Viking (2002).
As Figure 2.6 illustrates the driving force, 𝐹𝑑 , depends on both the static surcharge force, 𝐹0 , and
the vertical centrifugal force from the eccentric masses, 𝐹𝑉,𝑇𝑂𝑇 .
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Figure 2.6 Driving cycle of a vibratory driver, 𝐹𝑑 vs. time, modified after (Viking, 2002).

The static surcharge load, 𝐹0 , is shown in eq. (1) and is the bias mass minus the suspension force,
𝐹𝑆 , which is the force applied on the vibrator from the crane. 𝐹𝑆 could either be a pressure or a
tensile force, since with a leader mounted system some extra pressure can be added on from the
crane.
𝐹0 = 𝑚0 ∗ 𝑔 − 𝐹𝑆
Where

(1)

𝑚0 = 𝑏𝑖𝑎𝑠 𝑚𝑎𝑠𝑠 [𝑘𝑔]
𝑔 = 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 [𝑚⁄𝑠 2 ]
𝐹𝑆 = 𝑠𝑢𝑝𝑒𝑛𝑠𝑖𝑜𝑛 𝑓𝑜𝑟𝑐𝑒 [𝑁]

Eq. (2) shows how 𝐹𝑉,𝑇𝑂𝑇 is the total vertical dynamic force generated from the individual
eccentric masses. The eccentric masses generate a centrifugal force, 𝐹𝑐 , that can be divided into a
horizontal force, 𝐹ℎ and a vertical force 𝐹𝑣 , but the horizontal forces cancel each other out as
seen in Figure 2.7. The centrifugal force, 𝐹𝑐 , is a harmonic time-dependent motion described as a
sinusoidal path in time.
𝐹𝑉,𝑇𝑂𝑇 (𝑡) = 𝑀𝑒 ∗ 𝜔2 ∗ sin(𝜔𝑡)
Where

(2)

𝑀𝑒 = 𝑡𝑜𝑡𝑎𝑙 𝑒𝑐𝑐𝑒𝑛𝑡𝑟𝑖𝑐 𝑚𝑜𝑚𝑒𝑛𝑡 [𝑘𝑔𝑚]
𝜔 = 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 [𝑟𝑎𝑑⁄𝑠]
𝑡 = 𝑡𝑖𝑚𝑒 [𝑠]

Figure 2.7 Centrifugal force generated from
the eccentric masses, modified after Viking
(2002).
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2.4 Sheet pile related factors
In this section basic sheet pile factors e.g. sheet pile properties, pile-soil interaction, interlock
resistance and eccentricity will be briefly presented. These factors may influence both the
vibrations and bending modes of the sheet pile as well as the vibration transfer from the sheet
pile to the soil (Holeyman, 2002), (Viking, 2002), (Whenham, 2011).

Bending influencing factors
There are many types of sheet pile profiles with different application areas. According to
Holeyman (2002), Viking (2002) and Whenham (2011) the three main things that affect the
drivability and particularly the vibration transfer between the sheet pile and the soil are sheet pile
cross-section properties, interlock friction and eccentricity as the pile is clamped outside the
neutral line.
According to Bodare (1996) and Massarsch & Fellenius (2008) also the impedance and the
moment of inertia (𝐼) have an effect on the vibrations in the sheet pile. The impedance is the
ratio between force and wave velocity and according to Massarsch & Fellenius (2008) the
impedance affects the distribution of the vibrations to the soil. High impedance gives a low
energy transfer to the environment. Affecting the impedance are the sheet pile density and crosssection area (Bodare, 1996) (Massarsch & Fellenius, 2008). But according to Massarsch &
Fellenius (2008) the theory of impedance is mainly develop for impact driven piles but some
parts may be of interest even for vibrodriven piles.
With a high moment of inertia of the sheet pile the tendency to deflect decrease both from the
oscillations of the vibratory motion and by the torque that is arising from both the initial
eccentricity and the clamping eccentricity. As the vibrators most common way to hold the sheet
pile is outside its neutral line an eccentricity occurs. In Figure 2.8 the extra deflection from the
eccentric clamping position is visualized, where 𝑒 is eccentricity and 𝑢1 is later movement of the
profile. Literature by Viking (2002), Deckner, et al. (2010) and Deckner, et al. (2015) have
proposed that there is a correlation between the eccentricity and the high lateral vibrations and
they mention that the lateral vibrations in the soil can be up to two to three times higher due to
the eccentricity.
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Figure 2.8 Visualized moment caused by the eccentric clamping, modified after Viking (2000).

Another factor that affects the vibrations in the soil is the interlock friction, and according to
Viking (2006) and Deckner, et al. (2010) the vertical vibrations can be up to three to five times
higher when a profile is driven in interlock. Viking (2006) and Deckner, et al. (2010) indicated
that new sheet piles give less vibrations due to the locks being in better condition, but they also
mentioned that stones and soil in the locks affect the friction between the sheet piles.
Viking (2006) mentions that as the vibrating force is applied the produced wave energy must be
transferred either to movement of the sheet pile or to waves in the surrounding soil. The ratio
between movement and wave distribution to the soil depend on the resistance along the shaft, at
the toe and in the interlock.

Beam natural frequency
When a beam is excited from rest position and is allowed to oscillate freely, it will oscillate in a
certain frequency, its natural frequency. There are infinitely many natural frequencies of a beam
with corresponding mode shapes of the deformations. But there is generally the first mode
shapes that are of interest since these have the lowest natural frequencies (Gustafsson, 2012).
As the beam is excited with a frequency near the natural frequency, the deformations, velocities
and accelerations will increase due to resonance. Due to damping the increasing ratio can differ
between each mode shape (Gustafsson, 2012).
The natural frequency for simple beams as shown in Figure 2.9, can be calculated analytically with
eq (3) (Strømmen, 2014). According to Massarsch (2000) the natural frequency of a beam
interacting with the soil is a very complex problem to theoretically calculate due to the
impedance, sheet pile length, vibration magnitude and the dynamic properties of the soil.
Therefore this will not further be evaluated.
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Figure 2.9 Example of beam boundary condition modified from Strømmen (2014).

𝑓𝑛 = 𝜆2𝑛 √
Where

𝐸𝐼
𝜌𝐿4𝑝

(3)

𝑓𝑛 = 𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑎 𝑓𝑟𝑒𝑒 𝑠𝑙𝑒𝑛𝑑𝑒𝑟 𝑏𝑒𝑎𝑚 [𝐻𝑧]
𝜆𝑛 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑑𝑒𝑝𝑒𝑛𝑑𝑖𝑛𝑔 𝑜𝑛 𝑡ℎ𝑒 𝑚𝑜𝑑𝑒 𝑠ℎ𝑎𝑝𝑒 𝑎𝑛𝑑 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛
𝐸 = 𝑌𝑜𝑢𝑛𝑔′ 𝑠 𝑚𝑜𝑑𝑢𝑙𝑠 [𝑁⁄𝑚2 ]
𝐼 = 𝑀𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝑖𝑛𝑒𝑟𝑡𝑖𝑎 [𝑚4 ]
𝜌 = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑏𝑒𝑎𝑚 [𝑘𝑔⁄𝑚3 ]
𝐿𝑝 = 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑏𝑒𝑎𝑚 [𝑚]

Rigid body oscillation
When the sheet pile is being vibrated the motion goes up and down simultaneously with the
vibrator. Viking (2002) mentioned that in this case, vibrator-pile system can be assumed to be a
rigid body and that wave propagation in the sheet pile can be neglected. Massarsch (2000) stated
that a steel pile that is shorter than 10 m behaves as rigid body.
Viking (2002) mentions a method to determine if the sheet pile behaves like a rigid body; the
sheet pile will behave as rigid body if the driving frequency is equal or less than 10% of the
natural frequency of the full-sized pile as a freely-vibrating rod, shown in eq (4).
𝑓𝑑 ≤ 0.1𝑓𝑛 = 0.1
Where
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𝑐𝐵
√𝐸 ⁄𝜌
=
2𝐿𝑝
20𝐿𝑝

𝑓𝑛 = 𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑎 𝑓𝑟𝑒𝑒 𝑠𝑙𝑒𝑛𝑑𝑒𝑟 𝑏𝑒𝑎𝑚 [𝐻𝑧]
𝐸 = 𝑌𝑜𝑢𝑛𝑔`𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 [𝑁⁄𝑚2 ]
𝜌 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑖𝑙𝑒 [𝑘𝑔⁄𝑚3 ]
𝑐𝐵 = 𝑤𝑎𝑣𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑖𝑙𝑒 [𝑚⁄𝑠]
𝐿𝑝 = 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑏𝑒𝑎𝑚 [𝑚]

(4)
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In 2006 Viking (2006) presented a rule of thumb for determining rigid body motion. That onefourth of the time period, 𝑇, for a chosen driving frequency, 𝑓𝑑 , should be equal to or greater
than the time, 𝑡, it takes for the stress wave to travel, 4𝐿𝑝 , of the pile as shown in eq. (5).
4𝐿𝑝
𝑇
1
=
≥𝑡=
4 4𝑓𝑑
𝑐𝐵

(5)

2.5 Modeling with FEM
The finite element method is numerical method of solving problems in different areas. Qi (2006)
mentions structure analysis, solid mechanics and dynamics as some of the areas which are using
FEM as a tool solve problems with. According to Nikishkov (2004) the finite element method
(FEM) is a numerical technique to solve problems which are described by partial differential
equations or can be formulated as functional minimization. The domain of interest is divided and
represented by an assembly of finite elements. The finite elements are connected with each other
in nodes, the node is an approximating function to determine the physical field of interest. A
physical problem which is continuous can be transformed to a discretized finite element problem
with unknown nodal values. But for a linear problem a linear algebraic equation system can be
solved. According to Nikishkov (2004) there are two major features to be mentioned:




Piece-wise approximation of physical fields on finite element provides good precisions
even with simple approximating functions (increasing the number of elements will
increase the precision).
Locality of approximation leads to spare equations systems for a discretized problem.
This helps to solve problems with large numbers of nodal unknowns.

Nikishkov (2004) also summarized the basic general computation method into six steps for the
finite element solutions procedure:
1.
2.
3.
4.
5.
6.

Discretize the continuum.
Select interpolation functions.
Find the element properties.
Assemble the element functions.
Solve the global equations system.
Compute additional results.

When FEM-modeling with dynamics, Rayleigh damping is often used to simulate the energy
losses. With Rayleigh damping a loss factor is added to the stiffness matrix which depends on the
frequency (Semblat, 2009).
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2.6 Numerical modeling of pile and sheet pile driving
This section contains a brief description of previously performed numerical analyses of pile and
sheet pile driving. The model, input parameters, validation technique, result and their main
conclusions will be discussed.
Holeyman & Legrand (1994)
In 1994 Holeyman & Legrand (1994) presented a one-dimensional radial discrete model to
evaluate how vertical shear waves propagate from a vibrating pile or sheet pile. The model is a
non-linear analysis for a cylindrical pile surrounded by a semi-infinite medium. The pile in this
case is assumed to act like a rigid body. The boundary condition in the model is non-linear planestrain elasticity with an absorbing effect at large distance from the source, to ensure that
deformations stay within the elastic range and not get affected by artificial wave reflections
(Holeyman & Legrand, 1994). The result shows a satisfied agreement between the general trends
in the analysis and the compared laboratory results. Holeyman & Legrand (1994) conclude by the
numerical analysis that the decreasing soil resistance in the near-field of the pile is an important
factor when modeling vibratory penetration.
Waarts & Bielefeld (1994)
Waarts & Bielefeld (1994) computed a model of an impact driven pile in the software Tnowave
and Diana. In Tnowave the stress waves transferred from the hammer, via the pile, to the soil are
simulated in the driving process, and it is based on the one-dimensional stress wave theory. The
computed force on the soil, in form of pile toe force and outside friction force, from the pile is
thereafter put in Diana. Diana is a FEM-software that computes the wave propagation in the soil,
capable of computing the displacement, velocity and acceleration in every point of the soil.
The soil model is an elastic and isotropic half space with the input parameters of shear modulus,
density and Poisson’s ratio. The predicted peak level accelerations, dominant frequencies and
shear wave velocities shows good agreement with the measured data. Waarts & Bielefeld (1994)
conclude that improvement must be done in the pile-soil interaction, determining input
parameters and uncertainties in the pile driving process.
Ramshaw, et al. (2000)
Ramshaw, et al. (2000) performed FE-IEM-analysis (finite element-infinite element method) on
groundwaves generated in soil in the finite element software Abaqus. This work is divided in to
two parts, vibrodriven piles and impact driven piles. Ramshaw, et al. (2000) used an axisymmetric
model with elastic material. The vibrodriven pile analysis had to be divided into two phases, a
rigid body oscillation of the pile and thereafter the sinusoidal wave distribution from the pile-soil
interaction further in to the soil. The vibrodriving result is compared with measured data from
vibrodriven piling on a bridge construction site. The measured and computed PPV´s (peak
particle velocity) shows a good agreement in both vertical and radial direction (Ramshaw, et al.,
2000).
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Madheswaran, et al. (2005)
Madheswaran, et al. (2005) performed a numerical study of ground accelerations due to impact
pile driving in sand. The finite element software used to set up the linear elastic axisymmetric
model hardening soil failure criterion was Plaxis. The results from the Plaxis computation where
compared with test results from a site in Chennai, India.According to Madheswaran, et al. (2005)
the PHA (peak horizontal acceleration) are more than 20% higher than the measured values and
the PVA (peak vertical acceleration) have a more close agreement with measured values from the
site.
Mahutka & Grabe (2006)
Mahutka & Grabe (2006) made a non-linear axisymmetric finite element analysis in the software
Abaqus with an explicit time integration scheme. In their model they simulate the pile driving
process as it penetrates downward through the granular soil with the help of an adaptive mesh.
The pile-soil interaction is calculated with a Coulomb friction method. The non-linear and
inelastic behavior of the granular soil is calculated with constitutive equations of hypoplasticity
(Mahutka & Grabe, 2006). Mahutka & Grabe (2006) concluded for the vibration velocity, that the
variation in extreme values is higher in the numerical calculations than those measured values.
But an overall agreement can be seen in a range of 5-10 % higher values in general for the
numerical calculations compared with the field test. In their parameter study they conclude that
an increase in driving frequency decreased the velocity amplitude.
Rocher-Lacoste & Sieffert (2007)
Rocher-Lacoste & Sieffert (2007) performed a finite element analysis with the software CESARLCPC. Their model is a 2D axisymmetric with linear, elastic and isotropic behavior. The piles are
only computed at certain depths in the model (Rocher-Lacoste & Sieffert, 2007). The computed
results of particle velocity are higher than the measured values but follow the same curvature.
After adding damping in the model in a formulation suggested by Rayleigh the computed results
came closer to the measured. According to Rocher-Lacoste & Sieffert (2007) the computed result
are satisfactory but there are uncertainties and further work has to be done.
Masoumi, et al. 2009
Masoumi, et al. (2009) presented a paper in which they studied, discussed and compared a linearand a non-linear analysis to predict wave propagation through the soil during impact and
vibratory pile driving. They also compared their results against field measurement by Wiss (1981).
In the linear elastic model the evaluated results compared with field measurements are up to
three times larger for the vibratory driven pile. When Masoumi, et al. (2009) compared their
results from their non-linear analysis with the measured results from Wiss (1981) both the
vibratory and impact driven piles have better agreement with the observed vibrations then the
linear analysis. This is due to the energy losses by the plastic deformations occurring in the nearfield of the pile. Masoumi, et al. (2009) mentioned in the paper that a need of incorporation of
the plastic deformation due to the non-linear behavior of the soil has to be implemented in the
prediction of the free field vibration of vibratory and impact driven piles.

27

Behavior of vibrodriven sheet piles

Khoubani & Ahmadi (2012)
In a FEM-study by Khoubani & Ahmadi (2012) the software Abaqus is used to set up an
axisymmetric finite-element model with adaptive mesh of an impact driven pile. Khoubani &
Ahmadi (2012) compared their result in form of peak particle velocity (PPV) with a similar
numerical study performed by Masoumi et al. (2009) and a field study by Wiss (1981) to confirm
their results. The result in form of PPV from the model shows a good overall agreement with
both the results from Masoumi, et al. (2009) and Wiss (1981) as it follows the same general
behavior. Khoubani & Ahmadi (2012) concluded that an increasing pile diameter, impact force
and pile-soil friction increased the PPV, on the other hand, an increase in Young’s modulus of
the soil decrease the PPV. They also conclude that lengthen the piles does not affect the PPV
value at the ground surface as long as it does not penetrate trough another soil layer.
Lo, et al. (2012)
Lo, et al. (2012) presented a calculation methodology called SBFEM, it stands for Scaled
Boundary Finite Element Method, to simulate the vibratory driving of a pile. In this simulation
the near-field (pile-soil) is modeled by FEM and the far-field (unbounded soil) by SBFEM. The
soil is assumed to be linear elastic. The pile depth is predefined and the model is simulated in a
time-domain analysis. From their result they conclude that vibration amplitude do not get
affected in a significance way by the different subsoil properties even if the penetration depth is
varied. Another conclusion from Lo, et al. (2012) is that the soil stiffness affect the surface
vibration, when penetrating a softer layer between two stiffer layers an amplification of the wave
amplitude have been noticed.
Ekanayake, et al. 2013
In a study presented by Ekanayake, et al. (2013) an axisymmetric FEM-model is used to
investigate the effect of vibratory and resonant vibratory pile driving in cohesive soil. They use an
elastic-perfectly plastic soil model with an adaptive mesh to simulate the pile driving to a depth of
~4 m. In this study the software Abaqus is used with a time-domain approach. The pile was
assumed to be a rigid body as it penetrated the soil. The pile-soil interaction uses a friction
coefficient between the pile and the soil of 0.2. Ekanayake, et al. (2013) presented conclusions
regarding their results for vibratory and resonant driving. The influence zone (the area between
the nearby occupant which get affected by the vibrations and the pile) for vibratory pile driving
does not change when varying the amplitude, the frequency of the vibrator or the penetration
depth. For resonant pile driving the influence zone is decreasing with higher frequency but no
significant change with depth or amplitude. For both vibratory and resonant pile driving the soil
rigidity have an influence on PPV. With adding a 2% damping into the model, a better agreement
with the field measurements is accomplished. This is also confirmed with back calculations
(Ekanayake, et al., 2013).
Jastrzebska, et al. 2014
In the analysis produced by Jastrzebska, et al. (2014) a constitutive model developed by the
authors, called RU+MCC, based on the Modified Cam Clay model is used. In the analysis a timedomain approach with a Newmark scheme are used as well as a plain-strain and axisymmetric
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model of vibratory driven pile. The result from the FEM-analysis shows relatively good
agreement with the field measurements according to Jastrzebska, et al. (2014). They conclude that
the ground surface acceleration has a decreasing tendency with increasing toe depth.
Lupiezowiec, et al. 2014
Lupiezowiec, et al. (2014) made a linear elastic axisymmetric model, with time-domain approach,
of an impact driven pile. The damping effect was modelled according to Rayleigh and the
numerical calculations were carried out with a Newmark scheme. The simulated results had a
fairly good agreement with the measured acceleration on the field test of the horizontal
acceleration in the longitudinal direction. They conclude that a more complex model for damping
must be adopted to get a more accurate result, but they highlighted the fact that input parameters
of the soil is of high importance for the result in the range of small strains.
Olsson 2014
Olsson (2014) made two 3D FEM-models in Comsol Multiphysics to find an optimal piling
depth regarding the spreading of ground vibrations via the piles from a piled structure, one is a
site specific model of Gamla Ullevi, Gothenburg, Sweden and the other an idealized isotropic
model. Both of the models are linear elastic and both use a frequency and a time domain
approach. In both models material damping is applied and both models are computed for one
depth at the time. The result from Olsson (2014) shows good agreement with both his compared
studies by Robertson (1966) and Kuo and Hunt (2013). Olsson (2014) concluded that piles
shorter than 20 m seems to excite Rayleigh waves and piles longer than 20 m do not excite
Rayleigh waves over a frequency of 4 Hz.
Susila, et al. 2014
Susila, et al. (2014) performed a 2D axisymmetric study in the FEM-software Plaxis Dynamic.
The vibration occurs from an impact driven pile. Results shows a slight overestimation of PPV
values compared with the measured results. Susila, et al. (2014) concludes from their parametric
study that PPV value is proportional to the soil stiffness and inversely proportional to the pile
driving depth.

2.7 Conclusions from literature study
The presented literature overview clarifies some general thoughts about the modeling and the
behavior of the sheet pile in general as it comes to impact and vibratory pile and sheet pile
driving. It also describes basic wave motion and how vibrations are transferred to the sheet pile
from the vibrator.

Sheet pile behavior
The soil and its shear modulus will affect the behavior of the sheet pile, high shear strain and thus
low shear modulus is an effect of the pile penetration. This means that the soil will behave nonlinearly close to the sheet pile making it hard to predict and calculate its behavior. The interaction
between the soil and sheet pile is therefore a major uncertainty in the calculations by the FEM-
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model (Masoumi & Degrande, 2008). But according to Masoumi, et al.( 2006) and Whenham
(2011) the assumption of a linear behavior is a fairly good compromise for the study of how the
sheet pile behaves during driving.
In relation to the soil, where the ability to influence its behavior and properties are almost zero in
real life, the driving procedure can be controlled (Viking, 2002). By varying driving frequency,
driving force, clamping position and mast direction the behavior of the sheet pile will be affected.
When working with the driving cycle, a smoother driving can be reached regarding resonant
effect, lateral vibrations and bending of the sheet pile for example.
Regarding the properties influencing the sheet pile’s behavior, there are many things that are
important and will have a major impact. Variation of sheet pile profiles and slenderness may not
always come first in mind when it comes to vibration propagation, here the design of the sheet
pile wall are more important. The slenderness is a factor when calculating the natural frequency
of the sheet pile and it also affects the flexibility of the sheet pile (Strømmen, 2014). A more
slender sheet pile will have lower natural frequency. Since the vibrator and sheet pile are clamped
together the two will move simultaneously, a rigid body oscillation will occur if sheet pile-vibrator
system fulfills the requirement mentioned in section 2.4.3.

Numerical modeling of sheet pile behavior
Numerical modeling of vibration distribution in the soil has been performed by different
softwares in over 20 years. During these years both impact and vibrodriven piles and sheet piles
have been investigated.
Softwares such as Plaxis (Madheswaran, et al., 2005; Susila, et al., 2014), Abaqus (Ramshaw, et al.,
2000; Mahutka & Grabe, 2006; Khoubani & Ahmadi, 2012; Ekanayake, et al., 2013), Comsol
Multiphysics (Olsson, 2014) and similar have been used to compute pile and sheet pile driving.
Most of the described analyses are 2D-FEM models but Olsson (2014) uses a 3D model, Lo, et
al. (2012) also use 3D model but with SBFEM approach instead of the FEM. The softwares have
different areas which they are specialized on or are more general and when modeling a specific
problem the choice of software are important.
The most common soil type used in the studies referred to is cohesive soil while a few studies
have non-cohesive soil as the main material (Madheswaran, et al., 2005), (Mahutka & Grabe,
2006). In some of the studies the ground is divided into different layers of both non-cohesive and
cohesive soil (Ramshaw, et al., 2000) (Jastrzebska, et al., 2014), (Lupiezowiec, et al., 2014). When
modeling with FEM the choice of input parameters are important and if few materials are needed
in the model the less uncertain the model will be.
Time-domain approaches of describing the wave motion in the soil are frequently used but
Olsson (2014) use both time- and frequency domain for his computation. Masoumi, et al. (2009)
used a transformed time-domain approach from a frequency-domain in their analysis. The
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calculation method are important as well, both frequency- and time-domain needs different input
parameters. The result will varies depending on what calculation method that is used.
Damping in the form of Rayleigh-coefficients is added to get a more natural behavior of the soil
in almost every study, for example Khoubani & Ahmadi (2012), Ekanayake, et al. (2013),
Jastrzebska, et al. (2014) and Lupiezowiec, et al. (2014). This conclude that when adding damping
to the calculations the result will behave more natural and have closer agreement with the
measured values. But the choice of damping factor provides a more detailed investigation about
the specific promblem and more input parameters.
Every study uses some kind of circular pile or an equivalent pile of a sheet pile, this due to the
axisymmetric modeling approach. The source of vibration comes either in form of an impact or
from a vibrato. Half of the reported papers use vibratory and the other half impact, while some
papers have both sources (Ramshaw, et al., 2000), (Masoumi, et al., 2009).
The most common material model for the analysis is linear elastic behavior, but both non-linear
and plastic behavior is used as well, or a combination of these. When it comes to non-linear or
plastic behavior for the soil a failure criterion has to be implemented. In these analyses a MohrCoulomb model has been used (Ramshaw, et al., 2000), (Mahutka & Grabe, 2006), (Khoubani &
Ahmadi, 2012), a Hardening soil model (Madheswaran, et al., 2005), a RU+MCC model
(Jastrzebska, et al., 2014) and a Drucker-Prager failure criterion (Masoumi, et al., 2009). When
choosing material model and failure criterion to the calculations the knowledge about the
advantages and disadvantages of each have to be carefully evaluated to fit the presented problem.
As well as how the result will be presented.
The most common kind of penetration is predefined depth for the pile, but Mahutka & Grabe
(2006), Khoubani & Ahmadi (2012) and Ekanayake, et al. (2013) use the impact or vibration to
penetrate the soil in order to imitate the real behavior better. They also implement a pile-soil slip
control to get a more reliable result. When choosing predefined depth the simplicity of the model
increases and compared with non-predefined depth the result can be follow through the whole
penetration process.
Field test and field measurements are the most frequently used method to calibrate the numerical
model. But both other numerical studies and analytical prediction models have also been used for
calibration of the models. Overall there is a good agreement in the presented studies between
measured and calculated vibrations, the non-linear and plastic analyses shows results that are
closer to compared field measurements than the linear elastic models. This can be due to the
large plastic deformations that occur in the near-field of the pile when it penetrates through the
soil (Masoumi, et al., 2009).
In Table 2.4 a summary of studied numerical models is presented. It describes the main
differences between each model.
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Table 2.4 Overview of previously performed numerical analyses of pile and sheet pile driving.

Author

Material model

Holeyman &Legrand
(1994)
Waarts & Bielefeld (1994)
Ramshaw, et al. (2000)

Non-linear

Vibratory

Linear elastic
Linear elastic

Field test
Field test

Madheswaran, et al.
(2005)

Linear elastic pile/Elastic
plastic soil

Hardening
soil

Impact
Impact
and
Vibratory
Impact

Mahutka & Grabe (2006)

Non-linear, anelastic,
hypoplasticity
Linear, elastic, isotropic

MohrCoulomb

Vibratory

Field test

Vibratory

Field test

linear elastic/ Non-linear
isotropic perfectly plastic

DruckerPrager
failure
criterion
MohrCoulomb

Impact
and
Vibratory

Field test,
previously
presented paper

Impact

Field test,
numerical study

Rocher-Lacoste & Sieffert
(2007)
Masoumi, et al. (2009)

Pile-soil
interaction
model

MohrCoulomb

Vibration
source

Khoubani & Ahmadi (2012)

Elastic-plastic

Lo, et al. (2012)
Ekanayake. et al. (2013)

Vibratory
Vibratory

Lupiezowiec, et al. (2014)
Olsson (2014)

Linear elastic
Homogeneous elastic,
perfectly-plastic with von
mises yield criterion
Non-linear, hypo elastic
Modified
cam clay +
RU
Linear elastic
Linear elastic

Susila, et al. (2014)

Linear elastic

Impact

Jastrzebska, et al. (2014)
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Vibratory

Impact
Vibratory

Compared
against

Field test

Field test,
analytical
calculations
Field test

Field test
Analytical, FEMstudy
Field test,
analytical
models

Modeling

3 Modeling
3.1 Introduction
This section will describe the buildup of the model and explain necessary assumptions and
limitations regarding the numerical analysis. The use of input parameters will be explained as well
as the choice of material model and geometry. The aim of the modeling is to investigate how the
sheet pile behaves during vibratory driving. The presented simulation is a model of a field study
performed by Guillemet (2013). The current chapter will present how the FEM-model is
validated against the field study presented in Guillemet (2013) and Deckner, et al. (2015b). The
used software for the FEM-model analysis is Comsol Multiphysics version 5.1 with Beam and
Solid calculation physics.

3.2 FEM-model
Material and computational model
In this study a linear elastic material model has been chosen to simulate both the sheet pile and
the soil. In linear elastic behavior the stress and strain are linearly dependent on each other.
Linear elastic material model is frequently used by other authors (e.g. Rocher-Lacoste & Sieffert
(2007), Masoumi, et al. (2009), Olsson (2014)) who are describing a similar problem with
reasonably good results. Another benefit with the linear elastic material model is the use of few
input parameters, which minimalize problems regarding evaluation of correct parameter values.
A two dimensional plain strain model will be used to simplify the model as an aspect of the
limited time of the study. The use of 2D-models is also well used as an approach to the problem
in other studies (Mahutka & Grabe, 2006; Masoumi, et al., 2009; Khoubani & Ahmadi, 2012).
The model is analyzed in a time-domain approach. In the compared field test performed by
Guillemet (2013) as well in this computation the main driving frequency is 35 Hz. The
computational time period is 0.2 s, this time should be enough to resolve each cycle six times and
the calculation time step is 0.001 s.
The applied dynamic load, 𝐹𝑣 , is 1160 kN and a dynamic mass is added which refers to the weight
of the exciter house and clamp, 𝐹𝑒ℎ , of 2980 kg. In this case, used loads are the same as used in
the field test (Guillemet, 2013). On the top of the sheet pile where the load is applied the point is
restrained in horizontal direction to simulate the clamping. This means that the top point of the
sheet pile can rotate around its axis and move in a vertical direction but no movement is allowed
in the horizontal direction.
No energy losses are assumed in the connection between the vibrator and the sheet pile. All the
energy from the vibrator is transferred to the sheet pile. The pile-soil interaction is assumed to be
fully coupled and no material damping is added.
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Geometry
The sheet pile is 13.8 m long and the investigated penetration depths are predefined. The
simulated depths are 3.85, 7.65 and 11.45 m below ground surface. The model is 12.5 m high and
58 m wide. From the surface of the model to a depth of 11.5 m a layer of clay is present, beneath
which there is a layer of 1 m bedrock. The model is assumed to be 0.6 m thick to symbolize the
width of one sheet pile. The geometry is shown in Figure 3.1.

Figure 3.1 Model geometry.

Soil properties
The soil in this study is assumed to be clay with properties based on geotechnical investigations
performed by WSP (2011) at the test site in Solna (Guillemet, 2013) and listed in Table 3.1. In
this analysis the shear modulus, 𝐺, and Poisson’s ratio, 𝜈, are the input parameters. From shear
modulus, 𝐺, Young’s modulus is evaluated from the correlation with Poisson’s ratio, 𝜈, according
to equation (6).
𝐸 = 2𝐺(1 + 𝑣)

(6)

𝐺0 is evaluated from undrained shear strength, 𝜏𝑓𝑢 , of the soil in Solna and the relationship
between the water content, 𝑤𝑁 , as well as the liquid limit, 𝑤𝐿 , according to Larsson & Mulabdic´
(1991). The equations used are eq. (7) and eq. (8) listed below. In Table 3.2 values of 𝐺0 are listed
depending on different water content, liquid limit and undrained shear strength. Density for the
soil is 1800 kg/m3. Beneath the soil is the rock mass with a Young’s modulus of 60 GPa,
Poisson’s ratio of 0.25 and a density of 2600 kg/m3 according to the default values of the
software.
Table 3.1 Soil parameters according to WSP (2011)

Parameter
𝝉𝒇𝒖
𝒘𝑵
𝒘𝑳
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Value
15 -20 [kPa]
40 - 82 [%]
41 - 77 [%]
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𝐺≈

541 ∗ 𝜏𝑓𝑢
𝑤𝑁

𝐺≈

504 ∗ 𝜏𝑓𝑢
𝑤𝐿

(7)

(8)

Table 3.2 Shear modulus G evaluated after Larsson & Mulabdic´ (1991).

Equation
𝟓𝟒𝟏 ∗ 𝝉𝒇𝒖
𝑮≈
𝒘𝑵
𝟓𝟎𝟒 ∗ 𝝉𝒇𝒖
𝑮≈
𝒘𝑳

Input parameter
𝑤𝑁 = 40%
𝑤𝑁 = 82%
𝑤𝐿 = 41%
𝑤𝐿 = 77%
Mean value

𝝉𝒇𝒖 = 𝟏𝟓 𝒌𝑷𝒂 𝝉𝒇𝒖 = 𝟐𝟎 𝒌𝑷𝒂
𝐺 = 20.3 𝑀𝑃𝑎 𝐺 = 27.1𝑀𝑃𝑎
𝐺 = 9.9 𝑀𝑃𝑎
𝐺 = 13.2 𝑀𝑃𝑎
𝐺 = 18.4 𝑀𝑃𝑎 𝐺 = 24.6 𝑀𝑃𝑎
𝐺 = 9.8 𝑀𝑃𝑎
𝐺 = 13.1 𝑀𝑃𝑎
𝑮 = 𝟏𝟕 𝑴𝑷𝒂

The soil near the pile has been divided into three zones, these three zones will simulate the largely
disturbed area in the piles near-field when it is vibrated down in the soil. The zones are seen in
Figure 3.2 and are divided according to their expected strain level visualized in Figure 3.3.
According to Guillemet (2013) a zone stretching only 0.5 m from the pile loses 90-99 % of all
vibrations. This area is assumed to be zone 1 with a reduced shear modulus of 0.35𝐺0 . For zone
2 the shear modulus is reduced to 0.82𝐺0 . These values are evaluated as mean value from each
zone described in Figure 3.3. The reduction made from Figure 3.3 could have significant
influence on the result but are in this situation a good assumption and simplification and is not
further investigated. In zone 3 the shear modulus is assumed to be equal to 𝐺0 =17 MPa
according to Table 3.2, which is the mean value of the evaluated shear modulus.

Figure 3.2 Zoning of the soil near the sheet pile.
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Figure 3.3 Estimated values of G for zone 1 and 2, modified after Menq (2003)

As the problem is modelled in 2D the incompressible aspect in/out of plane has to be taken into
account in zone 1 and 2, by using a Poisson’s ratio near 0.5. In this case a Poisson’s ratio of 0.495
is assumed. In zone 3 the use of a Poisson’s ratio of 0.4 are used instead, according to Ekanayake,
et al. (2013).

Sheet pile properties
The sheet pile modeled in this analysis is a Larssen 603. The sheet pile is symbolized by a straight
beam with a specific cross-section area, weight and a moment of inertia per meter sheet pile in
plane according to Table 3.3. On top of the sheet pile line there is one point load and one point
mass symbolizing driving force and dynamic mass of the vibrator with an offset position of 6.06
cm from the neutral line. The offset position is to symbolize the clamping position of the sheet
pile since it is 6.06 cm from the neutral line of the sheet pile, visualized in Figure 3.4. The
Young’s modulus and Poisson’s ratio are default values for steel from the software set to 𝐸=210
GPa and 𝑣 =0.33.

Figure 3.4 Illustration of the clamping position on the sheet pile, modified after Viking (2000).
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Table 3.3 Sheet pile properties for the corresponding sheet pile from ThyssenKrupp (2010).

Parameter
Moment of inertia (I)
Weight
Cross-sectional area
Distance from clamping point to neutral
line

Per m wall
18600 𝑐𝑚4
108 𝑘𝑔
138.3 𝑐𝑚2
6.06 𝑐𝑚

Sheet pile length (𝑳𝒑 )

13.8 𝑚

Because of the plain strain approximation of the soil-model and the sheet pile modeled as Beam
which uses a plain stress assumption the Beam properties has to be converted to plain strain
according to equation (9) and (10). Equation (9) and (10) give new values to 𝐸 = 236 GPa
and 𝑣 = 0.493.
𝐸𝑝 𝑠𝑡𝑟𝑎𝑖𝑛 =

𝐸𝑝 𝑠𝑡𝑟𝑒𝑠𝑠
1 − 𝜈2

(9)

𝜈𝑝 𝑠𝑡𝑟𝑎𝑖𝑛 =

𝜈𝑝 𝑠𝑡𝑟𝑒𝑠𝑠
1−𝜈

(10)

Boundary conditions
The boundary beneath the bedrock is fixed constrained to represent the bedrock’s non-flexibility.
On each side of the soil and bedrock there are infinite element domains (IEDs) to simulate a long
stretched behavior so that the waves do not reflect due to the boundary. On the lower edge of
the IED a roller boundary is applied and at the sides and surface the boundaries are free. Figure
3.5 illustrates the boundary conditions.

Figure 3.5 Defined boundary conditions.

Mesh
The main mesh is a free triangular element mesh but in the IED the mesh is mapped. The
maximum element size of the mesh is 0.25 m and the minimum size is 0.135 mm. The mesh in
zone 1 and 2 nearest the sheet pile have a maximum mesh size of 0.0625 m and the mapped
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mesh have a maximum size of 0.03125 m. A maximum growth rate for the elements is set to 1.1.
The mesh size is defined according to a mesh study which is described below. In Figure 3.6 the
mesh distribution is visualized.

Figure 3.6 Mesh distribution.

Mesh size
The mesh size has a major influence on the computed result. With a smaller mesh the margin of
error on the result is less but the computational time can be long. When choosing a proper mesh
size the computational time and error margin has to be compared to each other to reach a
satisfying ratio.
The mesh convergence study started with a maximum mesh size of 0.25, thereafter the mesh has
been decreased stepwise according to Table 3.4. As the element size decrease the difference
between each step is also decreasing. A error margin is used to compared the difference between
the mesh sizes, the error margin has been calculated as the percentage difference in vertical
acceleration between the actually tested mesh size and the smallest tested mesh size. In the last
step the element size decreased with ~17% and the error margin reduced to ~0.37 %. In this case
a error margin of 2.28 % has been chosen to both save computational time and to be sure that
the full motion of the sheet pile can be captured in the analysis, marked in Error margin plotted
against mesh size.. In Error margin plotted against mesh size. the variation of the different mesh
sizes are visualized and a convergence to a minor error can be seen between each mesh size.
Table 3.4 Maximum mesh size vs error margin.
Maximum mesh size [m]
0.25
0.125
0.0625
0.03125
0.020833
0.015265
0.0125
0.010417
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Error margin [%]
14.01
10.07
2.28
1.23
0.94
1.05
0.37
Compared against

Computational time [s]
168
153
243
414
1402
2185
3627
3951
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Figure 3.7 Error margin plotted against mesh size.

Another procedure to save computational time has been to reduce the calculated time period to
only 0.2 s. A longer time period of 1.2 s has been computed and the motion shows no tendency
to change behavior. Figure 3.8 illustrate the 1.2 s time period and as can be seen the motion is
harmonic and shows no sign of changing behavior with increasing time.

Figure 3.8 Vertical acceleartion on the top of the sheet pile plotted against time for a time period of 1.2 s.

3.3 Parameter study
To study which properties that has a major influence on the sheet pile’s behavior, a parameter
study has been performed. In this study five different parameters have been investigated, listed in
Table 3.5. Each parameter is related to different properties regarding soil, driving source or sheet
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pile. Shear modulus, 𝐺, is related to soil, driving force, 𝐹𝑣 , and frequency, 𝑓, are related to the
driving source and moment of inertia, 𝐼, is a property of the sheet pile. The final investigated
parameter is the sheet pile penetration depth. Table 3.5 display investigated values and the range
between them. When changing a parameter the remaining parameters are unchanged from the
principle model described in section 3.2 and stated in column initial values in Table 3.5.
Table 3.5 Investigated parameters.
Parameter
Fv (kN)
f (Hz)
I (cm4)
Pile depth (m)
G (MPa)

Min-value
560
15
6600
11.45
7

Step size
200
3
4000
3.8
10

Max-value
1760
55
30600
3.85
67

Initial values
1160
35
18600
11.45
17

3.4 Validation of the FEM-model
The model is validated using a field study performed in 2013 (Guillemet, 2013); (Deckner, et al.,
2015a). The specific site properties, geometry and applied force are collected from this study. The
FEM-model is a simplified version of the real case scenario. The site specific cross section can be
seen in Figure 3.9b. In this case only one soil material is assumed as well as a rectangular profile
as shown in Figure 3.9a. In the field study the accelerations where measured both on the sheet
pile and in the soil through the whole driving cycle. The accelerations on the sheet piles where
measured in all three directions, vertical, transversal and longitudinal. In this case only computed
sheet pile accelerations in vertical and longitudinal direction are compared with measured sheet
pile accelerations from Guillemet (2013).
The measured accelerations showed a mean span between 20-30g in the vertical direction. In the
longitudinal direction the span can be divided into two parts, the upper sensors shows
accelerations in the range of 15-20g and the lower sensor shows a lower mean value between 510g (Guillemet, 2013).
The computed result shows a vertical acceleration in the range of 20-30g, which matches well
with field study results. The longitudinal accelerations have a range between 5-10g and thus also
show good agreement with measured values.
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Figure 3.9 Soil cross section a) FEM-model b) field study, modified after Guillemet (2013).´
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4 Results and Analysis
4.1 Introduction
This chapter will present the result and analysis according to performed computations. The
results are divided into different sections, one for the general result and one for each parameter
that has been tested. When changing one parameter from the described default model in chapter
3.2 the remaining parameters are fixed. This means comparison is performed for one parameter
at a time and an analysis of how the parameters affect each other has not been performed. Each
section contains an analysis of the evaluated parameter and how it affects the sheet pile behavior.
The visualized bending modes and deflections on the sheet pile have been magnified up to 3000
times to increase the visual effect.

Sheet pile behavior
The general results from the computation shows a bending and deflection of the sheet pile during
the driving cycle. This confirms the theory described in section 2.4.3 that the sheet pile do not
behave as a rigid body during vibratory driving. In Figure 4.1b the deformation and bending are
visualized and the sheet pile can be seen to bend with a maximum deflection of ~0.95 mm above
ground surface and of ~0.48 mm below the ground surface. The maximum acceleration
distribution during vibratory driving are visualized in Figure 4.1a. As can be seen the vertical
acceleration peak of 25.1g occur in the lower regions of the sheet pile, while the maximum
horizontal acceleration of ~4.7g shown in the top region of the sheet pile where the maximum
displacement occurs. When comparing the computed accelerations with those measured
accelerations from the field test at the same points on the sheet pile, correlation in both vertical
and horizontal direction is good, the variation is only ~3g for both directions.
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Figure 4.1 a) Maximum acceleration distribution along the sheet pile in both horizontal and vertical direction b) Maximum
horizontal displacement distribution along the sheet pile, both above and below the ground surface.

Driving force, Fv
In order to see how driving force has an influence on resulting behavior of the sheet pile, a
computation when changing the driving force from 560 kN to 1760 kN with a step size of 200
kN has been performed. The general result shows an increase in accelerations with an increasing
driving force. Figure 4.2 visualize the relationship and the accelerations direct connection to the
driving force is illustrated by the linear increase.
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Figure 4.2 Maximum acceleration vs driving force, 𝐹𝑣 .

Bending mode when maximum deflection occurs, as Figure 4.3 illustrates, have the same type of
mode but the size of deflection varies with the driving force. The same bending mode of the
sheet pile can also be seen where the maximum deflection of the sheet pile occurs below ground
surface as shown in Figure 4.4. In Figure 4.5 the maximum horizontal displacement can be seen.
Both acceleration and displacement have a linear tendency which conclude that the driving force
have a major impact on the acceleration magnitude of the sheet pile.

Figure 4.3 Maximum displacement of the sheet pile depending on the driving force, 𝐹𝑣 .
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Figure 4.4 Maximum deflection of the sheet pile below ground surface depending on the driving force, 𝐹𝑣 .
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Figure 4.5 Maximum horizontal displacement vs driving force, 𝐹𝑣 .
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Driving frequency, f
To study influence of the driving frequency a span between 20-50 Hz with a range of 3 Hz has
been computed. The variation in maximum acceleration is seen in Figure 4.6 and as visualized the
vertical accelerations varies with a peak at a driving frequency of 32 Hz and a continuing
increasing trend at 50 Hz. For the horizontal accelerations the increase do not follow the same
behavior as the vertical and has a slowly increasing trend which could be from the higher amount
of oscillations passing through the sheet pile with a higher frequency.

Acceleration
30

Vertical acceleration

Acceleration (g)

25

Horizontal acceleration

20
15
10
5
0
15,0

25,0

35,0

45,0

55,0

Driving frequency, f (Hz)

Figure 4.6 Maximum acceleration vs driving frequency,𝑓.

When looking at maximum deflection of the sheet pile in Figure 4.7 as well as the maximum
deflection of the sheet pile below ground surface in Figure 4.8, it is clear that the frequency has
an influence on the bending of the sheet pile. A higher frequency gives a higher mode shape of
the sheet pile. This is mainly because of that the downward force comes more often and forces
the sheet pile to bend. The maximum displacement varies a little but not as much as the
acceleration when varying the driving frequency as seen in Figure 4.9.
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Figure 4.7 Maximum displacement of sheet pile depending on the driving frequency, 𝑓.

Figure 4.8 Maximum deflection of the sheet pile below ground surface depending on the driving frequency, f.
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Figure 4.9 Maximum horizontal displacement vs driving frequency, 𝑓.

Sheet pile natural frequency
In section 2.4.2 the principle of calculating the natural frequency of a beam is explained. In this
thesis we can assume that the sheet pile is represented by a beam. As we calculate the natural
frequency of the sheet pile we assume that the soil is not affecting the sheet pile, this means that
we only have two types of boundary conditions. These are a) simple- simple and b) fixed-free
beam illustrated in Figure 4.10.

Figure 4.10 Beam boundary condition, a) simple support at either ends, b) fixed support on one side, c) fixed support at both
ends, d) fixed support on one side simple at the other. Modified after Strommen (2014).

According to eq. (3) in section 2.4.2, the sheet pile properties in Table 3.3 represent mode shapes
according to Figure 4.11. The natural frequency for the two boundary conditions is listed in
Table 4.1.
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Figure 4.11 Mode shape of a) free-free and b) fixed-free modified after Strommen (2014).

Table 4.1 Natural frequency of sheet pile as a beam.
Mode shape
1
2
3
4

a, simple-simple
[Hz]

b, fixed-free
[Hz]

13,6
54,3
122,2
217,3

4,8
30,3
84,9
166,3

The theoretically calculated natural frequency of the sheet pile is relatively far from the driving
frequency except for mode shape two with boundary condition b, fixed-free. In this case the
difference is only ~5 Hz to the driving frequency. The acceleration peak at 32 Hz is near 30 Hz
which is the natural frequency of the sheet pile and this can explain the amplification of the
accelerations seen in Figure 4.6 since a resonance effect might occur. The resonance effect can
also explain the amplification of the deflection seen in Figure 4.9 at the frequency of ~32 Hz and
~47 Hz. Another thing that is shown in Figure 4.9 is a delay in the maximum deflection of the
sheet pile below ground surface compared with the maximum deflection above soil. The peak
deflection of the sheet pile comes 3 Hz later below ground surface than above.

Moment of inertia, I
When changing moment of inertia, 𝐼, of the sheet pile between 18600 to 30600 cm4 with a step
of 4000 cm4, stiffness changes and it gets stiffer with a higher value of 𝐼. In this case the effect of
the sheet pile’s slenderness on the behavior is investigated. Looking on vertical acceleration no
variation can be seen, as Figure 4.12 illustrate, but the horizontal acceleration shows a decreasing
tendency with increasing stiffness. This behavior can be related to that the deflection affect the
horizontal acceleration.
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Figure 4.12 Maximum acceleration vs moment of inertia, 𝐼.

As seen in Figure 4.13 a lower moment of inertia give a higher deflection of the sheet pile as well
as an increase in bending modes. When the moment of inertia increases the more effective it is
on minimizing the deflection and bending of the sheet pile, as seen in Figure 4.15 the deflection
line flattens out. In Figure 4.14 the maximum deflection in the soil is visualized.

Figure 4.13 Maximum displacement of sheet pile depending on the moment of inertia, 𝐼.
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Figure 4.14 Maximum deflection of the sheet pile below ground surface depending on the moment of inertia, 𝐼.
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Figure 4.15 Maximum horizontal displacement vs moment of inertia, 𝐼.

52

Results and Analysis

Sheet pile depth
When testing how the sheet pile toe depth has an influence on sheet pile behavior, three depths
were analyzed 3.85 m, 7.65 m and 11.45 m below the ground surface. Figure 4.16 shows lower
accelerations as the sheet pile moves down. The high acceleration at small depth can be due to
the low counter hold from the soil since most of the pile is in the air.
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Figure 4.16 Maximum acceleration vs sheet pile toe depth.

Toe depth has a major impact on the behavior of the sheet pile as seen in Figure 4.17 as well as in
Figure 4.18 which illustrates the maximum deflection through the whole simulated time period of
0.2 s. As seen the variation is also depending on a lower frequency since the maximum deflection
varies with time. The deeper the pile penetrates into the soil the less effect a lower frequency has.
The lower frequency could be generated from that the wave lengths produced by the vibrator is
shorter than the pile length above surface and do not reach the constrained sheet pile in the soil
before a new a wave is generated from the vibrator. The deflection is ~4 times less with a deeper
depth then a more shallow depth as seen in Figure 4.19. But as the sheet pile penetrates deeper
into the soil the restraining increases and decreases the deflection considerably.
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Figure 4.17 Maximum displacement of sheet pile depending on the sheet pile depth.

Figure 4.18 Variation of maximum deflection of sheet pile depending on the sheet pile depth.
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Figure 4.19 Maximum horizontal displacement vs sheet pile depth.

Shear modulus, G
To clarify in what way the soil is affecting the sheet pile behavior the shear modulus of the soil is
varied. In this case the shear modulus is studied in the range of 7 MPa to 67 MPa with a step size
of 10 MPa. The specified shear modulus is for zone 3 and is thereafter reduced for zone 1 and 2
as explained in section 3.2.2.
In Figure 4.20 the vertical acceleration first increases and thereafter decreases, this behavior can
be probably explained by a resonant effect for the whole system of soil and pile together. For the
horizontal accelerations the shear modulus does not affect the values appreciably.
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Figure 4.20 Maximum acceleration vs shear modulus 𝐺.
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Regarding horizontal displacement of the sheet pile, it is the same bending mode as well as the
maximum deflection of the sheet pile regardless of 𝐺, which can be seen in Figure 4.21. In Figure
4.22 the maximum deflection of the sheet pile in the soil is visualized and as seen in Figure 4.23
the deflection in the soil will decrease with a higher shear modulus of the soil. This trend of
decreasing deflection is expected since the resistance of the soil increases with higher 𝐺.

Figure 4.21 Maximum displacement of sheet pile depending on the shear modulus 𝐺.
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Figure 4.22 Maximum deflection of the sheet pile below ground surface depending on the shear modulus, 𝐺.
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Figure 4.23 Maximum horizontal displacement vs shear modulus, 𝐺.
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5 Discussion
The first part of this discussion will focus on the results and behavior of the sheet pile. The
second part will contain a discussion about the model and its limitations and how that might
affect the results.

Sheet pile behavior
The analyzed results show that the sheet pile bend and deflect during vibratory driving and that it
is not behaving as a rigid body, which confirms theories from previously performed studies by
Viking (2002) and Deckner et al. (2010 & 2015).
In the parameter study every tested variable have an influence on both the behavior and
acceleration magnitude on the sheet pile as concluded from previous studies by Bodare (1996),
Viking (2002), Massarsch & Fellenius (2008) and Deckner et al. (2010 & 2015). However the
significance of each parameter varied. The factor with most influence was driving force. Another
factor that has a major influence on the behavior is the sheet pile depth and how much of the
sheet pile that is above the surface. To decrease the accelerations and displacement during
vibratory driving the knowledge of how the factors influence each other has to increase and
thereafter implemented into the sheet pile driving process.
In this thesis only one soil related factor has been studied, the shear modulus. The shear modulus
is shown to influence both the accelerations and the deflection of a driven sheet pile. The change
in shear modulus seems to affect the vertical accelerations more than the horizontal. The bending
mode of the sheet pile does not change with shear modulus, but there is a variation in deflection.
The increase in vertical accelerations at a specific shear modulus can depend on a system
resonance of the sheet pile and soil together. The influence of the soil has to be further
investigated to see how the bending and deflection is affected by the disturbed soil. As the soil
parameters are rarely known to that extent beforehand, the knowledge of how to take advantage
of the current condition to minimize the acceleration and displacement has to be improved.
Two variables have been studied in correlation to the driving; driving force and driving
frequency. As the driving force seems to affect both the acceleration and deflection linearly, more
studies have to be performed to see in what way the advantage of an increasing driving force will
have besides penetration speed. The driving frequency’s effect on the behavior of the sheet pile is
mainly more bending with a higher frequency. The accelerations tend to increase with higher
frequency and when approaching the natural frequency of the sheet pile. The resonant effect
must be investigated more in detail since it will also increase the deflection of the sheet pile.
The property of the sheet pile is something that can be controlled and also adjusted depending
on certain needs in different situations. But there is mainly in the design procedure with
consideration to the load case that the sheet pile properties are decided. The computed result
when changing the moment of inertia on the sheet pile shows an exponential decrease of the
deflection as well as minimization of the bending with a higher moment of inertia. The variation
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in vertical accelerations is not affected but the moment of inertia has exponential decreasing
effect on the horizontal accelerations. The presented result shows the importance of that sheet
pile properties are taken into account in the both sheet pile wall design and the driving process to
minimize the impact on the surroundings.

Limitations regarding the model
As in all modelling, the model is a simplification of reality. All assumptions will have an effect on
the presented result and behavior of the sheet pile. In the penetration process of the sheet pile
the behavior of both the soil and the sheet pile are very complex and difficult to reflect in a
simulation. In this section the main assumptions will be discussed and how it might affect the
result.
As described in previous sections in the thesis, the model used is linear elastic. This means that
every deformation and movement of the sheet pile and the soil will behave with linear
assumption. The linear assumption is frequently used among other studies, e.g. Rocher-Lacoste &
Sieffert (2007) and Masoumi et al.( 2009). In reality the behavior of the soil is far from linear and
there are many factors influencing the deformation, for example the soil’s composition varies
with depth and are hard to predict. Using a model which allows plastic deformations will reflect
the reality better as described by Masoumi et al. (2009). A non-linear model will be more
dependent on the input parameters and pre-investigations needs to be more detailed as well as
the knowledge of how each input parameter affects the result.
The assumptions made in the model regarding the size of zone 1 and 2 as well as the reduction of
the shear modulus in each zone are a major simplification of reality. Since the sizes of the zones
and reduction factors of the shear modulus have not been studied further to establish their
significance in the result no conclusion can be made, but they will probably have influence on the
result. In this case the size of zone 1 is from Guillemet (2013) where she established that 90
percent of all accelerations reduced in the first 0.5 m from the sheet pile. This means that the first
0.5 m out from the sheet pile the strain must be equal to the strain level of which 90% of the
energy will be reduced. In this thesis the reduction factor is direct mean value of the reduction in
the current zone as described in section 3.2.2 with Figure 3.3.
In this computation no extra damping is added to the soil and the energy distribution from the
sheet pile through the soil will spread undamped. This simplification, with no extra damping, will
probably mainly affect the distribution through the soil and not as much the sheet pile behavior.
But as no comparison between damped and undamped soil has been performed no further
conclusions of how it will affect the behavior of the sheet pile can be made and as damping is
frequently used by other writers i.e. Masoumi et al.( 2009) and Khoubani & Ahmadi (2012) this
may have an effect on the behavior of the sheet pile.
The connection between the sheet pile and the soil in this model is fully coupled, which means
that every move from the sheet pile will affect the soil directly, this is also used by Masoumi et al.(
2009). In reality this is probably not the case since the near-field of the pile is very disturbed and
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not capable of transferring all the movement and energy from the sheet pile to the surrounding
soil.
The 2D-assumption of the described problem will not fully represent the real behavior since 3Deffects will not be taken into account. As the sheet pile penetrates the soil, the deflection and
energy distribution is not in just vertical and horizontal direction but also deflect in transversal
direction. This transversal behavior cannot be seen in a 2D-analysis and will therefore not be
taken in concern and this will affect the result. The transversal 3D-effects will probably have
most influence on the vibration distribution in the soil.
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6 Conclusions and proposals for further
research
6.1 Introduction
The work presented in this thesis aimed to investigate the behavior of the sheet pile during
vibratory driving. An analysis of the behavior has been performed using numerical computations
in the software Comsol Multiphysics. A parametric study has also been performed to see the
influence of different parameters on acceleration, bending modes and displacement of the sheet
pile. In this case the shear modulus, driving force, driving frequency, moment of inertia and sheet
pile depth has been studied. The thesis also contained a literature study of similar numerical
analyses and theoretical behavior of the sheet pile.

6.2 General conclusions
From the literature study, the numerical analysis and the parametric study the following
conclusions can be drawn:










The sheet pile bends and deflects during vibratory driving. The assumption of a rigid
body behavior has to be carefully evaluated
The shear modulus of the surrounding soil affect mostly the vertical acceleration of the
sheet pile, with a peak around a shear modulus at 27 MPa, but a minor effect on the
displacement and the bending modes can also be seen.
The driving force affected acceleration and deflection of the sheet pile. An increasing
driving force increased the acceleration and deflection of the sheet pile linearly.
The driving frequency affected acceleration, bending modes as well as deflection of the
sheet pile. The greatest increase in vertical acceleration is near the natural frequency of
the sheet pile. The deflections of the sheet pile were affected by a change in driving
frequency and a resonance around the sheet piles natural frequency effect is seen. An
increasing driving frequency resulted in higher bending mode.
Increasing the moment of inertia of the sheet pile resulted in an exponential decrease in
deflection, as well as a decreasing bending mode. No effect on the vertical acceleration
has been concluded but an exponential decrease of the horizontal accelerations was seen
when increasing moment of inertia.
The penetration depth has an influence on the behavior of the sheet pile. The
accelerations of the sheet pile decrease with deeper penetration depth. The bending mode
also changes as the sheet pile penetrates the soil.
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6.3 Proposals for further research
The work presented in this thesis presents only the beginning in numerical modeling when
having the sheet pile in focus. Below suggestions for topics which needs further research are
presented.
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Optimize the modeling to better fit the field study and thereafter a more general method
for numerical calculations can be adopted.
Model with plastic deformations to capture the behavior of the soil around the sheet pile.
Study the behavior of the sheet pile in a three dimensional model to be able understand
the true behavior with 3D-effects.
Investigate the correlation between each parameter and how it affects the accelerations
and displacements of the sheet pile.
Study the behavior of the soil, in both the near- and far-field, to get an understanding of
the distribution of the vibrations.
Investigate the interaction between the sheet pile and the soil to better understand the
transfer mechanisms.
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